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Foreword 

This combined Transportation Research Record is the first to be published in subject areas 
related to operations and traffic control. The papers in this Record cover a broader scope 
than has been the case for previous Records. TRB trusts that publishing larger Records 
containing more papers related to more general themes will be of greater benefit to the reader 
than publishing greater numbers of Records covering limited subject areas. 

The papers from the 1990 Annual Meeting of TRB contained in this Record are related 
by their pertinence to traffic operations, geometric design, and traffic management. Readers 
will find papers of interest in the areas of traffic mitigation ordinances; demand management 
techniques such as staggered work hours and ride-sharing; transportation system management 
techniques; HOV-lane operations, effectiveness, and enforcement. Readers who have an 
interest in geometric design or the effects of geometrics will find papers on evaluation of 
urban interchange design; passing on two-lane, two-way highways; intersection sight distance 
related to trucks; use of double-line pavement markings; estimating road design safety factors; 
ramp terminals sight distance issues; operating speeds on two-lane rural highways when dry 
and wet; safe operating speeds of trucks on ramps; and sight distances at vertical curves . 

vii 
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Status of Traffic Mitigation Ordinances 

MARTA J. ]EWELL, RAYMOND H. ELLIS, AND RICHARD L. ORAM 

Traffic mitigation ordinance have emerged a a compelling nc~ 
strategy for reducing automobile congestion related to commut
ing. Development of the ordinance approach is rooted in a range 
of transportation policies and activities that have ough~ to achieve 
relief from conge tion through program and facilities intended 
to change the demand on the transportation ystem. Major acLiv
ities and programs led to the traffic mitigation ordinance approach. 
The current status of the use of traffic mitigation ordinances to 
reduce traffic conge lion is reported . Findings are based on a 
review of24 traffic mitigation ordinances, which have been adopted 
or are in some stage of development in 20 jurisdictions throu.ghout 
the United States. Although the state of alifornia appears to 
lead the way in development and adoption of traffic mitigation 
ordinances, a review i also included of ordinances in Arizona , 
Maryland, New Jersey, Virginia and Washington. Major com
ponents of traffic mitigation ordinances are identified and dis
cus ed and the jurisdictiou ' approaches for each component arc 
compared. Traffic mitigation ordinances hold promise a a widely 
applicable tool for managing traffic congestion. Limited empirical 
evidence ex.ist to date on the actual effectivenes of ord.inances 
because of the limited time of their application. ome areas, such 
as Pleasanton, California, have demonstrated tlmt the ordinance 
bas been effective in maintaining reasonable traffic condition. in 
spite of increa ed devel pmenr and employment. The ordinance 
concept appears appropriate for increased emphasi promotion, 
and study. 

Traffic mitigation ordinances , al o referred to as transpor
tation demand management (TOM) ordinances, have emerged 
as a compelling new strategy for reducing automobile conges
tion related to commuting. The approach i · an outgrowth of 
a range of initiatives, pressures, and precedents affecting urban 
transportation over the past 15 years. 

EMERGENCE OF TRAFFIC MITIGATION 
ORDINANCES 

The concept of transportation system management (TSM) can 
be traced to a joint UMTA and FHWA policy promulgated 
in September 1975. Thi initiative changed the metropolitan 
transportation planning prnces by requiring development of 
a short-range, low-capital management-oriented strategy a. 
a companion to traditional long-range planning product . An 
annual TSM element was requ.ired in the metropolitan area' 
transportation improvement plan. 

M. J. Jewell and R. H. Ellis, KPMG Peat Marwick, 8150 Leesburg 
Pike, Suite 800, Vienna, Va. 22182. R. L. Oram, R. L. Oram Asso
ciates, 160 West 87th Street, Suite 1-D, New York, N.Y. 10024. 

UMT A and FHW A initiated substantial new demonstration 
and technical assistance programs. TSM-related demonstra
tions included measures to (a) improve the capacity of the 
exi ting transportation ystem through modifications such a 
preferential freeway and arterial lanes for high-occupancy 
vehicles (HOVs) and traffic signaling improvement , and (b) 
change demand on the existing tran portation system through 
measure uch a ridesharing programs tran ·portati n bro
kerage and other management strategies. Employers were 
found to ignificantly influence the succes of alternative com
mute programs through measure such as providing free park
ing or comparable incentives for people who use transit or 
ride haring , offering flextime and appointing employee 
transportation coordinators. 

Defined as a public sector planning requirement, TSM 
became a management approach for pursuing near-term action 
on persistent traffic congestion. It stressed coordination and 
interagency activities and, by emphasizing alternate commute 
and work hour strategies, involved the business community. 

The role of the private sector in transportation began to 
expand as the Reagan administration's policies were imple
mented. Greater appreciation of tran it' economic con
straints supported both increased use of private operators and 
recognition that continued pursuit of the peak-hour commuter 
market was not a cost-effective strategy for transit. It be
came clear that reducing demand would be far more 
cost-effective than increasing supply. 

Tran portation brokerage, another federa lly created trans
portation concept, stimulated interest in TDM. Brokerage 
was hoped to generate a new model for a more market-based 
tran it organization that stressed the idea of market niches 
and multiple services and tended to champion para transit and 
ridesharing. Brokerages took advantage of interests and 
opportunities to reduce traffic by working with employers and 
developers. 

As interest in ridesharing stabilized or diminished in the 
1980s, many brokerages have shifted their attention to 
attempting more directly to influence traffic demand. Matur
ing of the brokerage concept and ridesharing profession has 
spawned the Association for Commuter Tran portation (ACT), 
an active natio.nal organization working to build upport for 
TOM strategies. 

By the mid-1980s, the concept of the tJ·ansportation man
agement association (TMA) emerged as a new mechanism 
for increa ing corporate involvement in urban tran portation 
issues, specifically urban traffic conge ·tion . TM As pursue a 
cooperative, consensus-based strategy to gain a common view 
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of the causes of traffic congestion and to arrive at joint ·olu
tions . Benefits of traffic conges tion relief are generally sha red 
among the entire community and only become appreciable 
when a critical mass of employers are involved. 

TDM ordinances in s0me cases have emerged as a way to 
pur ue the same ends as a TMA-widespread congestion 
relief- without dependence 011 leadership and with a regu
latory . tructure that affirms the continuation of the process. 
Many ordinances can be traced 1· 11 ta k force or ther TMA
type endeavor that generated common under landing of the 
problems and thereby successfully garn · red business 
community support for the ordinance strategy. 

Tran portation strategies put in place during the 19 L s 
Angeles Olympi · had a notable effect on the emergence of 
the area-wide Regulati n XV adopted by the South Coast 
Air Quality Management District ( AQMD) and now being 
introduced in the four-county Los Angeles region . A lthough 
the city feared regional gridlock from the major in ·r .iisr. in 
traffic that the Olympics would bring the mitigation mea. ures 
introduced cooperatively with the business community with 
empha i · on short-term rid sharing and flextim ', made tbc 
traffic conditions experienced better than normal. The need 
and means for sustaining th se achievements in transportation 
efficiency rt:ceived substantial attention by the city of Los 
Angeles and tber parties. 

TRAFFIC MITIGATION ORDINANCE APPROACH 
AND APPLICATION 

Major components of traffic mitigation ordinances and issues 
in the development and application of ordinances as a means 
of reducing traffic congestion are discussed on the basis of a 
review of adopted or drafted ordinances in the following 
jurisdictions: 

•Alexandria, Virginia, adopted May 1987; 
• Dellevue , Washington, non-central business district (non

CBD) ordinance, adopted May 1987; Interim Traffic Ordi
nance (CBD) , adopted September 1988; 

•Berkeley, California, in draft; 
•Concord, California adopted October 1985, revi ed 1987; 
•Contra Costa ounty, alifornia Pleasant Hill BART 

Station Area ordinance, adopted June 1986; county-wide 
ordinance , adopted October 1987; 

•El Segundo, California, adopted November 1985; 
•Golden Triangle area, Santa Clara County, California, 

model ordinance in draft ; 
•Marie pa County Arizona effective 0 cember 31, 1988; 
•Montgomery County Maryland , adopted November 19 '7 ; 
•North Brun wick , New Jersey , adopted October 1987· 
• Oxnard , al ifornia, in draft ; 
•Pasadena, California , adopted June 1986; 
• Pima County, Arizona, adopted in five jurisdictions in 

April and May 1988; 
•Placer County, California , adopted May 1982; 
•Pleasanton, California, adopted October 1984; 
•Sacramento, California, employer and developer ordi-

nances in draft· 
• San Buenaventura, California , adopted July 1988; 
•San Rafael, California, adopted July 1983; 
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• Seattle, Washington, Major Institutions Ordinance adopted 
1983. Land Use Code revised in 1985; and 

• SCAQMD, Los Angeles, California, Regulation XV, 
adopted December 1987 and implemented July 1988. 

Traffic Management Strategies 

Historically , there have been three general strategies for 
dealing with traffic congestion problems: 

•Transportation Facility and De elopment (T D)-dcvel
ping new highway y rems , transit service , r quipment, 

such a freeway on and ff ramps. 
•Transportation System Management (TSM)-adjust

ments to the existing transportat ion system to impr ve its 
capacity and all w traffic to flow better, such a · impr ved 
signalizati n , change in direction of traffic flow , and 
establishment of HOV lanes. 

•Transportation Demand Management (TDM)-devel
opmcnt of progTam and con truction of facilitie to change 
demand on tb.e system by changing u er behavior. TDM pr -
grams include information and ince.ntiv t e ncourage 
employee to travel by means other than the single-occupant 
vehicle (SOV) during p ak trave l p riod . TDM measmcs 
include flexible work hours , ridesharing, and preferential van
pool parking. TDM facililies include vanpool staging areas, 
tran it shelters, and bicycle Jockers. 

No single approach can solve a jurisdiction's traffic conges
tion problems . Each strategy should be considered within a 
broader transponation a nd land u e trntegy including growth 
managcme ni poli cies and zoning to provide development 
patterns that will reduce overall automobile u. c. 

TDM Approaches 

A number of approaches are currently being used to reduce 
traffic congestion by changing user behavi r , including 

•Voluntary. Employers or developers start a TDM 
program voluntarily, frequently in the form of a TMA. 

• Incentive. A local ordinance is adopted that offers ben
efits ( uch as reduced parking) to developers to encourage 
TDM program implementation. 

• Yoluntar -Mandatory. An ordinance is adopt cl initiating 
a vo.lu ntary TDM program that becomes mandatory if spec
ified rate of progre · in traffic reduction do not take place. 
An example is the model ordinance being developed by the 
Golden Triangl Ta k Fore in Santa Clara ounty. 

• Mandatory. A TDM program i required by local rdi
nance or administrative guidelines. The program may involve 
the followin g: 

- Devel per conditions of specific demand management 
strategies required a · conditions for approval of develop· 
ment permit (e.g. B llevu and ontra osta ounty) , 
which may be recorded as conditions, covenant , and 
restrictions on use of the property and included in leases. 

-Employer requirements for empl ers that meet spec
ified criteria for implementing TDM programs to achieve 
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desired levels of use of commute alternatives (e.g., Placer 
and Contra Costa counties) or to reduce vehicle trips by a 
certain percentage (e.g., city of Pleasanton). 

This study focuses on local ordinances requiring TOM 
measures to reduce traffic congestion. However, many of the 
ordinances reviewed contain voluntary components for 
certain sizes of employers and development categories. 

Goals 

TDM ordinance typically ·el a goal or standard that employ
ers or developers must achieve to mitigate traffic congestion 
and improve air quality. 

Participation Rate 

This goal is measured as the percentage of an employer's 
workforce expected to commute to and from work by non
SOV mode and may be expressed as a decrease in the per
centage of SOY commute trips. Emphasis is on mode change 
rather than change in travel time or peak shift. 

Achievement of participation rate goals can be easily cal
culated from employer surveys. Jurisdictions using this goal 
must compile data on preprogram n n-SOY driving rate . 

Jurisdiction. wirh participation rate goal include ,onlra 
Co ta ounty (maximum 65 percent SOY). Pima County {25 
percent non-SOY by the third year) , Sa ramen to (35 percent 
non-SOY) , San Bu navenfura (55 percent non-SOV) Alex
and.ria (30 perc nt no,n-SOV), and Bellevue {l percent for 
pecified land u e district. out ide the BD). Th model ordi

nance being developed by the Golden Triangle Ta. k Force 
in a.nta Iara aunty uses a participation rate go11l of 24 
percent non-SOY by 1992 and 35 percent non-SOY by 2000. 

Vehicle Trip Reduction 

Vehicle trip reduction is expressed as the percentage reduc
tion in vehicle trips, generally a a result of decren ing SOY 
commute trips. Program results can be easily translated into 
effect on traffic condition (i.e., percentage change in traffic 
volume) by using vehicle trip reduction figures. 

A baseline must be established against which reduction in 
vehicle trips can be measured. The baseline can be (a) the 
number of vehicle trips that would occur if all commuters 
drove alone, or (b) the number of vehicle trips before the 
program was implemented. Most jurisdictions u e the number 
of trip that would occur if all commuter drove alone as the 
baseline becau this numb r i ·implcr to determine. 

The wide range in vehicle trip reduction rates required in 
various ordinances can be attributed to how the basel.ine is 
computed . The goal for a city , such as Seattle (50 percent in 
the major institutions ordinance) in which the baseline is 
calcu lated as the number of Lrip that would occur if all com
muters drove alone, will be higher than the goal established 
in a juri ·diction using the actua l trip rate a the baseline such 
as Maricopa ounry with a vehicle trip reduction goal of 5 
percent in each of the first two program years. El egund 
also use the trip reduction goal (20 percent) in its ordinance. 
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Peak-Hour Vehicle Trip Reduction 

Jurisdictions may focus on a reduction in vehicle trips during 
specified peak hours, which can result from (a) increases in 
use of commute alternative ' (ride haring or transit) , or (b) 
shifts to off-peak-hour travel (staggered work hours). 

Ordinances adopted by the city of Pleasanton and Placer 
County require reductions in peak-period employee commute 
trips of 45 and 25 percent, respectively. 

Level of Service (LOS) 

Another strategy focuse on the de ired traffic condition on 
specifi d road facilitie and may specify maintenance of exi L

ing LOS ratings or pr vcntion of deteri rati n f traffic 
conditions. 

Measuring LOS goal attainment requires a traffic moni
toring program . However the measured re ult may not accu
rately reflect the program's effect because the program could 
re uh in a large change in OV. while traffic remain high 
because of pass-through and noncommuter traffic. 

Bellevue's BO interim traffic ordinance has two LOS goals: 
(a) to maintain p.m. peak-h ur LOS D on any p rtion of the 
street ·system affected b proposed new development and (b) 
to permit no further degrada tion of traffic conditions on por
tions of a ·tree! system affected by propo ed development 
that is curren tly at LO E or worse. Oxnard establ ished a 
goal to main tain LO Cat city intersection . Berkeley's ordi
nance includes maintaining LO Don downtown treet and 
achieving a participation rate of 40 percent non-SOY. 

The city of San Rafael established maximum p.m. peak· 
period trip allowances for various land u ·e , uch as 0.7 trips 
per mall resid · ntial unit , 2.6 trips per l 000 ft2 o.f general 
office space l trip per 1 000 ft· of industrial. space , and 3.3 
trips per 1 000 ft2 of retail space. 

Montgomery County uses pa.rticipation rates of 25 percent 
transit for existing employers, 30 percent transit for new 
employers, and 5 percent walk and average automobile occu
pancy rates of 1.3 for all mployers. 

North Brunswick uses goals based on peak-period trips as 
a percentage of workforce (maximum 60 percent overall and 
maximum 40 percent within any 15-min interval of peak period). 

Regulation XV adopted by S AQMD e tabli ·hed goals 
of l.3 LS, or 1.75 average vehicle rider ·hip (employees per 
vehicle trip) depending on area . 

Ordinance goal are frequently taged over several years. 
Thi practice reflects ttn understanding that programs require 
start-up time and time to change employee commute habit . 
The ordinance adopted by the city of Pleasanton ha an overall 
goal of 45 percent reduction in peak-p riod employee com
mute trip . Required progress toward the overa ll goal is staged 
over a 4-year period (15 percent in Year I , 25 percent in Year 
2 , 35 percent in Year 3 and 45 percent by Year 4) . The model 
ord inance being developed by the Golden l'riangle Task Force 
has a hort-term goal of 24 percent nonsolo driving by L992 
and a long-term goal of 35 percent by 2000. Ordinance · in 
Pima and Contra o ta c unties also inclu le taged goal . 

The ordinance adopted in 1986 by Contra Costa County 
for the Pleasant Hill Bay Area Rapid Transit (BART) station 
area established a primary goal of no more than 65 percent 
of all employees commuting in SOVs, with an alternative goal, 
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for employers demonstrating that the primary goal i. nor fea
sible f no more lhan 55 percent of all employee commuting 
during peak periods in OV . Montgom ry ounty estab· 
lished a les stringent goal for existing employers (25 percent 
of employees commute non- V) than for new development 
(30 percent commute non-SOV). T he ordinance adopted in 
San Rafael in 1983 established peak-period trip allowances 
for variou types of development. 

Goals sometimes vary for ge gra phic areas within a juris
diction . ·or example, in Contra Costa County, higher goa ls 
are specified for the I- 0, 1- 80 and State Route 24 corridors 
than for the rest of the county. Addi ti nally , a separate or
dinance was developed for the Plea ant Hill BART 
station area. 

The ordinance adopted in Pa ade.na in 1986 does not specify 
measurable goals. General goals are to encourage use of alter
nate modes and work hours. However, this ordinance requires 
developers to take specific TDM measure rather than 
providing a menu of TDM options. 

Scope 

TDM ordinances may app.ly to employers (existing or new), 
developers and property own rs, office or industrial com
plexes, retail developmen and re identia l development . 

An equity issue arises in determining L li~ group· held 
respon ible for reducing congestion through the traffic miti
gation ordinance. Existing employers may argue that new 
developers and employers hould be more .responsible or solely 
re p n ible for mitigating traffic congestion because the new 
development causes the traffic conditions to move from 
acceptable to unacceptable. New developer r employer 
may argue that existing employers should be equally respon
sible because they contribute to the overall congestion 
problem. 

The landmark Pleasanton area-wide employer TOM ordi
nance adopted in 1984 can be directly trai.;ed lo municipal 
deliberations with the developers of a major new suburban 
bu ines park. Faced with traffic mitigation approval condi
tion , the developers argued succes fully that for th proces 
to succeed, standard · and requirements should be impo ed 
on all employers, not ju I the developer or the employers 
residing in the oew development. 

The ordinances reviewed can be categorized in terms of 
scope as follows : 

• Ordinances applicable to new and existing employers and 
new developments- oncord, ontra Costa ounty , E l 
Segundo, Golden Triangle area , Montgomery County, North 
Brunswick Oxnard , and Placer County; 

• Ordinances applicable only to employers (new and exist-
ing)-Ma-ricopa C unly Pima ounty, Pleasanton 
Sacramento (draft employer ordinance) and SCAQMD; and 

• Ordinances applicable only to new developments and 
sub tantfal expansions of existing structures-Alexandria, 
Bellevue, Berkeley Contra Costa County (Pleasant Hill BART 
station area), Pasadena, Sacramento (draft developer ordi
nance), an Buena\o'.eotura, and San Rafael. 

Seattle's developer ordinance applies to new and existing 
developments. 
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Most jurisdictions exclude residential developments because 
generally it is easier to initiate transit and ride share incentive 
programs at the destination rather than origin of commuter 
trips. Exceptions are as follows: 

• Bellevue's non- BD ordinance includes requirements for 
new development of residential or multiple-fa mily dwellings 
with at least 16 unit , 

• Contra Costa County's county-wide ordinance includes 
requirements for residential projects with at least 13 dwelling 
unjts 

• North Brunswick" ordinance include requirem nts for 
new residential developments with at lea 1 20 units, 

• oncord ordinance includes requirement. f r new 
re idenlial development. with :it least 100 units, and 

•Alexandria ' ordinance includes requirements for new 
residential developments with at least 250 unit . 

In general, retail developments are also excluded from traffic 
mitigation ordinances. San Rafael 's and Alexandria's 
ordinances are exceptions. 

D ecision rega rding which group will be subje t to o.rdi
nance requirement are determined in part, by the objectives 
of the ordinance. If the objective is lo reduce 1he traffic impact 
of new development only new developers and new employers 
may be affected . If the obje tive is to maintain exi ting traffic 
c ndiliu11s ac.lcJitional traffic from the new development will 
have to be offset by a reduction f vebi.cle trips from existing 
development. Similarly, if the objective is to improve traffic 
conditions the ordinance must apply both to new and to 
exist ing employers. 

Ordinance requirements typically vary by the ize of the 
employer or developer with thresholds based on gross square 
feet or number of employees. Small employe r above the 
minimum threshold, may b ·ubject only to informational 
requirements, uch as providing information regarding the 
number and commute habit of their employee and providing 
their employee with info.rmation on alterna tive commute 
mode and alternative work hour program . . Larger devel
oper and employers may be required to develop and imple
ment program with specific TOM mea ures or to select TOM 
measures from a menu of options. 

Some ordinances phase employer o r developers into the 
program over time. The requirements of the county-wide rdi
nance adopted in Contra Costa County were applied co new 
mployers and prnjec;.t ponsor as of the effective date of the 

ordinance (November 27, 1987). Existing employers and proj
ect sponsors were not subject to the ordinance requirements 
until 1 year later. 

SCAQMD's Regulation XV provides for phasing in of 
requirements- July 1, 1988, for employers with at least 500 
employees; January 1, 1989, for employers with 200 to 499 
employees; and January 1, 1990, for employers with 100 to 
199 employees. 

Maricopa County will phase empl yer into ordinance 
requirements on the basis of the number of employees between 
December 31, 1988 and December 31, 19 9. 

Geographic Coverage 

Traffic mitigation ordinances can apply throughout a juris
diction or to selected areas, depending on the ordinance's 
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goals. Perceived equity is a potential advantage of applying 
the ordinance requirements jurisdictioi1-wid . The objective 
of Montgomery County's ordinance is to permit greater devel
opment in the Silver Spring CBD and therefore it only applies 
to that portion of Montgomery County. Other ordinances, 
such as the one adopted city-wide in Alexandria, are intended 
to reduce traffic in the entire city. 

Jurisdiction-wide application may have greater impact on 
commuters' travel between areas than would application to 
selected areas. Applying ordinance requirements to critical 
growth and traffic congestion areas only may allow stricter 
TDM. To obtain political support for programs that focus on 
highly visible traffic congesti011 problems may also be easier. 

The majority of ordinanc s reviewed have been adopted 
jurisdiction-wide. Jurisdictions with ordinances covering 
selected areas only include 

• El Segundo-applicable to the city's commercial and 
manufacturing zones, 

•Montgomery County-applicable to Silver Spring CBD, 
• Placer County-applicable to the unincorporated portion 

of South Placer implementation area, 
• San Buenaventura-applicable to Arundel office, 

commercial and retail areas, and 
•San Rafael-applicable to Northgate activity center 

overlay district. 

Bellevue adopted two ordinances, one for the CBD and 
one for specified land use districts outside the CBD. Contra 
Costa County adopted an ordinance applicable to the rede
velopment area covered by the Pleasant Hill BART station 
area specific plan and another ordinance applicable to the rest 
of the county. 

Ordinance Requirements 

Ordinances typically contain four types of requirements: 

•Data collection, survey, and report requirements; 
•Information dissemination; 
• Designation of transportation coordinator; and 
•Development of traffic mitigation program. 

Many ord in ance establish requirement thresholds. 
Requirement · are gene.rally more strh1gent for larger employ
ers and developers. mall employers may be subject only to 
data collection, survey, and information dissemination 
requirements. 

In Pleasanton, all employers must annually submit survey 
information to the city to establish commute pattern data and 
to provide carpool and vanpool matching information. 
Employers with at least 10 employees are also required to 
develop and implement an employee information program. 
Employers of at least 50 employee must appoint a workplace 
coordinator and develop and implement a TDM program to 
achieve target reductions in peak-period traffic. 

Data Collection, Survey, and Report Requirements 

Most ordinances require employers to annually collect and 
submit information to the jurisdiction regarding employee 
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commute characteristics, including the numbers of employees 
beginning and ending work during designated peak periods, 
employees commuting by various mean , and employees par
ticipating in alternative work hour programs. Plea anton and 
North Brwi wick established minimum resp nse rates for the 
employee surveys. 

Some jurisdictions develop and distribute standardized sur
vey and report forms to employers to increase participation 
and aid in survey tabulation and analysis. Ideally, employers 
conduct an initial survey before implementing the program 
to establish a baseline for measuring progress in achievement 
of ordinance objectives. The annual survey is then used to 
assess progress. 

Information Dissemination 

Most ordinances also require employers to provide infor
mation on alternative commute mode options, alternative work 
hour programs, and travel reduction measures to employees. 
Typically, employers are required to provide written infor
mation on an annual basis to all existing employees and to 
all new employees on the date of hire. Some ordinances require 
employers or property owners to display alternate commute 
mode information in common areas such as the lobby or caf
eteria. Information (brochures) is typically provided by the 
jurisdiction, local rideshare matching agency, or local transit 
agency. 

Seattle's ordinance requires property owners to construct 
permanent commuter information centers and to conduct 
semiannual promotions of the TOM program (2-hr to full-day 
commuter fairs, depending on the size of the development). 
City and METRO staff assist in conducting these promotions. 

Designation of Transportation Coordinator 

Many ordinances require large employers and developers to 
designate a transportation coordinator to take responsibility 
for implementing, monitoring, and reporting on the progress 
of the travel reduction program. The transportation coordi
nator may also represent the employer or complex on a trans
portation management task force. Property owner of large 
complexes may be reqltired to appoint a complex coordinator 
who will be respon ible for this function for all . mall 
employers within the complex. 

Development of Traffic Mitigation Program 

Requirements to develop, submit, and implement a TOM 
program designed to achieve the ordinance objectives are 
typically applicable only for large employers or developers. 
Employers are generally allowed to select a specified number 
of activities from a menu of options, including 

•Instituting flextime or compressed work weeks, 
• Establishing shuttle services, 
• Developing ridesharing programs, 
• Subsidizing transit, 
• Subsidizing ridesharing, 
• Providing preferential parking for rideshare vehicles, 
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• Providing loading and unloading areas for rideshare and 
transit vehicles, 

• Providing amenities for commuters walking or bicycling 
to work, 

• Permitting employees to work at home or to 
telecommute. 

Menu options for an ordinance establi ·hing developer con
ditions of approval may be more capital-related (i.e. involv
ing con ·truction of helters, loadi ng and unloading areas for 
car and vanpools, bicycle racks, showers and lockers) whereas 
the menu options for employer ordinances tend to be more 
program-related (i.e., involving alternate hours of work, 
ridesbare matching, and ubsidies). 

Some ordinances also provide options for financing trans
portation service improvements and operations to meet the 
ordinance requirements. The draft Sacramento developer 
ordinance includes the following option .for developments 
within 1,320 (t of an ex isting or designated bu route or light 
rail station: (a) agreement to pay all or part f th co. t f 
land, construction, and maintenance of transit center or sta
tion; and (b) agreement to pay a one-time transit operating 
ub. idy to the Sacrameuto Rapid Transit District. 

Bellevue dictates specific TDM measures for specific devel
opments, such as (a) preferential parking during peak periods 
for registered car and vanpools; (b) financial incentives for 
employees commuting by car vanp I , a11J ll'ansit ; and ( ) 
a taxi-script system of low-cost rides home for employee wh 
miss their bu car or vanpool because of empl yer 
requirement or emergencie . 

Pasadena's ordinance mandates specific TDM measures for 
new developments, including preferential carpool parking (10 
percent), commuter matching ervi es, bicycle parking and 
car and vanpool loading <U'Cas. 

The menu approach is more defensible politically than is 
the requirement of any one specific action . An individual 
action may not be appropriate to all employers, for reasons 
such as business type, size, location, or corporate culture and 
may only be associated with a nominal reduction in trips. The 
menu approach is more compelli-ng, as few can object to the 
principle that employers should promote traffic reduction or 
deny that at least some actions on a comprehensive list are 
appropriate. Most ordinances requi1 affected employers to 
submit an annual unumary report describing the tran por
tation management measures implemented and the pr gram's 
progress. 

Parking Reduction Options 

Orne ordinance reduce parking requirement for develop
ments that achieve a specified level of trip reduction through 
implementation of TDM strategies. This option is seen a. an 
incentive or reward for compliance. Sacramento and Pasa
dena ordinances include a parking reduction option for 
developer . 

Program Management 

Three groups are generally involved in implementation and 
management of TDM ordinances: 
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• Public-private task force, 
•Jurisdiction, and 
•Employer or developer. 

Public-Private Task Force 

Many jurisdictions have established a public-private task force 
to provide policy guidance and to assist jurisdiction staff in 
managing the program. Typically, task forces are composed 
of local jurisdiction management and representatives from 
large employers or developers, local transit authorities, and 
regional agencies and associations. Task force responsibilities 
may include one or more of the following : 

• Serving as advisory body to local jurisdiction staff, 
•Establishing guidelines for program implementation, 
•Reviewing employer or developer TDM programs, 
•Mandating revisions to TOM programs when results are 

not being achieved, 
• Monitoring program performance and recommending 

changes, 
• Serving as a hearing board for appeals. 

In Pima County, a regional task force has been formed, 
consisting of one representative of each participating juris
diction; 10 members elected by major employers; two business 
park, office building, or shopping center owners; and two 
public interest group representatives. A technical advisory 
committee consisting of staff from the participating jurisdic
tions will support the regional task force in survey design, 
data collection, and analysis. 

Jurisdiction Management 

Local jurisdictions typically hire a program manager to imple
ment and oversee the traffic mitigation program. The manager 
may be supported by staff depending on respon. ibilities cope 
of the ord inance, and financial resources of the juri diction. 
Many jurisdiction , in fact, have o.ne-person operations (e.g. 
Contra osta County, Oxnard, · l Segundo and Berkeley) . 
San Buenaventura and Alexandria have nly 011e part-time 
positio11 respon ible for the T M program. S AQMD,' hich 
win be responsible for annually reviewing 8,000 TOM plans 
when the program i. fully imp.lemented in January 1 90 ha 
a staff f apprux irnatdy JS. 

rdinances to be adopted in the Gold n Triangle area will 
be managed by a central implementation agency. However , 
participating cities may elect to provide mployee outreach 
services. 

The regional program in Pima ounty is being implemented 
by the Pima A ociation of Governments with a staff of five. 
As noted previously, a regional task force has been formed 
to oversee implementation of the ordinances and a technical 
advisory committee consisting of technical staff from each of 
the participating jurisdictions will support the regional task 
force. 

Responsibilities of the local jurisdiction management staff 
may include 

• Developing employee outreach programs; 
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• Providing technical assistance to employers and 
developers; 

• Training employee coordinators; 
• Producing marketing materials; 
• Developing guidelines, procedures , and forms for 

submittal of annual surveys and TDM reports; 
• Monitoring and reporting on program performance; 
•Reviewing and approving TDM programs; 
• Reporting to an advisory committee, task force, city 

counsel, or county board of supervisors; 
• Monitoring compliance and initiating or recommending 

enforcement action; and 
• Recommending changes to ordinance provisions. 

Effective implementation of an ordinance requires that the 
jurisdiction provide services to assist employers in complying. 
Pleasanton has a full-time TSM coordinator who provides 
support and assistance to employers and tracks compliance. 
This person serves as staff to the employer task force that has 
a de facto management role for the ordinance. Pleasanton 
also provides data proces. ing service fo.r the employee ur
vey that each firm must submi t. Providing these and other 
services is vital t achieving compliance wich a new ordinance. 
North Brunswick's experience supports this view. The town 
had no plans or resources to support implementation of the 
ordinance when it was adopted, but quickly realized this need. 

Dedication of a staff person to this function may be sig
nificantly beyond the financia l and admi nistrative abilities of 
mall jurisdicti ns . Moreover, the technical taff sk ill required 

are no t li kely to be available to many small communities. Thi 
limitation sugge:;ts that a multi jurisdictional approach, at least . 
for support services, will be needed for small communities. 

Employers/ Developers 

Most ordinances require employers and developers of a cer
tain size to designate a program coordinator for implement
ing the ordinance requirements, with the following 
responsibilities: 

• Disseminating information to employees on commuting 
alternatives and alternate work hour programs, 

• Coordinating data collection activities for annual surveys, 
• Developing and submitting TDM programs, 
• Implementing approved TDM programs, 
• Serving as liaison to city staff, and 
• Participating in public-private task forces. 

In order to meet requirements for industrial or office com
plexes, a complex coordinator may be de ·ignated with the 
responsibility for these activities for employers within the 
complex. 

Ordinances adopted in Montgomery County and El Segundo 
do not require appointment of a transportation coordinator; 
however, most large employers have appointed a 
transportation coordinator to implement the TDM programs. 

The Contra Costa Center Association, a nonprofit orga
nization composed of individual developers within the Pleas
ant Hill BART station area, was formed in 1985 to implement 
and manage shared commitments, which include the TDM 
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program. All but one property owner has voluntarily joined 
this association. 

Other Management Groups 

Maricopa County will c ntract wirh the Regional Public 
Transportation Authority (RPTA) for adverti ing, public 
information work , and training and technical as istance to 
employers. Before the state legi lation mandating a TDM 
program, the RPTA sponsored several volu ntary TDM 
programs. 

Funding 

Most ordinances are supported by the jurisdictions' general 
funds. Fees and grants are also used to support traffic 
mitigation ordinances. 

SCAQMD established plan submission and revision fees 
designed to cover program costs ($125 for initial plan and $50 
for annual update). Sacrament ' draft employer ordinance 
provides for fee t be a essed for the issuance and renewal 
of transportation management certificates. These fees will be 
u ed to defray the co ts of administrati.on , monitoring and 
enforcement. The city's draft developer ordinance establishes 
a filing fee for the tran portation management permit required 
of all new developments. The El Segund ordinance provides 
for the establishment of filing fees by council resolution. 

Maricopa County received a grant from the Air Quality 
Fund of Arizona's Department of Environmental Quality that 
will support the county-wide TDM program from October 
1988 through June 1990. Beyond 1990, the probable funding 
source will be user fees, which are planned for 1990. 

The TOM program in Pima County wa. initially tota lly 
locally funded , bu t the county anticipate receiving state fund 
ing in the futur becau the 19 Air Quality bill passed, 
mandating TDM programs in counties of a certain size. 

TDM programs in Seattle are funded through the city's 
general fund and FHWA's Federal Aid to Urban Sy tems. 

Several jurisdictions al o rely on parking fee to finance 
their TDM program . Parking fee from the county Jot · in 
Silver Spring are used in part to fund the Montgomery County 
TDM program. Cone rd 's TOM program is funded from a 
fund consi ting of interest accrued on in-lieu parking funds 
and the net income derived from city-operated parking 
facilities and parking meters. 

Lack of secure funding has been noted as a problem in 
TDM ordinance implementation. Many small jurisdictions do 
not have sufficient financial resources to hire adequate TDM 
staff and provide services, such as technical assistance and 
training, which are instrumental in TDM program success. 

Enforcement 

Ordinance compliance is generally determined by meeting 
program requirements rather than achieving specific goal . 
Jurisdictions typically identify as ordinance violations failure 
to conduct the survey; to provide ridesharing and transit infor
mation to employees; or to develop, submit, and implement 
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an approved travel reduction plan. Violation are subject to 
increasing fines for each day of violation. SCAQMD and 

ontra Costa County ordinance include a fine and jail term 
for violation of their requirements. 

Failure to achieve a specified goal is generally not c nsid
ered a violation provided the employer or developer ha made 
a good faith effort. Busines es or developers that fail to achieve 
a specified goal may be required to amend their plans and 
implement additional mea ures. Plea ant n may require 
employers who have failed to achieve the targeted reduction 
in vehicle trips to submit a revised program or the TSM task 
force may require lhe employer to implement pecific mea
sures. Failure to revi e the plan or implement addi tional mea-
ure would be a violation subject to a civil penalty of $250 

per day. 
San Buenaventura's ordinance requires property owners 

failing to achieve the goal to provide stronger alternative mod ' 
incentive by levying in-lieu fees if the target participation 
rate i not met after a 6-month grace pe1iod. Bellevue'. BD 
ordinance requires financial contributions from property own
ers who fai l to achieve the tanda.rd . In Concord , if a project 
sponsor fails to implement the TOM plan the city may a sume 
re ponsibility for implementing the plan directly with the c st 
borne by the sponsor. 

Enforcement of ordinances placing conditions on devel
oper. typically involves denial of the building or occupancy 
permit for devel. per whv fail to develop or implement an 
appropriate travel reduction plan in accordance with ordi
nance requirements. In Pasadena, the city zoning adminis
trator can revoke the use permit for noncompliance with ordi
nance requirements. Similar provisions are contained in the 
ordinances adopted by the cities of Alexandria and Seattle. 

Bellevue's ordinance include a requirement for property 
owners to annually provide an a.ssurance bond as a guarantee 
that required financial incentives will be provided. Forfeiture 
of the bond would occur for noncompliance. 

Although most ordinances include specification of what 
constitutes a violation and the jurisdictions' recourse , to date 
there have been no reported cases of fin actually being 
levied for failure to comply with an ordinance. 

Results 

Most traffic mitigation ordinances are still in the development, 
adoption, or early implementation stages and arc too new to 
draw conclusions regarding effectiveness. 

Pleasanton, which adopted its landmark employer-based 
ordinance in 1984, has collected 4 years of performance data. 
The city experienced an overall reduction in peak-hour vehicle 
travel of 43 percent in 1988 (the target for employers in the 
4th year is 45 percent). This figure may be low because it 
assumes that 20 percent of employees who did not respond 
to the survey drove alone. In 1988, 75 percent of the large 
employers reached their target. Of the 17 (25 percent) who 
did not reach their goal, 7 improved their performance over 
the prior year. Most of Pleasanton's trip reduction appears 
to result from changes in the timing of the trip rather than 
increases in nonsolo driving. Pleasanton has experienced an 
additional 10 percent shift to off-peak-hour commuting since 
the program's inception. 
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The San Rafael ordinance, adopted in 1983, requires devel
oper , as a condition of permit approval, to maintain peak
period trip allowances. o date, 11 development hav been 
condition d on trip allowances. All have met their goals except 
two that the city explains are unique land uses. 

A key factor affecting the success of an ordinance is the 
area's stage of development. Newly developing areas may 
experience limited uccess in achieving participation goals. 
Lack of services and amenities ha. been noted a a problem 
in the Pleasant Hill BART . talion area, which is curren tly at 
approximately 10 percent of anticipated build-out. The ordi
nance i likely to be more successfu l when development is 
denser providing more opportunity for ridesharing, and when 
sufficienl ervi and amenities are pr vided . 

Although it is too suon to know whether ordinances will 
be effective in achieving specific goals related to decreased 
traffic congestion, it i. clear that the u of traffic mitigation 
ordinance is increasiJ1g. Tht: public and private sectors ar 
becoming more aware of the traffic problem and the positive 
effects that ride.~haring, tran it , alternative commute mode 
(other than SOY), and flexible working hours can have on 
congestion. Many developers, as a result of ordinances are 
building infrastnicture to accommodate SOY alternatives. This 
action is important for the long-term succe of OM pro
grams. Many employers are educating their employees about 
potential olutions to the traffic congestion prohlem and are 
making alternative commute modes more readily avai lable 
more amenable, and less expensive. Some jurisdictions have 
noted that developers, recognizing the benefits of traffic 
reduction programs, are incorporating TDM measures in their 
marketing efforts to attract tenants. 

Ordinance Development 

Many ordinance have been developed through a joint effort 
of the jurisdiction and bu iness community, typictilly repre
sented by a task force. Other jurisdiction have involved 
developers and employees in the process through informal 
discu sions. This public-private approach has been noted a 
a major contributor to the successful passage of several 
ordinances. 

Obtaining ·upport from d v lopers is frequently ea ier than 
from employers. Juri dictions have leverage over developer 
becau e many have the authori ty to e Lablish condition f 
devdupment even without adoption of an ordinance. How
ever employers may not immediately understand how they 
will benefit from an ordinance or why they should support 
one. Jurisdiction considering TDM ordinance may need to 
pend considerable time educating employers to gain their 

support. 
Development of the Pleasanton ordinance is noteworthy. 

A citizen 'general plan review commjttee noted in 1984 that 
the county's transportation engineers a sumed significant use 
of commute alternatives and flexible work hours in their stud
ies. The committee reviewed th concept and recommended 
that a trip reduction ordinance be developed. City taff and 
employer and developer representatives subsequently devel
oped a draft ordinance. From the beginning, developer .. up
ported the ordinance; however employers were slow to accept 
and upport the concept. A number of meeting· were held to 
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explain the ordinance's requirements and city staff talked to 
many employers individually. In response to employer con
cerns , the city agreed to hire a full-time program coordinator 
to assist employers in complying. The city agreed to assign 
enforcement responsibility to a TSM task force composed, in 
part, of representatives of the business community. After 6 
months of cooperative effort, the ordinance was adopted on 
October 2, 1984, with no opposition. 

SCAQMD passed Regulation XV on December 11, 1987, 
following a cooperative 7-month effort between SCAQMD 
and a 12-member trip reduction advisory committee com
po ed of SCAQMD board members, Los Angeles Chamber 
of Commerce, Automobile Club of Southern alifornia, Los 
Angeles Central City Association , University of California at 
Los Angeles' urban planning department, Atlalltic Richfield 
Co. , Disneyland , and the Irvine o. 

Similarly the North Brunswi.ck ordinance, adopted Octo
ber 5, 1987, is tbe re ult of a 7-month study conducted by a 
task force comprising representatives of the local and county 
government, employers, and developers. 

Regional Approach 

The ordinance concept may be most viable as a regional strat
egy because it reduces fear of shifting the employment and 
tax ba e from one municipality to another. Several jurisdic
tions and government associations have taken the regional 
approach to traffic mitigation. Pima County and four cities 
within the county entered into an interjurisdictional agree
ment on April 18, 1988, to adopt con i tent TDM ordinances. 
Each jurisdiction subsequent ly adopted an ordinance (with 
comparable provisions) . The effort was spearheaded by the 
Pima Association of Governments, which continues to man
age the travel reduction program in conjunction with a regional 
task force. 

SCAQMD, a quasi-governmental agency with authority over 
four counties, adopted Regulation XV, which affects the entire 
region, in mid-1988. In the Seattle area, METRO and Pug t 
ound Council of Governments developed a model TDM 

ordinance in 1986 and are advocating that all jurisdictions in 
King County adopt imilar rdinances to achieve regional 
consistency. To date , only Bellevue and Seattle have adopted 
TDM ordinances. Bellevue modeled its ordinance after the 
one developed by METRO, whereas Seattle took a different 
approach. The city of Kent drafted an ordinance, patterned 
after Bellevue's non-CBD ordinance. Other citie · within King 
County are applying TDM conditions to developments through 
State Environmental Policy Act (SEPA) authority. 

The Golden Triangle Task Force, a regional transportation 
planning effort, is drafting a model ordinance for use by the 
cities of Milpitas, Mountain View, Palo Alto, San Jose, and 
Sunnyvale, and the county of Santa Clara. 

State Role 

In the state of Washington, SEPA authorizes local govern
ments to require development applicants to implement mea
sures to mitigate the development's adverse environmental 
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impacts . Developer conditions must be related directly to 
transportation goals documented in comprehensive plans or 
other previously adopted policies. The SEP A process allows 
for case-by-case negotiation with developers in all local juris
dictions. SEPA authorizes , but does not dictate, specific 
policies for placing conditions on developers. 

Seattle uses SEP A aut hority to augment its land use code 
for mitigation of traffic impacts for downtown development 
and to condition developments on a case-by-case basis outside 
of downtown. Some jurisdictions, such as the city of Red
mond, have adopted administrative procedures to formalize 
the policies and procedures for placing conditions on devel
oper authorized by SEPA. Administrative guidelines provide 
staff with policy backing and help ensure consistency in case
by-case negotiations with developers. Local administrative 
guidelines are relatively ea y to implement because they are 
developed within a department and do not require council 
approval. 

In 1987, the Arizona state legislature passed Air Quality 
Bill 2206 that mandated travel reduction ordinances for coun
ties of a certain size, with the state providing funding for travel 
reduction programs. Maricopa County is currently developing 
its program, which will become effective December 31, 1988. 
Maricopa County is not adopting an ordinance per se , but is 
operating from the state statute . Jurisdictions within Pima 
County adopted travel reduction ordinances prior to passage 
of the Air Quality Bill. 

TRAFFIC MITIGATION ORDINANCES: 
DIRECTIONS AND PROSPECTS 

Traffic mitigation ordinances provide substantial promise as 
a widely applicable tool for managing congestion. Limited 
empirical evidence exists on the effectiveness of ordinances 
because of the limited time of their application. 

The ordinance concept clearly can apply to cities facing new 
traffic congestion problems, but its application to older cities 
with long-standing problems is less clear. In Los Angeles , 
where traffic congestion has Jong been severe, the ordinance 
quickly expanded from a small initiative by the mayor to a 
massive area-wide program involving all major employers in 
four counties. Los Angeles has a relatively low transit modal 
split and its problems are somewhat unique. Flexibility of the 
ordinance concept increases its applicability to a wide range 
of development environments . 

State Role 

The role of state governments in supporting the ordinance 
strategy is emerging. Sponsoring TMAs is a supportive action 
that can lead to ordinances. For example, the Connecticut 
Department of T ransportation is developing a program to 
provide support services to municipalities desiring to develop 
a TMA. This program will prevent localities from duplicating 
their efforts. 

States can develop model ordinances so that each jurisdic
tion does not have to start from scratch. This ordinance would 
also increase consistency between local jurisdictions. In some 
cases, enabling legislation may be necessary. 
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States can also provide other support services for jurisdic
tions or affected employers by sponsoring conferences, work
shops, and training courses, and providing centralized data 
processing services. States can enact tax credit legislation that 
rewards employers for expenditures made supporting traffic 
reduction. Politically, tax credits can be vital in offsetting 
opposition to the ordinance strategy by business community 
members who may not accept the private sector's role in traffic 
reduction efforts. California, Connecticut, Massachusetts, and 
New York have initiated employer tax credit efforts. 

Supply Side and Financing 

The TDM ordimmce concept focuses primarily on the demand 
side of the urban transportation problem. Most actions 
prompted by ordinances are designed to influence demand 
for existing services, such ;is subsidizing transit and providing 
preferential parking for car and van pools. However, some 
actions enhance the supply of services, such as the provision 
of employer-supported shuttles. 

Although some shifting of demand to existing services can 
be achieved, peak-hour transit services may already be at 
capacity, or acceptable services may be unavailable. Enhanc
ing the demand for transit and ridesharing, the primary effect 
of ordinances (other than shifting demand to less congested 
times), is not adequate to address these problems. Improved 
services will also be required. 

Fee-in-lieu-of ordinances can provide financial resources to 
meet service expansion needs. A new development ordinance 
being developed in Stamford, Connecticut, allows less-than
code stipulated amounts of parking if compensating payments 
are made to the city, which have been used to support new 
shuttle bus service. A proposed employer ordinance could 
allow firms to opt out of meeting the required traffic reduction 
level by choosing to pay an annual fee-in-lieu-of for each peak
hour trip by which the standard is exceeded. 

Linkage to Other Planning and Land Use Issues 

Clear but unexploited linkages exist between the ordinance 
concept and other transportation planning and land use issues. 
For example, it makes little sense to adopt a traffic reduction 
ordinance if the development code still promotes or requires 
provision of excessive amounts of parking spaces. Floor area 
ratios and site design requirements should be considered before 
trip reduction measures. Development requirements for pro
vision of on-site services, such as employee cafeterias, could 
also be adopted. TDM ordinances are not a panacea. Their 
institution should stimulate consideration of other available, 
supportive actions to reduce traffic generation even before it 
materializes. 
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Innovative Program Development 

Simpler programs for employer use in reducing traffic are 
needed for successful implementation. For example, 
SCAQMD's Regulation XV may actually place a significant 
burden on the Southern California Rapid Transit District for 
provision of bus passes for employer-discounted sales. Sub
stantial administrative expenses for the employer will be 
incurred for selling monthly bus passes to employees, col
lecting the nondiscounted share, and interfacing with transit 
operators. This burden increases dramatically when multiple 
private bus operators are involved rather than a single public 
agency. 

The recent success in New York with the TransitChek mul
tioperator transit voucher, which doesn't change monthly aml 
is simply given rather than sold to employees, would thus be 
well applied in Los Angeles or other communities with employer 
ordinances. 

Provision of transit information services needs to be stream
lined before widespread employer support can honestly be 
expected or required. 

RECOMMEND A TIO NS 

Given the demonstrated acceptability and apparent effective
ness of the ordinances, the strategy appears appropriate for 
increased emphasis and promotion. This action is already hap
pening, as evidenced by new state and regional level activities 
in California, Arizona, Connecticut, and elsewhere. In addi
tion, UMT A's recent suburban mobility seminars have also 
spread the word about traffic mitigation ordinances. 

An ongoing cataloging of developments in the field should 
be maintained. Evaluating the effectiveness of the ordinances 
that now exist is also necessary. Pleasanton is the only ordi
nance on which much can be concluded at this point, from 
an actual impact point-of-view. A thorough report on the 
Pleasanton experience could be beneficial to other areas 
considering the traffic mitigation ordinance strategy. 

It may be possible to evaluate other ordinances from a 
process perspective. The likely importance of SCAQMD's 
Regulation XV suggests that substantial efforts be commis
sioned quickly to document the process through which it 
emerged and to ensure that data are available to assist the 
formal tracking of its impacts. 

Networking among lhe lm:alilies interested in pursuing TSM 
ordinance ideas should also be beneficial. This approach could 
help localities take advantage of past experience to anticipate 
requirements and avoid pitfalls, and would help maximize the 
number of successful programs implemented. 

Publication of this paper sponsored by Committee on Transportation 
System Management. 
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Guidelines for Developing Local Demand 
Management or Trip Reduction Policies 

T. H. HIGGINS 

Loc11l governrncnlS are increa ingly turning Lo demand manage
menr or trip reduction strntegies, policies and programs to com
bat traffic congestion . Using variou p licy in. lruments localitie 
are encouraging employers and developer l'o implement Lran -
portation systems management (TSM) and parking management 
trategies. These strategies incl.udc encouraging u e of transit, 

carpooling, bicycling, walking and rtextime. However, still other 
measures include reduced employer subsidie for employee park 
ing tightening of maximum parking requirements of zoning code , 
reduced parking requirements in return for implementation of 
TSM trategie ·, and other measure to reduce solo driving. Rec
ommendation are made to Ice.al government decision maker 
and planner on the adoption a11d implementation of demand 
management or trip reduction p~) li cy instrument , including: (a) 
recommendation about when demand management and trip 
reduction strategies and policies are appropriate to consider; (b) 
considerations in selecting trip .reduction or dem::md management 
policy instrument including ordinance , developer agreements, 
pecial permits, and parking code requirements; (c) uggesti ns 

on the d ign of particular polioie , including application of 
requirements, specificity of requirements, uni fo rmity and strin
gency of goals, and use of exemptions; and (d) guidance on pro
gram mo.oitoring, enforcement, management . co t ·, and 
timelines for program development. 

Demand management or trip reduction strategies are playing 
increasing roles in the attack on traffic congestion . The strat
egies generally fall into two important categories, trans
portation system management (TSM) and parking 
management (PM) . 

Generally, demand management approaches aim to reduce 
peak period automobile trips by encouraging the use of high
occupancy modes. TSM strategies include preferential park
ing for carpoolers; promotions for transit, carpooling, bicy
cling, walking, and flextime; designation of transportation 
coordinators at employment sites; and shuttle service to and 
from park-and-ride lots. 

PM actions include raising existing rates or imposing new 
surcharges or differential rates at public facilities, imposing 
parking taxes at commercial facilities, reducing employer sub
sidies for employee parking, revising the supply of long-term 
parking through new maximum requirements in zoning codes 
all wing reduced supplies of parking in return for in- lieu fees 
or implementation of TSM strategies, revising fines and 
enforcement, and other measures aimed at the provision and 

K. T . Analytics, Inc., 885 Rosemount Road , Oakland, Calif. 94610. 

management of parking spaces for purposes of reducing solo 
driving. 

Both the public and private sector play roles in the imple
mentation of TSM and parking management strategies. Local
ities set regulations requiring private developers and employ
ers to carry out strategies, and meet trip reduction objectives. 
Often , requirements also provide for an annual employee 
survey or other forms of monitoring. Sometimes, transpor
tation management associations (TMAs) play a role in 
implementing the programs. 

Numerous localities have fashioned and adopted policy 
instruments to encourage implementation of TSM and PM, 
including 

• Ordinances, 
• Developer agreements, 
•Special permits, and 
• Parking code provisions. 

WHEN TO CONSIDER TSM AND PM POLICIES 

Every community plagued with traffic congestion should not 
necessarily try to develop and adopt TSM and PM policies . 
Some important considerations include the degree of through 
traffic, size and nature of employers , management capability 
and program resources, importance of parking pricing, and 
the role of exogenous variables. 

Degree of Through Traffic 

If a large proportion of congested traffic is bound for devel
opments and employers outside the locality , TSM and PM 
policies may have limited effect. TSM and PM policies aim 
at reducing automobile use to and from developments and 
employment sites within a community. Thus , if much local 
traffic is not generated by these sites, local ordinances , devel
oper agreements , and other policies may not help. However, 
if several localities join together and form common policies 
to attack both local and regional traffic, then through traffic 
may be influenced by these policies. Localities should be aware 
that few local governments have successfully joined with other 
localities to adopt uniform local ordinances, joint-power 
arrangements, or regional programs. Several are trying, but 
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the process of coming ~o agreement on common requirements 
as well as funding and program operations is long and labo
rious. For example, localities within the counties of Marin 
and San Mateo in California have debated for months the 
possible adoption of coordinated ordinances, without success. 
Maricopa and Pima counties in Arizona have adopted area
wide ordinances applicable to employers across several cities, 
but only after the passage of special state legislation and much 
pressure from the U.S. Environmental Protection Agency to 
adopl trip reduction measures or face delays in federal highway 
fundjng. 

Size and Nature of Employers 

All else being equal, resulls of TSM and PM programs at 
multiemployer centers tend to be less su_ccessful than at single 
employers. One review of programs at multiemployer sites 
found the maximum drop in solo t.hiving tu be only 3 or 4 
percent (J). Sites included in the study were El Segundo, 
California; Greenway Plaza in Houston, Texas; and Tysons 
Corner, Virginia. Another recent review of suburban TSM 
and PM programs suggests little success in ridematching at 
the Denver Technical Center in Colorado because of the pre
ponderance of small firms in the center (2). The size and type 
of employer may also be important because TSM and PM 
programs tend to be more successful at larger companies with 
lesser proportions of professional staffs, though the evidence 
is not clear cut. Some studies suggest TSM and PM success 
stories tend to be with large employers and large pools of 
clerical and data processing personnel, as opposed to small 
employers with professional workers. Yet other literature 
contradicts these findings. For example, among nine leading 
companie in the Santa Clara County Manufacturing Group 
(SCCMG) in California, the proportion of employees in alter
native modes averages only 21.5 percent with employment 
under 5,000 persons. Only four firms have sustained rates of 
25 percent or higher and they tend to be larger firms (3). 
Nationally, the picture is similar with TSM and PM programs 
at larger companies showing the greatest success. For exam
ple, one survey shows alternative mode shares between 30 
and 40 percent for companies with over 1,000 employees, but 
with companies under 1,000 the share is generally around 20 
percent. Nevertheless, there are exceptions, such as Cenex 
in St. Paul, Minnesota, with only 730 employees and 47 per
cent in alternative modes and Minnesota Mutual Life Insur
ance also in St. Paul with just 1,000 employees and 39 percent 
using alternative modes ( 4). Furthermore, early studies of 
company vanpool programs found "no relationship between 
company size and ... (success of) ... ridesharing programs" 
(5). The overall lesson is that localities with a preponderance 
of small companies or largely professional workers should 
adopt TSM and PM policies with caution because the policies 
probably will not be as effective as those in communities with 
larger employers and more clerical or data processing 
workers. 

Management Capability, Vigilance, and Program 
Resources 

Localities considering adoption of TSM and PM policies must 
be prepared to support policy implementation. In the long 
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run, management and resources may be more important than 
the type or stringency of the policy instruments adopted. One 
recent study of 40 suburban TSM and PM programs con
cludes: "More important than the policy instrument or its 
terms and provisions may be the resources devoted to the 
programs, vigilance of monitoring and general level of visi
bility and commitment to the TSM and PM effort" (6). Another 
review of TSM and PM programs in the San Francisco bay 
area supported by ordinances concludes, "The effectiveness 
of ... programs hinges on the management commitmerit that 
is made at start-up, and its (sic) sustainability depends on the 
durability of that commitment" (7). 

Importance of Parking Pricing 

Limited or expensive parking combined with strong rideshare 
and transit incentives can reduce solo driving considerably. 
In Bellevue, Washington, a suburb of Seattle, Pacific North
we t Bell (PNB) ha reduced solo driving to on ly 19 percent 
of the work force through a combina tion of s arce, expensive 
parking ($3.00 per day al the time of the tudy) reduced 
parking rates for carpoolers, and intensive ride ·haring assis
tance (8). Likewise, Commuter Computer out ide the Los 
Angeles, California central bu iness dfatrict (CBD) deer a ed 
the share of solo driving from 42 to 8 percent by eliminating 
free parking (9). Parkjng pricing al o is creating effective 
demand management programs at several Oth r empl yers 
including Twentieth Century Corporation in L s Angeles; the 
Nuclear Regulatory Commis.~ion in Maryland· and Bellevue ity 
Hall in Bellevue according to a recent national urvey (6). 

Role of Exogenous Variables 

Exogenous variables are important to program success. These 
variables include proximity of companies to transit service 
and preferential treatments for ridesharing and transit on streets 
and highways near employment sites. Parking availability and 
price surroundjng the site also are important. For example, 
in Walnut reek, California, one study shows the proportion 
of transit users varies in relation to proximity to transit, with 
twice as many Bay Area Rapid Transit (BART) users at offices 
close to the rail station compared to more distant offices (10). 
Preferential treatment · al ·v help. High-occupancy-vehicle 
(HOV) bypasses to ramp metering on Los Angeles (jncluding 
some areas outside the CBD) freeways boosted weekly ramp 
usage by carpools from 125 to over 275. Transit use in the 
Minneapolis, Minnesota, I-35W corridor increased 6 percent 
after meter bypas · ystem were introduced (1 I) . Finally a 
the example of the PNB building in Bellevue, Washington, 
demonstrates, the supply and regulation of parking around 
work sites also are important. Limited parking and high prices 
are encouraging considerable ride-sharing at PNB, but some 
PNB employees are spilling over into uncontrolled parking 
on minor arterials near the building. Bellevue is expanding 
on-street controls in areas of major developments to guard 
against just such spillover (8). 

Summary of Limits of TSM and PM Program 
Variables 

Overall, the prospects of TSM and PM programs and the 
rationale for supporting policies depend on several variables. 
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In the best case, these variables align to favor reductions in 
solo driving and increases in ridesharing and transit use. In 
this case, localities should consider application of TSM and 
PM policy instruments. In the worst case, just the opposite 
pertains. The best and worst cases for TSM and PM programs 
are as follows: 

Variable Best Case Worst Case 

Traffic Large proportion generated Large proportion of 
within or bound for the through traffic 
locality 

Employers Large companies, Small companies, high 
numerous clerical or data proportion of 
processing staff professional staff 

Program Strong management, high Little or diffuse 
visibility, good management, low 
commitment of visibility, few 
resources, strong resources, lack of 
monitoring and vigilance monitoring and 

vigilance 
Parking Tight supply, moderate-to- Ample supply, low or 

high prices, low level of no prices, parking 
parking cost subsidy, subsidies from 
little on- or off-street employer, available 
parking nearby nearby parking 

Exogenous Nearby transit service, Little nearby transit 
HOV facilities, metered service , HOV or 
bypasses, little on- or bypass facilities, 
off-street parking nearby available on- or off-

street parking 

POLICY INSTRUMENT EXAMPLES 

TSM Ordinances with Broad Applicability 

Many localities have developed ordinances requiring employ
ers and developers to implement TSM and PM programs. In 
many cases, such ordinances apply to new and existing 
employment centers and in a few cases include residential 
development. Some jurisdictions also are attempting to form 
coordinated programs across jurisdictions, including the 
following examples: 

•Concord, California, requires TSM and PM programs of 
all new and existing nonresidential development within the 
city, provided development generates at least 100 peak-hour 
employee trips. Residential complexes with over 100 dwelling 
units also are covered. 

• In San Mateo County, California, five cities are collab
orating through a joint powers agreement to develop and 
adopt uniform ordinances and an intercity transportation 
management authority. The draft ordinance would require 
employers to implement TSM and PM programs resulting in 
25 percent of employees using alternatives to solo driving. 

• Pleasanton, California, applies its ordinance to the entire 
city and gears it to employers of 10 or more employees with 
escalating requirements for larger employers. Multitenant 
buildings and business complexes are specifically included. 

Developer Agreements 

Some communities use instruments appropriate to requiring 
TSM and PM programs as a condition of development. Devel-
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oper agreements backed by covenants written into property 
deeds bind owners and successors in interest. 

• In the case of Montgomery County, Maryland, the sample 
development agreement (Costain Agreement) is for 10 years, 
and on expiration the TSM and PM program is to be incor
porated into a county ridesharing program. Materials, soft
ware, and supplies all transfer to the locality. 

• In the case of Bellevue, Washington, the Bellevue Place 
agreement requires a broad set of TSM and PM actions, 
including limits on the parking supply, automatic vehicle 
counters for traffic monitoring and reporting, target maximum 
p.m. peak-hour vehicle trips, required membership in the 
local TMA, set-aside carpool spaces, required parking charges 
for employees, increasing levels of required actions depending 
on project performance, and an assurance bond guaranteeing 
the program terms are in force beginning with occupancy and 
continuing until no longer required by the city. 

Special Permits 

Various public entities require special use permits for proj
ects, including binding commitments from project sponsors 
for TSM and PM actions, and other actions aimed at 
mitigating traffic and air quality problems: 

• The Minnesota Pollution Control Agency requires an 
indirect source permit for parking facilities; retail, commercial 
and industrial facilities; office buildings; large housing devel
opments; airports; racetracks; and other developments. TSM 
and PM requirements have included transportation coordi
nators, transit promotions, carpool incentives, and other actions. 
Some of the projects regulated are within "fast developing 
suburbs" (12). 

•Alexandria, Virginia, requires a special use permit for 
new developments over a certain size including a transpor
tation management plan for ridesharing, transit incentives, 
bicycle measures, flextime aimed at up to 30 percent use of 
alternatives to solo driving, or certain percent reductions in 
peak-hour travel by solo drivers. 

Parking Code Requirements 

Some localities have implemented parking code requirements 
aimed at encouraging TSM and PM. One approach is to estab
lish a maximum rather than minimum parking requirement 
for certain developments. Another approach is to offer relax
ations in minimum parking requirements in return for TSM 
and PM actions. Under relaxations, localities appear to reduce 
requirements by no more than 20 or 30 percent. Some require 
land set asides to be converted to parking if supply doesn't 
meet demand . 

• Bellevue, Washington, sets both a maximum and a min
imum parking space requirement for office use in the down
town area. Specific requirements are negotiated by site and 
set in developer agreements. The Bellevue Place agreement 
provides one specific example. An early precedent agreement 
for ENI Co. also limits parking supply, and requires priced 
parking. 
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• Fairfax County , Virginia, allows reduced parking in prox
imity to a mass transit station on the basis of projected 
reductions of automobile trips caused by proximity to transit. 

• Sacramento County, California, allows reductions for TSM 
and PM measures, with showers and bike lockers rendering 
a 2 percent reduction, and one space reduction for every 
marked carpool space (Ordinance 83-59). 

•Montgomery County, Maryland, requires land set aside 
be sufficient to provide " parking spaces equal in number to 
the reduction granted" (Ordinance 10-32). 

• Palo Alto, California, has a similar contingency provision . 

POLICY INSTRUMENT DESIGN ISSUES 

Applicability of the Policy 

A key issue is defining applicability. To what entities will the 
policy apply? Will all new and existing developments be 
included? What areas will be included, what uses, what size 
thresholds? For developer agreements, policies apply to new 
and usually large office projects. Parking codes usually apply 
to core areas . Applicability requires considerable attention in 
the design of ordinances . Several ordinances reviewed apply 
to employers, and scale requirements by size. 

• Pleasanton, California , stages requirements on employers 
by size as well as whether or not they are located in complexes. 
Employee requires careful definition, as well as what consti
tutes a complex. The city's intention is to include complexes 
or employment centers with several small employers, as opposed 
to isolated small employers. 

•Pleasant Hill, Contra Costa County, and Concord, Cal
ifornia , include residential uses in their ordinances , in contrast 
to many other localities excluding these uses. 

Specificity of Requirements 

How much should the locality specify in the way of strategies 
and programs, and how much should be left to the regulated 
entity to plan and carry out? Localities must decide how cer
tain they are specific TSM and PM strategies will work in the 
developments and areas subject to regulation. Are designated 
carpools worth requiring in a particular developer agreement 
or urea-wide ordinance? What programmatic requirements 
should be set, such as designated coordinators or resources 
devoted to the program? Experience to date suggests the most 
common requirements in policy instruments is for distribution 
of information on car and vanpooling, transit, bicycling, and 
other alternatives to solo driving. Designation of an on-site 
coordinator responsible for carrying out the program is another 
commonly prescribed strategy. A few localities do require 
more aggressive strategies , including priced parking, desig
nated carpool stalls, rideshare matching services, sale of 
discount transit passes, even implementation of shuttles. 

In Bellevue, Washington , requirements in some developer 
agreements specify the number of car and vanpool spaces, 
membership in a local transportation association, on-site 
transportation coordinator , as well as added actions (sale of 
transit passes and discount parking for carpools) if certain 
mode share or traffic level targets are not achieved. 
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Fewer and more flexible requirements generally are spec
ified in ordinances. For example, Contra Costa County, Cal
ifornia, allows owners and employers to choose any combi
nation of strategies and they are free to design their own 
information program. However , the ordinance does require 
an annual employee survey, designated coordinator, refer
ence to program requirements in lease agreements, and 
specific annual report to the county. 

Recognizing the importance of charge parking to the out
comes of TSM and PM programs, some localities impose 
requirements for pay parking through developer agreements. 
Developers will be concerned with the marketability of proj
ects where rates are imposed versus others where they are 
not. Nevertheless, Fairfax County, Virginia , has required 
applicants to institute a parking policy with incentives for 
ridesharing . In the agreement with Bellevue Place, Bellevue, 
Washington, specified that parking charges be no less than 
certain transit fares in the area. I3ellevue also required fee 
parking in its agreement with ENI Co. 

Types, Uniformity, and Stringency of Goals 

Localities must decide what goals, if any, to set in their 
requirements. Localities can select from goals in terms of 
mode share or occupancy (e.g., percent of employees trav
eling alone or by alternative transportation) ; traffic perfor
mance (vehicle trips at certain times and places, levels of 
service at intersections); proportion of commuting in peak 
periods; or corr.binations of these and other approaches. Goals 
must be set that are reasonable to attain given experience 
with TSM and PM. Goals also might vary by areas or prox
imity to transit. Perhaps more important, localities must decide 
whether the goals are good faith targets that employers and 
developers are expected to try to meet or are binding perfor
mance standards that, if not achieved, trigger certain conse
quences. Before opting for performance standards, localities 
must consider the possibility that an employer may make 
every effort to implement the TSM and PM program but still 
not achieve the standard. In some cases, the standard may 
be unreasonable, or gasoline prices may fall , or the economy 
may boom, or imported car prices may fall. These and other 
variables outside the TSM and PM program may encourage 
automobile use. Generally, it seems localities apply the most 
stringent goals to development agreements and the less strin
gent goab lu uwau-an::a ordinances. Examples of goals and 
stringency follow. 

• Pleasanton, California, defines the goal in its ordinance 
as a 45 percent reduction of vehicle trips during a 1-hr peak 
period compared to the case where all employees commute 
by single-occupancy vehicle. If the goals (staged over time) 
are not met, the city may then require the employer to carry 
out a specific program . 

• Contra Costa County, California, uses a binding primary 
and secondary goal. The primary goal is no more than 65 to 
75 percent of employees commuting in single-occupant vehi
cles, depending on the area. But if the project sponsors can 
demonstrate the goal is unfeasible , the secondary goal applies, 
which is 55 to 65 percent solo drivers in the a.m. and p.m. 
peaks . If the goal is not reached, the county is entitled to 
mandate implementation of a revised program. 
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•Larkspur, California, has set a demanding goal in its Ordi
nance 737. Approved projects receiving a circulation per
mit-with or without TSM and PM actions-must not increase 
average daily traffic on any roadway segment or intersection 
of the city's principal circulation system by more than 1 percent 
or more than 100 vehicles, whichever is less. 

•Walnut Creek, California, varies its goals not only by 
uses (retail, nonretail) but by area, with sites closest to a 
BART rapid rail station slated for the highest goal, i.e., "no 
more than 60 percent of all employee commute trips in single
occupant vehicles." Elsewhere the goal varies up to no more 
than 75 percent who drive alone. 

•In Montgomery County, Maryland, the Costain agree
ment's goal is a reduction of 180 vehicle trips during the peak 
period, in the peak direction. If the goal is not reached, the 
county can draw on a letter of credit posted by the project 
sponsor, or transfer the program to the county ridesharing 
agency. 

Nature and Timing of Plan Requirements 

Often TSM and PM requirements specify development of a 
plan that spells out what TSM and PM strategies the developer 
and employer will carry out and how. The plan may have a 
one-time requirement, often before development of certain 
projects, or it may have a continuous (usually annual) require
ment for reporting on the TSM and PM program and making 
modifications. The advantage of plan requirements is that 
they allow employers and developers to develop and propose 
strategies and programs tailored to particular sites, employee 
populations, and parking or traffic conditions. Of course, plans 
require time and expertise to review and negotiate. Small 
localities may not have the resources or experience to conduct 
reviews. In addition, the questions of which applicants should 
face the requirements and what plan contents will be required 
need to be answered. Another issue is how the first plan can 
be prepared for a proposed development without knowing 
exactly the tenant mix until occupancy begins. For example, 

• Sacramento County, California, requires applicants of 
major developments to prepare a trip reduction plan on rezones, 
use permits, special permits, development agreements, or var
iances. The ordinance also specifies the contents of the plan 
(Ordinance 83-59, Section 330-147). 

•Contra Costa County, California, requires a conceptual 
plan at the time of application and a final plan recorded as a 
covenant on the project in all cases in which reductions in 
parking requirements are allowed for the promise of TSM 
and PM actions. 

• Concord, California, requires a final plan after occupancy 
to ensure the plan reflects actual employees and tenants locat
ing in the building. A preliminary plan is submitted at the 
time of application. The contents of the plan are spelled out 
in the ordinance. 

• South Coast Air Quality Management District (SCAQMD) 
in Los Angeles, California, requires a plan to achieve certain 
average vehicle ridership targets and also requires annual 
updates to verify TSM and PM strategies in place and to 
propose changes in strategies. 
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When and How to Enforce 

All recently developed TSM and PM policy instruments con
tain provisions for monitoring and enforcement. Most com
monly, localities require reporting from developers and 
employers and reserve the right to impose fines or other sanc
tions for failure to carry out such required actions as submittal 
of annual reports, implementation of the TSM and PM pro
gram, or designation of a transportation coordinator. Toward 
the end of ensuring against lagging programs, some localities 
require performance contracts and bonds. A disadvantage of 
this approach is that it binds only signatories. Purchasers of 
the property are not contractually bound. However, cove
nants running with the land may accompany performance 
contracts, thereby ensuring enforcement against new title 
holders. Few jurisdictions impose fines or noncompliance 
sanctions on ineffective programs, provided all required strat
egies and program operations are carried out. Nevertheless, 
some localities reserve the right to take some action in the 
case of ineffective programs. Actions include the locality 
assuming program operations or specifying how the program 
should operate or delaying further stages of building 
development until a program is effective. Examples include 

•Bellevue, Washington, and Montgomery County, Mary
land, sometimes use a performance bond in support of 
enforcement. Montgomery County requires posting of initial 
and subsequent replacement letters of credit. The county may 
draw on the letter if the developer is not operating the 
program or achieving goals. 

• In Pleasanton, California, annual reports from employers 
are required. Failure to reach goals triggers a task force review, 
which can impose additional strategies. Failure to implement 
the program can result in a fee of $250 per day until 
compliance is complete. 

•In Concord, California, the city again requires annual 
reports on program actions and proportions of employees 
using transit, carpools, and solo driving. The city reserves the 
right to require a traffic impact report and added strategies 
or capital improvements to roads and signals in cases in which 
the goals are not met. 

• Fairfax County, Virginia, in its applicant agreement 
reserves the right not to issue building permits for develop
ment over a certain square footage if total peak-hour trips 
exceed specific levels. The county provides for appeals to the 
board of supervisors, independent traffic engineering analysis, 
and arbitration on the question of the traffic generation and 
impacts of the subject property (unspecified agreement, May 
20, 1982). 

Types of Exceptions, if Any 

Localities must consider if and how to exempt employers or 
developers from requirements. Exemptions can make allow
ances for unusual situations and cases. For example, an ordi
nance may go into effect in an area where employers already 
operate effective TSM and PM programs and are subject to 
agreements or ordinances. Here, exemptions may be war
ranted. Exemptions also help make a policy acceptable where 
otherwise it would not be. On the other hand, exemptions 
may invite abuse or create continuous demands for more 
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exemptions. Localities also must craft exemption language to 
include only the desired cases, but exclude others. 

•Contra Costa County, California, exempts employers from 
TSM and PM requirements, provided the employer already 
meets the ordinance objectives in terms of the proportion of 
employees commuting alone and by alternative means of 
transportation (Ordinance 87-95) . 

• SCAQMD exempts employers already subject to local 
ordinances, provided the local ordinances are at least as 
stringent and effective as the district's Regulation XV. 

• Maricopa County, Arizona, exempts employers opening 
for business, relocating, or otherwise adding employees, but 
employers do become subject to the ordinance within 60 days 
before the annual due date of the employee survey and plan. 
The county also exempts from ordinance requirements 
employers who can demonstrate effective programs already 
in place at least for 12 months before the date when the 
employer is subject to the ordinance. 

Types and Purposes of Fees and Financing 

Localities sometimes build into their policy provisions for fee 
collection in support of administering the policies or in support 
of TSM and PM program operations. Localities must decide 
if and how to set fees or financing provisions in policy instru
ments. Many localities have not built fees or financing mech
anisms into policy instruments. Although not including finance 
and fee issues in policy instruments may ease passage or nego
tiation of the instrument, there remains the question of how 
plan review, monitoring, and implementation in which fees 
are not specified will be supported. Generally, it appears 
localities are more likely to impose fees in developer agree
ments and special permits than in broad-coverage ordinances, 
probably because it is politically more palatable to do so. For 
example, 

•In Bellevue, Washington, the developer agreement for 
Bellevue Place specifies dues on the basis of employee vehicle 
trips generated by the project. Revenues go toward support
ing the local TMA, a public-private organization responsible 
for many mitigation efforts downtown. 

•In Montgomery County, Maryland, fees are specified in 
support of the county ridesharing agency, Share-A-Ride. The 
basis of fees is per $100 of real property value (Bill 19 84). 
Additionally, the county reserves the right to draw on a letter 
of credit posted as security in developer agreements and to 
use proceeds to support the county's rideshare program (Share
A-Ride ). For Silver Spring, Maryland, the county may trans
fer revenue from parking fees in order to support the TSM 
and PM program (Bill 24-87). 

IMPLEMENTATION EXPERIENCE 

TSM and PM policies do not operate in a vacuum. Imple
mentation of these policies brings management and organi
zational implications. National experience suggests important 
issues and lessons for jurisdictions. 
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Management and Organization 

In the management and organization of TSM and PM pro
grams, locality staffs, building managers and employers, and 
possibly a local committee are involved. 

In most localities, planning departments are responsible for 
reviewing and approving any TSM and PM plans and parking 
relaxations. In many jurisdictions, a transportation coordi
nator designated within the planning department reviews plans 
submitted with applications, as well as required annual plans 
and employee surveys. In addition, the coordinator would 

• Collect and analyze the annual employee surveys; 
•Prepare the annual report to city or county council; 
• Develop the central transit pass sales outlet; 
• Organize promotional events across deveiopments; 
•Prepare, collect, and develop promotional materials; 
• Develop and carry out promotional seminars and 

meetings; 
• Conduct overall monitoring; 
•Lobby for transit, bicycle, or other applicable services; 
•Contract and direct TSM and PM consultant services; and 
• Conduct training of on-site employer coordinators. 

In many localities, the coordinator acts as the staff to a 
special committee responsible for overall review of TSM and 
PM programs and policies and reporting to decision makers. 
For example, the roles of the Pleasanton, California, Task 
Force are delineated in the ordinance as establishing program 
and plan guidelines, monitoring, deciding if mandatory pro
visions are necessary, and hearing disputes and appeals. A 
TSM or PM committee would 

• Adopt TSM and PM policy and intent statement; 
• Review the annual plan, suggesting directions and policies; 
• Represent developers and employers before locality or 

transit agencies; 
•Evaluate proposals for new TSM and parking strategies; 
• Help suggest and design all promotional materials; 
• Facilitate monitoring of program effectiveness; 
•Assist in special events and company seminars; 
•Review literature and visit model programs; 
•Act as an information exchange on all strategies; 
• Help provide access to employers for survey and pro-

motions; 
• Consider supportive tenant lease language; 
• Review and respond to transit service proposals; and 
•Arrange space for seminars, promotions, and training 

sessions. 

City councils or county supervisors, in most communities, 
function as the point of last appeal on issues of noncompliance 
or nonperformance. 

Developers and employers are responsible for setting up 
programs at the site. Often, ordinances or developer agree
ments specify that an on-site coordinator will be designated 
to carry out the program. Developer responsibilities typically 
include 

• Attending committee meetings and supporting committee 
decisions; 
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• Installing bicycle lockers, if warranted; 
• Implementing carpool stalls and easy exits, if warranted; 
•Authorizing and helping to set up lobby displays; 
•Informing tenant companies of program; 
• Adding supportive lease terms; and 
• Setting up transit and van pool stops. 

For employers, the coordinator would 

•Urge management support for employee participation, 
•Distribute and collect employee and manager surveys, 
• Post and update bulletin boards, 
• Insert company newsletter articles, 
• Distribute transit passes and carpool matching 

information, and 
•Ensure new employee orientation. 

Another important and emerging organizational entity in 
TSM and PM policies is the TMA. It is a private, nonprofit 
corporation composed of developers, employers, and repre
sentatives of public jurisdictions working to alleviate trans
portation problems. In some localities, the TMA has respon-
ibilities in the management of TSM and PM programs. For 

example, in Bellevue, Washington, the city has required a 
developer to support the local TMA through dues on the basis 
of vehicle trips generated by the Bellevue Place project. 

Monitoring 

TSM and PM policy instruments often specify surveys, regular 
reports and ometime a form of traffic monitoring. A com
mon requfrement is some form of annual report from emp:loy
ers subject to requirements. Usually the report is based on 
employee surveys. Survey are aimed at determining the pro
portion of employee olo driving using transit , bicycling, 
walking and ridesharing. Th Pleasanton, California city 
council receives an annual report and employee survey resul t . 
Fairfax County, Virginia, requires a traffic analysis at differ
ent phases of the subject development. In case of dispute over 
results. of the traffic analysis, the county provides an arbitra
tion board to resolve disputes. Bellevue, Washington, requires 
traffic counters embedded in exits of the project and specifies 
the exact month and weekdays of counts. At the same time, 
the project occupancy is asses ed to determine compliance 
with required limits on outbound employee vehicle trip in the 
p.m. peak. 

Program Costs 

Costs of TSM and PM programs vary widely by the nature 
and size of the program. For employer-based programs, costs 
are borne primarily by developers and companies responsible 
for implementation. Of course, localities also bear costs, espe
cially if they designate their own coordinators to participate 
in and enforce programs. Some examples from employer
based programs in the San Francisco, California, area dem
onstrate cost ranges. At the high end of the cost range, a few 
programs provide examples. 
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•At Varian in Palo Alto, with about 5,000 employees, the 
program costs $72,000 per year, or $14.40 per employee (R. 
Loomis, unpublished). 

• At Lockheed in Sunnyvale, about 25 percent of the 25 ,000 
employees use alternative modes. Their program costs $25 
per employee per year. 

• Probably one of the most extensive programs is the Bishop 
Ranch office complex in San Ramon serving 4,000 employees. 
This program includes a full-time coordinator, transportation 
store, computer matching, and two luxury coach shuttles for 
an annual cost of about $200,000 or about $50 per employee. 

• Chevron in San Ramon serves 2,000 employees and spends 
$110,000 on a full-time coordinator, BART shuttle, flextime, 
demonstration vanpools, and marketing materials. The annual 
cost of the program per employee is $55. 

Other programs serving fewer employees, or not so 
comprehensive in scope, cost less and include the following: 

•AT&T in Pleasanton serves 2,000 employees and spends 
$27,000 with a nearly full-time coordinator, monthly cash 
awards, carpool meetings, flextime promotion, transportation 
hotline, and information center. Unit cost is $13.50 per 
employee. 

• Rolm Corporation in Santa Clara serves 4,000 employees 
and expends $40,000 for a cost of $10 per employee. The 
program entails a full-time coordinator, transit pass sales, 
bicycle lockers, semiannual drawings and transportation fair, 
and in-house matching. 

• A 1985 study of employer programs in Santa Clara County 
reveals an average annual budget per employee of $6.15 (13). 

Overall, it appears basic costs of moderate-sized TSM and 
PM program range from $30,000 to $50,000 per year, exclud
ing such costs as office pace, computers and software, fur
niture, training, insurance, and survey analysis. At larger 
employment centers with as many as 5,000 employees, cost 
may reach $100,000 to $150 000. A shuttle operation might 
bring costs closer to $225 ,000 or even more. For small employ
ers (e.g., less than 500 employees), costs for a modest program 
might range from $10,000 up to $20,000 and for extensive 
program , between $30,000 and $60,000. For large employers 
(e.g., greater than 1,000 employees) a mode t program could 
cost between $30,000 and $60 000 wherea for an extensive 
program the costs range from $100,000 to $250,000. 

Program Financing 

Both public and private financing arrangements are used to 
support employer-based programs. In some cases, programs 
are supported by private financing without enforceable com
mitments. These voluntary private commitments might include 
in-kind contributions of personnel, office space, computer 
facilities, and the like. Or, some employer dues and fees might 
be contributed, again without a legally binding commitment. 
In other cases, programs are financed by legally binding public 
mechanisms put in place by local government. These mech
anisms include impact fees, business license taxes, benefit 
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assessment districts, and others. Examples of public 
mechanisms in some jurisdictions include the following: 

•In the Los Angeles area, the Coastal Corridor and West
wood ordinances require trip fees. The fee per p.m . peak
hour trip in the Coastal Corridor is $2,010, whereas in 
Westwood it is $5,600 per trip. 

•Concord, California, has established a fund consisting of 
interest on the in-lieu parking fund, net income derived from 
any city-operated parking facilities, and other dedicated sources. 
The fund supports the activities of the city coordinator. 

•Berkeley, California, imposes a one-time fee of $2.00 per 
ft2 or an annual fee of $.20 per ft2 for 30 yr. Fees that enter 
the transportation services fund are used to support 
ridesharing, transit, and bicycling. 

Where TMAs are formed, they might use private commit
ments to support the p1ogra111. Fur example, 

•The TMA in El Segundo, California, levies an assessment 
of $1.25 per employee. 

• The North Bay TMA in Marin and Sonoma counties in 
California charges an annual fee of $25 per employee up to 
a maximum of $250 per employer. 

Enforcement and Legality 

Thus far, enforcement and legality have not been large issues 
in the implementation of TSM and PM programs. Many local
ities check compliance with mitigation regulations by requir
ing annual reports from employers on employee travel modes 
and program activities . Others require traffic reports . Few 
TSM and PM programs have operated long enough to provide 
examples of localities invoking sanctions for noncompliance. 
However, localities and employers have negotiated issues of 
compliance without resort to sanctions or court tests. For 
example, 

• In 1986 and 1987, the coordinator in Pleasanton, Cali
fornia, found it necessary to pressure several employers to 
submit annual reports and surveys. Finally, the reports and 
surveys came in without resort to notification from the city 
attorney or the need for other procedures (G. Gilpin, 
unpublished). 

•Likewise, Montgomery County, Maryland, has never called 
in letters of credit in cases in which employers were not achiev
ing mode-share or trip-reduction standards. The county has 
reviewed such cases carefully and is satisfied best and good 
faith efforts are occurring (J . Clark, unpublished) . 

•Novato, California, in an agreement with Fireman's Fund 
Insurance Co. required the implementation of a flextime pro
gram to ease traffic burdens on nearby streets. After a few 
years of successful operation, the company abandoned the 
policy, causing traffic to worsen in the area. The city pres
sured the company to again restart the program. The company 
complied without the city invoking sanctions (J. Bourgart, 
unpublished). 

In sum, whether and exactly how localities will invoke sanc
tions specified in various policy instruments remain to be seen. 
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The main lesson at this point is that various sanctions are 
specified in ordinances and agreements allowing for 
enforcement to proceed. 

Concerning legality, courts have not yet tested the legality 
or reasonableness of ordinances, developer agreements, or 
other instruments. Still, there is little question localities may 
impose reasonable traffic mitigation requirements through 
agreements and ordinances. Generally, courts have ruled that 
reasonable traffic mitigation requirements and regulations are 
a proper exercise of police power. State constitutions expressly 
confer on cities the power to make and enforce within their 
limits all local, police, sanitary, and other ordinances and 
regulations not in conflict with general law. Most judicial 
authoritie also appear to conclude that developing property 
is a privilege and that the dedication of land or payment of 
fees is voluntary in nature and developers must meet any 
reasonable condition imposed by local jurisdictions before 
issuance of building permits. Consequently, even strict traffic 
performance standards specified in developer agreements may 
be found reasonable and binding should they be challenged 
and tested. However, the same provisions imposed on existing 
employers and developers after the fact of development may 
not be so interpreted. 

Parking Management Implementation 

Parking management strategy implementation presents sev
eral issues. How can parking policies support program efforts? 
What is feasible and unfeasible to do? 

Supportive Public Parking Rates and Policies 

Some localities attend to pricing policies in publicly owned 
and operated facilities as a way to buttress programs and 
requirements. Important considerations include ensuring prices 
for long-term parking are not under market rates, or far below 
transit fares; providing location or price preference to ride
share patrons; and avoiding employee parking subsidies wher
ever possible. Montgomery County, Maryland, maintains 
market rates for long-term parking and offers discounts to 
carpooler in facilities under it · control. l'h county also recently 
halted block sales of parking permit~ to employers to 
discourage employer subsidies of employee parking. 

Developer Agreements 

As previously discussed, some localities use developer agree
ments to encourage pay parking for tenants and employees 
as in the agreement in Bellevue, Washington. However, a 
policy of pay parking will not necessarily lead to employees 
paying for parking. In buildings with multiple tenants, an 
owner may agree to institute pay parking at the garage or 
surface lot. Employees may pay the charge, but be reimbursed 
for all or a portion of charges by employers. Employer
subsidized parking is not uncommon in cities with pay parking. 
Also, such an approach will quickly generate spillover parking 
onto streets, commercial facilities, retail parking areas, vacant 
properties, and other areas not priced or regulaleLI. The TMA 
in Bellevue, Washington, guards against such a possibility by 
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contracting with employers to monitor and enforce short-term 
parking regulations in retail lots. 

Enforcement 

Enforcement is the key implementation issue with preferential 
parking for rideshare patrons. Many local ordinances, permit 
requirements, and developer agreements encourage prefer
ential parking for car and vanpoolers . The key implementa
tion issue is how to enforce use. One approach appropriate 
to garages with attendants is simply not to allow any vehicle 
to park in designated stalls without two or three persons in 
the vehicle at the time of parking. In short, no drop-offs are 
allowed. Alta Bates Hospital in Berkeley, California , uses 
this approach. 

Flexible Parking Requirements 

Where localities are using flexible parking requirements in 
codes to encourage developer-sponsored TSM and PM pro
gram , experience suggests (]exible requirements may not attract 
developers or lenders. It seem localities have a difficult time 
setting parking requirements in support of policy objectives. 
Several urban loq1lities have provided for optional relaxations 
in parking requirements for various purposes (support of 
peripheral parking, ridesharing and other transit encourage
ments, and in-lieu funds) only to find developers not taking 
advantage of relaxations. Los Angeles, Hartford (Connecti
cut) , and Seattle all provide examples (14). Difficulties in 
setting maximums, minimums, or relaxations to serve public 
purposes are understandable, whether in urban or . uburban 
area because knowing what developers and lender · prefer 
to provide in the way of parking supply and setting require
ment policy is not a simple task. Even if planners are able to 
determine the market demand and supply levels at any one 
time and place, the demand-supply equation is constantly vary
ing because of everything from the state of the economy to the 
price of gasoline to the level of transit service. Thus, flexible 
parking requirements must be approached with caution. 

CONCLUSION 

Policy Instruments 

Policy in trument are increa ingly important in initfati.ng TSM 
and PM program . These instruments set the stage fo r m n
iroring and enforcement and , if neccs ·ary fo r program mod
ifications . Consequently, the de ign of policy instrnmcnt is 
important and experience suggests some lessons. 

• For broad applicability of TSM and PM requirements 
across new and existing employers , TSM ordinances or special 
permits are preferred instruments . For focused requirements 
on new developments, developer agreement requirements are 
appropriate to consider. To date , there is little experience 
with cooperative or joint-power ordinances regulating more 
than one jurisdiction. 
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• Localities have had a difficult time establishing parking 
requirements and relaxations to attract developers and lend
ers. Apparently, it is difficult to anticipate what developers 
and lenders prefer in terms of parking supply and their interest 
in reduced supplies in return for TSM and PM. 

• Parking price strategies can be encouraged by ensuring 
any publicly controlled parking is not priced under market 
rates and through developer agreements specifying pricing 
strategies. A danger in fashioning such policies is the 
possibility of encouraging spillover parking in uncontrolled 
areas. 

• Given the wide variation in TSM and PM program results 
and the difficulty of knowing which strategies are most effec
tive, localities must be cautious in establishing uniform or 
stringent goals in policy instruments , or prescribing imple
mentation of specific strategies. 

• Requiring program plans from developers and employers 
requires locality staff time and resources, which may prove 
to be a burden for small localities. However , requiring and 
negotiating plans has the advantage of tailoring TSM and PM 
programs to each site , a strong plus given the many program 
and site variables influencing program outcomes. 

• Though courts have yet to test TSM ordinances and reg
ulations, state law generally should enable localities to set 
TSM and PM requirements and enforcement provisions. Fines 
and civil penalties for failure to act in accordance with require
ments also are possible under ordinances, provided usual appeal 
procedures are added. Performance contracts, bonds, and 
letters of credit are possible assurance mechanisms in devel
oper agreements, though these must be added to covenants 
running with the land to provide maximum assurance. One 
area of caution is in stringent and binding traffic performance 
standards or goals. Although these may be upheld in devel
oper agreements, presuming acceptable contractual practices 
were followed , ambitious and binding goals in ordinances 
applying to existing employers may be successfully challenged 
on the grounds of reasonableness. 

• Exemptions to policy requirements are not very common 
in policy instruments, but are useful in cases with preexisting 
TSM and PM regulations or in cases where annual plan and 
survey deadlines may unreasonably burden new, expanding, 
or relocating employers. 

• Fees and financing mechanisms in support of TSM and 
PM programs are not built into many local policy instruments. 
This practice may speed passage of policy instruments, but 
may hinder later monitoring, plan review, and enforcement. 

Implementation 

Comprehensive TSM and PM programs in localities require 
participation by numerous parties (public and private) and 
monitoring and financing mechanisms. In particular , 

• Localities with comprehensive programs involve planning 
departments, task forces, or review committees with moni
toring responsibilities and possibly private TMA organiza
tions. Local decision makers also serve as points of appeal in 
the enforcement of policy instruments. 

•Monitoring of mode shares, traffic levels, and parking 
volumes are important for determining program effectiveness. 
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In light of the many variables affecting travel behavior to and 
from employment centers, comparisons of program results 
with control sites without TSM and PM programs would be 
useful. 

•Annual program costs at employment sites range from a 
few thousand dollars at small employers with modest pro
grams to $250,000 at large employers with extensive pro
grams. Roth voluntary and legally binding mechanisms are in 
place, as well as TMA fee structures in support of private 
financing. 

RECOMMENDATIONS 

Policies 

Localities do not need to institute stringent policies to ensure 
program success. More important than the exact policy terms 
and provisions is how implementation proceeds. Neverthe
less, policy instruments are important for initiating TSM and 
PM efforts, setting commitments and resources, and estab
lishing the evaluation framework. 

Before considering local TSM and PM policies, localities 
should check with county, regional, and state air quality or 
other agencies with responsibility for transportation control 
or traffic mitigation. Increasingly, these agencies are devel
oping their own trip reduction regulations, which may supersede 
local regulations. Los Angeles Regulation XV provides an 
example. Where such regulations are not developing, local
ities may wish to cooperate with one another to institute con
sistent instruments across jurisdictions. However, localities 
should proceed with caution because aside from Maricopa 
County, Arizona, there are no region-wide policy instruments 
serving as models. 

Before selecting the type of policy instruments to develop, 
localities must consider their traffic problem and objective 
(reduced solo driving, shift in peak travel, focus on internal 
versus through traffic); the source of the problem (all employ
ers or just new employers); the best types of TSM and PM 
strategies to encourage; and the difficulty of getting approval 
for proposed instruments and implementing them. Generally, 
larger communities with area-wide traffic problems caused by 
new and existing employment should consider ordinances 
applicable to all medium-to-large employers. Of course, new 
ordinances will require public hearings, legal council review, 
and passage through decisio11-111aking bodies. Smaller com
munities with spot congestion problems attributable to new 
development should consider special permits and developer 
agreements secured by covenants. These instruments may 
involve less time-consuming review and consensus building 
with decision makers to gain passage. In addition, these 
instruments may require only staff review and negotiations to 
carry out. Developer agreements also are more appropriate 
for securing specific physical facilities such as bicycle racks, 
transit turn outs, or parking areas devoted to carpoolers. 

Generally, localities should not require implementation of 
many specific strategies in policy instruments. Instruments 
may require a designated coordinator, regular reporting, annual 
survey, and distribution of basic rideshare and transit infor
mation. However, instruments should avoid requiring specific 
proportions of parking devoted to carpool stalls or the pro-
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vision or discounted transit pa ·se or imp si ion of ·pccific 
parking prices. The preferred approach is to require and nego
tiate plans spelling out stra tegies and then to evaluate and 
approve these on the basis of their suitability to the site and 
employee population. This approach is especially recom
mended for spe.cial permits and ordinances applying to large 
areas. Localitie should develop plan requirement guideline 
to ease compliance and speed review. Concun.I, California, 
provide one model for such guidelines. Developer ag1·ee
ment for particular sites may require some specific stratcgie · 
in which there i little doubt about effectiveness. or example. 
bicycle locker. or tran ·it pass promotion may be r quired as 
complements to other locality programs such a bicycle path 
or transit centers near the subject development. But as a 
general ruk, lm:alities must be cautious about specifying TSM 
and PM strategies because it is difficult estimating their 
probable effectiveness. 

Localities musl monitor and enforce policy instruments, but 
must be careful not to develop or try to enforce binding traffic 
or mode share standards that are too stringent, especially in 
area-wide ordinances and permits. Ambitious goals may invite 
successful legal challenge because attainment of such goals 
may not be possible. Localities must <lppreciate that some of 
the variables influencing traffic volumes and commuting pat
terns to and from employment sites are not within the control 
of employers or developers. Localities prnhahly can be more 
secure in applying stringent and binding performance require
ments to developer agreements . Experience suggests such 
provision may be enforced without legal challenge. Novato, 
California, provides one example in the ca e of Fireman's 
Fund. Exemptions should be developed in policy instruments 
only to allow for cases of duplicating regulations or unusual 
hardship in complying with survey and reporting deadlines . 
Policy in truments should include provision · for financing 
monitoring, plan review, and enforcement. Too ofcen , 
instruments ignore the need for fees and financing. 

Implementation 

Localities must provide local resources in support of TSM and 
PM programs; monitoring both of regulated and of unregu
lated sites as well as pillover parking hould al:wmpany PM 
strategies. In addition, the private sector needs to be involved 
in program development and appraised of the costs involved 
in implementing the programs. 

Consideration should be given by localities for establishing 
a transportation coordinator position in support of TSM and 
PM programs, especially programs required by ordinances or 
permits over broad areas. The coordinator should serve to 
explain requirements, review plan and survey result , pro
vide technical assistance, and possibly centralized rideshare 
matching services if not available through other agencies. A 
coordinator may not be required where only a few developer 
agreements are in place or planned , though staff still needs 
to be designated for monitoring and review. 

Localities should organize a review and support task force 
to help monitor the program, recommend enforcement and 
policy changes, and assist with special events. The private 
sector should participate in the task force or committee, whether 
through representation from the local TMA or from local 
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employers. Private employers should be appraised of policy 
instrument provisions and provided information on typical 
TSM and PM programs, levels of effectiveness, and costs. 

Monitoring of mode shares should not only occur at employers 
subject to TSM and PM requirements, but also at sites not 
subject to requirements. Additionally, localities should pay 
special attention to monitoring of PM strategies such as pricing 
or restricted supplies negotiated through developer agree
ments or required by parking codes. These strategies may be 
accompanied by spillover into residential or retail areas. If 
so, localities should be prepared to enforce against spillover 
parking. The enforcement procedures of the TMA in 
Bellevue, Washington, provide one model. 

All program participants should be prepared to develop, 
monitor, and modify the local program and policy instruments 
over a period of several years because programs typically take 
considerable time to evolve and can experience declining 
effectiveness over the long haul. 
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Improving the Effectiveness of a 
Transportation Demand Management 
Program Through Evaluation: 
A Case Study 

STEVE J. BEROLDO 

Evaluations are an important source of information for improving 
the effectiveness of transportation demand management (TOM) 
programs. Evaluations of the TOM program at Bishop Ranch, 
California, provide insight on how to improve services by 
strengthening the link between the commuter and the operation 
of a TUM program. Thorough evaluation requires both essential 
core data (commute distance, home location, commute mode, 
and arrival time) and supplemental information about topics such 
as the flexibility of work hours, analysis of subgroups, and atti
tudes toward various incentives and disincentives. Key issues include 
problems with the use of the current mode as a measure of effec
tiveness, lack of knowledge about the effect of flexible work hours 
on mode choice, and the importance of the initial design for 
time- eries comparisons. 

Continued expansion of transportation facilities is no longer 
economically or environmentally feasible. As a result, trans
portation demand management (TDM) programs have emerged 
as a potentially important component of the solution to urban 
traffic congestion (J). TDM is a relatively new and untested 
approach; little is known about its long-term effectiveness (2). 
A significant amount of research will probably go into the 
evaluation of TDM programs in the near future. 

This research can serve two related but distinct purposes. 
The more traditional purpose is that of monitoring the effec
tiveness of the program (e.g., the number of vehicle-trips 
reduced or shifted to off-peak hours). A second purpose is 
that of providing the TDM program staff with information 
needed to improve services and develop strategies for mar
keting those services to commuters. 

In simplified terms, TDM is changing commuters' behavior 
to make better use of existing transportation facilities. Although 
the commuter is the ultimate consumer of services, a direct 
link does not exist between the commuter's satisfaction and 
the operation of the TDM program. The commuter's purchase 
of services does not fund the program's operation. Conse
quently, the relationship between the effectiveness of a TDM 
program and a thorough understanding of the commuters it 
is designed to serve is often overlooked. 

RIDES for Bay Area Commuters, Inc., 60 Spear Street, Suite 650, 
San Francisco, Calif. 94105-1512. 

The collected data and the analysis process will be analyzed 
from the perspedive of providing the TDM staff with useful 
information about commuter behavior. This approach to 
selecting and presenting information on the commuter can be 
incorporated directly iulu lhe operation of a commute man
agement program. The analysis uses 3 years of evaluations at 
the Bishop Ranch business park in San Ramon, California, 
as an example. A self-administered questionnaire has been 
distributed annually to all employees. This 585-acre business 
park employs about 14,000 people in a low-density suburban 
setting. The TDM program is operated through a transpor
tation management association (TMA) and staffed by two 
full-time employees. 

The Bishop Ranch evaluations are not displayed here as 
examples to be emulated, but as starting points from which 
to discuss the polenlial of the evaluation process to support 
the work of a TDM program. The shortcomings, as well as 
the strong points, make the evaluations valuable examples. 
Because the merits of the TDM program at Bishop Ranch 
and the characteristics of that site are not discussed, the 
analysis can be applied to a broad range of settings. 

A discussion and example format will be followed. The 
merits of collecting specific data are discussed and, when 
applicable, examples from the Bishop R;inch ~v;ilmition are 
used to further illustrate the discussion. Questionnaire and 
sampling design, although critical components of the evalu
ation process, are omitted in order to focus on the analysis 
process. 

Several pieces of information on commuter behavior are 
identified as the core of the evaluation: commute distance, 
home location clustering, commute mode, and arrival and 
departure times. Supplementing these core data with infor
mation on the flexibility of work hours, analysis of sub
groups, and attitudinal questions provides a more complete 
evaluation. 

DISTANCE 

For discrete data on distances traveled to work to be useful 
to the TDM program staff, the data must be aggregated into 



Bero/do 

TABLE 1 ONE-WAY COMMUTING DISTANCES 

Year 0 to 5 mi 6 to 10 mi 11 to 20 mi >20 mi 

Percent 

1986 18.1 8.5 40.7 32.7 
1987 20.9 9.3 40.4 29.4 
1988 23.l 7.9 41.5 27.6 

ranges. From the perspective of a statistician, ranges con
taining roughly an equal proportion of respondents might be 
created. However, from the TD M program's perspective, ranges 
that represent unique commute situations are most useful. 
The Bishop Ranch evaluation uses four ranges (Table 1). 

With the exception of the > 21-mi category, these ranges 
were chosen somewhat arbitrarily. The point at which van
pooling becomes economically feasible is 21 mi. The lower 
end of the 0- to 5-mi group might be considered a good target 
group for the nonmotorized commute options, such as walking 
and bicycling. The 6- to 10-mi group might be looked at as 
having a high potential for transit use; because of short driving 
times, it might also be seen as the most difficult group to deter 
from driving alone. The 11- to 20-mi group is probably where 
carpooling starts to become attractive; the inconvenience of 
meeting a carpool becomes offset by savings in cost and the 
fatigue of driving every day. 

The points at which commute distances define commute 
options may not always be clear; appropriate ranges may also 
differ from one geographic location to another. Defining these 
ranges on the basis of the merits of potential mode choice 
will provide the most meaningful data for the TDM project 
staff. Distance alone is obviously insufficient for geographic 
analysis; home location needs to be added to the equation. 

HOME LOCATION CLUSTERING 

Home location clusters identify concentrations of commuters 
in specific geographic areas. In the case of Bishop Ranch, 
approximately 14,000 home locations are reduced to 14 clus
ters (Figure 1). Each cluster is identified as an aggregation of 
zip codes. Zip code data collected on the questionnaire are 
recoded through a customized subroutine to the appropriate 
location. Although elaborate for a single evaluation, writing 
the subroutine is well worth the effort if the project will be 
evaluated periodically; comparing changes in home location 
patterns provides the TDM staff with a preview of where to 
concentrate future efforts. The following excerpt from the 
Bishop Ranch evaluation helps demonstrate the utility of 
cluster analysis. 

In order to examine in greater detail employee home locations 
and temporal changes, zip codes were aggregated into group
mgs along major commute corridors (Figure 1). Areas Hand 
J, which are directly north and south of Bishop Ranch along 
the 680 corridor , house almost 50 percent of the Ranch's 
employees. Area H is remarkably stable when compared with 
1987 densities (up only 0.2 percent); area J accounts for the 
majority of the increase in short-distance commute (up 1.2 
percent). Area M, south of Interstate 5 0 , appears to be where 
most of the decrease in medium-di tanc (6- to 10-mi) 
commutes occurred. 

Cluster analysis is highly dependent on the geography of 
the region. Areas should generally be oriented along com-
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muter corridors, considering major access routes and transit 
service. Because the concentration of employees will be greater 
closer to the work source, the areas will tend to increase in 
size further out. Keeping the number of areas manageable 
without combining areas with unique characteristics is the 
most challenging part of defining areas. 

COMMUTE MODE 

Current commute mode is probably the most basic piece of 
information collected for the evaluation. Unfortunately, accu
rate information is sometimes difficult to gather because com
muters use different modes on different days or multiple modes 
on the same day. Asking for the normal commute mode often 
elicits a multiple response, which generally must be eliminated 
from the data file. Figure 2 shows one approach that seems 
to elicit an accurate response in a suburban setting. Multiple 
answers with an explanation are precoded for data entry. 
Multiple answers without an explanation must be eliminated; 
however, these cases have been relatively rare at Bishop Ranch. 

Commute mode data are not particularly useful for improv
ing a TDM program's effectiveness when viewed in isolation. 
They become most meaningful when (a) compared with num
bers from previous years, (b) compared with the results achieved 
by other programs in a similar environment or with the region's 
normal level, and (c) when examined in light of various sub
?roups. The following excerpt from the Bishop Ranch study 
illustrates the types of trends that can be identified from 
several years of data. 

The ov~raU drive-alone rate at Bishop Ranch is up 2.5 percent; 
~arpoolu~g 1s down 2.2 percent (Table 2). This relatively small 
mcrease m solo dnver commutes, compared with the substan
tial increase between 1986 and 1987 (12.6 percent), may be 
related lo the population's stabilizing (fewer new employees, 
less movement of home locations). On the positive side, van
po~lmg 1s up shghtly. There has been a significant shift of 
md1v1duals from the Bay Area Rapid Transit (BART)/Shuttle 
mode since 1986. More than half of the individuals that were 
using that mode in 1986 are no longer using it. With the excep
tton of club bus riders, this is a much greater percentage shift 
than found in any of the other modes. 

One of the shortcomings of the data collected at Bishop 
Ranch is that it does not identify intermodal shifts. For exam
ple, in the preceding paragraph a significant shift from the 
BART/Shuttle mode was pointed out. What is not known is 
to which mode these former BART/Shuttle users have switched. 
A more complete picture, including both former and current 
modes, would facilitate a more complete analysis. Without 
knowledge of which individuals changed modes and what fac
tors might have influenced that change, many unanswered 
questions remain. For example, did a large percentage move 
their residence? Did they all switch to vanpooling? Is there 
something about the BART/Shuttle option with which they 
were dissatisfied? 

A second comparison that adds perspective is modal use at 
comparable sites. Without this comparison to provide some 
sort of bench~ark the progress of a TMA is difficult to put 
mto perspective. An excerpt from the Bishop Ranch 
evaluation follows. 

In order to place t?e mode split characteristics of Bishop Ranch 
m some perspeclive, Table 3 provides information on other 



/ ' / 
' I ' I 

""o ' I ' .... 
I 

I I 
I 

I 
A 

I 
I 

I 

\ 

' 
' ' ' I 

' ' ,/ 

"-' ' / --

/ , 
/ ' / 

I , 
I I I 

I 

I ,/ 

I 
,/ 

I .,o 
/ 

/ 

,,. 

1t* 

,,,, ... ... ----,, .. ~ ...... , 
~~~...,__.- E ', 

, _ 

' \ 

\ 

se 

\ 

' ' ..... 



Bero/do 

suburban locations around the Bay Area. With the exception 
of the San Francisco Airport, the drive-alone rate at Bishop 
Ranch is lower than at the other projects. All of the sites listed 
here are involved in some type of traffic mitigation efforts. 

Although these sites might be ranked in order of drive
alone rate, with the lowest being most effective, the "why" 
portion of the equation remains unanswered. An in-depth 
understanding of the setting and the organizational structure 
is needed to understand why one may be more effective than 
another. For this reason, a comparison with the ambient level 
(which the Bishop Ranch evaluation do s not include) may 
be more useful. In many regions, however, a curr nt ambient 
level may be difficult to find . 

Even the comparisons of modal change from year to year 
within the project site have some inherent error. Along with 
changes influenced by the efforts of the TDM program , other 
variables, such as gas prices, congestion, home relocations, 
and employee turnover, exert considerable influence on the 
choice of commute mode. Because so many factors affect 
mode choices, the success of a TDM program should not be 
evaluated solely on the basis of observed changes in mode 
split. 

Thus, a significant gap in the evaluation remains. What 
should be used as a basic measurement of a program's success? 

TABLE 2 NORMAL COMMUTE MODE 

1986 1987 1988 

Drive Alone 55 . 1% 67. 7% 70.2% 

Carpool 26.6% 18.5% 16.3% 

Van pool 7. 7% 8.3% 8. 7% 

Club Bus 2.8% 0 . 8% o. 7% 

BART/Shuttle 6.2% 3. 3% 2 . 5% 

Other 1. 3% 1.4% 1. 7% 
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One approach might be to measure the level of awareness of 
the services or incentives offered through the TDM program. 
Another , which might be complicated in terms of question
naire design, would be to identify individuals that made mode 
changes and determine whether the program's services 
influenced those changes. 

MODE AND DISTANCE COMBINED 

Strong relationships have become apparent from examining 
the combination of mode and distance characteristics. Along 
with highlighting some of the obvious characteristics (e.g., 
the drive-alone rate decreases as mileage goes up) , the excerpt 
following includes some of the most valuable insights provided 
by the evaluation. 

As noted in the earlier surveys, the drive-alone rate decreases 
as commute distance increases. Both carpooling and van
pooling rates arc nt !'heir highest (or the > 21·mi category. 
Table 4 pres nt. mode and distance changes between 1986 and 
1988 (1987 was omilted to keep the table " reader friend ly"). 
The increase in number o( individual. driving alone i fairl y 
even across the mileage ranges (i .e., it is not simply carpoolers 
moving closer and deciding to drive alone that ha pushed up 
the drive-alone rate). The lJ - to 20-mi group shows the slrnrp
cst increase in driving alone, and it share of the Bi h p Ranch 
population has remained relatively constant. The sharp decrease 
in BART/Shuttle u c noted earlier is most evident among the 
medium- and long-distance commuters . 

Although large amounts of data are commonly digested and 
discussed at length without any practical recommendations 
resulting , the data from the mode-by-distance analysis can be 
directly linked to recommendations at Bishop Ranch. The 
increase in drive-alone rate across all mileage categories, as 
well as the sharp increase in the 11- to 20-mi category, both 
led to recommendations to the TDM program staff. 

ARRIVAL AND DEPARTURE TIMES 

For some TMAs, spreading the peak may be as important as 
increasing vehicle occupancy. Data collection and analysis for 

How do you normally commute to work? 

a. Drive alone f. Bus 

b. Carpool g. BART 

c. _ _ Vanpool h. Bicycle 

d. Dropped Off i. Shuttle 

e. Walk ( 3 blocks +) j. Other 

If you checked more than one method of commuting, please 

explain: 

FIGURE 2 Sample format for eliciting commute mode. 
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this purpose are relatively straightforward. Information on 
normal arrival and departure times are adequate for 
estimating the spread of the peak. 

A more difficult issue relating to work hours is that of 
flextime and its effect on vehicle occupancy. Studies at Bishop 
Ranch and nearby Pleasanton (3) have provided some inter
esting insights into this issue. An initial examination of the 
data indicates that flexibility has a negative influence on the 
propensity to share rides. As flexibility increases, so does the 
drive-alone rate (Table 5). 

Unfortunately, a literal interpretation of these data may 
not be accurate. A subsequent test of the question used in 
the survey indicated that the wording may have caused some 
confusion. The question was whether respondents' daily work 
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hours were fixed , flex ible up to 30 min, or flexible by more 
than 30 min. ome respondents may have indicated that their 
hours were fixed, not because of company policy, but because 
their carpool or vanpool required them to have a fixed sched
ule . Consequently, a higher percentage of those who were 
ride-sharing appeared to have inflexible hours. Because of 
this ambiguity, what might have proved to be one of the 
evaluation's clearest recommendations may be premature. The 
question needs to be reworded to ask specifically about com
pany policy and flexibility of work hours in relation to com
muting (Figure 3). 

An alternative approach to considering the merits of flex
time is to assume that those employees arriving outside the 
peak hour (i.e., 7:00 to 8:00 a.m.) are exercising a flextime 

TABLE 3 DRIVE-ALONE RATES AT OTHER SUBURBAN LOCATIONS 

1986 1987 

Santa Clara County Civic Center 81% 77% 

Contra Costa Center (Pleasant Hill BART) 78% 81% 

Concord (Downtown Area) 

City of Pleasanton 

Hacienda Business Park (1988) 

P.I.B.C. (South San Francisco) 

San Francisco Airport 

Bishop Ranch 

-- = data not available 

TABLE 4 MODE AND DISTANCE 

0 to 5 mi 6 to 10 mi 

Percent 

Mode 1986 1988 1986 1988 

Drive alone 77 86 70 81 
Carpool 17 9 25 16 
Vanpool 0 0 1 1 
Club bus 0 u 0 0 
BART/Shuttle 0 0 0 2 

TABLE 5 FLEXIBILITY BY MODE 

Fixed Flex 'l'o 

30 Min 

11 to 20 mi 

80% 

84% 

69% 

1986 1988 

57 74 
28 16 
4 5 
0 0 
9 4 

Flex More 

30 Min 

> 20 mi 

1986 

36 
30 
19 
9 
6 

80% 

86% 

75% 

88% 

66% 

70% 

1988 

48 
23 
23 
2 
2 

Other 

--------------------------------------------------------
Drive Alone 65% 69% 73% 83% 

Carpool 19% 18% 14% 11% 

Van pool 12% 7% 8% 6% 

Club Bus 1% 1% 0% 0% 

BART/Shuttle 3% 3% 2% 0% 

======================================================== 
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option. Then, mode can be compared with arrival time, as in 
the following table . 

Arrival Time, a.m. 

Before 6:30 
6:30 to 7:00 
7:00 to 7:30 
7:30 to 8:00 
8:00 to 8:30 
8:30 to 9:00 
After 9:00 

Percent Driving Alone 

89.3 
69.3 
57.4 
65.6 
77.8 
82.9 
87.0 

The data clearly show an increase in the drive-alone rate 
outside the peak hour. There are two potential interpreta
tions . One is that the higher drive-alone rate outside the peak 
period demonstrates that employees are taking advantage of 
the flextime privi.lege to drive alone at a more convenient 
hour. The other interpretation is that it is more difficult to 
make ridesharing arrangements outside the peak period, 
because fewer individuals commute at those times. Because 
the Bishop Ranch TDM program's goals are currently for a 
peak-period reduction, moving trips out of the peak is valu
able. If the emphasis should change to a more narrow vehicle 
occupancy perspective, this analysis would provide useful input 
into the development of an appropriate flextime policy . 

SUPPLEMENTARY DATA 

The information discussed to this point represents the core 
of the evaluation . The possibilities for supplementing these 
core data are infinite. No attempt is made to create a com
prehensive list of supplementary data . However, if the Bishop 
Ranch TDM program is representative of other programs, 
the supplemen.tary data identified will provide strong support 
for the evaluation of other TDM programs. Two potentially 
important topics that the Bishop Ranch survey does not address 
are parking and the need for vehicles for noncommute pur
poses (e.g., midday errands or dropping off and picking up 
children). 

SUBGROUPS 

As is the case with distance categories, subclassifications of 
commuters are of little value unless there is a practical way 
for the TDM program to target each group, such as a direct 
line of communication or a distinct service area. The two 
subgroups highlighted are based on job classification and 
employer. 

Among the most common but least useful subgroupings is 
that of job classification. A person's perception of his or her 

Would your employer allow you to adjust your 

work hours for commuting purposes? 

~- no, my hours are fixed 

yes, but by no more than 30 minutes 

yes, pretty much as needed 

not sure 

FIGURE 3 Proposed format for flextime researcn. 
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own job classification often differs from another's perception, 
which results in inaccurate data. But more important, the 
TDM program staff has limited ability to affect the commute 
decisions of individuals from different job classifications. In 
a primarily white-collar setting such as Bishop Ranch, the 
differences in commute habits noted between people in 
different job classifications have been minimal. 

Between the three major categories of employees (executive 
or manager , clerical or admini trmivc, and professional or 
technical), the propensity to drive alone i not different, although 
clerical or administrative employees are somewhat more likely 
to ride-share. The executive or manager group appears less 
likely to vanpool, but more likely to carpool. 

In a multitenant setting such as Bishop Ranch, examining 
the data by subgroups of employers is useful. Apart from 
providing input to the TDM program, employer data are use
ful for checking the validity of the sample. Because the actual 
number of people employed by each employer is generally 
known or can be estimated by the TDM staff, a comparison 
of the survey response with the population is a good check 
of the sample's representativeness. Grouping people by their 
employer is done on the assumption that there is a difference 
in commute habits of employees at different employers. At 
Bishop Ranch, the evaluations have indicated notable 
differences. 

Combining employer information with the core data ena
bles the TDM staff to have an individual profile of each major 
employer. The example presented in Table 6 compares com
mute habits by employer and mode. The data are difficult to 
interpret if too many individual employers are identified. 
Because Bishop Ranch houses two large employers and 
numerous small employers, all responses were grouped into 
three categories. Part of the analysis from the Bishop Ranch 
evaluation follows. 

Table 6 pre ent u compari on of the mode for respondents 
from three major groi1ps at Bi ·hop Ranch. ompany B i 
holding ·teady in the drive-alone category and actually increas
ing in the carpool and vanpool categoric . . Company A how 
the largest increase in driving alone and decrea e in carpooling, 
but the ir drive-alone ra te is still well below that of the other 
two groups. The lower drive-alone rate at Com1>nny A is caused 
by a much higher carpool rate than at Company B; their van
pool rates are nearly equal. 

The A ll 0l'he1 group appears to be a potential ta rget for 
vanpooling. TheiT distuncc charaotcri ti arc similar to tho c 
of the other two groups, but their vanpool use is well below 
that of Companie. A and B . However, they tend to swrt work 
somewhat later only about half are at work before 8 :00 a.111 .• 
compared to over 60 pcrcem of ompany A and B empJoyces) , 
and van pools tend to arrive quite early. 

Another useful comparison at Bishop Ranch is location 
within the park. Similar to the preceding employer analysis, 
the ultimate usefulness of this analysis is based on the ability 
to treat each location as a separate market. Commuters from 
individual home locations are another subgroup that the TDM 
staff may find useful. 

ATTITUDE VERSUS FACTUAL QUESTIONS 

When providing information to a TDM program on how to 
better design and market services, there will always be a need 
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TABLE 6 SELECTED EMPLOYERS BY MODE 

1986 1987 1988 

Drive Alone 

Company A 

Company B 

All Others 

Company A 

Company B 

All Others 

Company A 

Company B 

All Others 

48% 

63% 

71% 

Carpool 

32% 

19% 

19% 

Van pool 

9% 

8% 

4% 

59% 63% 

73% 73% 

78% 80% 

26% 22% 

11% 13% 

13% 12% 

11% 11% 

9% 10% 

4% 3% 

===================================================== 

to go beyond factual commute patterns and explore personal 
opinions, attitudes, and preferences. Responses to these ques
tions have a potentially larger margin of error because of the 
dynamic nature of commute behavior and the subjective nature 
of the questions. Small differences mean little in response to 
attitudinal questions. 

Two distinct types of attitudinal questions have been used 
in the Bishop Ranch evaluations. One investigates the reason 
behind current behavior , e.g ., What is the main reason you 
commute the way you do? Question design is an important 
consideration with attitudinal questions because of the legit
imacy of multiple answers and the legitimacy of different 
answers under slightly different conditions. Most commuters 
do not choose a commute mode for only one reason and can 
not quickly rank their reasons in terms of importance. The 
second type of attitudinal question asks about potential future 
behavior, e.g., During the upcoming highway reconstruction 
project would you consider the following alternatives? This 
type of question can place options on a relative scale and help 
the TDM staff decide where to focus their effort. 

COMPARISONS OVER TIME 

Time-series comparisons add a new dimension to an evalu
ation . A table with the commute distances of 1 year provides 
a good reference point , but a table with 3 or 5 years of infor
mation identifies trends and leads to insights that would not 
be obvious from a single year's data . In addition , TDM is a 
relatively new, evolving field , and commute behavior is con
stantly changing. Its dynamic nature and the value of time
series comparisons underscore the need for careful initial design . 

The time to expend extra effort , get a second opinion, and 
think problems through thoroughly is at the questionnaire and 
sampling design stage. 

RECOMMENDATIONS TO THE TMA 

After developing pages of detailed analysis of commuter 
behavior, pages of insightful recommendations might be 
expected. Although conclusions have been reached about the 
effectiveness of the program at Bishop Ranch (e.g., vehicles 
removed from the peak period), not until the 3rd year of data 
had been analyzed were any substantial recommendations for 
program direction offered. The following two recommenda
tions are the first to directly provide input on improving the 
effectiveness of the TDM program's work . 

l. The low vanpool part icipa tion ra te of the All Oth r c m
panies (i.e., n l ompany A or ompany B) indic;i tc · thut 
they arc a high-potential group at which to dirccl vanpool 
Co r~atio n efforts. Two characteristic f the All Other group 
arc 11nporta11t to remember. They tend t tart work a little 
later, making vanpool fo rm ation more diffic ul r, and they bavc 
a higher BART/Shullle rate than the thcr groups. Encour
aging vanpooling with this group may move trip fr m the 
BART/Shultlc mode. 

2. 111e l l- to 20-mi commuter may be the key group to 
work wirh in the ne ar future. They arc the large t group
thcir size ha actui1lly increased ver the past 2 years. They 
have sbown the largest increase in driving alone of all the 
mileage ranges. 1l1c long-dist:rnc group has high motivation 
to ride hare. and there arc rew rnngible incentives to offer the 
h rt ·di tancc commurcrs (plus. it can be argued that they arc 

already part of the solution). This reasoning leads to 1he I I
to 20-mi group as an excellent audience for targeted mark ting 
and p tcntial new services. 
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CONCLUSIONS 

Two objectives inspired this look at the data collection and 
analysis process. First, TDM is a young and largely unproven 
field; good data collection and analysis are critical to its future. 
Second, it is too easy for the process to become mechanical. 
The same data can be collected and observations and even 
recommendations can be made without enlisting the creative 
thought process. Some of the questions raised here may 
strengthen the link between the service provided by the TDM 
program and the needs of the commuter. Commute distance, 
home location, commute mode, and arrival and departure times 
are identified as the core elements of a commute program 
evaluation. These data alone, however, would make for an 
unimaginative analysis. Supplementing this information with 
variations, such as flexibility of hours, analysis of subgroups, 
and attitudinal questions, can provide the insights needed to 
suggest ways to improve a TDM program's effectiveness. 

As several years of data on a·TDM project are accumulated, 
the temporal comparisons become much more valuable than 
the individual data sets. In order to ensure that subsequent 
data sets are comparable , it is important to start with a good 
design. 

The geographic variables-commute distance and home 
location-are a key to orienting the evaluation. Both com
mute distance and home location clustering are indicators of 
the potential of various modes. The process of defining dis
tance ranges and cluster components brings the evaluation to 
a more practical level. Defining distance ranges and home 
location areas that can be targeted as separate markets is the 
key to making these data useful. 

Current commute mode is the basic element in a TDM 
program evaluation. Often the evaluation of a program's suc
cess is tied to this measurement. Unfortunately, the dynamics 
of observed change are not well understood for three reasons. 
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First, it is sometimes difficult to interpret the response of a 
commuter who uses multiple modes or different modes on 
different days. Second, it is difficult to find control projects 
or an ambient modal split level with which to compare mea
surements at the project site . Finally, a great number of var
iables beyond the control of the TDM program exert influence 
on commute behavior, making even periodic comparisons of 
the same program inaccurate . More detail is needed on the 
motivation behind individual changes in commute behavior 
and their relationship to services offered by the TDM program 
to accurately assess their effect. 

Another illustration of the immaturity of TDM programs 
is the lack of knowledge about the effect of flexible work 
hours on mode choice. For some time, it was assumed that 
fixed work hours were a deterrent to ridesharing, making it 
difficult to coordinate ridesharing hours. However, some recent 
evidence has suggested that too much flexibility may actually 
discourage ridesharing. Further study is needed, and with the 
appropriate questionnaire design, the TDM program evalu
ation is a good vehicle with which to determine an appropriate 
flextime policy. 
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Development of a Short-Range Travel 
Demand Management Program: The 
l-35W Experience 

KATHERINE F. TURNBULL, RICHARD H. PRATT, J. RICHARD KuzMYAK, 

AND ERIC SCHREFFLER 

Travel demand management (TDM) i a technique being used in 
many me!ropoliran arna'\ 1n :irtrlre s growing lraffic congestion 
problem . TOM strategies provide for better management of the 
transportation y tem with empha i on maximizing th number 
of people carried, rather than vehicular volumes. TDM covers a 
variety of actions that better managt.: the demand on transpor
tation facilities by acting to shift more commuter into transit and 
multioccupant vehicles and into less congested travel times. One 
approach to the development of a TOM pr gram was used in the 
J-35W corridor in Minneapolis, Minnesota . The process provided 
a vig rous examination of the effectivcne of xi ting TDM rnea
·ures trawl markets, the evo luotion of additional TDM trate
gies and the d velopmelll of a short-term TDM pr gram. '.fh 
ba i for the examination of the effectiveness of potential TDM 
strategies wa the development· and application of a microcom
puter spreadsheet model. The process , which was conducted in 
a r latively short time period with a modest budget, may prove 
beneficial to other areas facing the same types of problems. 

Traffic congestion in growing metropolitan areas is a problem 
receiving increasing attention. Concerns about urban mobility 
rate high in surveys around the country and have been the 
focus of numerous recent news articles and reports. Compli
cating the situation, most metropolitan areas are facing 
congestion issues in a time of limited resources, both in 
terms of funding for highway expansion and of land for new 
construction. 

One approach being taken to address these issues is better 
management of the transportation system, with emphasis on 
maximizing the number of people carried, rather than vehic
ular volume. Travel demand management (TOM) is a tech
nique being actively pursued in many parts of the country. 
TDM covers a variety of actions that better manage the demand 
on transportation facilities by acting to shift more commuters 
into transit and multioccupant vehicles and into less congested 
periods. TDM actions focus on imlucements to ridesharing, tran
sit use, and peak-period spreading, combined with deterrents 
to single-occupant automobile use. 

TDM plans often need to be developed under relatively short 
time frames and with limited resources. Problems endemic to 
this approach include an unclear definition of the problem, 
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addressing potential solutions in a hit-or-miss fashion, and an 
oveily a111uiliuus program that tries to address all possible 
approaches. These problems can result in a plan that is not 
focused and spreads resources too thin by trying to do too much; 
such a plan may build unrealistic expectations and ultimately 
lead to the failure of the program. 

One logical approach to the development of a TDM program 
was used in the I-35W corridor in Minneapolis, Minnesota. The 
process was conducted in a relatively short time period, with a 
modest budget. However, the process prnvicl~cl for a rigorous 
examination of the effectiveness of existing TDM measures, 
travel markets, the potential effect of additional TDM strategies, 
and the development of short- and long-term TDM programs 
for the major travel markets in the corridor. The basis for the 
examination of the effectiveness of potential TDM strategies 
was the development and application of a microcomputer 
spreadsheet model. This model provided a low-cost tool, easily 
understood and used, for examining the effect of alternative 
TDM scenarios. 

The approach used in the development of the I-35W TDM 
program, especially the microcomputer spreadsheet model, may 
prove beneficial to other cities facing the same types of prob
lems . The relative ease of application and the more focused 
approach this process provides, while being relatively quick and 
inexpensive, should recommend the use of the process in other 
situations. 

I-35W CORRIDOR 

I-35W is an important element of the Twin Cities metropolitan 
freeway system. The 11-mi segment leading southward from 
downtown Minneapolis through the cities of Richfield , 
Bloomington, and Burnsville carries approximately 170,000 
vehicles per day . This segment, which is shown in Figure 1, 
has been identified for improvement by the Minnesota 
Department of Transportation (MN/DOT) and the Metro
politan Council because of high congestion and accident lev
els. The initial scoping decision-making process was complete 
in 1988, and work on the environmental impact statement 
(EIS) is underway. 

One of the issues that emerged during the scoping process 
was the need to more closely examine the use of TDM activ
ities in the corridor . A variety of transportation system man
agement (TSM) elements, including strategies classified as 
TDM actions, has been in use in the corridor since the early 
1970s. I-35W was one of the first highway corridors in the 
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FIGURE 1 I-35W corridor study area. 

country to successfully implement many of these actions, which 
included ramp metering, high-occupancy-vehicle (HOV) bypass 
lanes at ramps, an extensive express bus network, rideshare 
promotions, and an overall traffic surveillance and monitoring 
program. 

Most of these activities were originally implemented in the 
early and mid-1970s. Thus , it was time to reexamine existing 
elements , current travel behavior, travel markets, and poten
tial new strategies in the corridor. New TDM strategies, 
including the different institutional arrangements such as 
transportation management organizations (TMOs), have 
emerged over the last few years . 

PROCESS 

The Regional Transit Board (RTB) , which is responsible for 
transit planning, policy making, and administration in the 
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seven-county Twin Cities metropolitan area, took the lead 
role in the development of the I-35W TDM program. The 
effort was coordinated with the I-35W EIS process. A project 
management team (PMT), consisting of representatives from 
involved agencies and communities, actively participated in 
the development of the program. The RTB used a three-man 
consulting team to assist with the evaluation activities and 
development of the I-35W TDM program. 

The process used to develop the I-35W TDM program is 
shown in Figure 2. The first step was to examine the effec
tiveness of existing TDM and TSM actions in place or used 
in the corridor. This examination evaluated the effect of exist
ing measures and identified areas for improvement or expan
sion. The second step was to identify major travel markets 
being served by I-35W, to ensure that TDM strategies focus 
on the prominent travel markets, instead of wasting resources 
on markets with little impact on the facility. The third step 
was to identify additional TDM strategies or the refinement 
of existing activities for further examination . These strategies 
were then evaluated for the major markets through the use 
of a microcomputer spreadsheet model. 

The results of this process were evaluated by the PMT on 
the basis of the following measures: 

• Existing performance of current activities, 
•Potential for added impact, 
• Affordability, 
• Acceptability, and 
• Implementability. 

WORK TASKS 
• Examination of the effectiveness 

of existing actions 
• Identification of major travel markets 
• Identification of potential TDM 

strategies 

MARKET ANALYSIS 
Evaluation of the effectiveness of 
different strategies by the major 
travel markets 

EVALUATION MEASURES 
• Performance 
• Potential impact 
• Affordability 
• Acceptability 
• Implementability 

I-35W TDM PROGRAM 

FIGURE 2 l-35W TDM program development process. 
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The advantages and disadvantages of each strategy were 
identified and discussed by the PMT, as were potential bar
riers and problems. The result of this effort was the devel
opment of a short-term action plan for the I-35W corridor 
and the identification of longer-term strategies. The short
term program focused on overall strategies applicable on a 
corridor-wide basis and those specifically tailored to the three 
major markets. 

INVENTORY OF EXISTING TDM ACTIVITIES 

The first step in the process was an inventory and review of 
the TDM and traffic management elements that had been in 
use in the corridor since the early 1970s. Most of these activ
ities were implemented as part of the I-35W Urban Corridor 
Demonstration Pr ject and the Bu ·- n-Metered r'reeway Sys
tem (J). The project', which was funded primarily througll a 
federal demonstration program , included the implementation 
of a traffic management system and express bus network, 
along with supporting components. 

Three different categories of existing TDM and traffic man
agement activities were reviewed. These categories-I-35W 
traffic management, transit, and ridesharing-included the 
following activities: 

1. I-35W traffic management 
• Traffic management center, 
• Ramp metering, 
• HOV bypass ramps, 
•Highway Helper program, 
•Voluntary truck restrictions, and 
• Other activities. 

2. Transit 
•Express service on I-35W, 
•Local service in the corridor, 
• Park-and-ride lots, 
•Supporting downtown elements (contraflow bus lanes, 

Nicollet Mall, and downtown dime zone), and 
• Employer pass subsidies. 

3. Ridesharing 
• Areawide marketing, 
• Corridor-specific matching and outreach programs, 
• Corridor vanpool programs, 
• Downtown vanpool staging areas, and 
• Downtown parking management strategies (preferen

tial parking and free parking for carpoolers and vanpoolers). 

The information on each of these activities was examined. 
Sources of information included transit ridership and bus 
mileage levels, park-and-ride lot use, traffic volumes and cor
don counts, ramp volumes, safety and accident levels, and 
other data. As is often the case in a review over an 18-year 
period, some data were either not kept or were not available. 
The best available information was used for each type of 
activity. 

In general, the existing TDM and traffic management ele
ments had been relatively successful at maintaining the effi
ciency of I-35W during a time of increasing travel demand. 
However, most of the improvements and their resulting effects 
were accomplished during the 1970s. Since the early 1980s, 
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few additional improvements have been made. In some 
instances, the level of activity has declined. The analysis of 
one element, the express bus system, provides an example of 
the type of analysis conducted in this step. 

Between 1971 and 1974, the Metropolitan Transit Com
mission (MTC) implemented 12 I-35W express routes as part 
of the Bus-on-Metered Freeway demonstration. Three addi
tional T-35W flyer routes, as the express service is called, were 
added in the late 1970s. The I-35W flyer routes provide 
peak-period express service from suburban communities to 
downtown Minneapolis. The service is oriented toward 
park-and-ride lots, with some neighborhood stops. 

Historical mileage, ridership, and level of service infor
mation from the MTC was examined for these routes. The 
mileage and ridership information is shown in Figures 3 and 
4. In 1989, approximately 7 ,335 mi of service per day were 
provided by these express routes. This number represents a 
decline in service from a high of approximately 7 ,900 mi in 
1980. Daily ridership in 1989 was approximately 9,500 pas
sengers. This number represents a decline in ridership from 
a high of 11,700 passengers in 1980. 

This analysis indicates the significant impact that the express 
transit service has on the I-35W corridor. The service, which 
represents the best express route network provided in any 
corridor in the Twin Cities, keeps a significant number of 
automobiles off I-35W. Without the transit service, the addi
tional automobiles on the system would further congest the 
facility, creating the need for additional capacity. 

However, the analysis also indicates that the express bus 
service , as reflected both by passenger volumes and by miles 
of service, has declined. Service miles and passenger levels 
both peaked in 1980 and have declined during most of the 
1980s, until a recent leveling off and slight increase in 1988. 
The potential has existed for increasing both service and rider
ship levels on the I-35W express bus service. Service improve
ments have been identified as a potential strategy to be con
sidered and evaluated with the microcomputer spreadsheet 
model. 

MARKET ANALYSIS 

A market analysis identified the origins and destinations of 
travelers using portions or all ofl-35W. This analysis indicated 
the location and general size of the different markets, so that 
specific strategies could be bdter tailored to each. This step 
was important, because each market had different character
istics and thus needed different strategies and implementation 
approaches. 

Estimated daily home-based work (HBW) trips for the years 
1980 and 2010 were examined in this step, using regional 
forecasts obtained from the Metropolitan Council of the Twin 
Cities. The select link assignment technique was used by the 
Metropolitan Council to identify home origins and workplace 
destinations for I-35W commuter traffic at five critical loca
tions. Inbound and outbound traffic were examined sepa
rately. The resulting data were mapped and analyzed. Esti
mated mode splits for the markets identified were also obtained 
from the regional forecast, providing base-case shares of tran
sit use, group-ride automobile use, and single-occupant 
automobile use. 
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FIGURE 3 Daily express miles on I-35W. 
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FIGURE 4 Daily express passengers on I-35W. 
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TABLE 1 RELATIVE CONTRIBUTION OF DESTINATION MARKETS TO 
DAILY HOME-BASED WORK PERSON-TRIPS ON I-35W 

Destinatjon 

Minneapolis CBD 
CBD Fringe-South 
University of Minnesota 
Minneapolis South 
1-494 West 
1-494 East 
Bloomington 
Burnsville 
Eden Prairie 
CBD Fringe-Northwest 
CBD Fringe-Northeast 
All Others 

Total 

The results, as presented in Table 1, identified the central 
business district (CBD) of Minneapolis as the destination for 
the largest number of trips on I-35W. When the University 
of Minnesota and the CBD fringe are added, this general area 
becomes even more significant. Areas along the I-494 circum
ferential freeway and southern Minneapolis also claimed large 
percentages of trips. The suburban communities of Bloom
ington, Burnsville, and Eden Prairie attracted a smaller per
centage, but their numbers are forecast to almost double by 
the year 2010. 

On the basis of this information, three general markets were 
identified for further examination of specific TOM strategies. 
These markets, hown in Figure 5, are the Minneapolis BD, 
the CBD fringe, and the 1-494 corridor. The CBD fringe area 

CED I CED Fringe 

I-35W t 
North --

Mid Corridor 
Suburban 

I-494 

FIGURE 5 TDM general markets in the I-35W corridor. 

1980 2010 
Percent Percent 

21.0 20.6 
7.0 5.1 
3.5 2.8 

10.1 6.2 
12.3 14.1 
9.5 10.2 
5.4 7.6 
1.6 3.0 
1.3 3.6 
2.9 2.6 

10.1 8.5 
15.4 15.8 

100.0 100.0 

includes the University of Minnesota, the employment area 
northeast of the univ rsity, and the hospitals and H neywell 
south of the CBD . The 1-494 market was divided into two 
markets: northbound trips on I-35W from the southern sub
urb · co destinations along T-494, and southbound trips on 
l-35W from the north to cie~tin::1tions along f-494. 

TDM MICROCOMPUTER SPREADSHEET 
EVALUATION MODEL 

A microcomputer spreadsheet model was developed by Rich
ard H. Pratt, Consultant, Inc., and COMSIS to evaluate the 
effectiveness of the TOM strategies being proposed. The 
spreadsheet model is an analytical tool that combines both 
pivot-point mode choice modeling and experience-based cal
culations of the shifts in mode share and traffic peaking lhal 
result from different TOM strategies. The effect of each TOM 
strategy, in terms of the potential reduction in the number of 
vehicles, is calculated. 

Induued in the microcomputer spreadsheet model is the 
capability to apply the estimated mode share and peaking 
shift only to lhal portion of HBW travel associated with 
employers estimated to be participating in the employer
dependent TDM strategies in question. In this manner, the 
dissipation ofTDM trip reduction when moving from the level 
of participating empl yers to the level of all area employers 
is addre ed (2). Dissipation related to intermixing with other 
unaffected traffic is addressed by the overall analytical approach 
of estimating vehicular reduction. This reducti n is estimated 
only on the basis of those HBW trips for the market identified 
in the I-35W select link analysis. 

Figure 6 shows a diagram of the analytical process encom
passed by the TDM spreadsheet evaluation model. The start
ing point is the product of the previously described market 
analysis. The market analysis provides the number of HBW 
trips to the different workplace markets at specific locations 
along I-35W. At each location, one market is analyzed at 
a time. 

The origins, destinations, and travel modes of trips on each 
section of I-35W were derived from Metropolitan Council 
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commitment by employers, developers, and others in the 
private sector. 

The passive approach to ridesharing had a low impact. The 
more active approach had a higher impact, but not as high as 
some other strategies. Experience indicates that ridesharing 
strategies have more impact when the private sector has more 
active involvement and a stronger commitment. This involve
ment can occur through the actions of individual employers, 
but the strategy has been more effective when employers 
and developers act together through TMOs or some other 
organization. 

Parking Management 

Two approaches were examined in the modeling process: pref
erential parking and an additional parking fee . In the first 
approach, preferential parking would be provided for car
pools and vanpools. Approaches to preferential treatment 
might include providing spaces close to the front door or 
inside, heated parking for rideshare vehicles. Two different 
parking fees, a $1.50 and a $3.50 charge, were examined in 
the modeling process for single-occupant automobiles. Actual 
implementation of such an approach could take many forms, 
including charging for parking now being provided free by 
employers, reducing rates for rideshare vehicles, or adding a 
surcharge to single-occupant vehicles. 

Overall, the impact of preferential parking is low, whereas 
the use of an additional parking fee has a medium-to-high 
impact. Experience with the free downtown carpool parking 
program in Minneapolis indicates that people view reduced 
or free parking for carpoolers as a significant benefit. 

Variable Work Hours 

Increasing the use of variable work hours was examined. A 
4 to 37 percent participation rate for office employers was 
modeled. This range, determined on the basis of previous 
national studies, added approximately 3 percent to the overall 
effectiveness of the different strategies. The traffic volume 
information examined indicated that although the hours on 
either side of the peak period are close to capacity, a limited 
capacity for additional vehicles is available. 

Trame Management 

In addition to these strategies, the expansion and enhance
ment of traffic management activities were examined. Many 
activities focus on safety and incident management and could 
not appropriately be included in an effectiveness evaluation. 
However, because they can have an important effect on the 
capacity of the facility, they were addressed in the program. 
A public information program on the use of ramp metering 
and proper merging, additional enforcement of HOV bypass 
ramps, and additional Highway Helper vehicles and expan
sion of their hours of coverage were among the strategies 
examined. 
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Evaluation 

The potential TDM strategies were evaluated for each of the 
major markets. The evaluation included a description of the 
TDM activity , an examination of the cost, the agency or group 
responsible for implementation, the estimated impact of the 
strategy, and a discussion of the advantages and disadvantages . 

The description provided a discussion of the approach and 
activities to be conducted. The estimated costs were provided 
using the low, medium, and high ranges identified previously. 
The agency, community, or organization most likely to be 
responsible for implementing the strategy was identified. In 
addition to existing groups, the potential for forming new organi
zations, such as TMOs, was raised. The impact of the strategy 
was determined from the microcomputer spreadsheet model 
and presented in the low, medium, or high range discussed 
earlier . 

This information was presented to the PMT and discussed 
extensively over the course of two meetings . The PMT pro
vided valuable insight into the advantages, disadvantages, 
potential barriers, and political acceptability of the different 
TDM strategies. The results of these discussions were 
summarized in the evaluation section. 

SHORT-TERM PROGRAM 

TDM actions that could be implemented on a short-term basis 
for the overall corridor and for specific markets were iden
tified and developed into a short-term TDM program. This 
program focused primarily on strategies that could be imple
mented within existing agency budgets and did not require 
substantial lead time before initiation of the activity. Longer
term components of the TDM program were identified for 
later development into a long-term program. The focus and 
approach of the TDM strategies were different for the dif
ferent markets, reflecting the unique characteristics of each. 
The general approach and the more specific TDM elements 
identified in the I-35W program for the different markets are 
summarized in the following paragraphs. 

Overall TDM Actions 

A series of overall TDM activities focusing on coordination, 
education, and information measures; promotion of existing 
services; and enhancement of existing traffic management 
techniques were recommended for the I-35W corridor as a 
whole. These activities included appointing a corridor man
ager to coordinate all aspects of the different activities going 
on in the corridor, establishing an interagency group to over
see implementation of the TDM program, establishing a pub
lic information program, promoting existing transit services, 
enforcing existing HOV bypass ramps, and expanding the 
Highway Helper program. The MN/DOT was identified as 
the lead agency for most of these activities . 

Minneapolis CBD 

The TDM program recommended for the Minneapolis CBD 
built on the existing measures and strength of the downtown 
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market, while expanding and enhancing institutional arrange
ments to ensure successful implementation and private sector 
participation. Approximately 45 percent of the downtown 
workers use transit and 25 percent commute by carpool or 
vanpool. A high level of transit services is provided in the 
corridor, focusing on the downtown market, and a variety of 
rideshare activities has been focused downtown. 

Specific elements of the TDM program for the CBD market 
included improving transit services and expanding employer
based transit and rideshare promotions. A major focus of 
the recommendations was a more active and committed role 
for major employers and the private sector. The formation 
of a TMO was recommended to provide the strength and 
institutional support for the TDM activities. 

CBD Fringe 

The CBD fringe represented the most diverse of the markets 
examined. The approach recommended in the program focused 
on specific strategies for the University of Minnesota and the 
other large employers in the area . The existing level of transit 
services and other TDM activities at these locations varies, 
as does the potential for improvements. Specific recommen
dations for the CBD fringe market included improving the 
special express bus network and local service to the Univer
sity, examining the potential fur selected transit improve
ments to other major employers , and promoting major 
employer-based rideshare and transit programs. 

1-494 Corridor 

The I-494 corridor has the lowest level of existing transit 
services and the lowest ridesharing activities. However, in 
terms of institutional arrangements, it provides one of the 
best for private sector involvement. In 1987, a TMO was 
formed for lhe I-494 corridor to examine and implement TDM 
strategies. In addition, five communities along the corridor 
have formed a Joint Powers Organization to address trans
portation and land use issues of mutual concern. These two 
organizations provide an excellent opportunity for a coordinated 
public and private approach to TDM activities. 

The recommendations for the 1-494 corridor focused on 
these two organizations. Specific strategies included improv
ing reverse commute, crosstown and loc<il circulation transit 
services, and employer-based transit and rideshare activities . 

CONCLUSION 

The methodology used in the development of the I-35W TDM 
program represents one approach to developing a TDM plan 
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for a major urban transportation corridor. The process pro
vides for a rigorous examination of the effectiveness of poten
tial TDM strategies, the identification of the major travel 
markets, and the identification of the most effective strategies 
for each market. The microcomputer spreadsheet model 
developed as part of the process is an excellent tool for exam
ining the impact of possible TDM strategies. The approach 
provides a relatively quick and low-cost process . 

The methodology and the microcomputer spreadsheet model 
should be considered by other areas facing the same types of 
issues. The relative ease of application and the focused approach 
they provide may recommend them for use in other situations. 
TDM activities will continue to be a major focus in many 
metropolitan areas as one approach to dealing with increasing 
traffic congestion problems. TDM is not the answer to conges
tion problems. Rather , TDM strategies provide an additional 
set of tools fur addressing traffic congestion. The approach 
to developing a TDM program outlinP.rl hf.re m<iy help other 
cities facing these problems. 
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FIGURE 6 TDM spreadsheet evaluation model. 

forecasts . The 2010 forecast was used, because its traffic esti
mates were closer to existing conditions than those of the 1980 
traffic simulation . 

The HBW trips were factored to represent a.m. peak-hour 
travel. The term "person-trips" is used in Figure 6, indicating 
that drive-alone trips, group-ride trips, and bus trips are all 
included. An initial step uses the trip data and mode share data 
to compute the base number of peak-hour vehicles without 
new TDM strategies. 

The other initial step allocates the person-trips to different 
employer categories. Sixteen categories were used, identified 
as new development or present development, office or non
office, and four categories of employer size. This breakdown 
was made because employers in different categories exhibit 
different degrees of TDM participation and different em-

ployee response rates and may be affected differently by any 
regulations or ordinances that are applied. 

The person-trip data were then successively modified by 
estimating the effect on mode shares of rideshare programs, 
employer-based strategies, and transit and HOV actions inde
pendent of employers. All programs, except the rideshare and 
variable work hour programs, have to be specified in terms 
of the time and cost savings offered or penalties imposed . 

Employer participation rates are crucial to the analysis of 
rideshare programs and other employer-based strategies, but 
they are not relevant in the case of transit service improve
ments, HOV facilities, or actions independent of employers. 
The employer participation rates can be voluntary rates based 
on experience, or can be set to 100 percent for specific employer 
categories to represent mandatory participation. 
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The modified mode shares are applied to the person-trip 
data to produce a revised number of vehicles, which is then 
adjusted to reflect the effect of variable work hour programs 
on the proportion in Lbe peak hour. The result is an e ·ti mate 
of the number of peak-hour vehicles that would remain when 
the TDM action or actions being analyzed are in force. That 
number is then compared with the base number to calculate the 
estimated decrease in peak-hour vehicle trips in the commuter 
market being analyzed. 

The TDM spreadsheet model was used to evaluate the 
potentia l effects of each of the general TDM strategies under 
consideration for each of the [-35W commuter markets. In 
addition to examining the results for each TDM trategy, 
combinations of ·1rategie · were examined and evaluated. 

Although the evaluation model provided results in terms 
of the estimated decrease in the number of peak-hour vehicle 
trips, a range wa. used when lht: inforrnati n was presented 
to the PMT and others. Thi. range provided a e~nP. rii l in Ii
cation of the magnitude of the TOM strategy and prevented 
focusing on one pecific numb r. The effects of the strategies 
were presented in the following groupings: 

• Low impact: 0- to 20-vehicle peak-period reducti n 
•Medium impact: 21- to 100-vehicle peak-period reducti n, 
• 1-Iigb impact: 101- to 00-vehicle peak-period reduction , 

and 
• Very high impact: Over 300-vehicle peak-period reduction. 

A general cost estimate was provided for each strategy using 
th foll ving categories: 

• Low: under $500,000 annual cost, 
• Medium: $500,000 to $1 million annual cost, and 
• High: over $1 million annual cost. 

In addition, three levels of impad were examined on the 
basis of participation rate and level of in olvemeot by employ
ers . T he major differences between the categorie. relate to 
the level of private sector participation and whether partici
palion is voluntary or required through community ordinances 
or other legi lative acti n. The voluntary level assume that 
the private;: st:dor i ·participating our of civic upport or because 
the benefit arc viewed as imp rtanl. The ec nd 'level a umes 
some requirements placed on the private sector, ;incl the third 
level assumes a stronger set of requirements. Details on the 
different levels are as follows: 

1. Voluntary 
• Ridesharing: 4 to 37 percent participation rate, 
• Transit subsidies: 1 to 7 percent participation rate, and 
•Variable hours for office only: 4 to 37 percent 

participation rate. 
2. Partial mandatory: same as voluntary except 

• Parking management and pricing strategies: 15 percent 
participation rate, and 

• Ridesharing requirements for new development: 
76 to lUU percent participation rate. 
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3. Fuller mandatory: same as voluntary except 
• Ridesharing requirements for old development: 4 to 

100 percent participation rate, and 
• Parking management and pricing strategies for old 

development: 30 percent participation rate. 

The ranges identified relate to the size of businesses. Where 
ranges were used, the lower percentage pertains to firms of 
under 50 employees, whereas the higher percentage pertains 
to firms of 50 employees or more. 

IDENTIFICATION AND EV ALVA TION OF TDM 
STRATEGIES 

On the basis of this examination of existing TDM activities, 
experience with the use of TDM trategies. in other parts of 
the Twin Cities, and a revi w of relevant national TDM exam
ples, a set of TDM strategics was idenlifit:u fur t:valuation. 
The ·e strategies included new TDM activities, not previously 
u. ed in the Twin Cities or in the I-35W corridor, and the fine 
tuning or changing of existing TDM elements. The TDM 
strategie fell into five general categorie · : transit, ridesharing, 
parking management, variable work hours, and traffic man
agement. The approach used with each of these elements in 
the modeling process is described briefly along with their 
effects identified from the model. This description i fo llowed 
by a more detailed discus ion of the evaluation process. 

Transit 

Potential transit service improvements were identified in a 
general way for the overall corridor and for each of the major 
market . Th types f transit ervic · uggested a viable options 
included improvement to existing ervicei> and a variety of 
new ser ices. Two level of transit improvement.· were exam
ined in the modeling proces.: a 15 percent improvement and 
a 30 percent improvement. The 15 percent tran it impr ve
ment as urned a 1- to 2-min decrea e in the usual walk-and
wail time of a trip. Potential ervice improvements included 
additional trips on existing expre routes and improved fre· 
quency on local services. The 30 percent tran it improvement 
a urned a 2- to 4-min decrea e in th u ·ual walk-and-wait 
time of a trip. Potential service improvements included addi
tional trips on e.xpre sand local services , new express service, 
and new park-and-riut: facilities. In addition, the effects of 
25- and 50-cent employer subsidies were evaluated. 

In general, transit improvem nts had a greater impact a a 
TDM strategy than many of tbe other elements. The impact 
varied by market reflecting both the currt:nl level of ervice 
and the viability of potential improvements. 

Ridesharing 

The ridesharing strategies examined built on the existing pro
gram, which focuses on ride matching overall marketing, and 
corridor-specific promotions. Two approaches were evalu
ated: a pa sive program and an active program. The major 
difference between the two wa the role of th private ector. 
The active program reflected a high le el of inv<>lvem nt and 
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Preliminary Evaluation of the Coastal 
Transportation Corridor Ordinance 
in Los Angeles 

CHARLES BLANKSON AND MARTIN WACHS 

The Coastal Transportation Corridor Ordinance attempts to reg
ulate traffic congestion in a busy Los Angeles community by 
requfring new real estate developments to mit igate future trips 
and to contribute to a trust' fond for improving traffic flow within 
the affected area . To conduct a preliminary evaluation of the trip 
reduction portion of the ordina11ce, a ample of eight buildings 
housing l.J 7 firms wi1s lected. Th ree buildings housing 44 firm 
were subject to the ordinance , and a control group of fiv. build
ings bou ing 73 firm was not affecred by the ordinance . Differ
ence in ridesha ring facilitie. ervices , and subsidies were observed , 
and 1,216 workers in the two groups of buildings were surveyed 
to determine their travel patterns. The results show that devel
opers affected by the ordinance are significantly more likely ro 
include preferential parki ng for carpooler in their proje ts and 
ome bicycle parking facilit ies n · well. The compani s affected 

by the ordinance offer a substant iall y ·m:1Jler proportion of their 
employees free parking at work and , am ng employee who pay 
to pa rk, tho e in the bui ldings covered by the ordinance pay 
higher race . The provi ion of lh c fac ili ries and the combination 
of parking fee and other promoti nal effort have had a very 
mall init ial effect on workers· decis i on~ to drive to work alone. 

The proportion of worker driving 10 work alone is similar in the 
experimental and control group . Although twice as ma ny work
er in building. affected by the ordinance carpooled to work they 
were a small frac1~ion of the workforce. A siza ble p.roportion of 
workers in the study area generally leave work outside the peak 
period , probably to avoid late-afternoon congestion . 

American attitudes toward transportation planning have 
recently undergone significant change. For three decades after 
the end of World War II, public policy emphasized the con
struction of new highway and transit facilities to remove the 
backlog of needs resulting from the combined effects of 
depression, a war economy, continued urban growth, and 
accelerating automobile ownership. For the most part, trans
portation policymakers agreed that their primary goal was to 
accommodate growth by constructing facilities that would have 
adequate capacity to handle future demand. Land-use pat
terns and economic development were understood to be the 
sources of traffic , yet there was general agreement that trans
portation policy should aim to accommodate forecast land
use and economic growth rather than regulate them to control 
traffic. · " 

Views of transportation policymakers have been changing 
under pressure from increasing growth and traffic congestion , 
growing limits on transportation budgets, and increasing 
opposition to highway construction by environmental coali-
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tions and community groups. Now, policymakers frequently 
argue that "We can't build our way out of our problems," 
and that attempts to accommodate growth solely by increasing 
transportation system capacity impose greater costs on com
munities than are warranted by their benefits. In the 1970s , 
this shift in emphasis gave rise to transportation system man
agement, the augmentation of capacity through low-capital
cost approaches such as traffic signal synchronization and 
reserved lanes for high-occupancy vehicles. In the early 1980s, 
transportation demand management was also emphasized, 
including efforts to promote ridesharing and transit use by 
workers through a variety of subsidy and incentive programs. 
In the late 1980s, this growing movement toward management 
rather than facility construction has emphasized changes in 
land-use policy and the spatial redirection of economic growth 
to control traffic at its source . 

In Los Angeles, several regulatory programs, ballot initi
atives, and municipal ordinances have been directed toward 
limiting traffic by controlling land use and real estate devel
opment. They have all been enacted so recently that relatively 
few evaluative studies have yet taken place. Tracking progress 
under these programs and learning from them is important, 
so that policymakers proposing new programs and amend
ments to older ones are informed by past successes and mis
takes. One of the recent Los Angeles programs is evaluated 
in the following sections . 

TRAFFIC REDUCTION IMPROVEMENT 
PROGRAM AND THE COAST AL 
TRANSPORTATION CORRIDOR ORDINANCE 

In 1983, the Los Angeles City Council approved the citywide 
Traffic Reduction Improvement Program (TRIP). This blan
ket or framework ordinance enables the council , by a majority 
of two-thirds, henceforth to designate any community or 
neighborhood a "traffic impact area." When an area is so 
designated, a set of procedures is invoked, resulting in special 
land-use controls and development impact fees within the 
designated areas. These controls and fees are intended to 
mitigate the impacts of trips generated by new developments 
there . The designation of a traffic impact area requires the 
city to spend 1 year devising a transportation-specific plan for 
the impacted area, during which development permits may 
be issued only with the explicit approval of the council. When 
the year-long planning effort is complete , the council adopts, 
by separate ordinance, the transportation-specific plan devised 
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during the planning period. Although the plans differ because 
of the specific areas to which they apply, they have many 
characteristics in common. 

The first such plan to be enacted by the city was the Los 
Angeles Coastal Transportation Corridor Specific Plan Ordi
nance, which was passed in 1985 (1). This ordinance covers 
an area of approximately 24 mi2 , shown in Figure 1, bounded 
by Los Angeles International Airport on the south, the San 
Diego Freeway (1-405) on the east, the border of the City of 
Santa Monica on the north, and the Pacific Ocean on the 
west. The area presently has 40 million ft2 of office, light 
industry, and hotel space. Plans for the area indicate that this 
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amount of development may double in the coming 5 to 10 years. 
The present workforce of the area is over 100,000, and this , 
too, may double if developers' current plans are implemented. 

The ordinance resulted from great pressure from a variety 
of homeowner and community groups and citizens active in 
opposing new development. The development community and 
the local city council representative responded, and many 
months of negulialiun among these groups followed. In the 
end, as is often the case, homeowner groups labeled the ordi
nance too lenient on developers and opposed its implemen
tation, and some developers complained that the ordinance 
was too restrictive. 

.. ... · ---
,.. . 

I 
,,,I 

.. 

City Bdry < l!l! 
r------ · :'!i 
• r·-·--- i 
I I j . ' 

I 

I . 
1 

-------4---------+ ...... ,,....-+----.:' 

I 
' l . 

(/) 

CENTURY BLVD ~ 
c 
i!l 

0 0 
~ "T1 
m ~ 
~ 
ili u. 
~I . 

-·-----·-·-------·-· ------------'!-----· 
Cltylldry ~- -- ---

City Bdry 

FIGURE 1 Map of the Coastal Transportation Corridor. 
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The concerns giving rise to the ordinance were reflections 
of a great deal of empirical information showing that the area's 
severe traffic congestion would worsen as development con
tinued. The busiest intersection in the city of Los Angeles is 
at Century Boulevard and Aviation Avenue, within the study 
area. This intersection carried a traffic volume of 120,267 
vehicles per day in 1985. The seventh busiest intersection in 
the city, Sepulveda Boulevard and Imperial Highway, with a 
daily volume of 102,770 in 1985, is also in the area affected 
by the ordinance. The San Diego Freeway, which forms the 
eastern boundary of the area, is the second most heavily trav
eled freeway in Los Angeles, carrying daily volumes of around 
250,000 (2). At the time the ordinance was enacted, the growth 
trend in traffic was particularly alarming. Between 1973 and 
1980, for example, daily trips on Lincoln Boulevard had risen 
by 200 percent, traffic on Sepulveda Boulevard had increased 
by 240 percent, and volume on the San Diego Freeway had 
grown by 210 percent (3). 

MAJOR ELEMENTS OF THE ORDINANCE 

The Coastal Transportation Corridor Ordinance requires that 
any new nonresidential development that would generate more 
than 100 trips in the afternoon peak hour must include mea
sures that will reduce trip generation by at least 15 percent. 
The mitigation measures, which might include ridesharing 
programs, flexible work schedules, transit pass subsidies, or 
provision of bicycle facilities, are the responsibility of the real 
estate developer, who passes them along to the tenants through 
rental agreements. 

Secondly, the developer must agree to pay, before con
struction of the project, a one-time fee based on the remaining 
unmitigated afternoon peak-hour trips produced by the proj
ect. The fee, which was initially set at $2,010 per afternoon 
peak-hour trip, is deposited in a trust fund specific to the 
impact area, which may be used by the city for the construc
tion of projects included in the impact area's transportation
specific plan. Projects that are part of the plan include street 
widenings, installation of computerized traffic signals, con
struction of remote parking facilities served by shuttle buses, 
and extensions or expansions of public transit routes, all of 
which have been enumerated in the transportation-specific 
plan for the impact area. 

A developer can propose a demand management program 
to reduce generated trips by more than the required 15 per
cent, and application can in such cases be made for a pro
portionate reduction in the required fees. For example, should 
the developer propose to reduce trips by 20 percent rather 
than the required 15 percent, the fee may be reduced by an 
amount equal to that which would be paid for 5 percent of 
the trips. However, if the developer accepts such a fee reduc
tion and the trip reduction program eventually falls short of 
the required goal, he must later pay triple damages, in the 
form of a fee equal to three times what would have been paid 
before construction of the project. 

Developers may also receive, in lieu of credit, a reduction 
in the impact fee assessment for any improvements they make 
in the regional or subregional transportation system, with 
approval of the Department of City Planning and the Depart
ment of Transportation e>f the City of Los Angeles. The ordi-

41 

nance also provides that large development projects must be 
broken into phases, with later phases being approved for con
struction only after earlier phases have been successful in 
achieving required trip mitigations. 

The ordinance only applies to new development, and no 
fees or trip-reduction requirements apply to existing devel
opments in the area. Furthermore, the ordinance exempts 
residential construction, government facilities, and neighbor
hood-serving commercial projects such as gasoline stations 
and car wash facilities, as well as religious facilities, schools, 
and grocery stores. 

Because 1t ts a government facility, Los Angeles Interna
tional Airport is exempted from the requirements of the ordi
nance despite the fact that it is in the affected area. The airport 
occupies over 3,500 acres; with a 1986 workforce of 35,000 
employees, it is the largest single employer in the study area 
and by far the largest trip generator. Many critics of the ordi
nance believe that the exemption of the airport renders the 
ordinance ineffectual. 

Critics of the ordinance also argue that the trip generation 
rates published as part of the ordinance are not valid. The 
rates, derived from tables published by the ITE, are based 
on 1-day counts of facilities throughout the United States. 
The sample of buildings giving rise to the tables is not nec
essarily a random one or specifically comparable to buildings 
in southern California. The rates used in the ordinance do 
not take into consideration regional variations in trip gener
ation, seasonal variations, or variations that might result from 
differences in climate or weather. 

Another problem with the ordinance is its limited provisions 
for monitoring and enforcement. The only formal mechanism 
for monitoring the efforts of the developers to implement their 
trip-reduction programs are annual reports submitted to the 
city of Los Angeles by the developers themselves. 

METHOD OF EVALUATING THE PROGRAM 

The actions of developers responding to the imperatives of 
the ordinance were compared with those of a control group 
of similar developments nearby, which are not affected by the 
ordinance. Travel behavior of workers employed in buildings 
affected by the ordinance was compared with travel behavior 
of workers in the control buildings. The intent, of course, was 
to determine whether or not the programs provided by devel
opers are affected by the ordinance, and whether the ordi
nance is having any measurable impact on employee travel 
choices. 

Information about the programs offered by developers was 
gathered in direct personal i.nterviews with the developers 
during 1988 and 1989. Information on travel patterns of 
employees working in various buildings was obtained by ques
tionnaires distributed to employees during the summer and 
fall of 1988, with the cooperation of their employers and 
building managers. The sample, whose characteristics are 
presen.ted in Table l , included three buildings that were sub
ject to the ordinance, which together included 44 eparate firms. 
From among the employees of those firms 620 completed 
questionnaires regarding personal characteristics and travel 
choices. A control group of five building contajning 73 firms 
was used to obtain travel data and personal information about 
596 employees. 
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TABLE 1 STUDY FIRMS 

Building # Respondents # of Firms 
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Average # of 
Respondents 
per Firm 

A. EKP!iU:imen!;§!l Group 

1 121 40 3 
2 266 1 266 
3 233 3 78 

Total: 620 44 

B. Qontx:Ql Group 

4 160 
5 89 
6 117 
7 131 
8 99 

Total: .22§. 

overall Total: 1216 

TABLE 2 FACILITIES PROVIDED 

Reserved 
Parking 
for 
Ride sharers 

Ex12!i1dm!i1nt5!l 

Bldg. #1 No 
2 Yes 
3 Yes 

QQnt;r;:Ql 

Bldg. #4 No 
5 No 
6 No 
7 Yes 
8 No 

In most of these instances, data on the employees were 
obtained directly through the questionnaires. In one case, an 
employer had recently completed a survey of its own and 
provided the survey results . Because the survey administered 
by the employer did not include a few of the questions on the 
questionnaire, the numbers of respondents differ somewhat 
from one question to another . The response rate varied from 
one firm to another, but the range of responses was between 
25 and 38 percent of the employees of the eight buildings. 

Chi-squared tests were done on all the findings to determine 
whether the differences observed between the experimental 
and control groups were statistically significant at the 0.05 
level. 

30 5 
20 4 
21 6 

1 131 
1 99 

73 

117 

Bicycle Lockers Showers 
Racks 

No No No 
Yes No No 
Yes No No 

No No No 
No No No 
No No No 
No No No 
No No No 

PROVISION OF FACILITIES, SERVICES, AND 
SUBSIDIES BY DEVELOPERS AND EMPLOYERS 

Table 2 presents the facilities provided by the developers of 
the eight buildings in the sample. Reserved parking for ride
sharers was provided in two of the three experimental build
ings, whereas only one of the five control buildings offered 
reserved parking for ridesharers. Similarly, developers of two 
of the three buildings affected by the ordinance but none of 
the five control buildings had elected to include bicycle racks. 
Interestingly, none of the eight buildings included showers or 
lockers for bicycle commuters; developers may have regarded 
those facilities a unlike ly to attract sufficient use to warrant 
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TABLE 3 PARKING SUBSIDY AT 
EXPERIMENTAL AND CONTROL 
BUILDINGS 

Experimental 
Group(%) 

Pay to Park at Work? 

Yes 38.0 
No 62.0 

Amounts Paid 

< $20 10.6 
$20 to $40 75.6 
> $40 13.9 

Control 
Group( %) 

23.2 
76.8 

70.4 
8.8 

20.8 

NOTE: For the quc tion "Do you pay 10 park at work?" 
324 an wers were received for the experimental group 
and 538 for the control group. Por 1hc amount • '1 23 
answer were received for the experimental group and 
125 for the control group. 

their inclusion. Subsidized parking at worksites is common in 
the ordinance area. An inquiry was made to determine whether 
employer in building affected by the ordinance were p.ro
viding ·ubsidized parking for employees a fr quenrly as 
employers in the control group. The re ·ul.ts of thi inquiry 
are pre ·ented in Table 3 which cl arly indicates a ubstantial 
difference. Although 77 percent of the employee- in the build
ings not affected by the rdinance received free parking at 
work , only 62 percent of th employees in the affected build
ing had their parking fully ubsiclizcd. Thi diff rence i. sig
nificant, although the majority of the employee were parking 
free even in buildings covered by the ordinance. 

Table 3 also indicates that among those paying to park at 
work, workers in buildings affected by the ordinance typically 
paid much more. Although 70 percent of the employees pay
ing to park in the control buildings were paying less than 
$20.00 per month only J 1 percent of the empl yees in the 
experimental building. paid that little. wherea three-fourth. 
of them paid between $20.00 and $39.00 per month . Perhaps 
Table 3 indicates cl ·hift toward employee-paid parking at 
worksites affected by traffic control ordinances such as the 
Coastal Transportation Corridor program. 

EMPLOYEE TRAVEL PATTERNS 

The Coastal Transportation Corridor Ordinance has two pur
poses. First, it aims to reduce automobile traffic by encour-
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aging ridesharing, including transit use, vanpooling, carpool
ing, bicycling, and walking to work in buildings that come 
under the ordinance. Second, it seeks to upgrade traffic arter
ies in the impact area by charging developers fees that will 
be used to improve facilities in the corridor. Only the first of 
these questions is addressed here. By comparing the experi
mental population with the control group, the presence of 
substantial differences in their travel patterns can be estimated. 

Before comparing travel patterns of the two groups, their 
demographic characteristics must be described in general terms. 
The samples in the experimental and control buildings did 
not differ significantly from one another in their major demo
graphic characteristics. Of the workers in both the experi
mental and control buildings, 70.2 percent were in adminis
tra tive and clerical positions, 20.4 p rcent in profe siona l jobs, 
and 4.3 percent in janitorial and catering ervices. Nearly 70 
percent of the re pondent were und r 40 year Id, and 23 
percent were between the ages of 40 and 59. The age distribu
tion was judged to be typical of the Los Angeles commuter 
work force , becau e it i similar to the distribution of respon
dents to the 1988 commuter survey performed by Commuter 
Computer ( 4). Approximately 59 percent of the resp odent · 
were females, whi.ch was a substantially higher proportion 
than in the regional commuter survey, in which only 47 per
cent were women. Over half of the respondents earned between 
$20,000 and $49,999, and only about 10 percent earned less 
than $20,000 per year. Approximately 97 percent were 
employed full-time, which was defined as 5 day per week 
and 8 hr per day. 

Because the ability to rideshare is dependent on the need 
for a car at work, respondents were asked whether they reg
ularJy needed a car at work . Although 6 percent said that 
they needed their cars as part of their work . 32 percent of 
these answered that they tised their cars only for per onal 
business while at work, and only 25 percent said that they 
used their cars at work virtually every day of the week. By 
contrast, 14 percent said that they typically used their cars at 
work only 1 day per week, and 15 percent said that 2 days 
per week was typical. 

Table 4 indicates that the one-way distance between home 
and work was distributed similarly for workers in the buildings 
covered by the ordinance and those in the control group. In 
both instances, just under two-thirds of the employees trav
eled less than 15 mi between home and work, whereas about 
one-third traveled more than 15 mi. Because the work-trip 
lengths and demographic characteristics were similar for the 

TABLE 4 PERCENTAGES OF EMPLOYEES TRAVELING VARIOUS DISTANCES 
FROM HOME TO WORK 

Experimental Control 
n-620 n-596 

1 - 5 miles 23.1 24.8 

6 - 15 miles 42.4 38.6 

16 - 30 miles 17.1 18.3 

31 miles & over 15.9 15.7 

Non-response 1.6 2.7 



44 

TABLE 5 MODE SPLIT PERCENTAGES 

Drive alone 

Public Bus 

Carpool 

Drop Off 

Park & Pool 

Motorcycle 

Others 

TABLE 6 TIMES OF ARRIVAL AT AND DEPARTURE 
FROM WORK 

Time of Arrival at Work 

Before 6:30 a.m. 
Between 6:30 and 6:59 a.m. 
Between 7:00 and 7:29 a.n1. 
Between 7:30 and 7:59 a.m. 
Between 8:00 and 8:29 a.m. 
Between 8:30 and 8:59 a.m. 
Between 9:00 and 10:00 a.m. 
After 10:00 a.m. 
Not Regular 

Time of Departure from Work 

Before 4:00 p.m. 
Between 4:00 and 4:29 p.m. 
Between 4:30 and 4:59 p.m. 
Between 5:00 and 5:29 p.m. 
Between 5:30 and 5:59 p.m. 
Between 6:00 and 6:29 p.m. 
After 6:30 p.m. 
Nonresponding 

Experimental 
Group(%) 

5.0 
6.0 

11.6 
21.0 
25.5 
23.4 
6.0 
0.8 
0.8 

8.6 
7.4 

14.1 
28.1 
12.8 
16.8 
11.0 
1.3 

Control 
Group(%) 

4.4 
6.2 
9.6 

13.3 
21.1 
31.5 
8.4 
1.7 
3.5 

10.1 
7.7 

12.6 
20.0 
13.8 
24.7 
9.1 
2.2 

two groups, any differences observed in travel patterns were 
assumed to be attributable to the program itself. 

Table 5 presents a comparison of the mode choices for the 
journey to work between the two populations. Little differ
ence was ob erved between the two samples in the proportion 
of workers who drive to work alone . In the buildings affected 
by the ordinance, more than twice the proportion of employ
ees carpool to work, but these seem to have a small effect on 
the proportion driving to work alone. Only 13.2 percent of 
the experimental group employees did nor drive alone, versus 
12.1 percent of the control group employees. The ordinance 
has not appeared to make any substantial difference in the 
proportion of workers driving to work alone. 

Table 6 indicates how those affected and those not affected 
by the ordinance differed in terms of their arrival and depar
ture times. First, the table indicates that most workers in the 
study area arrive at work during the peak period. Only 11.8 
percent of the experimental group employees and 12.3 percent 
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Experimental Control 
n=620 n=59 6 

86.8 87.9 

2.0 2.3 

7.4 3.5 

2.9 3 . 5 

0.7 0 . 2 

0.2 1. 3 

0.2 1. 2 

of the control group employees arr.ive at work outside peak 
hours (i.e. , before 7:00 a .m. and after 10:00 a .m.) . Se nd . 
relatively larger proponio.ns of experimenial group employee. 
(19.6 percent) and c ntrol group employees (19.2 percent) 
leave work outs.ide peak hour (i.e ., before 4:00 p.m. and 
after 6:30 p.m.). 

The amount of information about alternative travel modes 
received by employees through their employers was of inte1 -
est , becaus implementation f the ridesharing requirement 
i. dependent n employee awareness of alt rnatives to driving 
al ne. The re ·uJts of this inv Ligation ar pre ented in Table 
7. The tahl indi ar · that a m ng tho e ridesharing to wo rk , 
the majority of employees of companie in the control group 
had learned about their current option from a fell w employee. 
Although tho e in the exp rimental companic were three 
times a likely a those in the control group to learn about 
their options from their employers , tho e who heard about 
ridesharing from their employers c nstituted !cs than 3 per
cent of the sample. ln both amplcs, not a sing! · ride harcr 
report d having learned about opportunitie for ride haring 
from a ridesharing coordinator. 

CONCLUSION 

The results of this study are preliminary. They are based on 
a small sample of buildings, and the study was undertaken 
early in the history of implementing the Coastal Transpor
tation Corridor Ordinance. The results thus far indicate that 
developers affected by the ordinance are significantly more 
likely to include preferential p;irking for carpoolers in their 
projects and to include some bicycle parking facilities. The 
buildings affected by the ordinance offer a substantially smaller 
proportion of their employees free parking at work, and those 
who pay to park pay higher rates . The provision of these 
facilities, and the combination of parking fees and other pro
motional efforts, seems to have had a very small initial effect 
on workers' deci. ions to drive to work alone. The proportion 
of workers driving to work alone is similar in the experimental 
and control groups; although twice as many workers in build
ings affected by the ordinance carpooled to work , they were 
a small fraction of the workforce. Although most workers in 
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TABLE 7 SOURCE OF INFORMATION ABOUT PRESENT COMMUTE MODE BY 
PERCENTAGE 

Through Employer 

Fellow Employee 

Freeway Messages/Adverts 

Fliers 

Transportation Coordinators 

Other 

(Drive Alone) 

the study area arrive at and leave work during the peak periods, 
an increasing number seem to leave work outside peak hours, 
perhaps to avoid the late-afternoon congestion. 

In sum, promising differences in the behavior of real estate 
developers and employers affected by the ordinance were 
observed, but the differences are small. As yet, no substantial 
changes in travel behavior can be attributed to the ordinance, 
except for a tendency toward slightly higher rates of carpooling 
among workers at firms affected by the ordinance. 
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Experimental Control 
n-386 n-596 

2.3 0.7 

6.7 2.0 

1.0 0.3 

0.5 0.5 

0 0 

5.7 6.7 

83.7 89.6 
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Staggered Work Hours for Traffic 
Management: A Case Study 

' 

GENEVIEVE GIULIANO AND THOMAS F. GOLOB 

The Staggered Work Hours Demonstration Project was con
ducted in downtown Honolulu during a 4-week period in 1988. 
During the project, official office hours for state, city, and county 
employees were shifted 45 min later in an attempt to alleviate 
the early peak-period congestion into downtown Honolulu. 
Approximately 3,500 of the 7,100 employees working in the Civic 
Center area participated in the project. This evalualiu11 [ucuses 
on the project's effects on traffic flO\ , employ e comrnuli.ng expe
rience , employee attitudes, work performance, and productivity. 
Three types of data were collected: (a) floating-car measurements 
of travel times and speeds on major corridors into the downtown 
area on two dates before and two dates during the project; (b) 
an employee panel survey of reported commuting experiences on 
the same four dates, as well as attitudes concerning project effects 
on activity schedules; and (c) a postproject survey of managers 
concerning work performance and morale . Results indicate a sig
nificant overall effect on travel cond1t10.n . Average estimated 
time saving were in the rang of 3 to 4 min r Jes. than 10 
percent of the average commute. However, the effects were not 
uniform, and nonparticipants benefited more than participants . 
Many participants also experienced inconveniences associmed with 
household activities. Project results uggest rhm · taggered w rk 
hours can improve travel conditions, b111 a permanent project 
should be as voluntary as possible to minimize problems of equity 
and inconvenience. 

Traffic congestion has become a major public issue in U.S. 
metropolitan areas. Several recent opinion surveys have shown 
that, in a ranking of community problems, urban residents 
list traffic first or second (after crime). Faced with inadequate 
financial resources for major transportation system improve
ments and often with environmental constraints that preclude 
major improvements , public decision makers-pressured to 
take some action-are increasingly turning toward strategies 
that attempt to control or reduce congestion by managing 
travel demand. Travel demand management is aimed at 
reducing peak-period vehicle trips through strategies such as 
increased ridesharing and transit use, flexible work schedules, 
and telecommuting. 

Transportation demand management (TDM) is a derivative 
of transpurlaliun system management (TSM). TSM was pop
ularized in the 1970s, when transportation planners focused 
on increasing the efficiency or productivity of the transpor
tation system in response to the energy crisis and air quality 
concerns (1-3). TSM includes both supply- and demand
oriented strategies, such as ramp metering, signal coordina
tion, and provision of high-occupancy-vehicle lanes. Demand 
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management strategies have become particularly attractive in 
heavily congested urban areas where the more conventional 
supply side or traffic engineering options have already been 
extensively implemented and reduction of peak vehicle trips 
is perceived to be the only short-term solution available. 

Alternative work schedules arc among the most widely 
implemented TDM strategies. They focus on shifting employee 
work schedules to eliminate or spread out peak-period work 
trips. Three types of alternative work schedules can be 
distinguished: 

l. Staggered work hours-groups of employees work on 
fixed schedules with sequential or staggered start and end 
times, 

2. Compressed work week-employees work full-time over 
a fewer number of work days, and 

3. Flexible work hours-employees have some choice in 
establishing their work schedules. 

Several studies of alternative work schedules have been 
conducted. Some of the studies ( 4-7) have documented the 
extent to which specific strategies have been implemented; 
others (8-10) have analyzed employee preferences among 
strategies. Simulation studies of traffic impacts associated with 
flexible hours have also been conducted, both separately (11,12) 
and relative to other TSM alternatives (13-15). Research on 
the impacts of alternative work schedules at home and in the 
workplace is more limited. Most existing research focuses on 
employee productivity issues, such as the feasibility of flexible 
or staggered shifts within different industries (5,16). 

Actual impacts of alternative work hours programs remain 
unclear. Although impacts on traffic flow have been esti
mated, little empirical documentation is available (17,18). 
Employee attitudes toward various work schedule alternatives 
and the effect these alternatives may have on household 
schedules and activities continue to be largely unknown (19, 7). 
Finally, more recent research (10,20) suggests that alternative 
work schedules may not be complementary to other TDM 
strategies, such as carpooling and transit use. 

A 4-week demonstration project conducted in Honolulu, 
Hawaii, provided the opportunity to conduct an in-depth anal
ysis of staggered work hours. The project's effects on traffic 
flow, employee commuting experiences, employee attitudes, 
and work productivity are summarized in the following par
agraphs. The demonstration project and methods and data 
used in the analysis are discussed. Project results are followed 
hy conclusions and policy implications. Details of the analyses 
are reported by Giuliano and Golob (21). 
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HONOLULU STAGGERED WORK HOURS 
DEMONSTRATION PROJECT 

Honolulu is an extremely congested city. A recent study (22) 
of urban freeway congestion ranked Honolulu 14th among 
U.S. urban areas in terms of annual vehicle-hours of delay, 
whereas in terms of population size it is ranked 48th. The 
state of Hawaii conducted the Staggered Work Hours Dem
onstration Project in downtown Honolulu to determine whether 
a large-scale shift in work hours among downtown workers 
could reduce traffic congestion. 

The project took place during a 4-week period from Feb
ruary 22 through March 18, 1988. During the project, official 
office hours for state, city, and county employees were shifted 
from 7:45 a.m.-4:30 p.m. to 8:30 a.m.-5:15 p.m. The shift 
to a later schedule was selected because of the early peaking 
characteristic of downtown-bound traffic. Participation in the 
project was mandatory for all public employees . Nonpar
ticipation required approval through a formal exemption 
process. Participation by private-sector downtown employers 
was encouraged but not required . Eighteen major corpora
tions participated; certain employees of these companies were 
able to choose their project work schedule. Thus, for private
sector employees, participation meant changing work hours 
on a voluntary basis (i.e., flexible work hours); the change 
could be to either an earlier or later schedule, not necessarily 
to the designated hours of 8:30 a.m.-5:15 p.m. 

The project's participation goal was 11,000 employees, or 
18 percent of the total estimated downtown work force of 
60,000. This goal was based on downtown traffic volume pat
terns, the proportion of work trips during peak hours, and 
the peak-hour mode split. An 18 percent participation rate 
was expected to result in significantly improved peak-period 
traffic conditions. 

METHODS AND DATA 

This evaluation of the project focuses on the project's impact 
on (a) travel and traffic conditions and (b) employees and the 
workplace. The purpose of the project was to alleviate traffic 
congestion; thus, the extent to which this objective was real
ized is of primary interest. However, overall project effec
tiveness depended on the response and attitudes of employees 
and managers to the shift in work hours. 

Traffic Impact Measurement 

Traffic impact measurement requires controlling for seasonal 
variability as well as day-to-day differences. Seasonal variabil
ity was controlled by selecting the month immediately pre
ceding the project as the basis of comparison, minimizing 
potential differences caused by holidays and tourism patterns. 
Day-to-day differences were addressed by conducting float
ing-car observations of travel times and speeds along the three 
major directional corridors leading to downtown. Trips were 
made along an identical route, with one car commencing every 
15 min, and recording actual times at a series of checkpoints 
along the route. The floating-car data were used to measure 
changes in peak travel conditions along the route . Information 
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on the three routes is presented in Table 1. Floating-car obser
vations were conducted on all routes on February 3 and 17 
(before the project) and March 2 and 16 (during the project). 
Additional observations were conducted after the project on 
March 30 for Routes 1 and 3. 

Impacts on Employees 

A variety of issues concerning employee behavior must be 
examined to properly evaluate project impacts, including extent 
of participation in the project, worktrip travel characteristics, 
impacts on household activities, and attitudes toward the 
project. 

A panel survey of employees was conducted to obtain infor
mation on these issues. This type of survey gathers infor
mation from respondents at more than one point in time. It 
is the most effective method for obtaining longitudinal data 
(23). In this case, accurate reporting of travel experiences was 
critical because it was likely that (a) travel time differences 
because of the project might be small and therefore difficult 
both to perceive retrospectively and to statistically measure 
and (b) employee attitudes toward the project could affect 
retrospective reporting. It was also important to be able to 
observe any changes in attitudes over the course of the project. 

The panel had four waves, each coinciding with the tloatmg
car observation days. All four waves contained identical ques
tions concerning commuting experiences on the survey day 
(e.g., arrival and departure times, mode, and stops before 
and after work). The panel design thus permitted multiple 
"before" and "during" comparisons for each individual's com
mute trip. The first wave also elicited background information 
on demographic, socioeconomic, and residential location 
characteristics. In addition, the last wave included questions 
about attitudes and perceptions of the project. 

Respondents were selected on a uniform 20 percent, or 1 
in 5, basis both from the public sector and from private-sector 
companies that had elected to participate in the project. Sm
veys were distributed and collected at the worksite. The sur
vey response rate was high; all four waves were completed in 
69 percent of the 2,297 surveys distributed. 

It was expected that implementation of staggered work hours 
would affect working conditions and productivity, as well as 
employee attitudes, tardiness and absenteeism, and overall 
work performance. Therefore, information on workplace effects 
was gathered through a random survey of public and private 
management personnel. The mail-back survey was distributed 
immediately after the close of the project. A total of 371 
surveys was distributed, from which 281 valid responses were 
received. 

PROJECT RESULTS 

Project impacts are discussed in six general categories: (a) 
project participation , (b) travel conditions and commuting 
experiences, (c) perceptions of traffic conditions, (d) perceived 
project impacts, (e) workplace impacts, and (f) attitudes toward 
the project. 
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TABLE 1 FLOATING-CAR ROUTES 

Route Description Residential Starting Ending Length Peak 

Area Point Point in Miles Period 

1. Mililani Mililani via Leeward Kamehameha Vineyard 15.1 5:15-8:15 a.m. 

Kamehameha Hwy. at Blvd. 

Hwy. Kuahelani Ave. off-ramp 

H-1 Freeway, 

Moanalua Freeway 

2. Hawaii Hawaii Kai via East Kalanianaole Ward Ave. 9.3 6:00-9:00 a.m. 

Kai Kalanianaole Honolulu Hwy. at overpass 

Hwy., H-1 Fwy. Keahole St. 

3. Kailua Kailua via Windward Kalanianaole Off-ramp 9.1 5:30-8:30 a.m. 

Pali Hwy. Hwy. at to Punchbowl 

Castle and H-1 Fwy. 

Hospital 

Project Participation 

For the purpose of analysis, project participation was defined 
as working the prescribed schedule of 8:30 a.m.-5:15 p.m. 
Although participation was mandatory for public employees , 
exemption was possible if personal hardship could be dem
onstrated (for example, childcare or carpool arrangement ) . 
Employee survey data showed that about half of the eligible 
public employees actually changed their hours to the later 
schedule . Private-sector participation was vol.untary and per
mitted changes to both earlier and later schedul . Just over 
8 percent of the private employees surveyed changed to the 
later schedule , and 11 percent switched to an earlier schedule. 
Table 2 presents the changes in work hours for four gr ups 
of c mmuters: participants, nonparticipants (did not change 
work hours), early changers (changed to a schedule at least 
a half-hour earlier than usual), and late changers (changed to 
a schedule at least a half-hour later than usual, but not 8:30 
a.m.-5:15 p .m.). (The source of these various chedule changes 
is unknown.) The remainder of the sample ·he wed no con
sistent pattern over the four waves. On the basis of the par
ticipation rates, it is estimated tha.t approximately 3 500 of 
the 7 ,100 public employees worki11g in the Civic Center area 
participated in the project, along with about 500 private-sector 
participants giving a total of 4,000 part icipants , representing 
6 to 7 percent of the downtown workforce. 

Participation also varied by area of residence . The highest 
participation rates occurred among workers living close to 
downtown and the lowest among workers living farthest from 
downtown in the windward area (northern edge of Oahu) and 
the East Leeward area (northeast suburbs) (see Figure 1) . 
This pattern reduced the potential impact of the project on 
traffic conditions because short trips were overrepresented. 

Characteristics of Participants and Nonparticipants 

The demographic and socioeconomic characteristics of par
ticipant and nonpar ticipant were als examined. As expected , 
nonparticipants differed from participants in terms of char
acteristics that made participation more difficult. Nonparti
cipants had more children, u ed childcare services, and tended 
to be younger and female. Participant were m re likely to 
be in profes ional or technical occupations and from house
holds with fewer workers. Participants were also more likely 
to be car drivers, whereas nonparticipant were more fre
quently carpoolers or bus users (see Table 3). Differences in 
these five characteristics are statistically significant at the 
p = 0.05 level. 

In the fourth wave survey, nonparticipants were asked to 
explain why they did not participate. The most frequently 
cited reason among both sectors was " My regular work sched-
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TABLE 2 WORK HOUR CHANGES BY SECTOR 

GROUP PUBLIC 

Number % 

1-Partlclpants 610 49.6 

2-Non Participants 489 39.7 

3-Early Changers 10 .8 

4-Late Changers 72 5.9 

Varying Hours 49 4.0 

CIVIC CENTER / C.B.D. 

WEST LEEWARD EAST LEEWARD WEST DOWNTOWN 

EAST DOWNTOWN EAST HONOLULU WINDWARD 

FIGURE I Residential areas on the basis of zip code clusters. 

ule is more convenient." However, other reasons cited by 
public-sector employees with comparable frequency were clearly 
related to the mandatory nature of the project. These include 
ridesharing, childcare, and children's school arrangements, as 
well as other obligations before or after work (see Table 4). 
These results suggest that project participation was more 
difficult (and frequently impossible) for workers with time 
pressure or schedule constraints. 

Participation Impacts 

Patterns of project participation had clear (and somewhat 
unanticipated) impacts on the worksite. First, the project 

49 

PRIVATE 

Number % 

74 8.4 

552 62.7 

97 11.0 

23 2.6 

134 15.2 

resulted in a significant concentration of arrivals and depar
tures at public worksites . For example, Figure 2 shows arrival 
times of state employees by 15-min intervals for each survey 
wave (February 3 and 17 and March 2 and 16). Although the 
official nonproject start-work time is 7:30 a.m., roughly 30 
percent of the arrivals occurred earlier than 7: 15 a.m. before 
the demonstration project began. Arrivals during the project 
were far more concentrated around the 8:30 a.m. start time. 
These results suggest that many employees regularly arrived 
at work early, probably to avoid traffic congestion or because 
of schedule constraints of other household members. This 
concentration of arrivals (and departures) resulted in localized 
congestion problems at some sites. The project had much less 
impact on arrival times at private-sector worksites, as shown 
in Figure 3; an increase in later arrival times resulted in a 
more even distribution of arrivals during the project. 

Second, participation in the project required substantial 
changes in work schedules for many public-sector employees. 
Forty percent of public-sector participants shifted from work 
schedules starting at 7:30 a.m. or earlier, and about 10 percent 
of participating city and county employees switched from start
work times of 7:00 a.m. Many city and county offices had 
ongoing flexible hours programs, and these programs were 
suspended during the demonstration project. Private-sector 
participants working the 8:30 a.m.-5:15 p.m. schedule during 
the project switched from previous 7:45 or 8:00 a.m. start 
times. Thus, the magnitude of the change required for 
participation was significantly greater for public-sector 
employees. 

Third, some public-sector participants had the added prob
lem of finding a parking space. Most public employee parking 
is provided on a first-come, first-served basis . At sites where 
parking is less convenient or available, participants found the 
most convenient parking already taken. Other participants 
were unable to use their regular express bus service because 
express service stops operation on most routes after 5:00 p.m. 

Finally, survey results indicated that the project had no 
significant impact on mode split. 

Travel Conditions and Commuting Experience 

Project impacts on transportation system performance were 
measured in two ways: (a) analysis of floating-car data and 
(b) analysis of reported travel times of downtown commuters. 



TABLE 3 SELECTED CHARACTERISTICS OF PARTICIPANTS AND NONPARTICIPANTS 

Participants Non Participants 

1. Children In Household 

One or more younger than 6 years 13.1% 23.0% 

One or more 6-18 years 31.9% 38.4% 

2. Childcare 

Use childcare services outside 

own home 17.7% 28.0% 

3. Age of Respondent 

16-24 2.9% 4.6% 

25-34 20.9% 27.9% 

35-44 40.8% 36.6% 

45-54 22.6% 20.1% 

>55 12.7% 10.8% 

4. Sex of Respondent 

Male 42.0% 33.0% 

Female 58.0% 67.0% 

5. Mode to Work 

Car Driver 63.8% 55.7% 

Car Passenger 17.4% 21.6% 

Bus 14.5% 19.9% 

TABLE 4 REASONS FOR NONPARTICIPATION CITED BY PUBLIC
SECTOR NONPARTICIPANTS 

Reason Percent of 
Nonparticipants 

1. '°'My work commitments did not allow it. 13.1 

2. My regular work schedule Is more convenient. 32.3 

3. I must share a ride with others. 29.2 

4. I could not adjust my child-care arrangements. 25.8 

5. I must take children to/from school. 26.5 

6. I have other obligations before/after work. 25.4 

7. I could not have taken my regular bus. 5.3 

8. I had other problems with bus schedules. 7.5 

9. Ot~r (please specify). 17.8 
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FIGURE 3 Arrival time at work, private-sector employees. 

Floating-Car Results 

Analysis of floating-car data from three different routes showed 
that statistically significant changes in peak traffic patterns 
occurred during the project. Table 5 presents travel time sav
ings due to the project for all the routes. The time savings 
were estimated by comparing various combinations of travel 
time differences between the five different survey days. The 
analysis for Route 1 (Mililani) showed possible time savings 
attributable to the project of 5 to 13 percent (2 to 7 min) 
between 5:30 and 7:15 a.m. No systematic time differences 
were observed for departures after 7:30 a.m. Comparisons of 
average travel times before and during the project on Route 
2 (Hawaii Kai) yielded travel time savings estimates for the 
period 6:45-7:30 a.m. of comparable relative magnitude to 
that of Route 1-about 9 to 12 percent. However , because 
Route 2 is much shorter than Route 1, the time savings esti-

mate is smaller in absolute terms-3 to 4 min. For later travel 
times, possible savings declined until the 8:00-8 :15 a .m. inter
val, where they became negative; additional travel time of 
about 2 min is attributable to the project in this time interval. 
Estimates of project impacts on Route 3 (Kailua) are similar 
to those of Route 2. Possible time savings are generally pos
itive between 6:00 and 7:45 a.m., and negative thereafter. 
Possible savings range from 7 to 18 percent ; possible losses 
range from 0 to 10 percent. 

In the two cases for which sufficient data were available 
(Routes 2 and 3), time savings in earlier time intervals were 
found to be somewhat offset by travel time losses in later time 
intervals. However, in each case, the magnitude of the loss 
is not as great as the magnitude of the savings. These results 
suggest a spreading out of the peak and indicate that this 
spreading out can lead to travel time losses in some time 
intervals, even though the net effect of the change is positive. 
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Interestingly, the magnitude of these results is consistent with 
that of previous simulation studies (24,11) . 

Reported Travel Times 

Reported travel times were analyzed for the four employee 
segments defined in Table 2. The analysis was restricted to 
automobile commuters and was conducted by comparing 
matched pairs of responses from the same individual for the 
four possible before/during combinations (Wave 1 versus Wave 
3; Wave 2 versus Wave 3; Wave 1 versus Wave 4; Wave 2 
versus Wave 4) . Matched-pair comparison controls were used 
for individual differences in route choice, driving behavior, 
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etc. The results of this analysis were largely consistent with 
those from the floating-car data . 

Project participants experienced mixed travel conditions 
that varied by residential area. In particular, participants who 
had shifted from start times earlier than 7:30 a.m . experienced 
no significant savings or losses on the workbound trip. For 
some residential areas (notably the Windward and East Lee
ward areas), such participants experienced significant average 
possible travel time losses of 8 to 15 min (see Table 6). Par
ticipants who had shifted from a 7:30 a.m. or later preproject 
starting time experienced travel time savings, but such savings 
were statistically insignificant for most residential areas (21). 

Nonparticipants realized average workbound travel time 
savings ranging from 2 min to almost 7 min (9 to 19 percent) 

TABLE 5 TRAVEL TIME SAVINGS BECAUSE OF PROJECT, BY ROUTE 

ROUTE DEPARTURE TIME 

1-Mililani 5:30 to 7:30 a.m. 

2-Hawaii Kai 6:45 to 7:30 a.m. 

7:45 to 8:15 a.m. 

3- Kailua 6:00 to 7:45 a.m. 

7:45 to 8:15 a.m. 

MINUTES 

2 to 7 

3 to 4 

Oto -2 

o to 6 

Oto -2 

PERCENT 

5 to 13% 

9 to 12% 

Oto -9% 

o to 18% 

o to -10% 

TABLE 6 MEAN WORKBOUND TRAVEL TIME DIFFERENCES FOR PARTICIPANTS, BY SHIFTING 
ARRIVAL TIME INTERVALS 

(3) Mar. 2 (4) Mar. 16 (3) Mar. 2 (4) Mar.16 

Residential VS. vs. vs. VS. 

Sample Area (1) Feb. 3 (1) Feb. 3 (2) Feb. 17 (2) Feb.17 

1. 7:30-7:45 a.m. East 

to Honolulu (NS) (NS) (NS) (NS) 

8:15-8:30 a.m. 

2. Pre-7:30 a.m. East +16.0 Min. +17.0 Min. 

to Honolulu (NS) (NS) 

8:15-8:30 a.m. (+64.6%) (69.2%) 

TABLE 6 (continued on next page) 



TABLE 6 (continued) 

1. 7:30-7:45 a.m. 

to Windward (NS) (NS) (NS) 

8:15-8:30 a.m. 

2. Pre-7:30 a.m. 

to Windward +10.4 Min. +11.2 Min. +9.3 Min. 

8:15-8:30 a.m. ( +30.2%) (+37.5%) (+25.0%) 

1. 7:30-7:45 a.m. East -7.4 Min. 

to Leeward (NS) (NS) 

8:15-8:30 a.m. (-18.9%) 

2. Pre-7:30 a.m. East +8.3 Min. +9.5 Min. +9.7 Min. 

to Leeward 

8:15-8:30 a.m. (+28.0%) (+43.4%) (+28.9%) 

1. 7:30-7:45 a.m. West -15.5 Min. -15.2 Min. -9.1 Min. 

to Leeward 

8:15-8:30 a.m. (-25.4%) (-23.5%) (-15.0%) 

2. Pre-7:30 a.m. West +10.6 Min. +10.0 Min. 

to Leeward (NS) 

8:15-8:30 a.m. (+25.9%) (+24.7%) 

1. 7:30-7:45 a.m. West & East 

to Downtown (NS) (NS) (NS) 

8:15-8:30 a.m. 

2. Pre-7:30 a.m. West & East 

to Downtown (NS) (NS) (NS) 

8:15-8:30 a.m. 

NOTES: Differences in terms of project period minus preproject period. 
NS= differences not statistically significant. 

(NS) 

+8.3 Min. 

(+24.9%) 

(NS) 

+15.0 Min. 

(+65.2%) 

-9.3 Min. 

(-14.6%) 

(NS) 

(NS) 

(NS) 
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for those arriving at work hetween 7::10 ;rnd 8:15 a.m. How
ever, nonparticipants who retained either earlier or later 
schedules experienced no significant changes in travel con
ditions. Finally, the workers who shifted from 7:30 a.m. 
to an earlier schedule (mainly private-sector employees) 
experienced mean travel time savings of 4 to 8 min. 

For homebound (afternoon) trips, there was no change in 
the mean travel times for project participants. However, non
participants experienced a mean travel time savings similar 
to that of the workbound trip (about 10 percent) (21). This 
distribution of gains and losses between participants and non
participants affected attitudes toward the project, as further 
discussed in the following section . 

Perceptions of Traffic Conditions 

'l'he perceptions of traffic conditions on the part of downtown 
employees are also important in evaluating the potential of 
staggered work hours . Employees were asked to express qual
itative comparisons of traffic conditions during and before the 
demonstration project. They were asked about their trips both 
to and from work in terms of a 5-point scale ranging from 
much worse to much better. 

Participants and nonparticipants had significantly different 
perceptions of differences in traffic conditions . Statistical 
analysis showed that nonparticipants were more likely to per
ceive traffic conditions on the trip to work as better or much 
better during the project, while perceptions of participants 
were more balanced hetween positive :mcl neg:itive peri:;eptions. 

Differences in the perceptions of traffic conditions on the 
trip from work to home were stronger between participants 
and nonparticipants. Nonparticipants' perceptions were skewed 
toward the positive side of the scale, whereas participants' 
perceptions were skewed toward negative responses (see 
Figure 4). 

These perceptions are consistent with the reported travel 
time changes discussed in the preceding section. Nonpar
ticipants likely enjoyed better travel conditions as participants 
shifted out of the "peak of the peak" travel intervals. For 
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participants, travel impacts depended on their previous sched
ule. Those who shifted from the 7:45 a.m. start time were 
likely to have realized some benefit, whereas those who shifted 
from earlier start times, and thus did not previously travel at 
the height of the peak, did not realize any travel time gains. 
In addition, those from specific residential areas (Windward 
and East Leeward) who shifted from start times earlier than 
7:45 a.m. realized significant travel time losses. 

There were also differences among the perceptions both of 
participants and nonparticipants in the public and private sec
tors (21). Private-sector participants were more likely than 
public-sector participants to perceive better traffic conditions 
during the project for the trip both to work and from work . 
Among nonparticipants, private-sector perceptions were also 
more positive than those of public-sector participants. 

Differences in perceptions between private- and public
sector participants and nonparticipants are not surprising. The 
voluntary nature of the project for private employees enabled 
them to optimize their work schedule. Thus , the individuals 
who changed hours were those who could benefit from the 
change. Those who could not benefit had no incentive to change 
and were not required to do so. The increased opportunity 
to choose one's work schedule probably added a positive 
subjective element to private-sector employee perceptions. 

Perceptions of the two remaining groups of employees
thosc who changed to earlier hours (early changers) and those 
who changed to later hours (late changers)-were also con
sistent with reported travel time data (21). The early changers 
perceived better traffic conditions for both the workbound 
and homebound trips. They shifted to a less congested part 
of the peak and thus realized perceptible travel time savings. 
For the late changers, perceptions were balanced; in other 
words, there was no perceived change in traffic conditions 
during the project. 

Perceived Project Impacts 

The project changed circumstances at work both for partici
pants and nonparticipants. It was anticipated that the change 
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FIGURE 4 Perceptions of homebound traffic, all sectors. 
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in work schedules would affect employees' work performance, 
as well as participants' household activities and responsibili
ties. Of particular concern were family and childcare-related 
activities, given the large number of two-worker households 
in Hawaii. 

Project participants reported problems in several aspects 
of nonwork activities, including taking care of personal busi
ness (63 percent), scheduling social activities (56 percent), 
and doing things with household members (56 percent). 
Arranging for childcare and children's school activities was 
also identified as a problem. These results are not surprising, 
given the temporary nature of the project, and do not nec
essarily suggest that such problems would be experienced if 
these changes were of longer duration. 

Project participants also reported problems in getting to 
and from work. These problems were related either to finding 
a parking space or to using peak-only express bus service, as 
discussed previously. 

Participants reported no significant problems with work
related activities, such as getting work done or meeting with 
clients or coworkers. 

Employee attitudes were also analyzed by sector. Public
sector participants had significantly more negative attitudes 
about other activities during the project than did private
sector participants. That is, although participants in all sectors 
reported worse conditions in performing household, social, 
and work activities, state, city, and county participants were 
more likely to report much worse conditions. Because private
sector participants worked the same schedule as public-sector 
participants, the differences in attitudes between the two groups 
merit further explanation. It is possible that the mandatory 
nature of the project for public-sector employees made it 
necessary for many employees to work on the project schedule 
even though it was inconvenient or difficult for them to do 
so. In contrast, private-sector participants chose the new 
schedule willingly, probably only when it was convenient for 
them to do so. Public-sector participants also experienced a 
more extreme shift in work hours than did private-sector par
ticipants and thus potentially had more adjustments to make 
in nonwork activities. Finally, the more negative attitude of 

SS 

public-sector employees may reflect underlying discontent with 
the mandatory nature of the project. 

Work Performance and Productivity 

It was also anticipated that the project would affect job perfor
mance. The disruptive effects of changing employee work 
schedules, potential morale problems, and changing govern
ment office hours could pose problems for management. When 
asked to rate their employees' overall performance during the 
project, private-sector managers reported no change from 
usual conditions. Public-sector managers were more likely to 
report the same or worse conditions , with city-county responses 
significantly more negative than state responses. 

Differences in ratings of employee morale were even more 
striking. Virtually all private-sector managers reported the 
same or a better level of employee morale during the project. 
State and city-county responses were just the opposite, as 
shown in Figure 5. Almost half of the city-county managers 
reported worse or much worse employee morale during the 
project, whereas 37 percent of state managers reported worse 
or much worse employee morale. 

Analysis of specific aspects of work activities, including 
managing, communications, scheduling, and making contacts , 
revealed that few of these were affected by the project. A 
large majority (80 percent or more) of managers reported no 
change in work performance during the project. However, a 
general pattern of more negative than positive responses was 
evident, with public-sector management more likely than pri
vate-sector managers to report negative experiences. Most 
frequently identified management problems included coor
dinating interdepartmental work (21 percent), making con- . 
tacts with mainland offices (21 percent), scheduling work 
assignments (17 percent) , and communicating with employees 
(16 percent). The results indicate that inter- and intraorga
nization coordination was affected by the project. Public
sector responses were significantly more negative about com
municating with other offices outside downtown, suggesting 
that the shift in work hours within downtown offices caused 
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some difficulties in maintaining activities that required link
ages with units in locations lhal uiu nol shift hours . Problems 
associated with contacting mainland offices were expected 
because the shift in business hours increased the time differ
ence in business hours between Hawaii and the mainland . 

Attitudes Toward Staggered Work Hours 

Any consideration of implementing a permanent staggered 
work hours program requires an assessment of employee atti
tudes toward such a proposal. Managers were asked to rate 
their employees' attitudes toward the project before, during, 
and after its implementation. Private-sector responses were 
heavily skewed toward positive ratings, whereas public-sector 
responses were heavily skewed toward negative ratings. State 
ratings were significantly more negative than city-county rat
ings before the project. After the project, private-sector 
responses remained positive, state responses became signifi
cantly less negative (but not positive), and city-county responses 
remained negative. The shift in state employee attitudes is 
shown in Figure 6. These results conflict with other studies 
of employee attitudes toward staggered hours programs. Pre
vious research indicates consistently positive assessments of 
such programs (25). 

Both managers and employees were also asked their opin
ion about various staggered work hours alternatives that might 
be implemented in the future. All sectors and participants, 
as well as nonparticipants, were opposed to mandatory alter
natives of staggered work hours. Attitudes toward voluntary 
alternatives were 1no1e mixed. Managemeul 1espuuses lu 
alternatives that allow employees to work on different sched
ules were bimodal-less than 10 percent were neutral. Pri
vate-sector managers were most likely to respond positively; 
state and city-county managers were more often negative, 
with city-county responses most negative. Voluntary stag
gered work hours alternatives were perceived positively by 
employee participants and nonparticipants. State and private 
participants were more positive than city-county participants 
ahout voluntary programs . 
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Evaluation of the project and possible future staggered work 
hours alternatives showed strong negative feelings toward 
mandatory programs. Public-sector employees were particu
larly opposed to any future mandatory program and had gen
erally negative views of the project. These negative attitudes 
are only partially explained by the experiences of project 
participants because nonparticipants were also opposed to 
mandatory alternatives. In contrast, private-sector employees 
reported favorable attitudes to the project and had no strong 
feelings either for or against possible future mandatory 
programs. 

These differences in attitudes between private- and public
sector employees reflect their differing experiences . For pri
vate-sector employees, the project was a voluntary program. 
They benefited from having the choice of chilnging their 
schedules in ways most favorable to their own particular cir
cumstances. In contrast, public-sector employees were faced 
with il mflncfatory chflnee in sche<l11le thflt in mflny rnses entflile<l 
a shift of an hour or more . Such shifts are bound to be dis
ruptive, at least in the short run. Moreover, the difficulties 
of the work schedule shift were compounded for some 
participants by a longer , more congested commute . 

These results indicate that mandatory changes in work 
schedules are strongly opposed by employees and their man
agers. Voluntary staggered work hours programs give more 
flexibility to employees and, understandably, are supported 
by them. This tlexibility creates additional complexity for 
management in scheduling and coordinating work, however, 
and the management response to voluntary alternatives is 
therefore more mixed. The results also suggest that the neg
aiive reaciion to mandaiory programs may go beyun<l lhe 
problems and inconveniences generated by the project and 
may reflect more fundamental dissatisfaction with the project 
and its implementation. 

CONCLUSIONS AND POLICY IMPLICATIONS 

The Staggered Work Hours Demonstration Project is typical 
of many efforts either made or proposed to solve traffic prob-
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FIGURE 6 Attitudes of state managers toward project. 
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!ems. Travel conditions were affected, but problems were 
encountered in doing so. In this case, the problems stem from 
(a) the magnitude of travel impacts attributable to the project, 
(b) the distribution of these impacts, and (c) the mandatory 
nature of the project. 

The project had a significant positive overall effect on traffic 
conditions. Average estimated travel time savings were in the 
range of 3 to 4 min, or 7 to 9 percent of the average 45-min 
commute. There is some question as to whether a change of 
this magnitude is either meaningful or perceptible to most 
commuters. An average of 3 to 4 min means that some com
muters saved more time than 3 to 4 min and others saved less. 
It is possible that the change was not noticeable for many 
commuters. Thus, the benefit of the project may for the most 
part have gone unnoticed. 

The distribution of travel time impacts among the various 
employee segments and among geographic areas was also a 
source of problems. Nonparticipants generally benefited more 
than participants-and without the inconvenience of having 
to change their work schedule. Participants who shifted from 
earlier hours (i.e., those who had been taking advantage of 
preexisting flexible hours programs) incurred the greatest dis
ruption in their schedule and were most likely to experience 
deteriorated travel conditions. Moreover, these participants 
were more likely to have the longest commutes. Thus, a sig
nificant minority of participants incurred particularly large 
costs as a result of the project. In contrast, private-sector 
employees, who were able to choose their work schedule, 
were more likely to have benefited from the project because 
they were able to adjust their commute to avoid the worst 
traffic periods. 

These problems became more onerous for public employees 
because of the mandatory nature of the project . Employees 
were faced with a work schedule change over which they had 
little control. Although an extensive public relations program 
was conducted, employee resistance was not substantially 
reduced. The exemption process may have added to the neg
ative reaction. Exemption required a formal application proc
ess. Guidelines for granting exemptions were uniform in the 
state and city, but design and implementation of exemption 
procedures were left to individual departments. Although the 
vast majority of those who applied for exemptions got them, 
survey results indicated that there were differences in the way 
exemption policies were applied among offices (21). 

Unintended Consequences 

The project also had impacts that were not anticipated. These 
included (a) effectively penalizing employees who had flexible 
work hours before the project, (b) localized congestion, and 
(c) parking and bus use problems. 

As discussed previously, participants who switched from 
arrival times of before 7:30 a.m. incurred longer commutes 
as a result of the project and were most negatively affected 
by the travel shifts that took place. The research showed that 
flexible hours exist (de facto) in the public sector. Although 
the majority of employees start work at 7:45 a.m., about 40 
percent of all public-sector employees start at other times. 
Arrival times at work are even more spread out, but the 
project had the effect of concentrating both arrival and depar-
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ture times. This concentration led to localized congestion 
problems at major employment site access points and parking 
lots. Some public-sector participants had the added problem 
of finding a parking space, while others were unable to use 
express bus service. These impacts indicate that nonpartici
pants were more likely to benefit from the project than 
participants. 

Lessons Learned 

The project evaluation provides valuable insights for future 
traffic management policy. Results indicate that, given a choice, 
employees prefer earlier rather than later work schedules. 
This preference is shown by the pattern of schedule changes 
that occurred in the private sector, as well as by the pattern 
of arrival times among public-sector employees before the 
project. Preferences for earlier schedules have been docu
mented previously (7). Thus, a voluntary program would likely 
result in few shifts to a later schedule and could have the 
effect of simply shifting the peak rather than spreading out 
the peak. Additional incentives (for example, a wage differ
ential for the late shift) would probably be necessary to achieve 
a more even distribution of traffic. Factors that effectively 
penalize late arrivals-such as first-come, first-served park
ing-would have to be eliminated. Modified staggered hours 
programs are also a possibility. For example, employees could 
sign up for available schedule alternatives, much like driver 
schedules are allocated in the transit industry. 

A more serious consideration for such programs is latent 
demand. It is possible that the benefits of any alternative work 
hours program would soon be eroded by new trips or by shifts 
of existing trips to the peak period. Latent demand may be 
particularly significant in heavily congested areas, where 
capacity constraints limit peak-period trips. Although latent 
demand is an issue that applies to any transportation improve
ment, it is more relevant in this case in view of the magnitude 
of the travel time savings identified. 

A related issue is that of balancing costs and benefits. It is 
important to determine whether the costs incurred by partic
ipants are justified by the resulting transportation system per
formance improvements. Clearly, a mandatory program is 
inappropriate. 

Finally, this research provided valuable information on the 
degree to which an individual's work schedule is embedded 
within the household activity schedule. When the work sched
ule changes, it affects all members of the household and requires 
adjustments in other activities. Social activities, childcare, 
children's activities, and household chores may need to be 
reorganized and rescheduled. The project also illustrated the 
dependence of workers on the schedule of other institutions 
and services. Thus, spreading out the normal work day is 
dependent on extending hours of childcare services, banks, 
medical offices, etc., as well as extending work-trip-oriented 
transit services. 

The project demonstrated that staggered work hours can 
help alleviate traffic congestion. However, impacts are not 
uniform; some commuters will save time, but others will not. 
Impacts on the transportation system are sufficiently small 
that they could easily be eroded by latent-demand-related 
travel shifts, whereas impacts on the individual may be sig-
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nificant. Shifting work schedules is just one possible strategy 
for traffic management, and this research suggests that it can 
result in a complex set of costs and benefits. 
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Evaluation of Employer-Sponsored 
Ridesharing Programs in Southern 
California 

ERIK T. FERGUSON 

On the basis of a survey of employer-sponsored ridesharing pro
gram in outhern alifornia, firm ize appears to be ihe most 
imporrant explanatory variable for program choice and effec
livenes . Larger firms were igni ficantly more likely 10 offer direct 
ridesharing incentives to employees and to report direct benefits 
to the mployer from ridesharing, and they were om what more 
likely to implement staggered work ·hi£ts a.nd compre ed work 
weeks but not flexible work hours. Significant economies of scale 
occur in providing personalized matching a sistance to employ
ees. The employees of larger firms were significantly more likely 
to rideshare, apart from other firm, program, and policy factors. 
These results strongly suggest that public policy on ridesharing, 
to produce less costly, more effective, and thus more efficient 
results, should focus on larger firm . Personalized matching assist
ance was highly effective in increasing the level of ridesharing, 
but direct ridesharing incentives were not. Alternative work 
schedules may hinder the formation of ridesharing arrangements, 
at least in some cases. The regional coordination of ridesharing 
promotional efforts may be necessary from a public policy per
spective, but it is not sufficient by itself, to ensure an efficient 
level of ridesharing. Employer-sponsored ridesharing programs 
may be the single most effective strategy to promote efficient 
levels of ridesharing on a regional basis. Most firms do not actively 
promote ri.deshacing on a voluntary basis, however. The partic
ipation of both the private and public sectors is necessary to main
tain regional mobility through transportation demand management 
strategies such as ridesharing. 

Although traffic congestion most often is experienced at the 
local level, traffic mitigation measures generally can be imple
mented efficiently only when coordinated at the regional level 
(1). Traffic congestion is an indication of spatial or temporal 
imbalance between transportation supply, measured as trans
portation system capacity, and demand, derived from prox
imate land uses and their associated economic activities (2). 
This disequilibrium condition can be addressed over the longer 
term only by coordinating transportation and land use plan
ning and investment decisions, a process that is typically 
successful only at the regional level (3,4). 

Ridesharing as a public policy tool was introduced during 
World War II to conserve rubber and other natural resources 
vital to the ongoing war effort (5) . Largely neglected after 
the war, ridesharing was revived as a conservation measure 
in the aftermath of the first Arab oil embargo in 1974. At 
least in theory, ridesharing may also be a useful transportation 
demand management technique aimed at mitigating traffic 
congestion at the local and regional levels. Whether ride-

College of Architecture , Georgia Institute of Technology, Atlanta, 
Ga. 30332-0155. 

sharing is suitable in modern urban and suburban environ
ments, and if so, under what conditions, is controversial, 
however (6). 

Regional ridesharing programs have not been particularly 
successful in increasing the level of ridesharing regionally (7, 
p. 1,8,9). The best-documented regional ridesharing programs 
have reduced regional vehicle miles of travel (VMT) directly 
or indirectly by 1 percent or Jess overall (8). This level of 
historical regional ridesharing program performance is insig
nificant compared with the average annual rate of growth in 
VMT (2 to 3 percent) in rapidly growing communities, which 
would be those most interested in ridesharing as a traffic 
mitigation measure. Occasionally, regional ridesharing efforts 
have had more significant results, as during the 1984 Summer 
Olympics, but those results were short lived, even during the 
2 weeks of the games (9). 

Employer-sponsored ridesharing programs, at least in some 
instances, have produced far more spectacular results. One 
comprehensive employee transportation demand manage
ment program, CH2MHill in Bellevue, Washington, reduced 
solo driving from 85 to 60 percent in just a few months. This 
program featured an on-site ridesharing coordinator, com
puterized carpool matching services, public transit subsidies , 
parking fees for solo drivers, and free parking for carpools 
and vanpools (10). A similar program sponsored by the Nuclear 
Regulatory Commission in north Bethesda, Maryland, reduced 
solo driving from 54 to 42 percent in a period of just 6 months 
(11). The Lawrence Livermore Laboratories in Livermore, 
California, with a program having more emphasis on ride
sharing services and less on parking management, reduced 
solo driving from 85 to 36 percent after 5 years (12). Driving 
alone at Lawrence Livermore Laboratories has reverted to 
about 51 percent, however, presumably because its new man
agement places Jess emphasis on ridesharing (10). Some 
observers argue that these isolated instances of success are 
insufficient to justify the expectations from and major com
mitments to transportation demand management (TDM) pro
grams currently underway in California and other high-growth 
areas (13). 

Why are employer-sponsored ridesharing programs more 
successful than regional ridesharing programs, at least occa
sionally? Because regional ridesharing programs alone appar
ently are not sufficient to produce significant results, are they 
necessary at all? These and other questions are considered in 
the context of a detailed analysis of the results of a 1985 survey 
of large firms in Southern California, all clients of Commuter 
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Transportation Services, Inc. (CTS), the regional ridesharing 
agency for Southern California, except Orange County. 

10 percent of the entire Southern California regional work 
force. More than 90 percent of the responding firms had at 
least 100 employees (14). 

DATA AND RESEARCH METHODOLOGY 

The influence of employer-sponsored ridesharing programs 
and alternative work schedules on employee mode choice was 
analyzed using a choice-based sample of Southern California 
firms. A mail survey of all CTS client headquarters worksites 
was conducted in early 1985. This sample plan controlled for 
external ridesharing assistance to each firm. At the time the sur
vey was taken, CTS pursued a completely undifferentiated mar
keting strategy in providing its basic computerized ridesharing 
matching services to clients. 

Variables developed from the survey and used in the anal
ysis are listed in Table 1. Endogenous variables include 
employee mode split, aggregated by firm, and the level of 
personalized matching assistance, types of direct ridesharing 
incentives, and alternative work schedules offered to employ
ees. Exogenous variables include firm size, industry type, and 
location. Program organization and management attitudes 
toward ridesharing are also considered. 

Employer location is identified at the regional level. Regional 
centers are defined on the basis of level of employment, a 
proxy for the average localized density of development. 
Downtown Los Angeles is the region's primary center, with 
more than 225,000 employees. Secondary centers include high
density inner suburban communities such as Glendale, Long 
Deach, Pasadena, Santa Monica, and the Wilshire corridor. 
Tertiary centers include all other areas of Los Angeles County. 
Areas outside Los Angeles County are treated separately. 
Site characteristics are identified on the basis of land tenure 

The sample included about 7 percent of all Southern Cal
ifornia's manufacturing firms and 5 percent of its service firms 
with at least 100 employees. The average size of sample firms 
was 862 employees. 

Of the 863 urveys mailed, 432 were returned. Responding 
firms had 372 206 employees among them, or just less than 

TABLE 1 VARIABLES USED IN THE ANALYSIS 

Variable Mean Definition 

BUS PRG 0.02 1 if buspool program offered, 0 else 
VAN"PRG 0.13 1 if vanpool program offered, 0 else 
CAR-PRG 0.12 1 if carpool program offered, 0 else 

LN PSH 4.13 In (total annual program staff hours) 
LNtIPE 0.67 LN PSH/LN EMP 
LNt>SD 7.00 In (iota l annualJrogram staff dollars) 
L~DPE 1.15 LN_PSD/LN_E P 

STG HRS 0.23 1 ii staggered work shifts offered, 0 else 
CMP-HRS 0.14 1 if comgressed work weeks offered, 0 else 
FLX 'HRS 0.27 1 if flexi le work hours offered, 0 else 
STG-HRSN 0.10 1 if staggered work shifts offered in the absence of 

0.13 
other work hours policies, 0 else 

STG HRSY 1 if stagftered work shifts offered in the presence of 
other po 1cies, 0 else 

LG DRV 1.64 logit rmployee drive alone mode split) 
LG-POL -2.05 logit employee ridesharing mode split) 
LGl'RN -3.62 logit employee public transit mode split) 

LN EMP 5.92 In (total number of on-site employees) 

PUB IND 0.18 1 if public aftency, 0 else 
SRV-IND 0.35 1 if service 1rm, 0 else 

PRI CEN 0.06 1 if primary center location, 0 else 
SEC-CEN 0.18 1 if seconda'li center location, 0 else 
NLA-CEN 0.16 1 if ourside s Angeles County, 0 else 

MLT OWN 0.09 1 if multiple tenant owner, O else 
MLrRNT 0.14 1 if multiple tenant renter, 0 else 
SNGllNT 0.17 1 if single tenant renter, 0 else 

LOW MAN 0.41 1 if lower/non-management, 0 else 
TCH"DPT 0.24 1 if techmcal department, 0 else 

REG ONL 0.72 1 if regulatory compliance reasons only, 0 else 
INT "CON 0.65 1 if internal program constraints reported, 0 else 
EXT"CON 0.57 1 if external program constraints reported, 0 else 

COM BEN 0.12 1 if community ridesharinlf, benefits reported, 0 else 
FRM'"BEN 0.16 1 if employer ridesharing enefits reported, 0 else 
EMP-SEN 0.19 1 if employee ridcsharing benefits reported, 0 else 



Ferguson 61 

and tenancy. Property owners generally have a larger stake 
in their location than renters, making them more sensitive to 
site-specific transportation problems. Multiple-tenant facili
ties are generally higher in density than single-tenant facilities 
and thus have higher land and parking costs, making them 
more likely candidates for employer ridesharing programs. 
Most other variable definitions are relatively straightforward 
or are addressed at appropriate places in the text. The analysis 
used a variety of techniques, including cross-tabulation for 
categorical variables, multiple regression analysis for impact 
analysis, and comparisons of elasticity measures for sensitivity 
analysis. 

uous measure, was identified as the annual number of staff
hours and dollars spent on staff time devoted to promoting 
ridesharing (16). 

EMPLOYER-SPONSORED RIDESHARING 
PROGRAMS 

Only 252 of the responding firms (58 percent) estimated 
the total annual number of staff hours spent on ridesharing, 
and 184 firms ( 43 percent) estimated the total annual dollar 
cost of such staff time . These firms spent an average of 339 
staff-hours at a total cost of $5,197 per year on the promotion 
of employee ridesharing. This amounted to an annual aver
age of 0.31 hr and $5.07 per employee. Clearly, employer
sponsored ridesharing programs in Southern California were 
not particularly expensive to administer. 

Personalized Matching Assistance 

The survey categorized employer-sponsored ridesharing pro
grams along two dimensions: program content and the level 
of resource commitment on an annual basis. Program content, 
a discrete measure, was identified according to types of ride
sharing incentives offered to employees; these included no 
direct incentives, carpool incentives, vanpool incentives, and 
buspool incentives (15). Resource commitment , a contin-

The provision of personalized matching services to employees 
was found to exhibit significant economies of scale in pro
duction and distribution. Staff hours increased by an average 
of only 57 percent and staff dollars by 68 percent with every 
100 percent increa e in the number of employees served (Table 
2). Thus, although total program costs increased with firm 
size, costs per employee declined. Larger firms were able to 
provide more services at the same cost per employee or the 

TABLE 2 PERSONALIZED MATCHING ASSISTANCE BY FIRM AND PROGRAM 
CHARACTERISTICS 

Independent 
Variables 

CONSTANT 

BUS PRG 
VAN-PRG 
CAR-PRG 

LN EMP 

PRI CEN 
SEC-CEN 
NLA-CEN 

MLT OWN 
MLT-RNT 
SNG-RNT 

LOW MAN 
TCH-DPT 

REG ONL 
INT CON 
EXT-CON 

EMP BEN 

Log likelihood 
N 

Dependent Variables 
LN PSH LN HPE LN PSD LN DPE - -

+0.30 (0.34) +0.70 (6.94) +2.79 (4.65) +l.64 (15.7) 

+l.30 (2.50) +0.17 (2.00) +0.65 (1.17) +0.14 (1.43) 
+0.65 (2.51) +0.10 (2.27) +0.66 (2.47) +0.09 (1.98) 
+0.17 (0.70) +0.04 (0.97) +0.26 (1.05) +0.05 (1.09) 

+0.57 (6.50) -0.02 (1.14) +0.68 (7.52) -0.08 (5.20) 

-0.39 (1.59) -0.06 (1.50) -0.56 (2.25) -0.06 (1.49) 
-0.20 (0.95) -0.04 (1.11) -0.41 (1.85) -0.~6 (1.67) 

+0.88 (2.26) +0.12 (1.90) +0.63 (1.65) +0.10 (1.43) 
-0.10 (0.44) -0.01 (0.34) -0.06 (0.26) -0.01 (0.25) 

+0.54 (2.30) +0.09 (2.16) +0.32 (1.38) +0.06 (1.36) 

+0.67 (2.03) +0.10 (1.80) +l.15 (3.29) +0.18 (3.01) 
+0.27 (1.08) +0.03 (0.76) +0.31 (1.18) +0.04 (0.82) 
-0.36 (1.48) -0.07 (1.61) -0.19 (0.72) -0.01 (0.32) 

-0.24 (1.41) -0.05 (1.63) -0.35 (1.98) -0.06 (2.04) 
+0.61 (2.94) +0.09 (2.66) +0.71 (3.21) +0.10 (2.49) 

-0.20 (1.07) -0.03 (1.09) -0.46 (2.38) -0.09 (2.56) 
+0.16 (0.80) +0.04 (1.17) +0.12 (0.57) +0.02 (0.66) 
+0.29 (1.46) +0.06 (1.70) +0.41 (2.06) +0.09 (2.48) 

-0.14 (0.73) -0.02 (0.53) -0.11 (0.57) -0.02 (0.53) 

-416.83 
252 

30.14 
252 

-281.17 
184 

40.13 
184 

NCYIBS: Based on tobit regression analysis. Predicted values for all dependent variables 
were constrained to equal or exceed 0 using maximum likelihood estimation 
procedures. t-scores are in parentheses. 
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same level of services at a lower cost than smaller firms could. 
Other factors influencing the provision of personalized match
ing assistance included the type of direct ridesharing incen
tives offered, industry type, firm location, ridesharing pro
gram management and organization, and managemem attitudes 
toward ridesharing (Table 2). 

Direct Ridesharing Incentives 

Only 27 percent of the responding firms offered direct ride
sharing incentives to employees. This was perhaps not too 
surprising, because fully 72 percent of responding firms listed 
compliance with regional air quality regulations as their sole 
reason for developing a ridesharing program in the first place 
(Table 1). Larger firms were ignificanrly more likely than 
smaller firms to offer direct ddesharing incentive to employ-

(Ta le ) . Io fact, the largest firms (2 000 or more employ
ees) were almost 10 time as likely as the smallest firms (fewer 
than 250 employees) to offer direct ridesharing incentives. 
The likelihood of offering carpool incentives did not increase 
much for firms with more than 250 employees, but the like
lihood of offering vanpool incentives increased rapidly with 
firm size for all categories. Only firms with 1,000 or more 
employees offered buspool incentives. Clearly, the level of 
direct ride haring incentives offered to employees was strongly 
influenced by firm ize, presumably because of economies of 
scale in the provision of ridesharing services. 
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Reported Benefits from Ridesharing 

Ridesharing benefit may accrue to employees, employers, 
and th community (75). Employee ride haring benefits include 
lower commuting costs, reduced wear and tear on commute 
vehicles, and less commuting stress. Employer ridesharing 
benefits include reduced employee parking requirement ·, les 
employee tardiness and absenteeism, improved employee 
morale and productivity, and enhanced employee recruitment 
and retention. Community ridesharing benefits include reduced 
air pollution, energy c n umption, and traffic congestion. 

Only 38 percent of the ·urveyed firms reported any benefits 
from ridesharing. Among tJ1e e, 19 percent cited employee 
benefits; 16 percent, employer benefit ; and 12 percent com
munity benefits. Larger firms were significantly more likely 
than smaller firms to report direct employer benefits from 
ridesharing, but not employee r community benefits (Table 
4). Em pl y r ride 1 aring be11efit . houkl increa e ·ystemat
ically with firm size if ignificant economi of cale are real
ized in the provision of ridesharing services to employees. 
Employee and community benefits, which are external to the 
firm, would not necessarily be related to firm size. 

Both employer and community benefits from ridesharing 
increased . ignificantly with the level f direct ride. baring 
incentive employer offered alth ugh ernpl.oyee ridesharing 
benefits did not (Table 5). The meaning of this rr.lation. hip 
is not entirely clear but may have something to do with general 
management and labor relations. If employees benefit from 

TABLE 3 DIRECT RIDESHARING INCENTIVES OFFERED, BY FIRM SIZE 

Direct Ridesharing Incentives Offered 

Firm No Carpool Vanpool Buspool Total 
Size Incentives Incentives Incentives Incentives Firms 

<250 154 7 6 0 167 
employees (92%) (4%) (4%) (0%) (39%) 

250-499 82 17 14 0 113 
employees (73%) (15%) (12%) (0%) (26%) 

500-999 47 13 12 0 72 
employees (65%) (18%) (17%) (0%) (17%) 

1,000-1,999 24 7 9 2 42 
employees (57%) (17%) (21%) (5%) (10%) 

2,000+ 10 7 14 7 38 
employees (26%) (18%) (37%) (18%) (9%) 

Total 317 51 55 9 432 
Firms (73%) (12%) (13%) (2%) (100%) 

Chi- 81.55 15.69 36.31 58.69 
square1 

Degrees 4 4 4 4 
of freedom 

Level of 0.001 0.01 0.001 0.001 
significance 

1 Chi-square calculated for each column treated separately as the dependent 
variable. 
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TABLE 4 RIDESHARING BENEFITS REPORTED BY FIRM SIZE 

Ridesharing Benefits Reported 1 

Firm Employee Employer Community Any Total 
Size Benefits Benefits Benefits Benefits2 Firms3 

<250 22 18 15 47 167 
employees (13%) (11%) (9%) (28%) (39%) 

250-499 26 15 17 46 113 
employees (23%) (13%) (15%) (41%) (26%) 

500-999 14 8 6 26 72 
employees (19%) (11%) (8%) (36%) (17%) 

1,000-1,999 9 13 7 22 42 
employees (21%) (31%) (16%) (52%) (10%) 

2,000+ 9 17 7 25 38 
employees (24%) (45%) (18%) (66%) (9%) 

Total 80 71 52 166 432 
Firms (19%) (16%) (12%) (38%) (100%) 

Chi- 5.62 34.81 5.68 23.36 
square4 

Degrees 4 4 4 4 
of freedom 

Level of 0.30 0.001 0.30 0.001 
significance 

1 Multiple response possible. 
2 Employee, employer, or community benefits from ridesharing reported. 
3 Rows do not add to 100% because some firms reported no benefits from 

rides haring. 
4 Chi-square calculated for each column treated separately as the dependent 

variable. 

ridesharing, then program participation might be expected 
to increase, perhaps engendering additional program costs to 
the firm. 

Indirect Measures: Alternative Work Schedules 

Alternative work schedules include staggered work shifts, 
flexible work hours, and compressed workweeks. Staggered 
work shifts, through appropriate scheduling by the employer, 
thin out employee peak-period travel at a single location by 
separating the arrival and departure times for each major 
shift's employees. Staggered work shifts are applied most often 
at large installations, such as military bases, hospitals, univer
sities, and major manufacturing employment centers. Flexible 
work hours have a similar effect, but employees are allowed 
to choose start and end times to suit their own convenience, 
within specific employer guidelines. The potential result is 
congestion relief along major travel corridors leading to the 
employment site. Compressed workweeks increase the num
ber of hours worked per day and decrease the number of days 
worked each week. The direct result is an absolute reduction 
in the total number of trips made and a shift in work arrival 
and departure times away from at least one daily peak-travel 

period. The overall result may be a reduction in total regional 
VMT and in peak-period traffic congestion. 

Of the responding firms, 43 percent offered alternative work 
schedules of one type or another (Table 6) . Twenty-seven 
percent allowed flexible work hours, 22 percent staggered 
work shifts, and 14 percent compressed their workweek. Larger 
firms were more likely to offer staggered shifts and com
pressed work weeks, but the firm size difference was only 
slight for flexible work hours. The expectation had been that 
larger firms could more easily accommodate individual flex
ible work hours and still have adequate office coverage during 
normal business hours than could smaller firms. These results 
suggest that flexible work hours may have somewhat wider 
applicability as a TDM strategy than previously thought, at 
least for firms with 100 or more employees. 

The relationship between the level of direct ridesharing 
incentives offered and alternative work schedules was not 
significant, with the weak exception of staggered work shifts 
(Table 7). The choice of program type was almost com
pletely independent. Staggered work shifts and compressed 
workweeks were both moderately related to the level of 
ridesharing benefits reported, however (Table 8). More 
specifically, firms reporting direct employer ridesharing 
benefits were more likely to offer all types of alternative 
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TABLE 5 RIDESHARING BENEFITS REPORTED BY DIRECT RIDESHARING 
INCENTIVES OFFERED 

Direct Ridesharing Benefits Reported 1 

Ridesharing 
Incentives Employee Employer Community Any Total 
Offered Benefits Benefits Benefits Benefits2 Firms3 

No 57 31 29 97 317 
Incentives (18%) (10%) (9%) (31%) (73%) 

Carpool 10 13 4 25 51 
Incentives (20%) (25%) (8%) (49%) (12%) 

Vanpool 12 21 14 37 55 
Incentives (22%) (38%) (26%) (67%) (13%) 

Buspool 1 6 5 7 9 
Incentives (11%) (67%) (56%) (78%) (2%) 

Total 80 71 52 166 432 
Firms (19%) (16%) (12%) (38%) (100%) 

Chi- 0.82 48.74 28.80 35.86 
square4 

Degrees 3 3 3 3 
of freedom 

Level of 0.95 0.001 0.001 0.001 
significance 

1 Multiple response possible. 
2 Emp.loyee, employer, or community benefits from ridesharing reported. 
3 Rows do not add to 100% because some firms reported no benefits from 

ridesharing. 
4 Chi-square calculated for each column treated separately as the dependent 

variable. 

work schedules, significantly so in the case of staggered 
shifts and compressed workweeks. 

Parking Management 

Parking pricing and supply clearly are critical factors influ
encing employee mode choice (17). Parking management was 
not considered explicitly in this ana lysis, however. Virtually 
all of the re ponding firms (98 percent) offered free or sub
sidized parking to some or all of their employees. Of those 
few firms that did use parking pricing or supply control mech
anisms, many charged relatively little for employee parking, 
and most (81 percent) did not have adequate records on which 
to base accurate parking cost estimates. Tims, for most surveyed 
firm , parking management consisted of providing free park
ing to all employees. Carpool and vanpool preferen tial park
ing space were identified in the analysis a direct ride haring 
incentives. 

EMPLOYEE MODE CHOICE 

The true test of the effecliveness of employer-spon ored ride
sharing program should be in term f their effects on employee 
mode choices (18). Unfortunately, data on disaggregate dis
crete employee mode choices are not available from the sur-

vey. Each firm, however, was asked to estimate aggregate 
employee mode split, including the pen;enlage of employees 
commuting to work by driving alone, carpooling, vanpooling , 
buspooling, taking public transit, or using other mode of 
travel such as bicycling and walking. Overall, 291 of the 
responding firms (67 percent) supplied such an estimate. On 
average, 75 percent of their employees drove alone, 16 per
cent carpooled or vanpooled, 5 percent took public transit, 
and 4 percent used other modes of travel for their daily 
commute. 

A comparison of employer policy measures, such as ride
sharing programs, directly with employee mode choices, con
trolling simultaneously for the complex social, economic, pol
icy, and environmental factors influencing these daily decisions 
is not possible given the limitations of the CTS data. A second
best alternative is to treat employee mode split, aggregated 
by firm, as a proxy for the sum of individual employee mode 
choices at each firm . This aggregate employee mode split 
variable (or variables) can be analyzed using the weighted 
least squares regression technique proposed by Theil (19) . 
Dependent variables analyzed here include the drive alone, 
ridesharing (carpool and vanpool), and public transit mode 
splits for each firm, transformed into log-likelihood ratios, or 
logits , as follows: 

1 
. p 

og1t = In 
1 

_ p (1) 
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TABLE 6 ALTERNATIVE WORK SCHEDULES POLICIES BY FIRM SIZE 

Alternative Work Schedules Policies 1 

Firm 
Size 

Staggered Flexible Compressed Any 
Work Shifts Work Hours Work Weeks Policies2 

Total 
Firms3 

<250 
employees 

250-499 
employees 

500-999 
employees 

1,000-1,999 
employees 

2,000+ 
employees 

Total 
Firms 

Chi
square 4 

Degrees 
of freedom 

Level of 
significance 

31 
(19%) 

19 
(17%) 

19 
(26%) 

16 
(38%) 

13 
(34%) 

98 
(23%) 

12.97 

4 

0.05 

1 Multiple response possible. 

43 
(26%) 

29 
(26%) 

18 
(25%) 

12 
(29%) 

14 
(37%) 

116 
(27%) 

2.30 

4 

0.70 

17 
(10%) 

14 
(12%) 

8 
(11%) 

12 
(29%) 

8 
(21%) 

59 
(14%) 

11.95 

4 

0.05 

69 
(41%) 

43 
(38%) 

29 
(40%) 

25 
(60%) 

19 
(50%) 

185 
(43%) 

6.98 

4 

0.20 

167 
(39%) 

113 
(26%) 

72 
(17%) 

42 
(10%) 

38 
(9%) 

432 
(100%) 

2 Staggered work shifts, flexible work hours, or compressed work weeks policies 
reported. 

3 Rows do not add to 100% because some firms reported no alternative work 
schedules policies. 

4 Chi-square calculated for each column treated separately as the dependent 
variable. 

where Pis equal to the percentage of a firm's employees using 
a particular mode of travel. Weights are applied to the left
and right-hand sides of each equation in summing error terms, 
to control for differences in sample size and in the likelihood 
that employees will choose a particular mode . The results are 
shown in Table 9. 

Controlling for a variety of other firm, program, and policy 
factors, firm size still was associated with a significant increase 
in employee ridesharing, which occurred about equally at the 
expense of driving alone and public transit use. Firm size may 
be related indirectly to spatial interactions that are external 
to the firm. For example, firms may be so large that they 
directly create development density by virtue of their location 
decisions. This would apply principally in underdeveloped or 
low-density areas. A stronger hypothesis is that large firms 
are more likely to prefer high-density locations than are small 
firms. This is an agglomeration or external economies argu
ment. Large firms may also use space more efficiently than 
smaller firms, creating the effect of high-density development. 
This is an internal economies argument. In any case, the 
employees of large firms were significantly more likely to 
rideshare than the employees of small firms in this analysis. 

Personalized matching assistance was associated with a sig
nificant increase in the level of ridesharing at individual firms. 

This supports the notion that the ridesharing coordinator plays 
a pivotal role in determining the success of employer trans
portation programs (16). By contrast, direct incentives were 
not associated with significant increases in ridesharing. The 
use of such incentives as preferential carpool and vanpool 
parking to encourage ridesharing, at least in the absence of 
parking pricing and supply control measures (20,21), is brought 
into question by these results . 

Alternative work schedules were associated with increases, 
decreases, or no change in the level of ridesharing in this 
analysis, depending on the combination of alternative work 
schedules offered to employees. Compressed workweeks and 
flexible work hours were associated with increases in driving 
alone and decreases in ridesharing and public transit use. 
Staggered shifts in the presence of compressed work weeks 
or flexible work hours had the opposite effect-increases in 
ridesharing and public transit use and decreases in driving 
alone. Staggered shifts in the absence of compressed work
weeks and flexible work hours were not significantly related 
to the employee mode choice. Alternative work schedules 
that employees may choose but then must adhere to appar
ently increase ridesharing by making potential carpool part
ners more dependable and predictable, useful characteristics 
when one is expected to arrive at work on time. Alternative 
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TABLE 7 ALTERNATIVE WORK SCHEDULES POLICIES BY DIRECT 
RIDESHARING INCENTIVES OFFERED 

Direct 
Ridesharing 
Incentives 
Offered 

Alternative Work Schedules Policies 1 

Staggered Flexjble Compressed Any 
Work Shifts Wor.k Hours Work Weeks Policies2 

Total 
Firms3 

No 
Incentives 

Carpool 
Incentives 

Vanpool 
Incentives 

Buspool 
Iuceulivi;:s 

Total 
Firms 

Chi
square4 

Degrees 
of freedom 

Level of 
significance 

61 
(19%) 

15 
(29%) 

20 
(36%) 

2 
(22%) 

98 
(23%) 

9.33 

3 

0.05 

1 Multiple response possible. 

84 
(26%) 

10 
(20%) 

19 
(35%) 

3 
(33%) 

116 
(27%) 

3.23 

3 

0.50 

39 
(12%) 

9 
(18%) 

10 
(18%) 

1 
(11%) 

59 
(14%) 

2.19 

3 

0.70 

129 
(41%) 

21 
(41%) 

30 
(55%) 

5 
(56%) 

185 
(43%) 

4.33 

3 

0.30 

317 
(73%) 

51 
(12%) 

55 
(13%) 

9 
(2%) 

432 
(100%) 

2 Staggered work shifts, flexible work hours, or compressed work weeks policies 
reported. 

3 Rows do not add to 100% because some firms reported no alternative work 
schedules policies. 

4 Chi-square calculated for each column treated separately as the dependent 
variable. 

work schedules that are too flexible may discourage ride
sharing by allowing daily travel decisions to vary sufficiently 
to reduce dependability (22,23). Compressed workweeks had 
a very negative impact on public transit use. This may have 
been related to the span and frequency of public transit service 
in Southern California. The longer work days associated with 
compressed workweeks might make public transit use outside 
normal peak travel periods too inconvenient. Ridesharing is 
less dependent than public transit on external agents for ser
vice delivery and would be less negatively affected by the time 
of day the commute is made. 

Service firms and public agencies showed higher levels of 
public transit use than did manufacturing firms. This differ
ence may be related to patterns of industrial location and the 
availability of public transit service. Public agencies showed 
a lower level of ridesharing than did private firms. Public 
agencies often are tied to particular locations, are more likely 
to own land, and are less likely to perceive land ownership 
as an opportunity cost. The availability of more abundant 
land for parking may account for the higher propensity of 
public employees to drive alone (24). 

Levels of transit use were much higher among employees 
of primary and secondary center firms than among those less 
centrally located. This was undoubtedly related to the supply 
of transit service. Firms located outside Los Angeles County 

showed less transit use but more ridesharing, providing some 
evidence that ridesharing may substitute for transit use in 
certain situations. 

Site characteristics were only marginally related to employee 
mocle r.hoke Employees of multiple-tenant owners were slightly 
more likely than other employees to drive alone . This may 
have occurred in response to public policy on parking. Federal 
regulations allow employee free parking as a nontaxable ben
efit. This policy may increase the supply of, and especially 
the demand for, employee parking spaces. Multiple-tenant 
owners may have insufficient parking because of dense devel
opment, and they may wish to retain as much as possible of 
this limited supply of parking for their employees to internalize 
the available tax breaks. 

Overall, personalized matching assistance appears to have 
been effective in increasing the level of employee ridesharing 
at Southern California firms, while direct ridesharing incentives 
were not. 

RIDESHARING PROGRAM 
COST-EFFECTIVENESS 

Although a direct comparison of the costs and benefits of 
ridesharing would be useful, most employers have difficulty 
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TABLE 8 ALTERNATIVE WORK SCHEDULES POLICIES BY RIDESHARING 
BENEFITS REPORTED 

Ridesharing 
Benefits 
Reported 

No 
Benefits 

Employee 
Benefits 

Employer 
Benefits 

Community 
Benefits 

Total 
Firms 

Chi
square4 

Degrees 
of freedom 

Level of 
significance 

Alternative Work Schedules Policies 1 

Staggered Flex.ible Compressed Any 
Work Shifts Work Hours Work Weeks Policies2 

50 
(19%) 

17 
(29%) 

20 
(36%) 

11 
(21%) 

98 
(23%) 

9.23 

3 

0.05 

68 
(26%) 

17 
(29%) 

18 
(32%) 

13 
(25%) 

116 
(27%) 

1.29 

3 

0.80 

25 
(9%) 

11 
(19%) 

15 
(27%) 

8 
(15%) 

59 
(14%) 

13.79 

3 

O.Ql 

105 
(39%) 

27 
(47%) 

30 
(54%) 

23 
(44%) 

185 
(43%) 

4.23 

3 

0.30 

1 Multiple response possible. 

Total 
Firms3 

266 
(62%) 

58 
(13%) 

56 
(13%) 

52 
(12%) 

432 
(100%) 

2 Staggered work shifts, flexible work hours, or compressed work weeks policies 
reported. 

3 Rows do not add to 100% because some firms reported no alternative work 
schedules policies. 

4 Chi-square calculated for each column treated separately as the dependent 
variable. 
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estimating ridesharing benefits, at least in dollar terms (25). 
Many believe the benefits of ridesharing clearly outweigh the 
costs ~26). In place of cost-benefit analysis, transportation 
system effectiveness analysis can be used if benefits are dif
ficult or impossible to ascertain (27). The equation shown in 
Tables 2 and 9 can be used to evaluate the cost-effectiveness 
of typical employer-sponsored ridesharing programs in South
ern California by comparing ridesharing program staff expen
ditures with the percentage of employees shifting from one 
mode of travel to another. Typical ridesharing program staff 
expenditures can be estimated for firms of different sizes using 
the Table 2 equations. The average relationship of such ex
penditures to employee mode choice can be estimated using 
the Table 9 equations. 

tions only (72 percent) , and reported ignificant constraints 
011 program expansion, both inte rnally , uch a lack of man
agement intere t (65 perc nt) , and externally uch a lack of 
employee interest (57 percent). 

Only typical firm and program characteristics- those most 
often found in the survey itself-are used. The typical sur
veyed firm wa engaged in private manufacturing (47 per
cent), offered no direct ridesharing incentives to employee 
(73 percent) , reported no benefi ts from ridesharing (62 per
cent), had no alternative work schedule (57 percent), ffered 
free or subsidized parking to some or all employees (98 per
cent) , was located in a tertiary employment center of Lo 
Angeles ounty (60 percent), owned the ite ir occupied and 
occupied l'h site exclu ively (60 percent) developed its ride-
haring program to comply with regional air quality regula-

The variable definitions used in this analysis allow dramatic 
implification of the equations shown in Tables 2 and 9. 

Specifically, the following equations can now be used: 

LN_PSD = 2.86 + 0.68 * LN EMP 

LG_DRV = 2.91 - 0.12 * LN_EMP 

- 0.73 * LN_DPE 

LG_ POL = -3.65 + 0.17 * LN EMP 

+ 0.96 * LN_DPE 

LG_ TRN = -3.11 - 0.09 * LN EMP 

+ 0.02 * LN_DPE 

(2) 

(3) 

(4) 

(5) 

In order to illustrate the complex effects of firm size on 
employer-sponsored ridesharing program costs and cost
effectiveness, firms with 100, 1,000, and 10,000 on-site 
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TABLE 9 EMPLOYEE MODE CHOICE BY FIRM AND PROGRAM 
CHARACTERISTICS 

Independent Dependent Variables 
Variables LOG DRV LOG POL LOG TRN 

CONSTANT +2.91 (3.67) -3.65 ( 4.39) -3.11 (3.26) 

BUS PRG -0.32 (0.93) +0.19 (0.56) + 0.23 (0.46) 
VAN- PRG -0.09 (0.45) + 0.22 (1.02) -0.33 ( 1.28) 
CAR-PRG +0.Q2 (0.13) + 0.05 (0.29) -0.?.9 (1.16) 

LN DPE -0. 73 ( 1.84) +0.96 (2.31) + 0.02 (0.04) 

CMP HRS + 0.52 (2.27) -0.35 (1.47) -O:ti8 (2.39) 
FLX HRS + 0.39 (1.91) -0.32 (1.54) -0.39 ( 1.54) 
STG- HRSN -0.14 (0.56) +0.15 (0.57) + 0.01 (0.03) 
STG-HRSY -0.50 (2.13) + 0.54 (2.21) + 0.36 (1.23) 

LN EMP -0.12 (1.56) + 0.17 (2.05) -0.09 (0.87) 

PUB IND + 0.29 (1.36) -0.52 (2.39) + 0.65 (2.35) 
SRV- IND -0.25 ( 1.20) -0.13 (0.59) + 1.36 (5.05) 

PRI CEN -0.62 (2.23) -0.16 (0.53) + 1.65 (5.30) 
SEC- CEN -0.22 (0.93) -0.11 (0.44) +0.91 (3.25) 
NLA-CEN -0.26 (1.45) + 0.38 (2.08) -0.77 (2.89) 

MLT OWN + 0.32 (1.25) -0.39 ( 1.44) -0.12 (0.40) 
MLT-RNT -0.20 (0.86) +0.19 (0.78) -0.08 (0.28) 
SNG-RNT -0.04 (0. 16) -0.02 (0.07) +OA7 (l/1~) 

R-Squared Adj. 0.05 -0.11 0.31 
N 136 136 136 

Noms: Based on weighted least squares regression analysis. t-scores are in parentheses. 

employees were evaluated . More than 90 percent of the sur
veyed firms had 100 or more employees, while all but three 
firms had fewer than 10,000 employees. These three size classes 
of firms thus illustrate the full range of economies of scale 
within the normal distribution of Southern California firms 
with ridesharing programs. The results are shown in Table 10. 

Total ridesharing program costs to employers increased sys
tematically with firm size, while costs per employee declined. 
The average level of effort of most firms was limited. For 
~xample a firm with 1,000 employees typically spent a total 
of $1,785, or $1.79 per employee, on per onalized matching 
assistance. 

The average mode split for a firm with 1,000 employees 
and no personalized matching assistance was approximately 
89 percent drive alone, 8 percent ridesharing, and 2 percent 
public transit use. Public transit use varies little with firm size. 
A firm with 10,000 employees would be expected to have 
more than twice the level of ridesharing as a firm with 100 
employees, assuming no personalized matching assistance is 
provided and holding all else equal. 

The average mode split for a firm with 1,000 employees 
that provides a typical level of personalized matching assist
ance was 78 percent drive alone, 19 percent ridesharing, and 
2 percent public transit use. Once again, public transit use 
was little affected by the level of personalized matching assist
ance provided. The decrease in the percentage that drive 
alone produced by typical levels of personalized matching 
assistance was virtually identical across all firm size classes, 
varying only from 10.48 percent to 11.07 percent. 

The absolute number of employees shifted out of driving 
alone by typical levels of per onalized matcbing assi tance 
was almost directly proportional to the size of the firm. That 
is, larger firms did not generate greater proportional shifts in 
m de splil than smaller firms through typical level of employer 
ridesharing program investment. Cost-effectiveness did improv 
with firm ize, however, becau e per-employee ridcsbaring 
program costs decreased significantly with firm size. The cost 
per person diverted from driving alone to ridesharing was 
reasonable for all firm size cla · es, varying from as low as 
$7 .72 per employee of large firm to $33 .91 per employee of 
small firms (Table 10). 

THE LIMITS OF EMPLOYER RIDESHARING 
PROGRAMS 

These results on the overall cost-effectiveness of employer 
ridesharing programs are subject to two major limitations. 
First, the findings technically are valid primarily for within
group or within-range predictions only. Because most employer 
ridesharing programs in Southern California are fairly limited 
in scope at this time, extrapolating from these results to a 
futu1t: i11 which much more ridesharing promotion is being 
accomplished can be problematic. Second, the nature of the 
equations used suggests that costs per person placed into 
ridesharing increase continuously with the level of program 
effort. Personalized matching assistance helps to reduce trans
action and information costs associated with the formation of 
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TABLE 10 EMPLOYER RIDESHARING PROGRAM COST-EFFECTIVENESS FOR A 
TYPICAL SOUTHERN CALIFORNIA FIRM' 

Firm size (number of employees) 100 

Ridesharing program staff expenditures2 

Per firm $373 
Per employee $3.73 

1,000 

$1,785 
$1.79 

Mode split without personalized matching assistance provided3 

Drive alone 91.38 88.94 
Ridesharing 5.35 7.75 
Public transit -2..fil ~ 
Totals 99.60 99.04 

Mode split with personalized matching assistance provided3 

Drive alone 80.67 78.46 
Ridesharing 16.30 19.11 
Public transit 2.96 ~ 
Totals 99.93 99.97 

Shift in mode split with personalized matching assistance provided4 

Drive alone - 10.61 - 10.48 
Ridesharing + 10.95 + 11.36 
Public transit + 0.07 + 0.05 

10,000 

$8,544 
$0.85 

85.81 
11.15 
1.91 

98.87 

74.74 
24.23 
~ 
100.92 

- 11.07 
+ 13.08 
+0.04 

Number of employees shifted with personalized matching assistance provided4 

Drive alone - 11 - 105 - 1, 107 
Ridesharing + 11 + 114 + 1,308 
Public transit 0 + 1 +4 

Cost effectiveness with personalized matching assistance provided ($/person placed 
out of driving alone) $33.91 $17.00 $7.72 

1 The typical surveyed firm offered no direct ridesharing incentives (73%) or 
alternative work schedules (57%) to employees, reported no benefits from 
ridesharing (62%), was engaged in private manufacturing (47%), was located in 
a tertiary center of Los Angeles County (60%), and owned the site it occupied, 
which it occupied exclusively (60%). 

2 From Equation 2. 
3 From Equations 3, 4, and 5. Percentages may not sum exactly to 100%, due to 

random as well as systematic errors in the parametric estimation of equations. As 
long as reasonable (e.g., nom1al) assumptions are made concerning the hypothetical 
attributes of firms and programs, systematic errors will remain slight. 

4 These numbers may not sum exactly to zero. See note 3. 

ridesharing arrangements but does not alter the relative price 
advantages of different modes of travel (28) . Thus, person
alized matching assistance, by itself, should have a dramatic 
initial impact , which tapers off with increases in effort beyond 
a certain point. The question is , How much personalized 
matching assistance is enough, or, conversely , How much 
personalized matching assistance is too much? 

where 

P = percentage of a firm's employees who drive alone 
before program implementation; 

P' = percentage of a firm's employees who drive alone 
after program implementation; 

E = firm size, measured as the number of employees 
working on-site ; 

The following equations were used to evaluate this problem: 

e2.91 - 0.12•ln(£) 

p = ----~--1 + e2 9 ! - 0 .12•ln(£) 
(6) 

e2,91 - 0 12•ln(£) - 0.73•ln($)/ln(£) 

P' = ---- -------1 + e2.91 -0.12•ln(£) - 0.73•1n($)/ln(£) 
(7) 

and 

c = $ 
E • (P - P'} 

(8) 

$ = total annual dollar cost of staff time spent on pro
viding ridesharing services; and 

C = index of cost-effectiveness, measured as dollars per 
person shifting from driving alone . 

Equation 8 can be rewritten as 

P' = (9) 

E quations 7 and 9, when set equal produce an bjective 
function for determining the minimum percentage of a Cirm 's 
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employees driving alone after an employer has started a ride
sharing program, given firm size and a maximum acceptable 
value (or limit) for program cost-effectiveness. Thus: 

e2 .91-0 12•1n(E)- 0.73•1n($)iln(E) c * E * p * - $ 
1 + ez 91 - o . 12·1n<EJ -o.13·1n($)11n(£) - c • E = 0 (10) 

If Eis given, Pis determined (Equation 6), and C and$ 
can be obtained through the iterative solution of Equation 
10. Equation lO is fundamentally nonlinear and cannot be 
solved algebraically, except for arbjtrarily large or arbitrarily 
small values of$, which are not relevant here. Once P and$ 
are known , C and P' can bee timated , and lhe percentage 
of a firm's employees shifted out of driving alone (P - P') 
may be found. Tbjs system of equations can be olved iter
atively for various levels of cost-effectiveness using a simple 
spreadsheet formulation to avoid the tedium of repetitious 
calculations. 

The maximum potential of personalized matching assist
ance to influence employee mode choice in Southern Cali
fornia, in the absence of parking management strategies or 
direct ridesharing incentives and on the basis of the iterative 
solution of Equation 10, is shown in Figure 1. Each curve 
represent the maximum shift in the percentage of employees 
driving al ne that can be obtained, probabilistically, for a 
~iven level of co t-effectivene . Co t-effecliveness is mea
sured here in dollars spent per person placed out of driving 
alone for firms of four different size classifications, ranging 
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from 100 to 100,000 employee . Few if any individual employ
ers have 100 000 mployees at a single work . ite, but many 
urban and uburban employment a tivity centers , some of 
which have formed transportation management organizations 
to conduct ridesharing and related programs , approach or 
exceed this figure. As Figure 2 shows, personalized matching 
assistance has a clear but ultimat ly limited ability to shift 
employee · away from driving alone and into ride. haring. Larger 
firms typically hift more employees into ridesharing for a 
given level of co t-effectivene . At very low levels of cost
effectiveness (higher costs per person placed), these econo
mies of scale tend to disappear. Wilhin the typical range of 
co t · f und among current employer ridesharing pr grams, 
however, the provision of personalized matching a si tance 
clearly has econ mie of cale. 

Depending on the actual marginal social benefit to be derived 
from rid haring, the acceptable cost per per on placed out 
of driving alon a a r ull f personalized matching a sistan.ce 
ha limits. Mo t employee parking space · co t $1,000 or less 
per employee per year. Thus, parking pricing or other TDM 
trategie may be more efficient than personalized matching 

assistance, at least beyond a certain level of effort. This find
ing strongly supports the idea that combinations of TDM 
strategies, rather than individual strategie implemented in 
isolation, may have th greatest effect on employee mode 
choice at tbe !owe t co t . In the great majority nf r-11 . Po", 
personalized matching assistance certainly should be one of 
those elements. 
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FIGURE 1 Employees driving alone after program implementation. 
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FIGURE 2 The effect of personalized matching assistance on employee mode choice. 

CONCLUSIONS 

The analysis presented here is increasingly relevant as urban 
areas develop along the lines of generalized dispersion with 
polycentric concentration of employment and other activities, 
which is characteristic of Southern California (29,30). Several 
points of interest to transportation researchers and public 
policy analysts are evident. Employer-sponsored ridesharing 
programs are limited to a large extent by both urban form 
and pricing constraints. Public policy based on such programs 
can have a significant impact on employee mode choice, how
ever, if efforts center on appropriately identified markets and 
well-focused implementation strategies. The marginal costs 
of these programs tend to be small, while the marginal benefits 
appear to be great. Differences among employers must be 
taken carefully into account in designing employee ride
sharing programs that are successful and cost-effective. The 
importance of firm size cannot be overstated in this regard. 
Ridesharing programs, with the economies of scale enjoyed 
by individual large firms, could be designed to serve groups 
of firms in large urban and suburban employment centers. 
Transportation management organizations may have the 
greatest potential of all because of their potential size and 
other institutional advantages (31). Evaluation results are still 
pending for many transportation management organizations, 
but this analysis appears to confirm the theoretical justification 
for their existence. 

Regulatory efforts at the local and regional levels may be 
useful in inducing individual firms to participate in employee 
ridesharing programs (32). The tacit recognition of employee 
and community benefits may be achieved at a higher level 

through regulatory efforts that seek to internalize some of 
these program costs within a market framework. Clearly, a 
market for employee ridesharing programs already exists in 
Southern California, at least in limited form. Regulatory efforts 
geared toward expanding and improving on these existing 
market interactions probably will be more effective or effi
cient than those that are not (33). Regional ridesharing agen
cies might well concentrate less on the direct delivery of ride
sharing services to commuters and more on brokering higher 
level institutional services to employers, developers, and local 
public agencies. 

Personalized matching assistance is effective because it meets 
the needs of commuters. Direct ridesharing incentives, such 
as preferential parking for vanpools and carpools, are not 
effective, at least not in situations where free parking for all 
employees is the rule rather than the exception. Alternative 
work schedules may help or hinder the formation of ride
sharing arrangements, depending on the form such programs 
take. These results strongly suggest that transportation demand 
management cannot be carried out piecemeal and achieve its 
full potential. Only those programs that are coordinated, both 
internally and externally, will yield significant results over the 
long term. 

ACKNOWLEDGMENTS 

This research was funded through grants from the State of 
California Department of Transportation; the U.S. Depart
ment of Transportation, FHWA; and the U.S. Department 
of Energy, Office of Transportation Systems in the Office of 



72 

Conservation and Renewable Energy, under subcontract to 
Martin Marietta Energy System · and the Oak Ridge National 
Laboratory. The author would like lo thank Professor Martin 
Wachs of the University of California at Los Angeles and 
Professor Peter Gordon of the University of Southern Cali
fornia for their considerable inspiration and support. A num
ber of anonymous reviewers provided helpful suggestions in 
the preparation of this paper. 

REFERENCES 

1. R . crvcro. Uni eking uburban Gridlock. Jm1mal of the Amer
ican Planning Association. VoL 52, 19 , pp. 398-406. 

2. P. Gordon, A. Kumar, and H . W. Richard on. ng stion 
and City Size. Pre ented at the JOth Pacific Regional Science 

onfercnce, Pusan Korea. July 1987. 
3. E . Deakin. Land Use and Transportation in Re ponsc to Cong s

linn Problem, : Revlc and ritique . Presented at the 29!h 
Annual Conference or the Associmion o( ollcgiatc chool of 
Planning, Lo. Angeles, alif., Nov. l9 7. 

4. Pro101ype Tr<msportalio11!Lmul Use Ordinance and Repon. 
Southern California Association of Governments, Los Angele, , 
Calif., 1985. 

5. Special Repon 193: Ridesliari11g Need· mrd Req11iren1ents: The 
Role of 1he Priva1e and Public Sectors. TRB, National Research 
CouDcil, Wi1shington , D. ., 1981. 

6. . K. Orski . an We Manage Our Way Out of Traffic Conges
tion? Tra11sport11tiorr Quarterly VoL 41 , 1987 , pp. 457-476. 

7. Limited Success Shown in Ridcsharing. Urban Tra11sport111ioJ1 
Monitor, Vol. 2 No. IS, 1988, pp. 1- 9. 

8. N. Oppenheim. arpool.ing: Problems Rnd Potentials. Trafffc 
Qua/'ferly, Vol. 33, 1979, pp. 253- 262. 

9. G. Giuliano. Testing th limits of T M: the 1984 Los Angeles 
Summer Olympics . Tra11spona1io11, Vol. IS , 1988, pp. 143- 161. 

10. K. Bhan and T. Higgens. A11 Assessment of Travel De111<r11d 
Management Approache at S11b11rbt111 Activity elllers. Report 
Lo the Transportation Systems enter of the U. _ Department 
of Transportation. KT Analytics, Predcrick. Md., April 1989. 

11. M. D. Rhrkin . an Transportation Management Reduce Traffic 
in the Suburb ? Ask the Nuclear Regu.latory ommis ion. 
Trampnrtntin11 Rt'searc/1 News , Vol. 141 , 1989, pp. 9 13. 

12. D . Torluemke. Ridcsharing: An Employer's Perspective. West
p/011, 1983, pp. 5-6. 

13. D . W. Jones , D. urry, and . hambers. A New Gomepltm for 
Traffic Miliga1io11. Final Report to the Me tropolitan Planning 
Commi sion. rain & Associates, Menlo Park , Calif., Dec. 1988. 

14. 711.e Benefits and Costs of Ridesliaring 10 Employers: wvey Results . 
Commuter Tran. portalion erviccs, Inc., Lo Angele , Calif., 
Sept. 1985. 

15. M. R. Misch , J . B. Ma1gvli11 , D. A . urry, L. J . Glazer, and G. 
Shearin. NCH RP Reporl 241: Guidelines for Usi11g V1111pools and 
Carpools as a TSM Tcd111iq11e. TRB, National Research ouncil , 
Wa hington. D. ., Dec. 1981. 

16. W.R. Hershey and A. J. Hckimian. Measuring the Effectiveness 
of Personalized Ride haring Assistance. In 1'ran~7lor1<11io11 Researdr 
Record 914, TRB, National Research Council , Washington, D.C. , 
1983 pp. 14- 21. 

17. D. Shoup. Cashing out Free Parking. Transportation Quarterly, 
Vol. 38, 1982, pp. 351-364. 

TRANSPORTATION RESEARCH RECORD 1280 

18. R. F. Teal. Carpooling: Who, How. and Why. Transporration 
Research, Vol. 21A, 19$7, pp. 203-214. 

19. H. Theil. Principles of Econometrics. John Wiley, New York, 
1971. 

20. M. Surber, D . Shoup. 11nd M. Wachs. Effects of Ending Employer
Paid Parking for Solo Drivers . In Transportation Research Record 
957, TRB, National Research Council, Washington, D.C., 1984, 
pp. 67-71. . . 

21. M. Mchranian, M. Wachs, D. Shoup, and R. Platkm. Parkmg 
Cost and Mode Choice Among Do\ ntown Workers: A Case 
Study. Jn Tmn~portmion Research Record 1130, TRB, National 
Research ouncil, Washington, D.C. , 1987, pp. 1-5. 

22. F. J. Wegmann and S. R. Stokey. Impact of Flexitime Work 
Schedules on an Employer-Based Ride haring Program . In 
Tran porration Research Record 914, TRB, National Research 
Council, Washington, D.C., 1983, pp. 9-13. . . 

23. R. Cervcro and B. Griescnbeck. Factor · Infiuen mg Commutmg 
Choices in uburban Labor Markets: A Ca e Analysis of Pleas
anton, alifornia. Transportation Research, Vol. 22A, 1988, pp. 
151 - 161. . 

24. M. McCutcheon and J. Hamm. Land Use Regulations to Promote 
Rideshariug: An Evaluation of the cattle Approach. Transpor
tation Qtwrter/y, Vol. 37, 1983, pp. 479-491. 

25. E. Ferguson. A Conceptual Cost Model of Employcr-Dased 
Ridesharing Programs . Presented at the 3rd Annual Southern 
California Regional Conference of the Association for Commuter 
Transportation, El Segundo, Calif., April 1986. . 

26. F. J. Wegmann . ost-Effectivencss of Private En~ployer R1~c
sharing Programs: An Employer' .Assessment. ln 7rm1sforrot1011 
Researclr Record l212, TRB, Nauonal Research Council, Wash-
ington, D .C., 1989, pp. 88-100. . , 

27. C. L. Ro~~- Mt:asu1iug Tra11spurtal10n System Effecuveness. 
Jo11mal of Urlx111 Affairs. Vol. 5, 1983, pp. 299-314. 

28. E. Ferguson. TI1e lnOuenc of Employer Ridesharing Pro!!rams 
and Alternative Work Schedules on Employee Mode h ice: A 
Case Analysis of Southern California. Presented at the 30th An~ual 
Conference of the A socintion of Collegiate Schools m Plannmg, 
Buffalo, N.Y., Oct. 1988. 

29. M. Wachs. Autos, Transit, and the pruwl of Lo. Angeles: The 
1920's. Journal of the American Plm111i11g Associmio11, Vol. 50, 
1984, pp. 297-310. . . 

30. A. E . Pisarski . Commuting in America. Eno Foundation for 
Transportation, Inc., Westport, Conn., 1987. 

31. E. chreffler and M. Meyer. Evolving In titutional Arrange· 
men1s for Employer Involvement in Trnnsporlation : The a e 
of Employer Associations. In Tra11spor1a1ion Research Record 
914, TRB, National Research ouncil Washington , D . ., 1983. 

32. P. Levy. Answers 10 Q11estion .about !11e Comm/I/er Pr'!gr1_1111 
(Regulation XV). outh Coasl Air Quality Management D1stnct , 
El Monte , Calif., 198 . 

33. P. Roche and R. Willson. Rideshare Requirements in Downtown 
Los Angeles: Achieving Privme Sector .commitments. In Trans
pnrt(lfion Research Record 1082, National Research Council, 
Wa ·hington, D.C., 1986. 

The author is fully responsible for any and all errors or omissions 
found in this paper. 

Publication of this paper sponsored by Committee on Ridesharing. 



TRANSPOR TATION RESEARCH RECORD 1280 73 

Predicting Consumer Demand for 
Alternative Transportation Services 
Among Suburban Commuters 

KEVIN J. FLANNELLY AND MALCOLM S. McLEOD, JR. 

A survey of uburban commuters revealed that their interest in 
ridesharing and related transportation system management (TSM) 
trategie , other than flextime, was minimal. The di incentive of 

high parking cost did not appear to be sufficient to attract riders 
to standard transit ervicc . nhanced service, however, provided 
an important incentive for transit use, even when disincentive 
were comparatively low. J mprovements in service , including ex pres. 
buses , reduced access time, and guaranteed seating, can induce 
automobile commuters to use alternative transit or paratransit. 
Moreover, decentralization of service from its downtown focus 
could open up a sizeable market for alternative transit both among 
carp olers and olo drivers. Interest in alternative tran ·it with 
improved service characteristics is directly related to commute 
time. Tlrns, increases in traffic congesl(on may timulate demand 
for alternative transit, even at higher fares. The balance between 
service and fare that will optimize ridership can be easily deduced 
for various markets. Demand-response transit services appear to 
provide a feasible and profitable transit alternative , particularly 
if they are linked to a computerized, real-time, b oking and 
dispatching network. 

Commuters from East Honolulu experience high levels of 
traffic congestion along the only direct route to the island's 
major employment centers. A survey conducted in an eastern 
suburb of the island of Oahu was designed to explore the 
potential of various transportation system management (TSM) 
strategies for easing this congestion. 

Of particular interest was commuters' inclination to use 
alternative forms of transit. Fares, service characteristics, hour 
of travel (with respect to peak-hour congestion), ease of access , 
miles traveled, and commute time all have been shown to 
influence mode split and transit ridership (1 - 3). The purpose 
of the East Honolulu survey was to assess the relative con
tributions and interactions of these factors on choice of mode 
and potential demand for alternative transit modes . 

METHODOLOGY 

Under the aegis of the Hawaii Department of Transportation, 
all 8,900 or so households in the section of East Honolulu 
shown in Figure 1 were contacted by mail. Because virtually 
the entire study area is owned by a single developer, a com
mercial list of all mailing addresses in the specific area of 
interest was readily available . 

Center for Psychosocial Research , 777 Kapiolani Boulevard, Suite 
1824, Honolulu, Hawaii 96813 . 

A total of 3,322 households in the target population com
pleted and returned their questionnaires, a response rate of 
37 percent. 

Most of the households in the sample (79.2 percent) con
sisted of three or four people, and only 13.5 percent were 
larger. The majority of respondents (60 percent) were between 
30 and 50 years of age; 6.7 percent were younger, and 33.4 
percent were older. Roughly two-thirds of respondents (64.4 
percent) were male, and more than 99 percent had a driver's 
license. 

The questionnaire elicited data on the demographic char
acteristics of respondents, their present commuting habits, 
and their attitudes toward and interest in using different travel 
alternatives . Most of the questions, especially those dealing 
with travel alternatives, required participants to rate their 
opinions and judgments on a scale ofO to 10 (4,5). This rating 
scale allows people to assign a specific, subjective value to 
their attitudes, and it is particularly valuable in asking people 
about their probable future behavior (6). The ratings can be 
assumed to reflect respondents' own subjective probability of 
choosing a given behavioral alternative under the conditions 
stated in the question ( 4). For example , a rating of 10 assigned 
to the likelihood of using an express bus at a $1.00 fare is 
assumed to indicate 100 percent certainty that the respondent 
would use an express bus at a $1.00 fare. A rating of 0 to the 
same item expresses certainty that the respondent will not 
take an express bus; that is, that the respondent's subjec
tive probability of using an express bus is zero under given 
conditions. 

To obtain demand estimates from these data, each rating 
was multiplied by 10. The average, or mean , likelihood score 
(the rating times 10) for any question provides an estimate 
of the percentage of people that are likely to use a given 
alternative. The standard deviation of the mean was used 
to calculate an error of estimate (the standard error of the 
mean). Although the relationship between respondents' like
lihood scores and their actual behavior has yet to be validated, 
this method should prove to be more accurate than other 
commonly used scaling methods for determining consumer 
preferences. 

Continuous variables, such as travel time and the attitudinal 
and behavioral ratings, were analyzed by parametric tech
niques, such as analysis of variance (ANOV A). Unweighted 
means ANOV A was used for most purposes to correct for 
disparities in sample sizes when participants were classified 
into subgroups such as carpool or solo driver. Wherever pas-
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FIGURE 1 Primary highways on the island of Oahu and 
major work sites of commuters from the East Honolulu study 
area. 

sible , the data were analyzed by factorial designs so that the 
effects of several independent variables could be examined 
simultaneously. Other parametric and nonparametric statistics 
were used as necessary. 

RESULTS 

Among those defined as commuters (that is , those living far
ther than 1 mi from work), 44.1 percent traveled roughly 10 
mi from home to work in downtown , an area approximately 
1 mi square that includes the capitol district, where most state 
and municipal offices are located. An additional 13.1 percent 
worked within 2 mi east or west of downtown (8 to 12 mi 
travel from East Honolulu), excluding Waikiki, part of which 
is within this 2-mi range. About 7.7 percent worked in Wai
kiki, a major tourist center southeast of downtown. Another 
12.7 percent of commuters worked in the area east of Pearl 
Harbor that includes commercial and industrial establish
ments near the Honolulu International Airport . These work 
sites are 5 to 6 mi west of downtown, 15 mi or more from 
East Honolulu. Slightly more than 10 percent of the commuters 
traveled more than 20 mi each way to work. 

Because of the topography of Oahu, all but 1.2 percent of 
the responding commuters made their daily commute along 
ihe same corridor into downtown, much of it on a single 
suburban arterial. Hence, in addition to the 44.1 percent 
working downtown, 29.1 percent of the commuters traveled 
the same route to get to jobs west of downtown , and another 
19.2 percent traveled 7 mi or more with other inbound traffic 
each morning to reach job locations east of downtown. Given 
this situation, the geographical relationship of commuters' 
work sites with respect to downtown might be expected to 
have a more profound influence on commuter behavior than 
commute distance alone, although the two factors are closely 
related in this case (7) . 

Approximately 92. 7 percent of commuters responding to 
the survey traveled to and from work by car, 6.4 percent took 
a bus, and fewer than 1 percent walked or rode a bicycle or 
motorcycle . Roughly 67 .1 percent of all commuters said they 
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drive alone, while 11. 7 percent were in two-person carpools, 
7.5 percent were in three-person carpools, and 6.4 percent 
were in carpools of more than three people . Nearly 80 percent 
(78.9 percent) of the people who carpool did so only with 
family members, another 12.9 percent were in carpools with 
people who are not family members, and the remaining car
poolers commuted with both family and nonfamily members. 

Work Location and Mode Choice 

No significant differences were found among modes with respect 
to commute distance. The average one-way travel distances 
of bus and car commuters were comparable (10.9 and 11.4 mi, 
respectively) , and no differences in commute distance were 
found between carpools and solo drivers or among the dif
ferent types of carpools (family, nonfamily, mixed). The loca
tion of work sites with respect to downtown, however, was 
found to exert a significant influence on choice of travel mode. 

Generally, the closer people work to downtown, the greater 
their likelihood of riding the bus (p < 0.001) . Only 4.4 percent 
of people that work 2 to 4 mi east of downtown commuted 
by bus, whereas 8.9 percent of people working within 2 mi 
of downtown were bus riders. Bus ridership was highest (12.0 
percent) among those who work in downtown, but it was 
lowest (1.6 percent) among commuters working west of 
downtown . 

A similar trend was found in carpooling. Among car com
muters who worked more than 4 mi east of downtown, some 
70.4 percent drove alone. This proportion decreased 
approaching downtown from the east, reaching a low of 67.9 
percent solo drivers among car commuters who work down
town. Once past downtown, the percentage of solo drivers 
rose significantly again , to 77.7 percent (p < 0.001). No rela
tionship was found between work location and types of 
carpools. 

Transit Service 

Clearly, for the commuters snrveyerl , morle Ghoice w<1s more 
a function of destination than of distance . The results further 
suggest that the decision to use transit is also a function of 
service. Among the commuters that rode the bus, 77 .6 percent 
worked downtown and 9.4 percent worked at the University 
of Hawaii, the only two work sites having express bus service 
from East Honolulu. The sparsity of ridership among people 
working west of downtown may reflect the lack of express 
service to these work sites , the need to change buses to travel 
west of downtown on some bus routes, or both. 

The importance of express bus service in the decision to use 
mass transit is made more evident by comparing bus ridership 
to the university, which is about 2 mi due east of downtown, 
with that to Waikiki, which stretches from about 1.5 to 3 mi 
southeast of downtown and does not have express bus service. 
Only 2.1 percent of the commuters surveyed traveled by bus to 
work in Waikiki (p < 0.001), even though the price of parking 
in Waikiki was about 35 percent higher than at the university 
(see section on parking costs). To put these percentages in per
spective , only 1 out of every 55 respondents who commuted to 
Waikiki traveled by bus compared to 1 out of 8 commuters to 
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the university. Only downtown Honolulu , itself, had a higher 
ratio of bus riders to commuters (1 out of 7). 

Travel Time 

Analysis of covariance, used to control for distance, revealed 
that automobile travel was 25 percent faster than bus travel 
(p < 0.001) , according to respondents' estimate of their typ
ical commuting times. Even though the majorit •of bus riders 
in the sample used express bus service, on average, a bus 
commuter traveled 1 mi in 4.4 min (approximately 13.6 mph), 
whereas a car commuter covered the same distance in 3.5 min 
(17.1 mph). The data do not permit separation of in-vehicle 
and out-of-vehicle travel time. 

No direct relationship was found between travel distance 
and travel speed, but travel speed of car commuters was found 
to vary with respect to job location. The morning commute 
is slowest for people working downtown, and speed increases 
in proportion to the distance of job sites from downtown, in 
either direction. People who drove through downtown in the 
morning to get to job sites west of it had higher average 
speeds (25 to 35 mph, depending on distance) than those who 
drove to downtown (18 mph) or to areas within 2 mi east of 
downtown (18.5 mph). 

The faster speeds of workers commuting through downtown 
in the morning is explained in part by the difference in home 
departure times of commuters. An inverse linear relationship 
was found between departure time and commute distance 
(r = -0.26, p < 0.001), with car commuters leaving 4 to 5 
min earlier for each mile they have to travel. This suggests 
that people who worked west of downtown left earlier than 
other commuters in order to avoid traffic congestion. Pre
sumably because of the slower speed of bus travel, bus riders 
left for work an average of 20 min earlier than car commuters 
(p < 0.002). 

The distribution of departure times among car commuters 
in relation to work location with respect to downtown is shown 
in Table 1. On average, carpoolers left for work 20.4 min 
earlier than did solo drivers (p < 0.003) . Further analyses 
showed that almost 43 percent of morning commuters trav
eling toward downtown left home early enough to avoid the 
peak-hour traffic east of downtown between roughly 7:00 and 
8:00 a.m. About 39 percent, mainly those working east of 
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downtown, traveled during peak westbound (that is, inbound) 
traffic, and the remaining 18 percent traveled after the peak 
hour. 

Parking Costs 

Only 37 percent of automobile commuters paid to park at or 
near their places of work, and in most areas of the island, 70 
to 97 percent of workers parked free . In the major commercial 
districts of Waikiki and downtown Honolulu, however, about 
half of the car commuters paid for parking. Both the per
centage of people who paid for parking and their average 
monthly cost for parking (the monthly price) were signifi
cantly higher in these two areas compared to all other work 
sites (p < 0.001). 

As seen in Table 2, parking was one-third less expensive 
in areas adjacent to downtown (within 2 mi east or west of 
downtown), excluding Waikiki, and the percentage of car 
commuters that actually paid for parking was less than half 
that for downtown. Islandwide, the proportion of car com
muters that paid for parking at work was inversely related to 
the distance of their work sites from downtown (biserial r = 
-0.30, p < 0.001) . This relationship also holds for the price 
of parking (r = -0.40, p < 0.001) 

Attitudes Toward TSM Strategies 

The time of day that commuters traveled to work and the 
location of their work sites with respect to downtown each 
had significant effects on the attitudes of respondents toward 
various TSM strategies. Both of these effects were far more 
pronounced than were effects of respondents' mode of travel. 

A three-way ANOVA on morning time of travel (before, 
after, or during the peak traffic hour) , work location (east of, 
west of, or in downtown), and travel mode (bus, carpool, or 
solo driver) found that time of travel and work location, but 
not mode, had major effects on the proportion of commuters 
interested in having flextime or staggered work hours and in 
using express bus service. The results for work location and 
time of travel are presented in Tables 3 and 4, respectively. 
From 35 to 42 percent of commuters were interested in having 
flextime or staggered work hours on their jobs, depending on 
where they worked (p < 0.05) and the time they usually left 

TABLE 1 AVERAGE MORNING DEPARTURE TIMES FOR SOLO DRIVERS AND 
CARPOOLERS 

Job-Site Location Solo Driver Carpool er 

> 2 Miles East of Downtown 7:23 6:57 

( 2 Miles East of Downtown 7:12 6:48 

Downtown Proper 6:52 6:39 

( 2 Miles West of Downtown 6:43 6:30 

> 2 Miles West of Downtown 6:25 6:24 



TABLE 2 PERCENT OF CAR COMMUTERS PA YING FOR PARKING AND AVERAGE 
MONTHLY COST 

Location Percent Mean S.E.M. 

Downtown 51. 7 $61.09 ±. 1. 45 

Downtown ±. 2 Miles 0 21.9 $41.18 ± 3.30 

Waikiki 46.0 $47.30 ±. 2.19 

All Other Sites 24.5 $25.44 ± 1. 40 

8 Downtown ± 2 Miles 2 Miles East or West of Downtown. 

TABLE 3 PERCENT OF COMMUTERS LIKELY TO USE VARIOUS TSM STRATEGIES 
BY JOB LOCATION 

Work Location 

East of In West of 

TSM Strategy Downtown Downtown Downtown 

Flex-Time/Staggered Hours 36.2 39.l 41. 2 8 

Park & Ride for Express Bus 23.3 29.0 21 . 0 8 

Park & Ride for Carpooling 16.l 15.3 16.6 

Non-Family Carpooling 15.8 15.5 17.0 

0 Significant difference across categories. 

TABLE 4 PERCENT OF COMMUTERS LIKELY TO USE VARIOUS TSM STRATEGIES 
BY TIME OF TRAVEL 

Time of Travel 

Before During After 

TSM Strategy Peak Peak Peak 

Flex-Time/Staggered Hours 39.1 42.1 34.7 a 

Park & Ride for Express Bus 26.2 25.1 19. 7 8 

Park & Ride for Carpooling 16.3 16.4 12.9 

Non-Family Carpooling 17.6 17.1 11. 0 • 

a Significant difference across categories. 
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for work (p < 0.01). Somewhat more car commuters (41.0 
percent) than bus riders (32.3 percent) were interested in 
alternative work schedules, and solo drivers ( 40.4 percent) 
showed slightly higher interest than carpoolers (37.2 percent) , 
but these differences are not statistically significant. 

Both commuters' time of travel (p < 0.005) and their work 
location (p < 0.001) had statistically significant effects on the 
likelihood of using park-and-ride facilities for express bus 
service, with downtown commuters and those traveling before 
or during the peak hour showing the greatest interest. This 
level of interest was attributable, in part, to those who were 
already bus riders (mainly downtown bus riders), 40.1 percent 
of whom said they were likely to use the facilities (p < 0.005) 
compared to 24.6 percent of solo drivers and 25 .7 percent of 
carpoolers. Yet, even among car commuters (p < 0.001) , 
those who worked downtown showed more interest (28.3 
percent) than those working elsewhere (21.9 percent). 

Lack of interest in using park-and-ride lots for carpooling 
was virtually universal, reflecting commuters' general resis
tance to carpooling with people from outside the family. Post
peak commuters showed significantly less interest than other 
commuters (p < 0.05) in park-and-ride lots. Nevertheless, 
car commuters recognized the potential time savings of high
occupancy-vehicle (HOV) lanes, and respondents in carpools 
with four or more people rated the value of HOV lanes quite 
highly . 

Alternative Transit 

The major purpose of this study was to determine potential 
demand for alternate modes of transportation that differ in 
service characteristics from normal bus service . Based on pre
vious research (1,4,8) , the two service characteristics of inter
est were a guaranteed seat and the distance of pickup and 
drop-off points from a commuter's points of origin and des
tination (referred to hereafter as access). The survey asked 
people to rate their likelihood of using alternative public tran
sit or paratransit service, based on access, whether or not they 
were guaranteed a seat, and three hypothetical fares. 

Time of travel, work location, and mode had significant 
but sometimes marginal effects on interest in using alternative 
transit or paratransit services. Overall, prepeak commuters 
were most likely to favor using such service (p < 0.01). Dif
ferences in interest between commuters traveling during and 
after peak were not statistically significant. No differences 
were found between downtown workers and those working 
west of downtown, and both of these groups were significantly 
more likely to use pa,ratransit than people working east of 
downtown (p < 0.05). 

Solo drivers and carpoolers appeared to be equally likely 
to use paratransit under all conditions posed . The primary 
effect of mode was for bus riders, who revealed an interaction 
between mode and fare and service characteristics. The per
cent of bus riders interested in paratransit exceeded that of 
automobile commuters only at a one-way fare of $1.00. Some 
52 to 67 percent of bus riders were likely to use such service 
for a $1.00 fare if they were guaranteed a seat and access was 
comparable to current conditions. Potential ridership among 
bus commuters would increase to 74 percent if door-to-door 
service were offered at a $1.00 fare . 

77 

At a one-way fare of $2.00, interest among bus riders dropped 
to 20 to 29 percent even with a guaranteed seat (depending 
on access) . 

A $2.00 fare would be substantially more than the prevailing 
cost of commuting by bus for commuters who purchased a 
$15 monthly bus pass, which allows unlimited travel on Oahu's 
bus system. Pass holders were estimated to make an average 
of 2.9 daily weekday trips, so a $2.00 one-way fare would be 
more than seven times the current average trip cost of bus 
commuters , almost all of whom used monthly passes. 

Although these findings, like those of other researchers (2), 
indicate that work site affects mode choice, this could reflect 
the importance of existing service conditions and may not 
apply to transit having different service characteristics. Other 
variables, such as commute distance, might exert greater influ
ence if geographical biases, such as centering service around 
downtown commuters, were eliminated. Because commute 
distance can exert a significant influence on transit ridership 
(2) , independent of work location, analysis of covariance was 
used to partition out or statistically remove the variance attrib
utable to commute distance. Bus commuters were excluded 
from these and subsequent analyses because of their small 
number. 

This exercise substantially reduced the effects of time of 
travel and work location on commuters' professed likelihood 
of using alternative transit. Commute distance significantly 
(p < 0.002) affected potential transit ridership of both car
poolers and solo drivers in a positive but nonlinear fashion. 
The percentage of automobile commuters (no reliable differ
ences between solo drivers and carpoolers were found) likely 
to use paratransit was lowest (13 to 14 percent) among those 
traveling less than 5 miles each way to work. Interest jumped 
to 20 percent with commutes longer than 5 mi but increased 
only another 2 percent between 5 and 20 mi. At commute 
distances of more than 20 mi each way, interest in paratransit 
rose sharply again. 

The effects of service characteristics and fare were more 
profound (p < 0.001 for each factor). Regardless of commute 
distance, a guaranteed seat increased potential ridership by 
roughly 7 percent, but each 5-min increase in access time 
(beyond door-to-door service) decreased prospective rider
ship 5 to 6 percent on average. Fare had the most powerful 
influence on commuters' likelihood of using paratransit, in 
that each $1.00 increase in fare produced a 12 to 13 percent 
decrease in potential ridership, all other things being equal. 
Significant two-factor and three-factor interactions among ser
vice variables and fare were found, however, implying that the 
effects of other things are neither equal nor inconsequential. 

Various combinations of distance , service factors , and tare 
can produce extremely high or extremely low ridership, as 
seen in Table 5. For simplicity, Table 5 shows only three of 
the five commute distances used in these analyses because 
scores were relatively stable for commutes between 6 and 20 
mi long (includes groups 6-10, 11-15, and 16-20 mi). Sig
nificance levels are not noted in the table because all main 
effects are significant. 

The table reveals that trade-offs among service character
istics and fare can yield similar levels of ridership at different 
commute distances. Increases in service can compensate for 
losses in ridership that would occur with increases in fare . For 
example, at commute distances longer than 20 mi, 32.9 per-
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TABLE 5 PERCENT OF AUTOMOBILE COMMUTERS LIKELY TO USE 
PARATRANSIT ON THE BASIS OF SERVICE CHARACTERISTICS, FARE, AND 
COMMUTE DISTANCE 

Commute One-Way Fare 

Distance • Seating b Access $1. 00 $2.00 $3.00 

Door/Door 33.2 18.3 8.4 

< 5 Seat 5 Mi mites 27.2 14.0 7.3 

10 Minutes 18.9 10.9 4.8 

Door/Door 24.6 13.0 5.0 

< 5 No Seat 5 Minutes 20.5 10.5 4.7 

10 Minutes 13.3 7.8 4.3 

Door/Door 47.8 27.7 13 .3 

11-15 Seat 5 Minutes 41.1 22.0 9.3 

10 Minutes 30.8 15.7 6.4 

Door/Door 36.0 19 . 6 8.9 

11-15 No Seat 5 Minutes 30.1 14.8 5.8 

10 Minutes 21. 2 10.1 4.4 

Door/Door 50.0 33.3 20.3 

> 20 Seat 5 Minutes 44.3 29.0 16.3 

10 Minutes 32.9 20.9 13.1 

Door/Door 39.7 25.9 14.3 

> 20 No Seat 5 Minutes 34.8 21. 5 11.1 

10 Minutes 24 . 5 14.0 7.7 

• in Miles 

b Seat = Guaranteed Seat; No Seat No Guarantee of Seat. 

cent of automobile commuters were willing to walk 10 min 
to board paratransit at a $1.00 fare, if they were guaranteed 
a seat. A similar percentage (34.8 percent) were willing to 
walk only 5 min at the same fare if they were not guaranteed 
a seat. At a $2.00 fare, both door-to-door service and a guar
anteed seat would be required to attract roughly the same 
proportion (33.3 percent) of people commuting more than 20 
mi . A comparable level of demand (33.2 percent) among 
people commuting less than 5 mi is achieved only with 
door-to-door service, a guaranteed seat, and a $1.00 fare. 

affecting the likelihood of using alternative transit. Commute 
time produced a pattern of interest in para transit quite similar 
to that found for commute distance: (a) low interest among 
those with commute times faster than 20 min, (b) a steep rise 
in interest among people whose commuting time was between 
20 min and 30 to 40 min, (c) a gradual increase in interest up 
to 40 to 50 min, and (d) a second sharp increase among those 
commuting longer than 50 min. In part, the similar pattern 
of results produced by commute time and commute distance 
may reflect the correlation between them, although, as noted, 
the correlation was not high. Although commute time is related to commute distance, 

the correlation between the two was relatively low (r = 0.29) 
and the shared variance between these two factors varied from 
3.6 to 13.6 percent, depending on mode. Because the time a 
commute takes to complete also encompasses some of the 
effects of the time of travel relative to the peak hour and 
mode, it would seem to be a potentially important variable 

The relationships between commute time and the other 
variables tested (fare, access, and seating) also mirror those 
found for commute distance, and significant main effects of 
all variables and interactions among all variables were found. 
Despite these commonalities, interest in paratransit was greater 
at the highest levels of commute time than it was for commute 
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distance, suggesting that travel time is more important than 
distance alone in attracting ridership. A more important dif
ference between time and distance effects is that commute 
time has a significant interaction with seating that commute 
distance does not. Commute time is particularly sensitive 
to the value of a seat, and the value of a guaranteed seat 
increases systematically with commute time. Table 6 reveals 
how trade-offs among fare and service characteristics result 
in comparable levels of ridership at different commute times. 

The vast majority of the people surveyed commuted by car, 
and the great bulk of these drove alone. Given these data, 
any efforts to increase vehicle occupancy seem worthwhile. 

Only a small percentage of commuters were willing to car
pool with people outside their own families, however (4,7). 
The existence of a parking facility that provides a central 
meeting place for carpoolers appears to offer virtually no 
incentive to carpool. Solo drivers were not interested in using 
these facilities, nor were current carpoolers, most of whom 
commute with family members. Even though people see the 
advantage of HOV lanes, the existing HOV/contraflow lane 
in Honolulu covers only a short distance (9). Apparently 
for most people, the time savings these lanes provide are 
outweighed by the burden of commuting with nonfamily 
members. 

CONCLUSIONS 

The results of the survey indicate a low rate of vehicle occu
pancy among commuters from the far eastern suburbs of Oahu. 

TABLE 6 PERCENT OF AUTOMOBILE COMMUTERS LIKELY TO USE 
PARATRANSIT ON THE BASIS OF SERVICE CHARACTERISTICS, FARE, AND 
COMMUTE TIME 

Commute One-Way Fare 

Time a Seating b Access $1. 00 $2.00 $3.00 

Door/Door 25.5 17.0 12.1 

< 20 Seat 5 Minutes 21.0 14.2 9.1 

10 Minutes 17.4 11. 0 6.9 

Door/Door 21. 4 13. 7 8 . 3 

< 20 No Seat 5 Minutes 18.7 11. 4 5 . 2 

10 Minutes 12.8 7.9 3 . 9 

Door/Door 49.0 28.7 14.2 

30-40 Seat 5 Minutes 41. 9 23.l 11. 0 

10 Minutes 31.1 17.0 8.0 

Door/Door 37.9 20.4 9.4 

30-40 No Seat 5 Minutes 31. 4 15.5 6.5 

10 Minutes 22.6 10.9 4.9 

Door/Door 49.7 31.6 17.6 

> 50 Seat 5 Minutes 43.1 26.2 13.4 

10 Minutes 34.5 21.6 11. 4 

Door/Door 38.1 22.8 12.5 

> 50 No Seat 5 Minutes 32.3 18.9 8 . 8 

10 Minutes 24.0 13.2 6.7 

------------------------------------------------------------
8 in Minutes 

b Seat = Guaranteed Seat; No Seat No Guarantee of Seat. 
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Although interest in flextime or staggered working hours 
was high among varioµs categories of commuters, morning 
departure times are distributed so widely already that any 
rigid institutional regimen of staggered hours is likely to cause 
considerable conflict with the usual travel arrangements of 
many commuters, as was found during the staggered working 
hours demonstration project with municipal, state, and other 
employees working in downtown Honolulu (10). Any such 
approach must be truly flexible, allowing commuters to adjust 
their departure times as they see fit. 

Mode of travel had a significant effect on departure times, 
and departure times (presumably reflecting work schedules, 
with adjustments for other external influences) had significant 
effects on interest in using different modes of travel. Acting 
concurrently with these influences, and presumably interact
ing with them to some degree, work location with respect to 
downtown also affected departure time, mode choice, and the 
likelihood of using available and potential transportation 
alternatives. These relationships probably reflect the fact that 
work location itself is related to a number of factors, including 
parking costs, commute distance , traffic congestion, and job 
density, that themselves provide incentives and disincentives 
for using various modes and that may limit potential carpool 
mates (2) . Offered a transit alternative free of existing oper
ating conditions and constraints, such as transit's focus on 
downtown travelers, commuter interest was strongly influ
enced by basic factors such as commute time , service, and 
fare. Correspondingly, the effects of mode, time of travel 
(with respect to the peak), and work location appear to have 
less influence on interest in transit. 

Potential ridership appears to grow with increases in com
mute time and distance. The influence of commute time in 
determining potential ridership would seem to be particularly 
important for providers of para transit services because it implies 
that interest in transit that offers improved levels of service 
will rise as traffic congestion worsens . Improved service char
acteristics, such as guaranteed seating, significantly enhance 
ridership ( 4, 7) . Guaranteed seating augmented potential 
ridership at all access times and could compensate for increased 
access times, at least up to 5 min. Beyond this distance, the 
time spent walking to pickup and drop-off points partially 
outweighed the value of a seat , but this trade-off depended 
upon commute time. For commuters traveling more than 50 
min, for example, walking 10 min to boarding points to get 
a guaranteed seat was valued about as highly as having door
to-door service without guaranteed seating. 

Of course, fare had a major effect on the likelihood that 
the commuters in this sample would use paratransit. All things 
being equal, potential ridership was affected more by fare 
than it was by either service variable studied, although this 
finding may not hold generally (1). Tables S and 6 make 
apparent the ability of the combined, positive effects of door
to-door service and guaranteed seating to overcome the neg
ative effects of fare on potential ridership. Furthermore, the 
combined effects of these service variables become more marked 
as commute time increases. 

Can the type of service needed to attract alternative transit 
or paratransit ridership be profitable? The market appears to 
be strong enough to support a profit-making enterprise that 
can avoid the limitations and pitfalls of traditional transit 
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operations (11-13). Existing computer technology seems to 
offer the solution to providing such service at low cost. 

The innovative but inefficient dial-a-ride concept, which 
was first introduced in the 1960s (14,15), should be combined 
with current computer technology to provide a real-time, 
demand-response transit alternative (16-18). A computer 
network, enabling communication between consumer and 
transit operators through a centralized system, could improve 
service at low cost. This network could not only offer imme
diate access to information about alternative transportation 
services but also would enable users to book a ride for any 
time, at any time, from the services available, on a trip-by
trip basis . Fares could be billed monthly by the central 
computer, saving on accounting costs (16, 17). 

Access to the system need not be limited to consumers and 
operators of present day alternative transit or paratransit sys
tems. Because the network would connect homes to a central 
computer, people seeking a ride could match their travel plans 
with those of people offering a ride, by posting appropriate 
information on an electronic bulletin board. This system would 
permit single-trip carpooling in its most convenient form
dynamic ridesharing, without the time and information costs 
or personal commitment that often deter people from joining 
permanent carpools (5,19,20) . 

State and municipal governments should take measures to 
encourage varied forms of p:rn1trnnsit anrl make efforts to 
integrate information and transportation services. 
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Estimating Transportation Corridor 
Mobility 

TIMOTHY J. LOMAX 

This report summarizes an investigation of some methods of 
quantifying peak-hour person- and vehicle-movement for differ
ent travel modes in major transportation corridors. Several pro
cedures for estimating freeway, high-occupancy-vehicle (HOV) 
lane, and rail transit line operation are identified. These proce
dures are evaluated as to their data requirements, reasonableness 
of results, and ability to produce intuitively correct conclusions. 
The recommended equations allow comparison of peak-hour 
operation of freeway main lanes and adjacent HOV lanes or rail 
transit lines to estimate how much high-capacity, high-speed 
transportation alternatives increase person-movement. 

Roadways, transit routes, and special transportation facilities 
are designed to provide maximum traffic flow at acceptable 
levels of service (LOS) during peak travel periods, that is, to 
address person-movement needs. Freeway transit facilities and 
high-occupancy-vehicle (HOV) treatments represent strate
gies to address congestion problems. Individual projects work 
together to provide a system of transportation facilities. 

In many urban travel corridors, peak-period travel demand 
is too great to be accommodated without congestion for 2 or 
3 hr during each peak period. In extreme examples, a freeway 
may operate only slightly better during the remainder of the 
daylight hours. 

Roadway project evalua!ion has emphasized peak-hour and 
peak-period vehicle operating conditions. Of growing impor
tance, however, is the potential for increased passenger move
ment in major travel corridors. Increasing bus and private
vehicle occupancy rates, and therefore person-movement 
capacity, has become possible using priority treatment tech
niques. Analytical procedures should measure how much these 
HOV tn:atmeut ted111i4ues c.:untribute tu the total person
movement capacity of a corridor. 

Several peak-hour travel condition indicators are applied 
to major Texas urban freeways. Several mobility estimation 
procedures are analyzed for their applicability to peak-hour 
person-movement. The investigation was based on peak-hour 
freeway and HOV lane operating data. Analysis techniques 
focusing on peak-hour operation are consistent with other 
accepted highway and street evaluation procedures such as in 
the Highway Capacity Manual (1). The concepts involved in 
peak-hour traffic and transit operation are also much easier 
to quantify than those associated with peak periods, and more 
data are available on them. Peak-period opeiatiuu , espet:ially 
in situations in which congestion reduces travel speeds for 2 

Texas Transportation Institute, Texas A&M University, College 
Station, Tex. 77843-3135. 

or 3 hr in each peak, is also an important comparative measure 
of corridor mobility. 

CANDIDATE CONGESTION MEASURES 

Several methodologies are useful for relating traffic volume, 
person-movement, and travel time to congestion in major 
travel corridors. Peak-hour congestion measurement proce
dures can be demonstrated using data from existing busway 
and HOV lane projects throughout the United States and 
Canada . The priority lane and mixed-flow facility character
istics and operating statistics are presented in Tables 1 and 2. 
Th~ Ott;iwa and Pittsburgh lanes are bus-only facilities in 
separate rights-of-way with no mixed-flow facility immedi
ately adjacent. The data in Tables 1 and 2 were derived from 
a 1985 ITE survey (2). The operating statistics and some of 
the facility designs have changed, but they provide a wide 
range of project types and vehicle and person volumes with 
which to illustrate the application of various methodologies. 

Person-Movement on Freeways and HOV Lanes 

The usual way to measure person-movement on HOV lanes 
is to compare the number of people in priority lanes with that 
in mixed-flow lanes. A standard used to evaluate HOV lanes 
with this measurement is that if a HOV lane carries more 
people in the peak hour than an average freeway lane, the 
priority treatment is considered to be an improvement. This 
measure is an estimate of how well roadway supply is being 
used to provide person-movement. 

The data presented in Table 3 compare the number of 
people carried at the peak hour in freeway lanes and in HOV 
lane projects in North America. Many of these HOV projects 
are adjacent to mixed-flow freeway lanes and, therefore, are 
subject to constant public scrutiny. Figure 1 shows how these 
data are typically presented. All of the freeway projects, with 
the exception of the Katy Freeway with carpools of three or 
more (3 +) persons, have more than one freeway lane of 
people in the HOV lane during the peak hour. Public per
ception of the Katy Freeway HOV 3 + lane as an underused 
facility resulted in a lowering of the occupancy requirement 
to HOV 2 + , and a commensurate increase to 2.4 freeway 
lanes of persons in the HOV lane. The Bay Bridge and Route 
495 contraflow lane (Lincoln Tunnel approach) permit bypassing 
a toll plaza. The average mixed-flow traffic volume on those 
projects is relatively low and a significant number of buses 
use each project. 
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TABLE 1 PHYSICAL DESCRIPTION OF OPERATING TRANSITWAY FACILITIES, 
1985 DATA 

Number of lanes Length Eligible 
HOV Project and Location 

Exclusive in Separate R.O.W. 

Ottawa, Canada 
Southeast Transitway 
West Transitway 
Southwest Transitway 

Pittsburgh, PA 
East Busway 
South Busway 

Facilities in Freeway R.O.W. 

Exclusive Facilities 
Houston, Texas 

I-10 (Katy) (1985) 
I-10 (Katy) (1988) 1 

I-45 (North) 
Los Angeles, I-10 

(San Bernardino Fwy) 
Washington, D.C. 

I-395 (Shirley) 
I-66 

Concurrent Flow 
Lo~ Angeles, Route 91 
Miami, I-95 
Orange County, Route 55 
San Francisco, CA 

Bay Bridge 
us 101 

Seattle, WA 
I-5 
SR 520 

Contraflow 
New York City, NJ, Rte. 495 
San Francisco, CA, US 101 

Source: Reference 2 
NA - Not Applicable 
R.O.W. - Right-of-Way 

HOV Frwy (mi.) Vehicles 

I/direction NA 1.5 Bus 
I/direction NA 2.9 Bus 
I/direction NA 1.9 Bus 

I/direction NA 6.8 Bus 
I/direction NA 3.5 Bus 

!(reversible) 3 6.2 Bus, 3+ 
!(reversible) 3 13.2 Bus, 2+ 
!(reversible) 3 9.62 Bus, 8+ 
I/ direction 4 11.0 Bus, 3+ 

2( ueversible) 4 11.0 Bus, 4+ 
2/direction NA 9.6 Bus, 3+ 

l(EB only) 4 8.0 Bus, 2+ 
1 /direction 3 7.5 Bus, 2+ 
!/direction 3 11.0 Bus, 2+ 

3(WB only)J 163 0.9 Bus, 3+ 
!/direction 3 3.7 Bus, 3+ 

! / direction 4 5.6 Bus, 3+ 
1 (WB only) 2 3.0 Bus, 3+ 

1 3 2.5 Bus 
1 4 4.2 Bus 

1Katy Trnnsitway began operation with two-or-more person (2+) carpools in August 1986 
2In the mornil1g a 3.2-mile concurrent flow lane is also in operation (total HOV length = 
12.8 mi.) 
3Number of lanes at the toll plaza 

Speed of Person-Volume (SPV) 

Comparing person throughput on a freeway lane and HOV 
lane describes the relative (peak-hour) volume but does not 
necessarily estimate the effect of travel speed. To address this 
factor, the product of speed and person-volume per lane has 
been used to estimate the relative benefit of HOV lanes and 
freeway main lanes (2). Although the person-volume on free
ways is generally related to vehicle-volume (assuming rela
tively constant vehicle occupancy rates for freeways in most 
North American cities), HOV lanes carry differing types of 
vehicles and varying numbers of occupants. A HOV lane with 
2,000 peak-hour vehicles, each carrying two people, will move 
the same number of people as 100 buses with 40 passengers 
each. The LOS for these lanes will be significantly different , 
however. 

One measure of LOS for roadway passengers takes into 
account both vehicle speed and person-volume. Multiplying 
speed by volume per lane, rather than total person-volume, 
more accurately describes the travel conditions for HOV and 
general-purpose lanes. This equation is as follows: 

SPY = Travel Speed (mph) 

x Peak-Hour Person-Volume per Lane (1) 

Weighting each of the facilities by the total number of people 
experiencing each condition yields a value for the corridor 
roadway system. 

SPVHov x H.OV Peak-Hour + SPVF x Freeway Peak·Hour 
Person-Volume wy Person-Volume 

SPYcw = --------------------
(Freeway + HOY) Peak-Hour Person-Volume 

(2) 
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TABLE 2 PEAK-HOUR, PEAK-DIRECTION HOV LANE OPERATING CHARACTERISTICS 

HOV Project and Avera~e Peak-Hour Volume1 

Location Bus Van & Carpool Freeway Average Speed(mph)1 

Vehicle Person Vehicle Person Vehicle Person HOV Lane Freeway 

Exclusive in Separate R.O.W. 
Ottawa, Canada 

Southeast Transitway & 
Central Area Transitway 270 7,650 NA NA NA NA 45 NA 
West Transitway 135 6,800 NA NA NA NA 29 NA 
Southwest Transitway 125 4,250 NA NA NA NA 29 NA 

Pittsburgh, PA 
East Busway 105 4,895 NA NA NA NA 31 NA 
South Busway 75 2,785 NA NA NA NA 26 NA 

Facilities in Freeway R.O.W. 
Exclusive Facilities Houston, Tx. 

I-10 (Katy) 3+ HOVs 35 1,200 90 510 4,660 5,420 53 29 
1-10 (Katy) 2+ HOVs 35 1,190 1,330 2,715 4,650 4,930 47 35 
1-45 (North) 70 2,555 180 1,450 4,375 5,050 58 24 

Los Angeles, 1-10 (San Bern) 75 3,320 835 2,735 8,210 10,335 55 24 
Washington D.C. 

1-395 (Shirley) 155 5,425 1,575 7,500 6,625 8,525 57 26 
1-66 80 2,765 1,910 7,510 NA NA 58 NA 

Concurrent Flow 
Los Angeles, Route 91 20 500 1,370 3,050 8,000 8,960 53 27 
Miami, I-95 10 350 1,335 2,400 5,850 7,240 50 39 
Orange County, Route 55 5 80 1,250 2,730 6,100 6,710 60 31 
San Francisco, CA 

Bay Bridge 195 6,505 1,945 7,940 6,655 7,900 22 5 
us 101 80 2,785 305 940 5,875 8,990 56 37 

Seattle, WA 
1-5 45 1,820 395 1, 190 7,500 9,000 34 26 
SR 520 55 2,300 255 1,060 3,485 3,905 16 7 

Contranow 
New York City, 
NJ, Rte. 495 725 34,685 NA NA 4,475 7,380 21 4 

San Francisco, CA. 
us 101 150 6 000 NA NA 7000 9450 50 50 

Source: Reference 2 
NA - Not Applicable ND - No Data Provided 
1Values are the average of morn ing and evening peak-hour where applicable 

The HOV lane and freeway speed of person-volume (SPY) 
values are shown in Table 4. The highest HOV values are 
those for the Route 495 and the Shirley Highway HOV lanes. 
The corridor SPY values for these facilities and other HOV 
projects are significantly higher than the freeway SPV values . 
Exclusive facilities, both in separate rights-of-way and within 
freeway corridors , generally have higher HOV SPV values 
than concurrent-flow lanes. This attribute is consistent with 
the expectations of HOV priority treatments that require 
significant capital investment. 

Most of the freeway values are between 40,000 and 70,000, 
which is consistent with average speeds of 20 to 30 mph and 
person-volumes of 1,500 to 2,500 per lane. In general, higher 
SPY values are possible with higher occupancy requirements 
on HOV lanes, because operating capacity is defined by vehic
ular volume. In the case of the Katy Freeway, however , 
decreasing the minimum vehicle occupancy for HOV lane 
eligibility increased person movement . With three or more 
occupants required on the HOV lane, the corridor SPY value 
was only 17 percent greater than the freeway value. When 
two-person carpools were allowed on the HOV lane, the SPY 
for the corridor became 95 percent greater than the freeway 
value. 

Person-Movement Index (PMI) 

Another easily calculating, yet descriptive, measure of person
movement is the person-movement index (PMI) (3) , also 
described as the rate of person-movement ( 4). The PMI, defined 
as the product of vehicle occupancy and speed , is calculated 
as follows: 

Peak-Hour 
PMI = Vehicle Occupancy 

(persons per vehicle) 

x Peak-Hour 
Travel Speed (mph) (3) 

A higher vehicle occupancy rate or greater travel speed will 
yield a higher PMI value. As in the SPY calculation, weighting 
the freeway and HOV lane PMI values by the number of people 
each facility carries provides an estimate of the corridor 
system effectiveness. Thus, 

PMlttov x Peak-Hour HOV + PMIFw x Peak-Hour Freeway 
Person-Volume ' Person-Volume 

PMicon = -------------------
(Freeway + HOV) Peak-Hour Person-Volume 

(4) 



TABLE 3 PEAK-HOUR FREEWAY AND HOV LANE PERSON-VOLUME COMPARISON 

HOV Project and Location 

EXCLUSIVE IN SEPARATE R.O.W. 
Ottawa, Canada 

Southwest Transitway & 
Central Area Transitway 
West Transitway 
Southwest Transitway 

Pittsburgh, PA 
East Busway 
South Busway 

FACILITIES JN FREEWAY R.O.W. 
Exclusive Facilities 

Houston, Texas 
I-JO (Katy) 3+ HOVs 
I-JO (Katy) 2+ HOVs 
1-45 (North) 

Los Angeles, 1-10 (San Bern) 
Washington D.C. 

1-395 (Shirley) 
1-66 

Concurrent Flow 
Los Angeles, Route 91 

Miami, 1-95 
Orange County, Route 55 

San Francisco, CA 
Bay Bridge 
us 101 

Seattle, WA 
1-5 
SR 520 

Contraflow 
New York City, NJ, Rte. 495 
San Francisco CA US 101 

Source: Reference 2 
NA - Not Applicable 

4005 

I 
I • 

Trans ii way 

Average Peak-Hour 
Person Volume 

HOV Lane Freeway 

7,650 NA 
6,800 NA 
4,250 NA 

4,895 NA 
2,785 NA 

1,710 5,420 
3,900 4,930 
4,005 5,050 
6,055 10,335 

12,925 8,525 
10,275 NA 

3,550 8,960 
2,750 7,240 
2,810 6,710 

14,445 7,900 
3,725 8,990 

3,010 9,000 
3,360 3,905 

34,685 7,380 
6 000 9450 

Person Volume Ratio of HOV 
Per Lane 

HOV Lane 

7,650 
6,800 
4,250 

4,895 
2,785 

1,710 
3,900 
4,005 
6,055 

6,465 
5,138 

3,550 
2,750 
2,810 

4,815 
3,725 

3,010 
3,360 

34,685 
6 000 

Lanes to 
Freeway Lane 

Freeway Person Volume 

NA NA 
NA NA 
NA NA 

NA NA 
NA NA 

1,805 .95 
1,645 2.37 
1,685 2.38 
2,585 2.34 

2,130 3.03 
NA NA 

2,240 1.58 
2,415 1.14 
2,235 1.26 

495 9.75 
2,995 1.24 

2,250 1.34 
1,955 1.72 

2,460 14.10 
2 365 2.54 

D Vehicles 

c:J Panenger• 

1685 Hi85 1685 

2 3 

Malnlanes 

FIGURE 1 Average peak-hour person- and vehicle-volume on North Freeway (l-45) main lanes 
and transitway. 
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TABLE 4 SPEED OF PERSON-VOLUME VALUES FOR HOV LANES AND FREEWAYS 

Peak-Hour Person Speed of Person Volume Percent 
HOV Project and Location Volume Per Lane 

Hov1 Freeway1 Corridor2 
Increase 

HOV 
Lane Freeway 1000 1000 1000 

Corrido3 
vs Fwy 

Ottawa, Canada 
Southeast & Central Area Transitway 7,650 NA 344 NA 344 NA 
West Transitway 6,800 NA 197 NA 197 NA 
Southwest Transitway 4,250 NA 121 NA 121 NA 

Pittsburgh, PA 
East Busway 4,895 NA 154 NA 154 NA 
South Busway 2,785 NA 73 NA 73 NA 

Exclusive Facilities 
Houston, Texas 

1-10 (Katy) 3+ HOVs 1,710 1,805 91 52 61 20 
1-10 (Katy) 2+ HOVs 3,900 1,645 182 58 113 95 
1-45 (North) 4,005 1,685 231 40 125 210 

Los Angeles, 1-10 (San Bern) 6,055 2,585 333 63 163 160 
Washington D.C. 

I-395 (Shirley) 6,465 2,130 371 55 245 345 
1-66 5,140 NA 296 NA 296 NA 

Concurrent Flow 
Los Angeles, Route 91 3,550 2,240 189 60 97 60 
Miami, 1-95 2,750 2,415 138 94 106 15 
Orange County, Route 55 2,810 2,235 169 69 98 45 

San Francisco, CA 
Bay Bridge 4,815 495 104 3 68 2,455 
us 101 3,725 2,995 207 111 139 25 

Seattle, WA 
1-5 3,010 2,250 101 58 69 20 
SR 520 3,360 1,955 55 13 32 150 

Contraflow 
New York City, NJ, Rte. 495 34,685 2,460 743 11 615 5,730 
San Francisco, CA, US 101 6,000 2,365 302 119 190 60 

Source: Reference 2 
NA - Not Applicable 
!:'ID - No Data Prqvided 
1see Equation 1 "See Equation 2 3Represents difference between corridor SPY and freeway SPY 

Table 5 presents PMI values for the fre.eway, HOV lanes, 
and total corridor examples. The bus-only facilities in Ottawa, 
Pittsburgh, and New York City have high PMI values because 
of the relatively high occupancy rates achieved without car
pools. The Katy HOV 3 + and North Freeway tnmsitways in 
Houston also had limited carpool use and, therefore, rela
tively high PMI values. Eight of the freeway PMI values are 
between 25 and 40, reflecting low main-lane vehicle occu
pancy rates and traffic speeds. HOV lanes are rarely successful 
if the freeway main lanes are uncongested, and vehicle occu
pancy rates are not significantly different in most major urban 
areas . 

The conclusions derived from the corridor PMI calculation 
are somewhat counterintuitive. Allowing two-person carpools 
on the Katy transitway significantly increased total HOV 
person-movement but also decreased the average HOV vehi
cle occupancy ratio by 80 percent. The PMI values for both 
the HOV 2 + lane and the total system were significantly 
lower than those for HOV 3 + operation, indicating a decrease 
in project effectiveness. Because peak-hour person-movement 
increased 25 percent with no significant reduction in speed, 
however, the Katy transitway was more successful at moving 
people during the peak hour as a HOV 2 + project than as 
a HOV 3 + lane. When the shift to 2 + was made, motorists 
perceived the Katy transitway as underused (5). Apparently, 

some threshold vehicle-volume is necessary for a HOV project 
to seem useful; once above that level, more detailed analysis 
tools may be applied. 

F.VAJ,UATION OF MOBILITY MEASUREMENT 
METHODOLOGIES 

The freeway and HOV lane operational measures summa
rized use a variety of inputs but have in common the relative 
availability of data. Each has its advantages and limitations. 
The mixed-flow and HOV lane person-volume statistic (Table 
3) is easy to calculate and illustrates a key benefit of HOV 
priority treatments-increasing the person-movement capa
bility of a freeway or arterial corridor. The concept is also 
relatively easy to illustrate, as shown in Figure 1, and to 
explain to the general public. This benefit should not be over
looked; the success or failure of many priority treatment 
projects has been determined by the public perception of 
HOV lane use rates. Particularly in the case of concurrent 
(no barrier separation) flow lanes, the appearance of a rel
atively unused lane and easy convertibility from priority to 
mixed-flow vehicle usage requires a marketing effort to 
encourage use. 

SPY values combine the two most significant performance 
measures of HOV lane operation (Table 4). Increased person-
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TABLE 5 PMI VALUES FOR HOV LANES AND FREEWAYS 

HOV Project and Location 

EXCLUSIVE IN SEPARATE R.O.W. 
Ottawa, Canada 

Southeast Transitway & 
Central Area Transitway 
West Transitway 

Southwest Transitway 
Pittsburgh, PA 
East Busway 
South Busway 

FACILffiES IN FREEWAY R.O.W. 
Exclusive Facilities 

Houston, Texas 
I-10 (Katy) 3+ HOVs 
I-10 (Katy) 2+ HOVs 
I-45 (North) 

Los Angeles, I-10 (San Bern) 
Washington D.C. 

I-395 (Shirley) 
I-66 

Concurrent Flow 
Los Angeles, Route 91 
Miami, I-95 
Orange County, Route 55 
San Francisco, CA 

Bay Bridge 
us 101 

Seattle, WA 
I-5 
SR 520 

Contraflow 
New York City, NJ Rte. 495 
San Francisco, CA, US 101 

Source: Reference 1 

NA - Not Applicable 
ND - No Data Provided 

Percent 
Person Movement Index Increase 

Corridor vs 
HOV Lane1 Freeway Corridor' Frwy3 

1,275 NA 1,275 NA 
1,461 NA 1,461 NA 

969 NA 969 NA 

1,499 NA 1,499 NA 
1,008 NA 1,008 NA 

726 33 199 500 
133 37 80 115 
932 28 428 1,445 
367 31 155 405 

429 33 272 715 
298 NA 298 NA 

136 30 60 100 
102 48 63 30 
135 34 64 90 

146 6 97 1,410 
537 57 197 250 

230 31 81 160 
177 7 86 1,050 

1,025 7 847 11,880 
2,016 68 825 1,110 

1See Equation 3 
2See Equation 4 
3Represems difference between total PMI and freeway PMI 

movement at significantly higher speeds (relative to the mixed
flow lanes) is the purpose of designating HOV lanes, and the 
SPY measure directly quantifies this result. Combining the 
SPY values both for the freeways and HOV lanes into a total 
corridor measure provides a basis for determining the effect 
of priority treatment projects. Higher passenger volume or 
greater speed, or both, will raise the SPY value. The SPY 
formula is applicable both to mixed-flow and to priority treat
ment projects, with identical data requirements for each. The 
results are directly comparable and easier to explain than 
indicators based on different formulas. The values resulting 
from this calculation, however, are large (tens of thousands) 
and may be difficult for the public to understand. Also, they 
are not easy to compare with other measures. 

Vehicle occupancy rate and vehicle speed are combined in 
PMI. This calculation is as uncomplicated as the SPY formula 

and may be somewhat easier to understand. HOV PMI values 
are significantly higher than freeway main-lane PMI values. 
PMI values for the two facilities can be combined to form a 
corridor PMI value to indicate HOV lane impact. Increasing 
person-movement by reducing the HOV minimum occupancy 
requirement, however, decreases the PMI value. As was indi
cated in Table 5, this counterintuitive relationship (PMI value 
is lower, even though the overall travel situation improves) 
is also apparent in the corridor PMI value. For example, total 
peak-hour person-movement on the Katy transitway increased 
from 1,710 (with HOV 3 +) to 3,900 (with HOV 2 + ), indi
cating an improvement, but the PMI value decreased 80 per
cent. This large decrease was not offset by the increased 
person-movement (used to weight the freeway and HOV 
PMI values), and the corridor PMI decreased 60 percent. 
Weighting the PMI values by person-volume per lane would 
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provide a more intuitively correct increase in the total PMI 
value but would not indicate the average travel condition for 
all commuters on both facilities. 

RECOMMENDED MOBILITY MEASUREMENT 
PROCEDURE 

Analytical procedures transportation professionals use to assess 
peak-hour operating conditions on streets and freeways typ
ically focus on vehicle-volume and speed. The Highway Capacity 
Manual (1) and almost all other methodologies examine the 
flow of vehicles, because the physical limitations of capacity 
are related to vehicle characteristics and volume. To com
pare priority treatment techniques and mixed-flow freeway 
lanes, however, person-movement is more appropriate. HOV 
priority lanes operate at significantly higher speeds than mixed
flow lanes. This advantage can be incorporated into a meth
odology that can illustrate the relative effectiveness of mixed
flow and HOV lanes. 

Peak-Hour Mobility Estimation Methodology 

The SPV calculation offers the best combination of ease of 
data collection, applicability to both mixed-flow and HOV 
lane operation, and ability to reflect the effects of new con
ditions such as changes in minimum occupancy rules. The 
most negative feature of the calculations is that it produces 
values that are relatively large (typically greater than 40,000) 
and are not related to standard quantities such as those used 
in the Highway Capacity Manual (1). Thus, they may not be 
readily understood by transportation professionals or the gen
eral public. A par value could be used to normalize the results 
of individual equation elements so as to indicate congested 
freeways more clearly. 

Par Value 1,850 Vehicles 
1 2 

p 
for Freeway SPV = 45 mph x per Lane in the x · :r~?~s 
Calculation Peak Hour per e ic e 

= 99,900(use100,000) 

The speed and volume values represent freeway operating 
conditions at the beginning of LOSE (1). Peak-hour LOSE 
or F operation represents significant travel delay and also is 
frequently associated with delay during other hours. Opera
tion of mixed-flow freeway lanes at LOSE has been acknowl
edged as a general warranting condition for establishing HOV 
lanes (6). 

A similar par value was generated to evaluate arterial street 
HOV lanes. Using the Highway Capacity Manual (1) value 
for signalized intersection delay at LOS E, an uncongested 
arterial vehicle speed of 35 mph, and an arterial street spacing 
of 1 mi, an LOSE speed of 25 mph was estimated, as follows: 

LOSESto edDela x 1.3 = LOSET?talDelayper 
pp y Intersection 

40 sec x 1.3 = 52 sec (0.9 min) 

1 mi Street Spacing -;- 35 mph = 1. 7 min Operating Time 
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17 ·o . T' 09. fDl 2.6minT · t. l . mm peratmg 1me + . mm o e ay = 'f IT ' rave nne 

1 · s s · 2 6 · . 23 mph m1 treet pacmg -;- . mm Total Travel Time = ( 
use25mph) 

The planning analysis criteria in the Highway Capacity 
Manual (1) identify 1,200 to 1,400 veh/hr as the range that 
represents near-capacity conditions. A 50 percent green time 
value was assigned to the average of that volume (1,300 veh/ 
111) Lu eslirnale peak-hour LOSE traffic volume on an arterial. 
(The limiting condition for arterial street capacity is at the 
intersection of two principal arterials; each arterial would be 
expected, for planning purposes, to require 50 percent of the 
green time. This calculation is as follows: 

Par Value for 
Arterial SPV 
Calculation 

1,300 Vehicles per 
25 mph x Lane in the 

Peak Hour 

x 50 Percent 1.2 Persons per 
Green Time x Vehicle 

19,500 (use 20,000) 

Corridor Mobility Index 

The par values for freeway and arterial operation can be 
combined with the SPV calculation (Equations 1 and 2) to 
generate a corridor mobility index (CMI). For high-speed 
HOV lanes and rail transit lines: 

Travel x Peak-Hour Per on 
Speed (mph) Volume Per Lane 

100,000 

For arterial street HOV Lanes: 

Travel 
Speed (mph) 

x Peak-Hour Person 
Volume Per Lane 

20,000 

(5) 

(6) 

The high-speed equation applies to HOV lanes within or 
adjacent to freeways, rail transit within exclusive rights-of
way, or busways within separate rights-of-way. Although the 
operational characteristics of busways and rail transit lines are 
not similar to those of HOV lanes or freeways, the capital 
and operating costs are. The alternatives analysis process fol
lowed for UMT A funding purposes balances the character
istics of these technologies. The commuting public also per
ceives HOV lanes, rail transit lines, and busways as comparable 
technologies. 

The arterial street equation provides a lower par value to 
adjust for the difference in operating characteristics between 
freeway (or exclusive) facilities and priority treatments within 
street rights-of-way. Local-service transit bus routes, with 
multiple stops along an arterial street HOV lane, should be 
evaluated according to a lower standard than is used for express 
bus freeway service. 

Interpretation of CMI Values 

Table 6 presents CMI values for the bus and HOV priority 
lane projects in Canada and the United States. The range of 
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TABLE 6 PEAK-HOUR FREEWAY AND HOV LANE CMI VALUES 

HOV Project and Location 

EXCLUSIVE IN SEPARATE R.O.W. 
Ottawa, Canada 

Southeast Transitway & 
Central Area Transitway 
West Transitway 
Southwest Transitway 

Pittsburgh, PA 
East Busway 
South Busway 

FACILITIES IN FREEWAY R.O.W. 
Exclusive Facilities 

Houston, Texas 
I-10 (Katy) 3+ HOVs 
1-10 (Katy) 2+ HOVs 
I-45 (North) 

Los Angeles, I-10 (San Bern) 
Washington D.C. 

I-395 (Shirley) 
1-66 

Concurrent Flow 
Los Angeles, Route 91 
Miami, 1-95 
Orange County, Route 55 
San Francisco, CA 

Bay Bridge 
us 101 
Seattle, WA 
I-5 
SR 520 

Contraflow 
New York City, NJ, Rte. 495 
San Francisco, CA, US 101 

Source: Reference 2 
NA - Not Applicable 
ND - No Data Provided 
1See Equation 1 
2See Equation 11 

Corridor Mobilitv Index (CMI) Percent 
HOV' Freeway' Corridor' Inc Total 
(1000) (1000) (1000) vs Freeway4 

3.4 NA 3.4 NA 
2.0 NA 2.0 NA 
1.2 NA 1.2 NA 

1.5 NA 1.5 NA 
.7 NA .7 NA 

.9 .5 .6 20 
1.8 .6 1.1 95 
2.3 .4 1.2 210 
3.3 .6 1.6 160 

3.7 .6 2.5 345 
3.0 NA 3.0 NA 

1.9 .6 1.0 60 
1.4 .9 1.1 15 
1.7 .7 1.0 45 

1.0 0 .7 2,455 
2.1 1.1 1.4 25 

1.0 .6 .7 20 
.5 .1 .3 150 

7.4 .1 6.1 5,730 
3.0 1.2 1.9 60 

3Scc Equation 2 
4Represcnts difference between total CMI and freeway CMI 

accuracy of travel time, vehicle speed, and person-volume 
data for the freeway main lanes and the HOV lane should 
be recognized explicitly. Because traffic volume and speed 
vary daily, the CMI values should be considered to have at 
least a 10 percent variability. Such factors are recommended 
because of the relative ease of data collection and potential 
for consistency in data collection technique. 

Also, the travel speeds and ridership used in the calculations 
should be indicative of conditions throughout the corridor, if 
CMI values are to be representative of peak operation. 

As defined in the par value calculations, a CMI value of 
1.0 indicates a HOV lane with approximately the same com
bination of speed and person-volume as a congested (LOS E) 
freeway or arterial street traffic lane. All of the facilities in 
Table 6 were evaluated with the freeway par value of 100,000. 
Depending on the freeway main-lane values, HOV lanes with 
SPV values below 1.0 may be ineffective projects. 

Only three projects in Table 6 have CMI values less than 
1.0. One is no longer operational (Katy HOV 3 +),and another 

has a CMI five times higher than the adjacent freeway main 
lanes (SR 520, Seattle). The busway projects in Ottawa and 
Pittsburgh have somewhat constrained operating conditions 
in that many of the buses stop at transit stations along the 
busway and access the busway arterial street-type at inter
sections, resulting in much lower speeds than could be obtained 
in express operation. Even so, the CMI values for all but one 
of these facilities exceed 1.0. 

CMI values in excess of 2.0 seem to be associated with 
projects that according to other data are considered extremely 
successful; 9 of the 21 projects in Table 6 satisfy this criterion. 

Another method of interpretation involves a comparison 
of the freeway main-lane values with the total corridor system 
(freeway and HOV lane). The corridor index values are a 
weighted average of the freeway and HOV lane index values, 
using total person-movement as the weighting factor. The 
CMI for the HOV lanes is 40 to 50 percent higher than that 
for the freeway, which would indicate effective projects. Proj
ects that increase the freeway CMI value by more than 100 



TABLE 7 CMI VALUES FOR SELECTED RAIL TRANSIT SYSTEMS 

Rail Transit System 

HEAVY RAIL TRANSIT SYSTEMS 
Atlanta 

North Line 
South Line 
East Line 
West Line 

Washington, D C 
Red Line 
Orange Line 
Blue Line 
Yellow Line 

LIGHT RAIL TRANSIT SYSTEMS 
Calgary 

South Line 
Northwest Line 
Northwest Line 

Edmonton 
Northeast Line 

Portland 
MAX LRT Line 

San Diego 
South Line 

1Source: Reference 7 
2Source: Reference 8 
3See Equation 11 

Peak-Hour 
Peak Direction 
Ridership1 

6,400 
4,500 
3,100 
2,700 

11,300 
9,800 
5,000 
4,200 

5,200 
3,200 
3,900 

3,200 

1,600 

2,000 

System 
Average 
Speed (mph)2 

34 
34 
34 
34 

30 
30 
30 
30 

20 
20 
20 

22 

20 

29 

TABLE 8 PEAK-HOUR CMI VALUES FOR EVENING PEAK HOUR ON SELECTED 
URBAN TEXAS FREEWAYS 

Speed of Corridor 
Peak-Hour Data Person Mohility 

Volume Travel Volume1 

Corridor 
Mobility 
Index3 

2.2 
1.5 
1.1 
.9 

3.4 
2.9 
1.5 
1.3 

1.0 
.6 
.8 

.7 

.3 

.6 

City and Freeway Per Lane Speed (1000) Index2 Rank 

DALLAS AREA 
E R L Thornton (l-30) 1,930 30 70 .7 
Old D/FW Trnpk (1-30) 1,750 45 94 .9 
N Central (US 75) 1,800 25 54 .5 
Stemmons (I-35E) 1,520 35 64 .6 
S. R L Tiiornton (I-35E) 1,875 45 101 1.0 
N LBJ (I-635) 2,080 35 87 .9 

HOUSTON AREA 
Gulf (1-45) 1,990 40 95 1.0 
North (I-45) 1,925 25 58 .6 
East (I-10) 1,485 50 89 .9 
Katy (I-10) 1,610 35 68 .7 
West Loop (I-610) 2,080 30 75 .8 
Eastex (US 59) 2,200 25 66 .7 
Southwest (US 59) 1,555 25 47 .5 
Northwest (US 290) 1,900 40 91 .9 

Source: References 9, 10, 11 

Note: See Table 6 for North and Katy Freeway and Transitway combined CT\11 values 

'Average vehicle occupancy = 1.2 persons 

2See Equation 11 

8 
J 

13 
11 
1 
6 

2 
12 
5 
9 
7 

10 
14 
4 
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percent are clearly successful in moving significantly more 
people at greater travel speed than is possible with single
occupant vehicles on mixed-flow lanes. 

Several rail transit line peak-hour passenger loads and aver
age system operating speeds are presented in Table 7 as an 
illustration of the application of the CMI calculation to other 
travel modes. The relatively low speeds are a result of the 
station stops, as is the case for the Ottawa and Pittsburgh 
busway systems (see Table 6). The CMI values for most of 
the heavy rail transit lines appear to exceed the CMI value 
representing a congested freeway lane (1.0). The lower speed 
and ridership values for the newer light rail systems result in 
CMI values less than 1.0. 

A comparison of SPY and CMI values for some Texas 
freeways for which volume and travel time characteristics are 
available is presented in Table 8. 

Application of Corridor Mobility Index Values 

Experience from operating HOV lane projects suggests that 
a level of vehicle use between 600 and 1,000 in the peak hour 
is necessary for general public acceptance of a HOV lane in 
a freeway corridor. Vehicle-volume values below this have 
often resulted in a negative public perception of the priority 
treatment. The methodology outlined in this paper probably 
will not change these perceptions. If a lane appears to be 
underused, technical analyses of ridership and travel speed 
may not alter that perception. 

This corridor mobility analysis is not as detailed as some 
other methodologies. The factors used in this procedure, 
however, focus on the important aspects of express transit 
and carpool operation. The combination of travel speed and 
person-volume directly measures one of the most important 
factors to the traveling public-speed-and an important 
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measure of project success examined by public officials and 
urban commuters-ridership. If public discussion on major 
transportation facilities includes quantitative analyses , the CMI 
may provide a relevant comparison between general-purpose 
travel lanes and HOV lanes, busways, or rail transit lines. 
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Computerized Sketch-Planning Process for 
Urban Signalized Intersections 

FAZIL T. NAJAFI, CHARLES JACKS, AND SUMANTH M. NAIK 

Urban tran portation networks in many cities will ontinue to 
experience enormous pressures because of population growth . 
As a result the level of ervice al many signalized intersection 
will decrease to unacceptable levels within the next 20 ears. 
Continuation of traffic growth over this period will neces irate 
intersection improv rn nt . Pr vi u re earch provided a simple 
methodology [the sketch-planning process (SPP)] ba e<l on co t
effectivene to determine the optimum intersection i1i1provcmen.t 
plan . During the automation of the SPP many improvements 
were introduced. These improvements include (a) dererminarion 
of the exact future year an inter ection fails to meet requirements, 
(b} determination of the intersection 's failure mechani ·ms, and 
(c) ability to simulate periodic signa.I timing optimization. A case 
study illustrate the automated PP (ASPP) oftware package, 
which i. a quick and efficient implementation tool that helps 
planners to ra te intersection improvements. This package will 
enable planner to determine right- f-way needs b fore devel
opment makes costs prohibitive. 

One of the most complex locations in an urban traffic system 
is the signalized intersection. As urban traffic increases , exist
ing signalized intersections will experience additional pressure 
and the level of service offered by the intersections will dete
riorate . This situation will require remedy through signalized 
intersection improvements. 

Previous research on the sketch-planning process (SPP) (J) 
provided a simple methodology for decision making in rating 
urban intersection improvements. 

The objective of the SPP process was to identify improve
ments that enable an intersection to meet minimum level of 
service requirements under a predicted growth rate. ln addition, 
this process analyzed the economic impact of the identified 
improveme.nts. 

The computerized process uses commonly accepted simu
lation models to accurately determine the effects of an inter
section improvement on future traffic conditions year by year . 
Results of these simulations allow the user to clearly deter
mine which improvements will be needed and for how long 
these improvements will maintain the intersection within the 
service requirements. Staged improvement series are accepted 
as well as alternative improvement series. 

A data base is maintained of the improvement type , costs, 
and results for each series of improvements. From the results, 
public costs such as fuel, oil, tires, maintenance, repair , and 
depreciation can be determined. Using this information, com
parisons can be made between each series of improvements 
to determine the optimum plan. Once the optimum plan has 
been determined, the needed right-of-way can be purchased 

University of Florida, Department of Civil Engineering, 345 Weil 
Hall, Gainesville , Fla . 32611. 

before development drives the cost up or makes the cost 
prohibitive. 

Fiscal planning can be enhanced by using this process to 
improve several intersections. Plans for improving each inter
section can be combined to obtain an overall plan that meets 
monetary , personnel, and equipment constraints. 

Automation of SPP is more than a way to execute the 
process faster because several improvements were imple
mented. Without automation , such improvements would have 
been difficult to execute manually . Most of these improve
ments are the result of simulating the intersection year by 
year, including 

• Determination of the exact future year an intersection 
fails to meet requirements , 

• Introduction of the automatic checking of the measures 
of effectiveness (MOE) providing information about the fail
ure mechanism on which to base improvement selection , 

• Simulation ability for periodic signal timing optimization, 
• Generation capability for improvement alternatives 

showing the specified date at which the intersection must 
undergo construction (e.g., addition of lanes), and 

• Estimation of each year's delay costs on the basis of 
present worth. 

In order to allow the simulation of an exclusive, shared left
turn pair, the Highway Capacity Manual (HCM) (2) volume 
allocation methodology was extended to include exclusive
left- and shared-left-turn-lane groups. · lRANSYT-7F's shared
lane model is unable to simulate this situation (3). Modifi
cation of the HCM method allows nearly all geometrics of an 
intersection leg to be considered for analysis. 

AUTOMATION OF THE SKETCH-PLANNING 
PROCESS 

The SPP, which forms the basis of the automated SPP (ASPP), 
can be thought of as an algorithm in which each step of the 
procedure requires from the user an input, computation, or 
decision, or a combination of these. The 10-step SPP process 
is shown in Figure 1 (J). 

SPP methodology involves a comprehensive evaluation of 
all aspects of intersection improvement. This evaluation entails 
user input of various parameters pertaining to existing and 
future traffic conditions, available right-of-way, and physical 
and economic constraints for improvement. Constraints used 
to identify an intersection as a candidate for improvement are 
volume/capacity (vie) ratio, delay values, and queue capacities 
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Identify the Problem 

Determine Existing Intersection Conditions 

Estimate Future Conditions 

Identify Constraints 

Identify Applicable Design Alternatives 

Calculate User Costs 

Estimate Project Costs 

Perform Economic Analysis 

10 Examine and Compare Staged Construction Options 

FIGURE 1 Ten-step SPP. 

in each leg of the intersection. Calculation of user costs and 
project costs as well as user benefits from the intersection 
improvement enable a final economic analysis to be per
formed for each improvement alternative. This calculation 
helps determine the benefit-cost ratio of each improvement 
alternative. 

ASPP, unlike SPP, is presently restricted to isolated urban 
signalized intersections with four or fewer legs, which should 
cover the majority of intersections experiencing deficiencies 
as a result of increases in traffic volume. 

Assuming an intersection requiring improvement has been 
identified, the first step of SPP is to identify the problem 
causing the intersection to require improvement. The usual 
reasons for an intersection to be considered for improvement 
are operational and safety problems. Operational problems 
are characterized by excessive delay, insufficient capacity, or 
queues larger than available storage. Safety problems are 
characterized by a high rate of property damage, injury, or 
fatalities. 

Although intersection safety is enhanced by the application 
of ASPP, sufficient safety parameters did not exist to account 
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for all conditions to be incorporated into the ASPP model. 
Therefore, safety parameters were not implemented in ASPP. 

Response of an intersection's operation to an improvement 
can easily be determined by one of a variety of traffic simu
lation programs (3). TRANSYT-7F was chosen for its ability 
to optimize signal timing, accurately simulate shared lanes 
and actuated signals, and meet the requirements of planned 
revisions. TRANSYT - 7F is a common accepted simulation 
program, and its evaluation of an intersection is constantly 
being improved. 

TRANSYT - 7F output contains information needed to 
determine whether an intersection meets performance 
requirements. Two requirements are automatically checked 
by ASPP. These are the vie ratio for each movement and the 
queue length for movements having a turn bay. Delay values 
are displayed so that the user can check excessive delay on 
the basis of selected criteria. 

DEFINING INTERSECTION CONDITIONS 

Three sets of conditions define the problem of determining 
when an intersection fails to meet requirements , including (a) 
conditions of the existing intersection, (b) conditions of growth, 
and (c) conditions defining adequate performance. Any change 
in these conditions will modify the results; therefore, for valid 
comparisons between different intersection improvement plans 
the conditions must be identical. 

Determination of these conditions correspond to Steps 2 
through 4 of the SPP (Figure 1). In ASPP, the user must 
develop a data set containing values such as number of lanes, 
growth rate, etc. (Figure 2), that define these three conditions. 
The first module of ASPP (the input module) was designed 
to gather values in Figure 2 from the user and create the data 
set (Figure 3). 

Data required to define the three conditions are detailed. 
Extensive requirements are needed to satisfy the procedures 
used by the ASPP, including (a) TRANSYT-7F simulation, 
(b) HCM (2) procedures for estimating capacity, (c) constraint
checking procedures, and ( d) delay cost estimation. Users 
must be responsible for other data such as the extent of exist
ing right-of-way, feasible right-of-way acquisition, and con
sideration of social and political constraints on intersection 
improvement. 

In order to estimate future traffic volumes, ASPP uses a 
compound interest formula . The growth rate for each leg of 
the intersection can be individually entered (Figure 2), allow
ing differential growth to be modeled (e.g., the different growth 
rate that would occur at the edge of urban areas as compared 
to the center of the city). Furthermore, the growth rate for 
two classes of heavy vehicles are modeled to account for 
commercial, industrial, and residential zones. 

Future traffic volumes, mix of heavy vehicles, and lane capa
cities are estimated by ASPP using existing conditions and 
growth rates. Predicted values are placed into a TRANSYT -
7F input deck so that the operational conditions can be esti
mated. These tasks are normally time-consuming, but once 
the existing conditions have been defined, the user's effort is 
reduced to entering the growth rates. 

ASPP uses capacity estimation procedures of the HCM (2). 
Capacity value input to TRANSYT - 7F is the capacity of the 
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1. Intersection name .................... ' City, County or DOT District name 

(Intersection drawing appears on your PC screen (Figure 5)). 

SB WB NB EB 
2. GEOMETRICS 

R T L R T L R T L R T L 

a) no. of lanes at each approach 

b) gradient at each approach 

c) bay length at each approach 

3. TRAFFIC 

a) Traffic volume at each approach 

b) % of heavy trucks at each approach 

c) speed limit at each approach 

d) no. of sneakers at each approach 

e) number of pedestrians at each approach 

4. Traffic Volume growth at each approach 

5. Maximum acceptable v/c ratio (or 0.90) 

6. Signal phasing and timing (as in Table 7) 

7. Maximum back of queue : < % of of turn bay length (or default value of 100%) . 

8. Vehicle Spacing (or use a default value of 25 feet) . 

9. Check input values (Steps 1-8) for consistency and write a TRANSYT-7F data set 

projecting existing conditions to future conditions (year-by-year until the end of 

planning horizon) . 

FIGURE 2 Input module steps. 

lanes for 1 hr of green time. Furthermore, TRANSYT-7F 
does not model the effect of heavy vehicles on lane capacity. 
Therefore, the values calculated by ASPP compensate for 
geometric conditions (e.g. , gradient and lane width) and traffic 
mix, but assume 100 percent protected green. Calculated 
capacity values are also entered as the maximum flow rate 
for unprotected opposed movements during a permitted phase. 

In developing ASPP, it was found that TRANSYT - 7F would 
not simulate all the intersection geometries for any number 
of lanes or type of movement . Specifically, TRANSYT-7F 
will not simulate a turning movement with one or more exclu
sive lanes and a shared lane. In order to remedy this situation, 
it was decided to distribute the approach volume to lane groups 
such that the resulting vie ratios for all movements would be 
equal. This decision is based on the assumption that lane 
switching would occur to cause the queues to empty at the 
same time. This assumption, coupled with the restriction on 
signal timing imposed by the presence of a shared lane, would 
result in equal vie ratios. Formulas developed from this 
assumption are equivalent to HCM (2) formulas when no 
exclusive turn lanes are present. In order to test the formulas, 
a range of input conditions was simulated by TRANSYT-7F. 
Simulated vie ratios found in TRANSYT - 7F were within 1 
to 2 percent of the vie ratios predicted by the formulas. 

As mentioned before, ASPP checks each simulation for 
compliance with constraints on the vie ratio and queue length. 
Maximum permissible vie ratio can be entered for lefts, 

throughs, and rights (Figure 2). Users may enter a percentage 
of bay length use and vehicle spacing. Defaults for these 
characteristics are 100 percent and 25 ft, respectively. 

Constraint on maximum vie ratio exists for two reasons. 
First, movements with high vie ratios are generally not con
sidered ncccptnblc. Second, various delay formulas tend to 
differ markedly for high vie (>1) ratios, but are in accord 
with generally acceptable vie ( <1) ratios. User costs are based 
on delay; therefore , the predicted cost from the different 
models will not differ greatly if the vie ratios are restricted to 
reasonable values . 

Constraint on maximum queue length is optimal. Bay length 
is used only for this test. If no bay length is entered for a 
movement, then the bay length constraint is not considered 
for this particular movement. TRANSYT - 7F does not sim
ulate the blockage that would occur when the queue is longer 
than the turn bays; therefore, the delay value for the blocked 
movement is underestimated. 

DEVELOPMENT AND EVALUATION OF 
IMPROVEMENT DESIGN ALTERNATIVES 

After all values from Figure 2 have been entered and stored, 
the user can request the input module to write a TRANSYT-
7F input deck. This deck will contain sections representing 
volume and capacity values for the first and up to 20 successive 



START 

Input Basic Data 

Search for Constraint 
Failure 

Choose Improvements 

Do Economic Analysis 
and Print Results 

DESIGN MODULE 

Write TRANSYT-7F 
Data Deck for Year x 

Run TRANSYT-7F 

Read TRANSYT-7F 
Output and Check for 
Constraint Satisfaction 

ECONOMIC 
ANALYSIS 
MODULE 

FIGURE 3 Organization of the overall ASPP program. 

TABLE 1 INPUT DATA FOR CASE STUDY 

2 

South Bound West Bound North Bound 
R T L R T L R T L 

ii of lanes 1 3 1 -1 1 1 -1 3 1 
lane width 12 12 12 12 12 12 12 12 12 
bav lenath 100 100 100 100 100 100 100 100 100 

volumes 49 450 57 6 46 70 66 1000 73 
%3S2 trucks 2 2 2 0 0 0 0 2 2 

%SU trucks 0 0 0 0 0 0 0 0 0 
% arowth rate for cai 3 3 3 3 3 3 3 3 3 

% qrowth rate for 3S2 trucki 3 3 3 3 3 3 3 3 3 
% arowth rate !or SU truck: 3 3 3 3 3 3 3 3 3 

qreen ext 1 l 1 1 1 1 1 l 1 
startup lost time 1 1 1 1 1 1 1 1 1 

aradients 0.0 0.0 0.0 
parkinq 0 0 0 

speed limit 45 35 45 
pedestrian 0 0 0 

qrowth of pedestriam 3 3 3 
phases 3 2 0 3 2 0 0 

areen time 5 45 0 5 45 0 0 
vellow 5 4 0 5 4 0 0 

all red 0 1 0 0 1 0 0 

East Bound 
R T L 

1 2 1 
12 12 12 

100 100 100 
50 650 49 
2 0 0 
0 0 0 
3 3 3 
3 3 3 
3 3 3 
1 1 1 
1 1 1 

0.0 
0 

35 
0 
3 
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years. While calculating future conditions, ASPP calculates 
an estimate of each movement's vie ratio. When a vie estimate 
is found greater than the user's chosen maximum acceptable 
vie value, ASPP stops writing sections. 

Once TRANSYT-7F has been run with the previously 
mentioned input deck, the user is ready to use the second 
module of ASPP (design module). This module is run itera
tively in alternation with TRANSYT - 7F (Figure 3) to develop 
and evaluate intersection improvement designs. An improve
ment design may include a set of improvements, such as the 
addition of a northbound left-turn bay and an eastbound 
exclusive right-turn lane. All improvements in a set are assumed 
to become effective at the beginning of the selected year for 
construction. Only one set of improvements can be evaluated 
in one alternation; however, iterative use will allow a series 
of improvement sets and also an alternative series of improve
ment sets to be evaluated. A series of improvement sets will 
be called an improvement alternative. 

Three functions are fulfilled by the second module of the 
ASPP: (a) scan and store output of the prior simulation, (b) 
accumulate information about a selected improvement, and 
( c) create a TRANS YT-7F input deck to evaluate the 
improvement. These three functions correspond to Steps 5, 
8, and 10 of the SPP process (Figure 1). Calculation of delay 
needed in Step 6 is performed during the simulation of an 
improvement design. 

The first action taken by this module is to search for a 
TRANSYT-7F output file. If an output file is found, the 
design module of the ASPP will search for a punch data set. 
Signal timing optimization causes a punch data set to be cre
ated by TRANSYT-7F. If a punch file is found, the optimum 
timing is read from this file and placed in a data base of 
designs. After processing the punch data set, the design mod
ule of ASPP will scan the output file. Measures of effective
ness (MOE) tables from the output will be copied to a data 
base of simulation outputs for later use. 

These data bases permit users to evaluate simul;ited inter
sections by quickly displaying a variety of information, which 
is then needed to develop TRANSYT - 7F input decks and 
economic analysis. For any simulated year of an improvement 
alternative, the following information may be displayed: vol
ume and capacity distribution, MOE table, and signal timing. 
Values indicating constraint failure will be highlighted in the 
MOE tables. From this information, the user should be able 
to determine the particular year that the intersection meets 
all performance requirements. 

ASPP can simulate several modifications to an intersection, 
including (a) addition of Janes, (b) change in lane width, (c) 
increase of turn bay length, and ( d) signal timing optimization. 
Any combination of these modifications may be selected for 
the various movements and directions. Signal timing optimiza
tion is restricted to cycle length search and split optimization. 
Changes in signal phasing are not presently allowed. Users 
should determine a combination of modifications considering 
physical, political, social, and budgetary limitations that might 
make the intersection meet requirements. 

Each intersection modification must be entered along with 
associated construction, right-of-way, and additional main
tenance costs. These costs and other relevant values about 
the improvement will be stored in an alternative data base 
for use in determining the conditions existing at a selected 
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year. It is recommended that the user maintain sufficient doc
umentation on each improvement set. Details of the costs 
should include information on right-of-way usage, underground 
obstructions, etc. 

If cycle timing optimization was selected, ASPP writes an 
input deck requesting a cycle search and split optimization 
for the modified intersection. On obtaining the optimum tim
ing from the punch data set, ASPP simulates the new signal 
timing for the remaining years. Tf sie;n;il timine; nptimiz;itinn 
was not selected, ASPP simulates the intersection modifica
tions for the remaining years. As with the existing condition 
simulation, the minimum required simulations will be executed 
as previously discussed . 

In order to facilitate the alternation of ASPP modules and 
TRANSYT-7F, an assembly language program was devel
oped that will correctly sequence these programs. To ex;imine 
or modify the input deck, the user may control the sequence 
of programs by batch or command entry. One instance in 
which the modification of the input deck might be useful is 
for modifying an input deck, requesting a signal timing optimi
zation to meet local regulations on minimum green time. 

COSTS MODULE 

When the user feels that a sufficient number of alternative 
improvement series have been evaluated for performance 
requirements, the user may select the costs module of ASPP 
(Figure 3). The costs module calculates the delay costs asso
ciated with a selected alternative. In addition, it will compare 
costs among several alternatives. 

ASPP uses the same cost calculation procedure as SPP (J). 
Total intersection delay from the MOE tables for each year 
of the selected alternative is used to estimate the yearly delay 
costs. Delay costs are defined as travel time cost, running cost 
caused by speed change and stopping, and idling cost. 

The inflation rate used to project the estimated costs to 
future worth and the discount rate used to return to present 
worth are assumed to be the same. Comparisons between 
altern;itiv~s ;ire h;iserl on the sum of the present worths of 
each year's costs. Because the inflation and discount rates are 
the same, the estimate of the present worth of a cost is the 
estimated value of the cost regardless of the year in which it 
occurs. This assumption causes the economic analysis to be 
insensitive to variations in discount rate. 

Alternatives are compared on the basis of the following costs: 
(a) total delay costs, (b) average yearly delay costs, ( c) total 
intersection improvement costs, (d) average yearly intersec
tion improvement costs, (e) total costs over the entire plan
ning horizon [the sum of (a) and (c)], and (f) benefit/cost 
ratio (B!C) of each improvement alternative. 

During the development of ASPP, a problem was noticed 
in programming the evaluation of BIC ratios. SPP defined the 
benefit as the difference between delay costs of the unim
proved intersection to the delay costs of the improved inter
section. However, because of various methods of estimating 
delay for high vie ratios and underestimation of delay when 
queues become longer than bay lengths, the unimproved inter
section is not simulated after these conditions occur. These con
ditions signal the need for a modification of the intersection; 
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FIGURE 4 Pull-down menus for the three ASPP modules. 

therefore, simulation of the modified intersection will occur 
after simulation of the unimproved intersection stops. With
out a value for the delay of the unimproved intersection, the 
benefit cannot be calculated by the SPP method. ASPP reports 
BIC ratios and considers delay costs as disbenefits. 

CASE STUDY 

ASPP software is better illustrated through use of a case study. 
The selected intersection is SW 34th Street and SW 2nd Ave
nue, located in the city of Gainesville, Florida. For this inter
section, Table 1 presents the values for (a) existing geometric 
conditions; (b) predicted future traffic growth rate; (c) con
straints such as vie, vehicle spacing, etc.; and (d) signal timing. 

Table 1 presents the steps of the input module , whereas 
Figure 4 shows the menus of the input module. Users may 
choose menu items either by cursor control or a mouse. Menu 
items not related to file or program control cause a screen to 
be displayed for entering the menu item . Input screens are 
provided for entering identification information and con
straint specification. Maximum vie values are allowed to default 
to 0.9, whereas bay length and average vehicle spacing are 
allowed to default to 100 percent and 25 ft, respectively . 

All other data in Table 1, except signal timing, are entered 
on a screen similar to that shown in Figure 5. The relationship 
of screen position to data item should be intuitive. The num
ber displayed is the number of lanes that service the lefts, 
throughs, and rights . The negative sign for the right turn 
indicates the lane is shared with another movement. 

_J_ 
I 
2 

-J 

2 

L 
- J 

I 
I 

FIGURE 5 ASPP input screen for numbers of lanes. 

The data for the signal timing screen are presented in Table 
2. Signal phase sequences are selected by menu control. Signal 
timing is presented as 45 sec of permitted lefts and throughs 
with a 5-sec yellow clearance followed by 5 sec of protected 
left with 4 sec of yellow clearance and 1 sec of all red. Both 
north-south and east-west directions have this sequence. 

After the signal timing and all the data from Table 1 were 
entered , input values were checked for consistency and stored. 
The simulate option from the menu was selected, to cause 
the input module to write a TRANSYT- 7F input deck. 
TRANSYT- 7F was then run to simulate existing conditions. 

The next step is the start of the alternation of the second 
module of ASPP (design module) and TRANS YT-7F. The 
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TABLE 2 ASPP INPUT SCREEN FOR SIGNAL TIMING DATA 

Movement Timing 

Green Yellow Red 

North/South Subsequence P 45 4 0 

L 5 4 1 

East/West Subsequence P 45 4 0 

L 5 4 1 

Walk Only Subsequence 0 0 0 0 

TABLE 3 STATUS OF INTERSECTION PERFORMANCE FOR SELECTING INTERSH~TION 
IMPROVEMENT 

YEAR Alternative 0 Alternative 1 Alternative 2 Alternative 3 

0 29.3 29.3 29.3 29. 3 

1 29.7 29.7 29.7 29.7 

2 30.0 30.0 30.0 30.0 

3 30.4 30.4 30.4 30.4 

4 30.8 30.8 30.8 30.8 

5 31.2 31.2 31 . ? 31.2 

6 31. 7 31. 7 31. 7 31. 7 

7 32.1 32.1 32.1 32.1 

8 32.8 32.8 32.8 32.8 

9 33.4 33.4 33.4 33.4 

10 34.3 34.3 34.3 34.3 

11 35.1 35.1 35.1 35.1 

12 36.1 36.1 36.1 36.1 

13 37.3 37.3 37.3 37.3 

14 38.8 34.5i 34.Si 34.Si 

15 

16 

17 

18 

19 

second module read the TRANSYT-7F output and placed 
the MOE tables in a data base. The select menu item was 
chosen, displaying a screen similar to Table 3. At this time, 
only the altO (alternative "O") column contained data. The 
last row containing data in this column correspond to year 
14 indicating tliat the existing intersection arrangement will 
fail to meet requirements in year 14. This year wa . elected 
for examination. 

Figure 6 is th product of SPP applied to this case study 
a graphical pr ntat"ion of average delay ver ·u time (in years}. 
ASPP uses data in Table 3, which is consistent with Figure 
6. The important poiul al.Juul Figure 6 i the relationship 
b tween construction timing of an alternative to its lev I of 
service. The effect of any improvement on level of service 
can be determined from the values displayed in Table 3. 

In the case study, all displayed values represent level of 
service (LO ) D. Normally, the user would attempt to con-

35.5 

36.9 

35.5 35.5 

35.2i 33.7i 

36. 3 36.3 

34.2i 34.2i 

35.2 35.2 

struct a eries of improvem nts that kept the inter ection al 
LO C. The other a pect of ASPP were better illustrated by 
having the intersection fail I meet programmed on ·traints . 

The MOE table wa · requested by choo ing the perf rmance 
menu item. Examination of the MOE table (Table 4) indi
cated that the northbound through-vie value exceeded the 
constrai nt.. Three modifications come to mind: (a) add a 
northbound lane (b) retime the intersect.ion and (c) add an 
adjacent right-turn bay. Combination of these three may also 
be simulated by the A PP. 

[o order to determine whether one of the previou ly men
tioned option will be effective the user may di ·play other 
information. about th imulated intersection, such a· volume 
distribution and lane capacities. The distribution menu item 
was chosen next to display the volume distribution and lane 
usage (Table 5) . From this screen, it can be seen that the 
predicted volume of through vehicles in the shared right lane 
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FIGURE 6 Average delay versus time graph to examine staged construction 
options over the design period. 

is not small. Not much benefit could be expected from adding 
a right-turn bay. 

In the MOE tables (Table 4), some high vie ratios occur in 
the eastbound and westbound movements. Because of these 
high vie ratios, split optimization would not be exp cted to 
olve this constraint without breaking another. The remaining 

choice is to add a through lane. 
Before simulating the addition, the 'user needs to obtain 

information on the costs of adding the through lane. Con
struction costs were estimated at $115,000, right-of-way 
(R-W) costs at $792,000 for a through length of 2 ,640 ft at 
an average of $25/ft2 R-W cost and additional maintenance 
costs at $5,000. These costs assume a lane width f 12 ft. 
These cost values were then entered into the design module 
and the simulation process executed. 

Returning to the selection screen (Table 3), one can see 
that adding a northbound through-lane extended the life of 
the inter ection to yea-r L6 (Alternative I). MOE tables (Table 
6) indicate the westbound left vie value is the cause of failure. 
Two modifications may improve the intersection: (a) adding 
a lane to the westbound left-tum bay, and (b) adding an 
eastbound through-lane. No evidence existed to indicate that 
either would not work; therefore, both were evaluated. Con
struction, right-of-way, and additional maintenance costs for 
Option 1 are e timated as $40.000, $30 000 and $0, whereas 
these costs for Option 2 are $115 000 $396,000, and $2,500, 
respectively. 

Exercismg Option 1 (Alternative 2 in Table 3) allowed the 
intersection to meet the constraints until year '1s. Failure 
occurred because of the high vie value at the eastbound through
lane. At this point, adding an eastbound through-lane allowed 
the intersection to meet requirements for the rest of the 
planning horizon (20 years). 

The eventual need for adding an eastbound through-lane 
in this alternative indicates Option 2 might be a better solu
tion. Adding tbc eastbound through-lane (A lternative 3 in 
Table 3) reduced the westb und left vie value to acceptable 
levels, but only until year 18. Here adding a westb und left 
lane seems proper. By adding such a lane the inte1·section 
meet performance requirement until the end of the planning 
horizon. 

From the application of ASPP, the u r has learned tJuee 
significant point about the future needs of the case tudy. 
The user must add (a) a northbound through-lane, (b) an 
eastbound through-lane and (c) a westbound left-turn lane. 

Al this point it was decided to execute the cost module of 
A PP. In Table4, the difference in Alternatives 2 and 3 occurs 
in years 16 and 17, with Alternative 3 having the maller 
average vehicular delay. The cost analy is (Table 7) indicates 
that Alternative 3 has the lower delay costs because of tbe 
addition of the eastbound through-lane in year 16. 

The comparative menu item ranks the alternatives, on the 
basis of several co ts functions (Table 8). Thi figure indicates 
Alternative 3 is the best alternative considering all comparison 
methods (e.g., total user costs and total government costs), 
except the BIC ratio. 

As mentioned earlier, BIC ratio treats delay costs as dis
benefits and reports this ratio as negative. Therefore, using 
this technique for the evaluation of intersection improvement 
alternatives is not proper. 

Another reason exists for selecting a different technique 
for evaluating intersection improvement alternative other than 
using the BIC method. Deci ions as to which one of two 
alternative i better depend on whether all the years within 
the planning horizon are observed, or only the portion in 
which the alternatives are different. 



TABLE 4 PERFORMANCE TABLES FOR YEAR 14, ALTERNATIVE 0 

NB Moye me ot s 

Exe. Left 68 2.05 1. 04 0.99 32.5 88(80) 2 4 1. 37 

E/S Thru 90 20.26 13.15 12 . 70 42.1 989(91) 34 8 22.49 

Sha. Thru R 87 7.94 5.46 5.29 44,7 89 (89) 16 4 8.96 

Shared R 87 1. 86 1. 28 1. 24 44.7 89 (89) 1. 54 

Se MQ:vements 

Exe. Left 75 1. 60 1. 84 1. BO 75.3 82 (95) 3 4 1. 89 

E/S Thru 38 12.69 5.50 5.22 27.6 477(70) 16 12 10.29 

Exe. R 14 1. 38 0.55 0.52 25.1 47(63) 2 4 0.74 

ws MQ:v~ments 

Exe. Left 83 1. 98 2.34 2.28 77 .5 102 (96) 3 4 2.38 

Sha. Thru R 13 1. 30 0.52 0.48 24.9 44 (63) 2 4 0.70 

Shared R 13 0.19 0.07 0.07 24.9 65(63) 0.10 

Ea MQ:vement s 

Exe. Left 13 1. 38 0.42 0.38 18 . . , 41 (56) 1 4 0.61 

E/S Thru 81 18.32 10.55 10.03 36.7 84(86) 29 8 14.58 

Exe.Right 15 1. 42 0.57 0.53 25.1 48(63) 0.76 

TABLE 5 VOLUME DISTRIBUTION FOR DIFFERENT MOVEMENTS FOR YEAR 14, ALTERNATIVE 0 

Exe. Left Shared Lef t Shared Left S/ E Shared Riqht Shared Riqht Exe . Riqh t 
I.eft Thru Thru Rlqht 

SB VOLUMES 86 0 0 512 169 74 0 

# of Lanes 1 0 0 2 1 1 0 

Capacity 1526 1606 1365 

WB VOLUMES 106 0 0 0 70 10 0 

# of Lanes 1 0 0 0 1 1 0 

Capacitv 1539 1620 1377 

NB VOLUMES 110 0 0 1087 426 100 0 

ii of Lanes 1 0 0 2 1 1 0 

Capacitv 1526 1606 1365 

NB VOLUMES 74 0 0 983 0 0 76 

# of Lanes 1 0 0 2 0 0 1 

Caoacitv 1539 1 62 0 1377 



TABLE 6 PERFORMANCE TABLES FOR YEAR 16, ALTERNATIVE 1 

V/C TOTAL TOTAL TOTAL AVG. UNIFORM MAX. BACK FUEL 

TIME TIME DELAY DELAY STOPS OF QUEUE CONS. 

(%) (V-MI) (V-HR) (V-HR) SEC/V) No.(%) No. Cap. (Gal.) 

~.a MQ~emeots 

Exe. Left 92 2.09 3.42 3.36 108 108 . (97) 4 4 3.22 

Sha. Thru R 14 1.38 0.55 0.51 25 47. (63) 2 4 0.74 

Shared R 14 0.19 0.07 0.07 25 6. (63) 0 0 0.10 

EB MQVetne n ts 

Exe. Left 14 1.47 0.46 0.41 18.9 45. (57) 1 4 0.66 

E/S Thru 86 19.44 11.84 11.29 39.0 926. (89) 32 8 16.14 

Exe. R 15 1. 4 9 0. 60 0.56 25.2 51. (63) 2 4 0.80 

TABLE 7 COST ANALYSIS FOR ALTERNATIVES 2 AND 3 

Present Value Cos t s (k$) fo r Alte r native 2 . 

Ye a r delav %stops Travtime Runni na Idlina Sum Ma int Const RiohtW Sum 

0 20.90 73 1258.5 341 . 4 118.9 1719 0 0 0 0 
1 21. 08 74 1311 . 1 356.5 123.9 1792 0 0 0 0 
2 22.07 75 1366.6 372 .1 12 9 .1 166B 0 0 0 0 
3 23.07 75 1425 .1 3B3.3 134 . 6 1943 0 0 0 0 
4 24.07 76 148B.3 400.0 140 . 6 2029 0 0 0 0 
5 25.0B 76 1552 . 7 412.0 146.7 211 1 0 0 0 0 
6 27.00 77 1623 . 7 430 . 0 153.4 2207 0 0 0 0 
7 28.20 78 1695 . B 448.6 160.2 2305 0 0 0 0 
8 29.60 79 1761.9 466.0 16B.3 241B 0 0 0 0 
9 31.10 79 1670.3 482.1 176. 7 2529 0 0 0 0 

10 32.90 80 1976 . 8 502.B 186.7 2 '666 0 0 0 0 
11 34.60 Bl 20Bl.5 524.4 196 . 6 2B02 0 0 0 0 
12 36.70 B2 2207.2 546.B 20B.5 2962 0 0 0 0 
13 39.10 83 2351.0 570.0 222.1 3143 0 0 0 0 
14 37.20 BO 2237.9 565 .9 211. 4 3015 5 215 792 1012 
15 39.50 Bl 23 75 . 0 590.2 224.4 3190 5 0 0 5 
16 40.30 62 2423.B 615.4 2 2 9 . 0 326B 5 40 30 75 
17 42.BO 82 2573 . 5 633 . B 243.1 3451 5 0 0 5 
lB 41.50 80 2497.7 636. 9 236.0 3371 7 115 396 51B 
19 44 . 10 BO 2650 . 5 656.0 250.4 3557 7 0 0 7 

Present Value totals 52346 1622 

TABLE 7 (continued on next page) 



TABLE 7 (continued) 

Present Value costs CkSl for Alternative 3. 

Year delav %stops Travtime Runninq Idlinq Sum Ma int Const RiqhtW Sum 

0 20.90 73 125B.5 341.4 llB. 9 1719 0 0 0 0 
1 21. OB 74 1311.l 356.5 123.9 1792 0 0 0 0 
2 22.70 75 1366.B 372 .1 129.1 1B6B 0 0 0 0 
3 23.70 75 1425.1 383.3 134.6 1943 0 0 0 0 
4 24.70 76 14BB.3 400.0 140. 6 2029 0 0 0 0 
5 25.BO 76 1552 . 7 412.0 146.7 2111 0 0 0 0 
6 27.00 77 1623.7 430.0 153.4 2207 _Q 0 0 0 
7 2B.20 7B 1695.B 44B.6 160.2 2305 0 0 0 0 
B 29.60 79 17Bl. 9 46B.O 16B.3 241B 0 0 0 0 
9 31.10 79 1B70 .3 4B2.1 176.7 2529 0 0 0 0 

10 32.90 BO 1976.B 502.B 1B6.7 2666 0 0 0 0 
11 34.60 Bl 20Bl . 5 524.4 196.6 2B02 0 0 0 0 
12 36.70 B2 2207.2 546.B 20B.5 2962 0 0 0 0 
13 39.10 B3 2351.0 570.0 222.1 3143 0 0 0 0 
14 37.20 BO 2237 . 9 565.9 211. 4 3015 5 215 792 1012 
15 39.50 81 2375.0 590.2 224.4 3190 5 0 0 5 
16 3B.50 79 2317 . 9 592.9 229 .·O 3130 5 115 396 51B 
17 41. 00 79 2467.1 610.6 243.1 3311 5 0 0 5 
lB 41. 50 BO 2497.7 636.9 236.0 3371 7 40 30 77 
19 44.10 BO 2650.5 656.0 250.4 3557 7 0 0 7 

Present Value totals 52068 1626 

TABLE 8 RANKING OF ALTERNATIVES 

A1tarnativa 2 3 

Years to :finish 19 19 

Ranking of alternative 2 1 

Tota1 user. cost 52346.08 52067.96 

Ranking of alternative 2 1 

User cost/year 2755.057 2740.419 

Ranking of alternative 2 1 

Tota1 Govt. cost 1622 1626 

Ranking of alternative 2 1 

Govt. Cost/year 85.36842 85.57895 

Ranking of alternative 2 1 

Tota1 Cost 53968.08 53693.96 

Ranking of alternative 2 1 

B/C Ratio -32.27255 -32.02211 

Ranking of altcrn~tive 2 1 
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This argument can be illustrated by con idering two alter
natives having identical first 10 years with a beDefit of 10 and 
a cost of 1. For the next 10 years, let both Alternatives A 
and B have a benefit of 2 and a cost of 1, and a benefit of 5 
and a cost of 2, concurrently. Then for the entire 20 years, 
BIC ratios are 6 and 5 for Alternatives A and B, respectively, 
whereas the BIC ratios for the last 10 yr for Alternatives A 
and B are 2 and 2.5. On the basis of the 20-year BIC ratios, 
Alternative A would be chosen. However, at the end of the 
first 10 year , the choice of Alternative A or B is. till valid. 
At thi point in Lime AlternativeB becomes the better choice. 

ll can be een from Table that Alternative 3 bas a smaller 
total cost than Alternative 2. The final intersection geometry 
is the same for Alternatives 2 and 3; however, the year in 
which each modification occurred is different (Table 7). This 
result indicates the importance of finding the optimum year 
at which the modification must occur. ASPP may be used to 
identify the optimum improvement year. 

For any alternative in Table 3, adding the northbound lane 
1 year earlier will not change the present value. of both con
struction and R-W costs (on the basis of constant dollars). 
However, one must recognize that the future construction and 
R-W costs will be different, on the basis of inflation. 

Moving the construction timing forward will add additional 
years of maintena11ce costs and the presenr value of public 
expenditure (ma inte nance , construction, and R -W) will 
increa e . H wever, the public will benefit a a result of reduced 
delay costs. 

As construction time is moved year by year toward the 
beginning of the planning period , additional benefits because 
of reduction in delay costs w!ll accordingly decrease , as indi
cated by the decreasing vertical distance separating the lines 
representing Alternatives 2 and 3 in Figure 6. 

In order to determine the optjmum construction timing, the 
total cost can be minimized. This minimum will occur the first 
year in which the benefit exceeds the maintenance cost. 

In order to determine the optimum improvement timing, 
ASPP is simulated as if the intersection construction would 
occur at year zero. Then each year of this alternative is com
pared to the ba e alternative by subtracting their delay costs. 
The difference is the benefit resulting from reduction in delay 
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costs . The year in which this benefit exceeds the maintenance 
cost is the optimum year to finish the intersection construction. 

CONCLUSION 

As demonstrated, the ASPP software package is a quick and 
efficient implementation of the SPP, which helps planners 
order urban signalized intersection improvements by priority. 

From the analysis, the need for future acquisition of R-W 
can be determined in advance. R-W can be purchased at 
predevelopment cost as compared to postdevelopment cost. 
As a result, significant cost savings should be realized . 

During the effort to automate the existing SPP , several 
other improvements to the SPP were incorporated. For instance, 
the year-by-year detailed generation of improvement alter
natives helps engineers to extensively examine intersection 
performance. In addition, the capability of the existing 
TRANSYT - 7F was enhanced by incorporating a procedure 
to simulate exclusive-left- and shared-left-lane groups. Fur
thermore, the economic analysis module for comparing 
improvement alternatives has made the SPP process more 
accurate. 

Existing ASPP is capable of handling only isolated signal
ized intersections. However, TRANS YT-7F is capable of 
simulating a coordinated network of intersections. Future 
research is planned to extend the capability of the existing 
process to include a coordinated network of intersections. 
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Expert System for Aspects of the TSM 
Process 

M. A. MORRIS AND L. J. POTGIETER 

An expe rt sy tem technology i applied to the 1ran portation 
·y tern management (TSM) proc ss. Two ·imple <.:xpert ystems 
were bui lt to test the feasibility of applying expert y Lem tech
nology to certain a pect · of TSM. Findings of th fea ibility study 
were then u ed 10 define requirement specification. for a practical 
expert system 10 provide mullisoluli ns for problems identified 
through rhe TSM process. teps taken to imple ment a full-scale 
TSM expert system are lhen de cribed. E xpe rience gained during 
th, fea ibility tage of the project indicates that successful knowl
edge engineering i the key to uccessful e xpert system devel
opment. An exten ive and detailed de riptio11 of the formal 
knowledge engineering approach used to clarify and structure rh 
T M \(nowlcdge int a form usable in an expert system is pro· 
vided. To test the effectiveness of the expert sy rem, output from 
rhe ·ystem was compared with recommendation made by rran -
portation onsultants on seven larp,e-sca le intetsection problem -. 
TI1e test indicates that the output of the ystem compares favorably 
with the recommendations made by hum an expel'ts. 

The systems approach to problem solving in transportation is 
well established and has been effective in optimizing existing 
transportation infrastructures and operations. However, lim
ited funds and expertise have placed constraints on this method 
and it has become apparent that new tools and formalized 
methodologies are required to make more effective use of 
this approach. 

An expert system is constructed for certain aspects of the 
transportation system management (TSM) methodology. The 
expert system is intended to be a practical working system to 
be used when necessitated by a lack of TSM expertise. 

Practical transportation engineering knowledge is acquired 
and structured into a form usable by an expert system shell 
(called knowledge engineering by expert system builders). 

Knowledge engineering is becoming the underlying factor 
in the success or failure of expert system development (1). 
Chang (2 ,3), Maher (4), and others have discussed the purely 
technical details of expert system construction relating to 
transportation. 

BACKGROUND 

The TSM approach has been adapted from the extensive TSM 
literature to suit local conditions and constraints (5- 7). 

Tomecki ( 6) defines the TSM process as a seven-stage process 
as follows: 

• Stage 1. Public communications of improvement needs 
and potential. 

M. A. Morris, Transportation Research and Consultancy, P.O. Box 
95230, Waterkloof, 0145, Pretoria, South Africa, L. J. Potgieter, 
Town Council of Springs, P.O. Box 45, Springs, 1560, South Africa. 

• Stage 2. Problem definitions, 
• Stages 3 and 4 . Generation and analysis of alternative 

solutions, 
• Stage 5. Evaluation and selection of preferred alternative 

solutions, and 
• Stages 6 and 7. Implementation and monitoring. 

Stages 1and2 are well defined and understood (7). A step
by-step procedure has been developed to obtain, through public 
participation, a range of problem definitions. 

Stages 3 and 4 are less straightforward . Extraneous factors, 
such as the shortage of TSM expertise and the fragmentation 
of TSM techniques throughout the literature, have affected 
the generation of effective and wide-ranging solutions to 
transportation problems brought to light through Stages 1 and 
2 of the TSM process. In order to overcome these problems , 
an expert system was proposed to address Stages 3 and 4 
directly. 

For each problem identified during Stages 1 and 2 of the 
TSM process, the expert system would be required to generate 
a range of solutions (Stage 3). The expert system would assist 
with the initial analysis (Stage 4) of the generated solutions 
by providing a weighted c rtainty factor (8) as to the likely 
effectiveness of such a soluti n . 

These solutions are seen as proposals for further investi
gation and analysis and serve as a guide to multiple solutions 
for a given problem. 

TSM EXPERT SYSTEM REQUIREMENT 
DEFINITION 

TSM Expert System Feasibility Study 

Two simple expert systems were built to investigate the fea
sibility of implementing an expert system for TSM. The 
objectives of the feasibility study were to investigate 

•The me Lhod of represeOlLng transportation kn wledge 
(the knowledge repre entation) that would be most suitable 
for the TSM project, 

• The type of user interface that would be most appropri
ate, and 

• The applicability of expert system technology to trans
portation planning. 

Expert system shells were used for the two systems, includ
ing the KES II production system (9) (using a production rule 
or If ... Then ... form of knowledge representation) and 
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the KES II hypothesis and test (JO) (using a frame-like form 
of knowledge representation). These two shells were chosen 
because they provided different forms of knowledge 
representation, but were similar in all other respects. 

Transportation information needed for both systems was 
obtained from the tables within the Simplified Procedures for 
Evaluating Low-Cost TSM Projects (5). 

Construction of these feasibility study expert systems took 
place over a 4-month period. When complet d , both expert 
systems were able to perform at an acceptable level and a 
decision was made to implement the TSM expert system. 

TSM Expert System Requirement Specifications 

The feasibility study gave valuable practical insight into apply
ing expert system technology to the TSM process. The fol
lowing requirements were specified for the TSM expert system 
on the basis of the experience gained during the feasibility 
study: 

1. The production rule form of knowledge representation 
would be used for the TSM expert system. In practice, it was 
found that both of the methods for representing transporta
tion knowledge discussed previously were effective in mod
eling transportation problems. However, the production rule 
method was found to be more understandable by the 
transportation engineers involved in the project. 

2. Type and form of input to the expert system should be 
clearly specified. For example, information, such as traffic 
flow, may be given in numeric terms as vehicles per hour or 
as symbolic values such as low, medium, high, or saturated. 
Availability of such information for a given problem area or 
site also needs to be taken into account. 

3. Type and form of the output should be clearly specified 
and all recommendations made by the system should be clearly 
understood. The feasibility study systems indicated that rec
ommendations made by the expert systems were found to be 
ambiguous and were not well understood by users. 

4. An intelligent front end program should be added to the 
expert system. The feasibility study found that lengthy question
and-answer sessions between the expert system and a user 
(typically 30 to 40 questions) often resulted in confusion on 
the part of the user. This problem was overcome by adding 
a program to the expert system to assist with the initial capture 
of information. 

5. The sequence of questions asked by the expert system 
should, as closely as possible, mimic the question sequences 
and style of a typical transportation engineer or human expert. 
The feasibility study system contained no instructions for con
trolling the sequence of questions asked by the expert system. 
Questions tended to be presented to the user in an illogical 
sequence. Subjective performance of the expert system 
improved dramatically when structures (available in many 
expert system shells) were used to order the question sequence. 

In addition to these requirements, the feasibility study dem
onstrated the importance of a clearly defined knowledge 
engineering methodology. 

STRUCTURING AND ANALYZING THE TSM 
KNOWLEDGE 
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The following discussion focuses on the structuring and anal
ysis of TSM knowledge and the development of production 
rules (If ... Then .. . statements) for use in the expert system 
shell. This process, called knowledge engineering, is critical 
to the success of an expert system project. It is essential 
that a coherent approach is used to obtain and structure the 
knowledge within the domain to be modeled (10,11) . 

Modeling the Transportation Engineer's Approach to 
Problem Solving 

During the feasibility study, an intense 1-day session was held 
to identify how transportation engineers use the TSM process 
to assist in the solution of transportation problems. The ses
sion also served to familiarize the expert system builder with 
transportation concepts. 

The discussion showed that transportation engineers often 
use a broad two-step process when using TSM for problem 
solving. 

Step 1. Overview Questions 

Overview questions were used to obtain general information 
on the type and location of the problem. First, engineers 
required information on the location of the problem. This 
information was used to choose an appropriate problem cat
egory (e.g., isolated intersection, corridor, and employment 
center). Next, within each problem category, information was 
required on specific topics relevant to the problem area. For 
example, when the problem category was isolated intersec
tion, the engineer would require information on geometric 
layout, traffic condition, problem symptom, etc. Discussions 
indicated that there was a specific set of topics for each problem 
category. 

An example of the type of questions asked during the over
view question step would be: "What form of traffic control 
is being used at the intersection?" 

Step 2. Detailed Questions 

Information obtained during the overview questioning was 
then used to guide the engineer in asking specific detailed 
questions relevant to the problem under consideration. An 
example of the type of questions asked during the detailed 
question step would be: "You have said that queues are form
ing in the left-hand lane at the intersection. Does this happen 
throughout the day or only at peak times?" 

Structuring TSM Knowledge 

In order to provide structure for the body of knowledge to 
be modeled in an expert system, it is necessary for the expert 
system builders to make a thorough study of the broad areas 
making up the knowledge domain. Much of the early work 
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is devoted to this process . Fortunately, in TSM methodology 
much of the work on the structuring of the knowledge domain 
was directly available in the TSM documentation. TSM doc
umentation (5) proved to be an excellent source for much of 
the knowledge engineering work of the project . 

In order to mimic the approach followed by engineers, the 
knowledge area or domain was divided into seven problem 
categories: 

• Isolated intersections, 
• Street segments, 
• Corridors, 
•Residential communities, 
•Employment centers, 
•Commercial centers, and 
• Regional , system-wide . 

Each problem category was then treated as a separate expert 
system. To date , isolated intersection and street segment sys
tems have been completed . Work is continuing on the other 
five expert systems. 

Once work began on isolated intersections, discussions were 
held with transportation engineers to identify the major top
ics or areas of required information (ARis) for which over
view information was required. The following ARis were 
identified: 

• Geometric layout, 
• Traffic control, 
•Traffic conditions, 
• Traffic problem symptoms, 
• Pedestrian conditions, 
•Pedestrian problem symptoms, and 
•Actions. 

In order to ensure that the system followed, wherever pos
sihle, the natural question sequence used by a human expert, 
an informal dependency graph was developed for the ARis 
within each problem category. 

The dependency graph idea has proved to be useful in 
diagrammatically representing the dependency relationships 
between the various ARls within a problem category . 
Dependency graphs were used to describe the usual question 
sequence used for obtaining ART information. Figure 1 shows 
the complete dependency graph for the problem category of 
isolated intersection. Within this dependency graph, it can be 
seen that intersection control is dependent on intersection 
traffic condition and intersection geometric layout. 

Analyzing the TSM Knowledge 

After all the ARis for a particular problem category were 
defined, the knowledge required for each ARI was analyzed 
and placed in a form acceptable to the expert system shell 
used for the project. All possible values for each ARI were 
then listed. A similar approach is outlined in Weiss and Kuli
kowski (12). Formally, the ARI values may be seen as ele
ments of each ARI set. For intersection geometric layout, the 
ARI values are 

•Slip lane, 
•Left-turn storage bay, 
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FIGURE 1 ARI dependency graph for ISOLATED 
INTERSECTION. 

•Median-open, 
• Median-closed, 
• High-occupancy-vehicle lanes, and 
•Unorthodox layout. 

ARI values for intersection control are 

• No control , 
• Stop signs, 
• Yield signs, 
•Traffic lights-fixed time, 
•Traffic lights-semiactuated , and 
•Traffic lights-fully activated. 

Because the actions for each problem category may also be 
seen as an ARI, the ARI values (list of all possible actions 
for a problem category) were compiled from the TSM doc
umentation (and augmented by actions relevant to local con
ditions). These ARI value lists formed the basis for the pro
duction rules (If . .. Then . . . statements) used in the 
knowledge base of the expert system. 

Examples of actions taken from the ARI value list for the 
problem category of isolated intersection are as follows : 

•Add a left-turn storage bay, 
•Add a right-turn lane, 
•Add a left-turn arrow phase, and 
•Upgrade intersection layout. 

The complete list of actions that were considered was 
compiled from the broad TSM literature. 

The analysis to be discussed and the structuring discussed 
previously were then used to develop the production rules or 
If . . . Then . .. statements used by the expert system. Fig
ure 2 shows an example production rule developed from the 
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isolated intersection problem category that illustrates the con
cepts previously discussed. In this example, the isolated inter
section ARis, ordered per the dependency graph, were geo
metric, traffic control, traffic condition, traffic symptom, 
pedestrian condition, and pedestrian symptoms. For each of 
these ARis, ARI values (i.e., no left-turn storage bay, any, 
saturated or high or medium, etc.) were used in developing 
the production rule example. The outcome action was obtained 
from the action list for isolated intersections. 

Once the basic rule structure was defined, it was possible 
to systematically acquire the knowledge relating to the area 
being modeled. The following discussion describes the steps 
used to develop the detailed If ... Then ... information. 

Eliciting the Detailed Rules 

Interviews were held with experienced transportation engi
neers to define the rules in the form given previously. The 
production rules were handled one at a time. Two engineers 
were involved in each interview session. A third member of 
the expert system building team acted as a facilitator. Engi
neers were presented with an empty rule as shown in Figure 
3. The engineers were then asked to complete the rule. The 
ARI value list for each ARI was used as a guideline for 
completing the rule. 

A flexible approach was adopted. Where no value seemed 
appropriate to the rule being considered, new information 
was added to the ARI value lists. In several cases during the 
interview sessions, it was found that the general ARI infor
mation was inadequate for selecting a specific action. Once 
the ARI information was in place, the discussion group iden
tified any specific information that they felt was specific to 
the rule under discussion. Specific information for the exam-

IF 
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pie would be whether space is available for adding a left-turn 
lane. A possible question generated by the expert system 
would be: "There are indications that a left-turn storage bay 
would improve the problem at the intersection. Is there room 
to add a left-turn Jane?" 

1. YES, 
2. NO. 

Knowledge Structuring and Analysis Summary 

The underlying operation of an expert system is beyond the 
scope of this discussion. However, each element in a pro
duction rule is closely linked to a question generated by the 
expert system. For example, geometric layout would generate 
a question such as: "Which of the following describe the 
geometry of the intersection?" 

1. Slip lane, 
2. Left-turn storage bay, 
3. Median, 
4. HOV lanes, and 
5. Unorthodox layout. 

The expert system user would respond appropriately. 
The rule structure is related to modeling of the transpor

tation engineers' approach to problem solving as follows: 

• ARis in each rule are used to generate overview questions, 
• Specialized information is used to generate detailed 

question for the specific rule, and 
• ARI order is related to the order obtained from the 

dependency graph and controls the question sequence, which 
is expert system shell-specific. 

GEOMETRIC NO Left turn storage bay AND 
TRAFFIC CONTROL Any AND 
TRAFFIC CONDITION Saturated or High or Medium AND 
TRAFFIC SYMPTOM Queues in left turn lane 

impeding straight traffic AND 
PED CONDITION Any AND 
PED SYMPTOMS Any AND 
SPECIFIC INFORMATION 

THEN 
ACTION Add a left turn storage bay. 

FIGURE 2 Production rule developed from ISOLATED INTERSECTION
with ARI values. 

IF 
GEOMETRIC 
TRAFFIC CONTROL 
TRAFFIC CONDITION 
TRAFFIC SYMPTOM 
PED CONDITION 
PED SYMPTOMS 
SPECIFIC INFORMATION 

THEN 
ACTION = Add a left turn storage bav. 

F3 
AND 
AND 
AND 
AND 
AND 
AND 

FIGURE 3 Production rule developed from ISOLATED INTERSECTION
without ARI values. 
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OPERATION OF THE TSM EXPERT SYSTEM 

The TSM expert system program has been designed to run 
on an IBM AT PC or compatible computer. At start up, the 
user is presented with the list of standard TSM problem cat
egories and the user is required to choose an appropriate 
category. 

The system responds with a form and diagram on the screen. 
The structure of both the form and the diagram depends on 
the problem category chosen. In the case of isolated inter 
sections , for example, the user is presented with a stylized 
diagram of an intersection as shown in Figure 4. 

Each solid rectangle indicates a location where a pop-up 
window can be activated to enter relevant information (for 
example, traffic flow and pedestrian flow) into the diagram. 
Geometric, traffic, and pedestrian flow information is entered 
into the diagram (through a series of pop-up menus) . Infor 
mation is entered separately for each approach to the inter
section. A similar diagram form is used to enter problem 
symptom information for each approach to the intersection. 

On completion of the diagram and form, the expert system 
proceeds with a series of specific questions (the detailed ques
tions) . Once adequate information has been obtained from a 
user, the system responds with a series of recommended actions, 
which are given in a provisional order. 

The complete expert system consists of three interacting 
subsystems: 

1. The KES II production system expert system shell, 
2. The Turbo Prolog intelligent front end, and 
3. Supporting C language functions. 

The KES II system is embedded within the C master program. 
The Prolog program has been compiled separately, but is 
executed via a system command from the (master) program. 

APPROACH 
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• 
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At startup, the user is given an option to run the expert 
system using data from 

1. A previously stored and named case study, or 
2. The previous consultation. 

Alternatively, a new consultation can be initiated. The user 
is then asked to choose the broad problem category . The 
master C program then runs the Prolog program, which displays 
the appropriate diagram on the screen. 

Because the diagram and ancillary questions such as geo
metric layout information have been implemented on a virtual 
screen, it is possible for the user to move around the screen 
via the edit keys . The virtual screen contains diagrams and 
entry fields for data required by the system. The FlO key 
terminates this phase of the program. A second similar dia
gram, for problem symptoms, is then displayed on the sc1eeu. 
Once again, FlO terminates the input phase of the program. 

Information gathered by the Prolog program is then written 
to a file, which is automatically read by the KES expert system 
shell. 

The program then exhibits typical expert system behavior. 
Users are asked a series of questions on the basis of the initial 
input from the diagrams. Conclusions are then displayed on 
the screen. Users can opt to repeat the consultation, terminate 
the consultation, or store the data from the entire consultation 
as a uameJ case study. 

KES II PS 

The KES II PS shell, using the standard backward chaining 
inference strategy, was used as the basis of the TSM expert 
system. The system provided several features that were found 
to be useful. 
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APPROACH 3 

FIGURE 4 TSM expert system stylized diagram of an intersection for ISOLATED 
INTERSECTION. 
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•The KES system could be embedded in the C program 
and viewed as a series of functions to be called when neces
sary, 

• Multiple knowledge bases could be loaded and unloaded 
from within the C program, and 

•The shell has simple, yet powerful file-handling capabil
ities for transparently interacting with other programs within 
the DOS environment. 

Turbo Prolog 

Turbo Prolog 2.0 and the Turbo Prolog Toolbox were used 
to develop the virtual screens and windows used by the expert 
system. The Prolog language with its pattern matching ability 
provided an excellent basis for the development of intelligent 
forms and diagrams. In addition, the Prolog program was 
designed to prevent the user from entering contradictory 
information into the system. 

c 

Lattice C V 3.01 formed the basis for the complete expert 
system. It was chosen to maintain compatibility with the C 
interface to the KES system. 

VALIDATING THE EXPERT SYSTEM 

Ongoing Validation 

Validation and testing of expert system performance is an 
integral part of expert system construction. The knowledge 
within the TSM expert system is based on a human expert's 
interpretation of a given situation or problem and therefore 
cannot be assumed to be 100 percent correct (13). 

Physical construction of the TSM expert system was an 
iterative process-a small number of production rules was 
added to the system and then adjusted and tested until the 
system produced satisfactory results. Procedures were repeated 
until all the rules were added to the system. 

However, it was felt that this approach did not provide 
exhaustive testing of the expert system. 

Practical Validation 

In order to ensure that the expert system provided useful 
practical results, the expert system's recommendations were 
compared with recommendations obtained from an indepen
dent study (14). The study consisted of an intersection inves
tigation of 14 problem intersections in which the objectives 
were to 

1. Select appropriate intersections for detailed analysis, 
2. Recommend improvements to selected intersections that 

would alleviate existing problems, and 
3. Document the procedures used. 
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Seven of the 14 intersections investigated were four-way inter
sections directly comparable with the knowledge already in 
the expert system. At present, the isolated intersection part 
of the system contains knowledge relevant only to four-way 
intersections. 

Traffic counts from the study were translated into symbolic 
form (low, medium, high, and saturated) and fed into the 
expert system. General information gathered during the inter
section study was used as the general (overview) information 
for the expert system. 

In five of the seven intersections, recommendations made 
by the expert system program closely followed the recom
mendations made by the consultants. However, recom
mended actions such as "Check the operation of the vehicle 
actuation, as it is not working properly at present" were not 
suggested by the expert system because it did not yet contain 
any information relevant to this type of problem. 

In each case, the TSM expert system provided a broader 
range of recommended actions than those provided by the 
consultants. This outcome is to be expected because the human 
expert is inclined to filter out the less than ideal solutions to 
a given problem. No such filtering mechanism was built into 
the expert system. On the other hand, the expert system's 
approach of giving a full range of solutions could be regarded 
as an advantage because of its consistency and comprehen
siveness. Humans are sometimes inclined to get in a rut and 
offer only their personal and familiar solutions. 

The major difference between the recommendations of the 
expert system and the consultants' study was that the expert 
system program's results were qualitative and required further 
investigation and analysis before a detailed recommendation 
could be implemented. 

CONCLUSION 

An expert system was constructed that addresses the gener
ation and analysis of alternative solutions in the TSM process. 
In particular, the steps taken in structuring and analyzing the 
TSM transportation knowledge (the knowledge engineering) 
into a form acceptable to the expert system model were 
described. 

Experience gained in the construction of the system indi
cates that the key to successful expert system construction is 
in the knowledge engineering. Without a clear understanding 
of how an expert goes about solving a problem, an expert 
system project is unlikely to succeed. 

The methodology described has been effective in providing 
a structure for the difficult task of encapsulating human exper
tise within a computer program to generate multisolutions to 
problems within TSM. 

Knowledge engineering procedures have had a useful indi
rect benefit on the TSM process. The formal process of gath
ering and structuring the TSM knowledge from disparate sources 
has provided a consistent approach to the classifying of knowl
edge and information within TSM. In addition, because of 
the expert system's consistent and rapid response to a given 
problem situation, it is likely that the completed system will 
provide excellent training in the TSM methodology. 
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Implications of Increasing Carpool 
Occupancy Requirements on the Katy 
Freeway High-Occupancy-Vehicle Lane 
Houston, Texas 

• In 

DENNIS L. CHRISTIANSEN 

The Texas State Department of Highways and Public Transpor
tation and the Harris County Metropolitan Transit Authority 
are in the process of developing an extensive system of high
occupancy-vehicle (HOV) lanes on the freeways in Houston, Texas. 
Locally, these HOV lanes are referred to as transitways. Con
siderable attention is being given to developing appropriate tech
niques for operating these priority facilities. In October 1988, 
carpool occupancy requirements to use the lane were increased 
from two or more to three or more persons per vehicle between 
6:45 and 8:15 a.m. in order to restore free-flow operation on the 
transitway. This change represented the first time in the United 
States that occupancy requirements to use an HOV facility had 
been increased. The action had its intended effect of restoring 
free flow to the transitway. Although in the short run total person 
volume for the facility declined slightly, the result was a significant 
increase in the value of time saved by transitway users. Increases 
both in bus patronage and in three-or-more-person carpool use 
were noted. This action was implemented with surprising ease 
and has worked effectively in the field. Much of the success is 
directly related to the design and enforcement policy used in 
developing and operating the Houston transitways . This approach 
may now be used on a routine basis as needed to effectively 
operate the Houston transitway facilities. 

The Texas State Department of Highways and Public Trans
portation and the Metropolitan Transit Authority of Harris 
County are in the process of developing an extensive system 
of high-occupancy-vehicle (HOV) lanes on the freeways in 
Houston, Texas. Locally, these HOV lanes are referred to as 
transitways. Today, over 36 mi of these facilities are in oper
ation on four separate freeways. Ultimately, nearly 96 mi of 
transitways will be developed at a cost approaching $700 mil
lion. These lanes are generally located in the median of the 
freeway, are 20 ft wide, are reversible, and are separated from 
the mixed-flow traffic lanes by concrete median barriers. A 
more complete description of this transitway system was given 
by Christiansen and Morris (1) . 

Because the Houston commitment to developing tran
sitways is somewhat unique and extensive , considerable effort 
is being given to identifying appropriate procedures for oper
ating the transitways. The Katy (I-10) transitway, Phase 1 of 
which opened in October 1984, was the first of the transitways 
to be completed in final form . Consequently , in many respects 

Texas Transportation Institute, Texas A&M University, College 
Station, Tex. 77843. 

it has been used as a laboratory in which different operating 
procedures could be tested. 

One of the major operational issues affecting the tran
sitways is the decision regarding what vehicle groups will be 
allowed to use the transitway. In effect, a balancing act is 
required. On one hand, it is desirable to have a reasonably 
large volume of vehicles using the transitway so that it appears 
to be sufficiently used . On the other hand, for the transitways 
to be successful they need to offer a high travel speed and a 
reliable travel time. As a result, it is essential that volumes 
in the transitway be kept below capacity so that significant 
delay and congestion do not develop on the high-speed priority 
lane. 

This balancing act is further complicated by two other fac
tors. First , experience with HOV lanes in southwestern and 
western cities has shown that the two-or-more-person carpool 
volume can be substantial; the three-or-more-person carpool 
volume is generally quite small. However , using a three-or
more-person rather than a two-or-more-person carpool des
ignation can reduce carpool volume by 75 percent. Second, 
transitway facilities have exceedingly high peaking character
istics. Generally, the hourly vehicle volume on either side of 
the peak hour is about half of the peak-hour volume. Thus , 
the need may exist to manage the peak-hour volume with
out adversely affecting the volumes on either side of that 
peak hour. 

ELIGIBLE KATY TRANSITWA Y USER GROUPS 

Definition of which vehicle types are allowed to use the Katy 
transitway has changed on several occasions between its open
ing (in October 1984) and October 1988. When the transitway 
opened in October 1984, because of previous experience in 
Houston on the North Freeway (I-45) contraflow lane, only 
buses and vanpools formally authorized by the Harris County 
Metropolitan Transit Authority (Metro) were allowed to use 
the Katy transitway. Authorization involved many factors, 
including insurance requirements, driver training, and vehicle 
inspections . Drivers were issued licenses allowing them to 
operate in the priority lane, and vehicles using the lane dis
played permits . With this approach, shortly after it opened 
approximately 50 vehicles .used the transitway in the peak 
hour. Surveys (2) of motorists in the freeway main lanes found 
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that 97 percent of those individuals felt that the transitway 
was being underused. 

In April 1985, a decision was made to allow authorized 
four-or-more-person carpools to begin using the transitway 
to increase its use. It was found that few four-or-more-person 
carpools existed in the Houston traffic stream and that a car
pool of that size was relatively unstable on a day-to-day basis 
(because of at least one person not traveling to the place of 
work that day). As a result, the effects of this action were 
minimal; only about 10 vehicles per hour (vph) were added 
to the peak-hour volume. 

In September 1985, three-or-more-person authorized car
pools were allowed onto the Katy transitway, which increased 
peak-hour volume to about 100 vph, but the transitway still 
appeared underused. 

In April 1986, two-or-more-person carpools were allowed 
to use the transitway and all occupancy requirements were 
dropped. The peak-hour volume immediately increased to 
about 1,200 vph, and for 2 years this approach worked rel
atively well. The volume both of persons and vehicles using 
the transitway was significant and relatively high travel speeds 
continued to exist in the transitway. 

KATY TRANSITWAY VOLUME AND CAPACITY 
RF.I .ATIONSHIPS 

In September 1988, with the economy in the Houston area 
beginning to rebound, volumes using both the freeway main 
lanes and the transitway began to increase noticeably. Peak
hour volumes on the transitway frequently would approach 
or exceed 1,500 vph. Several site-specific geometric and oper
ational constraints limit the capacity of the Katy transitway. 
Given these constraints, traffic analysis (3) showed that delays 
would begin to occur on the transitway as volumes exceeded 
about 1,200 vph, and that 1,500 vph effectively was the upper 
volume level that could be served with reasonably reliable 
travel speeds. Speeds during the peak of the peak hour were 
below 55 mph at these volumes. Because the eastern terminus 
of the transitway is temporarily located at a traffic signal, 
cleliiy prnhlems on the trnnsitway itself occurred only during 
a.m. operation. 

As demands began to approach and exceed 1,500 vph, the 
purpose of the transitway to provide travel time advantages 
began to be lost. Considerable delays occurred on the tran
sitway during the a.m. peak hour, and bus passengers began 
complaining to the transit authority. 

In response to this problem, studies (3) of alternatives for 
managing demand were undertaken. Consideration was given 
to (a) doing nothing, (b) requiring authorization for two
person carpools desiring to use the transitway in the peak 
hour, ( c) metering access to the transitway, and ( d) increasing 
carpool occupancy requirements. All of the alternatives con
sidered had problems; there was no obvious best alternative. 
A policy-level decision was made to increase carpool occu
pancy requirements from two or more to three or more per
sons per vehicle for the period from 6:45 to 8: 15 a .m., but 
the two-or-more-person policy would remain in effect during 
all other operating hours. The decision was implemented on 
3 days' notice with relatively little marketing and became 
effective October 17, 1988. 
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This decision represented an innovative approach for oper
ating transitway facilities. It was the first time a carpool occu
pancy requirement had been increased on a HOV facility, 
and it also was the first time that HOV requirements were 
varied by time of day (some HOV facilities do revert from 
HOV lanes to regular mixed-flow freeway lanes during off
peak periods). 

IMPACTS OF THE INCREASE IN OCCUPANCY 
REQUIREMENTS 

The increase in carpool occupancy requirements between 6:45 
and 8: 15 a.m. was implemented with surprisingly little difficulty. 
The relatively unique design (barrier-separated transitways with 
a limited number of access and egress locations) and regular 
routine enforcement associated with the transitways greatly 
enhanced the feasibility of this demand management approach. 
Data are available through March 1989 to permit evaluation of 
at least the short-term impacts of this action. Data relevant to 
the analysis are presented in Table 1. 

Morning Transitway Operations 

7:00 to 8:00 a.m. Transitway Travel 

Between 7 and 8 a.m., the total peak-hour vehicle volume on 
the transitway immediately decreased by about 64 percent, 
from 1,400 to 510 (Table 1). Travel time delays that had been 
experienced on the transitway before the occupancy change 
were immediately eliminated (Figure 1). To that end, the 
change in occupancy requirements achieved its desired effect. 

Since the initial decrease of about 33 percent in person
volume on the transitway between 7 and 8 a.m. , demand has 
been increasing. For March, the person-volume increased to 
3,445, 19 percent less than the volume before the change but 
18 percent greater than the November-December volume. 

Because the decline in vehicle-volume was greater than the 
decline in person-volume, average vehicle occupancy on the 
trnnsitway increased from 3.1 to 4. 7 persons per vehicle. The 
data in Table 1 also indicate that a significant volume of two
person carpools are on the transitway between 7 and 8 a.m. 
Some of these are clearly violators; however, most appear to 
have legally entered the transitway before 6:45 a.m . at its 
western terminus and were still in the transitway at 7:00 a .m. 
when counted at the eastern terminus. 

6:00 to 9:30 a.m. Transitway Travel 

During the a.m. peak period, person-volume immediately 
dropped by 17 percent; however, it has been increasing and 
in March was 10 percent less than what it was before changing 
the occupancy requirement (Figure 2). 

Components or the change in person volumes Before the 
change in occupancy requirements, approximately 5,090 per
sons used the transitway in two-person carpools between 6 
and 9:30 a.m. (Table 1). This figure decreased to 2,490 in the 
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TABLE 1 MORNING TRAVEL VOLUMES BEFORE AND AFTER CHANGE IN OCCUPANCY REQUIREMENTS, KATY 
FREEWAY CORRIDOR 

Travel Vollllles "Representative" Value After Occupancy Change 
Pre-Occupancr 11 'D ~--" 17 /llR -.;/Rll 

Change Value Value;.i; X Change-' Value X Change-' 

Daily Transitway Person Volune 18,880 16,595 - 12% 17,831 - 6% 

A.M. Peak-Period (6-9:30) Person 
Volune, Total 8,780 7,265 - 17" 7,945 - 10% 

2 Person Carpools 5,090 2,490 - 51% 2,800 - 45% 
3+ Person Carpools 935 1,835 + 96% 1,905 + 104% 
Total, Carpool Riders 6,025 4,325 - 28% 4,705 - 22% 
Patrons 2,450 2,670 + 9" 2,885 + 18% 
·Vanp6ol Riders 305 270 - 11% 355 + 16% 

7-8 A.M., Total Person Vollllle 4,320 2,915 - 33% 3,445 - 19% 

Carpools 2,885 1,315 - 54% 1, 750 - 39% 
2 Person Carpools 2,410 230 - 90% 480 - 80% 
Bus Patrons 1,310 1,500 + 15% 1,490 + 14% 
Vanpoolers 125 100 - 20% 205 + 64% 

A.M. Peak Period Vehicle Volune, Total 2,900 1,950 - 33X 2, 120 - 27" 

Carpools 2,780 1,820 - 34% 1,990 - 28% 

7-8 A.M., Total Vehicle Vollllle 1,400 510 - 64% 730 . 48% 

2+ Carpool Vehicles 1,365 455 - 67" 660 - 52% 
2 Person Carpools 1,205 115 - 90% 240 - 80% 
3+ Carpools 160 340 +112% 420 + 162% 

Carpool Volune (6-7 and 8:15-9:30) 1,230 1, 170 - 5% 1,295 + 5% 

Freeway Mainlane Volunes, 6-9:30 a.m. 

Vehicles 15,300 15,900 + 4% 16,805 + 10% 
Total Persons 16,455 17,230 + 5% 18,675 + 13% 
Average Vehicle Occupancy 1.075 1.084 + 1% 1. 111 + 3% 

1rhis is the value representative of the trend line that existed prior to changing the occupancy 
requirement. It does not reflect the values for any particular month. 

2These are representative of the average of the November and December data. 

3The percent change in comparison to the representative pre-occupancy change value. 

Source: Texas Transportation Institute data collection. 

November-December period and was 2,800 in March. Thus, 
if all the individuals in those two-person carpools had ceased 
to use the transitway, the apparent loss in transitway ridership 
in the November-December period would have been 2,600 
pers · n , and in March , 2,290 per ons. Actual declines in peak
period transitway ridership were 1 515 and 835 for those period , 
re pectively. It is apparent that some change have occurred 
in transitway travel patterns as a result of the changed occu
pancy requirement. 

Table 2 pre. ents the changes that have occurred in peak
period tran itway rider hip ince the change in occupancy 
requirements . They indicate that a significant volume of.indi
vidual ha changed to a higher-occupancy mode (either three
or-more-person carpool or bus) to be able to keep using the 
transitway. 

Through March, a 104 percent increase in tbree-or-more
per on carpool person-volumes had been realized, which 
occurred almo t immediately (Figure 3) . It is also ignificant 
that bus ridership in the a.m. peak period had increased by 
nearly 20 percent through March. Apparently, there is some 
modal overlap because some individuals, if necessary, will 
choose a higher-occupancy mode of travel. 

Changes in Time of Use of the Transitway It would be 
expected that carpool volumes between 6:30 and 7:00 a.m. 
might have increased as a result of the change in occupancy 
requirements. Overall, carpool volumes now peak earlier than 
they did before the occupancy change, but the absolute vol
ume of carpools using the transitway between 6:00 and 7:00 
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TRAVEL TIMES AR E FROM THE WESTERN TRANSITWAY TERMINUS TO THE S.P. RAILROAD 
3+ CARPOOL REQUIREMENT FROM b:4~ IU ~: 1 ~ IMPLEMENTED OCTOBER 17, 1988 

LEGEND : P - MAlt~LANE TRAVEL TIMF AHORF' H <:H~NGE (AVG. OF 3/88 .le 6/ 88) 
W - MAINLANE TRA\IEL TIME AFTER 3+ CHANCE (AVG. OF 12/88 .le 3/89) 
B - TRANS11WAY TRAVEL TIME BEFORE .H REQUIREMENT 

SOURCE: TEXAS TRANSPORTATION INSTITUTE A - TRANSITWAY TRAVEL TIME AFTER 3+ REQUIREMENT 

FIGURE 1 Katy Freeway main lanes and transiiway, a.m. travel times. 
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H CARPOOL REQUIREMENT FROM 6:45 TO B: I~ .1..1.4. IMPLE.MENlEO OCTOBER 17, 1988 
PEAK PERIOD IS 6:00 - 9:30 A.M. 
DATA COLLECTED BETWEEN GESSNER AND POST OAK 
SOURCE : TEXAS TRANSPORTATION INSTITUTE 
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FIGURE 2 Katy Freeway transitway, a.m. peak-period person movement. 
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TABLE 2 SUMMARY OF CHANGES IN a.m . PEAK-PERIOD PERSON TRAVEL 
ON THE KATY TRANSITWA Y 

Component of Change from November-December 

Base Ridership Time Period 

Base Ridership (Pre-Occupancy Change) 8,780 

Change Due to Vanpooling - 35 

Change in 2-Person Carpool Volume -2,600 

Change in 3+ Person Carpool Volume + 900 

Change in Bus Patronage + 220 

Resulting Peak Period Ridership 7,265 
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KATY TRANSITWAY PHASE 1, POST OAK TO GESSNER (4.7 Ml.), OPENED OCTOBER 29, 1984 
TRANSITWAY EXTENSION FROM GESSNER TO WEST BELT (1.7 Ml.) OPENED MAl 2, 1985 
TRANSITWAY EXTENSION FROM WEST BELT TO SH 6 (5.0 Ml.) OPENEO JUNE 29, 1987 
4+ AUTHORIZED CARPOOL OPERATION BEGAN APRIL 1, 1985 
3+ AUTHORIZED CARPOOL OPERATION BEGAN SEPTEMBER 1985 
OFF- PEAK, UNAUTHORIZED & 2+ CARPOOL OPERATION BEGAN AUGUST 11, 1986 
3+ REQUIREMENT FROM 6: 45 T 8: l 5 A.M. IMPLEMENTED OCTOBER 17, 1988 
SOURCE: TEXAS TRANSPORTATION INSTITUTE 
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FIGURE 3 Katy Freeway transitway, a.m. peak-period carpool use. 
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FIGURE 4 Katy Freeway transitway, a.m. peak-period carpool peaking characteristics. 

a.m. is not that much different than it was before the occu
pancy change (Figure 4). 

Where Did t.hc Remaining Volume Go'? Although the 
decrease in overall tran itway use was not a great a it might 
have been had not a meaningful number of c.ommntP.r<; witched 
to a higher-occupancy mode, nevertheless, fewer people used 
the transitway during the peak period. Compared with con
ditions that existed before the occupancy change, in the 
November-December period the person-volume was 1,515, 
whereas in March it was 835. 

It had been speculated that some portion of this volume 
may have been diverted to the northwest (U -290) tran itway , 
a new transitway partially in the same corridor a the Katy 
tran i.tway and still open to two-or-more-person carpools dur
ing all operating hours. However, an analy i of trends in use 
on the northwest transitway suggests that no significant diver
sion to that transitway took place. 

Il seems that most of the volume no longer using the Katy 
transitway has diverted back to eitber using the Katy Freeway 
main lanes or using ther treet in the corridor. Indeed , 
freeway volumes have increa ed (Table 1) although it is not 
possible to clearly identify the components of that increase. 
Small increases in freeway vehicle occupancy have also occurred, 
suggesting that additional carpools are now in the freeway 
main lanes. 

However , surveys (2) have clearly indicated that about half 
the carpools using the Katy transitway were formed since that 
transitway opened and because of it. If those vehicles are 
forced back to using freeway main lanes, it is probable that 
at least some of those carpooling may choose to go back to 
driving alone. 

Evening Transitway Operations 

During the p.m. peak period (3 to 6:30 p.m.), the transitway 
is still open for use by two-or-more-person vehicles. As a 
result, it would be expected that meaningful changes in person
volume should not occur; however , a decline in vehicle vol
ume would be expected because there are more bus riders 
and more three-or-more-person carpoolers caused by the actions 
taken in the a .m. peak period. In general, this has been the 
case (Table 3). By March, the increasing trend in p.m . person
volume was back in evidence and compared with preoccu
pancy change conditions, peak-p riod person volume was up 
4 percent with vehicle-volume be ing down 4 percent. 

Daily Transitway Travel Volumes 

As would be expected, reducing the types of vehicles that can 
use the transitway during a portion of the a.m. peak would, 



Christiansen 117 

TABLE 3 EVENING PEAK-PERIOD (3 TO 6:30 p.m.) TRANSITWA Y TRAVEL VOLUMES BEFORE 
AND AFTER CHANGE IN OCCUPANCY 

Travel Volume "Representative" Value After Occupancy Change 

Pre-Occupancy 11/88 and 12/88 3/89 

Change Value1 Value1 %Change Value %Change3 

Peak Period Person Volume 8,325 8,180 -2% 8,682 +4% 

Peak Period Vehicle Volume 2,825 2,665 -6% 2,714 -4% 

1This is the value of the trend line that existed prior to changing the occupancy requirement. It does not reflect 

the values for any particular month. 

21bese are representative of the average of November and December data. 

3The percent change in comparison to the representative pre-occupancy change value. 

Source: Texas Transportation Institute. 

at least in the short run, reduce total transitway use. Com
pared with the conditions that existed before changing the 
occupancy requirement, the November-December period 
experienced a 12 percent decrease in daily travel. However, 
demand has been increasing, andin March 1989 the daily person
volume on the transitway was 6 percent less than what it 
was before changing the occupancy requirement (Table 1). 

Value of Transitway Travel Time Saved 

Although person-volumes on the transitway declined, the 
increase in travel time saved was substantial. This finding is 
partly the result of eliminating delay on the transitway and 
partly the result of increased congestion on freeway main lanes 
(Figure 1). In March 1989, travel time savings for users of 
the transitway were greater than they were before initiating 
the occupancy change requirement (Table 4). Most of the 32 
percent increase in person-time saved during the a.m. peak 
period can be attributed to the occupancy change. 

CONCLUSIONS 

In order to restore high speeds and reliable travel times on 
the Katy transitway, occupancy requirements for carpools were 
increased from two or more to three or more persons between 
6:45 and 8:15 a.m. in October 1988. This increase had its 
intended effect of immediately eliminating congestion on the 
transitway. 

This change represented the first time carpool occupancy 
requirements had been increased on a HOV facility. Although 
considerable concern existed over whether this could be done, 
the change was actually accomplished with relative ease. Given 
the design and enforcement associated with the Houston tran
sitways, it has been possible to enforce this restriction. The 
change in occupancy requirements became insignificant within 

several days of being implemented. Although this action directly 
affected over 2,0UO peak-hour commuters, fewer than 36 calls 
were received by the operating agencies complaining about 
or commenting on the measures taken. Apparently , those 
persons using the transitway realized that the value of that 
facility was being greatly reduced by the high vehicle volumes. 

The action resulted in many individuals choosing to use a 
higher-occupancy travel mode. By March 1989, peak-period 
bus ridership, compared with conditions before the occupancy 
change, had increased by 435 riders or 18 percent. Three-or
more-person carpool person-volume in the peak period 
increased by 970 persons, or 104 percent. 

By March, daily person usage of the transitway had increased 
to within 6 percent of the volume that existed before the 
change. However, although person-volume decreased, at least 
in the short run, the value of time saved by users of the 
transitway increased substantially because of the elimination 
of congestion on the transitway and the increase in congestion 
on the freeway main lanes. The result was a 90 percent increase 
in the value of time saved daily by users of the transitway. 
During the a.m. peak period, person-hours of time saved by 
users of the transitway on nonincident days increased from 
833 to 1,100 hr, an increase of 32 percent. Much of this increase 
is because of the change of occupancy requirements . 

The Houston transitways are intended to move a design
year volume of7,000to10,000 persons in the peak hour. This 
volume simply cannot be realistically attained with a two-or
more-person occupancy requirement. As a result, it was rec
ognized that at some point in time peak-hour occupancy 
requirements would have to be increased. That action has 
now been taken successfully. This successful experiment has 
shown that, given the design and enforcement procedures 
associated with the Houston transitways, an effective oper
ating tool can be used to help manage transitway demand to 
ensure that those facilities function as planned . In the future, 
this approach may be used on a routine basis as needed to 
effectively operate other Houston transitways. 
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TABLE 4 DAILY PERSON-HOURS OF TIME SAVED BY USERS OF THE KA TY 
TRANSITWAY 

Time Period Hours of Time Saved 

Representative Value after Occupancy Change 

Pre-Occupancy 

Change Value1 Value2 % Change3 

AM. Peak Period 833 1,100 + 32% 

P.M. Peak Period 202 858 +325% 

Total 1,035 1,958 + 89% 

1This is the average of travel time data collected in 12/87, 3/88 and 6/88. Travel time saved due 

to incidents is not included. 

2This is the average of travel time data collected in 12/88 and 3/89. Travel time saved due to 

incidents is not included. 

1The percent change in comparison to the 9/88 value pre-occupancy change value. 

Source: Texas Transportation Institute. 
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Status and Effectiveness of the Houston 
High-Occupancy-Vehicle Lane System, 
1988 

DENNIS L. CHRISTIANSEN 

The Houston high-occupancy-vehicle (HOV) lane system is eval
uated through calendar year 1988. Locally , these HOV lane · are 
ref rred to as transitways. These facilities are being btlilt primarily 
as a means to help cope with the congestion problems in the 
Houston area. By th end f '19 8, 36.6 mi of transi tway were 
in operation 011 four Houston freeways. Transitwar are genera lly 
located in the median of the freeway, are 20 ft wide, are rever -
ible, and are separated from the freew ay ~ixed-f!O\~ lanes by 
concrete median barriers. Ultimately, 95.5 mi of tran.1tways will 
be constructed at a cost approaching $700 million . Surveys indi
cate that development f these rransitways has pubHc support. 
The primary objective of the Hou ton transitways i assumed co 
be to increa e , in a cost-effective manner, the person-movement 
capacity of a freeway and to do it in a m;tnner tlrnt cl e~ not 
unduly affect the operation of the freeway's general-purpo e m1.xed
flow lanei . Tran itway design and operation in Houston hav~ n~t 
unduly impacted the general-purpo free\~ay lane ·. Data 1~d1 -
cate that the transitways can igniflcantly increase peak-pcnod 
person movement and i1v rage vehicl.~ o~cupancy. New_ bu rid~rs 
and carpools are generated by che fac1l1t1e . For a trnn _uwa_y wllh 
a Houston-type design to be successful and co ·t- ffecuve , 1t may 
need to offer , peak-hour travel time aving of at lea t 6 ro 8 
min compared with operation in th freeway mixed-flow lanes. 
The transitway also needs to mov over 10 000 person-tnps 
per day . 

In Houston, in the early 1970s, increases in travel demand, 
expressed as freeway vehicle-miles of travel (VMT) , began to 
exceed increases in roadway supply , expressed as lane-miles of 
freeway. Since 1970, VMT per freeway lane-mile has increased 
by approximately 100 percent. As a result, congestion also 
increased significantly and a 1984 FHWA study (J) found that 
Houston had some of the most, if not the most, congested 
freeway facilities in the nation. Monitoring of overall urban 
congestion in major Texas cities has clearly indicated that mobil
ity levels in Houston have become undesirable (2). However, 
at the same time , congestion in Houston has been moderating 
in recent years. Nevertheless , the congestion problem in Hous
ton is serious and continues to require attention. 

In response to this congestion problem, a variety of actions 
are being taken . One involves the implementation on the 
urban freeways of a system of priority lanes for high
occupancy vehicles. Locally , these high-occupancy-vehicle 
(HOV) lanes are commonly referred to as transitways and 
are being jointly developed by the Texas State Department 
of Highways and Public Transportation and the Metropolitan 
Transit Authority of Harris County (Metro). 

Texas Transportation Institute , Texas A&M University, College 
Station, Tex. 77843. 

As part of an ongoing research effort, a comprehensive 
evaluation of these transitway facilities is being performed. 
Evaluations are being conducted using two approaches . First, 
before and after trend line data being collected for each free
way on which a transitway is being developed provide a means 
for identifying changes that occur in those corridors. Second, 
similar data are being collected in corridors that do not have 
transitways . These control corridors help to isolate the specific 
impacts of the transitways. 

Data relative to transitway and freeway operations and 
effectiveness in Houston are presented and evaluated through 
December 1988. Data are presented for all four operating 
transitways. 

OVERVIEW OF THE HOUSTON TRANSITWA Y 
SYSTEM 

A commitment has been made to develop approximately 96 
mi of freeway transitway in the Houston area (Figure 1). As 
of December 1988, four separate transitway facilities had been 
opened with a total of 36.6 mi of transitway in operation. 
D aily operation and enforcement of these facilities are the 
responsibility of the Metropolitan Transit Authority (Metro). 
Selected characteristics of the operating transitways are pre
sented in Table 1. 

Although some sections of two-direction transitway are being 
developed, the typical Houston transitway is located in the 
freeway median, is approximately 20 ft wide, is reversible, 
and is separated from the general-purpose freeway main lanes 
by concrete median barriers. In some locations, transitway 
implementation was accomplished by narrowing freeway main 
lanes and inside shoulder width. 

Access to the median transitways is provided in a variety 
of manners. At some locations, slip ramps are used to provide 
access and egress to and from the inside freeway lane. Open
ings in the barriers allow direct access to the transitway. 
Although slip ramps are relatively inexpensive, they have a 
variety of operational disadvantages. As a consequence, most 
access to these median transitways is being provided by grade
separated interchanges of various designs . With these designs, 
the transitway becomes elevated in the freeway median and 
grade-separated ramps provide connections to surface streets, 
park-and-ride lots, bus transfer centers, etc. These grade
separated interchanges are typically constructed at a cost in 
the range of $2 to $5 million each. 
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FIGURE 1 Status of Houston transitway development, March 1989. 

The estimated capital cost of the entire 96 mi system is 
approximately $689 million, or about $7.2 million/mi. The 
36.6 mi of facility in operation have been built for a construc
tion cost of approximately $132 million , or $3 .6 million/mi. 
For the five committed transitways, approximately 80 percent 
of the cost is being funded using transit dollars, with the 
remaining cost being funded with highway monies. Jn Mlcii
tion, the highway right-of-way in the median is being made 
available for these transitway projects. 

Daily operation and enforcement of the transitways are a 
Metro responsibility, which is costing approximately $250,000/ 
year per transitway. 

Public Attitudes Regarding the Development of the 
Houston Transitway System 

Because the transitway system being developed in Houston 
is somewhat unique and will involve an expenditure of approx
imately $700 million, public attitudes pertaining to transitway 
development have been an area of continued interest. Over 
the years, motorists using the general-purpose freeway main 
lanes have been surveyed to identify their attitudes concerning 
these priority lane projects . Surveys have been performed 
both on freeways that have transitways (Katy and North) and 
on a freeway (Eastex) that does not currently have a tran
sitway. A primary issue addressed in these surveys was whether 

SH 288 
1-45 
Gulf 

the transitways were perceived by the public to be good trans
portation improvements. 

Acceptance of the transitway as effective improvements appears 
to have grown over time. When asked in 1986 and 1988 if the 
transitways were good transportation improvements, responses 
from both the Katy and North corridors were generally 63 per
cent yes, 21 percent no, and 16 percent not sure. In a corridor 
(Eastex) that does not currently have a transitway, the responses 
were 58 percent yes, 15 percent no, and 27 percent not sure. It 
should be emphasized that these responses are those of the 
motorists using the highly congested mixed-flow freeway lanes . 
Although these individuals may perceive that they are receiving 
relatively few direct benefits from transitway development, 
nevertheless, in their opinion the transitways are good trans
portation improvements. 

Transitway Use and Travel Time Savings 

Total daily person-trips served by the Houston transitway 
system in December 1988 exceeded 40,000, a 23.5 percent 
increase over 1987 (Table 2). As would be expected, the 
transitway lanes move a relatively high percentage of peak
hour person-movement in a relatively small percentage of 
total vehicles (Figure 2). The single transitway lane on both 
the North and Katy Freeways accommodates between 35 and 
45 percent of the total peak-hour, peak-direction person
volume. 
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TABLE 1 STATUS OF OPERATING TRANSITWAYS, DECEMBER 1988 

Transitway Date First Miles in Vehicles Allowed to Hours of Weekday1 

Phase Opened Operation Use Transitway Operation 

Katy (1-10) October 1984 11.5 3 + vehicles from 6:45 4 a.m. to 1 p.m. inbound 

to 8:15 a.m. 2 p.m. to 10 p.m. outbound 

2+ during other 

operating hours 

North (1-45) November 19842 9.1 Authorized buses and 5:45 to 8:45 a.m. inbound 

vanpoolsJ 3:30 to 7:00 p.m. outbound 

Northwest August 1988 9.5 2+ vehicles 4 a.m. to 1 p.m. inbound 

(US 290) 2 p.m. to 10 p.m. outbound 

Gulf (1-45) May 1988 6.5 2+ vehicles 4 a.m. to 1 p.m. inbound 

2 p.m. to 10 p.m. outbound 

TOTAL 36.6 

1The transitways are presently closed on weekends. 

2A contraflow lane was implemented on the North Freeway in August 1979. It was replaced with a barrier-separated 
reversible lane in November 1984. 

JDue to construction in the corridor, only buses and vans authorized by Metro are presently allowed to use the 
transitway. 

However, the ridership increase between 1987 and 1988 
presented in Table 2 occurred because two new transitways 
opened during 1988. Daily use of both transitways that were 
operational in 1987 declined in 1988 when compared to 1987. 
Daily ridership per mile of transitway declined from 1,583 in 
1987 to 1,101 in 1988, a decrease of 30.4 percent. 

An examination of transitway operations suggests that at 
least three factors are helpful in explaining ridership levels 
on an HOV facility. 

Length of Transitway Operation 

Even successful HOV projects have experienced rapidly 
increasing ridership during the first several years of operation. 
Ridership data (3) from the North and Katy transitways in 
Houston, the San Bernardino Busway in Los Angeles, and 
the Shirley Highway in the Washington, D .C. , area show that, 
over the first 3 years of operation, all experienced ridership 
increases more than 200 percent. Apparently, mode choice 
changes continue to occur over a period of several years . Both 
the North and Katy transitways have experienced this growth 
period . However, at the end of 1988 both the Northwest and 
Gulf transitways had been operational for Jess than 8 months. 

Vehicle Groups A llowed to Use Transitways 

As would be expected, allowing carpools to use a transitway 
or reducing carpool occupancy requirements will result in an 

increase in transitway person-volume (as long as the vehicular 
capacity of the transitway lane is not exceeded), which explains 
the trend in use of the North transitway. Vanpooling in gen
eral has been declining in Houston, which is reflected in the 
ridership trends of the North transitway. The opening of this 
transitway to carpools (which may occur in 1989) should increase 
North transitway use. A somewhat similar experience has 
been occurring on the Katy transitway. Before instituting the 
three-or-more-person (HOV-3) carpool requirement from 6:45 
to 8:15 a.m. in October 1988, usage of that transitway had 
been increasing throughout 1988 and exceeded 19,000 daily 
trips in September 1988. The change in occupancy require
ments, which was necessary to address a vehicular capacity 
problem on the transitway, caused an immediate 17 percent 
drop in a.m. peak-period transitway person-volumes. Since 
October, that usage has been increasing as daily volumes in 
March 1989 increased to 17,600, a 5 percent increase over the 
December level presented in Table 2. A more detailed dis
cussion of the implications of the carpool occupancy increase 
on the Katy transitway has been given by Christiansen and 
Morris (4). 

Essential Travel Time Savings 

Provision of travel time savings is perhaps the most important 
single factor influencing transitway use. Simply, unles evere 
freeway conge tion exists and the transitway offers mean'ing
ful time savings, usage of transitways will not be high . It has 
been postulated for several years that a priority HOV lane 



TABLE 2 SUMMARY OF SELECTED HOUSTON TRANSITWAY OPERATIONAL DATA 

Kati l North2 Northwest3 Gulf3 Total 4 Trans i tways 
Data 12/87 12/88 X Change 12/87 12/88 X Change 12/88 12/88 12/87 12/88 X Changce 

Miles of transitway 11.5 11.5 o.ox 9.1 9.1 o.ox 9.5 6.5 20.6 36.6 +n.rx 

Transftway Person Volune 

Dally 17897 16m - 6.3X 14722 12946 - 12.1X 5283 5291 32619 40292 + 23.5X 
A.M. Peak Hour 4580 3881 -15.3% 3732 3732 - 5.0X 1821 1787 8508 11221 + 31.9% 
A.M. Peak Period 8703 7319 -15.9% 7238 6640 . 8.3X 3235 2754 15941 19948 + 25.1X 
P.M. Peak Hour 3812 3750 - 1.6X 3765 2725 • 27.6X 985 780 75n 8240 + 8.8X 
P.M. Peak Period 8129 8429 + 3.7% 7484 6306 - 15.7% 1960 2469 15613 19164 + 22.7% 

Transitway Vehicle Volune 
I 

I 
Daily 5733 5079 -11.4X 697 531 - 23.8X 1844 1424 6430 8878 + 38.1X 
A.M. Peale Hour 1469 938 -36.1% 189 151 - 20. 1% 668 490 1658 2247 + 35.5% 
A.M. Peak Period 2788 1862 -33.2% 329 265 - 19.5% 1164 719 3117 4010 + 28.6X 
P.M. Peale Hour 1180 1122 - 4.9% 157 125 · 20.4X 304 372 1337 1923 + 43.8X 
P.M. Peak Period 2517 2723 + 8.2X 368 266 - 27.7% 636 632 2885 4257 + 47.6X 

Avg. Vehicle Occ~y. 
A.M. Peak Hour 3.12 4.14 +32.7% 20.8 24.7 + 18.8X 2.73 3.65 5.13 4.99 - 2.7% 

Transitway Travel Tille Javings, 
Avg. Peak Hour <•in.) 8.5 13.8 +62.3X 7.9 6.2 - 21.5X 4.3 5.3 16.4 29.6 + 80.0X 

Annual Value of Tra':ll Time 
Saved CS •ill ions) S2.8 S8.6 +207.1% S6.8 S4.0 - 41.2X S0.8 S1.4 S9.66 S14.86 + 54.2" 

Notes: Peak hour is defined as the hour in which person movement is the highest. As a result, it is not always the same hour. The peak period 
is a 3.5 hour time period for all transitways except the North, where it is 3 hours in the a.m. and 3.5 hours in the p.m. 

11n October 1988, occ~y requirements to use the Katy Transitway between 6:45 and 8:15 a.m. were increased from 2+ to 3+. In 1987, the 
transitway operated from 5:45 a.m. to 8:0D p.m.; in 1988, it operated from 4 a.m. to 10 p.m. 

2The llorth Transitway, due to ongoing construction in the corridor, is used only by authorized buses and vanpools and operates for fewer hours 
per day than do the other transitways. 

3Neither the Gulf nor the Northwest Transitways were operational in 1987. 

4Travel time data can vary significantly due to normal variations in traffic flow. Time shown is average of a.m. and p.m. peak hours on a non
incident day. 

5eased on travel time savings per day factored to account for travel time savings resulting from incidents and a value of time of S9/hour. The 
value shown is the upper end of the estimated range of travel time savings. 

Source: Texas Transportation Institute. 
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FIGURE 2 Transitway volumes as a percent of total (freeway plus transitway) a.m. peak-hour, 
peak-direction volumes. 

must provide at least 1 min of travel time savings per mile of 
lane to be successful (5). Houston data (Figure 3), collected 
over several years, suggest that unless the transitway offers a 
travel time savings in excess of 7 to 8 min during the peak 
hour, use of the transitway will be marginal. This conclusion 
currently affects several of the Houston freeway transitways. 
Completion of the North Freeway main lane widening between 
1-610 and North Shepherd, combined with the opening of the 
Hardy toll road in that same corridor, has at least temporarily 
reduced transitway travel time savings offered by the North 
transitway . In 1979, when the North Freeway contraflow lane 
first opened, 15-min travel time savings to contraflow users 
were typical, but in 1988 the corresponding time savings were 
about 6 min. The section of the Gulf transitway currently in 
operation is located in a freeway segment that has recently 
been significantly expanded and the transitway currently offers 
peak-hour travel time savings of about 5 min. This marginal 
level of travel time savings will continue at least until the 
second phase of the transitway is completed. Although 9.5 
mi of the Northwest transitway are operational, the geomet
rics and operations at the temporary terminus of this priority 
lane at West Little York cause severe congestion for tran
sitway users. In fact, in the afternoon travel time savings 
generated on the transitway are more than negated by the 
congestion experienced at the terminus of the transitway. 
Completion of this transitway, scheduled for 1989, should 
eliminate this problem and result in an increase in transitway 
use. Until that occurs, marginal peak-hour travel time savings 
of about 4 to 5 min will continue to exist. 

Transitway Travel Time Savings 

Although transitway volumes have not been showing signif
icant increases, the value of travel time saved by users of the 

transitways has increased because of the experience on the 
Katy Freeway. Changing the occupancy requirement to HOV-
3 from 6:45 to 8:15 a.m. eliminated the delay that had been 
occurring on the transitway. At the same time, general free
way congestion was intensifying. Although person-volumes 
on the transitway declined somewhat, at least in the short 
run, delay incurred on the transitway declined by a much 
greater amount, resulting in an increase in travel time saved. 
The annual value of time saved by all users of the Houston 
transitway system in 1988 was approximately $14.8 million 
(Table 2). Nearly 60 percent of those savings were realized 
on the Katy Freeway transitway. 

MEASURING THE EFFECTIVENESS OF THE 
TRANSITWA Y SYSTEM 

Before establishing criteria by which to measure the effec
tiveness of the transitways, the primary objectives for those 
transitway projects must be identified. Numerous potential 
objectives exist, some qualitative in nature and some that can 
be quantified. A 1985 survey (6) of HOV Jane projects deter
mined that increasing roadway capacity and reducing vehicle
miles of travel were the primary reasons for implementing 
HOV Janes nationwide. In Houston, the primary reason for 
transitway development was to increase effective roadway 
capacity. In the face of increasing congestion and projected 
freeway average daily traffic volumes in the range of 300,000 
vehicles or more, travel demand simply could not be served 
either physically or economically just by building more addi
tional mixed-flow freeway Janes. The transitways, with a design 
year volume of 7,000 to 10,000 persons/hr, could nearly dou
ble the person-movement capacity of a roadway and provide 
a conceptual means of serving projected travel demands. Thus, 
the primary objective of.the Houston transitways is assumed 
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to be to increase, in a cost-effective manner, the person
movement capacity of a freeway and to do it in a manner that 
does not unduly impact the operation of the freeway's general
purpose, mixed-flow lanes. 

A variety of positive benefits can be realized from the devel
opment of a successful transitway . Given the assumed primary 
objective of the transitways being developed in Houston, sev
eral potential measures of effectiveness can be quantified and 
used to help evaluate the performance of the transitway system. 

Transitway Projects Should he C.ost-F.ffertive 

Unless the transitway project is cost-effective, the project will 
not be able to successfully compete for the limited funds avail
able. Many of the potential benefits associated with a tran
sitway, such as air quality, energy, and regional economic 
effects, are difficult to quantify . However, one that can be 
quantified is the value of the time saved by those persons 
using the transitway. If the project has a benefit-cost ratio 
greater than 1 only on the basis of this single benefit, the 
project is cost-effective. This approach would suggest that the 
average annual value of time saved by users of the transitway 
over the life of the project should be at least 10 percent of 
the total transitway construction cost. 

Percentage Increases in Peak-Hour, Peak-Direction 
Person-Volumes Resulting from Transitways Should at 
Least be Greater Than the Percentage Increase in 
Directional Lanes Added to the Roadway 

In effect, this goal will be accomplished by increasing the 
average vehicle occupancy (persons per vehicle) on a road-

way. Much of the increase in the average vehicle occupancy 
should be the result of creating new carpoolers and new bus 
transit riders . Previous research (5) has suggested that average 
occupancy should increase by about 10 percent for a project 
to be successful, with the percent of the total person
movement occurring in the HOV lanes used as the measure 
of success. Experience in Houston would suggest this thresh
old might be a conservative measure of success because a 10 
to 15 percent increase in ave rage peak-hour vehicle occupancy 
for the entire roadway might be a more appropriate indica tor 
of whether a transitway is effec.tive . 

Transitways Should Not Unduly Affect the Operation 
of the Freeway Mixed-Flow Lanes but Should Increase 
the Per-Lane Efficiency of the Roadway 

Transitways should not severely degrade safety or operations 
of the freeway main lanes. Also, the transitway should sig
nificantly increase (say , by more than 25 percent) the peak
hour, peak-direction efficiency per lane of the roadway facil
ity. As defined in this discussion , peak-hour, per-lane effi
ciency is defined as the peak-hour person-volume, times aver
age speed, divided by number of lanes. 

Criterion 1: Transitway Projects Should Be Cost
Effective 

Clearly, transitway development is not desirable unless cost
effective. Many of the potential benefits associated with a 
transitway facility, although possibly significant, are difficult 
to quantify without making numerous assumptions. Included 
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in this benefit list are factors such as air quality, energy con
sumption, impact on regional economic development, impacts 
of improved bus schedule reliability, etc. Nevertheless, all of 
these can be potentially significant benefits. 

However, one benefit that can be quantified relatively eas
ily is the value of the time saved by users of the transitway 
facility . If the project is cost-effective solely on the basis of 
that criterion, it would be even more cost-effective if all the 
other potential benefits were considered. Also, if the tran
sitway operational values associated with a cost-effective project 
can be identified, other measures of effectiveness are easier 
to establish. 

Depending on the assumptions made concerning the dis
count rate and project life, different conclusions could be 
drawn concerning the level of travel time savings required to 
make the transitway project cost-effective solely on the basis 
of that criterion. However, as a rule of thumb, if the average 
annual value of the transitway user travel time savings is at 
least 10 percent of the construction cost of the project, the 
transitway project will be cost-effective (assuming a constant 
stream of benefits, a 20-year project life, and a 4 percent 
discount rate). In Houston, the conclusion is also based on 
the fact that the present value of the operating and enforcement 
costs is small compared with the capital cost. 

Because congestion can generally be expected to increase 
in the future, the average annual value of time saved over 
the project life should be greater than the amount saved in 
the early years of the project. However, if the project appears 
cost-effective on the basis of today's level of use, the tran
sitway should prove to be even more cost-effective as use 
increases. On the basis of the information presented in Table 
2, the current annual value of time saved by users of the 
transitways as a percent of the capital cost of the transitway 
as currently operating is Katy, 27 percent; North, 14 percent; 
Gulf, 5 percent; and Northwest, 2 percent. The value of time 
being saved on the North and Katy transitways is significant 
when compared with the other two operating transitways, 
both of which have been in operation for less than 1 year . 
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Although the data and the analysis could be better, the 
procedure developed can be used as a means of estimating 
ridership levels needed for a transitway with a Houston-type 
design and associated cost to at least appear to be cost
effective (Figure 4). These facilities would need to serve more 
than 10,000 person-trips daily, which would roughly translate 
to serving in excess of 2,500 persons in the peak hour. Although 
the data supporting these conclusions are not definitive, this 
general finding is in agreement with previous research (7) 
pertaining to the cost-effectiveness of barrier-separated 
transitways, which used simulation models as a means of 
identifying transitway cost-effectiveness. 

Criterion 2: Transitways Should Significantly Increase 
Roadway Person-Movement and Average Vehicle 
Occupancy 

A primary reason for implementing transitways is to increase 
the person-movement capacity of the roadway during peak 
operating periods. Because transitways do increase the num
ber of directional lanes, in order to be cost-effective the tran
sitway should at least increase peak-hour person-movement 
by an amount greater than the increase in lanes added to the 
roadway caused by the transitway. If the transitway does not 
do this, an additional mixed-flow, general-purpose lane could 
be a more effective improvement. For two (Katy and North) 
of the three Houston transitways for which data are available, 
this type of increase clearly has occurred. The Katy transitway 
increased the number of directional lanes by 33 percent, and 
the a.m. peak-hour person-movement by 80 percent. The 
corresponding values for the North transitway are 25 and 65 
percent, respectively. On the more recently opened North
west transitway, directional lanes were increased by 33 per
cent and to date a.m. peak-hour person movement has increased 
by only 22 percent. 

For the transitway to generate a disproportionately large 
increase in person-movement, the transitway must also increase 

•Break-Eve•• Cost EffectiveneH 
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FIGURE 4 Estimated transitway ridership required for transitway to be cost-effective. 
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the average vehicle occupancy (persons per vehicle) charac
teristic of the roadway. Transitways are intended to offer a 
travel alternative that a significant percentage of commuters 
will find attractive and, therefore, will choose to either carpool 
or ride a bus. The result of these rideshare decisions will be 
that the occupancy (combined freeway and trru1sitway vol
umes) for the overall roadway facility will increase . 

In comparison to pretransitway conditions, a.m. peak-hour 
average vehicle occupancy on the North Freeway has increased 
by 25 percent, from 1.28 to 1.60 persons per vehicle. On the 
Katy Freeway, a 23 percent increase from 1.26 to 1.55 persons 
per vehicle has been realized. Those occupancies are unu
sually high for Texas freeways. To date, occupancy on the 
Northwest Freeway has increased by 10 percent, from 1.14 
to 1.26 persons per vehicle. The fact that these increases in 
occupancy can be at least partially ;ittributed to the presence 
of the transitway is supported by the fact that occupancy has 
actually declined by 9 percent on the control freeway that 
does not yet have a transitway (Southwest Freeway). 

Carpool Component 

The increase in average vehicle occupancy on a roadway should 
be the result of new rideshare patrons. If all the transitway 
11cr.omplishes is to divert existing carpools from parallel routes 
to the transitway, the effectiveness of the transitway would 
need to be questioned. 

Because carpools naturally have a fairly high turnover rate, 
difficulties arise from how to precisely determine how many 
of the carpools using a transitway are new carpools formed 
because of the transitway. One indicator is the previous mode 
of travel for the carpoolers (Figure 5). These data indicate 
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that between 27 and 45 percent of the current carpoolers on 
the transitways were previously in drive-alone vehicles . The 
sum of drive-alone plus new trips, which is in the range of 35 
to 56 percent, could be representative of new carpools. 

However, because of the relatively high turnover rate of 
carpools, particularly for transitways that have operated for 
several years such as the Katy, at least some of those with a 
previous mode of drive-alone would have formed carpools 
regardless of whether a transitway were in existence . In order 
to try to identify this portion of the carpool component, car
poolers using the transitways were asked if they would be 
carpooling ifthere were no transitway (Table 3). On the mature 
Katy transitway, approximately 40 to 45 percent of the existing 
carpoolers previously drove alone and formed a carpool as a 
result of the transitway. The corresponding value for the less 
mature transitways appears to be in the range of 20 to 34 
percent. Apparently, the transitways have been a factor in 
creating new carpools because the percentage of carpoolers 
whose previous mode was drive alone is representative of new 
carpools formed as a result of the transitway. 

In comparing pre-transitway conditions to current condi
tions, the type of increase in carpooling that has been observed 
in freeway corridors with transitways has not occurred in the 
control corridor not having a transitway. Although the a.m. 
peak-hour volume of HOV-2 carpools (freeway plus tran
sitway) has increased by 85 percent on the Katy and 128 
percent on the Northwest Freeway , on the control freeway 
(Southwest) not having a transitway, the corresponding car
pool volume has increased by 26 percent over the comparable 
time period. 

Preliminary data also suggest that carpools formed in cor
ridors with transitways may last longer than carpools in cor
ridors without transitways. Surveys in 1986 of carpoolers using 
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TABLE 3 ESTIMATED IMPACT OF TRANSITWAYS IN FORMING NEW 
CARPOOLS 

Transitway Apparent % New Carpools Would You Carpool Est. % Carpools 

Based on Previous Mode1 if No Transitway Due to Transitwa/ 

Yes No ~ot Sure 

Katy 56% 53% 35% 11% 40%-45% 

Northwest 35% 70% 21% 9% 25%-34% 

Gulf 35% 75% 14% 11% 20%-27% 

1From Figure 5, the sum of "Drove Alone" plus "new trips". 

1Transitway carpooler response to the question "If the transitway had not opened, would 

you be carpooling today?" 

31t is assumed that the sum of the "no" responses plus one-half of the "not sure" responses 

equals the lower end of the percentage of total transitway carpools that were previously 

"drive alone" that formed a carpool as a result of the transitway. The upper end is the 

"drove alone" component from Figure 5. 

the Katy transitway indicated that the average carpool on that 
facility had been in existence 30 months. Surveys in late 1988 
on two transitways that had just opened indicated that the 
average carpool in those corridors had been in existence for 
about 20 months. 

Bus Transit Component 

As was the case with carpooling, available data suggest that 
the transitways have resulted in the creation of a large volume 
of new bus riders. For example, compared with pretransitway 
conditions, peak-hour, peak-direction bus ridership on the 
Katy Freeway has increased by 373 percent. Previous mode 
data for the North and Katy transitways suggest that fewer 
than 25 percent of bus riders on the transitway rode a bus 
before being transitway bus riders (Figure 6). 

The fact that transitways generate new bus riders is further 
illustrated by the response to the question "If the transitway 
had not opened, would you be riding a bus now?" These data, 
presented in Table 4, uggest that approximately 50 percent 
of the bus riders in the Katy and North corridors are riding 
buses because of the existence of the transitway. 

However, not all of these new riders can be attributed solely 
to the development of a transitway. The increased frequency 
of bus service being provided would, by itself, have more than 
doubled pretransitway bus ridership (assuming a service elas
ticity of 0.50). About half of the current bus riders on the 
Katy transitway are estimated to be new riders generated as 
a result of implementing the transitway. On the recently opened 
Northwest transitway, about all of the 23 percent increase in 
peak-period bus ridership can be attributed to the increase in 
frequency of bus service provided. 

However, although a.m. peak-period bus ridership on the 
Katy transitway has increased by 224 percent and on the 

Northwest transitway has increased by 16 percent, in the con
trol freeway corridor, not having a transitway, no change in 
bus ridership has occurred over the comparable time period. 
The same experience has occurred in observing the number 
of vehicles parking at bus park-and-ride lots in the corridor. 
Compared with pretransitway conditions, a 196 percent increase 
in parked cars ha taken place in the Katy corridor and a 35 
percent increa e in the Northwest corrid r. In the control 
corridor not having a tran itway, a 1 perceLH increase has 
been observed over the comparable period of time. 

Criterion 3: Transitways Should Increase the Overall 
Efficiency of the Roadway 

Transitways can be cost-effective and can increase the person
movement capacity of a roadway. However, the transitway 
should not unduly affect the operation of the freeway main 
lanes. Transitways should also increase the overall efficiency 
of the roadway in which the transitway is a part. If these 
criteria are not realized, other potential transitway benefits 
such as air quality and energy impacts will not be maximized. 

Impact on Freeway Main Lane Operations 

Transitways, in order to be successful, must offer a significant 
travel time savings. As such, transitways are congestion
dependent improvements. Severe congestion must exist on 
the freeway for the transitway to be able to be successful by 
offering a significant travel time savings. 

Available data suggest that the implementation of tran
sitways with a design similar to that being used in Houston 
does not greatly affect the operation of the freeway main 
lanes, either positively or negatively. Transitways have not 
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TABLE 4 ESTIMATED IMPACT OF TRANSITWAYS IN CREATING NEW BUS 
RIDERS 

Transitway Would You Be Riding a Bus Est. % New Bus Riders 

if no Transitway1 Due to Transitway2 

Yes No Not Sure 

North (1986) 23% 41% 36% 59% 

Katy (1988) 36% 32% 32% 48% 

1Transit rider response lo lhe question "If the transitway had not opened, would you 
be riding a bus now?" 

21t is assumed that the sum of the "no" response plus one-half of the "not sure" 

responses eqm1ls the percentage of existing transitway bus riders who would be riding 

the bus (i.e., new riders) if there were no transitway. 

greatly altered demand for the freeway main lanes because 
during peak periods, in comparison to pretransitway condi
tions, the vehicular volume per freeway main lane is essen
tially unchanged or has increased slightly. Although speeds 
on some freeways have actually increased since transitway 
implementation, this increase is largely attributable to factors 
other than the transitway. In addition, compared with pretran
sitway conditions, accident rates for the freeways with tran
sitways have generally declined slightly. For example, for the 
control freeway (Southwest Freeway) without a transitway, 
accident rates have remained essentially unchanged for the 
comparable time periods. 

Impact on Overall Roadway Efficiency 

Transitways are intended to move substantial volumes of com
muters at relatively fast speeds. As such, successful tran-

sitways should improve the overall efficiency of a freeway. 
For purposes of this discussion, peak-hour efficiency of the 
freeway is expressed as the product of the peak-hour person
volume times the speed at which that volume is moved. Peak
hour efficiency is expressed on a per-lane basis. In all cases 
for which data are available, implementation of the transitway 
increased the overall efficiency of the facility (Table 5). These 
increases in efficiency have been larger than those experi
enced on a freeway that does not have a transitway. 

This criterion has weaknesses in that it does not directly 
address what would have happened to overall roadway effi
ciency had the new Jane been used as another mixed-flow lane 
rather than a transitway. However, the North Freeway where, 
in addition to the transitway, an additional mixed-flow lane 
has been added provides some measure of this impact. About 
half of the overall increase in roadway efficiency has occurred 
in the main lanes (Table 5). Virtually all of the increase in 
the Northwest Freeway is caused by improvements in main 
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TABLE 5 ESTIMATED CHANGE IN PEAK-HOUR PER-LANE EFFICIENCY, BEFORE 
AND AFTER TRANSITWAY IMPLEMENTATION 

Freeway Pre-Transitway Current Freeway Current Combined Freeway Percent 

Freeway Efficiency Efficiency and Transitway Efficiency Change 

North 41 65 89 +117% 

Katy 38 44 77 +103% 

Northwest 62 88 90 + 45% 

1Peak-hour per lane efficiency defined on the person volume per lane times the average speed 

divided by 1000. Thus, it is a measure both of the volume moved and the speed at which that 

volume is moved. 

lane operation, in line with the 35 percent increase experi
enced on the control freeway. For a transitway to be effective, 
the transitway alone should increase the efficiency of the road
way by at least about 20 percent. In both the North and Katy 
corridors, a meaningful increase in per-lane efficiency has 
occurred that can be attributed to the transitway. This result 
has not occurred to date in the Northwest corridor. 

CONCLUSION 

A 95.5-mi system of freeway transitways is being developed 
in Houston with 36.6 mi operating in four different freeway 
corridors today. Development of the system appears to have 
public support. 

The principal objective of the Houston transitways was 
assumed to be to cost-effectively increase the person-movement 
capacity of the freeways and to do this in a manner that does 
not unduly affect the operation of the freeway main lanes. 
With this assumed objective, several performance measures 
have been developed. 

In assessing the performance of the transitway in meeting 
its objectives, the following quantitative values can be used 
as guides. 

Objective: Transitways Should Be Cost-Effective 

Potential performance measure-

• Conservatively, the project will have a benefit-cost ratio 
> 1 if the average annual value of the time saved by users of 
the transitway over the life of the project exceeds 10 percent 
of the initial construction cost of the transitway. 

Objective: Increase Roadway Person-Movement 

Potential performance measures-

• Daily transitway ridership should be in excess of 10,000; 
• The transitway should increase peak-hour, peak-direction 

person-movement by an amount greater than the increase in 
directional lanes added to the roadway due to transitway 
implementation; and 

•The transitway should increase the a.m. peak-hour, peak
direction average vehicle occupancy (persons-per-vehicle) for 
the roadway by at least 10 to 15 percent. 

-More than 25 percent of the carpools using the tran
sitway should be new carpools created because of the tran
sitway, and 

- More than 25 percent of the bus riders using the tran
sitway should be new bus riders created because of the 
transitway. 

Objective: Don't Unduly Impact Freeway Main Lane 
Operations 

Potential performance measures-

• A statistically significant increase in either freeway 
congestion or freeway accident rate should not result solely 
from transitway implementation. 

• Absolute value of the total roadway per-lane efficiency 
should increase by at least a factor of 20 because of imple
mentation of the transitway (total roadway efficiency should 
be at least 20 times greater than freeway main lane efficiency). 
Efficiency is the product of person-volume times speed. 

Performance measures suggest that the Katy transitway is 
clearly fulfilling its intended objective. Although the North 
transitway also appears to be effective, allowing carpools onto 
this facility will increase its attractiveness and should, on the 
basis of current carpool demand estimates, make it compa
rable to the Katy transitway in terms of performance. As 
presently operated, neither the Gulf nor the Northwest tran
sitway can be considered to be effective. However, only the 
first phase of these projects is presently operating and future 
extensions will significantly increase potential transitway travel 
time savings and, thus, enhance the attractiveness of the facil
ities. Also, these facilities have not operated for a long period 
of time (less than a year) and some growth in transitway use 
can be expected to take place over time. 

Continued monitoring of all the committed transitways will 
take place as part of ongoing research projects. 
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Role of High-Occupancy-Vehicle Lanes 
Highway Construction Management 

• In 

ALLAN E. PINT, CHARLEEN A. ZIMMER, AND FRANCIS E. LOETTERLE 

The Minnesota Department of Transportation (Mn/DOT) is con
structing 1-394 along the portion of US-12 that extends from 
do\\lntown MinneapolL5 to the suburb of Wayzata. When com
pleted, I-394 will have high-occupancy-vehicle (HOV) lanes. 
Mn/DOT builr a temporary HOV lane along US-12 before con
structing 1-394 to introduce th , HOV lane concept to commuters 
and to improve capacity during construction. Mn/DOT and the 
FHW A have been conducting an evaluation of this temporary 
HOV lane. Phase I evaluated operation in an arterial highway 
environment before construction. Phase II evaluated operation 
and use of the HOV lane during highway construction. Five key 
issues were addressed in the Phase II evaluation: (a) what can 
be learned about the design and operation of HOV lanes, (b) 
who uses HOV lanes and what factors cause people to choose 
carpooling or the bus over driving alone, (c) how has con truction 
affected use of the HOV lane, (d) what was the role of the HOV 
lane in construction traffic management , and (e) how has the 
HOV lane affected highway construction? Key findings are sum
marized rega rding these questions and advantageou circumstan
ces under which the use of HOV lanes during co.nstruction are 
identified. 

In 1985, the Minnesota Department of Transportation 
(Mn/DOT) began construction of 1-394 in Minneapolis, Min
nesota. As part of this project, Mn/DOT constructed a tem
porary high-occupancy-vehicle (HOV) lane on US-12 to link 
the western suburbs of the Twin Cities to downtown Min
neapolis (see Figure 1). The interim HOV lane was built for 
the purposes of introducing the HOV lane concept to com
muters before construction of permanent HOV lanes and pro
viding added capacity during construction. 

Mn/DOT and FHW A have funded an ongoing evaluation 
of the I-394 HOV lane to track its progress before, during, 
and after construction. Phase I reported on the first year of 
operation in a before-construction condition. The current phase, 
Phase II, evaluates the operation of the interim HOV lane 
during construction but before major segments of the highway 
have been completed. The final phase of the evaluation will 
focus on the operation of the HOV lane after completion of 
major segments of I-394. 

Five primary questions are being asked in the current phase 
of the evaluation: 

1. What can be learned about the design and operation of 
HOV lanes on arterial highways and during construction? 

2. Who uses the HOV lane and what factors caused people 
to choose carpooling or the bus over driving alone? 

A. Pint, Minnesota Department of Transportation, 2055 North Lilac 
Drive, Golden Valley, Minn. 55422. C. Zimmer and F. Loetterle, 
Strgar-Roscoe-Fausch, Inc., One Carlson Parkway North , Minne
apolis, Minn. 55447. 

3. How has construction affected use of the HOV lane? 
4. What was the role of the HOV lane in traffic management 

during construction? 
5. How has the HOV lane affected the highway construction 

project? 

FUTURE 1-394 TRANSPORTATION SYSTEM 

When completed, 1-394 will have two mixed traffic lanes in 
each direction and two lanes for high-occupancy vehicles (3 
mi of separated reversible lanes and 8 mi of concurrent flow 
diamond lanes). I-394 is being built along the alignment of 
existing US-12, from downtown Minneapolis to the third-ring 
suburban municipality of Wayzata, 11 mi to the west. US-12 
has a 3-mi freeway section on the east end (two lanes in each 
direction plus auxiliary lanes) and an 8-mi signalized sub
urban arterial section (two lanes in each direction) on the 
western end. 

Mn/DOT and FHW A are working together to provide more 
than concrete and bridges on I-394. Programs and facilities 
are being provided to integrate regular route transit and car
pooling into the highway facility and to encourage increased 
use of these forms of transit . The intent of the 1-394 trans
portation system, as this combination of facilities and pro
grams has come to be known, is to maximize the number of 
people carried by encouraging carpooling and bus ridership. 
Key design features are shown in Figure 2 and include two 
bus transfer stations, seven park-and-ride lots , ramp metering 
with HOV bypass lanes, three parking garages in downtown 
Minneapolis with preferential carpool parking, skyway con
nections between the garages and downtown Minneapolis, and 
a sophisticated traffic management and surveillance system. 
These facilities will be supported by expanded timed-transfer 
bus service, carpool matching services, aggressive HOV 
enforcement, and an extensive public information program. 

The estimated total cost of construction is $420 million. 
Construction began in 1985 and is scheduled for completion 
in 1993. Interstate completion funds provided 90 percent of 
the funding for the project with state funds used for the 
matching 10 percent. 

INTERIM HOV LANE 

The I-394 interim HOV lane combines concurrent flow dia
mond lanes and a single reversible lane. Diamond lanes are 
lanes that are marked with a diamond symbol and reserved 
for HOVs, but are not physically separated from the regular 
traffic lanes. The single reversible lane is physically separated 
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FIGURE 1 Regional location of 1-394. 

T.H. 100 

FIGURE 2 1-394 transportation system. 
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from the regular traffic lanes by a jersey barrier and is located 
in the median of US-12. During construction, the initial 
design of the interim HOV lane has been and will continue 
to be modified as different portions of the highway undergo 
reconstruction. 

WHO IJSRS THE HOV LANE? 

Data have been collected on the 1-394 HOV lane since it 
opened in November 1985. Volume, occupancy, bus rider
ship, and travel time data were collected in April 1989 . Ques
tionnaires were also distributed to people using the regular 
lanes, using the HOV lane, and riding on buses that used the 
HOV lane. Survey response rates were 37 percent for regular 
lane drivers, 29 percent for carpoolers in the HOV lane, and 
50 percent for bus riders. The following information was derived 
from this survey. 

Demographics 

The typical carpooler on the 1-394 interim HOV lane is 31 to 
45 years old, lives in a 2- to 4-person household , owns two 
automobiles, and has a household income of over $50,000. 
These characteristics are also typical of the regular lane driver. 
However, the typical bus rider is younger, has fewer family 
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members, owns fewer automobiles, and has a lower household 
income. 

Trip Purpose 

The majority of respondents (86 percent of regular lane driv
ers, 83 percent of HOV lane respondents, and 98 percent of 
bus riders) were traveling to or from work, which is consistent 
with findings before construction activity. 

Trip Frequency 

Approximately 62 percent of carpoolers use the HOV lane 5 
days per week. Eleven percent use the HOV lane four days 
per week, 11 percent three days, 8 percent two days, and 9 
percent one day a week. Carpoolers in the morning tend to use 
the HOV lane more regularly than carpoolers in the afternoon. 
These patterns are similar to those found before construction 
activity. 

Trip Destination 

The survey results show a strong correlation between mode 
and downtown destination. Ninety-one percent of bus riders, 
71 percent of carpoolers in the HOV lane, and 29 percent of 
regular lane drivers who use US-12 eastbound in the morning 
were going to downtown Minneapolis . 

DESIGN AND OPERATION OF HOV LANES ON 
ARTERIAL HIGHWAYS AND DURING 
CONSTRUCTION 

The I-394 temporary HOV lane is unusual in two respects. 
First, this lane uses a reversible HOV lane on a signalized 
arterial highway. Second, both concurrent-flow diamond lanes 
and reversible HOV lanes are used during construction. One 
of the purposes of the I-394 case study was to evaluate the 
design and operational characteristics of the HOV lane. 
Observations were made regarding 

• Occupancy requirements, 
• Hours of operation, 
•Use during special events, 
• Considerations in combining diamond lanes and revers-

ible lanes, 
• Left exits and entrances, 
• Intersection operations, 
•Problems with lane gates, and 
• Snow removal. 

Occupancy Requirements 

One of the principal research concerns of the 1-394 case study 
was the evaluation of a carpool occupancy requirement of 
only two people. This occupancy requirement was established 
because there were so few carpools with three or more people 
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when the HOV lane was first opened. Surveys in 1986 and 
1989 indicate that 80 percent of carpools in the HOV lane 
have two people, 14 percent have three, and 6 percent have 
four or more people. These proportions have remained con
sistent before and during construction. In the April 1989 sur
vey, 76 percent of carpoolers said they would not have started 
carpooling in the HOV lane if the occupancy requirement had 
been three or more. 

Hours of Operation 

The HOV lane is open to traffic eastbound from 6 to 10 a.m. 
in the morning and westbound from 2 to 7 p.m. in the after
noon with hours sometimes shortened because of construction 
activities. Mn/DOT research indicates that it may be cost
effective to operate the lane for longer hours in the afternoon 
but not in the morning. The HOV lane is opened and closed 
manually by Mn/DOT personnel. An active reminder system 
and a back-up plan have been necessary to ensure that the 
lane opens on time consistently. 

Use During Special Events 

Since late 1986, the HOV lane has been opened during special 
events, particularly for Minnesota Vikings and Minnesota Twins 
games. An April 1989 survey of regular lane drivers on US-
12 indicated that 74 percent of people driving alone in the 
mixed traffic lanes have used the HOV lane at least during a 
special event. 

Combination of Reversible HOV Lanes and Diamond 
Lanes 

Use of both a single reversible HOV lane and two concurrent
flow diamond lanes has provided much needed flexibility dur
ing construction. However, care must be taken to provide 
adequate signing and transition areas to limit driver confusion 
and maintain safety. An early concern was that short diamond 
lane segments might result in people weaving in and out of 
the mixed traffic lanes to jump queues. Although it occurs, 
lane switching is much less common than initially anticipated. 

Left Entrances and Exits 

Entrances to and from the reversible HOV lane are from the 
left lane. The 1-394 experience indicates that such a design 
can work safely if an adequate merging section can be pro
vided. However, locations exist where HOVs experience delays 
in entering or exiting the HOV lane because of congestion in 
the regular lanes. 

Intersection Operations 

The HOV lane runs through several signalized intersections. 
Because of operational and safety concerns, no turns are per
mitted to or from the HOV lane at these intersections. Illegal 
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turning at the intersections was a problem initially but addi
tional signing, good enforcement, and time have significantly 
reduced this problem. Signal timing, which is critical for ensuring 
maximum time savings for HOVs, is set to facilitate the 
progression of drivers in the HOV lane. 

Gates 

Entrance gates have been an ongoing maintenance problem 
because of weight, wind damage, and poor night visibility. 
The majority of accidents related to the HOV lane involved 
vehicles hitting the gates at night. 

Snow Removal 

No special procedures have been needed to provide adequate 
snow removal. Maintenance activities are managed as part of 
Mn/DOT's standard highway maintenance program. 

WHAT INCENTIVES AFFECTED MODE CHOICE? 

In the April 1989 surveys, people using HOV lanes were asked 
what the greatest benefits of the HOV lane were . Time savings 
were the most important benefit to carpoolers , whereas cost 
savings were the most important benefit to bus riders. 

People using the regular traffic lanes were asked what 
incentives would encourage them to use the HOV lane. Incen
tives that appealed most to people driving alone were time 
savings (18 percent), help finding a partner (10 percent), oper
ating cost savings (5 percent), and parking cost savings ( 4 
percent). Forty-eight percent of regular lane drivers indicated 
they could be encouraged to use the HOV lane , whereas 52 
percent indicated that nothing would encourage them to use 
the HOV lane. 

Time Savings 

Carpoolers note time savings as the most significant benefit 
of the HOV lane and perceive an average time savings of 10 
min per trip. This finding is consistent with results of surveys 
prior to construction on US-12. Measured time savings in the 
morning peak hour are still between 8 and 10 min but less 
than 5 min during other hours. Both perceived and measured 
time savings are less in the afternoon than in the morning. 
Carpoolers also often note that the HOV lane is more reliable 
than the regular traffic lanes. Most bus riders perceive no 
time savings. 

Parking Cost Savings 

In the April 1989 surveys, 19 percent of carpoolers and 63 
percent of bus riders say they save money on parking. This 
percentage may have changed significantly since the first 
1-394 parking garage was opened in August 1989. Carpoolers 
from I-394 who park in these garages pay $10 per month 
compared to the regular rate of $80 per month. 
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Operating Cost Savings 

Thirty-six percent of carpoolers and 56 percent of bus riders 
say they save money on fuel. Twenty-one percent of car
poolers and 35 percent of bus riders say they save money on 
vehicle operating costs . 

Work Hours 

Fifty-three percent of carpoolers and 63 percent of bus riders 
reported fixed working schedules compared with only 34 per
cent of regular lane drivers. Regular lane drivers most fre
quently cite job-related reasons such as job schedule or need 
car for work as reasons they do not use the HOV lane. How
ever, 19 percent said they had no one to carpool with and 6 
percent said they had an irregular carpool partner. 

HOW HAS CONSTRUCTION AFFECTED USE OF 
THE HOV LANE? 

One of the primary purposes of the I-394 HOV lane was to 
provide additional traffic capacity during construction, which 
was easily accomplished initially because an additional lane 
was added to an already congested facility. However, highway 
construction typically causes considerable traffic diversion, 
which affects the travel times on the interim HOV lane as 
well as regular traffic lanes. The I-394 Case Study-Phase II 
is comparing the use of the HOV lane before and during 
construction to determine the impacts of construction on 
HOV use. 

Changes in HOV Lane Volumes 

The highest volumes in the HOV lane were reached 1 year 
after the HOV l;rne opened, just a few months before mainline 
construction started on US-12 (see Table 1) . Overall , volumes 
in the HOV lane have decreased since construction began but 

TABLE 1 HISTORICAL TRAFFIC VOLUMES ON US-12 
WEST OF TURNER'S CROSSROAD 

aM ~~lJ. Us:u.11: AH Peli!k Period 
llQY RA!ilWll: !!QY Rl:!llll.ll 

May 1984 1, 890 4,940 

November 1985 410 1, 750 740 4,660 

May 1986 495 1, 610 860 4,570 

November 1986 560 1, 650 960 4,840 

May 1987 480 1, 900 790 4,950 

November 1997 490 1,840 790 4,700 

May 1988 470 1,990 770 5,150 

November 1988 480 1,650 780 5 ,010 

May 1989 420 1, 940 670 4,830 

November 1989 470 1, 940 780 5, 060 
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are still higher than they were when the HOV lane first opened. 
Volumes in the regular lanes also decreased when construc
tion began but have increased to levels that equal or exceed 
pre-HOV lane volumes. Typically, volumes both in the HOV 
lane and in the regular traffic lanes drop in April when con
struction starts but then gradually rebound to previous vol
umes by November when construction ends. In November 
1989, 1,550 people in 470 vehicles were using the HOV lane 
during the a.m. peak hour, compared with approximately 
1,300 people in 950 vehicles in each regular traffic lane. 

Changes in Carpool Volumes 

Since 1984, before construction began, eastbound a.m. peak
hour traffic has increased by 9 percent. Carpooling in both 
the HOV lane and the regular traffic lanes has increased by 
117 percent during the same time period. 

Changes in Automobile Occupancy 

Automobile occupancy during the a.m. peak hour increased 
from 1.17 to 1.25 persons when the HOV lane opened and 
continued to increase to 1.29 during the first year of operation 
(see Figure 3). Since construction began, automobile occu
pancy during the a.m. peak hour has declined slightly to 1.28 
persons. Automobile occupancy on similar highways in the 
Twin Cities metropolitan region has been declining and was 
about 1.12 persons per vehicle in the peak hours in 1989. 

Changes in Bus Ridership 

Bus ridership has remained fairly stable since 1984. Shortly 
after the HOV lane opened in November 1985, an express 
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route was added to the existing local bus service on US-12. 
Total weekday ridership of these two routes in October 1989 
was about 2,400. Over the 5-year period, this ridership level 
has fluctuated between 2,300 and 2,900. This variation seems 
to be more directly related to the changing seasons than to any 
long-term trend, although ridership on the local route, which 
does not use the HOV lane, has been affected by the elimination 
of some roadside transit stops because of construction. 

Approximately half of the bus riders on US-12 drive alone 
to a park-and-ride lot to ride the bus. Another 10 percent are 
dropped off at a bus stop. Thirty-nine percent walked or 
bicycled and 4 percent rode another bus. Over half of the bus 
respondents (56 percent) have ridden the bus more than 2 
years, whereas another 15 percent have ridden the bus for at 
least 1 year. Eighty-seven percent plan to continue riding the 
bus after I-394 is completed. Twenty-five percent of bus riders 
receive some assistance from their employer to pay transit 
fares. 

Changes in Prior Mode 

Twenty-eight percent of carpoolers in the HOV lane drove 
alone on US-12 before they started using the HOV lane. 
Another 11 percent drove alone on other routes. One year 
after opening of the HOV lane, 26 percent said they drove 
alone on US-12 previously and 12 percent said they drove 
alone on other routes. The largest change in previous mode 
was a dramatic decrease in the number of people who pre
viously carpooled on other routes (see Figure 4). The most 
significant impact of construction on HOV lane use was the 
rediversion of carpoolers from other routes back to their pre
vious routes. This diversion may have been a direct result of 
the elimination of access between the HOV lane and T.H . 
169 because of construction bypasses. 

AM Peak 
Hour 
(7 - 8 a.m.) 

AM Peak 
Period 
(6 • 9 a.m.) 

May 1984 November 1985 October 1986 
(Opening of 
HOV Lane) 

November 1989 

FIGURE 3 Automobile occupancy rates. 
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FIGURE 4 Previous travel mode of a.m. peak-hour 1-394 HOV 
lane users. 

Traffic Diversion 

Twelve percent of regular lane drivers said they avoided US-
12 during construction in 1988 and 8 percent said they would 
avoid the route during the 1989 construction season. By com
parison, 20 percent of carpoolers said they avoided US-12 
during construction in 1988 and 17 percent said they would 
do the same during the 1989 construction season. Of the bus 
riders, 87 percent rode the bus during the 1988 construction 
season, whereas 95 percent of bus riders planned to continue 
riding the bus during the 1989 construction season. 

Satisfaction 

Fifty-two percent of HOV lane carpoolers are very satisfied 
with the facility and 44 percent are somewhat satisfied. Fifty
two percent of bus riders are very satisfied with bus service 
and 45 percent are somewhat satisfied. 

ROLE OF HOV LANE IN TRAFFIC 
MANAGEMENT DURING CONSTRUCTION 

The interim HOV lane is an integral part of an overall strategy 
for effective management of traffic during construction. Most 
important, the HOV lane provided added traffic capacity dur
ing the construction period along a corridor with high traffic 
congestion. Key strategies for managing traffic during the 
1-394 construction project included 

• Maintenance of people-carrying capacity, 
• Encouragement of carpooling, 
• Maintenance of access, 
• Signing, and 
• Public information. 
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Maintenance of People-Carrying Capacity 

Two regular lanes are kept open in each direction at least 
during peak hours, which had to be accomplished without 
taking more right-of-way than what is required for the com
pleted roadway. Contractors cannot restrict lanes between 6 
and 9 a.m. or between 3 and 6 p.m. Contractors may be fined 
if this condition is not met. Signal timing is coordinated where 
possible and maximum green times are allocated to US-12 
traffic. 

Encouragement of Carpooling 

Because two regular lanes have been kept open, the HOV 
lane is a bonus lane for commuters. The hours of operation for 
the HOV lane have been maintained during the construction 
periods. 

Since 1985, Mn/DOT has also maintained surface parking 
lots near downtown Minneapolis for free carpool parking. The 
lots have changed location and size as a result of construction 
activities , but have been actively used on a regular basis . In 
August 1989, Mn/DOT opened the 5th Street garage with 
1,600 spaces with priority access and reduced-rate contracts 
for l-394 carpoolers. This facility is the first of three parking 
garages with carpool preference being built as part of the 
1-394 transportation system. In the first week of December 
1989, there were 456 1-394 HOV parkers with monthly con
tracts in the 5th Street garage out of a total of 1,245 parkers 
per day. 

Existing park-and-ride lots and major bus stops have been 
maintained along the corridor. However, the size and location 
of park-and-ride lots have varied and many local bus stops 
have been eliminated on US-12. Mn/DOT has worked closely 
with the Metropolitan Transit Commission (MTC) to coor
dinate bus service and maintain service to existing transit 
passengers to the greatest extent possible. 

Maintenance of Access 

An important goal of traffic management on the I-394 project 
has been to maintain reasonable access to all businesses and 
residential areas . Mn/DOT has worked with local municipal
ities to develop a business area signing program for directional 
signing from US-12. The signs are made and installed by the 
city with businesses bearing the cost. Mn/DOT has also allowed 
special signing for individual businesses in unique situations 
where access is significantly changed. This program has been 
effective in satisfying business concerns. Many illegal signs 
are also present on the project but are allowed to remain if 
they do not block construction signage or cause a safety 
problem. 

Special attention is paid to access to Ridgedale Regional 
Shopping Center, especially during the busy holiday season. 
The Ridgedale Drive interchange was reconstructed in 1989, 
removing a key access route to the Ridgedale Regional Shop
ping Center. During ramp construction, the HOV lane between 
Ridgedale Drive and Plymouth Road operated only east
bound from 6 to 9 a.m. weekdays. Part of the HOV lane 
served as a westbound ramp to Ridgedale at all other hours . 
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This change was permitted temporarily because travel time 
savings for westbound HOVs were nonexistent because of 
construction bypass design in the westbound direction. 

Changeable Message Signs 

Changeable message signs are used extensively to commu
nicate traffic changes to the motorist. Through the 1-394 con
tract, Mn/DOT has acquired four of these signs , which have 
been effective in communicating traffic changes to motorists. 

Public Information 

Extensive and early public information has been essential in 
minimizing the complaints received in the field. Public meet
ings are held in early spring and late fall at each major inter
section to provide information to businesses and residents 
about seasonal construction activities. These meetings have 
been coordinated through the local chamber of commerce. 
Day-to-day changes are communicated with a hand-delivered 
construction bulletin. A semiannual newsletter is mailed to 
all households and businesses in the corridor. Mn/DOT also 
works closely with the media to provide information on con
struction bypasses and delays through press releases, inter
views, and announcements by the corridor manager. Infor
mation on carpooling and bus services, including information 
on the HOV lane, is provided at all meetings and in all printed 
materials. 

Newspaper articles, highway signs, and the newsletter are 
the most frequently cited sources of information on 1-394 for 
bus riders, carpoolers, and regular lane drivers. Other sources 
of information include billboards, newspaper advertisements, 
brochures, and the local transit provider. Recognition of the 
newsletter as a source of information has increased steadily 
since its first publication. Bus riders, carpoolers, and regular 
lane drivers all want more timely information on construction 
activities. Carpoolers also expressed a strong interest in more 
information on carpool parking. 

HOV LANE EFFECTS ON CONSTRUCTION 

In general , the highway segments that include the interim 
HOV lane are the most difficult to construct . Difficulties arise 
because, while a six-lane freeway and its associated frontage 
roads are being constructed, five or six lanes of traffic are 
being maintained within the right-of-way of the final freeway 
and frontage road system. In many cases, maintaining this 
level of access requires the construction of temporary road
ways that add to the cost of construction and the time required 
to complete a segment. For example, the construction project 
near the US-169 interchange and the General Mills Boulevard 
interchange included 1.5 mi of roadway and two interchanges 
at a cost of $45 million. Twenty percent of this cost was 
attributed to activities and temporary construction related to 
maintaining traffic. 

The greatest design challenge of the interim HOV lane has 
been to incorporate the lane into the construction bypass and 
staging plans for the project. Both the design and the location 
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of the HOV lane have been required to change periodically 
during construction in order to meet this challenge. Figure 5 
shows the overall construction staging of the project and the 
associated changes in the HOV lane. The primary objectives 
of these plans have been to ensure that the HOV lane remains 
open continuously, is safe to use, provides head-of-the-line 
preference to HOVs at congestion points, and can be tied 
into permanent HOV sections as they are completed. 

Recognizing the impacts of the HOV lane on construction 
costs and schedules, Mn/DOT has aggressively used a number 
of contract management tools to ensure timely completion of 
project stages . These tools include the coordination of con
struction staging and related transit projects , contract fast
tracking, contract incentive and disincentive clauses, field 
modifications, and management by a corridor manager. 

Construction Staging 

The 1-394 project is divided into eight major construction 
segments. Each of these projects was advanced through the 
design process separately and let to construction when ready. 
Initially, construction staging was designed to be compatible 
between adjoining segments; however, staging generally 
changes during construction. As a result, the plans are mod
ified in the field after consultation with the designers and 
traffic engineers. 

Coordination With Construction of Transit Facilities 

Mn/DOT is also constructing two transit stations and five 
park-and-ride lots as part of the I-394 project. These projects 
are staged to open at the same time the interchange serving 
the facility is opened. Although separate site amenity con
tracts including buildings, signing, and landscaping will be 
awarded, construction will be coordinated with the site 
development work. 

Contract Fast-Tracking 

Fast-tracking is used extensively to keep contractors on a tight 
time schedule. Mn/DOT engineers determine completion dates 
of the various stages. Contractors are expected to meet these 
completion dates even if it requires additional personnel and 
equipment or extended working hours including overtime and 
weekend work. Contractors are also required to stage work 
so that bridges and walls can be built during the winter months. 
Bar charts and other progress schedule requirements are 
included in all contracts to monitor contractor performance 
and schedule. 

Incentive and Disincentive Clauses 

All contracts include liquidated damages if work is completed 
late. Damages are generally $5,000 per day for work beyond 
the completion dates. All Mn/DOT contracts also include a 
value engineering clause. Although large incentive and dis
incentive clauses have only been used in isolated cases, the 
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1985 CONSTRUCTION SEASON 
- ..........__€( 

1986 CONSTRUCTION SEASON 

1987 CONSTRUCTION SEASON 

1988 CONSTRUCTION SEASON 

1989 CONSTRUCTION SEASON 

FIGURE S 1-394 construction staging schedule. (continued on next page) 

last major construction contract on the I-394 project will in
clude a bonus of up to $1,000,000 for early completion. The 
bonus and penalty clause is $5,000 per day for either early 
completion or late completion. Early completion of this seg
ment, which includes an interchange between T.H. 100 and 
I-394, is desirable because the segment has the highest volume 
interchange along the project. 

Field Modifications 

Because the I-394 project was fast-tracked through design as 
well as construction, field modifications and changes are often 
required . In order to facilitate these changes expeditiously, a 
member of the design team is assigned to the construction 
administration team, which has worked well to resolve prob-
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!ems as they occur, and to make minor redesigns in the field. 
Mn/DOT generally attempts to settle all contractor claims in 
the field. 

the HOV lane has been based on sight distance for sate merges 
and on the length of anticipated queues. 

In several situations, the bypass plans have had to be mod
ified in the field to either narrow general traffic lanes or 
shorten the HOV lane to safely accommodate the HOV lane 
and its entrances or exits . Generally, the decision to shorten 

Corridor Manager 

Use of a corridor manager for the project as well as one 
construction engineer responsible for all major construction 
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contracts has been an effective management tool. The cor
ridor manager is the chief spokesperson for and coordinates 
all aspects of the 1-394 project. The corridor manager is also 
the manager and chief advocate of the HOV lane and all 
other transit elements of the project. 

CONCLUSION 

Although construction is not yet complete on 1-394 and the 
permanent HOV lanes are not yet open, the project has pro
vided valuable information on the design , operation, and use 
of HOV lane on an arterial highway and during a major 
highway construction project. Key conclusions from the research 
to date are as follows. 

Design and Operation of HOV Lanes 

• A reversible HOV lane in combination with concurrent 
flow diamond lanes on a signalized arterial highway can oper
ate successfully and safely, even during construction; 

•The carpool occupancy requirement of two persons was 
a significant factor in mode change; and 

• Opening the HOV lane during special events exposed a 
high percentage of commuters on US-12 to the benefits and 
use of the HOV lane. 

Incentives for Carpooling 

• Time savings is the most important incentive for a mode 
shift to carpooling, 

• Cost savings is the most important incentive for bus riders, 
and 

• Job-related issues are the most frequent deterrent to 
carpooling. 

Impacts of Construction on HOV Lane Use 

• Construction causes traffic diversion of HOV lane users 
as well as people using the regular traffic lane, although the 
majority of users diverted by construction were carpoolers 
who had been initially attracted from other routes when the 
HOV lane was first opened and before construction was 
initiated; 

•HOV lane use decreased when construction first began , 
but traffic volumes tend to return to similar levels in the fall 
when construction ends; 

• When diversion to the HOV lane from other routes has 
been discounted, growth in the number of carpoolers previ-

TRANSPORTATION RESEARCH RECORD 1280 

ously driving alone on US-12 has been observed , even during 
construction; 

•Even though measured time savings have declined during 
construction, carpoolers perceive that they are saving as much 
time using the HOV lane as before construction; and 

• HOV lane users feel that the HOV lane is safe even 
during construction. 

Impact of the HOV Lane on Construction Activities 

• The HOV lane reduces overall congestion in the corridor , 
making traffic flow smoother through the construction zones, 
which makes it easier for the contractor to move workers and 
equipment on the job. 

• Provision of a HOV lane during construction complicates 
construction staging and traffic switches. Construction costs 
are increased and construction time may be extended. 

• The following three conditions would improve the ben
efits of using a HOV lane as a construction management 
strategy: 

-A permanent HOV lane is part of the construction 
project. The 1-394 HOV lane has been effective as an advance 
version of the permanent HOV lane, allowing Mn/DOT 
the opportunity to market and promote the advantages of 
carpooling before the permanent facility is completed. 

-No nearby parallel routes are available for traffic diver
sion. Travel time savings of the HOV lane and many HOV 
lane users were lost during construction because there were 
parallel routes available nearby for traffic diversion . This 
diversion resulted in improved traffic flow and travel times 
in the regular lanes. Impacts of a HOV lane during con
struction would be significantly greater on a roadway with 
no parallel routes. 

-Regular lane traffic capacity cannot be maintained 
on the highway under construction. Two lanes of traffic 
in each direction have been main tained on the 1-394 proj
ect, which is equivalent to the capacity available before 
construction. As a result , good traffic flow has been main
tained during construction but has reduced the impact of 
the HOV lane. HOV lanes would have a greater impact on 
facilities on which regular lane traffic capaci ty is reduced 
by construction. 
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Agency Practice for Monitoring Violations 
of High-Occupancy-Vehicle Facilities 

G. SCOTT RUTHERFORD, RUTH K. KINCHEN, AND LESLIE N. JACOBSON 

Various states monitor their high-occupancy-vehicle (HOV) facil
ities for violations of passenger occupancy requirements. Few states 
have long-term programs to monitor violati n and little pub
lished lit rature is available. Most current monitoring activities 
involve human observers; however , new photographic techniques 
may soon offer improvement. 

As urban congestion increases, the need and justification for 
high-occupancy-vehicle (HOV) facilities increase. Concur
rently, the temptation for motorists to violate the occupancy 
restrictions also increases with increased congestion levels in 
the general-purpose lanes (J). If HOV facilities are to play 
an increasingly important role in urban mobility, transpor
tation and law enforcement agencies will need to work together 
to find effective means to maintain violations at a reasonable 
level or face possible public and political demands for the 
elimination of HOV facilities. 

The methods agencies use to monitor violations on HOV 
facilities are reviewed. Although the primary objective of this 
review was to locate and examine agencies that surveyed com
pliance rates over long periods of time, short-term studies of 
HOV compliance rates were also reviewed. Although little 
published information was available on this subject, both pub
lished and unpublished literature, as well as telephone con
versations with knowledgeable professionals, provided the 
information presented. This information is not meant to be 
a complete list of freeway HOV facilities in the United States, 
or the monitoring methods used in all areas, but rather a 
sample of the monitoring methods used on some HOV facil
ities. Given the nature of the information , little detailed data 
or analysis regarding costs, design effects, and reliability of 
methods can be presented. 

MONITORING ACTIVITIES 

Short-Term Monitoring 

Short-term monitoring of violation rates on HOV facilities is 
fairly common and is often used to determine the effectiveness 
of recently constructed HOV lanes. Because the justification 
often given to policy makers for the construction of HOV 
lanes is to significantly increase the people-carrying capacity 
of the transportation network, transportation agencies usually 

G. Scott Rutherford, Washington State Transportation Center, and R. 
Kinchen, Department of Civil Engineering, University of Washington, 
Seattle, Wash. 98195. L. Jacobson, Washington State Department of 
Transportation, Olympia, Wash. 98504 . 

monitor the new facilities just after their construction to 
determine their impact on traffic flow. 

Violation rates are commonly examined because high vio
lation rates may indicate a need for better enforcement or 
marketing of the HOV lanes, or a need to make engineering 
design changes (2) . Although HOV facilities with high vio
lation rates may improve overall traffic conditions, the HOV 
lanes may still be unacceptable, because the presence of many 
violators in the HOV lanes produces poor public perception 
and may erode public respect for HOV facilities in general. 

Another reason for monitoring violation rates on new HOV 
facilities is that high violation rates may indicate a potential 
safety problem (3). Construction of HOV lanes and their 
operation should not have a negative impact on the accident 
rate ( 4) . HOV lanes are most likely to affect and be affected 
by accidents in areas in which the HOV facilities are not 
physically separated from the mixed-flow lanes . This lack of 
separation allows vehicles to weave in and out of the HOV 
lane, creating a potentially dangerous situation, particularly 
when traffic in the HOV lane is flowing much faster than that 
in the mixed-flow lanes. High violation rates in such an area 
indicate a need to study the lanes more closely to determine 
whether a substantial amount of weaving is occurring. 

Another type of short-term monitoring program examines 
the effects that selected changes in the HOV facility have on 
the violation rate. Examples of such changes include 

• Changes in occupancy requirement (5 ,6) , 
•New signs or markings (7), 
•Changes in hours of operation (8), or 
•An increased level of enforcement (2) . 

Of these changes, an increased level of enforcement is usu
ally reviewed in conjunction with violation rates because 
enforcement probably has more impact on violation rates than 
the other modifications. Many agencies examine the effects 
of changes on HOV Janes as part of the study conducted 
immediately after the facility has opened. 

Long-Term Monitoring 

The literature contains few references to ongoing long-term 
HOV violation monitoring programs. This condition probably 
reflects the fact that such programs are relatively expensive 
and may have no immediate impacts on traffic congestion or 
that in some locations violations are not a major issue. Mon
itoring program expense is not easily justified when compared 
with construction activities or other, more visible projects. A 
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TABLE 1 LONG-TERM MONITORING METHODS USED BY SOME STATES 

ex as ouston; others 
proposed 

wo peop e monitor 
at each location. One 
person records 
occupancy, one 
classifies vehicles. 

e person per lane 
uses a tape recorder to 
record data. 

gon e or two people 

survey of states identified only three that have continuing 
HOV violation rate monitoring programs-Virginia, Cali
fornia, and Texas. Two other states, Oregon and New Jersey, 
have had long-term programs in the past. Table 1 presents 
these states' monitoring programs. 

HOV VIOLATION MONITORING METHODS 

Most states that currently have or have had HOV lanes have 
monitored those lanes for at least a short period just after 
the lanes were constructed. However, not all states have 
examined violation rates as part of their initial study, and of 
tbose that have, not all of them have included methodology 
information in their reports. For this rea on, letters were sent 
to states that operate HOV lanes asking for information 
regarding HOV monitoring methodology. Thus, the meth
odology information that follows came from sources other 

collected data on all 
lanes of traffic using 
traffic counter boards. 

wopersons 
collected data for 
three lanes of traffic 

November 1986 using traffic counter 
to October 1987 boards. 

than published literature on the subject, including unpub
lished literature, written responses to a letter, and telephone 
conversations with the respective operators. 

Virginia 

The Virginia Department of Transportation annually uses 
human observers to collect data on HOV violation rates and 
usage on Interstates 66, 95, and 395. Table 2 presents violation 
rates for these three facilities and other states. On 1-95, the 
HOV lanes, which have a violation rate of 34 percent, are 
concurrent-flow, nonseparated diamond lanes, whereas the 
Shirley Highway (1-395), which is a continuation of 1-95, con
tains two fully separated and reversible HOV lanes and has 
a violation rate of 2 percent. On 1-66, the two lanes in the 
peak direction are reserved for carpools, buses, and Dulles 
airport traffic during peak periods. The minimum occupancy 

TABLE 2 REPORTED VIOLATION RATES ON SOME FACILITIES 

Locallon 

Ban 1eld reeway 

usetts 

Type 
oncurrent, non-separated 

Fully separated, revrnible 
HOV and . rt in ak 

xclus1ve trans1twa 
oncurrent, non-separated 

oncurrent, non-st:pardted 

oncurrent, asp alt cur 
Entrance monitored by state 

lice 

• v· l . #Violating Vehicles in HOV Lane 10 atlOn rate = Total II of Vehicles in HOV Lane 

Violation Rate• 
4% 

2% 
20-30% 

Note: These numbers are very difficult to compare due to many factors and are listed for 
illustration only. 
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required for use of the HOV lanes is three persons on all 
HOV facilities in the state. However, airport traffic has no 
occupancy requirement. Therefore, monitoring 1-66 is a chal
lenge and the reported 20 to 30 percent violation rate is 
difficult to verify. 

On the Shirley Highway, one person observes each lane 
and records up to six occupants per vehicle on traffic counter 
boards. In addition, vehicles are classified as cars, public 
buses, and private buses. Occupancy data on the buses are 
furnished by the bus companies. On I-66, no trucks are 
allowed any time and on 1-95 and 1-395 trucks are allowed 
with three-or-more-person occupancy. 

Other HOV lanes in Virginia are monitored in a similar 
manner. However, 1-95 is more difficult to monitor because 
the shoulders are quite narrow, making observation of the 
lanes difficult. High violation rates on this facility, presented 
in Table 2, are caused by the lack of physical separation 
between the general lanes and the HOV lane and the difficulty 
in enforcing the lane. High rates on 1-66 are probably caused 
by Dulles airport traffic. 

California 

The California Department of Transportation (Caltrans) 
operates a number of HOV facilities throughout the state. 
However, only the HOV Janes in the Los Angeles and San 
Diego areas are monitored on a regular basis. Caltrans mon
itors occupancy on both mixed-flow and HOV lanes bimonthly 
on a number of freeways in Los Angeles and Orange counties. 
The three freeways monitored that include HOV lanes are 
Interstate 10 (the El Monte Busway) and State Routes 55 and 
91. A portion of the El Monte Busway is physically separated 
from mixed-flow traffic, but the rest of the HOV lane is sep
arated from general traffic by a 13-ft buffer zone. Occupancy 
requirements also vary among the lanes-minimum occupancy 
is three on the busway and two on the other lanes. 

In order to obtain HOV occupancy rates, data are collected 
in Yi-hr segments by a team of two counters for each location. 
One person is responsible for counting the number of persons 
in each vehicle, classifying each as having one through five 
occupants or six or more occupants. The second person re
cords data on vehicle type, classifying vehicles as vanpools, 
motorcycles, buses, or trucks. Automobiles are not classified. 
The information collected from both people is then combined 
to determine the number and type of vehicles and the number 
of persons using the HOV facility. Violation rates can be 
extracted from these data. 

Data are collected only on clear-weather weekdays with no 
unusual traffic conditions. Counts are not made on Mondays, 
Fridays, or any other days that may exhibit unusual traffic condi
tions (e.g., the day before a holiday). In general, counts are 
conducted from elevated positions, to the right of the vehicle 
passenger side. Examples of such positions are overpasses, 
pedestrian overcrossings, and the tops of cut areas. 

Texas 

The Texas Transportation Institute (TTI) collects a wide range 
of data on the use of the HOV facilities in Houston. HOV 
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facilities in the Houston metropolitan area are reversible, 
barrier-separated lanes located in the freeway median. Data 
collected monthly on these lanes include person and vehicle 
volumes and vehicle occupancy. Additional data on travel 
times and speeds are collected quarterly (6). 

The Metropolitan Transit Authority of Harris County (Metro) 
police (in the Houston area) enforce all transitways. Most 
violators are cited, with the possible exception of violators 
who sneak by when an officer is issuing a citation to another 
person. Therefore, the number of violators using the HOV 
lane is close to the number of citations issued. The violation 
rate is currently estimated to be 1 percent (D. L. Christiansen, 
informal communication). 

Human observers collect occupancy data over 3Y2-hr peak 
periods. One person observes each lane and records the occu
pancy of each vehicle by speaking into a tape recorder. Only 
vanpools and buses are classified because their occupancy can 
be determined later from data provided by other sources (e.g., 
from Metro, which operates the buses). 

Currently, occupancy rates are determined from the data 
collected in the field, which is then loaded into a computer. 
The state has recently ordered new computerized equipment 
that is capable of recognizing hundreds of words. Information 
recorded by this machine can be loaded directly into a com
puter, greatly shortening the time necessary to process those 
data (D. L. Christiansen, informal communication). 

Oregon 

Oregon does not currently operate any mainline HOV lanes, 
although the state does have 14 HOV bypass Janes on metered 
on-ramps (9). The Banfield Freeway, near Portland, did con
tain a HOV lane in each direction, but these lanes were dis
continued in 1982 when construction began for Portland's light 
rail system, which operates in the same corridor. However, 
when these HOV lanes were in operation, the Oregon Depart
ment of Transportation conducted an extensive monitoring pro
gram on the lanes to determine their effectiveness. Violation 
rates were also determined as part of this study. 

Occupancy counts were usually conducted by two people, 
each of whom used a four-column traffic counter board on 
three consecutive days (Tuesday through Thursday) on the 
second full week of the month. One person collected data on 
the two general-purpose lanes, whereas the second deter
mined occupancy in the HOV lane only. The counters re
corded each vehicle as having one, two, or three-or-more 
occupants, but vehicles were not classified by type. However, 
when sufficient personnel were not available, one person 
collected all the data using two four-column counter boards. 

When two people were available, data were collected for 
10 min in the peak direction and then, following a 2-min 
break, were collected in the nonpeak direction for 5 min. This 
cycle was repeated throughout the 3-hr peak period. If only 
one person was collecting data, only one direction of traffic 
would be counted per day. 

The average numbers of one-, two-, and three-or-more
occupant vehicles were found by taking the average of each 
over the 3 days. These figures were then used to determine 
both occupancy and violation rates. Violation rates varied 
over the course of the lane's operation largely because the 
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minimum occupancy necessary to use the lane was changed. 
Before February 1979, when the minimum occupancy was 
lowered from three-or-more to two-or-more persons, the vio
lation rate was approximately 20 percent. However, after the 
carpool definition changed , the violation rate dropped to about 
10 percent. 

New Jersey 

The Port Authority of New York and New Jersey operates a 
HOV lane at each Hudson River Crossing between New Jer
sey and New York (5) . In addition, the New Jersey Depart
ment of Transportation operates several HOV lanes . How
ever, the only HOV lane in the state that has been recently 
monitored is located on the approach to the George Wash
ington Bridge into New York City. In 1983, the New Jersey 
Department of Transportation conducted an extensive mon
itoring program of the bridge when it decided to expand the 
bus-only lane into a longer bus-carpool lane . Violation rates 
were examined as part of this study. 

Data were manually recorded with a five-button traffic 
counter. The first three buttons were used to record the num
ber of cars containing one, two , and three-or-more persons. 
The fourth button recorded the number of trucks, and misses 
were recorded with the fifth button. If the observer saw a 
vehicle but could not determine the number of occupants , the 
sighting was counted as a miss . 

If the number of misses was low in comparison with the 
total traffic volume, this number was included in the total 
traffic figure but was not used for computing automobile occu
pancy. However, if this number was large, project personnel 
then extrapolated how many one-, two- , and three-or-more
person occupied vehicles this figure contained by examining 
the nonmiss data. Project personnel assumed that the miss 
data would exhibit the same one, two , and three-or-more split 
that the nonmiss data had displayed. Excessive misses were 
considered reason to discount the affected interval's data. 

Monitoring locations were three toll plazas , two of which 
had three outbound lanes. The third plaza had only two out
bound lanes. At the larger toll plazas, two people monitored 
the three lanes. One person observed the outside lane and 
the other observed the two inside lanes. Data were collected 
over 5-min intervals, with one person observing the outside 
lane and the other observing the two closer lanes. Every 5 
min, the two observers switched positions, but the counters 
were set back to zero only after 20 min had passed. At that 
point, the two observers took a 10-min break, after which 
counting resumed for another 20 min. The same procedure 
was used to monitor lanes at the smaller toll plaza, except 
that a single person monitored the two lanes. 

Although the HOV lane was operational only from 7 to 9 
a.m. , data were collected from 6:30 to 9:30 a.m. Counts were 
done once per month during the midweek (Tuesday through 
Thursday), usually during the third week of the month . Data 
were generally not collected during inclement weather and 
darkness was not a deterrent because the count locations were 
relatively well-lit toll plazas. 

Results from the monitoring program showed that violation 
rates varied during the hours in which the lane was in oper
ation. Violation rates averaged about 40 percent during the 
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first and last 15 min of the lane's operation, whereas these 
rates averaged only 30 percent during the core 1 Y2 hr of 
operation. 

Washington 

The Washington State Department of Transportation 
(WSDOT) does not monitor violation rates on the state's 
HOV facilities on a continuing basis. WSDOT periodically 
collects data on HOV violation rates and vehicle occupancy 
in the HOV lanes , but these studies are not conducted reg
ularly. Little effort has gone into either collecting information 
on HOV violation rates at a given location over a long period 
of time or compiling the information that has been collected 
so that long- or short-term trends in the violation rate can be 
observed. 

The Seattle area has a number of HOV facilities consisting 
of both concurrent flow HOV lanes in the inside or outside 
lane and HOV on-ramps, some of which bypass metered gen
eral-purpose on-ramps. HOV lanes on the outside shoulder 
of westbound SR-520 were the first to be opened in the Seattle 
area (1973), followed by the opening of HOV lanes on the 
inside lanes of 1-5 in 1983 and the outside lanes of 1-405 in 
1984. The newly constructed (June 1989) I-90 bridge across 
Lake Washington will also have two reversible HOV lanes 
when the entire bridge system is completed in 1992. In the 
interim, there is a single, westbound HOV lane. HOV lanes 
also exist on SR-522, north of Seattle, and on Aurora Avenue 
and SR-509 in Seattle. 

Several studies have been conducted since the inception of 
these lanes to evaluate their overall performance. However, 
these studies have generally focused their attention on the 
HOV facilities on 1-5 (10,11) with their intent not to establish 
violation rates, but to examine a range of parameters, such 
as HOV volumes, vehicle occupancy in the HOV lanes, and 
the accident rate on roads that contain HOV lanes. One recent 
study examined the violation rate on the I-405 HOV lanes 
associated with an enforcement emphasis program (12), and 
a previous study investigated violation rates on the I-5 HOV 
lanes after the HERO program was implemented (11). How
ever, both studies were short-term monitoring projects and 
little effort has been spent in monitoring HOV violation rates 
over the long term . 

Generally, human observers with traffic counter boards col
lected HOV violation data for the studies that examined vio
lation rates . However , observers also used small , portable 
computers to collect vehicle occupancy data (13). The use 
of these computers offered several advantages . First, the 
computers were able to record the time of each observation, 
an ability that largely eliminated the need to supervise data 
collectors. Second, the data collected could easily be trans
ferred to a microcomputer for further analysis . Third, the 
computer program for collecting occupancy data allowed the 
data collector to correct bad observations. 

Colorado 

Colorado has operated a HOV lane on the South Santa Fe 
Highway in Denver since October 1986 (14). The Colorado 
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Department of Highways recorded the lane's occupancy and 
violation rate for 1 year after the lane's inception but no longer 
monitors the facility regularly . Violation rates during the year 
the lane was monitored varied from 9 to 31 percent . However, 
no clear link between congestion in the mixed-flow lanes and 
the HOV violation rate existed. In fact, the variation may 
have been caused by the low usage of the lane. Small changes 
in the actual number of violators could have caused relatively 
large changes in the violation rate. The low usage of the lane 
was probably a result of the lack of congestion in the adjacent 
mixed-flow lanes. This supposition is borne out by the fact 
that as many as 50 percent of the vehicles eligible to use the 
lane drove in the mixed-flow lanes instead. 

Florida 

Although Florida has no ongoing compliance monitoring pro
gram, several years ago the University of Florida conducted 
a study of HOV lane usage on Interstate 95 in Miami (15). 
Violation rates were determined by field observations made 
from a vehicle driving in the direction opposite to the move
ment in the HOV concurrent flow lane, which is on the far 
left-hand lane (15). This study could not obtain more specific 
details on data collection because of changes in staff. 

Hawaii 

Hawaii incorporated HOV lanes on several roads in the Hon
olulu metropolitan area-the Kalanianaole Highway and the 
Moanalua Freeway. Although the HOV lanes on both roads 
were evaluated several years after they were constructed (16,17), 
the lanes have not been regularly monitored since that time 
because of safety concerns. The should(!rs on the sections of 
roadway with HOV lanes are extremely narrow (sometimes 
less than 2 ft wide), thereby making observation of vehicles 
from the side of the road hazardous. Attempts to monitor the 
lanes from overpasses have not been successful either (G. 
Hirokawa, informal communication). 

Massachusetts 

The only HOV lane in Massachusetts is on southbound I-93 
in Boston. This lane, which is only about 4,000 ft long, is 
separated from the regular traffic lanes by a bituminous con
crete curb located in the adjacent lane. The facility is enforced 
daily by the state police, who position themselves about 1,000 
ft beyond the entrance to the lane. About 10 percent of the 
violators are actually cited; the remainder are directed by the 
police to reenter the general lanes through an enforcement 
chute designed for that purpose (C. Sterling, informal com
munication). As a result of constant police surveillance, vio
lation rates are low, around 1 percent (18). Thus, a formal 
violation monitoring program is probably not necessary. 

Minnesota 

Currently, Minnesota is operating a single, reversible HOV 
lane in the median of Highway 12 in Minneapolis (19). This 
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facility is only temporary because Highway 12 is being rebuilt 
into I-394. When complete, the new freeway will include two 
HOV lanes . 

The state department of transportation does not regularly 
monitor compliance on the temporary facility. However, when 
citizens complain about HOV violations, the state patrol 
enforces the lane but finds few people actually violating the 
lane. Many of the apparent violators have children or dozers 
aboard who are not easily visible . Actual violation rates are 
not available . 

PHOTOGRAPHIC MONITORING METHODS 

Although much interest has been expressed in the use of 
photographic or video equipment to monitor HOV violations, 
the review of the literature revealed that no state has used 
photography for this purpose. Therefore, research was con
ducted to determine whether photographic equipment that 
has been used for other traffic monitoring purposes might be 
applicable to monitoring HOV violations. In addition, research 
was conducted to identify those factors that influence the 
selection of photographic equipment. 

Three primary considerations that affect photographic 
equipment selection include the cost, ability of the equipment 
to take usable pictures in low light conditions, and size of the 
equipment. The cost of obtaining a camera capable of accu
rately determining vehicle occupancy is high. However, because 
the camera can probably be used for other tasks besides mon
itoring vehicle occupancy, its cost could be spread among 
several different tasks. Furthermore, although the camera 
should be able to take usable photographs in low light con
ditions, such as the early morning or evening hours (7:30 a.m. 
or 5:00 p.m.), the equipment does not need to determine 
occupancy at night or under weather conditions in which human 
observers would be unable to determine occupancy. How
ever, it is extremely important that the equipment be unob
trusive to passing motorists. Highly visible equipment may 
cause traffic disruptions or at least may cause HOV lane 
violators to alter their behavior as a result of the camera's 
presence. 

Given these considerations, several types of photographic 
equipment have promise for determining the occupancy of 
moving vehicles-still photography, closed-circuit television, 
and video cameras. 

Still Photography 

The prototype photographic system developed by the Naval 
Surface Weapons Center in 1977 is one example of a moni
toring system that uses still photography (C. Sterling, informal 
communication). The system consisted of a 16-mm camera 
and a flash unit (200 watt-sec), both mounted on a single 
tripod, and an optical vehicle sensor to ensure that the camera 
and flash unit operated in unison. The Shirley Highway 
(I-95) HOV facility in Virginia was selected as a test site for 
the prototype to ensure that the system could accurately deter
mine the occupancy of vehicles with people in the back seat. 

Initial tests of the system demonstrated that, of all the film, 
filter, and developer combinations tested, black and white 
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infrared film with an infrared filter on the flash achieved the 
best results. These first tests also revealed that the best van
tage point from which to see inside passing vehicles was in 
front of passing vehicles at an angle of about 45 degrees 
measured from the axis of the vehicle . 

Following the initial development tests, operational tests 
were conducted to determine how well the system performed 
under actual, continuous field conditions. The equipmeul was 
set up under a ramp buttress to minimize the visibility of the 
4-ft-tall system. 

Several important results were revealed by these tests: 

• Presence of the camera had no adverse effects on passing 
traffic , 

• Equipment was capable of recording the entire peak period 
without failure, and 

• Number of occupants could usually be determined. 

However , a major problem was also revealed by the oper
ational tests. Infrared light from the flash unit was absorbed 
by some car windows without penetrating and illuminating 
the insides of these vehicles . As a result, human forms in the 
pictures of these vehicles could be discerned only slightly, if 
at all. 

Several other camera systems using still photography have 
been developed since the Naval Surface Weapons Center con
ducted its research . However, these new systems have gen
erally been developed for purposes other than for monitoring 
HOV violation rates. Zellweger Uster Ltd., a Swiss firm, has 
designed several high-speed camera systems (R. P. Umdem
stock, informal communication). One was designed to pho
tograph the license numbers of vehicles that illegally cross an 
intersection during a red light. Another system photographs 
the license plate or the interior of vehicles violating the posted 
speed limit. Each system is attached to a flash unit and can 
therefore take pictures at night. Although neither system was 
designed to monitor vehicle occupancy or HOV violation rates, 
development might be possible of a camera system specifically 
for monitoring vehicle occupancy from equipment similar to 
Zellweger's. However, the cost of using a system to monitor 
HOV violation rates might well be prohibitive. Zellweger 
Uster estimated the price of a photo-radar unit on a tripod 
with a protective steel box to be $72,000. This price does not 
include installation. 

Closed-Circuit Television 

The simplest photography monitoring method may be closed
circuit television (CCTV) cameras. WSDOT has approxi
mately 40 of these permanently mounted on roads in the Puget 
Sound area. However, slightly less than half of these are 
located adjacent to HOV lanes. In addition, several difficul
ties may be associated with the use of these cameras for mon
itoring HOV violation rates. First , no CCTV cameras are 
located adjacent to the SR-405 or SR-520 HOV lanes; only 
the 1-5 HOV lanes can be viewed through CCTV. Second, 
the lenses currently installed on the cameras are unable to 
determine the occupancy of even the front seats of passing 
vehicles, largely because the cameras were installed to allow 
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WSDOT personnel to scan roads for accidents and other 
incidents and not to see inside individual vehicles. 

These problems do not necessarily preclude CCTV cameras 
from further consideration as a potential means of monitoring 
HOV compliance. WSDOT plans to install additional cameras 
along both SR-405 and SR-520 adjacent to the current HOV 
lanes. Therefore, WSDOT should determine whether the 
existing cameras could be fitted with new lenses that could 
both view the road and focus into the interiors of individual 
vehicles. 

A Texas firm named Traffic Monitoring Technologies is 
currently experimenting with the use of CCTV in combination 
with still photography (M. Fustus, informal communication). 
A TV camera and computer are set up in a vehicle near the 
HOV facility . A person inside the vehicle monitors the HOV 
lane and takes pictures of suspicious vehicles. Owners of vehi
cles who are found violating the HOV facility are then issued 
citations through the mail. However, because the primary 
purpose of the system is to enforce, rather than to monitor, 
HOV facilities, the equipment is not currently set up to 
photograph every vehicle in the HOV lane . 

Video Cameras 

Use of video cameras to monitor HOV violation rates should 
also be considered. Advantages of video cameras over more 
sophisticated photographic equipment are that the equipment 
is far less expensive, easier to acquire, and more lightweight 
and mobile. The video camera Caltrans currently uses to observe 
traffic is capable of determining the front-seat occupancy of 
vehicles. 

A video system might also be specially designed to photo
graph the entire interior of moving vehicles . Infrared light 
might be used to illuminate vehicles' interiors in the morning 
or evening hours. Further research on newly developed video 
equipment will be undertaken ;is p<1rt of this project to 
determine whether such a system could be developed. 

CONCLUSION 

A review of the literature on HOV lanes and conversations 
with knowledgeable personnel across the country revealed 
that long-term monitoring of HOV facilities is rare. In fact, 
of the states contacted, only three- Virginia , California , and 
Texas-currently monitor their HOV facilities on a regular 
basis. Many of the other states surveyed had monitored HOV 
violation rates at least once in the past. 

None of the states reviewed had used any method other 
than human observers to collect HOV violation data . How
ever, photographic equipment has been used for other traffic 
monitoring purposes, such as detecting and photographing 
vehicles that violate the posted speed limits. Three types of 
photographic equipment were identified that might be used 
to monitor HOV violation rates, including closed-circuit TV, 
still photography , and video equipment. 

This survey left several important questions to be answered 
through additional research: 

• What is an acceptable level of violations for various facil
ities? 
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• What is the relationship between enforcement and vio
lations? 

• How do various physical designs affect violations and 
enforcement? 

• Why are agencies not monitoring HOV facilities on a 
routine basis? 

• Should a monitoring manual be developed that details 
methods and costs? 

Many current transportation plans assume that HOV facil
ities will provide substantial added mobility to urban areas. 
Given this assumption, monitoring must be considered essen
tial for operational reasons, enforcement, facility justification, 
and program evaluation. Without solid information on effec
tiveness, HOV programs will not be able to compete with 
other facility needs. 
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Evaluation Tools of Urban Interchange 
Design and Operation 

A. ESSAM RADWAN AND ROGER L. HATTON 

Urban interchange are a means of facilitating traffic movements 
between arterial streets and freeway ramps. The ingle point dia
mond interchange (SPDI) and the conventional diamond inter
change are two specific interchange de igns . Essentially, both 
de igns can be treated as ·ignaJized intersections. Deviation from 
the standard signalized intersection operation can be attributed 
to factors such a longer clearance interval , larger turni.ng rad.ii , 
different phasing schemes. and different sig11al off ets between 
adjacent intersections. Available computer software was reviewed 
to determine its ability to simulate the operation of the urban 
diamond interchanges operation. Data collected at two sites in 
the Phoenix metrop litan area were used. Five programs were 
chosen: PASSER 11- 87, PASSER III-88, TRANSYT-7F, TRAF
NET IM, and TEXA . An assessment of each program was 
conducted to determine its ability to simulate both the SPDI and 
the conventional diamond interchange. It was concluded that the 
PASSER III-88 and the TEXAS models simulated the SPDI 
fairly well. All models except the TEXAS model were able to 
simulate the conventional diamond design. 

The Phoenix metropolitan area has been witnessing a sub
stantial growth in population and urban travel. Over the next 
two decades, close to 230 mi of freeways will be added to the 
existing network. With this growth in facility design and con
struction, different designs of urban interchanges need to be 
considered. 

Other metropolitan areas are heavily involved in projects 
to rehabilitate and reconstruct major sections of the urban 
Interstate system. Interchanges on such facilities are critical 
elements of corridor operational efficiency. Whether a new 
freeway is being added to the network or rehabilitation is 
being conducted on existing facilities, developing a set of 
warrants for different types of urban interchanges at any given 
site is crucial. Such warrants would include factors such as 
traffic demand, land availability and cost, traffic signal phasing, 
frontage road spacings, interchange capacity, construction costs, 
and road user costs. 

To be able to evaluate large numbers of design alternatives, 
computer software that can simulate the operation of urban 
interchanges must be selected. Two criteria essential to this 
selection process are ability and credibility, i.e., the ability to 
simulate a given diamond interchange operation and the cred
ibility of the produced output to reasonably represent the real 
world. 

The main objective of this research effort was to assess 
available computer software in terms of its ability to simulate 

A. E. Radwan, Center for Advanced Research in Transportation, 
Arizona State University, Tempe, Ariz. 85287-6306. R. L. Hatton, 
Arizona Department of Transportation, 205 S. 17th Ave., Phoenix, 
Ariz. 85007. 

two types of urban diamond interchanges: the single point 
diamond interchange (SPDI) and the conventional diamond 
interchange. 

BACKGROUND 

The conventional diamond, shown in Figure 1, is the most 
used interchange on urban freeways. Its design is most suitable 
in suburban and urban locations where traffic volumes are 
low to moderate and where right-of-way is restrictive. The 
conventional diamond is characterized by dual intersections, 
three-phase signal control with overlap movements, and tight 
turning radii. 

The dual intersection design combined with the three-phase 
signal scheme has been proven to delay the interior move
ments that account for approximately one-third of the total 
delay with the conventional diamond (1). 

The SPDI (also known as the urban interchange) was intro
duced more than two decades ago. It has recently become 
more attractive because of its compact design, which requires 
less right-of-way. The SPDI, shown in Figure 2, operates as 
a single three-phase intersection. The through movement from 
the off-ramp can be prohibited, resulting in less delay to off
ramp traffic. One advantage of the SPDI over the conven
tional diamond is the large turning radius provided for the 
left-turn movement. The turning radius of the SPDI is approx
imately 300 ft; for the conventional diamond, it is only 50 
to 60 ft (2). The larger turning radius allows vehicles to 
accelerate while turning, resulting in less delay and higher 
capacity . 

A critical element that significantly affects the SPDI's capacity 
is the signal clearance duration. The distance between the two 
stop bars on the arterial typically ranges between 150 and 250 
ft. Considering an approach speed of 35 mph, the minimum 
required clearance interval ranges between 7 and 9 sec (3). 
This is usually accomplished by using a yellow and an all-red 
clearance interval. As the number of left-turn lanes and free
way lanes increases, the minimum clearance interval increases 
and the effo.:iem:y gained by this type of interchange may be 
quickly lost. 

A recent study ( 4) attempted to develop a methodology to 
determine when grade separations are appropriate. This 
methodology includes an economic analysis based on a ben
efit-cost study for ranking three-level diamond interchanges. 
Delay estimates were derived using the TRANSYT-7F model. 

A comparative assessment of the SPDI and the compressed 
diamond was recently published in the !TE Journal (3), which 
stated: "The analyses presented make it evident that appli
cations are limited for the single-point diamond. Generally 
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FIGURE 1 Conventional diamond interchange. 

speaking, the compressed diamond is less costly, has similar 
right-of-way requirements, and is more efficient." 

The conclusions reached in this study were based on com
puter simulation runs using the TRANSYT-7F model, which 
has been highly thought of as an optimization model for large 
grid networks. The model's ability to simulate isolated dia
mond interchanges in a realistic fashion is questionable because 
the platoon dispersion model it uses is mostly suitable for 
optimizing signal settings of a grid street network and is not 
appropriate for representing the different geometries of urban 
interchanges. 

The following section addresses the available computer 
software for traffic signal system analysis and the software's 
potential applications. Five selected models were used to sim
ulate the two types of interchanges: (a) TRANSYT-7F, (b) 
PASSER 11-87, (c) PASSER III-88, (d) NETSIM, and (e) 
TEXAS. A detailed analysis was conducted to document the 
assumptions, advantages, and drawbacks of each model. 

TRAFFIC SIGNAL SYSTEM ANALYSIS 
COMPUTER SOFTWARE 

Computer software for traffic signal system analysis can be 
generally classified into two major categories: macroscopic 
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FIGURE 2 Single point diamond interchange. 
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models and microscopic models. Macroscopic computer models 
use mathematical expressions to analyze traffic flow over urban 
streets and to determine a system's measures of effectiveness 
(such as delay, queue, and fuel consumption). Two types of 
activities can be carried out using these models, namely, 
optimization and simulation. The optimization option permits 
the software user to search for the signal timing plan that 
results in the lowest vehicular delay. Simulation is applied to 
predetermined signal settings to assess system performance. 

Examples of macroscopic computer models are SOAP, 
TRANSYT-7F, PASSER 11-87, SIGOP, and MAXBAND. 
The SOAP model is used for isolated intersections only, whereas 
the remaining models are tailored for arterials and grid net
works. Although the other four macroscopic models are suit
able for multi-intersection operation, they can be used to 
simulate a single- or dual-intersection setting. All five models 
are deterministic. 

PASSER 111-88 is another macroscopic computer model. 
It was developed exclusively to evaluate conventional diamond 
interchanges and can be applied to an isolated interchange 
and a frontage road progressive system. 

Microscopic computer models simulate individual vehicle 
movements through the street system and update their status 
in small time increments . These models can be used to inves
tigate a wide mix of traffic control and traffic management 
strategies, including pretimed or actuated signal control, sign 
control, special-use or general-use traffic lanes, and standard 
or channelized geometrics. Microscopic simulation models are 
designed to consider different statistical distributions for driver 
types, vehicle types, gap acceptance, vehicular speeds, and 
other factors. The ability to simulate vehicle movements in each 
lane and select different design and control alternatives makes 
them more attractive than macroscopic models. However, 
microscopic models require more input data than macroscopic 
models. 

There are three microscopic simulation programs available 
on the market: NETSIM, TEXAS, and EVIPAS. Although 
NETSIM and TEXAS are simulation models only, EVIPAS 
can be used both for simulation and optimization. Both 
EVIP AS and TEXAS are solely designed for isolated inter
sections, whereas NETSIM can be used both for isolated and 
grid networks. The EVIP AS model was excluded as a poten
tial program because it is only available for mainframe com
puters and requires long execution time. 

SIMULATION OF THE SPDI 

To evaluate the five selected computer programs, an SPDI 
was selected in Tempe, Arizona (5). This SPDI is the first of 
its type constructed in that state. A recent count at this site 
indicated that the p.m. peak-hour volume is 5,011 veh/hr and 
the 24-hr volume is 65 ,264 vehicles. 

The condition diagram of the interchange is shown in Figure 
3. The eastbound approach-University Drive-has four lanes, 
including a through-right, a through, and two left-tum lanes. 
The westbound approach has five lanes, including a right
turn, two through, and two left-turn lanes. A raised median 
separates eastbound and westbound traffic on both approaches. 
The dual left-turn paths on both approaches are based on a 
279-ft turning radius with pavement markings provided through 
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FIGURE 3 SPDI condition diagram. 

the intersection. Right-tum channelization is provided on botli 
approaches. 

Both the northbound and southbound off-ramps have four 
lanes, including two right-tum and two left-tum lanes. The 
dual left-tum paths on both approaches are based on a 270-
ft turning radius, and the separation between on- and off
ramp approaches is approximately 215 ft. Channelization of 
the off-ramp terminals prohibits northbound and southbound 
movements across the interchange. 

The traffic signal phasing is a three-phase operation. The 
signal phase times are presented in Table 1, and the phase 
movements are shown in Figure 4. An overlap phase is ini
tiated when either the eastbound or the westbound left-tum 
movement dissipat before the other. J nduction loop are 
located on all approach lane for the actuation and extension 
of each phase. 

Traffic data related to vehicular volumes and delay were 
collected during the evening peak and are summarized in 
Table 2. All queues cleared the intersection during the respec
tive green phase for each movement, except the eastbound 
through movement (5). 

The stopped-time delay measurements were based on 15-
sec observations and were conducted for all four left-turn 
movements. Stopped-time delay is defined as the time during 
which the traffic is actually randing till (6) . The travel time 
delay measurements were made by timing vehicles from the 
moment they crossed a point located at a certain distance 
upstream of the stop bar to the moment they cros. ed the stop 
bar. This travel distance was set at 800 ft 11pstre11111 of the 
stop bar of the left-tum movements for the northbound and 

TABLE 1 SIGNAL PHASING TIMES (5) 

EB-LT we NB-LT WB-LT EB SB-LT 

Minimum Green 8 10 5 8 10 5 
M1udnmm Green 30 35 30 30 35 30 

Ycllo'v 3.0 4.3 3.0 3.0 4.3 3.0 
Red clearance 2.0 6.2 7.8 2.0 6.2 7.8 
Vehicle Ex~sion o.s 1.2•• 0.5 0.5 0.2 0.5 

/Iv.rage Phase 
@ P.M. Peak 

16 35• 16 11,5• 34.5 17 

• hl<ladn Owrlll' Phau ••111ghcr 1h1n l'IOlmll IOhiH~Uuckailf'l'k 
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OVERLAP PHASES 

SECOND PHASE 

THIRD PHASE 

FIGURE 4 Phasing diagram for the SPDI. 

southbound directions and 1,000 ft upstream of the stop bar 
of the through movement for the eastbound and westbound 
directions ( 6). 

PASSER 11-87 Software 

PASSER 11-87 is the most recent release of the Progression 
Analysis and Signal System Evaluation Routine developed by 
the Texas Transportation Institute for the Texas State Depart
ment of Highways and Public Transportation (SDHPT) (7). 
The basic purpose of the model is to assist the traffic engineer 
in determining optimal traffic signal timings for progression 
along an arterial considering various multiphase sequences. 
It is a macroscopic, deterministic, optimization model. The 
delay estimate in this model is based on a modified Webster's 
delay formula to take into account the differences in arrival 
rates between green and red intervals . 

To simulate the SPDI in PASSER 11-87, it was assumed 
that the interchange was composed of two close intersections 
with zero signal offset. It was also assumed that the saturation 
flow rate was 1,800 veh/hr of green per lane regardless of the 
movement type (left-tum or through) . The results of the 
simulation runs are documented in a later section. 
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TABLE 2 TRAFFIC DATA SUMMARY (5) 

EASTBOUND WESTBOUND NORTHBOUND SOUTHBOUND 

LEFT THROUGH RIGHT LEFT THROUGH RIGHT LEFT RIGHT LEFT RIGHT 

Intersection Data 

Number of Lanes 2 2 0 2 

Peak Hour Volume 463 1227 308 635 

Delay (Seconds) 

Stopped Time Delay 30.7 . . 32.8 

Travel Time Delay 

at 1000 ft . 84 . 53.4 

at 800 ft . . - . 

Some of the advantages of using the PASSER II model are 
the simplicity of data input and the ability to simulate different 
types of signal phasing schemes. However, the model has 
several disadvantages. The main disadvantage is the inability 
of the user to input the appropriate clearance interval of each 
phase. One possibility to overcome this shortcoming is to add 
the clearance interval to the green phase. Regardless of the 
user input, the model assumes a fixed phase lost time of 4.0 
sec, and the user has no way of changing this value. Another 
disadvantage is that the model has no special treatment for 
right-turn traffic and no allowance for separate right-turning 
lanes. 

PASSER 111-88 Software 

PASSER 111-88 is the recent release of the Progression Anal
ysis and Signal System Evaluation Routine-Model III for 
diamond interchanges (8). The model was developed to deter
mine the optimal phase patterns, splits, and internal offsets 
at signalized isolated interchanges. In addition, the model is 
capable of optimizing system cycle length and progression 
offsets for one-way frontage roads. 

The isolated interchange logic simulates the operation of 
the interchange into both a right and a left side. Five basic 
signal phases are allowable. There are two possibilities for 
off-ramp left turners: either lead or lag to the on-ramp move
ment. Several phasing combinations can be generated, and the 
model tests these alternatives to find the optimum pattern and 
offsets. Webster's delay equation is used for the optimization 
process. 

Because PASS ER 111-88 is designed exclusively for the 
conventional diamond, several assumptions had to be made 
to simulate the SPDI operation. No apparent advantages were 
identified in using this software. As with PASSER 11-87, the 
clearance interval was overlooked in the analysis process. 
However, PASSER 111-88 provides for a separate analysis 
of right-turning movement as well as a simulation of separate 
turning lanes. One severe limitation is that PASSER III-88 
is a fixed-sequence program, which limits its application to 
the five predetermined sequences. 

2 1 2 2 2 2 

592 583 72 331 568 232 

. . 29.6 . 31.6 -

44.7 18.5 . - . . 

- . 45.0 . 54.2 . 

TRANS YT-7F Software 

The TRANSYT-7F model is the U.S. version of the Traffic 
Network Study Tool model developed by the Transport and 
Road Research Laboratory of Great Britain (9). It is a mac
roscopic, deterministic, time-scan model for optimizing the 
signalization on arterials and grid networks. 

Intersections are represented by nodes in TRANSYT, and 
links represent streets connecting those intersections. Each 
link can represent a traffic movement at any given node. The 
SPDI is represented by coding two nodes with zero offset. 
The delay model used is a modified version of the Webster 
formula. The hill-climbing procedure is not applicable for 
diamond interchanges because there is no offset between the 
two signals. The model is used only for simulation. 

The advantage of using TRANSYT is the ability to simulate 
each movement separately and to include the clearance inter
val for each phase. Furthermore, the model can simulate other 
geometric features such as the location of the stop bar and 
the location of transit stops. The results of the simulation runs 
for the SPDI are documented in a later section. 

TRAF-NETSIM Software 

TRAF is a system of traffic simulation models designed to 
represent traffic flow on any existing highway facility. The 
abbreviation "NETSIM" is composed of the prefix "NET" 
for surface street network and the suffix "SIM" for micro
scopic simulation. Individual vehicles are simulated through 
the system along the links, according to specified controls at 
nodes (intersections), stochastically determined turning 
movements, and deterministic car following. No set paths are 
modeled because turning movements are purely random. 

NETSIM has a multiplicity of features and user options. 
Virtually any feasible geometric configuration, traffic control 
system, traffic management strategy, and demand configu
ration can be modeled. The type of network may vary from 
a single intersection to a complex grid network. 

The most recent release of TRAF-NETSIM can produce 
static and dynamic representation of traffic movements (10). 
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The static option produces static graphs that report on links 
and network-wide measures of effectiveness such as stopped 
delay and queue length. The dynamic logic produces ani
mation of individual vehicle movements on selected links . 
Animation is produced for one node only and is limited to a 
distance of 500 ft on either side of that node. 

To simulate an SPDI operation in NETSIM, the inter
change is split into two intersections 215 ft apart . Pretimed 
signal operation was implemented with a three-phase plan. 
Although NETSIM can simulate actuated signal operation, 
the SPDI operation was simulated as pretimed for two rea
sons: (a) the actuated logic requires extensive data collec
tion, which was not possible for this site, and (b) although all 
other types of macroscopic software (such as PASSER and 
TRANSYT) have the ability to evaluate actuated signal 
schemes, they do not simulate the actuated operation in the 
true sense. More specifically, macroscopic models do not change 
the green duration of a signal phase from one cycle to the 
other as do microscopic models. The average phase durations 
documented in Table 1 were used as NETSIM input. Because 
of the stochastic nature of NETSIM, 10 runs were imple
mented with different starting random number seeds, and the 
average stopped delay was then calculated. The results of the 
NETSIM runs are documented in a later section of this paper. 

The advantages of using NETSIM to simulate the SPDI 
operation are as follows: 

1. Different intersection geometries can be tested. 
2. The graphic presentation of this system makes it easy 

to check the network's geometrical configuration and the 
effectiveness of the control strategy. 

3. NETSIM does not have a delay model like other mac
roscopic models, so the user does not have to be concerned 
about the validity of the formulas . The different statistical 
distributions embedded in NETSIM can be used to make the 
measures of effectiveness produced by the model match those 
observed in the field. 

The drawbacks of using NETSIM include the following: 

1. The model cannot simulate vehicle paths in the inter
section. It makes the vehicle disappear from one link right at 
the stop bar and then recreates it on a downstream link. The 
advantage of the large turning radii provided by the SPDI is 
then underestimated. 

2. Like any other microscopic model, the interchange is 
represented by two close intersections, and statistics are 
collected for the whole network. 

3. Vehicles are generated according to a uniform distri
bution, and the arrival pattern cannot be changed as it can 
in the TEXAS model. 

TEXAS Software 

The Traffic Experimental and Analytical Simulation model is 
a microscopic simulation program developed to analyze alter
native designs of isolated intersections (11). The model can 
simulate any intersection configuration controlled by stop signs, 
yield signs, or traffic signals. Like NETSIM, the TEXAS 
model can simulate all traffic signal schemes, including two-
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phase to six-phase pretimed controllers; eight-phase, dual
ring, semiactuated or full-actuated controllers; and permissive 
or exclusive left-turn control schemes. 

The TEXAS model can be used effectively to simulate the 
SPDI operation. The interchange is coded as an isolated inter
section with an extra-wide median between the on- and off
ramps. The user can input different arrival distributions for 
each apprn11c.h of the interchange . These options make the 
TEXAS program more attractive than the NETSIM model. 
Furthermore, the ability to display traffic movements on the 
computer screen (animation option) adds more credibility to 
the model. 

The TEXAS model has the following limitations: 

1. The interference to traffic caused by pedestrians moving 
simultaneously with vehicular traffic cannot be simulated. 

2. The model does not simulate the effect of approach grade. 
This can be compensated for somewhat by using different 
headway distributions. 

3. There is no provision for coordination of or the effect 
of adjacent signals. This factor becomes a critical consider
ation when the urban interchange is part of a major arterial 
with a predetermined progression plan. 

Results of the SPDI Simulations 

Stopped delays were adopted for the comparative assessment 
of the five computer programs. These observations were made 
for left-turn movements only on all four approaches. Both 
NETSIM and TEXAS determine stopped-time delay com
parable to the procedure used in the field, recording the queue 
length every 15 sec. However, the two PASSER programs 
and the TRANSYT program use a modified Webster delay 
equation . The original Webster delay equation is essentially 
based on total vehicular delay, which includes stopped-time 
delay and delay incurred by vehicles during the deceleration 
and acceleration cycles. Therefore, delay figures produced by 
these programs were expected to be relatively higher than the 
observed values. 

Table 3 contains the field results and the simulated results . 
Using the p.m . peak-hour field observations as a benchmark 
for comparison, it can be observed that the results of PASSER 
111-88 were the closest to the field results foLthe three mac
roscopic models under evaluation. As for the microscopic 
models, it appears from the first glance that the NETSIM 
model produced comparable results to the field data on the 
basis of the weighted average delay figures. Closer exami
nation of the results reveals that the TEXAS model seems to 
be more suitable for simulating the SPDI because it produced 
delay figures close to the field data figures for three out of 
the four movements. The stopped-time delay data for this site 
were collected for 1 hr of a given day . More sites and more 
observations for each site should be collected to provide a 
more credible assessment. 

Initial findings of this research indicate that the TEXAS 
model has good potential for use as an evaluation tool of the 
SPDI performance. While this research was being conducted, 
the Transportation Research Center at the University of Texas 
(the developer of the TEXAS model) modified the current 
version of the model to simulate urban interchange operation. 



TABLE 3 SIMULATION DELAY RES UL TS OF THE SPDI 

East-Bound West-Bound North-Bound South-Bound Weighted A verag1 of 
Left Turn Ltft Turn Left Turn L eft Turn All Four Movements 

PM Peak Hour Trame Volume 463 635 72 568 

PASSER 11-87 38.3 56.20 27.10 32.80 42.57 
Macro. (sec/Yeh) 

PASSER 111-88 23.17 39.68 29.37 32.76 32.59 
Models (sec/veh) 

TRANSYT-7F 39.8 76.50 32.80 46.80 55.21 
(sec/veh) 

NETSIM 2.82 5.54 36.62 84.12 31.78 
Micro. (sec/veh) 

TEXAS 36.83 100.40 32.73 36.44 59.75 
Models (sec/veh) 

Observed Dala 30.70 32.80 29.60 31.60 31.71 
(sec/veh) 
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l 

HIGHWAY 360 

FIGURE S Conventional diamond condition diagram. 
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TABLE 4 TRAFFIC DATA SUMMARY FOR CONVENTIONAL DIAMOND INTERCHANGE (5) 

S.R. 87 (ARTERIAL) S.R. 360 OFF-RAMPS 

SOUTH·BOUND NORTH·BOUND WEST-BOUND EAST-BOUND 

LEFT TllROUUH RIGHT LEFT THROUGH RIGHT LEFT RIG/IT LEFT RIGHT 

Number of Lanes 1 

Volume of P.M. 

Peak Hour 271 

Average Phase 

Length (Seconds) 16.8 

Yellow 4.5 

Red Qearance 2.0 

Cycle Length = 92.50 Seconds 
Lost Time= 19.0 Seconds 

FRONTAGE ROAD 

2 

1316 

30 

4.5 

2.0 

_JTI_ 
ARTERIAL 

,PA-

" ~c 
LEFT TURNS t 

,PC-

1 1 

712 302 

. 18.5 

. 4.5 

. 2.0 

L 
-,PA 

ARTERIAL 

FRONTAGE ROAD 

PHASING LEFT SIDE LEFT TURN RIGHT SIDE 
CODE PHllSE SEQUENCE SEQUENCE PHASE SEQUENCE 

- J - - i __J 

I - ir- LEAD-LEAU - -A c A B c 

- - ~ - t _J 
2 -r- LAG-LEAD -- -A c B A B c 

~ - - _J 

t -3 - -r- LEAD· LAG -A B - c B c A - i - __J i -4 r- LAG·LAG -- - c A c 8 A B - + - - l ~ IA -- re TTl-LEAD - ~ A B A 

FIGURE 6 Phasing code description used by PASSER III-88. 

~ 

1307 

30 

4.5 

2.0 

1 1.5 1.5 2 1 

303 335 281 517 345 

- 25 25 

. 4.0 4.0 

. 2.0 2.0 

No public release has yet been made of that version, and the 
Texas SDHPT is currently evaluating the program. 

SIMULATION OF THE CONVENTIONAL 
DIAMOND 

The conventional diamond interchange is the interchange most 
commonly found in urban areas where the arterial street is 
carried over or under the freeway facility. Accessibility to and 
from the freeway is provided by four ramps. The interchange 
can be treated as two isolated signalized intersections 250 to 
350 ft apart. The storage area on the bridge deck is a critical 
element in determining the interchange capacity. The signal 
phasing scheme of this type of interchange may specifically 
affect its performance. 

To test the ability of the PASSER 11-87, PASSER III-88 , 
TRANSYT-7F, TRAF-NETSIM, and TEXAS models to sim
ulate the conventional diamond interchange operation, an 
interchange in Mesa, Arizona, was adopted (5). Figure S shows 
a layout of the conventional diamond, and Table 4 presents 
a traffic data summary of this interchange. 

As shown in Figure 6, the five phasing schemes adopted 
by the PASSER III-88 model were used to test the computer 
software. No delay data were available for the conventional 
diamond in Mesa; however, the delay statistics produced by 
the computer models were used to conduct a comparative 
assessment to determine if models produce comparable results. 

The coding of the conventional diamond could not be 
accomplished for the TEXAS model because the phasing code 
for this model is limited to a single intersection. Therefore, 
the assessment was limited to the other four programs. Table 
5 presents the delay results in seconds per vehicle as calculated 
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TABLE 5 DELAY RESULTS OF CONVENTIONAL DIAMOND (sec/veh) 

PHASE ORDER PASSER 11-87 PASSER III-88 

Lead-Lead 45.10 39.06 

Lag-Lead 43.90 38.66 

Lead-Lag 44.10 37.96 

Lag-Lag 42.90 37.11 

TTI-1..ead 44.70 62.57* 

•sim11la1ed for a cycle lcnglh of 120 sccoods 

by the four programs. The three macroscopic models pro
duced comparable results with respect to the five phase orders 
under consideration. The only exception was observed for the 
Texas Transportation Institute (TTI) lead phase as applied to 
the PASSER III program. The difference between the TII 
scheme and the lead-lead scheme is that the TII phase order 
considers a 12-sec offset between the left side of the inter
change and the right side. PASSER III logic did not permit 
the TII evaluation for a 95-sec cycle length, and the cycle 
length had to be increased to 120 sec. This change was 
probably the reason for the higher delay figure in this phase. 

The results of the NETSIM model varied more than those 
of the other models for different phase orders. This finding 
was expected for two reasons. The first is that NETSIM is a 
microscopic model and traffic events are processed in smaller 
time increments, allowing more accurate calculation of the 
impact of signal phasing schemes on vehicular delay. The 
second reason is attributed to the stochastic nature of the 
model, which would be included in the analysis of the effects 
of random events. 

Another significant issue is the absolute values of the delay 
figures produced by the models. Both PASSER models pro
duced comparable delay values, but the TRANSYT and the 
NETSIM models did not. Because of the lack of field data 
availability at conventional diamond interchanges, no conclu
sions can be reached concerning which model is more accurate 
in simulating the conventional diamond. 

CONCLUSION 

It was concluded that all five computer programs evaluated 
can simulate the SPDI operation. Each program has unique 
features that make it more attractive than the others. From 
the limited number of runs made, it appears that the PASS ER 
111-88 and the TEXAS model results were the closest to the 
field data. 

All programs except the TEXAS model were able to sim
ulate the conventional diamond design. It was not possible 
to determine the effectiveness of these simulations without 
extensive field data to conduct successful model validations. 

TRANSYT-7F NETS IM 

181.97 26.80 

185.79 66.20 

181.04 58.60 

184.87 26.00 

181.49 42.80 
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Passing Operations on a Recreational 
Two-Lane, Two-Way Highway 

ALAN R. KAUB 

A study was conducted of passing maneuvers in selec1ed pa ing 
zones over a 21-mi segment of a principal arterial, two-lane, iwo
way roadway in northern Wisconsin . Within the project, passing 
was restricted to 33 percent of the roadway length due to hori
zoutal and vertical gcomerrics. Five independent ·it were mon
itored u ing both field observer and directional speed and vol
ume recorders. Timed video-recorders were also placed at two 
·ites. The data were gathered on three peak summer weekends 
in 1988. Operationa l data, segregated into 15-min interval., includt:d 
information on directional flows, average peel.is, anu passing 
operations. The data conformed with AASHTO expec1ations and 
indicated that n recreational weekends with traffic volumes f 
200 to 250 veh/hr in the major direction and 85 to 175 veh/hr in 
the minor direction , 25 to 35 percent of all passes w re made in 
the presence of an opposing vehicle, an average of 2 1 passes per 
hour were completed with duration of Lime in the opposing Ian 
{at 60 mph) of 12.2 sec , and pass abort comprised 0.8 percent 
of all passes. Under higber flow levels of 330 t 420 vehlhr in th 
major direction and 70 to 170 vehfhr in the mino.r direction , 26 
to 50 percent of all passes were made in the presence of an 
oppo ing vehicle an iiverage of 16 pa se per hou r were com
pleted with duration of time in the opposing lane of 11 .3 sec, and 
pass aborts compri ed up to 7 percent of all pa se. where pas ing 
was restricted to 33 percent for a 10- t 15-mi segment. The data 
indicate that (a) the passing driver' decision thr hold is nega
tively affected by the inability to pass, (b) thi effect increases 
significantly at volume levels as low as 500 vehlhr 1w -way , and 
(c) passing driver may be significantly overe ti mating their abi lity 
to complete passing maneuvers safely. 

US-63 from Turtle Lake to Cumberland is an 11.1-mi principal 
arterial extending from the intersection with US-8 in Turtle 
Lake to the intersection with SH-48 west of Cumberland in 
Barron County, Wisconsin. Its location is approximately 1 hr 
northeast of the Minneapolis-St. Paul metropolitan area, and 
the route is a major recreational highway to northern Wis
consin and Lake Superior. The roadway was originally con
structed in 1936 as a 20-ft-wide concrete pavement with 8-ft 
gravel shoulders. It was resurfaced and widened with bituminous 
in 1973 to a 24-ft pavement with 10-ft gravel shoulders. 

The roadway geometrics are satisfactory for 60-mph hori
zontal operations, although several long horizontal curves limit 
passing sight distance. The vertical alignment has 52 vertical 
curves, of which 46 have stopping sight distance for SS mph, 
5 are adequate for 55-mph stopping sight distance, and 1 is 
marked for 45-mph stopping sight distance. In general, the 
combined geometrics offer an MUTCD marked passing 
opportunity of approximately 32 percent northbound and 33 
percent southbound within the 11.1-mi segment. 

Civil Engineering Department, University of South Florida, 4202 
Fowler Blvd., Tampa, Fla. 33620. 

The traffic volume in 1985 was recorded as 2,530 veh/day 
with a peak-hour volume of 24.1 percent of average daily 
traffic (ADT). However, a nearby average annual daily traffic 
(AADT) station on US-8 reported that Sunday peak traffic 
in July was 235 percent in excess of the annual weekday ADT, 
with averaged summer (May to September) weekend volumes 
approximately 80 percent above the monthly AADT. In the 
peak direction on weekends, video-recorded data from this 
project revealed that passenger vehicles make up approxi
mately 67 percent of the traffic flow, light trucks and vans 26 
percent, vehicles with trailers 6 percent, and RVs and large 
trucks 1 percent of the average peak flow. 

From 1978 to 1986, this segment experienced a total of 90 
accidents-ah average of approximately 11 accidents per year. 
These accidents resulted in 71 injuries and 6 fatalities, or 
about 1 fatality and 9 injuries per year. A review of the 1985 
through 1987 accidents indicated that 67 percent of them were 
vehicle-vehicle and 22 percent were passing related. Although 
the average annual accident rate is reported as only 45 per 
100 million vehicle-miles (mvm) for this segment compared 
with 220 for this roadway type statewide (indicating a safe 
roadway on average), a severity of 77 fatalities and injuries 
per 90 total accidents indicates the risk of substantial severity 
when an accident does occur. 

A proposed project on this segment will reconstruct the 
entire 11.1-mi roadway by improving the substandard curves 
to a minimum 60-mph stopping sight distance, retaining the 
same two-way passing sight distances. The typical section will 
provide 12-ft lanes with 6-ft shoulders, of which 3 ft will be 
paved. Passing lanes approximately 1 mi long will be added 
at two locations in each direction, which will increase the 
passing opportunity to 67 percent northbound and 56 percent 
southbound. Neither of the passing lanes is adjacent to the 
other so that a driver will not perceive the presence of a four
lane roadway. To quantify U1e full effect of the new passing 
lanes, an in-depth collection of data related to the passing 
maneuver was performed (I). 

SITE LOCATIONS AND DATA COLLECTION 

Collection of the roadway data was performed on three non
concurrent weekends-July 4, 15, and 30, 1988. These par
ticular dates were selected because the weekend of July 4 is 
the peak traffic weekend of the year, and by retaining the 
weekends in 1 month large shifts in driver population would 
be minimized. Also, by selecting nonconcurrent weekends, it 
was hoped that the driver population would not become sen
sitized to expectancies of traffic studies in progress on the 
roadway. 
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Five passing zone observation sites were selected to provide 
a depth and breadth to the data coliection while maintaining 
control of the data. Sites 2, 3, and 4 were selected for obser
vation within the 11.1-mi project limits, and Sites 1 and 5 
were selected for observation significantly beyond the termini 
of the project at each end. The external sites were selected 
at a distance of approximately 5 mi from the termini of the 
project to establish if, as reported by Harwood (2), such pass
ing lanes have an impact on operations a significant distance 
from the project. The external sites were selected as the clos
est , longest passing zones from each terminus in which passing 
is relatively easy and safe if flow levels are low. Both zones 
were about 1 mi in length with relatively flat, tangent geo
metrics. The internal observation sites were selected at 
approximately 2- to 3-mi intervals to provide data from the 
short 2,000-ft passing zones at Sites 2 and 4 to the longer 
3,600-ft zone at Site 3. Sites 2 and 4 were selected for place
ment of the video-recorders because these sites offer a well
balanced perspective of traffic flow at a distance of about 2 
mi from each terminus . 

Roadside observers trained in the collection of passing data 
were placed at each site. To minimize disruption to the traffic 
stream and external influences on driver behavior caused by 
the presence of the observers , they were either sufficiently 
hidden from the drivers ' view or were dressed as resting bicy
clists (complete with easily observed bicycle). The intent of 
this strategy was to alleviate the threat of driver behavior 
modification due to the presence of an unusual observer at 
the roadside . Similarly, the observers were placed at roadside 
locations as far from the traveled roadway as possible, while 
retaining their visual capability, so their location would not 
interfere with driver performance by appearing as a roadside 
obstacle. Video-recorders with time (in minutes) imprinted 
on the image were stationed at two of the internal sites for 
two weekends and at the two external sites for one weekend. 
The video-recorders were wrapped in black or green plastic 
wrap, which blended into the natural background at the sites. 
In general , the bicycle and video-camera disguises appeared 
extremely effective in maintaining the integrity of the observers 
as a natural part of the roadway environment, thus preserving 
the drivers' existing operational and safety characteristics. 

Pneumatic road-tubes were placed at each site to record 
flow and speed in the major direction of travel. On each 
weekend, the speed and volume recorders were set for the 
northbound (away from home) direction from noon on Friday 
to 3:00 p.m . on Saturday and were then transferred to the 
southbound (to home) direction from 3:00 p.m. on Saturday 
to 9:00 p.m. on Sunday (or Monday, July 4). 

Following is a summary of the site locations and the type 
of data collected at each. 

Site 1 

Site 1 is an external location designed to provide stability to 
the data collection by the observation of substantial passing 
maneuvers and to measure the effect of passing lanes a sig
nificant distance from the termini of the lanes. The observer 
was located approximately midway within the passing zone, 
which begins about 4.5 mi west of the intersection of US-8 
and US-63 in Turtle Lake. The passing zone, which is on a 
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tangent alignment, is 1.25 mi long (6,600 ft), with a flat grade 
in both directions at the point of pass initiation. Speed and 
volume data were collected from road-tube counters on each 
weekend, and videotape data were recorded on the last 
weekend. 

Site 2 

Site 2 is an internal site, with the passing zone located approx
imately from Station 145 to Station 163 (1 00 ft). Observers 
were located at Station 158 northbound and Station 163 south
bound. Both observation sites are approximately 2.0 mi from 
the beginning of the segment at US-8 in Turtle Lake, which 
is Station 56. The horizontal alignment is tangent in the north
bound direction and has a slight curve to the right in the 
southbound direction. This passing zone has a downhill grade 
northbound ( -1.5 percent at the pass initiation point) and a 
slight downhill grade southbound ( -0.5 percent at the pass 
initiation point). Road-tube speed and volume data were rec
orded in 15-min increments on each of the three weekends , 
and videotape data were recorded on the first and second 
weekends. 

Site 3 

The passing zone at Site 3, an internal site, is located approx
imately from Station 412 to. Station 452 (3,600 ft). Observers 
were located at Station 429 northbound and Station 438 south
bound. Both observation sites are located approximately 0.5 
mi north of the northern limits of the village of Comstock, 
or 7.2 mi north of the intersection with US-8 in Turtle Lake. 
The horizontal alignment is tangent, with a downhill grade 
northbound ( - 2.0 percent at the pass initiation point) and a 
slight downhill grade southbound ( - 0.5 percent at the pass 
initiation point). Directional speed and volume data were 
collected on each of the three weekends using road-tubes. No 
video-recorded data were gathered for this site because it is 
midway between Sites 2 and 4, and data from those sites could 
be averaged to approximate the directional flows and vehicle 
classifications at Site 3. 

Site 4 

The passing zone at Site 4, an internal site, is located approx
imately from Station 550 to Station 571 (2,100 ft). The observer 
was located at Station 558 for both the northbound and south
bound passing observations. The observer location was about 
9.5 mi north of the intersection with US-8 in Turtle Lake. 
The horizontal alignment is tangent throughout this site, with 
an uphill grade northbound ( + 1.8 percent at the pass initi
ation point) and a downhill grade southbound ( - 3.0 percent 
at the pass initiation point). Directional speed and volume 
data were collected on three weekends , and video-recording 
data were taken on the first and second weekends. 

Site S 

Site 5 is an external site. The passing zone is located approx
imately 7.1 mi north of the northern terminus of this project 
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at SH-48, which is about 4.5 mi north of the northern limits 
of the village of Cumberland. This passing zone was selected 
for observation because, at approximately 1.1 mi (5,800 ft) 
in length it is the first significantly long passing zone north 
of the project limits. This site is on a slight uphill grade north
bound ( + 0.5 percent at the pass initiation point) and a down
hill grade southbound ( -1.5 percent at the pass initiation 
p int). The horizontal alignment is e ·e ntially tangent 
throughout the passing zone. Three weekend of directional 
road-tube speed and volume data were collected, and videotape 
data were recorded on the last weekend. 

PASSING DATA COLLECTION PROCEDURES 

The field observers placed at the five sites over the three 
weekend periods were instructed to observe all passing 
maneuvers and record the following data. 

Time in the Opposing Lane 

This characteristic of the passing maneu er was e timated by 
using a stopwatch to record the elapsed time belween the 
crossing of the centerline by the passing vehicle's left front 
tire and the return of the vehicle's left rear tire to the lane 
of origin. This time corresponds to the AASHTO definition 
of tbe time (12) during which the driver occupie the left lane 
(3) . Although it is often difficult to mea ure th i · event pre
cisely because of lh distance and skew between the vehicle 
and the observer, it becomes easier with experience to rec
ognize which vehicles intend to pass and to record the event 
with relative precision. 

Pass with No Opposition 

'Thi · type of pass repre ented those comp.leted with no oppo
sition co the pa ·s ob crved at the so-called "critical position" 
(alongside the pas ed vehicle) and with no di[ficulty or conflict 
e.ncountered in the completion of the pas . The critical posi
tion is assumed to be the point at which lhe pas ing driver 
evaluate · the outcome of the pass attempt and either proceeds 
or aborts th pas . 

Pass with Opposition Greater than 10 sec 

In this type of pass, the pass was completed with no conflict 
but with an opposing vehicle 10 se~ or more from the com
pletion of the pa s (return of the left rear tire to tbe original 
lane) at the cr.itical position . Th time between the passiJig 
vehicle's return t'O the original lane and the point at which 
the vehicle trajectories would meet was e ·cimatecl using 
verbal counting (i.e., "1001, 1002, 1003") . Although verbal 
counting is admittedly an inaccurate data collection tech
nique, it does present a relative measure of the clearance time 
between vehicles, which is an estimate of the AASHTO t3 
clearance interval. Funding constraints precluded a more refined 
measurement of the t3 characteristic. 
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Pass with Opposition Between 5 and 10 sec 

This type of pass represented those completed with an oppos
ing vehicle in sight at the critical position and with a vehicle 
clearance within the range of more than 5 sec but less than 
10 sec from the completion of the pass to the opposing vehicle. 
This is referred to as a slight passing conflict because the 
passing driver is taking a greater risk than in other passing 
maneuvers . 

Pass with Opposition Less than 5 sec 

In this type of pass, the pass was completed with an opposing 
vehicle in sight at the critical position and with a vehicle 
clearance of less than 5 sec from completion of the pass to 
the opposing vehicle. This is referred to as a major conflict 
because these drivers are taking a significant risk with the 
potential of a severe outcome to themselves and their pas
sengers should the pass attempt fail. Roadside observers 
were instructed to record as much detail as possible about the 
vehicles and character of this type of passing event. 

Pass-Full Abort 

This type of pass represented the most serious and life threat
ening of passing maneuvers with the vehicle completely enter
ing the opposing lane and then retreating to the lane of origin 
after concluding (due to the presence of an opposing vehicle) 
that the pass could not be completed safely. This type of event 
is a clear indication of great risk taking on the part of the 
pa ·ing driver and indicates the trade-off between primacy 
(which accepts afety as the ultimate goal of driving) and the 
presence of overpowering delay (which alters the passing driv
er's disposition to pass from a normal risk-taking level to a 
level of significantly elevated risk) . 

Multiple Pass 

This type of pass represented a pass extension, in which one 
vehicle passed two or more vehicles, two or more vehicles 
passed one or more vehicles, or any similar combination of 
passes occurred. It was assumed that multiple passes are an 
undesirable by-product of inefficient passing operations on 
two-lane roadways and that they indicate elevated risk taking 
on the part of the passing driver. Roadside observers were 
instructed to record the character of the multiple passes with 
as much detail as possible, including the number and character 
of vehicles involved. 

PASSING DATA COLLECTION AND ANALYSIS 

On the basis of the procedures described in the preceding 
section, passing, speed, and flow data were collected at 15-min 
intervals from each site as follows: 

• Site 1. At this site, 135 intervals of data were developed 
and 391 passes were observed in the northbound direction. 
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In the southbound direction, 74 intervals of data were collected 
and 456 passes were observed. 

• Site 2. At this site, 156 intervals of data were produced 
and 273 passes were observed in the northbound direction. 
In the southbound direction, 95 data intervals were recorded 
and 242 passes were observed. 

• Site 3. At this site, 156 data intervals were recorded for 
the northbound direction, with 489 passes observed. In the 
southbound direction , 81 data intervals were recorded and 
466 passes were observed. 

• Site 4. At this site, 112 data intervals were developed 
northbound and 210 passes were observed. In the southbound 
direction, 96 data intervals were recorded along with 318 
observed passes. 

•Site 5. At this site, 175 data intervals were produced in 
the northbound direction and 578 passes were observed. In 
the southbound direction, 101 data intervals were recorded 
along with 730 observed passes . 

In summary, the three internal sites (2, 3, and 4) produced 
421 data intervals in the northbound direction, recording major 
direction flows, speeds, and observations of passing maneu
vers for 970 completed or aborted passes. In the southbound 
direction, 276 data intervals were recorded at the internal 
sites, with 1,026 observations of completed and aborted passes. 
At the two external control sites (Sites 1 and 5), 310 data 
intervals were recorded in the northbound direction, with 969 
observed passing maneuvers. In the southbound direction, 
175 data intervals were recorded at the external sites, with 
1,577 completed or aborted passes observed. 

Table 1 presents an overall summary of the percentage of 
passes, cross-classified by the risk taking in the passing maneu
ver in the northbound and southbound directions. The data 
are based on 1,182 data intervals (obtained in the three week
end data collection periods) and on 4,153 observed passing 
maneuvers. 

A comparison of the data gathered in this study with other 
research indicated conformance in the following: 

•The overall number of passes with no opposition was 
recorded as 70 percent. The actual site conditions included 
variations from 50 to 81 percent , which may have been caused 
by the individual characteristics of the sites and the traffic 
flows experienced at the time of observation. Because pre
vious passing research has found that 60 percent of all passes 
occur with no opposition in sight, it can be concluded that 
the passing data conform with previous results ( 4) . 

• The time in the opposing lane was recorded for each 
passing maneuver and averaged 10.6 sec over the 4,000 + 
passing observations at an average operating speed of approx
imately 59 mph. This finding conforms with AASHTO t2 
results of 10. 7 sec at 60-mph operating conditions. 

Tables 2 and 3 present a summary of the data recorded at 
each site by direction in 15-min data intervals. The north~ 
bound data intervals included both Friday and Saturday peak 
and off-peak data records, with an average of approximately 
150 to 180 data intervals at each site . The southbound data 
intervals included more highly peaked 15-min intervals re
corded only on Sundays (or Monday, July 4), with an average 
of approximately 75 to 100 data intervals at each site. In 
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TABLE 1 RISK TAKING IN PASSING MANEUVER 
(PERCENTAGE OF ALL PASSES BY DIRECTION) 

TIME TO OPPOSING VEHICLE IN PASSING 

NO PASS 

OPPOSITION >10 sec. 5<10 sec. < 5 sec. ABORTS ---
NB SB NB SB NB SB NB SB NB SB 

SITE 1 76 50 6.1 17.8 9.2 12.9 7.7 11. 4 1. 3 7.9 

SITE 2 Bl 76 4.0 0.4 6.2 9.9 8.1 7.0 1.1 6.6 

SITE 3 63 69 14. l 11. 6 10.6 11.6 9.8 6.9 2.0 1.1 

SITE 4 64 81 26.2 13.2 5. 7 • 1:. 6 1. 0 2.8 3. 3 1. 6 

SITE 5 65 75 19.4 7. 3 9.5 9.7 5.4 7.3 0.7 0.8 

AVERAGE 70 70 14.0 10.1 8.2 9.1 6.4 7.1 1. 7 3.6 

general, the northbound data collected from each site can be 
compared directly with data from other northbound sites; 
however, caution must be used when comparing northbound 
and southbound data summaries because the quantity of off
peak data intervals in the northbound direction may tend to 
depress the mean values. 

A comparison of the northbound average flow rates sug
gests that Sites 1 through 4 are not significantly different from 
one another, but the northbound average flow levels at Site 
5 are significantly lower than those at Sites 1 through 4. This 
suggests that the northbound flows within Sites 1 through 4 
develop from the same parent population and are maintained 
throughout the project, but the northbound flow at Site 5 
represents a distinctly lower population. A statistical com
parison of the flow levels in the southbound direction suggests 
the same conclusion; i.e., Sites 1 through 4 have similar flow 
levels , whereas Site 5 has significantly lower flow levels than 
Sites 1 through 4. 

From the data, three distinct passing relationships were 
noted, as discussed in the following paragraphs. 

Low-Flow-Level-Passing Characteristics 

The northbound and southbound data shown in Tables 2 and 
3 from Site 5 can be examined to help determine the expected 
characteristics of passing operations in reduced flow levels 
and less pressured passing operations than those found in Sites 
1 through 4. Although these data compare two differently 
collected data sets, they do indicate that both flow rates are 
statistically similar in the major direction of passing operations 
and slightly different in the minor direction. A summation of 
the last three passing types from Table 1 is 15.6 and 17.8 
percent, respectively, for the northbound and southbound 
directions . This result indicates the stability of the first three 
passing characteristics as a whole at this site. It also indicates 
that, if the major direction flow remained constant and more 
vehicles were added to the opposing flow at Site 5, the first 
two passing characteristics might be the only ones significantly 
altered because sufficient major direction volume may not 
exist to create a severe passing hazard (such as more pass 
aborts) . 
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TABLE 2 NORTHBOUND PASSING DATA SUMMARY 

VARIABLE 

NORTHBOUND FLOl.I (veh/15-minutcs) 
SOUTHB()JND FLO\I (veh/15-minutes) 
TOTAL FLO\I (veh/15-minutes) 
TOTAL NUMBER OF PASSES (15 minutes NB) 
t2 (average time in opposing lane) 
PASS UITH NO OPPOSITION 
PASS UITH OPPOSITION > 10 SEC. 
PASS UITH OPPOSITION 5 - 10 SEC. 
PASS UITH OPPOSITION < 5 SEC. 
PASS ABORTS 
MULTIPLE PASSES 

Given this apparent stability in the sum of the most critical 
of passing events at the Site5 flow rate and directional pl its, 
the di rectional passing characteristics at ite 5 can be averaged 
to present a picture of low-flow-level recreational weekend 
passing operations as follows: 

Where the major directional flow is in the range of 200 to 
250 veh/hr, with the minor flow in the range of 85 to 175 
veh/hr, 

1. Approximately 21 passes occur each hour. 
2. The time spent in the opposing lane passing the lead 

vehicle is approximately 12.2 sec at an operating speed of 
approximately 60 mph. 

15 MINUTE INTERVAL MEAN 
INDIVIDUAL SITES 

1 2 3 4 5 

71.70 74.80 77.72 81.53 54.82 
50.70 25.91 28.07 29.31 38.97 

121.20 107.20 112 .60 110.84 93.79 
3.00 1.81 3.33 2.04 3.27 

10.45 10.93 9.40 7.98 11.63 
2.26 1.47 2. 10 1.34 2. 14 
0.18 0.07 0.47 0.55 0.64 
0.27 0. 11 0.35 0. 12 0.31 
0.23 0. 14 0.32 0.02 0. 17 
0.04 0.02 0.07 0;07 0.02 
0.66 0.28 0.56 0.13 0.63 

3. Passes aborted after the passing vehicle fully enters the 
opposing lane are approximately 0.75 percent of all passing 
operations. 

4. Passes in which the pass completion is less than 5 sec 
from the opposing vehicle are approximately 6.3 percent of 
all passes . 

5. Passes in which the pass completion is approximately 5 
to 10 sec from the opposing vehicle are approximately 9.6 
percent of all passes. 

6. Although the extent of passing with no opposition in 
sight or with opposition greater than 10 sec from pass com
pletion appears to be a function of the flow rate in each 
direction of travel , the average percent of passes completed 
in the pn:st:nce of no opposition is 65.1 to 74.9 percent. 

TABLE 3 SOUTHBOUND PASSING DATA SUMMARY 

15 MINUTE INTERVAL MEAN 
INDIVIDUAL SITES 

VARIABLE 1 2 3 4 5 

SOUTHBruND FLOU (veh/15-minutes) 92.00 98.40 86.06 88.41 56. 10 
NORTHBOUND FLOU (veh/15-minutes) 41.80 19.40 25.17 22.73 23.22 
TOTAL FLOU (veh/15-minutes) 133.80 117.80 , 12 .48 111. 14 79.32 
TOTAL NUMBER OF PASSES (15 minutes NB) 5.55 2.39 4.86 3.23 7.17 
t2 (average time in opposing lane) 12.00 10. 71 11.45 10.06 12.87 
PASS UITH NO OPPOSITION 3.08 1.94 3.38 2.65 5.42 
PASS UITH OPPOSITION > 10 SEC. 1. 10 0.01 0.57 0.43 0.52 
PASS UITH OPPOSITION 5 - 10 SEC. 0.80 0.25 0.57 0.05 0.70 
PASS UITH OPPOSITION < 5 SEC. 0.70 0.18 0.34 0.09 0.52 
PASS ABORTS 0.49 0.17 0.05 0.05 0.06 
MULTIPLE PASSES 0.93 0.39 1.00 0.23 1.42 
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These conclusions represent the conditions under which 
passing operations occur on an apparently typical summer 
recreational weekend within the volume levels observed . 

High-Flow-Level Passing Characteristics 

It is also useful to examine the operational and passing char
acteristics of the higher volume sites (Sites 1 through 4) . A 
comparison of sites in Table 3 shows that the best indicator 
of the effect of the inability to pass in the presence of higher 
flow levels occurs at Sites 2 and 1 southbound . Although the 
volume levels in the opposing direction at these two sites are 
different , their passing percentages can be averaged to present 
a picture of high-flow-level recreational weekend passing 
operations as follows: 

Where the major directional flow is in the range of 330 to 
420 veh/hr, with the minor flow in the range of 70 to 170 
veh/hr, 

1. Approximately 10 to 22 passing operations will occur 
each hour. 

2. The time spent in the opposing lane passing the lead 
vehicle is approximately 11.3 sec at an operating speed of 
60 mph. 

3. Passes aborted after the passing vehicle fully enters the 
opposing lane are approximately 7 .2 percent of all passing 
operations. 

4. Passes in which the pass completion is less than 5 sec 
from the opposing vehicle are approximately 9.2 percent of 
all passes. 

5. Passes in which the pass completion is 5 to 10 sec from 
the opposing vehicle are approximately 11.4 percent of all 
passing operations. 

6. Although the extent of passing with no opposition in 
sight or with opposition greater than 10 sec from pass com-

TABLE 4 MULTIPLE-PASS PERCENTAGE OF TOTAL 
PASSES 

NORTHBOUND(%) SOUTHBOUND(%) TOTAL(%) 

SITE 1 21. 8 16.8 19.3 

SITE 2 15.2 16.3 15.7 

SITE 3 16.8 20.6 18.6 

SITE 4 6.4 7.0 6.8 

SITE 5 19. 3 19.8 19.6 

AVERAGE 15.9 16.1 16.0 
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pletion appears to be a function of the flow rate in each 
direction of travel, the average percent of passes completed 
in the presence of no opposition is 50.0 to 75 .7 percent. 

These conclusions represent the conditions under which pass
ing operations occur on a typical high-peak-volume recrea
tional weekend in the summer. The conclusions, especially 
with regard to abort passes and hazardous passes, can be 
expected to exceed those to be found under nonrecreational 
conditions of a similar volume in which passing is restricted 
to 33 percent in both directions. 

ANALYSIS OF MULTIPLE PASSES 

As explained previously, multiple passes are an undesirable 
by-product of inefficient passing operations in which one vehi
cle passes two or more vehicles or two or more vehicles pass 
one or more vehicles. Although the level of risk varies among 
multiple passes, all of these maneuvers may be a surrogate 
measure for the pressure to pass exerted in each individual 
passing zone. Table 4 presents the multiple pass percentage 
of total passes occurring at each site by direction. Ideally, no 
multiple passes should occur; however, a range of multiples 
from 6 to 21 percent indicates substantial passing pressure in 
the passing zones. 

SUMMARY 

Although internal spot speeds were not collected at all sites, 
they were recorded as 58.1 mph northbound and 59.9 mph 
southbound with floating-car travel times of 12.14 and 11.87 
min, respectively. Table 5 presents a summary of the change 
in passing operations over the lower and higher flow levels. 
These data indicate that, where flow levels are sufficiently 
elevated, the passing driver's risk-taking decision threshold 
may increase by up to 100 percent; in other words, the passing 
driver is twice as willing to accept risk when the opportunity 
to pass is restricted to 33 percent of normal operating con
ditions. In the more typical recreational weekend passing 
operations, only 25 to 35 percent of all passes are made with 
an opposing-lane vehicle in sight. However, when the volume 
levels increase by only another 100 to 125 veh/hr in the major 
direction, and with the opposing flow approximately the same, 
passing drivers accept up to 50 percent of passing operations 
in the presence of an opposing vehicle. 

Within this additional risk-taking event , the data also indi
cate that the passing driver accepts an approximate 2 percent 
increase in less significant passing conflicts (in which the 
opposing vehicle is 5 to 10 sec from the pass completion) and 
a 3 percent increase in more significant pass conflicts (in which 
the opposing vehicle is less than 5 sec from the pass comple
tion). Most surprising, the incidence of pass aborts increased 
approximately 7 percent from its original condition of approx
imately 1 percent of all passes. 

Passing drivers appear to be creating a far greater change in 
the primacy associated with passing aborts than with the less 
hazardous maneuvers . This suggests that passing drivers may 
be significantly overestimating their ability to complete pass
ing maneuvers safely, which may be causing the inordinate 
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TABLE 5 COMPARISON OF PASSING OPERATIONS AT 
OBSERVED FLOW LEVELS 

MAJOR FLOW (vph) 

MINOR FLOW (vph) 

PASSES/HR 

TIME t2 IN OPPOSING LANE 

(seconds @ 60 mph) 

VEHICLE OPPOSITION TO PASS 

(percent of total passes) 

PASS COMPLETION 5-10 SEC. 

FROM OPPOSITION 

(percent of total passes) 

PASS COMPLETION LESS THAN 

5 SEC. FROM OPPOSITION 

(percent of total passes) 

PASS ABORTS 

(percent of total passes) 

200 - 250 330 - 420 

85 - 175 70 - 170 

21 16 

12.2 11. 3 

65 - 75 50 - 76 

9.6 11. 4 

6.3 9.2 

0.8 7.2 

increase in passing aborts compared to the Jess serious con
flicts at higher flow levels. 

CONCLUSIONS 

Over 4,000 normally occurring passing operations were observed 
in this research, which conformed with both AASHTO and 
previous research results relating to passing maneuvers. The 
volumes observed are not significant in terms of the capacity 
of a two-lane, two-way roadway because the major direction 
carries only 200 to 420 veh/hr, with a minor direction volume 
in the range of 70 to 175 veh/hr, or a total two-way maximum 
flow of only 500 to 550 veh/hr. However, even at these rel
atively low flow levels, passing operations were observed to 
be negatively affected by the absence of passing opportunity 
when contrasted to normal passing zones, and this negative 
effect increased significantly as the traffic flow levels increased. 

A reduced passing opportunity to only 33 percent also appears 
to have a significant effect on the passing driver's delay to!-
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erance and the relationship with primacy, which presumes 
that drivers value safety above all other driving goals. The 
shifl in primacy for a variety of pas ing characteri tics (includ
ing abort ) from less than 1 percent to 6 and 7 percent of all 
passes at two individual sites indicates that the passing driver's 
decision threshold can be significantly altered by the previous 
inability to pass as volume levels increase and that passing 
opportunity at flow levels of only 400 to 500 veh/hr appears 
to be an integral part of the safe operation of two-lane, 
two-way rural highways. 

RECOMMENDATIONS FOR FUTURE RESEARCH 

This effort has developed a significant amount of data related 
to the operation and safety characteristics of rural two-lane, 
two-way roadways in peak and off-peak flow conditions. Due 
to the volume of both field-observed and video-recorded data, 
the following issues deserve more detailed attention: 

1. What type of lead vehicle is causing passing to occur? 
2. Are peak and off-peak passing operations similar, or do 

passing characteristics follow an exponential distribution as 
traffic flows increase such that increased flows add substantially 
to degraded passing operations and safety? 

3. How do the passing data from this study correspond to 
data generated by the two-lane traffic simulation model 
ROADSIM? 

4. The significance of close-following platoons should be 
compared to the Highway Capacity Manual (HCM) rural 
capacity procedures in a before-and-after study of the passing 
lane · to es tabli h a relationship between the H M and the 
safety risk-taking effects observed in this study. This rela
tionship, along with a peaking-sensitive economic analysis 
procedure, may aid in the determination of need for passing 
lanes on rural two-Jane, two-way roadways. 
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Field Observations of Truck Operational 
Characteristics Related to Intersection 
Sight Distance 

}OHN M. MASON, JR., KAY FITZPATRICK, AND DOUGLAS W. HARWOOD 

Several pilot field tudies were conducted to test u data collection 
methodology for the evaluation or AASHTO ase lll - B and 
ight distances for truck at stop-controlled T inter ections. The 

darn col.lection plan u ed a combination of three traffic ob er
vation technique : video recorders , human ob rver , and p rt
able traffic d11ta collectors. Specific fi11dings includ d estimates 
for the gaps (time and di rnnce that trucks n a minor road accept 
during a turn maneuver onto a two-lane roadway, the average 
acceleration rnte fo r the tum man uver of a truck on " minor 
road , and the average deceleration ra te of vehicles on a major 
road during a truck' turn maneuver from a minor road. The 
speed reduction by a vehicle on a major road during the truck' 
turn maneuver and the minimum cparntion di rnnc between the 
turning vehicle and an oncoming vehicle were also estimated. 

Recent sensitivity analy e have demonstrated that the appli
cation of AASHTO' intersection sight distance (ISD) pro· 
cedures to trucks can result in required sight distances that 
could exceed 3,000 ft (J). Such long sight distances are prob
ably not practical or required by truck drivers . T quantify 
actual truck performance, pi lot field tudies were conducted 
Lo observe truck perational characterist ic. a t three stop
controlled T intersections. Video data were collected at three 
intersections where trucks exited from a minor two-lane road
way and turned left or right onto a major two-lane roadway. 
The data collection methodology successfully c tablished esti
mates of truck gap acceptance values, truck acceleration rates, 
vehicle deceleration rates and speed reductions on the major 
roadway , and a re ulling minimum separarion between the 
accelerating truck and an oncoming vehicle on the major road
way . Specific findings were compared lo vehicle performance 
characteri tics described in AASI TO's 1984 A Policy 011 G o
metric Design of Highways and Streets (Green Book) (2) and 
other related literature. 

The field data provided guidance for future efforts. Another 
"tudy on a larger scale is needed to fully evaluate fi eld perfor
mance characteristic such as acceleration, dece lera tion and 
minimum separation. The gap acceptance concept should also 
be further examined for a broader range of vehicle and driver 
types, intersection geometrics, approach speeds , and traffic 
volume on the major and minor roads. A gap acceptance sight 
distance procedure provides a means to simultan ously con
sider driver behavior, vehicle performance, and perational 

J. Mason, Jr., and K. Fitzpatrick, The Pennsylvania Transportation 
Institute, Pennsylvania State University, Research Building B, Uni
versity Park, Pa. 16802. Current tijfiliation: K. Fitzpatrick , Texas 
Transportation Institute, Texas A& I University , College Station, 
TX 77843. D. Harwood, Midwest Research Institute, 425 Volker 
Blvd., Kansas City, Mo. 64110. 

characteristics at an unsignalized intersection. Knowledge 
gained regarding Lhe variou di tributions of the interrelated 
parameters would e tablish an empirical ba is from which 
current I D criteria could be modifi ed. The re ulting ISD 
procedure wou)d specifically permit an analysi of d iff rently 
designed vehicl commensurate with lhe intended functional 
requirements of the intersection. 

DATA COLLECTION 

Intersection Selection 

Potential intersections were identified through phone calls or 
discussions with individuals associated with trucking associ
at ion , planning commi sion , municipalities police, and state 
deparlm nl of transportation. Candidate intersections sati fied 
the following conditions or criteria: 

•Unobstructed sight distance is present (goal of 1,000 ft). 
• Between 5- and 10-percent truck traffic exists on the major 

road. 
• The minor road is associated with a truck generator or 

with a high percentage of truck traffi . 
• Both the major and minor road are two-lane r adways 

meeting as a Tinter ection (preferably without turn lane ). 
• The minor road is controlled by a Stop sign. 
•The posted speed limit for the major road is greater than 

or equal to 40 mph . 
•The candidate intersection is a minimum of 1,000 ft from 

a signalized intersection. 
• The candidate intersection is standard with regard to 

geometry (i.e., its approach roads intersect at an approxi
mately 90-degree angle with relatively flat approach grades) . 

Candidate intersections identified during the initial contacts 
were visited. Photographs were taken, sketches were drawn, 
and geometric and operational information was obtained 
during the initial visits. 

Intersections with acceleration lanes, separate left-tum lanes, 
apparently low truck traffic on the minor road , or apparently 
low volume on the major road (large headways) were elim
inated. Traffic counts were conducted for a minimum of 24 
hr at each candidate location. On the basis of information 
from the initial site visits and the traffic counts, three inter
sections in Pennsylvania were selected. One intersection was 
an a phalt and aggregate plant driveway ( enrral Valley Asphalt 
Plant), the s cond was a truck stop exit (Truck Stop 64), and 
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the third was near an industrial park (Trindle and Railroad). 
Table 1 presents the characteristics of each intersection. 

Data Collection Plan 

The primary objective of this pilot study was to develop. test, 
and recommend an effective data collecti n approach. A video 
camera data coll.ection procedure was us · d at ach ite. The 
video equ ipment recorded the movement of the vehicles at 
each inter ection. This procedure permitted the collection of 
all data needed for evaluation. Traffic data collectors recorded 
an estimate of the running peed on the major road and a 
point speed for the decelerating or accelerating vehicle, a · 
well as the traffic volume during the study. Figure 1 shows 
the equipment layout for a typical data collection eff rt. 

Data collection began by properly orienting the video cam
eras. The cameras were positioned to maximize the length of 
road filmed without jeopardizing the resolution of tJ1e vehi.cles 
on the film. Typically, one camera recorded the overall oper
ations at th intersection (I 00 ft on either side of the center 
of the minor road approach); several other cameras recorded 
the major roadway approaches. Approximately 300 ft of road 
was discernible from each approach leg camera. 

C Traffic Dato Collectors 
-0 Cameras 
iG] Gtnerotore 

~2·Lane Roadway 

Not to scale 
Note: Specific camera 

locations to be determined 
throuQh preliminary 1,iol1 
at each sit• 

FIGURE I Typical setup for video data collection plan. 
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An internal clock was tarted when vide taping began. The 
cameras superimposed the time on the video recording o that 
the times of specific events could be identified during the data 
reduction proc . Each internal clo k was synchronized with 
a master cl ck. Researchers used a lap- top portable computer 
with continuous time display to co rdinate the counters and 
video cameras. 

To determine the po iti n of a vehicle at a giv n time. 
reference point were documented on the videotape. Thi wa 
accompli hed by flagging vehicles as they passed elected pqinl · 
in the tudy area . The flagging pr cedure began at the center 
of the minor road approach (the reference line hown in Fig
ure J ). Point were then painted in lOO-ft increment. along 
the major road up to a di ranee of 600 ft fr m the reference 
line in each direction. The flagging process established the 
reference scale for eventual data reduction. 

Two traffic data collector (Diamond Traffic Product Model 
TT-2001) r corded major roadway approach r departure 
speeds for individual vehicle . The collector were generally 
500 ft from the inter ection on the near-lane leg with tub 
paced 10 [L apart to measme speed, axle eta sification , and 

volume. Because the col.lectors could display and . tore indi
vidual vehicle speeds, manual recording of the speed of each 
approaching or departing vehicle wa not req11ired. 

DATA REDUCTION 

The data reduction wa accomplish d by drawing 100-ft incre
ment lines on a clear sheet f acetat taped to a television 
monitor. The process began by reviewing th videotape frame 
by frame to determine the exact locati n of a vehicl r s ing 
a 100-fl increment line. 

The videotape of the minor road approach wa commonly 
referred to a the "reference line tape" and was used in every 
data reduction. Data reduction, a lthollgh relatively simple. 
was tjme consuming and tedious. o reduce th.e required 
information (gap, acceleration decel ration, and minimum 
separation), several different videotapes were viewed simul
taneously. The video equipment had the f !lowing capabilities: 
slow motion, freeze frame, and frame-by-frame advancement. 

TABLE 1 SELECTED INTERSECTION CHARACTERISTICS 

No. 

1 

2 

3 

Intersection 

Major 
Road 

RT 26 

RT 64 

Minor 
Road 

Central 
Valley 
Asphalt 
Plant 

Truck 
Stop 
64 

Major Minor 

14,000 175 

7,000 500 

Trindle Railroad 20,000 2,000 

% Trucks4 

Major Minor 

15 90 

20 95 

20 25 

Speed 
Limitb 
(mi/h) 

45 

40 

40 

85th Percentile 
Speed 
(mi/h) 

47 

51 

40 

Descriptive 
Profile 

Major Minor 

level level 

level level 

level level 

4 Values are unadjusted ADT count volumes obtained in September 1988 during site selection. 

bMajor roadway approach. 
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Gap Acceptance 

The reference line tape was used to reduce the gap infor
mation. Data were eliminated if the vehicle on the minor road 
did not stop, a turning vehicle caused the gap, or the gap
causing vehicle turned onto the major road from a nearby 
driveway. To obtain the gap data, a record was made of the 
time the truck on the minor road stopped, the times the sub
sequent vehicles on the major road crossed the reference line 
until the departure of the truck, the departure time of the 
truck, and the time the next vehicle on the major road crossed 
the reference line. 

Acceleration 

The equipment setup required for acceleration was more com
plex than the gap setup. For most sites, three tapes were 
reviewed simultaneously to obtain complete acceleration 
information for a particular truck. Acetate sheets were marked 
in 100-ft increments using the flagging procedure. The mon
itors were used to follow the truck from screen to screen as 
the turn maneuver was accomplished. The departure time and 
the times at which a truck passed the 100-ft increment lines 
were read from the video screen and recorded in a computer 
worksheet. 

Data for vehicles were eliminated for the following reasons: 
the vehicle did not stop completely at the intersection, certain 
100-ft data points were not discernible, the vehicle slowed to 
make a turn within the study area, or other factors were 
present that would bias the findings. 

Deceleration 

Vehicles on the minor road identified from the gap data that 
did not stop at the intersection were e liminated from the 
poten tial deceleration data set. Deceleration data for vehicles 
on the major road reacting to a turning Lruck that accepted 
a gap greater than 20 sec were also e liminated. (Initial field 
obser.vations jndicated th al the vehicle n the major roadway 
did not decelerate during the e truck turning maneuver .) 
The potential deceleration data were then divided into the 
following groups: 

•Vehicles in the near lane of the major road responding 
to right-turning trucks, 

•Vehicles in the near lane of the major road responding 
to left-turnjng trucks, and 

• Vehicles in the far lane of the major road responding to 
left-turning trucks. 

Minimum Separation 

Minimum separation is the distance between the rear bumper 
of the turnj11g truck and th front bump r of a vehicle 
approaching on the major roadway. Minimum eparation can 
be determined by comparing the accelerat ion data for the 
truck on the minor road with the deceleration data f r Lhe 
vehicle approaching on the major roadway. The minimum 
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time (or di tance) difference between estimated acceleration 
and deceleration curves was eventually determined from a 
plot of l11e data . A sample of data sets that included both 
acceleration and deceleration data was selected for the 
minimum separation evaluation. 

ANALYSIS 

Gap Acceptance 

The quantity f the pr po ed data to be collected for the gap 
acceptance analy is was a compromise between a reasonable, 
reali tic data collection effort for a pilot study and the need 
for adequate data for numerical analysis. Several combina
tions of vehicle and maneuver types at the intersectio.n · had 
fewer than 50 data points, which was the goal established at 
the beginning of the data collection efforts. Analysi wa · con
ducted only for combinat ions of at least 15 truck turning 
maneuvers from the minor road. 

The acceptance and rejection data for two possib.le maneu
ver (left or right turns) and two vebjclc types (five-ax! trucks 
and trucks with fewer than five axle ) were determined for 
each day. ield observations indi.cated that the maneuvers 
made during the filming were typical ; for xample, no acci
dents or other unu ual situati ns occurred dufing the filming 
period. The individual numerical data file for each day were 
later merged into three intersection site files. 

Several diJf.iculti and biases arose in the measurement of 
the critical gap. For exam.pie, the actual critical gap of an 
ob erved single cl.river cannot be measured. Such difficultie 
have resulted in the development of different method for 
identifying a critical gap. Three method were initially selected 
for thi ·tudy: the Greenshield and Raff methods and the I git 
model (3- 5). The logic model was used for the compari on 
analysis, because it produced descriptive results. ertain re ults 
from the Greenshield analyses must be interpxeted with cau
tion because of small sample sizes. One small accepted gap 
length can detem1ine the average minimum acceptable time 
gap if none or only one of the driver rejected the same gap 
size. The Rnff method produced re ults sinrilar to the Logit 
model. 

Choice modeling(. uch a whether to accept a gap) may be 
done by u ing a logistic model to estimate the probability of 
taking a certain action. Logistic or logit model have been 
used in previous studie · to model the probability of accepting 
gaps of varying l.ength (6,7). The simple, dichol'omou choice 
logistic function is 

1 
p = - --- --

l + e- CPO + ~ iN> 

where 

P = probability of accepting a gap, 
[)0 , [)1 = regression coefficient , and 

(1) 

X = variable related to the gap acceptance decision 
(gap length). 

The mean response is a probability when the dependent 
variable is a 0 or 1 (accept or reject) indicator variable. The 
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logi tic function can be easily linearized with the following 
transformation: 

P' = loge C ~ P) (2) 

where P' equal the transformed probability. 
A ample logisti urv and quation [u1 five-axle tmck · 

turning right at th · Trindle and Railro·icl intersection are hown 
in Figure 2. The probability of accepting a gap is found by 
solving Equation 2 for a particular time value. T he time gap 
for a 0-percent probability can be found by substituting 0.5 
for P a follows: 

loge C ~· 50.s) = -9.58 + 1.12 x X5o% (3) 

where Xso% = 8.52 sec. Fifty percent of the truck drivers a t 
the Trindl and Railroad intersection accepted n gap of 8.52 
sec and S percent accepted a gap of 10.06 sec. The logit 
mode l was similarly applied to th remaining combinations 
of vehicle and maneuver type . Table 2 presents the results 
from the pr ceding analysis. 

Each intersection's unique characteri tics influenced the truck 
driver's gap acceptance. Right-turning truck at the Centra l 
Valley Asphalt inter ·ection waited for the pa sing o.f pla.toons 
formed a l a ignalized inter ection 2 000 ft upstream. Truck 
drivers at the Truck t p 64 inter ection frequently waited 
for large gaps (greater than 20 ec) that were readily avajlable 
because o.f the low volume on the major road. Al · , these 
driver may have accepted larger gap. than usual b cause 
the majority of th drivers would only accelerate for a horL 
di tance before slowing to make a turn onto Interstate entrance 
ramps 500 and L,000 ft uown lream. Truck driver. at the 
Trindle and R ailroad inter ect ion were pre sured to accept 
mailer gaps than th()se ace pted a t the · ther ·ites. The fre

quency of gaps greater than 20 ec was mall; long queues 
occasionally fom1ed on the minor road behind the truck. 

Finding from similar ' tudie · (6,8) for trucks and passenger 
cars and findings from lhe Highway Capacity Manual (9 for 
passenger cai· are presented in Table 3. Jn L981 Wennell 
and ooper (8) reported on their studies conducted at five 

90 

0. 

.!! 
00 

p' • log• ( l~P) • ~.58+1.12a 

it 

l 
1i 50· 

~ •O 

! ~ 
10 

0 
0 34SG789 II 12 13 14 15 16 17 18 19 20 

Gop SIH (MC) 

FIGURE 2 Sample logit model plot for live-axle trucks turning 
right at Trindle and Railroad. 
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intersections in England. Data for van · and truck were com
bined in to an a ll -good· category when the data \ ere parse. 
Th all-good vehicle findings are e ernl . econds shorter than 
rhe findings in this tudy. Gap I ngths for pa · enger ca r are 
more than l sec shorter than th critical gap · found in other 
studies and the Highway Capacity Manual (9). 

Radwan et al. (6) conducted field studies to e ·timate gap 
acceptance dL~tributi n for drivers c1 ussing or merging fr m 
a minor road onto a four- lane major road. Truck data ~ r all 
maneuvers (right through and left) were combined b cau e 
the number of data points was mall. The findings at the h.igh
volume Trindle and Railroad intersection were similar to 
Radwan's finding for nil truck maneuvers. 

Distance Gaps 

Distance gap is the distanc between ne vehicle on the major 
road and the next, as the fir t vehicle pas e the inter ection 
( ee Figure 3). Th di ·tance gap was determined at the Trindle 
and Raili·oad intersection for situations in which the vehicle 
was within the camera limits and was not eliminated for om 
other reason ( uch as decelerating to make a turn or entering 
the major road from a driveway within the tudy area). The 
di tance gaps accepted approximated to the neare t 25 rr , are 
presented in Table 4. Determining the di Lane gap required 
everal camera and wa only possible when the vehicle on 

the major road was within 500 ft of the in ter. ection. Only 22 
percent of the vehicles n the maj r road at the Trindle and 
Railroad inter ection were within these cam ra limits. 

The di tance gap accepted by a vehicle n the min r road 
is a measure preferable to the time gap. Distance gaps are 

TABLE 2 FINDINGS FROM GAP ACCEPTANCE 
ANALYSIS FOR TRUCKS 

Data 
Intersection Seta 

LEIT-TURNING 5-AXLE TRUCKS 

Central Valley Asphalt 

Truck Stop 64 

Trindle and Railroad 16 

RIGHT-TURNING 5-AXLE TRUCKS 

Central Valley Asphalt 0 

Truck Stop b4 134 

Trindle and Ra ilroad 91 

LEIT-TIJRNING LESS - THAN- 5 -AXLE TRUCKS 

Central Valley Asphalt 58 

Truck Stop 64 

Trindle and Ra ilroad 

RI GHT-TURNING LESS -THAN-5-AXLE TRUCKS 

Cen tral Va lley Asphalt 23 

Truck Stop 64 

Trindle and Ra ilroad 76 

Logit model at the fallowing 
percent probability of 

accepting a gap 

50 Percent 
(sec) 

.. • 

8 , 27 

12.43 

8.52 

11.16 

13' 17 

7 . 25 

BS Percent 
(sec) 

9 ,84 

14 . 78 

10 ,06 

13 . 89 

15 , 86 

8 , 87 

•1-nsufficl cm ' da ta. Analy•es were no t pc rto t u d fo r data sets con taining les s 
than 1 5 a.cu pted ga ps (1 .• . , 15 mino r road v ulih:les ) . 
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TABLE 3 FINDINGS FROM SIMILAR STUDIES 

Study 

\Jennell and Cooper, 
1961(8) 

Radwan, et al., 1980 
multilane, divided 
highways(6) 

H!ghway Capacity Manual, 
198S(9) 

Turn Maneuvers 

Left turns 
(UK condl tions) 

PC, Right turns 
Trucks, all possible 

maneuvers 

Right turn from stop, 
2 l'anes 

Left turn from stop, 
2 lanes 

Gap (sec) 

Hodlan Acggpco d Con• 

Site Cars Goodsb 
1 3 . 91 4 , 63 
3 3.66 ~ . 33 

4 4.31 1., 99 
s 4.41 4 . 91 

6 . 73 sec 
8 . 40 sec 

Running Speed (Major) 
30 mi/h SS m!/h 

5. 5 sec 6, 5 sec 

6. 5 sec 8, 0 sec 

"Gap that has a 50 percent probability of acceptance (probit analysis), 

bGoods category included vans and trucks when data were "sparse" , 

ccritical gap was dete rmined using Logit model. 

Di>10<!et Ga 1111 
---Tim• Goploecl 

Minimum Separat ion (ft) 

~elet•rK• Lina 

Majat Road 

FIGURE 3 Gap and minimum separation dimensions. 

directly comparable to sight distance, and time gaps can vary 
if a gap is accepted and the vehicle on the major road is forced 
to decelerate. Unfortunately, measuring distance gaps is much 
more difficult than observing time gaps . 

Sight distances based on critical time gaps and 85th
percentile speed result in calculated sight distance values greater 
than the field-observed distance gap. For example, if the crit
ical gap is 8.5 sec and the major roadway speed is 40 mph, 
the calculated sight distance is approximately 500 ft. A pre
dicted distance gap from Table 4 for an 8.5-sec accepted time 
gap would be between 300 and 400 ft. 

Acceleration 

The times at which an accelerating truck left the intersection 
and arrived at each 100-ft increment line were read from the 
clock superimposed on the videotapes. These times were re
corded in a computer spreadsheet program in hours, minutes, 
and seconds. In order to analyze the vehicles' distance-versus
time curves, the raw data were standardized so that all vehicles 
left the minor road at time zero. 
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TABLE 4 DISTANCE GAPS FOR TRUCKS AT 
TRINDLE AND RAILROAD 

Time Distance 
Vehicle No . Gap Gap 

No. Axles (sec) (ft) 

RIGHT-TURNING TRUCKS , GAPS TO THE LEFT 

E 50 2 6 . 31 200 
F 44 5 8 . 64 200 
F 48 5 8 . 96 200 
F 46 5 9 . 05 200 
F 98 3 9 . 56 200 
E 66 2 6 . 14 300 
E 46 5 6 . 97 300 
E 69 5 7 . 44 300 
F 21 5 8 . 91 300 
E 10 5 7 . 01 350 
F 47 5 8.64 350 
E 13 5 8 . 11 375 
E 8 5 11 . 58 400 
E 9 2 6 . 36 500 
F 52 3 7 . 24 500 
E 32 2 7 . 84 500 
F 64 5 8 . 68 500 
E 65 5 10 . 34 500 

RIGHT-TURNING TRUCKS, GAPS TO THE RIGHT 

F 16 4 8 . 74 375 
F 57 5 9 . 48 400 
F 58 5 11 . 71 400 
F 74 5 7 . 95 400 
F 84 5 11. 88 400 
F 87 5 8 . 35 300 
F 97 5 7 . 17 300 

LEFT-TURNING TRUCKS , GAPS TO THE LEFT 

E 56 5 8 . 34 300 

LEFT-TURNING TRUCKS, GAPS TO THE RIGHT 

E 67 2 11 . 55 300 
F 43 5 11.67 400 
F 60 5 12.13 400 

Average accelerations were calculated using average veloc
ities and average time required to traverse a given distance. 
Because the data were based on 100-ft increments, average 
speed was calculated for each 100-ft segment. Table 5 presents 
a summary of the average acceleration findings. 

Presented in Table 6 are average acceleration rates deter
mined from distance-versus-time plots reported by Hutton 
(10). Hutton measured the acceleration of trucks with weight
to-horsepower ratios of 100, 200, 300, and 400 lb/hp on a level 
and straight roadway. Table 6 also includes average accel
eration rates calculated using Figure IX-22 in the Green Book 
(2). Distance and speed were taken directly from the Green 
Book (2) figure. The time required to reach a given speed or 
distance was calculated in 5-mph increments. The acceleration 
rate for a specific distance was calculated by dividing speed 
attained by the time required to reach the given speed. 
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The signalized intersection south of the Central Valley 
Asphalt exit did not appear to affect the acceleration behavior 
of the turning trucks . The calculated average acceleration 
rates were within the rates calculated from the Hutton curves . 
The median acceleration rate for trucks turning left was between 
Hutton's 100- and 200-lb/hp values (JO). The median accel
eration rate for right turns was near the 300-lb/hp values. 

The acceleration rates at the Truck Stop 64 intersection 
were lower than at the other sites, because the majority of 
the trucks turning right eventually turned onto nearby Inter
state entrance ramps . The median acceleration rate was sig
nificantly lower than those calculated at other sites. This rate 
was also lower than the 400-lb/hp values presented by Hutton 
(10), but it was similar to the rate calculated from AASHTO 
(which represents an older truck fleet with higher weight/ 
horsepower ratios). 

The median acceleration rate at the Trindle and Railroad 
intersection was near the value for the 100-lb/hp ratio in Table 
6 for the 0- to 490-ft distances. The urbanized setting and high 
traffic volume on the major road influenced the acceleration 
rates at this site. 

The rates calculated using the Green Book (2), Figure IX-
22, were considerably lower than those of the vehicle with the 
poorest performance (400 lb/hp) examined by Hutton (JO) 
and most rates calculated for the three study intersections. 
As presented in Table 6, the AASHTO acceleration rates are 
relatively constant (approximately 0.77 mph/sec) for the 
specific distances. 

Deceleration 

The deceleration data from the different cameras were also 
adjusted to a common time base. The data files from different 

TABLE 5 CALCULATED AVERAGE ACCELERATION 
RATES 

Intersection Han~\1vor 

Central Valley Left turn 
Asphalt 

Central Valley Right turn 
Asphalt 

Truck Stop 64 Right turn 

Trindle and Right turn 
Railroad 

Average 
Accelera tion Rate 

(mi/h/see) 

No ~ Distance No. of Cumulative Probability 
Axles (ft) Vehicles 50 Percent 85 Percent 

3 & 4 0-290 25 1. 27 1.58 

3 & 4 0-490 1.04 1. 21 

0-350 43 O. BO 1. 20 

0-510 41 1.37 l.74 

TABLE 6 HUTTON AND AASHTO ACCELERATION 
RATES (mph/sec) (2,10) 

Hutton 
Distance 

(ft) 100 lb/hp 200 lb/hp 300 lb/hp 400 lb/hp AASHTo• 

0-290 l.57 1.14 l.03 l.01 o. 75 

0-350 l. 53 1.13 l.03 l.01 0 . 76 

0-490 l.3B l . ll l.01 0 , 90 0. 7B 

0-510 0, 79 

-Values based on Green Book Figure IX-22 , 

bData not available. curves terminate at 500 ft. 
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filming days were similarly merged into three intersection 
files . These files were segregated by maneuver type (right or 
left turns). Because of the limited number of data points, the 
data associated with five-axle right-turning trucks at Truck 
Stop 64 and Trindle and Railroad intersections were combined 
into one data set. The number of data sets for left-turning 
trucks was small; therefore, only a limited analysis could be 
conducted . 

An average speed was calculated for each 100-ft increment. 
These average speeds were then examined to identify where 
a maximum deceleration rate or speed reduction occurred. 
Vehicles were not considered in the analysis if they had less 
than a 5-mph speed reduction through the observation area 
or if the data displayed erratic or extreme speed variations. 

The 50th and 85th percentiles for the deceleration rate and 
speed reduction occurring before the intersection were deter
mined for vehicles on the major road reacting to turning five
axle trucks. These values typically represented a 200- to 400-
ft total deceleration distance ending 50 to 150 ft before the 
intersection. Fifty percent of the vehicles impeded by five
axle trucks turning onto the major road had deceleration rates 
of 3.67 mph/sec or less. Eighty-five percent of the vehicles 
had deceleration rates of 5.85 mph/sec or less. Fifty percent 
of the vehicles had speed reductions of approximately 21.2 
mph when impeded by five-axle trucks turning onto the road. 
Eighty-five percent of the vehicles had speed reductions of 
38.1 mph or less. 

Table 7 presents the speed reduction for each vehicle grouped 
by initial speed. The estimated speed reduction for each 5-
mph rounded initial speed increment is also presented. The 

TABLE 7 SPEED REDUCTIONS FOR VEHICLES ON A 
MAJOR ROAD REACTING TO A FIVE-AXLE TRUCK 
TURNING RIGHT 

Gap Initial 
Vehicle AccepteU Sp1:11:Hl 
ID No . (sec) (mi/h) 

76 F 10 . 7B 6B 

116 c lB . 95 64 
147 c lB , 45 63 

99 c 13 . 12 62 
47 F 8 , 61i 62 

261 c 14 . 65 60 

49 F 12 , Bl 57 

46 F 9 , 05 52 
7B F 10 , 55 52 
84 F 11. BB 52 

130 c 16 . 92 52 
97 F 7 .17 51 
118 F B. 96 49 
57 F 9 ,4B 49 
lB F 14 .B5 49 
41 F 15. 90 48 

176 c 19 , 35 47 

17 F 13.22 46 
117 c 18. 55 46 
232 c 15. 95 46 
201 c 14 , 75 45 

27 F 12 .56 45 
65 E 10 .34 45 

24 E 19 .45 43 
209 c 12 , 97 43 

2B E 10.Bl 43 
25 F 9 , 8B 41 
30 E 15 , 35 41 
22 E 13 . 74 41 
36 F 12 . 9B 40 

3B E 14.14 31 
4B E 12. 21 36 
49 P. 15 . 61 35 

Speed 
Reductions 

(mi/h) 

40 . 4 

ftJ , 2 
29 . 7 

40 . 7 
3B . S 
36. 5 

27. 9 

38. l 
26. 9 
26 , l 

5 .4 
17 . 7 
36 . l 
25 . l 
20 , 9 
21.4 
24. 6 

23 . 0 
17. 9 

9 . 1 
21 , 5 
19 . 6 
lB . 6 

20. l 
16 . 4 
15. 3 
20. 5 
11 . 9 
11.8 
14 , 2 

9. 9 
6 . 4 

19. 9 

Rounded 
Deceleration Initial 

Estimated 
Speed 

Reductions 
(mi/h) 

Rate 8peed 
(mijh/sec) (mi/h) 

7 .83 70 40 

4 .46 65 35 
6.56 

) , BS 60 35 
7 . 74 
l.6B 

5 . 10 55 30 

4. B4 50 25 
6 . 75 
4. 37 
0 . 74 
2. 79 
4 , 4G 
3. B5 
3 . B5 
3 .66 
2. 30 

3 . 56 45 20 
2 . 57 
l. 72 
2 , 25 
3 . 11 
4.09 

2. 98 40 15 
l. 69 
4 , 09 
4 , 07 
3 , 23 
3 . 16 
2 . BB 

2 .43 35 15 
l.65 
3.43 
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speed reductions ranged from 40 mph at a 70-mph initial speed 
to 15 mph at initial speeds of 40 and 35 mph. 

Only Limited data were available for left turns. The findings 
for each vehicle are presented in Table . A review of the 
findings did not reveal any differences in speed reductions or 
decelerati n rate for v hicles in the far lane as c mpared 
with vehicle. in the near lane during a left-turn maneuver . 
More da ta would be required to draw conclu ion on whether 
drivers in the oppo ing lane re pond di fferently to left-turning 
vehicles. 

Green Book (2) , Figure Il - 13, presents deceleration dis
tance for passenger vehicle approaching inte r ctions. The 
distances which are based on comfortable deceleration rate 
are determined from the sp eed when brakes are applied and 
the fi nal peed reached. urve arc provided for the foll owing 
final speeds: SO 40 30, 20, and 0 mph, Table 9 presents the 
deceleration rate based on the Green Book (2) figure. 

Table 10 presents the ob erved normal decelenuion rates 
for pa senger cars on dry pavement from the Tra11sponalion 
and Traffic Engineering Handbook (11) . The H an lbook !ates 
that deceleration rates up to 5.5 mph/sec are reasonably 
comfortable for passenger car occupant . 

The majority of the deceleraLion rates obse rved in the fi eld 
are within the comfortable rat from both the Green Book 
(2) and the Handbook (/J) . Vehicles with deceleration rate 
greater than the Green Book (2) rates had initial peed higher 
than 62 mph . These high-sp ed vehicles had to reduce their 
speed between 25 and 41 mph whe11 a truck e ntered the traffic 
stream. With a 25-mph reducti n, the vehicle were driving 
near the speed limit of the road. The speed limit and 5th
percentile speed were 40 and 51 mph at Truck top 64 aud 
40 and 40 mph at T rindle and Rajlroad , respeotively. 

Minimum Separation 

The minimum separation analysis required in formation on 
both the accelerating truck and the decelerating major road 

TABLE 8 DECELERATION RATES AND MAXIMUM 
SPEED REDUCTIONS FOR LEFf TURNS 

Veh i cle 
No . 

No. 
Axles 

Gap 
Acc epted 

(sec) 

TRIN DLE AND RAI LROAD, EASTBOUND 

36 E 7. 78 
45 r 11 .21 
53 F 9.03 
55 r 12 . 32 
56 E 8 . 34 
58 B 7 . 27 
61 • 11.51 

TRINDLE ANO RAI LROAD, WESTBOUND 

22 F s 15.48 
23 F ~ 17 . 75 
ll F 5 16. 59 
43 F ~ 11.67 
45 F J 11.21 
53 F s 9. 03 
56 F s 8 . 24 
58 E s 7 . 27 
60 F s 12 . 13 
61 E 1 11.51 

CENTRAL VALLEY ASPHALT , SOUTHBOUND 

3 D 16.35 
7 D 11 . 35 

27 D 11. 85 
JO D 7 .81 

Veh i c l e 
Type 

PC 
PC 
PC 
PC 
PC 
PC 

PICKUP 

PC 
PC 
PC 
PC 
PC 
PC 
PC 
PC 
PC 
PC 

5·AX 
PC 

2·AX 
PC 

Speed 
Reduc t ion 

(mi/h) 

18. 2 
6.3 

15. 8 
18 . 1 
29 . 4 
12 , 6 
15. 2 

1 3 , 0 
15. 9 
12 . 4 
10. 7 
18. 7 
13. 9 
27 .1 
27. 7 
12. 8 
21.3 

13 .6 
14 . 0 
26 .2 
20. 9 

Dece l era t ion Rate 
(mijh/sec) 

6. 33 
1. 94 
2. 79 
2 . 86 
2. 80 
3 . 25 
5.37 

l. 83 
4 . 5& 
l.15 
2 .18 
5. 83 
3 . 28 
6. 24 
2 . 53 
2. 76 
3 . 46 

3 . 18 
3.51 
5.47 
5, 20 
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TABLE 9 DECELERATION RATES (mph/sec) FROM THE 
GREEN BOOK (2) 

Speed Rea ch ed ( mi/h) 
Initia l 

Speed 
(mi/h) 50 40 30 20 

70 6.08 6.47 6.19 6 . 30 

60 5 . 78 5 . 88 5 . 67 5 , 74 

50 5 . 29 5 . 11 5 .15 

40 4. 12 4.64 

30 4 . 08 

20 

NOTE: Deceler at i on rates are based on i nformat i on from Gree n Book 
Figure Il.,- 13 . The rates. were calcu la ted wi th t he f ollowing 
equat i on: 

deceler at i on r ates -
2xdlstance 

0 

6 , 25 

5 . 57 

5 .10 

4. 70 

3 . 78 

3 . 92 

TABLE 10 DECELERATION RATES FROM THE ITE (11) 

Speed Change Deceleration rate 
(mi/h) (mifh/sec) 

15 0 5 . 3 

30 0 4 . 6 

40 - 30 3 . 3 

50 - 40 3.3 

60 - 50 3.3 

70 60 3.3 

NOTE : Rates are observed normal deceleration rates for 
passenger cars on dry pavements. Deceleration 
rates up to 5. 5 mi/h/sec are reasonably comfortable 
for car occupants . (11) 

vehicle. These data sets were compared to determine the 
number of potential minimum separation data sets available. 
Nine sets from the Truck Stop 64 intersection and eight sets 
from the Trindle and Railroad intersection were available. 
Two sets from each intersection were eliminated when the 
minimum separation location was found to be outside the 
camera limits . Only right-turning vehicles were selected for 
this analysis. 

Among the various parameters estimated, the information 
on minimum separation was the most limited. Nonetheless, 
an attempt at establishing a probable range of values was 
made. 

All time adjustments made to the acceleration and de
celeration data sets (discussed in previous sections) applied 
to the minimum separation data sets. A plot of speed versus 
distance was used to estimate the location at which the vehi
cles were at minimum separation. A sample data set (Vehicle 
99) from the Truck Stop 64 intersection is shown in Figure 4. 

Minimum separation occurs when both the accelerating truck 
and the major-road vehicle are traveling at approximately the 
same speed. If the major-road vehicle is moving at a higher 
speed than the accelerating truck , minimum separation will 
occur beyond the camera's field of view. The sample major
road vehicle in Figure 4 reached its minimum speed approx
imately 250 ft beyond the intersection. Its speed was 11 mph, 
and the acceleration truck's speed was estimated at 10 mph . 
The headway time (t) between the vehicles was determined 
by finding the difference between the two vehicles' arrival 
times at a point 250 ft beyond the intersection. The headway 
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time for the sample vehicle was 0.63 sec. The minimum sep
aration distance can be estimated from the plots or from the 
following equation: 

MS = (1.47Vt) - L (4) 

where 

MS = minimum separntion distance (ft), 
V = velocity of turning vehicle (mph), 
t = headway time between vehicles (sec), and 

L = length of turning vehicle (ft). 

When the calculated minimum separation distance was less 
than 25 ft, the minimum separation between vehicles was set 
at 25 ft. The minimum distan e of 25 ft was selected on the 
basis of observations from the videotapes. 

The findings for the data sets are presented in Table 11. 
Minimum separation between vehicles typically occurred 
between 200 and 400 ft downstream of the intersection . The 
speeds of the vehicles at minimum separation were between 
10 and 24 mph at the Truck Stop 64 intersection and between 
17 and 34 mph at the Trindle and Railroad intersection. These 
speeds are much lower than the 85th-percentile approach speeds 
of 51 mph for Truck Stop 64 and 40 mph for Trindle and 
Railroad. 

The headway time between the vehicle on the major road 
and the turning trucks at the Truck Stop 64 intersection was 
2.4 sec or less, corresponding to a minimum separation dis
tance of approximately 25 ft. The drivers on the major road 
at the urban intersection of Trindle and Railroad maintained 
larger minimum separations. These drivers typically had 4- to 
7-sec headways or 50- to 150-ft minimum separations. 

The minimum separation at an urban intersection would 
be expected to be smaller than the minimum separation at a 
low-volume rural intersection. However, the values for the 
Truck Stop 64 intersection were lower than those obtained 
for the Trindle and Railroad intersection. The truck drivers 
at the Truck Stop 64 intersection did not accelerate as fast as 
the truck drivers at the urban interseclion, and the running 
speed on the major road wa also higher at the rural inter
section. The r suits of !he peed difference were that drivers 

70 
O Turning Vehicle 

6 • Major Road Vehicle 

50 
:c .... 
! 40 
"O 

l 30 
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20 

10 
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FIGURE 4 Plot of minimum separation (speed versus distance) 
for a sample vehicle. 
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on the major road closed th gap faster on trucks turning from 
Truck Stop 64 than on truck turning at Trindle and Railroad . 
This observation was supported by the location of minimum 
. eparalion al Lhe intersections. Several f the minimum ·ep
aration locations were m re tban 30 ft downstream from the 
Trindle and Rai lroad intersection. 

The intersection sight di tance criteria in tht: Green Book 
(2) incorporate a dimension known as "tailgate distanc1::, " 
which is equivalent to the minimum separation distance dis
cussed here. However, the Green Book (2) does not provide 
guidance on the values to use for tailgate distance. When the 
Green Book (2) , Figure IX-27, B-2a and Ca curve is repro
duced u ing distance and time values approximated from Green 
Book (2), Figure IX-22, the tailgate distance, or minimum 
separation di tance, i approximately I ec multiplied by Lhe 
major-road speed (12). Tlli figure represents the distanc 
between the rear bumper of the turning vehicle and the fr nt 
bumper of the vehicle on the major road. A L-sec tailga te or 
minimum 'eparation time represent · a IS-ft minimum . epa
ralion di lance of 10 mph and a 30-ft di tance at 20 mph. 

The gen ml findings from thi limited analysis revealed a 
minimum separation time value of approximately 1 sec for 
the Truck Stop 64 intersection but higher values at the Trindle 
and Railroad intersection. Drivers attempted to have a larg r 
eparation distance beLween their vehicle and the turning vehicle 

if ava ilable, but they accepted l sec or less on some occasions. 

SUMMARY OF FINDINGS 

The median gap. accepted by truck drivers turning nlo a 
major road ranged from 7 .25 to 13.17 sec, dep nding o.n the 
intersection, turning maneuver a11d truck type con ·idered. 
The range of time gaps accepted with 85 percent pr bability 
wa 8.87 to 15.86 sec. Table 12 pre ent a summary of 1h 
gaps on the basis of the logit model. 

The 50th-percenti le average acce leration rates ranged from 
0.80 to l.33 mph/·ec and tbe 85th-percentile average accel
eration rates ranged from J.20 to 1.74 mph/ ec. The specific 
rates for th predominant truck type for left and right turns 
at the Central Valley Asphalt intersection and for right tum 
for the ot·her two rnter ections are pre. ented in Table 13. 

Table 14 presen1s the deceleration rntes and peed reduc
tion for vehicles on the major road at the Trindle and Rail
road and Truck top 64 inter ections that were impeded by 
right-turning five-axle trucks. The 50th- and , th-percen tile 
deceleration rate were 3.67 and 5.85 mph/ ec, and the peed 
reductions were 21.2 and 38. l mph, respectively. 

The m.inimum separation finding , alrh ugh limited . are 
pre ·ented in Tabl.e .15. The headway times ranged from 0.61 
to 2.3 ec ar the Truck Lop 64 inter e~tion and from 4.13 
to 5.24 et: at the Trindle and Railroad inter e tion . Th min
imum separation distance between vehicles at the Truck top 
64 intersection wa assumed to be 25 ft. whereas at the Trindle 
and Railroad inte ection the minimum ·eparation ranged 
from 57 to l43 ft. 

These pilot field tudies are a first step t ward acquisition 
of th data needed, either to revise the AA HTO procedures 
to include reali lie deccl ration by the vehicle on the major 
road or to replace the current procedures witb an alternative 
pr edure on the basi of a gap acceptance policy. 



TABLE 11 MINIMUM SEPARATION FOR FIVE-AXLE TRUCKS TURNING RIGHT 

Minimum Minimum Speed at Minimum Distance 
Gap Headway Separation Separation Separation Beyond 

Vehicle No. Accepted Time Distance Time Major Minor Intersection 
No. Axles (sec) (sec) (ft) (sec) (mph) (mph) (ft) 

TRUCK STOP 

94 5 11.18 1.00 25a 1.55 12 11 250 

99 5 13.12 0.63 25 1. 89 10 9 250 

116 5 18.95 2.17 25 1.89 10 9 300 

130 5 16.92 1.33 25 0.81 20 21 350 

147 5 18.45 1.07 25 0. 74 24 23 300 

176 5 19.35 2.38 25 0.81 20 21 350 

209 5 12.97 0.86 25 0 . 71 24 24 350 

TRINDLE AND RAILROAD 

22 5 13. 74 5.01 109 3.22 23 23 300 

24 5 19.45 4.38 91 2.69 24 23 500 

28 5 10.81 4.13 143 2.95 34 33 500 

38 5 14.14 4.80 88 2.85 21 21 250 

45 5 10 . 31 4 . 53 57 2.15 17 18 200 

59 5 8.88 5.24 75 3.00 18 17 250 

8 Minimum separation between vehicles was assumed as 25 ft based on observations from the 
videotapes. 

TABLE 12 TIME GAPS ACCEPTED 

Probability 
Turn Truck 

Intersection Maneuver Type 50 Percent 85 Percent 

Central Valley Left Less- then- 11.16 sec 13. 89 sec 
Asphalt 5-axles 

Central Valley Right Less-than- 13 .17 sec 15.86 sec 
Asphalt 5-axles 

Truck Stop 64 Right Five-axle 12 , 43 sec 14. 78 sec 

Trindle and Left Five-axle 8.27 sec 9.84 sec 
Railroad 

Trindle and Right Five-axle 8.52 sec 10.06 sec 
Railroad 

Trindle and Right Less- than- 7 .25 sec 8.67 sec 
Railroad 5-axles 

TABLE 13 AVERAGE ACCELERATION RATES 

Turn Truck Type Distance CU111ulative Probability 

Intersection Maneuver (No . Axles) (ft) 50 Percentile 85 Percentile 

Central Valley Left 3 • 4 0·290 1.27 mi/h/sec 1.58 mi/h/sec 
Asphalt 

Ceritral Valley Right 3 • 4 0·490 1.04 mi/h/sec 1. 21 mi/h/sec 
Asphalt 

Truck Stop 64 Right 0-350 0, 80 mifh/sec 1. 20 mifh/sec 

Trindle and Right 0-510 1. 33 mifh/sec 1. 74 ~i/h/sec 
Railroad 

TABLE 14 DECELERATION RATES AND SPEED 
REDUCTIONS FOR MAJOR VEHICLES ON THE MAJOR 
ROAD REACTING TO RIGHT-TURNING FIVE-AXLE 
TRUCKS 

Cumulative Probability 

50 Percentile 85 Percentile 

Deceleration Rates 3.67 mifh/sec 5 . 85 mi/h/sec 

Speed Reductions 21. 2 mi/h 38.l mi/h 

TABLE 15 MINIMUM SEPARATION 

Intersection 

Truck Stop 64 

Trindle and 
Railroad 

Headway Time 
(sec) 

1.00 
0.63 
2 . 17 
1.33 
1.07 
2. 38 
0 . 86 

5 . 01 
4 . 38 
4 . 13 
4 . 80 
4 . 53 
5 .24 

Minimum Separation Distance 
(ft) 

25 
25 
25 
25 
25 
25 
25 

109 
91 

143 
88 
57 
75 
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SUGGESTED IMPROVEMENTS IN DATA 
COLLECTION AND REDUCTION METHODS 

Future studies should include elevated (and concealed) video 
cameras. More than five cameras may be necessary for accel
eration or distance gap information beyond 500 ft. Reliable 
and durable video equipment is necessary to minimize later 
adjustments to timing operntions and camera coordination. 
Each camera's field of view should overlap the next, and each 
pair of cameras should include a distinguishable common ref
erence point. An alternative approach for marking the 100-
ft increment points along the approach legs is to place con
trasting colored tape on the road, shoulder, or curb so that 
reference markings are readily discernible on the videotape. 
Becau e video cameras are sensitive to moisture and extreme 
ambient temperatures, primary field activities must be scheduled 
to avoid adverse weather conditions. 
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Comparison of International Practices in 
the Use of No-Passing Controls 

J. ALAN PROUDLOVE 

Minimization of no-passing control has assumed greater impor
tance since the publication of the latest Highway Capacity Manual 
in 1985, so it is important that correct standards be used when 
making policy for design of alignment or examining the perfor
mance of two-way highways . Comparison of some international 
standards on geometric passing distance requirements revealed 
widely differing values in published figures. North American and 
Australian performance in truth differed only slightly, despite 
different values in their design manuals. Britain, however, used 
much shorter no-passing distances than the other countries. Dif
ferences between countries in their use of no-passing controls 
were also observed, but the absence of coordination between 
geometric standards and those for control of passing where those 
standards were not met was almost universal. The abandonment 
of current no-passing controls and their replacement by new war
rants and application methodology, on the basis of revised geo
metric standards, is recommended. The resulting effect on lengths 
and positions of no-passing control zones is expected to be small, 
but level of service values could be changed. An extension of the 
present form of no-passing-zone pavement marking is also rec
ommended. Such an extension would include special marking of 
the approach to the barrier line, in particular to mark the la t 
safe point to begin a pa.sing maneuver, to make the beginning 
of the barrier line more conspicuous from the point of no return 
for higher-design-speed roads. 

In 1988, the Indonesian government introduced laws sup
porting the introduction of the double-line, no-passing form 
of pavement marking controls. Driver behavior in Indonesia 
was undisciplined; many severe accidents were caused by driv
ers, particularly of trucks and intercity buses, passing on blind 
curves. Pavement markings outside cities were almost non
existent, except on the toll road system being developed. 

However, the Indonesian legislation did not contain infor
mation that would enable field engineers to determine where 
double lining should begin and end. Neither were there war
rants for the placement of double lines. In researching these 
matters to prepare advice for the Directorate General of 
Highways of the Indonesian Department of Public Works, 
the widely differing practice among English-speaking coun
tries quickly becomes evident, together with the inadequacy 
and lack of logic of much of that practice. Indonesian practice 
in geometric design borrowed from AASHTO; Indonesian 
road signs were an amalgam of the European and Australian 
standard models. But to simply adopt any other country's 
warrants without fully understanding the consequences can 
be dangerous. 

The result ot the research was to recommend the adoption 
of a practice that was closest to that used in Australia, but 

University of Liverpool, P.O. Box 147, Liverpool L69 3BX, Great 
Britain . 

also using and extending an additional British pavement mark
ing technique . The two essential features of the recommen
dation were that the start of the double line should be related 
to the point where minimum passing sight distance is lost 
(rather than to some arbitrary warrant) and that road users 
should be advised of the last safe points for starting and abort
ing a passing maneuver, by the introduction of a new form 
of pavement marking and perhaps new road signs. This rec
ommendation might be considered for adoption by the United 
States as a step towards rationalizing current disparate prac
tices . The Indonesian research also revealed an inconsistency 
in the derivation of the American figures for minimum geo
metric passing sight distance requirement, suggesting that a 
term appeared to be missing from the computation. 

Correct use of passing sight distance controls is a matter 
that should be of increased concern to highway and traffic 
engineers. Introduced several decades ago in North America 
and Europe, the use of a barrier line prohibiting passing was 
initially a valuable traffic control device to increase safety on 
existing two-way roads. As traffic densities increased, the 
effect of passing restrictions on levels of service became evi
dent, and the proportion of a highway's length without passing 
opportunity had a major impact on the level of service that 
could be attained, much more so than other geometric con
siderations. 

Now a third area of significance has emerged in Britain, as 
part of a coordinated approach to the geometric design of 
two-way roads that recognized the effects of geometrics on 
service performance. After several decades in which highway 
design was dominated by divided highway and particularly 
limited-access highway design, the need to improve nondi
vided but high-volume roads came into new prominence, par
ticularly as high design flows became accepted as attainable 
on this type of road. Central to the new philosophy of design 
was the minimization of the length of highway with passing 
restrictions in accord with the principles contained in the 1985 
Highway Capacity Manual (1) . These restrictions included 
those involving either the absence of safe passing visibility or 
the presence of other prohibitions on passing, such as left
turning protection zones or islands. Three techniques were 
used to maximize the length of highway with safe passing 
visibility: minimizing the length of each sight-restricting ele
ment by the use of minimum acceptable standards of curva
ture, combining the horizontal and vertical sight-restricting 
elements of alignment, and combining the location of align
ment and intersection restrictions on passing. These objec
tives would be supported by the correct sizing and siting of 
passing restrictions in relation to traffic speeds. 

Australia and Britain refer to the maneuver as "overtak
ing"; the United States and Canada call it "passing." In this 
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paper, no distinction has been made between the use of the 
two terms. Because each country uses two sets of passing 
standards, one for geometric design and the other for traffic 
control, the standards will be referred to as either "geometric 
requirements" or "warrant sight distances," to distinguish one 
from the other. 

CURRENT PRACTICE IN SOME 
ENGLISH-SPEAKING COUNTRIES 

The geometric design manuals (2-5) and the traffic control 
codes (6-9) of Australia, Britain, Canada, and the United 
States revealed differences in values recommended for both 
geometric passing sight distance minima and sight distance 
warrants for the use of control devices. In addition, Australia 
positioned the start of its barrier line differently from the other 
countries, not at the point where the warrant sight distance 
is lost. Australia and Britain used a more explicit definition 
of design speed for geometric design than did either the United 
States or Canada, although the latter countries shared with 
the former the 85th-percentile speed definition used for traffic 
control purposes. In addition, Australia and Britain recog
nized that overtaking performance followed a statistical dis
tribution; thus, they included consideration of the fraction of 
the driver population accommodated in their derivation of 
geometric overtaking sight distance standards. 

Meaningful comparisons of standards for minimum safe 
geometric passing sight distance were difficult to make. For 
example, values for a 100-km/hr design speed were 1,010 m 
(Australia), 680 m (Canada and the United States), and 580 
m (Britain). Likewise, the warrant distances for use of barrier 
lines ranged from 185 to 400 m. Each country published its 
control-warrant standards for determining the need for double
line pavement markings separately from its geometric design 
standards dealing with the engineering of plan and profile in 
relation to minimum sight distances. This separation obscured 
the lack of compatibility between the two sources of advice 
and may have perpetuated some fundamental errors in the 
deviation of the recommended values. The differences between 
countries in the values published, both in warrants for the use 
of double lines and in the specification of a safe passing sight 
distance for geometric design, are shown in Figure 1. The 
reasons for the differences included fundamentals, such as 
definitions of eye height, object height, and maximum safe 
rates of deceleration. Britain used a single value (0.25g) for 
the coefficient of deceleration f, independent of speed, in 
contrast to the other countries. Australia used the widest 
range, with/values between 0.33g and 0.65g for design speeds 
between 130 and 50 km/hr, respectively, and an eye height 
of 1.15 m compared with Britain's 1.05 m. More esoteric 
differences were also involved, such as the meaning of design 
speed or the definition of minimum safe passing sight distance, 
or Britain's desirable and absolute minimum standards, and 
departures below those standards. Britain requires sight dis
tances of 820, 580, and 410 m to allow safe overtaking for 99, 
85, and 50 percent of the driver and vehicle population, 
respectively, for a 100-km/hr design speed. AASHTO (5) was 
unclear about its definition of design speed, discussing "the 
maximum safe speed that can be maintained" without defining 
it specifically, such as the 99th-percentile free-running speed. 
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Australia and Britain both equated design speed to the 85th
percentile speed of highway users. A design speed was indi
vidually assigned to each geometric element of alignment as 
the coordinating value of horizontal and vertical alignment 
for that particular element. These assignments were placed 
within an overall speed environment for the highway link that 
was related to the link length and cross section, physical envi
ronment, and highway function. Within this field of disparate 
definitions and parameter values, double-line warrants also 
differed considerably. 

Table 1 presents sample values of the warrants from the 
four countries' manuals on traffic control devices. The second 
half of the table presents corresponding values of minimum 
passing sight distance requirements from the geometric design 
manuals of the four countries. 

Relationships between the two sets of figures were not obvious 
although some arbitrary basis had been chosen for the war
rants determining the need for double-line markings. The 
justification for a separate method to determine the need for 
and positioning of the barrier line, rather than using the posi
tion where geometric passing sight distance is lost at the design 
speed, was not made clear in either the geometric design 
policies (2-5) or the uniform devices manuals (6-9) of the 
different countries, although several made apologetic expla
nations about the avoidance of unduly restrictive controls on 
overtaking. 

MINIMUM REQUIREMENTS FOR PASSING 
SIGHT DISTANCE 

To be able to understand the different values quoted in the 
design manuals for the minimum passing sight distance 
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FIGURE 1 Variations in values for minimum passing 
sight distance, warrants for the use of double-line 
markings, and stopping sight distance (1-5 ). 
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requirement, the components of the mm1mum overtaking 
maneuver must be analyzed. In diagrams such as Figure 
III-2 of AASHTO's policy manual (5), shown here in a mod
ified form as Figure 2, the complete maneuver was broken 
into two parts: the perception, analysis, and reaction (AB), 
and the overtake and return to right lane (BC). The decision 
point (B) , the last point for aborting the maneuver, is at the 
boundary between the first and second phases. 

The minimum passing sight distance requirement could be 
expressed in two ways, corresponding either to the length of 
the complete maneuver (AE), starting from the trailing posi
tion (A), or to the distance (BD) required to complete the 
maneuver from the point of no return (B). The former was 
called the establishment sight distance (ESD) in Australia (2), 
and the full overtaking sight distance (FOSD) in Britain (3) , 
although the ESD included d1 from Figure 2. These terms 
defined the minimum sight distance that should be available 
when the decision to attempt an overtaking maneuver is made, 
and therefore the sight distance needed before an overtaking 
restriction should be terminated. Most authorities seemed to 
require a minimum passing sight distance based on this ver
sion, the minimum length of clear road required to begin an 
overtaking maneuver as the geometric requirement. In Aus
tralia (2), the shorter sight distance required for safe com
pletion of the maneuver beyond the point of no return was 
called the continuation sight distance (CSD), with computed 
values less than half those for the ESD; in Britain it was the 
abort sight distance (ASD), taken as half the FOSD. These 
terms represent the distance that should be the basis of barrier 
line installation. Figure 3 shows these different definitions. 

The different dimensional standards for these minimum 
overtaking sight distance geometric requirements may have 
been the result of the different values assigned to variables 
such as relative speeds of overtaking, overtaken, and oncom
ing vehicles; clearance interval ; and reaction plus perception 
time. Britain, for example, assessed the overtaking sight dis
tance requirement for 50, 85, and 99 percent of the car and 
driver population . Troutbeck (10) discussed this topic on the 
basis of experimental work carried out in Australia. 

TABLE 1 PUBLISHED SIGHT DISTANCE 
WARRANTS FOR THE USE OF DOUBLE 
LINES AND STANDARDS FOR MINIMUM 
PASSING SIGHT DISTANCES USED IN 
GEOMETRIC DESIGN 

Design Speed (km/hr) 

50 70 

Double-Line Warrants (m) 

Australia 150 210 
Britain 90 125 
Canada 160 240 
United States 150 210 

100 

300 
185 
400 
320 

Minimum Passing Sight Distance Requirements (m) 

Australia" 
Britainb 
Canada< 
United Statesd 

350 
290 
340 
360 

570 
410 
480 
490 

"Defined as establishment sight distance. 

1,010 
580 
680 
680 

bfOSD for 85 percent of the car and driver population . 
cMinimum passing sight distance. 
dDerived from AASHTO (5) . 

PASSING VEHICLE 
AT LAST POINT TO 
ABORT PASSING MANOEUVRE 
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REACHES POINT B 

FIGURE 2 Movements of the three vehicles involved in 
the passing maneuver during the first and second phases 
(before and after, the point of no return), based on 
AASHTO (5), Figure 111-2, modified to include 
movement ED of the opposing vehicle during the first 
phase. 

ESTABLISHMENT SIGHT DISTANCE 

FIGURE 3 The two forms of passing sight distance 
requirement: the ESD, needed for the complete 
passing maneuver, the clear distance required before 
terminating a barrier line; and the ASD or CSD, 
needed at the point of no return, loss of which should 
be the warrant for the use of a barrier line. 
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The AASHTO policy handbook (5) was ambiguous about 
the derivation of its figures for minimum safe passing sight 
distance; its definition was between the long and the short 
versions. Figure III-2 showed the minimum passing sight 
distance requirement as AD in Figure 2, equal to d1 + d2 + 
d3 + d4 , but this sum represented the addition of distances 
between vehicles in noncontemporaneous positions. Consider 
passing on a long, straight road. A decision to overtake, at 
point A, would be based on the road being clear through to 
E. If, when at B alongside the vehicle to be overtaken, an 
opposing vehicle appeared, the maneuver would be aborted 
if the vehicle was closer than D but continue if the vehicle 
was beyond D. 

The length BD was the same as the Australian CSD. The 
equivalent of the Australian ESD was measured from the 
point when the overtaking vehicle was in the trailing position 
at A, at which time the opposing vehicle would be at E, still 
some 7 or 8 sec from point D. To be consistent , AASHTO 
should quote either d2 + d3 + d4 for continuation condi
tions or d1 + d2 + d3 + d4 + d5 for establishment conditions, 
both of which represent contemporaneous positions of the 
overtaking and oncoming vehicles. 

Australian and American values for these two versions of 
minimum safe passing sight distance are presented in Table 
2. The American figures are based on metrication of values 
given by AASHTO (5) in its Figure III-2. Figure 4 shows 
that, after making allowances for the point raised above and 
plotting distances against speed of the passing vehicle rather 
than against the nominal design speed, the two sets of figures 
were similar. The Canadian figures ( 4) were apparently based 
on AASHTO (5) so they may need to be amended in the 
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TABLE 2 COMPARISON OF AUSTRALIAN , BRITISH, AND 
EQUIVALENT AMERICAN VALUES FOR PASSING SIGHT DISTANCES 

85th-percentile speed (km/hr) 

50 60 70 80 85" 90 100 

Australia 

CSD (m) , 75 percent 165 205 245 332 
csn (m) , 85 percent 200 240 285 345 410 490 
ESD (m) 350 450 570 700 840 1,010 

Britain 

ASD (m) , 85 percent 145 170 205 245 290 
FOSD (m), 85 percent 290 345 410 490 580 

United States 

Equivalent CSD (m) 185 250 315 380 445 515 
Equivalent OSD (m) 260 350 445 580 725 
Equivalent ESD (m) 345 470 590 715 840 965 

•Britain uses 85 km/hr as a standard design speed. 

same way. Table 2 and Figure 4 al o show British overtaking 
sight distance minimum geometric requirement (3) for occu
pation of the passing lane and abort distanc . These valu 
were derived from rounded ob ·erved values of passing du ra
tion , taken a the occupancy of the passing lane (di)· Unlike 
those used by the other countries the British pas ing lane 
occupancy figures were found to be relatively unaffected by 
vehicle speed, and 50 percent of the overtaking maneuvers 
were completed in under 7 sec, 85 percent in under 10 sec, 
and 99 percent in under 14 sec. AASHTO (5) used a 9- to 
11-sec range; Australia quoted 8 to 14 sec over the 50- to 100-
km/hr speed range. 

If eacn country had found the same passmg lane occupation 
time, their passing sight distances might also have been the 
same, except for small differences in details such as clearance 
(d3). The uniform passing time with speed of the British find
ings produced a linear relationship between passing sight dis
tance and speed; the wide range of the Australian passing 
times, with speed, led to the curved relationship shown in 
Figures 1 and 4. 

In the British computations, the FOSD required at the 
beginning of the passing lane occupation equated to 2.05 times 
the 8Sth-percentile speed multiplied by the time to complete 
the overtaking maneuver (i.e., the time the passing lane is 
occupied). In this way, the FOSD could be calculated for 
different overtaking populations at each design speed. This 
variable was another that led to differences between the national 
figures and made comparison difficult. The Americans and 
Canadians did not state, for example, whether their safe pass
ing sight distance requirements would allow for all passings 
or for only the more adventurous to be accommodated, but 
AASHTO (5) gave the time of the passing lane occupation 
as close to 10 sec for d2 across the SO- to 100-km/hr range. 
This figure corresponded to the British value for the 8Sth 
percentile; the Australian figures generally provided for 85 
percent of their driving population. 

The British Department of Transport's equivalent of the 
Australian CSD, called the ASD, was taken as half the FOSD, 
a proportion that was reasonably consistent with Australian 
and AASHTO (5) findings. However, the values were con-
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FIGURE 4 Different passing sight distance definitions: full 
requirement, occupancy of left lane, and minimum at point of 
no return. 

siderably different, perhaps as a result of different assump
tions on relative overtaking and overtaken speeds. More field 
research is needed to establish whether these differences are 
the result of fundamentally different driver behavior in the 
various countries or of the different assumptions made in the 
computations. 

Table 3 presents British, Australian, and American values 
for CSD and the minimum stopping distance values used in 
each country. The Australian CSD was almost identical to 
twice the stopping distance plus S sec at the 8Sth-percentile 
speed, and this was the basis for evaluating Australia's inter
mediate sight distance, now replaced by the CSD definition. 
American figures were even closer, but the British values did 
not conform to the pattern at all, despite similar stopping 
distance values. The reason that British values for ASD should 
be so different to those of the other countries was not clear. 
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TABLE 3 RELATIONSHIP BETWEEN STOPPING DISTANCES AND CSD 
OR ASD VALUES 

85th-percentile speed (km/hr) 

50 60 70 80 85" 90 100 

Australia 

Stopping distance (m) 45 60 75 95 120 155 
2 x SD + 5 sec (m) 160 200 250 300 365 450 
CSD (m) 165 205 245 320 410 490 

Britain 

Stopping distance (m) 50 70 90 120 160 
2 x SD + 3.6 sec (m) 150 200 250 325 420 
ASD (m) 145 170 205 245 290 

United States 

Stopping distance (m) 65 90 120 150 180 210 
2 x SD + 3.6 sec (m) 180 240 310 380 450 520 
Equivalent CSD (m) 185 250 315 380 445 515 

•Britain uses 85 km/hr as a standard design speed. 

SITING OF DOUBLE LINES IN RELATION TO 
POINT WHERE SAFE PASSING VISIBILITY IS 
LOST 

Table 4 presents warrants for the use of double-line overtaking 
controls with the minimum CSD geometric requirements in 
the three countries. Most important to this investigation was 
the relationship, or absence of any explicit relationship, between 
minimum geometric sight distances and warrant distances. 
The differences between the two sets of sight distance stan
dards shown in Table 4 introduced further inconsistencies , 
giving rise to the problem of reconciling the differences between 
geometric requirements for minimum passing sight distance, 
and those given in the warrants for the use of barrier lines. 
The similarities between the American and Australian figures 
are apparent in Figure 5, yet the positioning of the beginning 
of the barrier line was quite different. 

British and American warrants both required the barrier 
line to start at the point where sight distance is lost, as spec
ified in the warrant for the 85th-percentile speed at that point. 
The Australian warrant, with speed and sight distance figures 

almost identical to those of Americans, required the line to 
start at a given distance beyond this point of visibility loss. 
The Australian method immediately commended itself for its 
rationality. The significance of the distance an overtaking 
driver could see when he had completed the overtaking 
maneuver-for this was the requirement of the American and 
British method-was unclear. The American and British 
method started the barrier line, that is, the point where over
taking is complete at the point where the warrant sight dis
tance is lost (point C in the figures). This distance may have 
been used as a proxy for some other. The significant sight 
distances that must be available to the passing driver are point 
A , when he decides to begin a passing maneuver, and point 
B, when he must decide whether to complete or abort the 
maneuver at the point of no return. The British and American 
approach suggested that they were using a different definition 
of no-passing barrier-like markings than the Australians . 

America and Britain, in fact, both used a short-zone def
inition of barrier-line meaning (defined in following para
graphs) , yet started the barrier line at the point the warrant 
sight distance is lost, a practice that fits the Jong-zone use of 

TABLE 4 RELATIONSHIP BETWEEN ASD OR CSD VALUES AND 
WARRANTS FOR THE APPLICATION OF DOUBLE-LINE CONTROLS 

85th-percentile speed (km/hr) 

50 60 70 80 s5· 90 100 

Australia 

CSD (m) 165 205 245 320 410 490 
Warrant (m) 150 180 210 240 270 300 

Britain 

ASD (m) 145 170 205 245 290 
Warrant (m) 90 105 125 155 185 

United States 

Equivalent CSD (m) 185 250 315 380 445 515 
Warrant (m) 155 175 210 240 280 315 

•Britain uses 85 km/hr as a standard design speed. 
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F'IGURE 5 Comparison of traffic control warrants with 
minimum geometric passing sight distance requirements. 

barrier lines. Australian practice started the barrier line at a 
distance about half the ASD beyond the point of loss of the 
ASD. American practice did not recognize the ASD as sig
nificant, although the calculation of passing sight distance is 
half-based on this concept. But because the ASD was a geo
metric design concept, with values much higher than those of 
the warrant sight distance, installing the barrier line in accord
ance with the warrants produced results similar to what would 
result from installing it by the previously outlined geometric 
principles. 

No simple relationship between the two approaches could 
be foreseen, because of the effect of alignment at specific 
sites . In some locations, both ASD and warrant sight distance 
might be on the same horizontal or vertical arc, whereas at 
others the latter may be on the arc but the ASD may include 
both arc and tangent lengths . 

These warrants may have been found to be satisfactory 
through custom and practice, but some more rational method 
would be preferable. Only the geometric design approach has 
lhe rationality of being based on behavioral research. A single 
basis for determining passing requirements, and for installing 
barrier lines where those requirements were not met, would 
be an improvement. 

The assumption will be made that the present warrants 
should be replaced by the more rational approach of beginning 
the barrier line at some point related to the loss of CSD or 
ASD. Troutbeck's treatise (JO) is the only known example in 
which the beginning of the barrier line was recommended to 
be positioned explicitly with respect to the point of loss of 
geometric overtaking visibility . 
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Before examining the detail of an alternative to the con
ventional approach of using independent warrants, the legal 
meaning attached to the barrier line should be understood. 
Troutbeck (JO) identified two legal forms of barrier-line con
trol. In the first, legislation required that the overtaking 
maneuver must not be begun, that is, the vehicle must not 
move from right to left lane, after the beginning of the barrier 
line (Point B iu Figure 6). Returning to the right lane by 
cro sing the barrier line to complete an overtaking maneuver 
W<tS permitted. Troutbeck called this method the long-zone 
d finition, when the barrier line started at the point where 
overtaking sight distance is lost. Few states use this definition 
in their legal codes. Troutbeck's short-zone definition fixed 
the beginning of the barrier line at the point by which the 
vehicle must have completed the overtaking maneuver and 
returned to the right lane (Point C), so that no cro. ing of 
the burier line would be permitted in any circumstance. 

In the long-zone form, the barrier line could be unduly 
restrictive, especially if based on loss of an FOSD that would 
permit a large percentage of the overtaking-performance 
spectrum to take place safely in shorter distances than the 
geometric design minimum, on the basis of the overtaking 
requirements of 99 or 85 percent of the driver population. 
Also, the long-zone form gave no guidance to overtaking 
drivers about the point by which the maneuver must be 
completed and was unsatisfactory for enforcement purposes. 

In the short-zone form, the beginning of the barrier line 
advised drivers of when the passing maneuver must be com
pleted. This form also avoided ambiguity in the meaning of 
the marking; a barrier line, as the right-hand member of a 
pair of lines, must never be crossed. However, this definition 
gave the driver no advice about the last safe point to begin 
an overtaking maneuver or about the point of no return . A 
further disadvantage was that the beginning of the double 
lining was some distance ahead of the last safe p int for begin
ning a maneuver at the higher design speeds, probably beyond 
the distance at whid1 a double line could be distinguished by 
most drivers , so they might be unaware of its presence when 
starting to pass. To a certain extent, the pennant road sign 
used in the United States served this purpose by providing a 
more visible marker, but the sign gave no indication of the 
point of no return and would be difficult to apply where, as 
on many older two-way roads, there was considerable road
sid activity. Tr utbeck ugge ·ted that thi limit of conspicuity 
of a pavement marking was around 80 t 100 m, so for design 
peed above -o km/hr the pre ence of an upcomin d uble

line marking would be incon picu u at the p int of n return . 

A 
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FIGURE 6 Alternative long- and short-zone definitions of the 
no-passing zone in relati<m to the minimum passing distance 
requirement. 
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This situation would be unrealistic, and some advanced warn
ing of approach to a barrier line should be provided. Whether 
this should be given at the last point for beginning a maneuver 
or at the point of no return is debatable. 

No provision for this kind of advance-warning road sign or 
pavement marking was included in the uniform codes of Aus
tralia (6), Canada (8), or the United States (9), or in the 
Vienna Convention and Protocol on international stan
dardization of road signs and pavement markings. The British 
code (7), which follows the European Agreement with certain 
reservations and additions , contained a pavement marking 
for use in this situation. However, its use was not carried through 
in the rational way that would come from following the 
recommendations of Troutbeck. 

In Britain, three types of directional-driving pavement
marking lines are used: advisory center lines; mandatory dou
ble lines; and a warning line for use where crossing the center 
line was hazardous but not forbidden. The warning line, as 
intermediate between the advisory center line of short marks 
and long gaps (or sometimes equal marks and gaps) and the 
continuous line of the interdictory double-line marking, con
sisted of long marks and short gaps, in a 2:1 ratio . Unfortu
nately, the British code required the warning line to be used 
in a rather arbitrary way at the approaches to a double-line 
zone, instead of using it to indicate the zone between the loss 
of either FOSD or CSD and the start of the barrier line (i.e., 
for the length of either AC or BC). 

Adoption of this pavement marking system, with or without 
pennant signs, would allow points of loss of both FOSD and 
CSD to be advised to the driver in a way that would not 
penalize those drivers requiring a shorter passing time, while 
continuing the use of the unambiguous mandatory message 
of the continuous barrier line as the required point for 
completion of all passing maneuvers. 

Figure 7 shows how the pavement marking system that is 
being recommended here would work . For each direction of 
travel, after the 85th-percentile speed has been measured and 
an appropriate design speed for the sight-restricting element 
of alignment has been determined, four salient points on the 
road's center line must be located: 

1. The point at which FOSD for the design speed is lost 
(having first decided whether this distance is to accommodate 
99 percent or a smaller percentage of the driving population), 

MOVE BACK 
NORMAL I WARNING INTO LANE BARRIER I NORMAL 

LINE I ARROWS LINE LINE LINE 

I 
(i) (ii) (iii) (iv) 

""' --.. --.. 

~ ~. L 'I , ~ t r I L .,l ~ ! r l ( ·~}},L,fj< ,~ f [ r 
<<< 9m centreline marking module tor speeds ot SOkmlhr and over »> 

FIGURE 7 The recommended pavement marking system 
resulting from the short-zone definition and European and 
Australian pavement marking practice, which bases warrants 
and the start of the barrier line on loss of CSD, and uses a new 
marking system to indicate the approach to a no-passing zone. 
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2. The point at which ASD or CSD is lost, 
3. The point by which overtaking maneuvers must be com

pleted, which is half the ASD or CSD ahead of Point 2, and 
4. The point at which sight distance again exceeds the FOSD. 

The pavement markings will be warning lines between Points 
1 and 3 and barrier lines between Points 3 and 4 or until 
certain checks on the alignment beyond Point 4 are satisfied. 
Between Points 2 and 3, every second mark of the warning 
line, counting back from the start of the barrier line, is replaced 
by a move back into lane arrow, to indicate the imminence 
of the start of the barrier-line marking. The warning line 
consists of a 6-m line followed by a 3-m gap where the design 
speed is 50 km/hr or faster; otherwise, a 4-m line followed by 
a 2-m gap. Over those lengths where the available visibility, 
in either direction, is less than that required for FOSD but 
never falls to as little as the ASD or CSD, the center line is 
to be marked with the warning line, to indicate the more 
hazardous situation for overtaking. 

At present, many sites in the United States appear to be 
too restrictively marked for no passing, perhaps as a result of 
following the misleading tabulation of passing sight distances 
against design speed in the AASHTO policy manual (5) . A 
rectification of this situation might lead more road users to 
recognize the validity of the passing prohibitions. 

CONCLUSION 

The investigation of four countries' methods for the appli
cation of controls to sites where sight distances were inade
quate for safe passing revealed that the apparent differences 
in published geometric standards between Australia and the 
United States could be reconciled when like situations were 
compared, and that the AASHTO (5) analysis appeared to 
be in need of review. British values were found to be signif-
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FIGURE 8 Amended Figure IIl-2 (5) to show U.S. equivalent 
of ESDs and CSDs with the average speed of passing vehicle 
taken to be the 85th-percentile speed of the highway. 
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icantly smaller than those of the other countries, although 
some of the differences were caused by different assumptions 
about the components of the passing maneuver or the pop
ulation that is accommodated. AASHTO (5) might be rec
ommended to revise its Figure llI-2 and dependent Table 
llI-5 to use the average passing speed as the design speed 
and to recompute FOSD and ASD requirements as described, 
as an interim measure until further field work verifies the 
various increments of time in the passing maneuver. An interim 
revised AASHTO (5), Figure III-2, might look like Figure 
8, indicating both FOSD and ASD requirements. When a 
sight distance in one direction was between that required for 
the FOSD and the ASD value, a warning center line should 
be used; when less than the latter, a barrier line should begin 
half the ASD beyond the point where the ASD distance is 
lost. 

The study's central objective was to seek a standard method 
for installation of double-line pavement markings, but no con
sensus was found. Australia, using much the same warrants 
to establish locations requiring the double-line markings as 
does America, located the beginning of the double lining quite 
differently. Britain shared the American and Canadian method 
to find the start of the barrier line but used smaller warrant 
lengths. Only Australia positioned the start of the double lines 
at a point explicitly related to the loss of a geometric require
ment for passing sight distance. 

Most current methods of determining the position of 
double-line pavement markings to indicate overtaking pro
hibitions had some of the following deficiencies: 

• Incompatibility with actual geometric overtaking sight 
distance requirements, 

• Possible ambiguities of interpretation by highway engi
neers, and 

• Inadequacy in conveying advance warning of the over
taking prohibition and the point of no return to road users. 

Present methods separating traffic control techniques and 
their warrants from geometric design requirements for passing 
sight distance are unsatisfactory. The present warrant approach 
is recommended to be discarded in favor of one based on 
geometric principles, with an additional form of pavement 
marking to indicate the approach to a passing-restricted zone. 

The recommended method of determining the positions of 
double-line pavement markings has the advantage of ration
ality over methods apparently in use in some states of Aus
tralia, Britain, Canada, and the United States. The method 
is independent of each country's differences in values for min
imum geometric overtaking sight distance standards, which 
could still be used in the manner of application described, 
and would replace the warrants currently in use. To be able 
to carry out the suggested rationalization of their double
lining system, Australia, Canada, and the United States would 
have to adopt some new style of pavement-marking warning 
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line, but that warning line would be an entirely consistent 
extension of current practice and one that, in a slightly dif
ferent form, has already been recommended for adoption in 
Australia. 

The conclusion that the present method of identifying and 
marking sections of two-way highway where no overtaking 
should take place should be replaced does not claim that 
present methods arc, in general, unsatisfactory or unsafe. 
Rather, they could be improved and made more logical, par
ticularly to relate them more closely to the geometric design 
of highways. This may be a good time for a new study on 
passing behavior that would show whether.AASHTO's long
standing values for duration of the passing maneuver are still 
representative of contemporary vehicle performance and today's 
drivers. 
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Safety Factors for Road Design: Can They 
Be Estimated? 

FRANCIS P. D. NAVIN 

When asked to state the safety of a particular design, highway 
engineers are at a loss to give a single meaningful measure, as is 
possible in structural or geotechnical engineering. The question 
of a meaningful road safety design measure led to a method to 
estimate the margin of safety and safety index for isolated highway 
components. The method uses the basic highway alignment design 
equations and, on the assumption that the variables are indepen
dent, normal, and random, the expected value of the mean and 
variance are estimated and the margin of safety and safety index 
are derived. The proposed measures of road geometric design 
safety are the margin of safety and safety index. The variables 
included in the safety measures represent the characteristics of 
driver, vehicle, and road surface. Calculations based on prelim
inary information indicate that the safety index is the most mean
ingful safety measure for road design. A general method to specify 
the design parameter's value is also proposed. This method is 
based on factors that represent the strategic importance of a road, 
the number of road users, the type of vehicles, the quality of the 
drivers, the expected environmental conditions, the terrain, and 
the general standard of design or construction. These factors are 
all found implicitly in current design procedures. The apparent 
advantage of the proposed method is that the designer must 
explicitly specify the importance of the modifying factors. Research 
is required to make the method useful. The research must clearly 
develop the mean, variance, and distribution of the variables used 
in the basic geometric cjesign equations. Further information will 
eventually be needed on the interaction of the variables, to remove 
the independence requirement and to permit an estimate of the 
road system reliability over a specified road link. 

Many Canadian authors, including Navin (1), Hauer (2), and 
Hutchinson (3), have criticized the current road geometric 
design procedures for failing to meet the established opera
tional safety standards for certain vehicles. In particular, a 
problem appears to be developing around the differing high
way geometric demands for cars and large trucks. 

The road geometric design standards by the Roads and 
Transportation Association of Canada (RT AC) ( 4) or 
AASHTO (5) and operational standards such as Uniform 
Traffic Control Devices for Canada ( 6) and the ITE Handbook 
(7) all work on the implicit assumption that if the published 
standards have been correctly applied, the road has an ade
quate margin of safety. This assumption is also accepted by 
the courts when ruling on the designer's liability for vehicular 
accidents where road geometry or operation is suspected. One 
method by which meaningful measures of road safety may be 
estimated will be outlined. 

Department of Civil Engineering, University of British Columbia, 
Vancouver, Canada V6T 1W5. 

The basic assumption is that all the variables used to esti
mate the design parameters in the elementary geometric design 
components are independent, normal, random variables. For 
example, when estimating the stopping sight distance design 
parameter, speed, perception-reaction time, and coefficient 
of friction are independent, normal, random variables. The 
published values of these variables are used in conjunction 
with expected value methods to obtain estimates of the mean 
and variance of the design parameters. The expected values 
are in turn used to calculate measures of road safety. 

DEFINITIONS 

The fundamental ideas behind the proposed method are those 
found in limit states design, as used by structural engineers. 
This approach requires the designer to think of the demand 
D 0 by driver-vehicle systems for a particular highway design 
parameter and also of the supply S0 of this parameter provided 
by the current highway design standard. The general arrange
ment for such a system is shown in Figure 1. The driver-vehicle 
system demand is some random distribution about the mean 
value of D 0 and that supplied by the highway is the value S0 • 

In this example, when the supply S0 is exceeded by the demand 
D 0 the system is considered to have failed. Failure is thus 
defined by the engineer or appropriate standard and need not 
actually result in an accident. A few additional definitions 
that will be used require explanation. 

The simplest measure of safety is the central factor of safety 
[SF(Central)], which is defined as the ratio of the average 
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supply S0 and the average demand D0 (8). This value, given 
in Equation 1, is rarely used. 

SF(Central) = S0 /D0 (1) 

The most common measure is the conventional factor of safety. 
The ratio of the average demand is increased and the supply 
is reduced, by some multiple of the standard deviation. This 
approach implies that designers are uncertain about the exact 
values and allow for more demand and less supply of the 
parameter, as seen in Equation 2. 

So - k1.1sn 
SF(Conventional) = D k 

+ <Too 
(2) 

where k is any multiple of the standard deviation (<T). 
Extending this idea of uncertainty further, a finite chance 

exists that the demand will exceed supply; for example, the 
stopping sight distance required by the driver-vehicle system 
exceeds that provided by the highway design. The reasons 
why the demand exceeded supply are not important at this 
point, but this event may occur, and its occurrence is ascribed 
to random events rather than gross human error. Ang and 
Tang (9) give the method for deriving the expected value and 
variance of a design parameter and the derivation of measures 
of safety. The first measure is the margin of safety M, which 
is the difference between the expected value of the supply 
and the expected value of the demand, given in Equation 3. 
The ratio of the margin of safety and the combined variance, 
expressed in Equation 4, is defined as the reliability index or 
safety index ( 13). 

(3) 

M 

J var (S0) + Var (D0) 

(4) 

The chance of failure given by the safety index may be 
evaluated by normal probability methods if the variables in 
the basic equation are a linear combination. If they are not, 
then the correct chance of failure must be estimated by meth
ods given by Ang and Tang (9). 

To be accepted, the derived equations must have variables 
that are easily obtained and useful to both the road designer 
and road operator. Also, the minimum number of variables 
should be included in any parameter to keep them reasonably 
simple. The parameters should be easily understood both by 
the engineer and nonengineer. Finally, system elements 
such as road characteristics, driver behavior, and vehicle 
capabilities must be explicitly considered. 

EARLY RESEARCH 

The pioneering work by Moyer and Berry (10) on marking 
highway curves with safe speed indications gives the clearest 
insight into how early highway engineers thought about rel
ative safety. Moyer and Berry (10) summarized the research, 
"The safe speed has largely been determined on the basis of 
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retaining control of the car on the curve." The safe speed on 
a curve was defined by a 10-degree ball bank reading. They 
continued, "The general acceptance of this value is rather 
surprising because it is, after all, an arbitrary value at which 
the driver of a car senses some discomfort and where the 
hazard of skidding off the curve becomes apparent." The 
authors also took driver's attitude into consideration by rec
ommending "14 degrees for speeds below 20 mph, 12 degrees 
for speeds of 25 and 30 mph, and 10 degrees for speeds of 35 
mph and higher." The corresponding friction factors were 
0.21, 0.18, and 0.15, for 20 mph, 25 to 30 mph, and 35 mph 
or higher, respectively. Satisfactory speed levels were indi
cated by acceptance by "a percentile value of 85 percent for 
curves of 30 mph or less and 90 percent for curves with speeds 
of 35 mph." Moyer and Berry (10) gave suggestions for rough 
roads and nighttime speeds. "The only condition in which the 
ball bank angle of 10 degrees or higher will not indicate the 
safe daylight speed is when the surfaces are slippery when 
wet, or ice or snow covered." 

Moyer and Berry (10) addressed the relative safety of their 
recommendation. 

While it is true that friction values are lower on wet surfaces 
than on dry surfaces, ... there is still a large margin of safety 
on wet surfaces properly constructed and maintained if the 
low value off= 0.1 at a ball bank reading of 10 degrees is 
used .... 

Further, 

asphalt, concrete and similar types with a gritty surface texture 
or sandpaper finish provide a wide margin of safety against 
skidding for speeds with a ball bank value of 10 degrees .... 
This analysis shows that drivers can drive safely at the posted 
speed on properly constructed and maintained surfaces when 
wet and even when covered with snow free from ice. 

Figure 2 supports these statements by showing the coefficient 
of friction versus speed, tire conditions, and road surface type. 
Moyer and Berry (10) did not estimate the margin of safety. 
The method presented here will show how such estimates may 
be made. 

The development of the AASHTO vertical curve design 
standard contrasts with the pragmatic research of Moyer and 
Berry (10). An excellent summary of the history of stopping 
sight distance in the United States is given by Hall and Turner 
(11). Neuman (12) gives the following overview of the 
AASHTO policy. 

The minimum sight distance available should be sufficiently 
long to enable a vehicle traveling at or near the likely top 
speed to stop before reaching an object in its path. While 
greater length is desirable, sight distance at every point along 
Lhe highway should be at least that required for a below
average operator or vehicle to stop. 

Vertical curve design reduces to simply determining the 
driver's eye height and the height of an obstacle on the road, 
given a budget and a driver's reaction time. The U.S. stan
dard, used in 1940 and adopted in 1954, was an object of 4 
in. and an eye height of 4 ft 6 in. Increasing the object from 
0 to 4 in. reduced the length of the vertical curve by 40 percent, 
but above the 4-in. object height, little economic gain was 
derived. During the 1950s, the driver's eye height dropped, 
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so the 1965 AASHTO Blue Book specified an object height 
of 6 in. and a driver's eye height of 3 ft 9 in . 

The 1965 AASHTO committee thought the "standards 
adopted in 1954 were somewhat liberal." An object 7 in. high 
would give a stopping sight distance equal to that of the 1954 
standard. The reduction of 1 in. was adopted, because it would 
be "wise to provide a factor of safety .. . . "In Canada, RTAC 
1976 ( 4) recommends a maximum object height of 15 in. and 
a desirable object height of 6 in. with an eye height of 3 ft 
55/16 in. 

These two examples illustrate the concern that highway 
engineers have for highway safety and how they have devel
oped design policies, constrained by budgets and the inability 
to estimate factors such as the margin of safety and a safety 
index for isolated components of a highway. 

STOPPING SIGHT DISTANCE 

Theory 

Stopping sight distance is fundamental to all geometric design. 
To calculate the distance, suitable values as set by policy are 
assigned to the variables of Equation 5. This equation repre
sents the stopping sight distance supplied by the highway as 
the sum of the driver's perception-reaction distance plus the 
vehicle's braking distance. 

(5) 

where 

SSD = stopping sight distance (m), 
V = velocity (m/sec), 
T = perception-reaction time (sec), 
n = deceleration rate (m/sec2

) , 

H = highway, 
x = longitudinal axis of highway, 
D = driver, and 
v = vehicle. 
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For the driver-vehicle system, which is assumed to have 
small random errors, the corresponding expected values of 
the mean and variance are 

E(SSD..) (6) 

Var(SSD..) 
4( ex~}' 

(

7'2 V oTo Vb ) 2 + 1 b + 2---;,;- + (a~)2 O"v0 (7) 

where er denotes the standard deviation of the corresponding 
distribution. 

The stopping sight distance demanded by the driver-vehicle 
system depends on the speed V 0 that the driver selects, his 
or her perception-reaction time T 0 , and the stopping capa
bilities of the vehicle. No relationship is assumed between the 
driver's ability to brake the vehicle and the vehicle's ability 
to stop. This complexity may be included and will no doubt 
influence the numerical results, but adds little to the argu
ments being presented . 

The general relationship between the stopping sight dis
tance supplied by highway design and the distance demanded 
by the driver-vehicle system may be either a single value from 
the design manual or the actual value supplied after construc
tion and changes over time with the quality of the road. A 
single design value has been assumed for simplicity of the 
arguments, even though most of the equations are derived 
for the more general case . Failure is defined as when the 
demanded stopping sight distance exceeds the distance sup
plied. To compare the supply and demand, the measures of 
interest are the margin of safety and the reliability or safety 
index, as previously defined. 

The margin of safety for stopping sight distance is the dif
ference between the stopping sight distance supplied by the 
highway and that demanded by the driver-vehicle system, 
given by the following equations: 

M(SSD) = E(SSDH) - E(SSD ) (8) 

Var(M(SSD)) = Var(SSDH) + Var(SSDv) (9) 

The safety index for stopping sight distance is as follows: 

~ (SSD) 
£{ Dn) - £ (SSD.) 

(10) 
V Va; (S 0 11) + Var (SSD v) 
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If the AASHTO standard is used for the highway, then the 
safety index is as follows: 

l3 (SSD) = SSDn - E(SSD,.) 
VVar (SSD,.) 

(11) 

The evaluation of the probability of failure from Equations 
10 and 11 requires methods explained by Ang and Tang (9), 
because of the nonlinear combination of variables. The safety 
index used represents the situation in which the demand is 
random and the supply is fixed as a single value. 

Estimated Values 

The mean and standard deviation of the variables used in the 
stopping sight distance calculation are presented in Table 1. 
Few sources of good, basic data are available to precisely 
define the statistical nature of the variables. The graphical 
results for the lower AASHTO standard are shown in Figure 
3. If these values are reasonable, the resulting margin of error 
and safety index are as follows: 

• AASHTO high values (variance set to zero) compared 
to driver-vehicle system: SSDH is 198 m, margin of safety is 
61 m, safety index is 1.22, and chance of failure is about 
1 in 10. 

• AASHTO low values (variance set to zero) compared to 
driver-vehicle system: SSDH is 160 m, margin of safety is 
23 m, safety index is 0.42, and chances of failure are about 
3 in 10. 

Failure has been defined as the driver-vehicle system's 
demanding a stopping sight distance greater than that pre
scribed by the highway design. Failure may or may not result 
in a serious physical outcome, depending on particular cir
cumstances. 

The distribution of margin of safety is the normal distri
bution, shown in Figure 4. The two values plotted are AASHTO 
low, which represents the highway supply, and the driver
vehicle system, which represents the demand. The margin of 
safety distribution f(M) is as follows: 

_ 1 { [(M -@2]} 
f(M) - [2'1T Var (M)l'12 exp - 2 Var (M) 

TABLE 1 VALUES FOR STOPPING SIGHT DISTANCE 
(SSD) VARIABLES 

Highway, AASHTO Driver/Vehicle 

Variable Unit 
High Low Sourca 

v km/h 95 85 80 AASHTO (5) 

T • 2 . 50 2 . 50 1. 35 Olsen (13) 

a. g 0 . 29 0.29 0.24 Navin (1) 

•v km/h 0 0 8 .o Olsen (13) 

., s 0 0 0 . 18 Olsen (13) 

"• g 0 0 0 , 06 Navin (1) 

SSD calculated m 188 154 137 

SSD design m 198 160 

(12) 
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The distribution of Figure 4 gives an indication of how an 
acceptable value of margin of safety might be estimated and 
then explained to those who set policies for acceptable safety 
index values. 

HORIZONTAL CURVE 

Theory 

This analysis is similar to that for the stopping sight distance. 
The failure mode is assumed to be a vehicle rollover measured 
by the radius of turn. The highway's radius of curve is given 
by the following equation: 

v2 vi 
RH = __.!!__ = --=--

a~ (eH + f1)g 
(13) 

where 

RH = radius of curve (m), 
VH = highway design speed (m/sec), 

(AASHTO Vehicle Speed 85 km/h) 
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g = acceleration of gravity (9.8 m/sec2
), 

af = highway design lateral acceleration (m/sec2
), 

eH = highway superelevation (m/m), and 
fyH = highway lateral friction factor. 

The expected radius demanded by the driver-vehicle system 
(R 0 ), assuming the vehicle velocity and rollover threshold 
acceleration are normally distributed, independent, random 
variables, is 

v2 v;, ( uz,) <rl 
E(R 0 ) = __Q + ---- + ....J:JJ. a; (a;~ a; 

(14) 

The variance is 

( ) 
Vi!, ( cr!f) ~ 2 

Var Rn = ( •)l + 4 ( ")Z avn cx1• a,. 
(15) 

The margin of safety for radius is defined as the difference 
between the supply of the highway and the demand of the 
driver-vehicle system. 

M(R) = RH - E(R0 ) (16) 

The difference between the radii of turn is the suggested 
measure, even though this measure is not as intuitive as, for 
example, the stopping sight distance. The radius was selected 
because it is a physical design parameter that is easily related 
to the vehicle's velocity and threshold rollover acceleration. 
The lower the radius demanded by the driver-vehicle speed 
or stability, the safer the turning maneuver. Only when the 
radius demanded by the driver-vehicle system exceeds that 
provided by the highway should the curve fail insofar as the 
available radius has been exceeded. 

Setting RH as the single AASHTO value, the safety index 
for radius becomes 

~ (R) = R11 - E(R0 ) 

YVar(Rt>) 
(17) 

Equations 14 and 17 form the base of the remaining meas
ures. These equations have factors that represent the highway 
design elements (H), the driver (D), and the vehicle (v). 
These are the elements considered important for both design 
and analysis . 

Estimated Value 

The failure of a driver-vehicle system on a highway curve may 
be either a rollover or a slide-out. Cars will usually slide out 
and trucks roll over. The rollover mode of failure is assumed. 
The values of the variables are from Moyer and Berry (10) 
for the original design decisions and from the University of 
Michigan Transportation Research Institute (14) and Navin 
(1) for modern tractor-trailer rollover. 

Moyer and Berry, in discussing the margin of safety of their 
proposal to use a ball bank reading of 10 degrees, stated, 

As is evident ... considerably higher friction values than 0.15 
and higher speeds than that for a ball bank reading of 10 
degrees are possible .... This is most evident on the sharper 

ones, such as the 61-ft and the 100-ft radius curves. On these 
curves , friction values close to 0.5 were developed at speeds 
almost double the safe speed based on a ball bank reading of 
10 degrees. The ride at these speeds was far from comfortable 
and the limit of steering control was not far off; in fact, the 
path of the car was increasingly uncertain as the top speeds of 
these curves were approached. 
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Using the values of R, fy, and V given by Moyer and Berry 
(JO) in their Figure 5, the safety margins for the rollover 
failure mode are presented in Table 2. The very sharp curve 
(R = 18.6 m) has an estimated 2.6-m margin of safety at the 
recommended safe speed, and the slightly longer one has a 
29.1-m margin of safety. At the limiting speed of the curves, 
the margin of safety is - 0.9 m or more for the sharpest curve 
and 6.9 m for the longer. This simple analysis does not prove 
that the definition of margin of safety is correct, but it gives 
it some credibility on the basis of Moyer and Berry's (JO) 
description of vehicle handling. 

When the design speed is set at 95 km/hr with fy equal to 
0.12 and eH equal to 0.06, and the operating speed is set at 
85 km/hr (a. = 8.0 km/hr), and a vehicle's o.; equals 0.45 g 
(er,, = 0.08g), the results shown in Figure 5 are determined. 

If tractor-trailer rollover is the design criteria, the AASHTO 
design safe-speed radius of turn is 410 m and E(Rveh) is 116 
m. The average margin of safety is 294 m and the chance of 
a random rollover failure is remote. Another method of cal
culating a more realistic failure probability of about 1 in 100,000 
is given in Navin (15). Similar calculation for a car places ~ 
such that failure by rolling over is remote. These computations 
show how the process may be used to arrive at acceptable 
estimates of a safe curve. They do not necessarily represent 
actual margins of safety. 

DECISION SIGHT DISTANCE 

Theory 

The decision sight distance is associated with high-speed roads 
where stopping is not permitted and decisions must be made 
while speeds are maintained. The failure mode in such cir
cumstances is assumed to occur when the driver requires a 
distance greater than that provided by the highway. The fact 
that a failure may occur by technical definition does not 

TABLE 2 ESTIMATED MARGIN OF SAFETY (M) ON A 
CURVE 

Curve 1 Curve 2 

Variable Unit Safe Speed Driving Limit Safe Speed Driving Limit 

r, 0 . 14- 0.46 0.14 0.48 

v m/s 5.4 8. 9 11.2 17. 9 

R,, m 22.2 17 . 1 90.l 67. 9 

R, m 18 . 6 18 . 7 61.1 61.0 

M .. 2. 6 -0. 9 29 . 1 6 . 9 

M/Rtl • 14 -5 48 11 
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necessarily mean that the physical result is an accident. The 
design relationship used to estimate decision sight distance is 

where 

DSD = decision sight distance (m), 
TP = perception time (sec), 
TD = decision time (sec), and 
TM = maneuver time (sec). 

(18) 

The expected value and variance for the driver-vehicle system 
are given by the following equations: 

(19) 

Var(DSDD) = (cr}p + u}0 + u}M)Vb 

+ (TP + TD + TM)2u}0 (20) 

Using Equations 3, 4, 19, and 20, the safety margin and safety 
index for decision sight distance are as follows: 

M(DSD) = DSD H - E(DSD 0 ) 

!3 (DSD) = DSD 11 - E(DSD1.,) 
\/Var(DSD,) 

(21) 

(22) 

The safety index is easily computed in this case, because 
the variables in the basic equation are a linear combination 
and the normal probability tables may be used . 

Estimated Value 

The values from Table 3 and Equations 21 and 22 are used 
to produce the following results . The mean and variance of 
the various times are estimated from data spread throughout 
the ITE handbook (7) . The safety margin and safety index 
are calculated using the decision sight distance recommended 
for design purposes. 
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TABLE 3 VALUES FOR DECISION SIGHT DISTANCE 
(DSD) VARIABLES 

Highway, ITE Driver/Vehicle 

Variable Uni c 
High Low Source 

v km/h 95 85 80 ITE(7) 

Tp s 3 . 0 2 .o 2.5 ITE(7) 

To 7 .o 4 . 7 5 . 9 ITE(7) 

TH s 4. 5 4 . 5 4 . 5 ITE(7) 

•v km/h 0 0 10 . 0 Ol sen (13) 

.,. s 0 0 2 . 0 McGee* (16) 

"'" • 0 0 5 .) HcCl!e ( 16) 

"TH . 0 0 l. 7 McGee (16) 

SSD calculate d .. 382 296 287 

SSD design D 389 305 

.• Used ratio of mean to standard dev i ation from observed data, also used Triggs 
(17). 

• ITE high values (variance set to zero) compared to driver
vehicle system: DSDH is 389 m, margin of safety is 102 m , 
safety index is 1.38, and chances of failure are about 4 in 10. 

• ITE low values (variance set to zero) compared to driver
vehicle system: DSDH is 305 m, margin of safety is 18 m, 
safety index is 0 .06 , and chances of failure are about 5 in 10. 

PASSING SIGHT DISTANCE 

Theory 

Passing sight distance is associated with the design of two
lane roads and helps determine their level of service . The 
determination of the passing sight distance is based on obser
vation and calculated as follows: 

where 

PSD passing sight distance (m), 
V = speed of passing vehicle (m/sec), 
m = speed difference between vehicles (m/sec), 
a = acceleration of passing vehicle (m/sec2

), 

t1 preliminary delay time (sec), 

(23) 

t2 = time that vehicle occupies passing lane (sec), and 
d3 = safety distance (m). 

This formulation accounts for the preliminary delay dis
tance when the faster vehicle must decide to pass the slower, 
the overtaking distance, a safety distance between the faster 
vehicle and the approaching vehicle, and the distance traveled 
by the approaching vehicle during much of the maneuver. 
Assuming all the variables are independent , random, normal 
variables results in the expected value and variance, as fol
lows: 

E(PSDJ 

(24) 
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Var(PSDv) 

The margin of safety and safety index for passing sight dis
tance are estimated by 

M(PSD) = PSDH - E(PSDv) 

~ (PSD) = P Du - £(PSD 0 ) 

VVar{PSD 0 } 

(26) 

(27) 

The value of the safety index comes from a nonlinear com
bination of variables, and the probability of failure must be 
estimated by methods given by Ang and Tang (9). 

Estimated Values 

Values from Table 4 and Equations 24 through 27 are used 
to produce the following results. The mean and variance of 
the various times are estimated from data in Lay (18) and 
Hobbs and Richardson (19). The passing speed for design was 
set at the highway's design speed. The average for the passed 
vehicle was set lower. According to Hobbs and Richardson 
(19), the passing sight distance specified by design is able to 
accommodate 95 percent or more of all the passing operations. 
The safety margin and safety index are calculated using the 
passing sight distance recommended for design purposes. 

• ITE high values (variance set to zero) compared to driver
vehicle system: PSDH is 640 m, margin of safety is 102 m, 
safety index is 1.28, and chance of failure is about 1 in 10. 

• ITE low values (variance set to zero) compared to driver
vehicle system: PSDH is 305 m, margin of safety is -233 m, 

TABLE 4 VALUES FOR PASSING SIGHT DISTANCE 
(PSD) VARIABLES 

Highway DriverfVehicle 

Variable Unit 
High Low Source 

v km(h 95 88 80 Hobbs (19) 

m km/h 16 16 16 Hobbs (19) 

a g 0 , 19 0 . 19 0 , 15 Hobbs (19) 

t, s 4. 3 4.3 4. 3 Hobbs (19) 

t, s 10. 7 10. 7 10 . 0 Rockwell (20) 

d, m 76 76 76 

•v km/h 0 0 8 .o Olsen (13) .. km/h 0 0 4.0 estimated* .. g 0 0 0.04 estimated 

o,, s 0 0 1 , 0 estimated 

~ .. s 0 0 1. 0 estimated 

.,, m 0 0 20 estimated 

PSD calculated m 671 616 538 rounded 

PSD design m 640 305 

* The estimated values come from a general reading through the Human Factors 
literature, Rockwell (20), The low value is used for pavement markings . 
Additional information may be found in Ohene (21) . 
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and safety index has a value of - 4.07, which implies that it 
is inadequate about 99 times out of 100. 

VERTICAL CURVE 

Theory 

The design of vertical curves is based on stopping sight dis
tance as determined by eye and object height for crest curves 
and headlight beam for sag curves. The following formulation . 
is for crest curves with the stopping sight distance shorter than 
the length of the vertical curve; the curvature is estimated by 
the factor Km given as 

where 

F = (2h1)112 + (2h2)112, 
h1 = eye height (m), and 
h2 = object height (m). 

(28) 

Given that all the variables are normal, independent, and 
random, the expected value and variance are as follows: 

E(K ) - Sb p-2 . .J:._-F-2 2 
D - }00 + 100 (J'sD 

+ SI, p-3[3F-1(2h )-114 + 2(2h )312](]'2 100 1 1 h1 

+ SI:, p-3[3F-3(2h )-114 + 2(2h )-312](]'2 
100 

2 2 
'" 

(29) 

(30) 

The margin of safety for the crest vertical curve is 

(31) 

The following safety index must be evaluated by the meth
ods given by Ang and Tang (9), because the basic relationship 
is not a linear combination of variables. 

~ (k) 
K11 - E(Kv) 

\/Var(K0 ) 

Estimated Value 

(32) 

The values from Table 5 and Equations 29 through 32 are 
used to produce the following results. The mean and variance 
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TABLE 5 VALUES FOR VERTICAL CREST CURVE 
VARIABLES 

Highway DriverfVehicle 

Variable Unit 
High Low Source 

s .. eqn 5 eqTI 5 eqn 6 

h, .. 1 . 07 1.07 1.07 AASHTO (5) 

h, m 0 . 15 0 , 15 0 . 1~ AASHTO (5) 

a, ~ 0 0 eqn 7 

"•• m 0 0 0,007 ITE' 65 (22) 

""' a 0 0 0.01 estimated* 

K calculated a 88 61 47 . 2 

K design m 95 58 

'The estimated values come from a general reading of the driver, Chapter 3, Figure 
3 . 6 of the Traffic Engineering Handbook, Washington, D.C., 1965 (22) . 

eye height are estimated from data from ITE (22). The safety 
margin and safety index are calculated using the stopping sight 
distance recommended for design purposes. 

• AASHTO high values (variance set to zero) compared 
to the driver-vehicle system: KH is 95, margin of safety is 48, 
safety index is 2.72, and chances of failure are about 3 in 
1,000. 

• AASHTO low values (variance set to zero) compared to 
driver-vehicle system: KH is 58, margin of safety is 11, safety 
index is 0.49, and chances of failure are about 3 in 10. 

The margin of safety in this context is not as intuitive as 
that for stopping sight distance, but the safety index when 
stated as a chance of failure is easily understood. 

RESULTS 

The preceding calculations are summarized in Table 6. The 
standard design parameter values supplied by the highway are 
given in the first column. The expected demands by the driver
vehicle system are in the second column. The difference between 
the highway and driver-vehicle system is the margin of safety. 
An estimate of the safety index for the isolated components 
is given in the last column (chance of failure). 

The margin of safety is a convenient safety measure for 
design parameters, such as stopping sight distance or radius 
of turn, but not for geometric elements such as vertical cur
vature, K. The safety index appears to be a more useful meas
ure for comparative purposes. When stated as a probability 
of failure, the safety index is an effective measure. Failure is 
defined simply as the driver-vehicle system demand exceeding 
the highway's supply of a particular design parameter. In this 
case, the consequence of a failure may be speculated, and, 
given its probability, the risk may be estimated as the product 
of the consequence and its probability of occurrence. If all 
the consequences of failure are identical, then, to have a 
highway with uniform risk, the components would be designed 
to have an identical chance of failure. 

Actually designing highways by a procedure that is similar to 
that used by structural engineers for buildings appears to be 
feasible. The procedure is simple in concept. If the mean, var
iance, and distribution of a particular driver-vehicle design 
parameter are known, this value can be increased to reflect 
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TABLE 6 HIGHWAY AND DRIVER-VEHICLE DESIGN 
PARAMETERS 

Design AASHTO Driver Safety Safety Chance of 
Parameter Unit or ITE Vehicle Margin Index Failure 

SSD high m 198 137 61 1 , 22 1: 10 

SSD low m 160 137 23 0.42 3: 10 

R truck m 410 116 294 55 remote 

car m 410 79 331 .. remote 

DSD high m 389 286 102 1.35 4: 10 

DSD low m 305 286 18 0.06 5: 10 

PSD design m 640 538 102 1.28 1: 10 

PSD paint m 305 538 -233 -4 . 07 99: 100 

K desirable 95 47 48 2. 72 3:1,000 

(crest) low 59 47 11 0.46 3: 10 

uncertainty and the importance of the road link. The procedure 
is summarized in the design Equation 33 for parameter P. 

where 

<!> performance factor, 
S highway system importance, 
E exposure factor, 
T = traffic mix, 
D = driver mix, 
e = environmental factor, 
t = terrain factor, and 

d = desired design or construction standard. 

(33) 

The value of the parameter P Div is taken from observation 
of the driver-vehicle system. Factors alter this observed value 
on the basis of the strategic importance of the road, the num
ber of road users, the types of vehicle, the quality of drivers, 
expected environmental conditions, the terrain, and the over
all design and construction standard required. The perform
ance factor <!> reduces the roads' supplied characteristics to 
some acceptable level. A general organization of the relation
ship between the demanded driver-vehicle parameter and the 
highway supply is shown in Figure 6. The highway supply may 
also be subject to changes experienced over time. Also, the 
driver-vehicle system demand need not be independent of the 
supply. Most of the factors are already implicitly considered 
in road design. The strength of the proposed procedure is 
that it requires the designer to explicitly specify the factors. 

The problems that remain are (a) determining that there 
are advantages to explicitly defining the design parameter of 
a highway, and (b) actually developing the basic driver-vehicle 
system information and the factors by which it may be modified. 

REQUIRED RESEARCH 

The margin of safety and safety index for isolated geometric 
sections of a highway can be estimated. However, basic infor-
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FIGURE 6 General highway design parameters (P). 

mation on limits to various driver and vehicle performance 
measures is lacking. To correct this, detailed experiments and 
onsite observations must be undertaken to establish perfor
mance limits for normal operations, human tolerance, and 
vehicular road limits. Also, the statistical nature and inter
action of phenomena such as operating speed, perception 
reaction time, vehicle deceleration rates, vehicle lateral accel
eration rates, passing speeds, and others as indicated in the 
equations and as related to road geometry need to be studied. 

In addition to these statistical distributions, consideration 
must be given to the appropriate values to use in the equa
tions, as well as the acceptable safety margin and safety index 
for various types of roads. Finally, some method must be 
devised to convey the information on relative levels of safety 
to the various vehicle populations in operating conditions. 

CONCLUSIONS 

Early researchers such as Moyer and Berry (10) explicitly 
recognized the problems of margin of safety. Using the ball 
bank indicator, car driver reactions, and observations, they 
developed a procedure that provided, in their judgment, a 
reasonable margin of safety. Moyer and Berry and other 
researchers of the day were limited by instrumentation, in 
particular reliable accelerometers, and could not estimate the 
margin of safety. If they could have, they would no doubt 
have included variables representing the driver, the vehicle, 
and the road. 

The margin of safety and safety index may be estimated 
using the methods outlined for all isolated geometric sections 
of a road. The equations also allow individuals or agencies to 
set, as a policy, the accepted chance of failure at an isolated 
component. Once such a policy is accepted, it is possible to 
calculate the correct design value, provided the demand func
tion and supply variance are known. 

Further research should be undertaken to explore the use
fulness of these equations. The equations appear to hold some 
promise that a reasonable measure of safety may be estimated 
for isolated components of the road. 
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Review of AASHTO Green Book 
Procedures for Sight Distance at Ramp 
Terminals 

KAY FITZPATRICK AND JOHN M. MASON, JR. 

Policy described in the AASHTO Green Book (1984 edition) 
concerning sight distance at ramp terminals is reviewed. Ramp 
terminal design procedures should be commensurate with design 
principles for at-grade intersections and required si~ht dista~ce 
values should be similar to those for stop-controlled mtersect10n 
sight distance values. However, sight distance values for ramp 
terminals are over 21 percent lower than those obtained from the 
B-1 curve procedure because of different distance-traversed 
assumptions. Available sight distance has been recalculated. at 
ramp terminals assuming the Green Book values for stoppmg 
sight distance, driver eye height, and object height. Equations 
were developed to reproduce the B-1 curve and then truck char
acteristics were substituted for passenger car characteristics to 
determine the sight distance requirements for a stopped truck. K 
values needed to produce vertical curves that will provide the 
required sight distances (i.e., B-1 curve sight distances) both for 
passenger cars and for trucks are generally greater than Green 
Book K values used for vertical curve design. Therefore, devel
opment of alternative approaches for establishing sight distance 
values at ramp terminals (and at-grade intersections) should be 
investigated. 

AASHTO's 1984 A Policy on Geometric Design of Highway 
and Streets (Green Book) (1) contains several procedures that 
can be used to determine intersection sight distance for a 
stopped vehicle. One procedure (Case III) is described for 
stop controls on secondary roads. The Green Book (1) states 
that "the driver of the vehicle on the minor road must have 
sufficient sight distance for a safe departure from the stopped 
position even though the approaching vehicle comes in view 
as the stopped vehicle begins its departure movements." Other 
procedures are described for arterial highways, railroad-grade 
crossings, and ramp terminals. 

In the ramp terminal section, the Green Book (1) states 
that "although ramp terminals may be considered part of 
interchange design . . . the terminals should be planned in 
accordance with design principles for at-grade intersections 
;ind with p;irticul;ir ;ittention to sight ctist;ince ch;irncteristics." 
As such, the ramp terminal procedure should produce results 
that are similar to Case III procedures. But sight distance 
values presented in Table 1 for ramp terminals are different 
from those found using Case III procedures (shown in Figure 
1). If the ramp terminal procedure is only concerned with 

K. Fitzpatrick, Texas Transportation Institute, Texas A&M Univer
sity, College Station, Texas 77843. J. M~son: Pennsylvama Tra~s
portation Institute, Pennsylvama State Umvers1ty, Research Bmldmg 
B, University Park, Pa. 16802. 

sight distance to the left for a left-turning vehicle, then the 
ramp terminal procedure should yield results similar to those 
produced using the B-1 curve procedure (see Figure 1). How
ever, the ramp terminal sight distance values are over 21 
percent lower than the B-1 curve values. When the ramp 
terminal sight distance values are compared with the values 
obtained using other procedures (e.g., turning vehicle attains 
average running speed or design speed), the differences are 
much greater. Using the values in Table 1 at a ramp terminal 
will result in sight distances that are less than the sight dis
tances at other at-grade intersections that use Case III 
procedures. 

Parameters are identified that are necessary to calculate 
both the sight distances at ramp terminals and the relevant 
Case III curve. An evaluation of the parameters explains the 
differences in the sight distance values betwen the ramp ter
minal and Case III, B-1 curve procedures. Development of 
specific equations permits the calculation of sight distances 
for other conditions, such as when the stopped vehicle is a 
truck, or when a vehicle turning onto a road must clear more 
than one lane. 

GREEN BOOK (J) POLICY 

Sight distance criteria for ramp terminals are intended to ensure 
that a vehicle stopped at the terminal will have adequate time 
to turn left and clear the intersection without colliding with 
a vehicle coming from the left. Ramp terminals should be 
designed on the basis of the same sight distance design ele
ments as those used for other at-grade intersections. An added 
sight distance consideration is the location of bridge parapet 
walls or bridge railings. 

The Green Book (1) indicates that the primary difference 
between this condition and the Case III-A (crossing maneu
ver) procedure is the increase in the time and distance traveled 
by vehicles negotiating the left turn rather than 1,;russiug the 
highway. Distances cited in the Green Book (1) for a turning 
vehicle to clear the intersection are 60 ft for the passenger 
car, 90 ft for the SU design vehicle, and 120 ft for the 
WB-50 design vehicle. Other assumptions include 

• Front of the stopped vehicle is 10 ft from the edge of the 
through pavement (i.e., D = 10 ft); 

•Turning vehicle follows its minimum turning path; 
•Turning vehicle enters a two-lane, two-way roadway; 
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TABLE 1 REQUIRED SIGHT DISTANCE ALONG THE 
CROSSROAD AT TERMINALS OF RAMPS AT 
INTERCHANGES [GREEN BOOK (1), TABLE IX-9] 

Sight Distance Required to Sight Distance 
Permit Design Vehicle to Available to 
Turn Left from Ramp to Entering Vehicle 
Crossroad• When Vertical Curve 

on Crossroad is 
Assumed Designed for 
Design Design Vehicle Assumed at Stopping Sight 
Speed on Ramp Terminal Distanceb 
Major road 

p SU WB-50 p SU or WB-50 
(mi(h) (ft) (ft) (ft) (ft) (ft) 

30 320 460 620 310 350 

40 420 610 820 420 480 

50 530 760 1,030 540 600 

60 630 910 1, 230 730 820 

70 740 1, 060 1,430 920 1,040 

•sight distance measured from height of eye of 3. 50 ft for P, SU, 
and WB-50 design vehicle to an object 4.25 ft high . 

~inimum available stopping sight distance based on the assumption 
that there is no horizontal sight obstruction and that S<L. 

• Time to accelerate can be determined from Figure 2; and 
• Perception and preparation time is 2.5 sec. 

Figure 3 shows the sight distance at ramp terminals. The 
Green Book (J) criteria indicate that both the horizontal sight 
triangle (Figure 3a) and the vertical curvature (Figure 3b) 
should be checked to ensure that the required critical sight 
distance from Table 1 is provided . Further, the privileged 
vehicle (traveling unimpeded) must have adequate stopping 
sight distance to a vehicle stopped at the ramp terminal. 
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FIGURE 2 Sight distance at intersections [Case III, acceleration 
from stop, Green Book (I), Figure IX-21). 

REPRODUCTION OF GREEN BOOK (1) SIGHT 
DISTANCE VALUES 

Vehicle Acceleration From a Stopped Position 

A major influence on sight distance is the acceleration capa
bility of the vehicle. Two figures in the Green Book (J) can 
be consulted for vehicle acceleration information. Figure 2 
shows time-distance curves depicting passenger car normal 
acceleration and the recommended assumed acceleration for 
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A - SAFE SIGHT DISTANCE FOR P VEHICLE 
CROSSING 2-LANE HIGHWAY FROM STOP. 
(SEE DIAGRAM) 

,......v 
B-1 - SAFE SIGHT DISTANCE FOR VEHICLE 

TURNING LEFT INTO 2• LANE HIGHWAY 
ACCROSS P VEHICLE APPROACHING 
FROM LEFT. (SEE DIAGRAM) 

B-2& - SAFE SIGHT DISTANCE FOR P VEHICLE 
TO TURN LEFT INTO 2-LANE HIGHWAY 
AND ATTAIN DESIGN SPEED WITHOUT 
BEING OVERTAKEN llY A VEHICLE 
APPROACHING FROM THE RIGHT ANO 
MAINTAINING DESIGN SPEED 

B-2b- SAFE SIGHT DllTANOE FOR P 
VEHICLE TO TUR!4 LEFT INTO 2-LANE 
HIGHWAY AND A1TAIN AVERAGE 
RUNNING SPEED WITHOUT BEING 
OVERTAKEN SY VEHICLE 
APPROACHING FROM THE RIGHT 
REDUCING SPEED FROM OE8 1GN SPEED 
TO AVERAGE RUNNING SPEED. 
(IEE DIAGRAM) 

Ca - SAFE SIGHT DISTANCE TO P VEHICLE 
TO TURN RIGHT INTO A 2-LANE 
HIGHWAY AND ATTAIN DESIGN SPEED 
WITHOUT BEING OVERTAKEN BY A P 
VEHICLE APPROACHING FROM THE 
LEFT TRAVEL ING AT DESIGN SPEED. 

Cb - SAFE SIGHT DISTANCE FOR P VEH ICLE 
TO TURN RIGHT INTO 2-LANE HIGHWAY 
AND ATTAIN AVERAGE RUNNING SPEED 
WITHOUT BEING OVERTAKEN BY 
VEHICLE APPROACHING FROM THE LEFT 
ANO REDUCING FROM DESIGN SPEED TO 
AVERAGE RUNNING SPEED. 
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FIGURE 1 Intersection sight distance at at-grade intersections [Case III, B and C, Green Book (1), Figure IX-27]. 



192 

·- -------it. 
26 " 

•A· Height ol Eye 3 50' 

4.25' 

~ 141

'--I --~-,-~r 
·B· 

FIGURE 3 Measurement of intersection sight distance at ramp 
terminals [Green Book (1), Figure IX-29]. 
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FIGURE 4 Acceleration curves [Green Book (1), Figure 
IX-22]. 
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passenger cars, SU trucks, and WB-50 trucks. These curves 
represent 40- to 200-ft distances traveled during acceleration. 
Figure 4 presents speed versus distance curves for passenger 
car normal-rate acceleration for level conditions from 0 to 
2,400 ft and "normal rate for level conditions, representative 
weight-power ratio" truck acceleration from 0 to 5,000 ft. 
Truck acceleration curves in Figure 4 represent SU and 
WB-50 design vehicles and were determined from truck 
performance studies. 
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Acceleration times can be estimated on the basis of Figure 
4. Table 2 presents the distance values read from the figure 
in 5-mph increments. The distance increment column is the 
distance traveled during the previous 5-mph increase. The 
time increment column was calculated using the following 
equation: 

Time Increment 
2 x Di tancc Increment 

(1) 
V 1,,1111o 1 + V ""' 

where Vinitial and vfinal are the vehicle's initial and final speeds, 
respectively. Acceleration time is the sum' of the previous time 
increments. An inherent assumption in using either Figure 2 
or Figure 4 is that the acceleration rates for right- and left
turning maneuvers are not significantly different. 

Sight Distance at Ramp Terminals 

The Green Book (1) states that "the length of highway open 
to view from the ramp terminal must be greater than the 
product of the speed of a vehicle on the crossroad and the 
time necessary for the vehicle entering the crossroad from a 
stopped position on the ramp to start and complete a left turn 
onto the crossroad." On the basis of this statement and assum
ing that the procedure is only concerned with vehicles 
approaching from the left, passenger car results should be 
similar to the Green Book (1) B-1 curve in Figure 1 (the 
sight distance to clear the near lane). B-1 sight distance values 
should be slightly less than the ramp terminal sight dist.ances 
because the B-1 procedure assumes a perception-reaction 
time that is 0.5 sec less than the ramp terminal procedure. 
The B-1 curve procedure assumes a 2.0-sec perception time 
and time (J) required to actuate the clutch or automatic shift, 

TABLE 2 ACCELERATION DISTANCE AND TIME 
VALUES ON THE BASIS OF FIGURE 4 

Distance Distance Time Acceleration 
Speed Traveled Increment Increment Time 
(mi/h) (ft)' (ft) (sec) (sec) 

Passenger Cars 

5 10 10 2 , 72 2. 72 
10 30 20 l_ Bl 4.54 
15 50 20 1..09 5. 62 
20 125 75 2. 92 8 , 54 
25 210 85 2.57 11 . 11 
30 350 140 3. ~6 14 . 57 
35 550 200 ' · . 19 18 -76 
40 800 250 tt .sr. 23 . 29 
45 1 , 075 275 4J10 27 . 70 
50 1 , 400 325 '· .65 32 . 35 
55 1 , 800 400 5.18 37 . 53 
60 2,300 500 5 . 92 43 _45 
65 2, 900 600 6.53 49 . 98 
70 3' 600 700 7 , 05 57 , 03 

Trucks 

5 50 50 13. 61 13 , 61 
10 100 50 4_54 18 14 
15 175 75 4.08 22 . 22 
20 275 100 3. 89 26 . 11 
25 450 175 5. 29 31.40 
30 700 250 6 .18 37 . 58 
35 1 , 200 500 10.47 48 . 05 
40 1 , 900 700 12. 70 60 . 75 
45 3' 200 1, 300 20. 81 81.56 
50 5,000 1,800 25. 78 107 . 34 

-Values read from figure 4 . 
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whereas the ramp terminal procedure assumes a perception 
and preparation time tPP of 2.5 sec. However, the sight dis
tances at a ramp terminal are over 21 percent lower than 
the distances obtained using the B-1 curve (clear lane) 
procedure. 

Using the Green Book (J) sight distance at ramp terminals 
values listed in Table 1 and the assumption of 2.5 sec for tPP' 

the average acceleration times (t,) were determined. On the 
basis of these times, the distance that the turning vehicle 
traveled (S,) and the speed (V) reached by the turning vehicle 
were found. The turning radius (R) for the minor-road vehicle 
was determined assuming that the vehicle was 10 ft from the 
edge of the through pavement and that it followed the min
imum turning path as assumed in the Green Book (J). The 
results are presented in Table 3. 

Calculated distance traveled (S,) and turning radius (R) 
values in Table 3 do not agree with the assumptions stated in 
the Green Book (J). Distance traveled (S,) values that were 
stated in the section on sight distance at ramp terminals of 
the Green Book (J) are 60, 90, and 120 ft. Turning radii (R) 
based on these distances are given in Table 4. Radii calculated 
from the sight distance values in Table 1 (listed in Table 3) 
and radii calculated from the Green Book (J) assumed dis
tance traveled by left-turning vehicles (listed in Table 4) are 

TABLE 3 CALCULATED VALUES ON THE BASIS OF 
TABLE 1 SIGHT DISTANCE VALUES 

p SU Wl!-50 

Average acceleration time, t:, (sec) 4. 7 7. B 11.5 

S1 values from figure 2 (ft) 50 75 110 

Speed, v, reached using figure 4 15 11 
(mi/h) 

Turning radius, R (ft)' 13 22 29 

•calculated assuming L - 19 ft for P, 30 ft for SU, and 55 ft for 
WB-50 vehicles, D - 10 ft, and Sl values from table. 

TABLE 4 CALCULATED VALUES ON THE BASIS OF 
GREEN BOOK (1) ASSUMED DISTANCE TRAVELED 
VALUES 

SU WB-50 

Green Book assumed distance 
traveled, s, (ft) 60 90 120 

Acceleration time, t,, using 5. 2 B. 6 12.1 
figure 2 (sec) 

Turning radius, R (ft)' 20 32 35 

Speed, v, reached using figure 4 16 11 
(mi/h) 

•calculated assuming L - 19 ft for P, 30 ft for SU, and 55 ft for 
WB-50 vehicles, D - 10 ft, and 51 values from table. 

TABLES GREEN BOOK (1) ASSUMED VALUES FOR 
TURNING RADII 

Left turns (ft)• 
Right turns (ft)' 

•From Green Book Tab le IX-20 , 
bFrom Green Book Table 11-2. 

p 

40 
24 

SU 

50 
42 

Wl!-50 

60 
45 
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both less than the design turning radius for both left and right 
turns (see Table 5). 

As such, the values in Table 1 cannot be reproduced on 
the basis of the information contained in the Green Book (1). 
Sight distances using assumed distance traveled (S,) values 
listed in the Green Book (1) (60, 90, and 120 ft) produce sight 
distance values that are between 5 and 11 percent greater than 
the values listed in Table 1. When a perception and prepa
ration time tPP of 2.0 sec instead of 2.5 sec is used, the cal
culated sight distances are less than 4 percent different from 
the values listed in Table 1. 

Sight distance at ramp terminals should be similar to the 
B-1 curve (clear lane) procedure for sight distance to a vehi
cle approaching from the left. The Green Book (1) does not 
provide the necessary equations and parameter values for the 
B-1 curve (clear lane) procedure to generate sight distance 
values for trucks. The following section contains the equations 
and passenger car characteristics needed to reproduce the 
B-1 curve. Truck characteristics can then be substituted for 
the P values to determine the sight distance for trucks. 

Green Book (I) 8-1 Curve or Clear Lane (CL) 
Procedure 

The B-1 curve procedure is used to establish the sight dis
tance to be provided for a passenger car turning left onto a 
two-lane highway when a vehicle is approaching from the left 
as shown in Figure 5. Sight distance is the product of the 
major road vehicle speed and the turning vehicle's accelera
tion time needed to clear the near lane. The following equations 
were used to reproduce the curve: 

ISD8 _ 1 or ISDcL = l.47Vt (2) 

(3) 

(4) 

(5) 

t = ts + J 

S, = D + L + W, 

W, = TI x R/2 

where 

ISD 8 _ 1 or ISDcL = sight distance along the major
roadway's near lane to the left for left 
turns (ft) (see Figure 5); 

V = velocity of major-road vehicle (mph); 
t = time for a stopped minor-road vehicle 

to initiate the turn and clear the near 
lane (sec); 

J = sum of the perception time and the 
time required to actuate the clutch or 
actuate an automatic shift (sec); 

S, = distance that the turning vehicle must 
travel to clear the near lane (ft); 

ts = time required by the turning vehicle to 
accelerate and traverse the distance (S,) 
to clear the near lane (sec) (data avail
able from Figure 4 and Table 1); 

D distance from the near edge of major
road travel Janes to the front of a 
stopped vehicle (ft); 
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Q 

MAJOR ROAD 

ISD9-1 R ISD8 • or ISD9 _2 

(ISDcL.l ( ISDcs or ISDRS l 

FIGURE 5 Distances considered in a left-turn maneuver [modification of Green Book (1), 
Figure IX-24). 

W, pavement traversed along path of 
turning vehicle (ft); 

L length of minor road vehicle (ft); and 
R radius of left turn for minor-road vehi

cle (ft). 

Values from the B-1 curve were used to calculate accel
eration times (t,). Assuming a perception-reaction time J of 
2.0 sec, the t, values averaged 7.4 sec. Using data derived 
from Figure 4, distance traveled (S,) by a passenger car during 
7.4 sec is 95 ft . Assuming a vehicle length L of 19 ft and a 
10-ft distance D between the edge of the travel way and the 
front of the vehicle, the length of pavement W, traversed along 
the turning path of the vehicle is 66 ft. The 66-ft vehicle path 
results in a 42-ft radius. From the Green Book (1) , control 
radius R for a left-turning passenger car is 40 ft. The 42-ft 
radius is within an acceptable range of an assumed 40-ft radius. 
As such , the acceleration time (t5 ) and distance (S,) values 
used to generate the B-1 curve agree with Figure 4. 

Table 6 presents the calculated sight distances for a pas
senger car, SU truck, and WB-50 truck. Except for 20 mph, 
the calculated passenger car sight distance values are within 
5 percent of the rounded Green Book (1) sight distance values 
from Figure 1. Equations 2-5 were then used to determine 
sight distances for trucks. Turning radii R values selected from 
the Green Book (1) were 40, 50, and 60 ft for P, SU, and 
WB-50 design vehicles, respectively. The time to clear the 
near lane (t,) is based on data derived from Figure 4. Sight 
distance for an SU design vehicle ranges from 622 ft (20 mph 
design speed) to 2,176 ft (70 mph design speed). Sight dis
tances for a WB-50 design vehicle are between 687 and 2,404 
ft for the same range of design speeds. 

Measurement of Sight Distance 

The Green Book (1) cautions that both the horizontal sight 
triangle and the vertical curvature should be checked to ensure 
that the required sight distance is provided. Figure 3 shows 
the horizontal and vertical sight distance considerations. The 

TABLE 6 CLEAR LANE (B-1 CURVE) SIGHT DISTANCE 
VALUES 

B-1 Curve Calculated Sight Distance 
Figure 1 

(Green Book Passenger Car SU Truck WB-50 Truck 
Speed figure IX-27) B-1-P B-1-SU B-1-WB-SO 
(m1/h) (fc) (fc) (fc) (fC) 

20 300 272 622 687 
2S 350 340 777 8S8 
30 425 408 933 1,030 
3S 500 476 1,088 1, 202 
40 S50 S44 1, 243 l, 374 
4S 62S 612 1, 399 1, S4S 
so 67S 680 1,554 1. 717 
55 7SO 748 1, 710 l,889 
60 82S 81 6 1, 865 2 ,060 
65 87S 884 2 ,021 2' 232 
70 950 9S2 2, 176 2 ,404 

The following vehicle characteristics were used: 

Characteristic PC SU WB-SO 

Vehicle length, L (fC) 19 30 SS 

Turning radius, R (fc) 40 so 60 

Distance to clear, s, (fc) 92 119 159 

Time to clear, t 1 (sec)• 7 . 2 19. JS 21.4 

'Based on figure 4 and table 2 . 

sight line dimension along the minor road or ramp approach 
is 26 ft from the driver side of the major-road vehicle to what 
appears to be the driver of the stopped vehicle. 

Distance D between the stopped vehicle and the edge of 
the through pavement is staled in the Green Book (1) section 
on stop control on secondary roads as being 10 ft. The section 
in the Green Book (1) on ramp terminals does not include 
discussions on the distance the minor~road driver is from the 
front of the vehicle or the distance between the edge of the 
travel lane and the major-road vehicle. (The s~ction in the 
Green Book (1) on railroad grade cro sings assumes a distance 
of 10 ft from the driver to the front of the vehicle.] If a distance 
of 10 ft is assumed, then the sight line dimension will be to 
the middle of the major-road near lane (a distance of 6 ft) , 
rather than to the front left side of the major-road vehicle. 
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Available Sight Distance for Intersections 

Available sight distance is the unobstructed distance along 
the road at which a driver can see an object. For intersections, 
the available sight distance is governed by the horizontal and 
vertical alignment and the heights of the driver's eye and the 
approaching vehicle. This distance can be calculated using the 
height of the approaching major-road vehicle and the stopped 
driver's eye height in the vertical curve equation with a known 
vertical curve length and algebraic difference in grade. Exam
ples for a passenger car and a WB-50 truck are shown in 
Figures 6 and 7, respectively. 

The desirable length of a vertical curve is based on stopping 
sight distance (SSD), algebraic difference in grade (A), driv
er's eye height (h 1), and object height (h 2 ) . SSD values used 
for vertical curve design assume wet pavement conditions and 
a vehicle traveling at the design speed of the roadway. The 
equation for length of vertical curve is 

A(SD)2 
(6) 

where 

L length of crest vertical curve (when L < SSD) (ft); 
A algebraic difference in grade (percent) ; 

SD sight distance (ft) (note that wet-pavement SSD is 
used to determine vertical curve length); 

h1 = height of driver's eye above roadway surface (ft); 
and 

h2 = height of an object above roadway surface (ft) . 

P design vehicles -, 

.u ,.. 

Not to sca le 
Des i gn speed on major road 

is 65 mi/h. 

3% 
height 

L =KA = 400(6) • 2,400f t 
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When the driver's eye height h1 is 3.5 ft and the object height 
h2 is 0.5 ft as assumed in the Green Book (1), and SSD < L, 
the following formula can be used : 

L = A(SSD)2 

1,329 
(7) 

Available sight distance can be calculated by equating 
Equations 6 and 7 and solving for SD. The available sight 
distance values listed in Table 1 should be available from the 
rearranged equation 

(SD)2 = 100 (SSD)2 [(2h 1)
112 + (2h2)

112l2 
1,329 

(8) 

Footnote (a) in Table 1 states that the driver's eye height is 
3.5 ft and the object height or oncoming vehicle height is 4.25 
ft . However , the values listed in Table 1 were not found using 
Equation 8. Because the procedure was first included in 
AASHO's 1965 Blue Book (2) and the required sight distance 
values did not change between editions, whereas the stopping 
sight distance, eye height , and object height values did change, 
the following equation was developed to fit the assumptions 
in the Blue Book (2): 

(9) 

The Blue Book (2) assumed that the driver's eye height 
was 3. 75 ft for P design vehicles and 6. 0 ft for SU and 

I 
,\J 

~ ~ 

88 4 f t ~ 
Curve B-1 sigh t distnnce 

I l06 !c 
Avnd,J.nble sight distance from 
vertical curve limitations 

J, 106 f t Available Sight 
Distance 

, 
~p design 

vehicle 

FIGURE 6 Example of sight distances at ramp terminals for a P vehicle on the minor road and a P 
vehicle on the major road. 
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r- ~ 
'"'-. / "I , 

P design vehic les ~WB-50 design 
vehicle 

1, 363 ft available sight distance from 

Not to scale 
Des ign speed on 
major road is 
65 mi/h. 

vertical curve limitations 

2,232 ft curve B-1 s1ght distance 

3% Maj or road vehicle (P) 
4. 25-ft vehicle height 

1, 363 ft available sight distance 

2,232 ft curve B-1 si ht distan~e 

L ~KA~ 400(6) - 2,400 ft 

FIGURE 7 Example of sight distances at ramp terminals for a WB-50 vehicle on the minor road and a 
P vehicle on the major road. 

WB-50 design vehicles, and that the object height was 4.5 
ft. Available sight distance values in Table 1 were found using 
these assumptions and Equation 9. Therefore, the available 
sight distance values that are listed in the Green Book (J) 
failed to incorporate the revised SSD, h1 , and h2 values. 

The correct available sight distance values using the as
sumptions in the Green Book (J) (i.e., eye height h1 of 3.5 
ft for a stopped vehicle and object height h2 of 4.25 ft) are 
as follows: 

Design Speed (mph) 

30 
40 
50 
60 
70 

Available Sight Distance (ft) 

305 
496 
725 
992 

1,297 

Corrections to the available sight distance values in the 
Green Book (J) were to be made in its 1990 edition (informal 
communications). Nonetheless , the discussion provides a 
comprehensive review of Green Book (J), Table IX-9, which 
is reproduced as Table 1. 

Calculated available sight distance values for P, SU, and 
WB-50 design vehicles are given in Table 7. Most of these 
values are less than the required sight distance values for the 
B-1 curve (clear lane) procedure listed in Table 6. Crest 
vertical curves would have to be designed with smaller grades 
to enable a ramp vehicle driver to see an oncoming major
road vehicle. The rates of vertical curvature, or K values, 
needed to produce the required sight distance values found 
in Table 6 are also presented in Table 7. A 4.25-ft object 
height (representing a passenger car) and 3.5, 6.0, and 7.75 
ft for P, SU, and WB-50 driver's eye heights, respectively, 
were used in determining the K values. The 7.75-ft height 

represents an average driver's eye height for conventional 
cabs found by Middleton et al. (3). The 6.0- and 3.5-ft heights 
are from AASHTO (1,2). 

IMPLICATION OF FINDINGS 

The sight distance at ramp terminal procedure as cited in the 
Green Book (1) is intended to include the time necessary for 
a stopped vehicle to start and complete a left turn. The pro
cedure does not provide additional time for the vehicle to 
attain any speed other than the speed achieved at the end of 
the turn. AP vehicle will be moving at approximately 15 mph 
after traveling 50 ft , an SU vehicle will be moving at 7 mph 
after 75 ft, and a WB-50 vehicle will be moving at 11 mph 
after 100 ft (see Table 3) . The speed values attained indicate 
that sufficient sight distance for a left-turning vehicle to com
plete the turn and achieve running speed is not provided. 

B-2a & Ca and B-2b & Cb curves (see Figure 1) represent 
the sight distance required for a turning vehicle to attain design 
speed or average running speed, respectively. The B-1 curve 
is the sight distance needed for a turning vehicle to clear the 
near lane. These values are greater than the ramp terminal 
sight distance values because of differences in the assumed 
distance traveled values. The B-1 curve procedure and vehi
cle characteristics available in the Green Book (1) resulted 
in values of sight distances between 933 ft (at 30 mph) and 
2,176 ft (at 70 mph) for an SU vehicle and between 1,030 ft 
(at 30 mph) and 2,404 ft (at 70 mph) for a WB-50 vehicle. 

Available sight distance values for a minor-road passenger 
car to a major-road passenger car traveling at 45 mph or below 
are less than the required sight distance values from the 
B-1 curve in Figure 1. On the basis of these assumptions and 
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TABLE 7 CALCULATED INTERSECTION SIGHT DISTANCES FOR 
VEHICLES STOPPED AT A RAMP TERMINAL 

PBssenger Car SU W8 -50 

!SD !SD !SD !SD !SD !SD 
Speed AASHTO Available 8 Requiredb Kc Available Required K Available Required K 
(ml/h) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) 

30 30 305 408 54 354 933 214 376 1,030 226 

35 40-50 381 476 73 442 1,088 291 470 1 , 202 308 

40 60-80 496 544 96 575 1,243 380 611 1, 374 402 

45 80-120 610 612 121 708 l, 399 481 752 1, 545 509 

50 110-160 725 680 149 841 l, 554 594 893 1, 717 628 

55 150-220 839 748 181 973 1, 710 718 1,034 1,889 760 

60 190-310 992 •816 215 l, 150 1, 865 855 1, 222 2 ,060 904 

65 230-400 l, 106 884 252 1,283 2 ,021 1,003 1, 363 2 ' 232 1,061 

70 290-540 l, 297 952 293 1 ,504 2' 176 1, 163 1, 598 2,404 1 , 231 

8Available intersection sighc distances are froro the following equation (assuming SSlKL): 

ss o2 100 1 (2xh1 J <1/ 2 ) + (2xh2 ) <1/ 2 ) 1 
1502 

available - l . 329 

where h 1 - 3 . S ft, 6 . 0 ft, and 7 , 75 ft for P, SU, and WB-50, respectively, and h2 - 4 . 25 ft for Pon 
maj or road . 

bcalculated required sighr: distances for B-1 Curve (vehicle turns left and clears near lane) . 

CK value to provide B-1 Curve sight distance . They were derived from the equation: 

Green Book (J) procedures , the minor-road vehicle does not 
have the intended time (as determined from Figure 4) needed 
to clear the near lane before the arrival at the intersection of 
a major-road vehicle that comes into view at the start of the 
turn maneuver. This situation is also present for trucks at 
each major-road design speed (e.g ., see Figure 7). The sight 
distance necessary for a turning vehicle to accelerate to design 
speed or average running speed (B-2a & Ca and B-2b & 
Cb curves, see Figure 1) is significantly greater than the sight 
distances required from the B-1 curve procedure (for clearing 
the near lane) . Available sight distance is much lower than 
the required sight distance for all vehicle types when designing 
for B-2a & Ca or B-2b & Cb conditions. 

Minimum K values listed in Table 7 used to design vertical 
curves in the preceding situations would have to be increased 
to also encompass the B-1, B-2a & Ca, or B-2b & Cb curve 
intersection sight distance values . Table 7 only lists the B-1 
curve situations. K values for B-2a & Ca or B-2b & Cb 
curves would be significantly greater. However , because inter
sections are generally operating safely even with significant 
truck traffic, the B-1 curve may be overpredicting the needed 
intersection sight distance for the clear-lane procedure. Oper
ational experience at intersections indicates that sight dis
tances as long as 2,400 ft are not typically available nor required 
for safe operations at intersections. Because individuals can
not perceive vehicular movement much beyond 800 ft (4), 
these results indicate that the current AASHTO procedure 
produces impractical values for trucks. Either the minor-road 
vehicles are clearing the near lane in less time than determined 
from Figure 4, the major-road vehicle is decelerating, or the 
Green Book (1) procedures do not represent events that are 

actually occurring. Consideration should be given to modi
fying the Green Book (1) procedures to better represent t~ 
operations of actual intersections 

A preliminary draft copy (5) of the revised Green Book (1) 
was reviewed and the following changes were noted: 

• Perception and preparation time tPP had been reduced 
from 2.5 to 2.0 sec. 

• Sight distance values for a P vehicle had decreased by 10 
ftto 30 ft (reflecting revi§ed P vehicle acceleration data). The 
sight distance values for the SU and WB-50 vehicles had not 
changed. 

• The available sight distance values had been modified to 
reflect driver's eye height values of 3.5 ft for P and 8.0 ft for 
SU and WB-50 design vehicles, and an object height of 4.25 
ft. 

• Figure 3 had been redrawn showing the stopped vehicle 
partially into a left turn (as opposed to being perpendicular 
to the cross road) and with 10-ft dimensions for the distances 
from edge of lane to front of vehicle and front of vehicle to 
driver. 

• A formula for the sight distance to the left value for Case 
III (B-1 curve) had been provided. This procedure assumes 
that the major-road vehicle is driving at 85 percent of the 
major-road design speed and that the time to accelerate is 
based on the distance traversed, which is the sum of a 10-ft 
setback from the stop line , the length of the vehicle, and the 
distance traveled to cross the opposing lane (assumed as 
approximately 1.5 times the lane width) . A 2-sec gap between 
the turning vehicle and the approaching vehicle is also stated 
as being assumed. 
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RECOMMENDATIONS 

The following issues should be considered in future versions 
of the AASHTO policy for stop-controlled intersection sight 
distance: 

• Because bridge railings are a common sight distance 
obstruction for an at-grade intersection near interchange over
passes, the discussion regarding sight distance at ramp ter
minals is recommended to be retained in future versions of 
the AASHTO policy. However, the calculation procedure 
should be presented as a specific example of the clear-lane (Case 
111-B, B-1 curve) sight distance procedure. 

• Guidance should be provided on the value for distance 
traveled and its relationship to the turning radius for a left
turning vehicle. 

Most drivers do not have the capability to accurately judge 
the location and speed of an oncoming vehicle at several of 
the sight distances produced with the truck characteristics. 
Generally speaking, intersections currently operate with sight 
distances less than those calculated. For practical reasons, 
intersection sight distance procedures should reflect actual 
field operations. For example, individual parameter values 
used should represent current or future vehicle and driver 
characteristics, or both, which can be accomplished by explic
itly considering gaps in the major-road traffic that are accepted 
by the minor-road driver. 
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Comparison of Operating Speeds on Dry 
and Wet Pavements of Two-Lane Rural 
Highways 

RUEDIGER LAMM, ELIAS M. CHOUEIRI, AND THEODOR MAILAENDER 

The impact of design parameters and traffic volume on operating 
speeds of passenger cars is evaluated under free-flow conditions 
on 322 curved roadway sections of two-lane rural highways in 
New York state . The design parameters considered are degree 
of curve, length of curve, superelevation rate, gradient, sight 
distance, lane width, shoulder width , posted speed, and average 
annual daily traffic. For the evaluation of the quantitative effects 
of these factors on operating speeds, expressed herein by the 
85th-percentile speeds, the multiple linear stepwise regression 
technique was used. The various stages of analyses revealed that 
degree of curve was the best available single-variable predictor 
of operating speeds on dry pavements. Other variables helped 
the regression model, but the equation did well even without 
them. Effect of wet pavements on 85th-percentile speeds of pas
senger cars were also examined. Analyses were performed using 
data from a total of 24 curved roadway sections. Ample evidence 
exists to indicate that wet pavement does not have a great effect 
on operating speed, and that drivers will not adjust their speeds 
sufficiently to accommodate inadequate wet pavement on curves 
in particular. Furthermore, results of the statistical analyses indi
cate thar the relationship between operating speed and degree of 
curve, developed from speed data collected on dry pavements, 
is also valid for wet pavement conditions so long as visibility is 
not affected appreciably by heavy rain. It is obvious that the 
drivers do not recognize the fact that friction supply is significantly 
lower on wet pavements as compared with dry . For the imple
mentation of the results for design purposes , recommendations 
for achieving consistency and detecting inconsistencies in hori
zontal alignment, as well as recommendations for harmonizing 
design speed and operating speed, as related to wet pavement 
conditions, were given for good , fair, and poor design practices. 
These tasks are important in modern highway design and redesign 
strategies for improving traffic safety. 

Weather conditions have a tendency to modify vehicular speeds 
because of a reduction in visibility and a possible impairment 
of surface conditions. The general effect of wet pavement 
conditions is to lower friction supply between the tire and the 
roadway, with the amount of reduction depending on the 
presence of moisture, snow, and ice, or on the thickness of 
the water film covering the pavement. As the thickness of the 
water film increases, skid resistance decreases, and, in cases 
of heavy rain combined or not combined with geometric design 

R. Lamm, Institute of Highway and Railroad Engineering, University 
of Karlsruhe, D-7500 Karlsruhe 1, Kaiserstrasse 12, Federal Repub
lic of Germany. E. Choueiri, North Country Community College, 
Route 1, Box 12, Potsdam, N.Y. 13676. T. Mailaender, Mailaender 
Ingenieur Consultant, D-7500 Karlsruhe 1, Mathystrasse 13, Federal 
Republic of Germany. 

deficiencies, hydroplaning conditions may occur (1,2). Geo
metric design deficiencies, as well as drainage and pavement 
design, could affect the incidence of wet-pavement accidents, 
especially at curved sites. For example, when consistency 
between successive design elements is not present, or a har
mony between design speed and operating speed does not 
exist at a certain curved site (3-8), or an adequate dynamic 
safety of driving cannot be provided because of a reduction 
in friction factors caused by wet pavement conditions (9), 
critical driving conditions may occur. Other roadway sections, 
which may be hazardous when roadway surfaces are wet, have 
insufficient minimum or maximum superelevation rates, 
superelevation runoffs with insufficient longitudinal slopes, 
or sag vertical curves that do not satisfy, for example, the 
drainage requirements. 

According to a report prepared by the National Transpor
tation Safety Board (NTSB) (10), about 13.8 percent of all 
fatal highway accidents are fatal accidents that occurred on 
highway pavements that were wet. A study cited by NTSB of 
wet-pavement accidents that occurred on the West Virginia 
highway system revealed that the average rate of wet-weather 
accidents was 2.2 times the rate of dry-pavement accidents 
and that the maximum rate was 85 times the dry-pavement 
accident rate. Forty percent of the accidents on the West 
Virginia Interstate system occurred on wet pavement. The 
report estimated that the roads in West Virginia were not wet 
more than 15 percent of the time. If analyses of national and 
international data reflect findings similar to those cited by 
NTSB (10), then the wet-pavement problem should be of 
major concern worldwide and more resources should be 
allocated for correcting the sources of the problem. 

A review of accidents in the United States and Europe (11) 
revealed that between 25 and 30 percent of all fatalities on 
both continents occurred on curves of two-lane rural high
ways. Analyses (J ,4) of accidents on two-lane rural highways 
have indicated 

1. Fatal or injury accidents accounted for more than 70 
percent of the accidents on curves, whereas property damage 
accidents greater than $400 represented less than 30 percent; 
and 

2. Wet pavement conditions contributed to nearly 50 per
cent of the accidents on curves even though vehicle mileage 
driven under these conditions is much lower than that on dry 
pavements. 
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In summary, a high fatal or injury accident risk does exist on 
curves of two-lane rural roads, especially under wet pavement 
conditions. 

Because of the lower coefficient of friction on wet pavement 
as compared with dry, wet conditions lead more frequently 
to critical driving maneuvers, or even accidents (12-15). In 
this connection, speed is an additional vital contributing factor 
in many wet weather accidents because the value of skid resis
tance decreases as vehicle speed increases (9). For this reason , 
geometric design guidelines (2 ,16-20) point out that for driv
ing dynamic considerations in horizontal and vertical align
ments, design speed and tangential and side friction values 
should be selected on the basis of wet pavement conditions . 

On the basis of experiences gained in New York state, the 
effects of design parameters , traffic volume, and wet pave
ment conditions on operating free speeds of passenger cars 
on curved sections of two-lane rural highways are determined . 
The question whether drivers recognize that wet pavements 
offer less skid resistance than do dry pavements and that they 
must adjust their speeds sufficiently to accommodate wet 
pavement to maintain vehicle control particularly on curves 
is examined in detail. 

DATA COLLECTION AND REDUCTION 

Data collection was broken down into three categories: first, 
the selection of road sections appropriate for the study; sec
ond, the collection of as much field data as possible about 
the road section ; and third , the measurement of operating 
free speeds at each section. 

Selection of Appropriate Road Sections 

From spring 1984 to summer 1987, two-lane rural state route 
sections throughout northern New York, normally consisting 
of a sequence of tangent to curve (or curved section) to tan
gent, were investigated under dry pavement conditions. Site 
selection was limited to sections with the following features: 

1. Removed from the influence of intersections; 
2. No physical features adjacent or in the course of the 

roadway that may create abnormal hazard, like narrow bridges; 
3. Delineated and with paved shoulders; 
4. No changes in pavement or shoulder widths ; 
5. Protected by guardrails when the height of the embank

ment exceeded 5 ft; 
6. Grades less than or equal to 5 percent; and 
7. Average annual daily traffic (AADT) between 400 and 

5,000 veh/day. 

The selection process attempted to maintain a regional dis
tribution and at the same time retain the longest road seg
ments. Road sections selected provided the widest range of 
changes in horizontal alignment that could be found hy obser
vation or by actual information given by the New York State 
Department of Transportation. 

Field Data Collection 

This stage involved obtaining as much data in the field as 
possible about the roa~ sections and specifically about the 

TRANSPORTATION RESEARCH RECOR D 1280 

curve or curved section within the observed road section. 
Information recorded were the degree of curve, length of 
curve, superelevation rate, gradient, lane width , shoulder width, 
sight distance, AADT, and posted speeds. These data were 
collected in the field and later compared with (or were directly 
obtained from) the design plans of the New York State 
Department of Transportation regional offices. 

Speed Data Collection and Reduction 

In order to ensure that the speeds measured represented the 
free speeds desired by the driver under a set of roadway 
conditions and were not affected by other traffic on the road, 
only the speeds of isolated vehicles with a minimum time gap 
of about 6 sec, or those heading a platoon of vehicles, were 
measured in this study. Speed measurements were made dur
ing daytime hours on weekdays under dry and , in some cases, 
under wet pavement conditions. 

The basic method used for speed data collection involved 
the measurement of the time required for a vehicle to traverse 
a measured course laid out in the center of a curve. Additional 
speed measurements were often taken on preceding and suc
ceeding tangents, or both, to the curved site . Length of the 
course was 150 ft. The method used for measuring time over 
the measured distance involved use of transverse pavement 
markings that were placed at each end of the course and an 
observer who started and stopped an electronic stop watch as 
a vehicle passed the markings. The observer was placed at 
least 15 ft from the pavement edge of the road to ensure that 
his presence would not influence the speeds of passing vehi
cles, but not too far away so as to minimize the cosine effect 
(21). 

By applying this procedure, satisfactory speed data, which 
were occasionally substantiated by the use of radar devices, 
were obtained for both directions of travel. About 120 to 140 
passenger cars under free-flow conditions were sampled at 
each site for both directions of traffic. Speed data were then 
used to obtain the operating speed, expressed herein by the 
85th-percentile speed-that speed below which 85 percent of 
the vehicles travel. 

METHODOLOGY 

Many factors affect operating speeds on two-lane rural high
ways, including, but not limited to, characteristics of the site, 
characteristics of traffic and road users, characteristics of con
trols, and characteristics of variable factors (22). 

Each of these factors can act in different and varying amounts 
at a given location. Therefore, the task of determining the 
influence of each on operating speeds becomes difficult. 

Only the effect of the following parameters on operating 
speeds will be addressed: degree of curve , length of curve, 
lane wiath, shoulder width, superelevation rate, sight dis
tance, gradient, posted recommended speed, and AADT. 

For evaluation of the quantitative effects of design and 
traffic parameters, the multiple linear stepwise regression 
technique (Max R2 improvement technique) was used ( 4). The 
stepwise technique consists of adding one independent vari
able to the regression equation in each step. Thus, the step
wise process produces a series of multiple regression equations 
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in which each equation has one independent variable more 
than its predecessor in the series (23 ,24). The following stip
ulations were used to terminate the stepwise process and to 
determine the final multiple regression equation: 

1. The selected equation has to have a multiple regression 
coefficient R2 that is significant at the 0.05 level; 

2. Each of the independent variables included in the mul
tiple regression equation has to have a regression coefficient 
that is significantly different from zero at the 0.05 level; and 

3. None of the independent variables included in the mul
tiple regression equation are highly correlated with each other. 
The superelevation rate and posted speed are withheld from 
any subsequent regression analysis because they are highly 
correlated with degree of curve. 

The selected multiple regression equation had to fulfill all 
three stipulations. In addition, the following conditions were 
assumed to hold: 

1. Degree of curve was taken as positive whether a curve 
turned left or right; 

2. An uphill gradient was treated as positive, whereas a 
downhill gradient was treated as negative; and 

3. When no advisory speed signs (recommended speeds) 
were posted in curves, the nationwide speed limit of 55 mph 
was taken into consideration. 

OUTCOME OF THE DATA ANALYSES 

Relationships Between Variables 

The analysis is based on data collected for 322 curved roadway 
sections under dry pavement conditions in New York state 
(3,4). 

Various stages of regression analyses found that the most 
successful equation for explaining much of the variability in 
85th-percentile speeds, in terms of statistical significance and 
overall form, is as follows: 

Overall Equation 

V85 = 34.700 - l.005(DC) + 2.081(LW) 

+ 0.174(SW) + 0.0004(AADT) 

R2 = 0.842 
SEE = 2.814 mph 

where 

(1) 

V85 estimate of the operating speed expressed by the 
85th-percentile speed (mph), 

DC = degree of curve (range 0° to 27°), 
LW = lane width (ft), 
SW = shoulder width (ft), 

AADT = average annual daily traffic (vpd), 
R2 = coefficient of determination, and 

SEE = standard error of estimate (mph). 
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This small value of SEE (2.814 mph) and large R2 (0.842) 
suggest that the relationship represented by Equation 1 is a 
strong one. 

Design parameters, sight distance, length of curve, and 
gradient were not included in the regression model because 
the regression coefficients associated with these parameters 
were not significantly different from zero at the 95 percent 
level of confidence. 

However, in comparing Equation 1 with the following 
reduced Equation 2, which only includes the design parameter 
DC, note from the coefficients of determination (R2

) that the 
influence of LW, SW, and AADTin Equation 1 explains only 
about an additional 5.5 percent of the variation in the expected 
operating speeds. 

Reduced Equation 

V85 = 58.656 - 1.135(DC) (2) 

R2 = 0.787 
SEE = 3.259 mph 

This small value of SEE (3.259 mph) and moderately large 
R2 value (0.787) suggest that the relationship represented by 
Equation 2 is also strong, and can be considered a competitor 
to the relationship represented by Equation 1. 

Comparison of Operating Speeds on Dry and Wet 
Pavements 

From the current data base, 24 sites were selected to provide 
horizontal curves of various degrees. For instance, degree of 
curve varied from 0° to 27°. Grades were level or nearly level 
on the curved sites and for a considerable distance before and 
beyond, which minimized the effect of grades on operating 
speeds of vehicles for the following comparisons. 

Observations on wet pavements were taken several weeks 
after speeds on dry pavements were collected. On all occa
sions, the surfaces were wet and rain was falling from a sprin
kle to moderately heavy rain. On no occasion did it rain so 
hard as to affect visibility appreciably. Minimum sight dis
tances of about 450 to 550 ft, which represent the limiting 
values of stopping sight distances for a design speed of 55 
mph (2), had to be provided. This limitation is based on the 
results of research (25), which indicated that when sight dis
tance is affected appreciably because of heavy rain, drivers 
tend to reduce their speeds. In other words, drivers reduce 
their speeds not so much on account of the danger created 
by lower skid resistance values on wet pavements, but rather 
because of limited sight distances. 

Available sight distances in this study were determined by 
a member of the study team who drove through the study 
section at different fixed-time intervals. When passing a spec
ified marked mile-marker, the driver had to clearly see a 
mile-marker located at a distance of 0.1 mi, or about 500 ft. 
If this was not possible because of impaired visibility caused 
by heavy rain, the driver had to inform the observer taking 
the measurements by waving a red flag to indicate "stop wet 
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measurements," or a green flag to indicate "continue wet mea
surements." Markings were done by setting up reflectors at 
the mile-marker positions within the section under study. 

The number of vehicles recorded varied considerably from 
site to site as the wet pavement studies were dependent on 
continued min. Again, only the speeds of passenger cars under 
free-flow conditions, with a minimum time gap of at least 6 
sec between successive vehicles, were recorded. An example 
of how the data were tabulated is presented in Table 1 with 
the number of free-moving vehicles and corresponding 85th
percentile speeds for both wet and dry pavement conditions 
and with respect to degree of curve and daily precipitation in 
inches. 

Cumulative speed distribution curves were plotted for each 
location studied from these data. Figure 1 shows a typical 
example of the distribution of speeds on dry and wet pave
ments. The most notable feature of the speed data used is 
that there was more or less a little difference in the speed 
distributions of free-moving passenger cars on dry and wet 
pavements for all curved sites under study. Similar results 
were shown by Stohner (26). 

The averages of operating speeds (expressed by the 85th
percentile speeds) on dry and wet pavements for the 24 curved 
road sections were 47 .54 and 47.41 mph, respectively, for both 
directions of traffic. The observed decrease in 85th-percentile 
speeds caused by wet road surfaces is only 0.27 percent. 
However, these computations do not reflect any statistical 
significance. 

Operating speeds on dry and wet pavements were addi
tionally examined for each of the 24 test sections. Data were 
plotted in Figure 2 with the dry speeds on the y-axis and the 
wet speeds on the x-axis. For each test section, (a) if the 
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operating speed on wet pavement was identical to the oper
ating speed on dry pavement, the data point would fall on 
the hypothetical 45-degree diagonal line shown, (b) if the 
operating speed on wet pavement was greater than the oper
ating speed on dry pavement, the data point would fall below 
the line, and (c) if the operating speed on dry pavement was 
greater than the operating speed on wet pavement, the data 
point would be above the line. As shown in Figure 2, the data 
are random with points distributed both above and below the 
hypothetical 45-degree line. 

In order to determine whether or not operating speeds on 
dry pavements were significantly different from operating speeds 
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FIGURE 1 Typical example illustrating the distribution of 
speeds on dry and wet pavements on SR 3, county 7302, 
between Mile Markers 3187 and 3193. 
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TABLE 1 EXAMPLE FOR ALIGNMENT DATA AND OPERATING SPEEDS ON DRY AND WET 
PAVEMENTS (NEW YORK STATE) 

SPOT OF OPERATING SPEEDS OPERATING SPEEDS ON 
SPEED MEASUREMENT ON DRY PAVEMENTS WET PAVEMENTS 

ROUTE MILE- COUNTY DEGREE OF SUPER- NO. OF 85 % NO. OF PRECIPI- 85 % 
NUMBER MARKER NUMBER CURVE ELEVATION CARS SPEED CARS TATION SPEED 

DEG. /100 FT PERCENT MPH INCHES MPH 

3 3187- 7302 2.5 2.0 57 59.3 43 0.08 59.9 
3193 2. 5 2.0 54 59.4 58 0.08 58.6 

3 3245- 7302 5.0 3 . 0 62 57 .4 44 0.01 58.5 
3248 5.0 3.0 56 58.3 50 0.01 58.2 

llB 1069- 7501 3.5 2.5 60 59.2 44 0 . 11 59 . 1 
1073 3.5 2. S 73 57. 2 48 0.11 56.0 

37 1076- 7301 0.0 - 56 59.7 54 0.04 56.5 
1082 0.0 - 65 55.5 50 0.04 57.2 

37 1541- 7502 1.0 1. s 55 58.0 52 0.08 56.0 
1546 1.0 1.S 55 56.0 55 0.08 56.6 

37 1152- 7203 2.3 1. 5 52 52.3 52 0.04 50.6 
1156 2.3 1.5 71 48.5 62 0.04 '.33 . 3 

37 1053- 7502 3.0 2.5 66 56.9 53 0.08 56.1 
1056 3.0 2.5 67 59.4 46 0.08 56.4 

37 1206- 7301 3.2 2.0 48 53 .1 56 0.04 57.6 
1214 3. 2 2.0 57 56. 7 54 0.04 54.4 

37 1157- 7203 8.2 5 . 0 68 47.5 72 0.04 51.1 
1159 8.2 5.0 64 53.5 52 0.04 50.4 

56 1295- 7501 1.5 2 .0 38 56.2 70 0.05 57.2 
1299 1.5 2 . 0 34 57 .3 75 0.05 58.3 

56 1261- 7501 4 . 0 3.5 105 54, 2 54 0.05 56 . 1 
1264 4.0 3.5 80 56.3 53 0.05 56.1 

56 1452- 7501 5 .5 3. 5 73 47 .6 75 0.05 47 . 3 
1454 5 .5 3.5 81 46.1 61 0.05 47.2 
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FIGURE 2 Plot relating 85th-percentile speeds on dry 
pavements to those on wet pavements. 

on wet pavements, the Kolmogorov-Smirnov (K-S) two
sample statistical test was used because a priori knowledge of 
specific population distribution characteristics is not required. 
This test is performed by statistically examining the cumu
lative frequency distributions of both the dry and wet test 
data. The K-S test will detect changes (or differences) in the 
shape of the distributions (e.g., skewed left to skewed right 
and bell shaped to skewed) as well as shifts in central tendency 
without shifts in shape (27-29). 

The null hypothesis (H0 ) tested with the speed data was as 
follows: "There is no significant difference between the dis
tribution of operating speeds on dry and wet pavements." 
The test was conducted at the 95 percent level of confidence. 

For the operating speed data, (a) if the two samples have 
in fact been drawn from the same population distribution, 
then the cumulative distributions of both samples may be 
expected to be fairly close to each other in as much as they 
both should show only random deviations from the population 
distribution, and (b) if the two sample cumulative distribu
tions are too far apart at any point, the samples may come 
from different populations . Thus, a large enough deviation 
between the two sample cumulative distributions is evidence 
for rejecting the null hypothesis (27-29). 

In order to apply the K-S two-sample test, a cumulative 
frequency distribution is made for each sample of observations 
using the same intervals for both distributions. For each inter
val, then, one step function is subtracted from the other. The 
test focuses on the largest of these observed deviations. 

Let S,, 1(X) be the observed cumulative step function for 
the sample corresponding to dry, that is, S,. 1(X) = Kini, 
where K is the number of observations equal to or less than 
X. Let S,,2 (X) be the observed cumulative step function of 
the sample corresponding to wet, that is , S"2 (X) = Kln2 • Now 
the K-S two-sample test focuses in the one-tailed test (in the 
predicted direction) on 

D = Max (S,,i(X) - S,,2 (X)) (3) 

and in the two-tailed test (irrespective of direction) on 

D = Max /S,. 1(X) - S,.2(X)/ (4) 
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TABLE 2 CRITICAL VALUES (De) IN THE 
KOLMOGOROV-SMIRNOV TWO-SAMPLE TEST (28) 

Level of Sign ifican ce 

.10 

.OS 

.025 

.01 

.005 

.001 

Value of D so l arg e as to 
call for rejectio n of H0 at 
the indicated level of sign i
ficance, where D =maximum 

1sn1 (X) - sn2 (X) j 

1. 22 

n 1 i' n2 ' 
1. 36 

l.48 ~· 

1. 63 

1. 73 

1. 95 

In the one-tailed test, the alternative hypothesis (H1) is that 
the population values from which one of the samples was 
drawn are stochastically larger than the population values 
from which the other sample was drawn, whereas in the two
tailed test, H 1 is simply that the two samples are from different 
populations. 

An example application of the results of the K-S test of 
operating speeds on dry versus wet pavements follows . 

Set the number of pairs (n 1, n2) of operating speed values 
on dry and wet pavements (for both directions of traffic) equal 
to 48 and the level of significance ex = 0.05. In the null 
hypothesis (H0), the operating speeds on dry and wet pave
ments do not differ. However, for the alternative hypothesis 
(Hi) the operating speeds on dry and wet pavements do differ. 
Because H 1 does not state the direction of the predicted dif
ferences, the region of rejection is two-tailed (Equation 4). 
For the sampling distribution, Table 2 presents the critical 
values (De) of (D) in the K-S two-sample statistical test. If 
D > De, then the distribution of one group of speed data is 
significantly different from the distribution of the second group. 
Table 3 indicates that the largest discrepancy between the two 
(dry and wet) cumulative frequency distributions is D = 

2/48 = 0.0417, in the operating speed range of 46 to 50 mph. 
Reference to Table 2 reveals that when the number of pairs 
(n 1, n2) of operating speed values is 48, De= 0.2776 for level 
of significance ex = 0.05 . Therefore, because D = 0.0417 < 
De = 0.2776, it can be concluded that operating speeds on 
dry pavements are not statistically different from operating 
speeds on wet pavements , at least on the basis of this research 
investigation. 

From the statistical tests, the relationship between oper
ating speed and degree of curve (Equation 2) is valid both 
for dry and wet pavements so long as the visibility is not 
appreciably affected by heavy rain. This conclusion is sub
stantiated by the results of a study conducted in the Federal 
Republic of Germany (25), which found that a significant 
decrease in operating speeds was observed only for high 
precipitation levels combined with highly reduced visibility 
conditions. 

Ample evidence exists to indicate that wet pavement does 
not have a great effect on operating speed and that drivers 
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TABLE 3 RESULTS OF THE KOLMOGOROV-SMIRNOV 
TEST 

OPERATING SPEED S1 (X) s 2 (X) I S1(X) - S2(Xil 
RANGES (mph) 

> 26-30 4/48 5/48 1/48 

> 30-34 10/48 10/48 0/48 

> 34-30 10/48 10/48 0/48 

> 38-42 15/48 14/48 1/48 

> 42-46 17/48 16/48 1/48 

> 46-50 24/48 22/48 2/48 

> 50-54 29/48 29/48 0/48 

> 54-58 42/48 42/48 0/48 

> 58-62 48/48 48/48 0/48 

will not adjust their speeds sufficiently to accommodate inad
equate wet pavement on curves in particular. Drivers do not 
seem to recognize the fact that because of the lower coeffi
cients of friction on wet pavements as compared with dry, 
wet pavements could lead to critical driving maneuvers, or 
even accidents. For passenger cars, the expected operating 
speed on wet or dry pavements can be determined by applying 
the nomograph for the relationship between degree of curve 
and 85th-percentile speed from Figure 3. 

IMPLEMENTATION OF THE RESULTS FOR 
DESIGN PURPOSES 

An international review of existing design guidelines (2,16-
20,30) has shown that, to gain safety advantages, European 
countries directly or indirectly address three design issues in 
their guidelines much more explicitly than U.S . agencies. Ger
man, Swedish, and Swiss designers, for instance, are provided 
with geometric criteria, which direct them toward 

1. Achieving consistency in horizontal alignment, 
2. Harmonizing design and operating speeds on wet pave

ments, and 
3. Providing adequate dynamic safety of driving. 

For example, when consistency between successive design 
elements is not present, or a harmony between design speed 
and operating speed does not exist at a certain curved section , 
or an adequate dynamic safety of driving cannot be provided 
because of a reduction in friction factors because of wet pave
ment conditions (15), critical driving maneuvers may occur. 

Providing an adequate dynamic safety of driving was dis
cussed during the 69th Annual Meeting of the Transportation 
Research Board, January 1990 (9). Achieving consistency in 
horizontal alignment and harmonizing design and operating 
speeds on wet pavements were the subjects of several reports, 
publications, and presentations-for example, for the National 
Science Foundation (3), for the New York State Governor's 
Traffic Safety Committee ( 4 ,5), for the Transportation Research 
Board (6,7,31,32), for the Ohio Transportation Engineering 

TRANSPORTATION RESEA RCH RECORD 1280 

70 

V85= 58 .656-l.135DC; R2 s0.787 (lb) 

Ill 
r--_ 

"--- -r--_ 
~ 50 

40 

30 

20 

10 

0 
0 

Legend: 

5 10 15 

--r---_ 
~--, 

20 25 30 
Degroe of Curve I deg . /10011.) 

FIGURE 3 Nomogram for evaluating operating speeds of 
passenger cars as related to degree of curve. 

Conference (33-36), for the International Road Federation 
(8,30), for the Swedish Road and Traffic Research Institute 
(37) , for the International Road and Traffic Conference in 
Berlin (24), and for the German research community (11). 

For achieving consistency in horizontal alignment, the fol
lowing are recommended: (a) processes for evaluating hori
zontal design consistency and inconsistency, and (b) recom
mendations for achieving good and fair design practices, as 
well as recommendations for detecting poor designs. In har
monizing design and operating speeds on wet pavements , the 
review of current design practices and recommendations indi
cate that (a) because of the lower coefficients of friction on 
wet pavements as compared with dry, the wet condition should 
govern in determining the design speed (Vd); (b) the design 
speed should be constant along longer roadway sections; and 
(c) the design speed and the 85th-percentile speed (V85) on 
wet pavements must be well balanced to ensure a fine tuning 
between road characteristics , operating speed , and driving 
dynamics. For instance , studies (14,38,39) have shown that 
the design speed concept allows the building in of critical 
inconsistencies into the horizontal alignment, for example, 
between the flatter and sharper portions of the highway, when 
the controlling horizontal curves sometimes correspond to an 
arbitrarily selected design speed . In these cases, transition 
sections may exist, requiring unexpected critical speed changes 
from the driver, which may in turn lead to hazardous driving 
maneuvers. In addition, a tendency exists for some drivers to 
travel faster than the design speed on which the original de
sign of the road section was based by substantial amounts, 
especially at lower design speed levels. This tendency points 
to the desirability that harmonizing design speed and oper
ating speed is an important goal to be considered in new 
designs, redesigns, and rehabilitation strategies of two-lane 
rural highways. 

In order to achieve these goals of achieving consistency in 
horizontal alignment and harmonizing design speed and oper
ating speed, the following recommendations were elaborated 
(6,8): 

1. Assess the road section where new designs, major recon
structions, or redesigns, for example, in case of resurfacing, 
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restoration, and rehabilitation (RRR) projects, may be 
considered. 

2. Determine for this road section the degree of curve (DC) 
of each curve within the section, and the existing tangent 
lengths. 

3. Determine the expected 85th-percentile speed for each 
curve, in relation to degree of curve, and for any tangents 
(DC = 0°), by applying Figure 3. The tangent must be of a 
certain length to be regarded in the design process, as dis
cussed by Lamm et al. (7). 

4. Calculate the change in degree of curve (6DC) and the 
change in operating speed (6 V85) between successive design 
elements, for example, between tangent and curve or curve 
and curve. 

5. Calculate the difference between the 85th-percentile speed 
(V85) and the existing or selected design speed (Vd) for the 
investigated curve or tangent. 

6. Determine the design category of the section according 
to the following recommendations, which are based on com
parative analyses of accident rates for different degree of curve 
classes between successive design elements on the 322 inves
tigated two-lane rural highway sections in New York (6,8). 

Good Designs 

Consistency Criterion 

The change in degree of curve is 6DC s 5° and the change 
in operating speed is 6 V85 s 6 mph (10 km/hr) between 
successive design elements. 

Design Speed Criterion 

The difference between operating speed and design speed is 
V85 - Vd s 6 mph (10 km/hr) for the investigated curve or 
tangent. For these road sections, consistency in horizontal 
alignment exists and no improvements in geometric design 
would be necessary. No adaptations or corrections between 
design speed and operating speed have to be conducted. New 
designs should always be related to this case. 

Fair Designs 

• Consistency Criterion. The change in degree of curve is 
5° < 6DC s 10° and the change in operating speed is 6 mph 
< 6 V85 s 12 mph (20 km/hr) between successive design 
elements. 

•Design Speed Criterion. The difference between oper
ating speed and design speed is 6 mph < V85 - Vd s 12 mph 
for the investigated curve or tangent. 

These road sections exhibit at least minor inconsistencies 
in geometric design. Normally, correcting the existing align
ment is not necessary because low-cost projects such as traffic 
warning devices may, to a certain extent, be successful in 
correcting these defects. For instance, RRR improvements 
can be installed that consider appropriate recommended speeds, 
unless a safety problem has been documented. Despite traffic 
warning devices, road sections with changes in degree of curve 
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that fall into the range of 5° to 10° have average accident rates 
that are about twice as high as those falling into the range of 
good design (6,8). 

Superelevation rates in curves or curved sections should be 
related to the expected 85th-percentile speeds with respect to 
degree of curve, corresponding to Figure 3, and not to the 
design speed. Adequate driving dynamic safety is inferred as 
being provided under wet pavement conditions. The same 
holds true for calculating minimum stopping sight distances 
in curved and tangent sections. 

Poor Designs 

• Consistency Criterion. The change in degree of curve is 
6DC > 10° and the change in operating speeds on wet pave
ments is 6 V85 > 12 mph between successive design elements. 

• Design Speed Criterion. The difference between oper
ating speed and design speed is V85 > Vd > 12 mph for the 
investigated curve or tangent. 

These road sections represent strong inconsistencies in hori
zontal geometric design, combined with those breaks in the 
speed profile that may lead to critical driving maneuvers, 
especially under wet pavement conditions. Normally, for 
example, even high-cost RRR projects such as redesigns of 
at least hazardous road sections should be recommended, 
unless there is no documented safety problem. Road sections 
with changes in degree of curve that fall into the range of 
poor design normally have average accident rates that are 
more than four times as high as those falling into the range 
of good design (6,8). 

The 85th-percentile speed should not be allowed to exceed 
the design speed by more than 12 mph (20 km/hr). If such a 
difference occurs, normally the design speed should be 
increased. For example, redesigns of at least hazardous road 
sections are recommended. 

CONCLUSION 

The impact of design parameters and traffic volume on oper
ating speeds of passenger cars under free-flow conditions was 
evaluated. The data base consisted of 322 curved roadway 
sections of varying degrees of curve of two-lane rural highways 
in New York state. Among the parameters considered, degree 
of curve, length of curve, superelevation rate, gradient, sight 
distance, lane width, shoulder width, posted recommended 
speed, and AADT, only degree of curve was able to explain 
most of the variation in 85th-percentile speeds on dry pave
ments. The other parameters helped the regression model, 
but the equation did very well even without them. 

Also examined was the effect of wet pavements on the 85th
percentile speeds of passenger cars. On all occasions, the 
surfaces were wet and rain was falling from a sprinkle to 
moderately heavy rain, but on no occasion did it rain so hard 
as to affect visibility appreciably. Minimum sight distances of 
about 450 to 550 ft, which represent the limiting values of 
stopping sight distances for a design speed of 55 mph, had to 
be provided. 
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Operating speeds on dry pavements were not statistically 
significantly different from operating speeds on wet pave
ments and drivers do not adjust their speeds sufficiently to 
accommodate adequate wet pavement on curves in particular. 
Drivers did not recognize the fact that friction supply is sig
nificantly lower on wet pavements as compared with dry. 
Furthermore, drivers reduce their speeds not so much on 
account of the danger created by lower skid resistance values 
on wet pavements, but rather because of limited sight dis
tances because of heavy rain. By not adapting to wet roadway 
conditions, drivers will run a high risk of being involved in a 
traffic accident. 

For the implementation of the results for design purposes, 
recommendations for achieving consistency and detecting in
consistencies in horizontal alignment as well as recommen
dations for harmonizing design speed and operating speed as 
related to wet pavement conditions were made for good, fair, 
and poor design practices. These recommendations are impor
tant tasks in modern highway design and redesign strategies 
for improving traffic safety. 
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Methodology for Estimating Safe 
Operating Speeds for Heavy Trucks and 
Combination Vehicles on Interchange 
Ramps 

HuRON S. PERERA, HAYES E. Ross, JR., AND GARY T. HUMES 

A number of research studi.c have shown the significance of 
con idering truck and combination vehicle performance in the 
geometric design of interchange ramps . The greater potential 
these vehicles have for offtracking and loss of contr l as well as 
rollover plays an important role in determining the safe speed of 
a. ramp. The analysis procedure described provides highway engi
neers with a method , fir ' t , to determine the critical speed of a 
ramp for such heavy vehicle . The PHA. E-4 computer m def i 
used to imulate the dynamic behavior of the vehicle for a pec
ified ramp geometry . The complete procedure is computerized 
with au er friendly interface ror specifying ramp paramet rs and 
built-in data et. of vehicle parameters. Then, a method to con
vert the ccitical speed to a safe operating speed for the ramp i 
presented. Input parametel's and result for an example ramp 
consisting of one simple horizontal curve are included a a dem
onstration. The ramp is analyzed with two types of combination 
vehicles . The method for estimating the safe operating speed is 
then demonstrated by converting the critical speed to safe per
a1i11g speeds . 

A number of research studies have been performed over the 
last 30 years that investigated vehicle performance on inter
change ramps . Most of these have proceeded from a statistical 
base of data, and the safety significance of a given level or 
type of geometric feature was then determined through sta
tistical inference, given the confidence limits of the analysis. 
An investigation by Ervin et al. (1) combined a broad base 
of accident data with a computer simulation of the dynamic 
behavior of representative tractor-semitrailer combinations. 
Results of this study show the significance of the consideration 
of truck and combination vehicle performance in the geo
metric design of interchange ramps. 

The analysis procedure developed by the Texas Transpor
tation Institute in conjunction with the Texas State Depart
ment of Highways and Public Transportation (SDHPT) pro
vides the highway engineer with a method to determine speed 
limitations of a given ramp on the basis of the rollover poten
tial and directional response of heavy trucks and combination 
vehicles. The PHASE-4 computer program (2) is used to sim
ulate the dynamic behavior of the truck for the specified ramp 
geometry. This program was also used by Ervin et al. (1). 

H. S. Perera, Texas Transportation Institute, Texas A&M Univer
sity. College Swlion, Tex. 77843. H. E. Ros , Jr., Civil Engineering 
Department, Texas A&M University, College Station , Tex. 77843 . 
G . T. Humes, Texas State Department of Highways and Public 
Transportation, Austin, Tex. 78701-2483 . 

PHASE-4 is a detailed computerized model that can accu
rately simulate braking and directional response of heavy trucks 
and combination vehicles. The program is capable of simu
lating trucks , tractor-semitrailers, and double and triple com
binations. The program has been validated against analytical 
models, predecessor simulation programs, and vehicle test 
data acquired separately by the Texas Transportation Institute 
and the University of Michigan Transportation Research 
Institute. However, the program is primarily a research tool, 
requiring a large volume of input and expertise in modeling 
vehicle dynamics. Therefore, the PHASE-4 program was 
modified to determine speed limitations of heavy trucks and 
combination vehicles on a specified ramp geometry. 

The critical speed determined by computer simulation should 
be converted to a safe speed limit by the application of a 
factor of safety. Selecting a proper factor of safety is a matter 
of personal preference governed by truck operating practices 
on ramps and any special conditions unique to a certain site. 
The method proposed for use by the Texas SDHPT is presented 
as an example. 

Geometric features specifying the ramp were selected to 
best suit the general design practice of the Texas SDHPT and 
were limited to features used in most common designs . This 
list of ramp parameters may or may not be sufficient for other 
states depending on their design philosophy . Hence, addi
tional features may be needed before the program can be 
used nationwide. A few additional features that can be added 
to improve the specification of ramp geometry are listed in 
the section on recommendations . 

ORGANIZATION OF THE ANALYSIS 
PROCEDURE 

The ramp analysis computer model was organized to perform 
the following tasks: 

1. Provide the user a choice of different, easily accessible, 
built-in tractor-trailer vehicle data sets; 

2. Read the geometric parameters specifying the ramp; 
3. Determine the geometric parameters needed by the 

PHASE-4 program to simulate dynamic response of the cho
sen vehicle; and 

4. Determine the critical speed of the ramp for the chosen 
vehicle by incrementing the speed from a user-defined lower 
bound and simulating the vehicle response for each speed. 
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BUILT-IN DATA SETS OF TRACTOR-TRAILER 
VEHICLE PARAMETERS 

Parameters for two types of tractor-trailer vehicles are cur
rently built into the program, for easy access to the user. 
When the program prompts for the type of vehicle, the user 
simply has to select one of the types. 

The first of these two is a baseline vehicle representing a 
conventional five-axle tractor-semitrailer, which is loaded to 
the legal maximum of 80,000 lb gross combination weight, 
with a payload center-of-gravity (cg) height representing a 
medium-density freight (1). The normal height of the payload 
center of gravity in this case is 83 in. above ground. The 
vehicle is also defined with a common set of suspension prop
erties representing popular levels of spring stiffness. 

The second option represents a high-cg vehicle (1) in which 
the same tractor-semitrailer vehicle was chosen with 

1. Payload cg height raised to 105 in. above the ground to 
represent a worst-case loading, which is known to occur in 
everyday trucking practice, and 

2. Spring stiffnesses at the tandem suspensions both of the 
tractor and the semitrailer reduced with respect to the baseline 
case to represent the more compliant suspension types, which 
are known to be in common service. 

Both of these additional features tend to increase rollover 
potential. 

SPECIFICATION OF RAMP GEOMETRY 

Design of ramps along with other roadway features of high
ways in the state of Texas are presently accomplished by the 
use of the roadway design system (RDS) (3) . Hence, the 
program input structure for ramp geometry was developed to 
relate to RDS output as much as possible in order to ensure 
speedy and effortless transformation of ramp parameters. 

First, the program prompts for the following parameters to 
fix the general layout of the ramp: 

• Beginning station, 
• Ending station, 
• Elevation of ending station, 
•Width of road, 
•Number of horizontal curves, 
•Number of vertical curves, and 
• Number of superelevation transition sections. 

Then, the horizontal alignment is to be specified for each 
horizontal curve by entering 

• P. C. station, 
• P. T. station, 
•Radius (ft), 
• P.I. angle (degrees), and 
• Curve direction (to left or right). 

These parameters are listed in RDS horizontal alignment out
put (3). Next, the following parameters are read in for each 
vertical curve to define the vertical alignment. 

•Vertical P.I. station, 
• Vertical P.I. elevation, 
•First , vertical curve length (if asymmetrical) , and 
•Second vertical curve length (if asymmetrical). 
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Finally, superelevation information is specified with the fol
lowing parameters for each superelevation transition section 

• Transition station, 
•Transition length, 
• Super rate, 
• Beginning or ending transition, 
• Curving to left or right, 
• Transition type (1, 2, or 3), and 
• First and second vertical curve lengths, if type is 2. 

Both the vertical alignment and the superelevation parame
ters are identical to the respective RDS input form parameters 
and arranged in the same order. 

Figures 1-4 show the horizontal alignment, vertical align
ment, and beginning and ending superelevation transition 
curves, respectively, for a ramp consisting of one simple hor
izontal curve and two vertical curves. Parameters for this ramp 
that are required for the analysis are listed in Tables 1-4 as 
an example of the program input. 

RAMP ELEVATIONS AND GRADIENTS 

For the simulation of dynamic response of the tractor-trailer, 
the PHASE-4 computer program requires ramp elevations Z 
and gradients dZ/dX and dZ/dY (denoted by Z.x and Z ,y), 
at given values of X and Y inertial coordinates (see Figures 
5 and 6). The term "elevation" is used for Z herein for con
venience, although the positive direction of Zin PHASE-4 is 
downwards into the ground. Elevation Z is needed at each 
wheel and gradients are needed at wheels as well as axle 
centers (2). The ramp surface can be of any shape subjected 
to the following restrictions: 
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FIGURE 1 Horizontal alignment of example ramp. 
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FIGURE 2 Vertical alignment of example ramp. 
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FIGURE 3 Beginning superelevation transition (Type 3) of 
example ramp. 

i 
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1.2' 

--------
/ 25.o_'j 

L CENTERLINE 
PROFILE 

145.0' L 3o.o· 

FIGURE 4 Ending superelevation transition (Type 2) of 
example ramp. 

1. The complete vehicle train starts from a flat horizontal 
surface, and 

2. All gradients (cross-slopes and grades) encountered by 
the vehicle train during the simulation remain less than about 
0.1 (rise/run). 

In order to facilitate the computation of ramp elevations 
and gradients, a curvilinear coordinate system X' Y' was defined 
in which the X' -axis follows the ramp centerline and the Y' 
coordinates are measured perpendicular to the X' axis. This 
system is referred to herein as the "ramp coordinate system" 
(see Figure 5). Furthermore, the ramp is divided into (a) a 
set of horizontal alignment (HA) segments consisting of cir-
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150.0' 100.0' 

E.S. 
(ELY. 95.0) 

P.I. 57+85.40 
(ELY. 95.0) 

TABLE 1 PARAMETERS SPECIFYING THE GENERAL 
LAYOUT OF EXAMPLE RAMP 

Description 

Beginning Station 

2 Ending Station 

Elevation of Ending Station 

Width of the Road (ft.) 

5 Number of horizontal curves in the roadway 

6 Number of vertical curves in the roadway 

Numerical 
Value 

50+00. 00 

62+85.40 

95.00 

30.00 

Number of transition sections for superelevation 

TABLE 2 PARAMETERS SPECIFYING HORIZONTAL 
ALIGNMENT OF EXAMPLE RAMP 

P.C. P.T. Radius p' I. Curve Curve no. Station Station (ft.) Angle Direction (deg.) 

I 51+00.00 58+85 .40 500. 00 90.00 L 

TABLE 3 PARAMETERS SPECIFYING VERTICAL 
ALIGNMENT OF EXAMPLE RAMP 

Vertical Vertical Vertical p. I. First Second 
Elevation Vertical Curve Vertical Curve Curve No. p' 1. Station (ft.) Length (ft.) Length (ft. ) 

I 52+50 .00 100 .00 300.00 0.00 

2 57+85.40 95.00 150.00 100.00 

cular horizontal curves as well as straightline tangential por
tions connecting them, and (b) a set of vertical alignment 
(VA) segments consisting of parabolic vertical curves (both 
symmetric and asymmetric) as well as constant-grade sections 
connecting them. 

For each HA segment (see Figure 5), the following are 
computed using the input parameters read for horizontal 
alignment: 

1. X' coordinate at the end of the segment, X ;,;; 
2. Inertial coordinates of the end of the segment (point on 

the ramp centerline), X; and Y;; 
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TABLE 4 PARAMETERS SPECIFYING SUPERELEVATION 
FOR EXAMPLE RAMP 

Transtn . Trans it ion Transtn . Super Section Length 
No . Station (ft . ) Rate 

1 53+ .00 200. 00 0.080 

2 56+85 .40 200 . 00 0.080 

Note: B or E = Beginning or Ending 

L or R = Left or Right 

B or 
E 

Curve 

B 

E 

VCL = Vertical Curve Length 

Curve First Second 
to L Type VCL VCL 
or R (ft.) (ft. J 

L 3 

L 2 25 . 00 30.00 
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(1:,.,y,.) *--
\ -- 3. Inertial coordinates of the center (X0 , , Y0 ,), (only for cir

cular segments); and 
\ ----

\ --\ 
\ 

\ 
\ 

\ 
\ 

\ 
\ 

\ 
\ 

\ 

' ' \ HA Sesmmt 2 \ 

' ' ' \ ------ - - ---+ (xo1 ,y .. ) 

Y, Y' 

4. Angle a, between the inertial X axis and the tangent to 
the ramp centerline at the end of the segment (measured 
clockwise from X axis) . 

For each VA segment (see Figure 6), the following are 
determined using the input parameters read for vertical align
ment: 

1. X' coordinate at the end of the segment, X~;; 
2. Inertial Z coordinate at the end of the segment (on the 

ramp centerline), Z;; and 
3. Longitudinal gradient K; at the end of the segment 

( = - dZ/dX' at X~). 

In determining which HA and VA segment contains a cer
tain wheel position, first the coordinate of the intersection 
between each HA segment centerline and the normal to it 
through the wheel position x;, is determined. The HA seg
ment containing the wheel is the one satisfying the condition 

(1) 

where X~u - iJ is the X' coordinate at the end of the (i - l)th 
HA segment. Then, the VA segment containing the wheel is 
found by the condition 

FIGURE S Parameters of horizontal alignment (HA) segments. (2) 

ramp oenterllne 

1-Gn.de 

V.l Se1.l V.l Sq.2 V.l S.1.3 

z 
FIGURE 6 Parameters of vertical alignment (VA) segments. 



212 

where X~u- 1 i is the X' coordinate at the end of the (j - l)th 
VA segment, and Xe is equal to Xe; satisfying Condition 1. 

On determining the VA segment the wheel is on, elevation 
Zc at the point with the ramp coordinates (Xe,D) is found as 
follows, depending on whether the segment is at constant 
grade or parabolically shaped. If (Xe - X~) and [Xe -
X~u- iJ] are denoted Xevi and Xevu _ ;» respectively, for 
(a) a constant-grade segment, 

(3) 

(b) a symmetric parabolic curve ( 4), 

z = z - X' . [g. + (g; - g,_,)XC:.cr - 11 ] 
c 1 - 1 Cv(J-1) 1- 1 ZL 

"I 

(4) 

and (c) an asymmetric parabolic curve (4), 

[ + (g, - g, - 1) x · .. c, - 11 LM] 
- Xev(j-1) gj- 1 2L L 

vj l vj 

(5) 

for Xe.,Ci-ll ::::: L 1vi• and 

z = z - X' . [ (g, - C1- 1 X' vf L i .. ;] 
c J Cv1 g + 2L L . 

VJ 2vj 

(6) 

for Xe.,u- 1J > L1vJ• 

where 

L.,i vertical curve length, 
L 1v1 first vertical curve length for an asymmetric curve, 

and 
L 2 vi = second vertical curve length for an asymmetric curve. 

The gradient dZ/dX' at (Xe,O) is found by taking the deriv
ative of the Equations 3, 4, 5, or 6 with respect to Xe. 

Next, it is determined whether the wheel is on a (a) super
elevation transition, (b) superelevated section, or ( c) non
superelevated section. If X~ corresponding to the wheel posi
tion satisfies the condition 

(7) 

where Lsk and x;k are the length and X' coordinate at the 
end of the kth superelevation transition, respectively, then 
the wheel is on the kth superelevation transition. If Xe sat
isfies the condition 

(8) 

the wheel is on a superelevated section or a nonsuperelevated 
section depending on whether the kth transition is a beginning 
or an ending transition, respectively. 

If the wheel is on a superelevation transition, cross slope 
dZldY' and gradient dZ/dX' (denoted by Z,y· and Z .x', 
respectively) at the wheel are determined by the use of expres
sions presented in Table 5, depending on the type of transition 
(see Figure 7) and whether it is a beginning or an ending 
transition. Expressions for transition Types 2 and 3 were derived 
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with the use of the formulas for reverse parabolic curves (4). 
For a superelevated section, the cross slope is equal to the 
superelevation, and the gradient is the same as that at the 
ramp centerline. If the section is not superelevated, the cross 
slope is zero and the gradient is equal to that at the ramp 
centerline. 

Elevation Z at the wheel is then determined from the 
expression 

Z = Zc + Y'Z.Y. 

and the gradients Z .x and z. y are 

Z,x = z.x· cos U c - z . y • sin !X e 

Z, y = Z,X' sin U c - Z. y · COS !Xe 

TABLE 5 EXPRESSIONS USED TO DETERMINE THE 
GRADES AND CROSS SLOPES OF SUPERELEV ATION 
TRANSITION SECTIONS 

transition beginning transition ending transition type 

z = zC,X' + eY'/L, z = zC,X' - eY ' / L, 
l X' .x' 

z -,Y' eX;/L, z = 
,Y' 

e ( I - X;/L,) 

g,,.= _e/ [L - (L +l ) /2] 
s I 2 

g' ,.= e/[L, - (L1+ L2)/2] 

(a) X' " L s I 
(a) x I :s L 

s I 

z = 
X' z,,,. - x; v' g.,./L, z = 

.x' 
Z - X'Y ' g / L 

C, X' :s ,Y' I 

z = -g, , ,x;
2
/(2L 1) 

z = e - g.,.x;
2
/(2L 1) Y' ,Y ' 

(b) l < X',; L-l 
I s s 2 

(b) L <X',;L-
1 ' ' 

L, 

2 z -.x· ZC.X' - Y'g . Y' z = ... zc.x· - Y' 9. v· 

z 
• Y' - -g , Y' ex; - L/ 2) z = e - g . (X' - L/2) , . ·' ' 

(c) x; > Ls - L, (c) X' > L - L 
2 s s 

z 
X' 

= z,"'- Y' 9,, .x ; /L2 
z = 

.x' z,,,.- Y' g_,.x;/L1 

z = 
Y' e - 9. ,. [L

2 
- x;, - z = .v· -g. Y' [l2 - x; , -

(9) 

(10) 

(L1- x;//(2L,) J (L
2

- x;//(2L
2
)] 

g,,.- 2e/L, g ,,. = -2e/ L, 

(a) x::; L/ 2 (a) x; " L/ 2 

3 same as for t ype 2 (a) with same as for type 2(a) with 

L1 = L/2 Lt L/ 2 

(b) x; > L/ 2 (b) x; > L/ 2 

same as for t ype 2( c) with same as for type 2( c) with 

L2= L/ 2 L
2
= l /2 

Note : L 
' 

t ran si t ion l ength 

rate of superel evat ion 

x; X' c - X' 
s (k ·I) 

X' 
s l - X' - X' 

s k C 

L, . f irst vertical cu rve 1 ength 

L, second vertical curve 1 ength 



Perera et al. 213 

!-- Trano\tlon Lenath --j 

r--- Tranaitlon Len11th 

"!:.:~ /I 
-------<Ill---~ p.,.bolu 

• VCL - V•rUoal CUrv• Lniath 

Trana!Uon Len11th --j 

------· ~--~ -
FIGURE 7 Types of superelevation transitions. 

where cxc is the angle between the tangent to the ramp cen
terline at X~ and the inertial X axis. If only the gradients are 
required (i.e . , at axle centers), the step of computing Z by 
Equation 9 is bypassed. 

PARAMETERS NEEDED FOR TRAJECTORY 
CONTROL 

In order to control the trajectory of the tractor-trailer, the 
PHASE-4 program uses a path-follower, closed-loop driver 
model (2) . For these computations, the program requires the 
deviation YP (see Figure 8) of the ramp centerline from a 
given point on the line through the origin of inertial coordinate 
system X, Y and parallel to the vehicle heading direction. If 
this point is XP distance away from the origin of the X, Y 
coordinate system, XP and YP can be expressed in terms of 
X, Y, and the yaw angle tjJ as 

xp = x cos tjJ + y sin tjJ 

YP = - X sin tjJ + Y cos tjJ (11) 

In order to find Yp for a given Xp, first the deviation Yp, to 
each segment is determined. Initially, a straight line segment 
is considered unbounded and the full circle is considered for 
a circular segment. Hence, for a straight line segment, 

y . = (Y1o1 - m;X,,1) - Xp (sin tjJ - m; cos ljs) (l2) 
P' (cos ljs + m, sin lfi) 

and for a circular segment, 

Vehlole h••dlna 
cllnotlon 

Xp 

FIGURE 8 Parameters needed for trajectory control. 

(13) 

where R, is the radius of curvature of the segment. Then it is 
checked whether the point on the segment centerline repre
sented by the values XP and Yp, is within the bounds of that 
segment. In case of a circular segment, there are two such 
points given by the two values of Equation 13. If it is within 
bounds, the required value of YP is given by Yp;· All segments 
are checked until a value for YP is found. 

CRITICAL SPEED 

Two types of hazardous situations are considered in comput
ing the critical speed of a given ramp for a given tractor-trailer 
type: rollover and wheels running off the ramp. The critical 
speed for rollover is defined as the lowest speed at which a 
wheel would lift off the ramp surface. In the latter case, the 
critical speed is the lowest speed at which a wheel runs off 
the ramp. Overall critical speed is the minimum of these two 
speeds. In order to determine critical speed, first the tractor
trailer dynamic response is simulated starting with a given 
lower-bound speed. If the simulation is completed without 
any wheels lifting off the ground or running off the ramp, the 
simulation is repeated for 5-mph speed increments until a 
wheel is predicted to do so. On encountering a speed at which 
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a wheel lifts off or runs off the ramp, the simulation is repeated 
with 1-mph increments starting from the previous 5-mph 
increment. The critical speed found in this manner is accurate 
to 1 mph. The vehicle is assumed to be in a coast mode during 
the simulation. Hence, the actual speed at which a wheel is 
predicted to lift off or run off the ramp is slightly different 
from the starting speed. This actual speed rather than the 
starting value is considered as the critical speed. 

In order to give an indication of how close the vehicle came 
to each critical condition at each speed increment, a rollover 
factor and an offtrack factor are calculated. 

Rollover Factor 

At each time step during the simulation, the wheel with the 
minimum normal force is found. Then, the ratio of this force 
to the steady-state tire normal force is determined. The roll
over factor is the minimum value of this ratio over the duration 
of the simulation for each speed. If offtracking is predicted, 
the duration is from the beginning to the point where the 
wheel runs off the road. When this factor equals zero, the 
corresponding wheel lifts off the ground. 

Offtrack Factor 

At each time step during the simulation, the wheel farthest 
from the ramp centerline is found. Then the ratio of the offset 
of this wheel from the centerline to the half-width of the ramp 
is determined. The offtrack factor is the maximum value of 
this ratio over the duration of the simulation for each speed. 
If a wheel lift-off is predicted, the duration is from the begin
ning to the point where the wheel lifts off the ground. When 
this factor equals 1, the corresponding wheel runs off the 
ramp. 

The rollover factor and the offtrack factor for each speed, 
the wheel that lifted off the ground or ran off the ramp, the 

TABLE 6 STABILITY FACTORS ON EXAMPLE RAMP 
FOR BASELINE VEHICLE 

Speed Roll- Off- Vehicle Suspen· x y 
Time over track Axle Side coo rd . coord. (mph) Factor Factor Unit sion (ft.) (ft.) (sec.) 

. 400 tractor Rear Second Left 213.98 - 17 . 61 3 .4451 
45.0 

. 401 tractor Front Right 606. 01 ·553.82 14. 0841 

• 280 tractor Rear Second Left 231. 01 · 21.70 3. 3426 
50 .0 

. 439 tractor Front Right 606. 59 ·554 . 83 12 .8194 

. 053 tractor Rear Second Left 249.45 · 26. 68 3. 2801 
55.0 

. 449 trailer Rear Second Right 606.74 ·533. 45 12 .1370 

. 008 tractor Rear Second Left 320.11 . 53 . 93 4. 1626 
56.0 

. 466 trailer Rear Second Right 606. 99 ·528. 01 11. 8820 

* 0.0 tractor Rear Second Left 232. 90 ·22. 09 2.9575 
57 .0 

. 420 tractor Front Left 153 .66 -9. 23 1.8175 

* Rear suspension, Sec ond axle, Left tire of the tractor comes off the 

road at X = 232.90 ft.; Y = -22.09 ft. ; U = 56 . 48 mph & T = 2.9575 s. 
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TABLE 7 STABILITY FACTORS ON EXAMPLE RAMP 
FOR HIGH-cg VEHICLE 

Speed 
Roll - Off· Vehicle Suspen - x y 

Time over track Axle Side coo rd . coo rd. (mph) Factor Factor Unit sion (ft . ) (ft . ) (sec.) 

.065 tractor Rear Second Left 237.22 - 23. 26 3 .8126 
45.0 

. 370 tractor Front Left 149 . 72 -8.06 2 . 2400 

. 013 tracto r Rear Second Left 230 . 44 -21. 43 3 .6251 
46. 0 

.375 tractor Front Left 150 . 29 -8.18 2. 2000 

* 0. 0 tractor Rear Second Left 219. 29 -18. 72 3 . 3801 
47 .0 

. 379 tractor Front Left 150 . 57 -8. 28 2 .1575 

* Rear suspension, Second axle, Left tire of the tractor comes off the 

road at X = 219.29 ft .; Y = -18.72 ft.; U = 46.76 mph & T = 2 . 1575 s. 

inertial coordinates of the wheel position, and the time at 
which it occurs are listed by the ramp analysis computer pro
gram as the table of stability factors. Tables 6 and 7 present 
stability factors for the baseline and high-cg vehicles, respec
tively, for the example ramp shown in Figures 1-4. 

ESTIMATION OF SAFE OPERATING SPEED 

Safe operating speed Vs for a heavy truck or a combination 
vehicle on a certain interchange ramp is the lesser of (a) the 
critical speed found by the PHASE-4 simulation divided by a 
factor of safety F, or (b) the design speed V 0 of the ramp 
determined in accordance with the AASHTO Green Book (5). 

First, factor of safety Fis assumed to calculate a preliminary 
safe speed Vs1 as 

(14) 

where VCR is the critical speed computed by the simulation. 
Side friction factor f given in Figure III-5 of the Green Book 
(5) corresponding to Vs1 is then found. A second speed Vs2 

is calculated as in the Green Book from the expression 

Vs2 = Yl5R(e + f) (15) 

where e is the maximum superelevation on the ramp and R 
is the minimum radius of curvature of the ramp (ft). If Vs1 ~ 
Vs2 , it can be shown that Vs, is also less than the design speed 
V 0 of the ramp determined according to the Green Book (5) . 
Hence, safe operating speed Vs of the ramp is Vsi· However , 
if Vs, > Vs2 , the safe speed is equal to the AASHTO design 
speed V 0 of the ramp because it can he shown that Vs, > V 0 . 

Because of limited information, selection of Fin Equation 
14 must be based for the most part on intuition and engi
neering judgment. Little is known about the manner in which 
drivers of large trucks negotiate ramps, e.g ., how well they 
track the curvature and how well they adhere to advisory 
speeds. Further research is needed in this area . For the pres
ent problem, a value of 2 was selected for F. 

Table 8 presents the summary of safe operating speed cal
culations for the example ramp shown in Figures 1-4, con
sidering both baseline and high-cg vehicles. In this example, 
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TABLE 8 SUMMARY OF THE 
CONVERSION OF CRITICAL SPEED TO 
SAFE OPERA TING SPEED FOR EXAMPLE 
RAMP 

Parameter "Baseline" "High C. G. '1 

Vehicle Vehicle 

VCR 56 46 

VS! 
a 28 23 

fb 0. 176 0. 192 

e 0.08 0.08 

R 500 500 

v S2 
c 43 .8 45 . 2 

safe oµ er- 28 23 ating speed 

AASHTO 41. 5 41. 5 desi gn speed 

a From equation 14 with F = 2.0. 

b From Figure III -5 of refe rence 5 with 

speed = Vs
1

• 

c Fr om equation 15 . 

Vs1 is less than Vs2 for both vehicles and therefore becomes 
the safe operating speed. The design speed according to the 
Green Book (5) is also presented in Table 8, and it is con
siderably larger than the estimated safe speeds. The safe oper
ating speed calculated for the high-cg vehicle is about 5 mph 
lower than that for the baseline vehicle because of the greater 
rollover potential of the high-cg vehicle. This example under
scores the need to consider large trucks in ramp design and 
in determining safe operating speeds . 

Friction coefficients used in the simulations (i.e., in the 
built-in data sets) represent dry pavement conditions. As indi
cated in the example (see Tables 6, 7), the critical speed on 
dry pavements is governed by rollover as opposed to offtrack
ing. Although wet conditions were not studied , the critical 
speed for trucks will generally not be governed by offtracking 
on a wet pavement. Design trucks overturned at a lateral 
acceleration between 0.25 and 0.45. Most wet pavements have 
an available side friction coefficient in excess of 0.3. 
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CONCLUSIONS AND RECOMMENDATIONS 

The importance of considering truck and combination vehicle 
performance in the geometric design of interchange ramps 
has been shown by recent studies . The simplified, user friendly 
procedure developed using the PHASE-4 computer model 
(2) provides the highway engineer with a valuable method for 
estimating critical ramp speeds for heavy vehicles. A safe 
operating speed can then be computed by applying an appro
priate factor of safety. 

Further research should include improving the ramp spec
ification of the ramp analysis computer model with additional 
geometric features, increasing the number of built-in tractor
trailer parameter sets to suit the nationwide trucking practice, 
incorporating an option to analyze the ramp under wet con
ditions, better quantifying the factor of safety applied to the 
critical speed to find the safe operating speed, and selection 
of speed limits for ramps with a mixture of vehicles. 

Some additional geometric features to improve ramp spec
ification are (a) transition spirals in horizontal alignment, (b) 
capability of specifying ramp geometry with stations num
bered opposite to the traffic flow, and (c) specifying special 
ramp features with templates at selected stations [similar to 
RDS template form (3)]. 
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Review of AASHTO Case III Procedures 
for Intersection Sight Distance 

KAY FITZPATRICK AND JOHN M. MASON, JR. 

Equations to reproduce the 1984 AASHTO Green Book Case 
111-B and 111-C passenger car sight distance values are devel
oped. These equations produced values within 8 percent of the 
Green Book graphical values. Truck performance characteristics 
were selected on the basis of the information provided in the 
Green Book. Passenger car characteristics were then replaced 
with the truck characteristics to determine sight distance values 
for trucks. Values up to 3,200 ft were calculated. Field obser
vations at intersections indicate that sight distances of such mag
nitude are not required . On the basis of a review of the Green 
Book procedures, specific recommendations are identified for 
consideration in future versions of AASHTO geometric design 
policy. 

AASHTO's 1984 A Policy on Geometric Design of Highways 
and Streets (Green Book) (1) states "where traffic on the 
minor road of an intersection is controlled by stop signs, the 
driver of the vehicle on the minor road must have sufficient 
sight distance for a safe departure from the stopped position, 
even though the approaching vehicle comes in view as the 
stopped vehicle begins its departure movements." Three basic 
maneuvers can occur at a stop-controlled intersection: 

• Travel across the intersecting roadway by clearing traffic 
on both the left and the right of the crossing vehicle, 

• Turning left onto the crossing roadway by first clearing 
traffic on the left and then entering the traffic stream with 
vehicles from the right, and 

• Turning right onto the intersecting roadway by entering 
the traffic stream with vehicles from the left. 

These maneuvers, shown in Figure 1 [copied from Green 
Book (1), Figure IX-23), are referred to as Cases III-A, 
III-B, and III-C. 

The Green Book (1) provides sight distance values for 
passenger cars (P) in Cases III-A, 111-B, and 111-C and 
for single-unit (SU) trucks and tractor-semitrailer trucks 
(WB-50) for Case III-A (crossing maneuver). However, 
AASHTO states that the "required sight distances for trucks 
making left (or right) turns into a cross road will be substan
tially longer than for passenger cars." The Green Book (1) 
also states that the "relationships for trucks can be derived 
using appropriate assumptions for vehicle acceleration rates 
and turning paths." The Green Book (1) lacks specific guid
ance on original assumptions on which vehicle characteristic 
values should be assumed. 

K. Fitzpatrick, Texas Transportation Institute, Texas A&M Univer
sity, College Station, Tex. 77843. J. M. Mason, Jr., Pennsylvania 
Transportation Institute , Pennsylvania State University, Research 
Building B, University Park, Pa. 16802. 

Because details regarding the development of AASHTO 
Figure IX-27 (Figure 2) are not available, equations are pre
sented that reasonably reproduce the AASHTO Case III-B 
and 111-C passenger car intersection sight distance (ISD) 

CASE ID STOP CONTROL 

_J !Yl __ ·_ d = S-ight 0- istonc-e 

- ---""'"'-·--_- - - - - - - - p_ e ___ _ 
B D ~ - - I- - -_ _ - - ---

I 

ii~ 
CASE m-A 

STOPPED VEHICLE CROSSING A 
MAJOR HIGHWAY 

___ Y''L 
----~-- ...... 

B 0---==--=: - - - - --··-·--............. 

CASE m-e 

STOPPED VEHICLE TURNING LEFT ONTO 
TWO LANE MAJOR HIGHWAY 

----)jtl - --
. ~~:.-lff ~~~~----

STOPPED VEHICLE TURNING RIGHT ONTO 
TWO LANE MAJOR HIGHWAY OR RIGHT 
TURN ON A RED SIGNAL 

FIGURE 1 Intersection sight distance at at-grade intersections 
[Green Book (1), Figure IX-23] . 
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curves. Once developed, associated truck characteristics were 
selected on the basis of information provided in the Green 
Book (1). Passenger car characteristics were then replaced 
with these truck characteristics to calculate Case III-B and 
IIl-C sight distance values for trucks. The resulting equa
tions and values provide a baseline from which future ISD 
comparisons and modifications can be clearly established . 

CURRENT GREEN BOOK CASE III POLICIES 

Case III-A-Crossing Maneuver 

As stated in the AASHTO Green Book (1), "the sight dis
tance for a crossing maneuver is based on the time it takes 
for the stopped vehicle to clear the intersection and the dis
tance that a vehicle will travel along the major road at its 
design speed in that amount of time ." Case III-A shown in 
Figure 1 illustrates this condition. The required sight distance 
may be found in Green Book (1), Figure IX-26, or calculated 
from the following equations: 

ISD = 1.47 x V x (J + t.) 

S=D + W+L 

(1) 

(2) 

where 

% ... 
! 
ca .... .... ... 
"' z 
S! 
"' .... 
ca 

ISD = d1 or d2 , sight distance from intersection along major 
highway (ft); 

V = design speed on major highway (mph), 
J = sum of perception time and time required to actuate 

clutch or automatic shift (assumed 2.0 sec) , 
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ta = time required to accelerate and traverse distance 
(S) to clear major highway pavement (sec), 

S = distance that crossing vehicle must travel to clear 
major highway (ft) , 

D = distance from near edge of the major-road travel 
lanes to front of stopped vehicle (assumed 10 ft), 

W = pavement width along path of crossing vehicle (ft), 
and 

L = overall length of minor-road vehicle (ft). 

Values oft. can be read directly from Figure 3 [copied from 
Green Book (1), Figure IX-21] for nearly level conditions 
for a given distance S. AASHTO Green Book (J) values of 
Lare 19, 30, 50, 55 , and 65 ft for P, SU, WB-40, WB-50, 
and WB-60 vehicles , respectively. 

Sight distance values for trucks can be found by using the 
appropriate t. and L values . Figure 3 shows time versus dis
tance curves for a WB-50 and SU truck and passenger car 
under normal and assumed acceleration. 

Case 111-B-Turning Left onto a Crossroad 

A vehicle turning left onto a crossroad from a stopped position 
clears vehicles approaching from the left and then turns left 
and enters the traffic stream from the right. The turning vehi
cle should be able to accelerate to the average running speed 
by the time the approaching vehi~le is within a certain tailgate 
distance after reducing its speed to the average running speed, 
or the turning vehicle should be able to accelerate to the 
design speed by the time the approaching vehicle, maintaining 
the design speed, is within a certain tailgate distance. Figure 
IX-24 in the Green Book (J) contains the details of this case . 

v ..... 
/ v 

v 

A - SAFE SIGHT DISTANCE FOR P VEHICLE 
CROSSING 2-LANE HIGHWAY FROM STOP, 
(SEE DIAGRAM) 

B-1 - SAFE SIGHT DISTANCE FOR VEHICLE 
TURNING LEFT INTO 2-LANE HIGHWAY 
ACCROSS P VEHICLE APPROACHING 
FROM LEFT. (SEE DIAGRAM) 

B-2a - SAFE SIGHT DISTANCE FOR P VEHICLE 
TO TURN LEFT INTO 2-LANE HIGHWAY 
AND ATTAIN DESIGN SPEED WITHOUT 
BEING OVERTAKEN BY A VEHICLE 
APPROACHING FROM THE RIGHT AND 
MAINTAINING DESIGN SPEED 

B-2b-SAFE SIGHT DISTANCE FOR P 
VEHICLE TO TURtl LE FT INTO 2-LANE 
HIG HW AY AND A1TAIN AVERAGE 
RUNNING SPEED WITHOUT BEING 
OV ERT AKEN BY VEHICLE 
APPROACHING FROM THE RIGHT 
REDUCING SPEED FROM DESIGN SPEED 
TO AVERAGE RUNNING SPEED. 
(SEE DIAGRAM) 

Ca - SAFE SIGHT DISTANCE TO P VEHICLE 
TO TURN RIGHT INTO A 2-LANE 
HIGHWAY AND ATTAIN DESIGN SPEED 
WITHOUT BEING OVERTAKEN BY A P 
VEHICLE APPROACHING FROM THE 
LEFT TRAVELING AT DESIGN SPEED. 

Cb - SAFE 81GHT DISTANCE FOR P VEHICLE 
TO TURN RIGHT INTO 2-LANE HIGHWAY 
AND ATTAIN AVERAGE RUNNING SPEED 
WITHOUT BEING OVERTAKEN BY 
VEHICLE APPROACHING FROM THE LEFT 
AND REDUCING FROM DEBIGN SPEED TO 
AVERAGE RUNNING SPEED. 

0 200 400 soo soo 1000 1200 1400 1800 1800 2000 2200 2400 2800 

SIGHT DISTANCE (FEET) 

FIGURE 2 Intersection sight distance at at-grade intersections [Green Book (J), Figure IX-27, Case 111-8 and CJ. 
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FIGURE 3 Time versus distance to accelerate from a stop curve [Green Book (1), 
Figure IX-21). 

ISD values are determined from the design curves shown in 
Figure 2. 

AASHTO states that the required sight distances for trucks 
turning left onto a crossroad will be substantially longer than 
for passenger cars. AASHTO further indicates that the sight 
distance for trucks can be determined using appropriate 
assumptions for vehicle acceleration rates and turning paths. 
However , the specific assumptions are not identified in the 
Green Book (1). As AASHTO presents this condition, the 
case lacks sufficient information to derive the design curves 
for determining required sight distance dimensions. Specifi
cally, the following elements are unknown: 

• Acceleration of the minor-road vehicle, 
• Deceleration of the major-road vehicle, and 
• Tailgate distance . 

Case 111-C-Turning Right onto a Crossroad 

A vehicle turning right must have sufficient sight distance of 
vehicles approaching from the left in order to complete its 
right turn and accelerate to the running speed or design speed 
before being overtaken by traffic approaching the intersection 
from the left and traveling at the same running or design 
speed. Case 111-C policy is described in Figure IX-25 in the 
Green Book (1). Sight distance for a right-tum maneuver is 
only a few feet less than that required for a left-turn maneuver. 
For Case 111-C, as in Case III-B, AASHTO indicates that 
sight distances for trucks need to be considerably longer than 

for passenger vehicles and sufficient information is lacking to 
derive the design curves for determining the sight distance 
dimensions. Figure 2 is also used to determine the ISD for 
right-turning vehicles. 

REPRODUCTION OF AASHTO SIGHT DISTANCE 
VALUES 

Several ISD curves or values are presented in the Green Book 
(1) without supporting derivations or references . Its Figure 
2, sight distance for Case III-Band 111-C, contains six curves. 
Two curves are actually the upper and lower limits for stop
ping sight distance (SSD). Chapter 3 (Elements of Design) 
of the Green Book (1) contains the procedure for producing 
the SSD values. The curve labeled A , which represents Case 
III-A methodology, is the sight distance for a passenger car 
crossing a two-lane highway from a stopped position. 

The remaining three curves represent the following sight 
distance procedures: 

•Left-turning vehicle to clear the near lane (Green Book 
(1) Case III-B, B-1 curve, or clear-lane (CL) procedure]; 

• Turning vehicle to accelerate to design speed while major
road vehicle maintains a constant speed (Green Book (1) 

ases lll - B and lll - B-2a & Ca curve , or con tant-speed 
( ), pro edure]; and 

• Turning vehicle to accelerate to running speed while major
road vehicle reduces speed from design speed to running speed 
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[Green Book (1) Case III-B and III-C, B-2b & Cb curve, 
or reduced-speed (RS) procedure]. 

These three curves lack sufficient information to easily iden
tify ome of the a umed parameter values. Using the infor
mati n that is provid d in the Green Book (1), and making 
some reasonable assumptions for the missing information, the 
identified curves were reproduced as presented. 

Vehicle Acceleration From a Stopped Position 

Two figures in the Green Book (1) contain vehicle acceler
ation information . Figure 3 shows time versus distance curves 
depicting passenger car under normal acceleration, the rec
ommended assumed passenger car acceleration, SU trucks, 
and WB-50 trucks. These curves represent 40 to 200 ft of 
distance traveled during acceleration. Figure 4 [copied from 
Green Book (1), Figure IX-22] shows speed-distance curves 
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for normal rate passenger car acceleration for level conditions 
from 0 to 2,400 ft and "normal rate for level conditions, 
representative weight-power ratio" for truck acceleration from 
0 to 5,000 ft. Truck acceleration curves in Figure 4 represent 
SU and WB-50 design vehicles and were determined from 
truck operation studies. 

Acceleration times can be estimated from Figure 4. Table 
1 presents the distance values in 5-mph increments read from 
Figure 4. The distance increment column is the distance trav
eled during the previous 5-mph increase. The time increment 
column was calculated using the following equation: 

Time Increment 
2 x Distance Increment 

(3) 

Acceleration time is the sum of the previous time increments. 
An inherent assumption in using Figure 4 both for right- and 

• i-- - L.,..o i- ...- lo- - ,... 
"""': '-- - lo-

i..-- I-
,..... 

'-- i-- '"-::: -- _,.... ...... 
[...- i..-

,...... 
i- i..:: t:- ...-

I 
60 

i..- i--" -_. - i..-i..-,_ 1-t...-'-:I~~ 
~,__ ,._~ 

Q 
w 
::z:: 
(,) ofO 
<( 
w 
a: 30 
Q 
w 
w 20 
Q. 
ff) 

10 

0 

60 

::z:: 60 
Q. 

:I 
I 

40 
Q 
w 
x 
(,) 

30 <( 
w 
a: 
Q 

"' 
20 

"' Q. 
0 10 

0 

- _:::.. i..-....-t.;:::i:::;~-~,,\'\ --- -
~~:~ 

v~':... L--"" ~,,~~o 1 

v ,~,~\~\. ' 
~t/ I 

~ ·~ 
Y.P IL ' ACCELERATION OF ·-,.._ 

~ 
PASSENGER CARS 
NORMAL RATE FOR 

,__ ..._ 

LEVEL CONDITIONS ,__ ..._ 
'/ I • I I 

0 400 800 1200 1600 2000 2400 

PASSENGER CARS - DISTANCE TRAVELED - FEET 

0 1000 

60 

ACCELERATION OF 
I TRUCKS 

NORMAL RATE FOR 
LEVEL CONDITIONS 

WEIGHT/POW E R RATIO 

2000 3000 4000 

TRUCKS - DISTANCE TRAVELED - FEET 

6000 

FIGURE 4 Speed reached versus distance to accelerate curves [Green Book (1), 
Figure IX-22]. 
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TABLE 1 DISTANCE AND TIME VALUES ON THE BASIS 
OF FIGURE 4 

Distance Distance Time Acceleration 
Speed Traveled* Increment Increment Time 
(mi/h) (ft) (ft) (sec) (sec) 

Pa·ssenger Cars 

5 10 10 2.72 2.72 
10 30 20 1. 81 4 . 54 
15 50 20 1.09 5 . 62 
20 125 75 2.92 8.54 
25 210 85 2.57 11.11 
30 350 140 3.46 14.57 
35 550 200 4.19 18.76 
40 800 250 4.54 23.29 
45 1,075 275 4.40 27.70 
50 1,400 325 4.65 32 . 35 
55 1,800 400 5 . 18 37.53 
60 2,300 500 5 . 92 43.45 
65 2,900 600 6.53 49.98 
70 3,600 700 7.05 57.03 

Trucks 

5 so 50 13.61 13.61 
10 100 50 4.54 18.14 
15 175 75 4 . 08 22 . 22 
20 275 100 3.89 26.11 
25 450 175 5.29 31.40 
30 700 250 6.18 37 . 58 
35 1,200 500 10.47 48 . 05 
40 1 ,900 700 12.70 60.75 
45 3,200 1,300 20.81 81.56 
50 5 ,000 1,800 25.78 107 , 34 

*Values read from figure 4 . 
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left-turning vehicles is that the acceleration rates for the turn-
ing maneuvers are not significantly different. 

AASHTO B-1 Curve or Clear Lane (CL) 

The B-1 curve, as described by AASHTO, is used to establish 
the sight distance to be provided for a passenger car turning 
left onto a two-lane highway when an automobile is approach-
ing from the left as shown in Figure 5 [modified from Green 
Book (1), Figure IX-24]. Sight distance is the product of the 
major-road vehicle's speed and the turning vehicle's accel-
eration time needed to clear the near lane. The following 
equations were used to reproduce the curve: 

ISD8 _ 1 or ISDcL = l.47Vt (4) 

t = 15 + J (5) 

S, = D + L + w, (6) 

W, = 1T x R/2 (7) 

where 

ISD8 _ 1 or ISDcL = sight distance along major roadway's 
near lane to the left for left turns (ft), 
(see Figure 5); 

MAJOR ROAD 

--~eB 

ISDa-20 or ISDe-2b 

( ISDcs or ISDRS ) 

FIGURE 5 Distances considered in a left-turn maneuver [modification of Green Book (]), Figure IX-241. 
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t = time for stopped minor-road vehicle to 
initiate turn and clear the near lane 
(sec); 

t5 time required by turning vehicle to 
accelerate and traverse distance (SJ to 
clear near lane (sec); 

S, distance that turning vehicle must travel 
to clear near lane (ft); 

W, distance traversed along path of turn
ing vehicle (ft); 

L = length of minor-road vehicle (ft); and 
R = radius of turn for minor-road vehicle 

(ft). 

Data for ts are available from Figure 4 and Table 1. AASHTO 
Green Book (J) values of R are 40, 50, and 60 ft for the P, 
SU, and WB-50 vehicles, respectively, for left turns, and 24, 
42, and 45 ft, respectively, for right turns. 

Values from the Green Book B-1 curve were used to cal
culate acceleration times (ts)· Assuming perception-reaction 
time J of 2.0 sec, the ts value averaged 7.4 sec. Using data 
derived from Figure 4 or Table 1, the distance traveled S, by 
a passenger car during 7.4 sec i 95 ft. Assuming a vehicle 
length L of 19 ft and a 10-ft di tance D between edge of travel 
way and front of the vehicle, the pavement traversed W, along 
the turning path of the vehicle is 66 ft, which results in a 42-
ft radius . Control radius R for a left-turning passenger car 
from the Green Book (J) is 40 ft. The 42-ft radius is within 
an acceptable range of an assumed 40-ft radius. As such, the 
acceleration time (ts) and distance (S,) values used to generate 
the B-1 curve agree with Figure 4. 

Table 2 presents the calculated sight distances for a pas
senger car, SU truck, and WB-50 truck. Figure 6 shows the 

TABLE 2 GREEN BOOK (I) B-1 CURVE (CLEAR LANE) 
SIGHT DISTANCE VALUES 

Speed 
(mijh) 

20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 

Green Book 
B-1 Curve 
(Figure 2) 

(ft) 

300 
350 
425 
500 
550 
625 
675 
750 
825 
875 
950 

Calculated Sight Distance 

Passenger Car 
B-1-P 
(ft) 

272 
340 
408 
476 
544 
612 
680 
748 
816 
884 
952 

SU Truck 
B-1-SU 
(ft) 

622 
777 
933 

1,088 
1,243 
1,399 
1,554 
1,710 
1,865 
2,021 
2,176 

WB-50 Truck 
B-l-WB50 

(ft) 

687 
858 

1,030 
1,202 
1,374 
1,545 
1, 717 
1,889 
2,060 
2,232 
2,404 

The following vehicle characteristics were used: 

Characteristic PC SU WB - 50 

Vehicle length, L (ft) 19 30 55 

Turning Radius, R (ft) 40 50 60 

Distance, s, (ft) 92 119 159 

Time to clear, t 1 (sec) 7.25 19.15 21.4 
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FIGURE 6 Sight distance curves for B-1 clear-lane procedure. 

data values presented in Table 2. Turning radii R values selected 
from the Green Book (J) were 40, 50, and 60 ft. The time 
(ts) to clear the near lane is based on data derived from Figure 
4 or Table 1. 

Green Book (J) B-2a & Ca Curve for Constant Speed 
(CS) 

Using information presented in the Green Book (J), the fol
lowing equations were developed to reproduce the Green 
Book (J) B-2a & Ca curve [see Figure 5 for an illustration 
of the dimensions for left turns and Figure 7, modified from 
Green Book (J), Figure IX-25, for right turns]: 

ISDB-2a&Ca or ISDcs = Q - H 

Q = 1.47 X V X tas 

t.s = ts + J 

H = P - D"P + R - TG - L 

D"P = TI x R/2 

TG = 1.47 x v x tTG 

FIGURE 7 Distances considered in a right-turn maneuver 
[modification of Green Book (1), Figure IX-25). 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 
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where 

ISDB-2a&Ca or ISDcs sight distance along major road
way's far lane to the right for left 
turns and along near lane to the 
left for right turns assuming the 
major-road vehicle maintains con
stant speed during minor-road 
vehicle's turning maneuver (ft) (see 
Figures 5 or 7), 

Q distance traveled by major-road 
vehicle during minor-road vehi
cle's turning maneuver (ft), 

H = major-road vehicle's distance from 
intersection when at assumed tail
gate distance to minor-road vehi
cle (ft), 

time for stopped minor-road vehi
cle to move into traffic stream and 
accelerate to design speed (sec), 

P = total distance traveled by minor
road vehicle from stopped position 
to location when design speed is 
achieved (ft) (data derived from 
Figure 4 or Table 1), 

D"P distance minor-road vehicle trav
eled during the turning maneuver 
that is not parallel to major high
way (ft), 

TG = tailgate distance (ft), and 

tTG = tailgate time (sec). 

If the major-road vehicle maintains a constant speed during 
the turn maneuver, the distance Q is constant speed V multiplied 
by the time for the minor-road vehicle to complete the turn 
maneuver. Time t., would equal the minor-road driver's 
perception-reaction time J plus the time t5 from when the vehicle 
began moving to the time when the turning vehicle reached the 
same speed as the major-road vehicle. A perception-reaction 
time value for the turning vehicle driver is not mentioned in the 
Green Book (1). The 2.0 sec used for the crossing maneuver 
(Case III-A) was assumed for the turning maneuvers. 

The Green Book (1) does not provide information on how 
to derive tailgate distance TG. Experimenting with different 
values for TG to provide the closest estimate of the B-2a & 
Ca curve resulted in a vehicle separation time (tTG) of 1.0 sec. 
Tailgate distance, measured from the rear of the turning vehi
cle to the front of the oncoming vehicle, is the product of the 
speed of the major-road vehicle (V) and the 1.0-sec interval. 

Values used for distance P and time t5 to accelerate were 
derived from Figure 4 in 5-mph increments and are presented 
in Table 1. ISD values calculated for passenger cars using 
these assumptions are presented in Table 3 and shown in 
Figure 8. Differences between these values and the Green 
Book (1) values range from 0 to 6 percent increases. 

The Green Book (1) implies that the sight distances would 
be greater for trucks but does not provide specific values. 
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TABLE 3 GREEN BOOK (J) B-2a & Ca CURVE 
(CONSTANT SPEED) SIGHT DISTANCE VALUES 

Calculated Sight Distance 
Green Book 

B-2a & Ca Curve Truck 
Speed (figure 2) Passenger Car BT-2a & Ca 
(mi/h) (ft) (ft) (ft) 

20 250 249 670 
25 340 343 903 
30 450 460 1,179 
35 580 604 1,516 
40 750 781 1,938 
45 950 990 2 ,483 
so 1,190 1,233 3,199 
55 1,440 1 , 512 * 
60 1, 730 1,832 * 
65 2,100 2,197 * 
70 2,500 2,612 * 

*Acceleration time and distance information is not available. 

The following vehicle characteristics were used : 

Characteristic PG AASHTO Truck 

Vehicle length, L (ft) 19 55 

Turning Radius, R (ft) 28* 60 

Time to accelerate, tt, from figure 4 and table 1 

*Selected based on dimension shown in Green Book figure IX-24. 
Minimum turning radius is 24 ft for a right-turning passenger 
car and 40 ft for a left-turning passenger car. 
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FIGURE 8 Sight distance curves for B-2a & Ca constant
speed procedure. 

Truck ISD values presented in Table 3 were calculated using 
these assumptions and equations. Accderaliun uislam:e P and 
time t5 values were obtained from the acceleration of truck 
curves in Figure 4 (presented in Table 1) . Truck intersection 
sight distance values are between 158 and 169 percent greater 
than those obtained from the B-2a & Ca curve. 

Sight distance lengths between Case III-B (left-tum) and 
Case III-C (right-turn) situations only differ because of the 
different turning radii R between a left turn and a right turn. 
Typically, left-tum sight distance is 2 percent greater than the 
sight distance calculated using minimum turning radius for 
right turns. 



Fitzpatrick and Mason 

Green Book (1) B-2b & Cb, or Reduced-Speed (RS), 
Curve 

The B-2b & Cb curve represents the condition in which the 
major-road vehicle decelerates during the turning maneuver 
of a minor-road vehicle (see Figures 5 and 7), which appears 
to more closely represent actual operations at an intersection. 
The following equations were developed to reproduce the 
curve: 

ISD8 _ 2b&Cb or ISDRs = Q - H (14) 

(15) 

(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

(22) 

fdee = (2 X Ddee)/(1.47)(Vds + V,,) 

H = P - D nr + R - TG - L 

Dnr = 'TT x R/2 

TG = 1.47 x v,, x (TG 

where 

ISD 8 _ 2b&Cb or ISDRs = sight distance along major road
way's far lane to the right for left 
turns and along the near lane to 
the left for right turns, assuming 
that major-road vehicle reduces 
speed from design speed to run
ning speed during minor-road 
vehicle's turning maneuver (ft) (see 
Figures 5, 7); 

vds design speed of major-road vehi
cle (mph); 

td, time major-road vehicle is at design 
speed during turning maneuver 
(sec); 

Ddee = distance major-road vehicle tra
versed during deceleration (ft), 
data derived from Green Book (J), 
Figure 11-13; 

tdee = time major-road vehicle is decel
erating (sec); 

V,, = running speed of major-road vehi
cle (mph); 

t,, = time major-road vehicle is at run
ning speed during turning maneu
ver (sec); 

t0 , = acceleration time for the minor
road vehicle to achieve running 
speed from a stopped position (sec), 
data derived from Figure 4 or Table 
1; and 

tr, = perception-reaction time for the 
major-road driver (assumed to be 
2.0 sec). 

Tailgate time tTG is assumed to be 1.0 sec. 
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The Green Book (J) does not include a discussion on how 
to calculate distance Q traversed by the major-road vehicle 
during the turning vehicle's maneuver. Calculation for this 
distance is more complex than for the previous situation. Dis
tance Q comprises three segments: distance traveled at design 
speed, distance traveled while decelerating from design speed 
to running speed Ddee• and distance traveled at running speed. 
Time at design speed was assumed to equal the minor-road 
driver's perception time J plus the major-road driver's 
perception-reaction time tr" assuming that the major-road 
driver begins to decelerate when initiation of the minor-road 
vehicle's turn maneuver is perceived. 

Distance to decelerate Ddee is available from Green Book 
(1), Figure 11-13. Final speed curves of 50, 40, 30, 20, and 
0 mph are also available . Reductions to 55 mph or greater 
can be determined using a comfortable deceleration rate of 
3.3 mph/sec as discussed by the ITE (2). Time to decelerate 
tdec can be calculated from distance to decelerate Ddee using 
Equation 19. Time spent at running speed t" can then be 
calculated by subtracting the time at design speed tds and time 
to decelerate tdee from the turning maneuver time t. 

Distance P covered by the minor-road vehicle for this sit
uation is similar to the constant-speed procedure except the 
vehicle is accelerating to running speed instead of design speed. 
Tailgate distance TG is based on running speed. 

Trial and error was used to estimate the speed reduction 
of the major-road vehicle used in the Green Book (1). Find
ings based on these assumptions agreed with the B-2b & Cb 
curve to within 8 percent. Speed reductions in 5-rnph incre
ments that provided the best agreement with the Green Book 
(J) curves were 

•No speed reduction for design speeds less than 30 mph, 
• Speed reduction of 5 mph for design speeds between 30 

and 65 mph, and 
• Speed reduction of 10 mph for design speed of 70 mph. 

Table 4 presents the results using these assumptions for 
passenger cars. Sight distance for trucks can now be calculated 
using these equations and the truck acceleration data derived 
from Figure 4 (see Table 1). These sight distance values (BT-
2b & Cb) are also presented in Table 4. The truck sight 
distances are between 131 and 178 percent higher than the 
B-2b & Cb curve. Green Book (1) passenger car and the 
calculated truck sight distances are shown in Figure 9. 

HISTORY AND CRITIQUE OF AASHTO 
PROCEDURES 

Case III-A-Crossing Maneuver 

AASHTO's crossing maneuver policy has remained the same 
in concept, formulation, and assumed J, ta, D, and L values 
since it appeared in the 1954 Blue Book (3). AASHTO curves 
for ta and time to accelerate (Figure 3) were established from 
tests conducted by the Bureau of Public Roads in 1937 ( 4). 
The parameter that most influences ISD is a vehicle's accel
eration characteristic. One of the most comprehensive dis
cussions of vehicle acceleration rates appears in the appendix 
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TABLE 4 GREEN BOOK (1) B-2b & Cb CURVE 
(REDUCE SPEED) SIGHT DISTANCE VALUES 

Calculated Sight Distance 
Green Book 

B-2b & Cb Curve Truck 
Speed (figure 2) Passenger Car BT-2b & Cb 
(mi/h) (ft) (ft) (ft) 

20 250 249 670 
25 325 343 qo1 
30 425 460 1,179 
35 525 494 1,213 
40 660 638 1,549 
45 825 814 1, 971 
50 l,025 1,023 2,516 
55 1,225 1,266 3,232 
60 l,475 1,545 * 
65 1,725 1,865 * 
70 2 ,000 1,906 * 

*Acceleration time and distance information is not available . 

The following vehicle characteristics were used : 

Characteristic PC AASHTO Truck 

Vehicle length, L (ft) 19 55 

Turning Radius, R (ft) 28* 60 

Time to accelerate, tt, from figure 4 and table 1 

*Selected based on dimension shown ln Green Book figure IX-24 . 
Minimum turning radius is 24 ft for a right-turning passenger 
car and 40 ft for a left-turning passenger car. 
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FIGURE 9 Sight distance curves for B-2b & Cb reduced
speed procedure. 

of NCHRP Report 270 ( 4) in which findings from several 
studies are discussed. Olson et al. ( 4) concluded that the 
AASHTO curves represent a conservative design policy in 
relation to current and projected vehicle fleets. 

Cases 111-B and 111-C-Turning Left or Right onto 
a Crossroad 

McGee et al. (5) stated that Case IIl-B and III-C is a new 
policy that had not been considered in editions of the AASHTO 
design policies before 1984. In 1988, Poe (6) generated equa
tions to reproduce the B-2a & Ca curve. A 2.0-sec tailgate 
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time was assumed between the turning vehicle and the oncom
ing vehicle. This larger time gap resulted in a greater percent 
difference with the Green Book (J) B-2a & Ca curve than 
those discussed. Mason et al. (7) used truck characteristics 
from the literature to estimate sight distance values for the 
constant-speed procedure. Mason et al. (7) sight distance val
ues were less than the present values because the values for 
time to accelerate t0 , cited in the literature were less than 
those determined from Figure 4. 

Equations were developed to reproduce the design curves 
in Figure 2. These curves were reproduced to within 8 percent 
accuracy for passenger cars. When truck characteristics were 
substituted for passenger car characteristics, the resulting sight 
distances were between 690 and 1,700 ft for the clear-lane 
procedure (B-1 curve), between 670 and 3,200 ft for the 
constant-speed procedure (B-2a & Ca curve), and between 
670 and 2,500 ft for the reduced-speed procedure (B-2b & 
Cb curve). These sight distances are for speeds from 20 to 50 
mph. However , individuals cannot perceive movement much 
beyond 800 ft, and a car at 2,000 ft appears the size of a 
pinhead held at 18 in. (8). 

The Green Book (J) depicts tailgate distance as the mini
mum distance hetween the re;ir bumper of the turning ve
hicle and the front bumper of the major-road vehicle . The 
term tailgate implies an inappropriate driving behavior, but 
the minimum distance is not necessarily an improper action 
by the major-road driver. Therefore, the term mm1mum 
separation may be a better description of that particular 
dimension. 

Design speeds selected for the original design of the roads 
may not be in agreement with the current functional classi
fication of the roads or the intersection and may not agree 
with current operations. Initial speed used in the ISD pro
cedure should reflect the functional classification and the 
operations of the intersection. The term "design speed" could 
be replaced with "initial speed," which would represent the 
higher of the intersection design speed or the 85th-percentile 
speed along the major road. Because major-road drivers are 
reducing to speeds less than average running speed, the term 
reduced speed may better describe the events occurring at the 
intersection. 

SUMMARY OF FINDINGS 

Crossing Maneuver (Case III-A) 

AASHTO's crossing maneuver policy has remained the same 
in concept, formulation, and in assumed J, ta, D, and L values 
since it appeared in the 1954 Blue Book (3). AASHTO curves 
for 1. were established from tests conducted by the Bureau of 
Public Roads in 1937 (4). 

Turning Left or Right onto a Crossroad (Cases 111-B 
and III-C) 

Turning left or right onto a crossroad is a new design con
sideration that was not mentioned in earlier editions of 
AASHTO's design policies (5). As currently included in the 
Green Book (J), the case lacks specific information to derive 
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the design curves for determining required passenger car ISD 
values. Using the information provided and making assump
tions for the missing information, the curves or values were 
reasonably reproduced . Passenger car characteristics were then 
replaced with truck characteristics to determine the ISD val
ues for trucks. Specific sight distance values are listed in Tables 
2-4 for the B-1, B-2a & Ca, and B-2b & Cb curves, 
respectively. 

IMPLICATION OF FINDINGS 

ISD values were produced for trucks using equations and 
driver and vehicle characteristics implied in the Green Book 
(1). Passenger car curves were reproduced to within 8 percent 
accuracy. Using truck characteristics in the rnodified equa
tions frequently produced sight distance values greater than 
those at which drivers can normally detect motion. The constant
speed procedure generated a sight distance of 3,200 ft for a 
50-mph major-road design speed, whereas the reduced-speed 
procedure resulted in a sight distance of 2,500 ft for the same 
design speed. Operation experience at intersections indicates 
that sight distances of such magnitude are rarely necessary 
for safe and efficient operations. Procedures should be based 
on actual intersection operations through field observations 
of the intersection characteristics (i .e., major-road vehicles 
tend to reduce speed more than 5 mph during a minor-road 
vehicle's turning maneuver). 

RECOMMENDATIONS 

Several issues were identified for consideration in future ver
sions of the AASHTO geometric design policy for stop
controlled ISD. A preliminary draft copy of the revised Green 
Book (9) was received and reviewed. Differences between 
the Green Book (1) and the draft of the revised Green Book 
(9) are noted after each of the following issues: 

•Case 111-B and III-C procedures warrant additional dis
cussion regarding the equations used to calculate ISD values. 
A comprehensive discussion using numeric values for the major
road vehicle's speed reduction would be beneficial. The draft 
of the revised Green Book (9) included the equation for cal
culating sight distance to the left for a left turn (B-1 proce
dure). The draft also informally presented, in the written 
portion of the chapter and on a revised Green Book (9), 
Figure IX-24, equations to produce B-2b & Cb (reduced
speed) sight distance values. Discussion supporting stated 
assumptions and a comprehensive example of a sight distance 
calculation would further improve the section. 

• The two sight distances used in Case III - B, sight distance 
to the left-clear-Jane condition (B-1 curve)-and sight dis
tance to the right-constant-speed condition (B-2a curve) 
or reduced-speed condition (B-2b curve)-should be clearly 
defined . The revised Green Book (9) includes a discussion 
on the B-1 curve that assists in emphasizing the differences 
between the procedures. 

• Consideration should be given to substituting the terms 
minimum separation, initial speed, and reduced speed in place 
of tailgate distance, design speed, and average running speed, 

225 

respectively, in Case IIl-B and III-C procedures. The revised 
Green Book (9) includes the terms vehicle gap, design speed, 
and 85 percent of design speed. 

• Guidance should be provided on the sight distance dimen
sion along the minor road from the edge of the travel Jane to 
ensure consistent application, i.e., is the assumed 10-ft dimen
sion to the front of the vehicle or to the driver? If it is to the 
vehicle, the assumed distance between the driver and the front 
of the vehicle shoulQ be stated. (The driver's eye is established 
as 20 ft behind the edge of pavement or curb line.) 

•Case III-B on Figure 1 should reflect the sight distance 
values for near and far lanes. Sight distance to the right should 
be longer than the sight distance to the left. Also, consider
ation should be given to replacing d1 with ISDcL or ISDB-i 
(clear-lane intersection sight distance) and d2 with ISDcs or 
ISDB-ia-ea or ISDRs or ISDB-zb&Ch (constant-speed or reduced
speed intersection sight distance). This change will assist in 
clearly showing which sight distance procedures are being 
used. Figure 1 was not modified in the draft of the revised 
Green Book (9). 

• Other issues noted in the draft Green Book (9) include 
the following: 
-The curve for acceleration time versus distance traveled 

(Figure 3) was updated with information from NCHRP 270 
( 4). The curves for the WB-50 and SU design vehicles were 
not modified. 

-The curves for distance traveled versus speed reached 
(Figure 4) were updated. 

-Speed of the major-road vehicle is assumed as 85 percent 
of the design speed on the major roadway. However, the 
corresponding formulas for the B-2b & Cb procedures do 
not include any time for reducing speed. 

-A formula for the sight distance to the left value for Case 
III is provided. The procedure assumes that the major-road 
vehicle is driving at 85 percent of the major highway's design 
speed. Time to accelerate is based on the distance traversed, 
which is the sum of a 10-ft setback from the stop line, the 
length of the vehicle, and the distance traveled to cross the 
opposing lane (assumed as approximately 1.5 times the lane 
width). A 2-sec gap between the turning vehicle and the 
approaching vehicle is also stated as being assumed. 

- Discussion on the sight distance for a P vehicle to turn and 
attain design speed (B-2a & Ca curve) was not present. 
Also, the B-2a & Ca curve was not included on the ISD 
for the at-grade intersections figure (see Figure 1). 

-The draft chapter (9) contains the same comment on required 
sight distance for trucks that was in the Green Book (1). 
"Required sight distances for trucks making left turns onto 
a major highway will be substantially longer than for pas
senger cars. These relationships for trucks can be derived 
using appropriate assumptions for vehicle acceleration rates 
and turning paths." The procedure outlined in this discus
sion can be used to determine the sight distance require
ments and implications of trucks at stop-controlled inter
sections. Pertinent substitutions and minor modifications 
will be necessary to incorporate AASHTO's proposed 
revisions to this section of the new geometric design policy. 

Most drivers do not have the capability to accurately judge 
the location and speed of an oncoming vehicle at several of 
the sight distances produced using the truck characteristics. 
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Generally speaking, intersections currently operate with sight 
distances less than those calculated. For practical reasons, ISD 
procedures should reflect actual field operations. For exam
ple, individual parameter values used in the Green Book (J) 
ISD procedures should represent current and future vehicle 
and driver characteristics, or both, which can be accomplished 
by explicitly considering gaps in the major-road traffic that 
are accepted by minor-road drivers. 
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Sight Distance Requirements for 
Symmetrical- and Unsymmetrical-Crest 
Vertical Curves 

SNEHAMAY KHASNABIS AND RAMAKRISHNA R. TADI 

Major changes in vehicular design have occurred in the United 
State during lhe .la ·1 25 yea rs thar have affected both lh , com
putati n and measurement of stopping sight distance ( SD). First, 
a brief review of the changes in 1he design parameters of 
symmetrical-crest vertical curves , as renecred in the 1984 AASHTO 
manual , is presented. Second , an analytical approach computing 
the length of unsymmetrical curves to provide SSD requirements, 
for which no design guidelines are currently available, is pre
sented. Unsymmetrical curves may be warranted in special sit
uations with constrained geometrics, e.g., freeway ramps, grade 
separation structures, multiple control points, etc. A parameter 
('y) is introduced as an indicator of nonsymmetry in the compu
tation of length of unsymmetrical-crest curves. For valu s of 'I 
less than unity, the procedure presented results in a longer curve 
length than that u ·ed for a ymmetrica l curve, with the maximum 
length occurring at 'I = 0.3 fo r driver's eye and object heighls 
of 3.5 and 0.5 ft , respectively . Overall, unsymmetrical curves 
required longer lengths than those currently used for symmetrical 
curves . A complete procedure for setting up unsymmetrical curves 
to meet SSD requirements is presented along with a technique 
to locate the highest point . Finally, recomrnendati ns are made 
for further research for form alizing additional design guidelines 
for unsymmetrical curves. 

Sight distance considerations constitute a key element of high
way design. The ability of the motorist to see a sufficient 
distance ahead to perceive potential hazards and to make 
proper decisions is a major factor in the safe and efficient 
operation of highways (J ,2) . Motorists must not be trapped 
in situations where they have neither sufficient time nor dis
tance to take evasive actions. Further, traffic engineers must 
recognize the importance of interface between vehicular and 
human factors in the design of highways . 

Vehicular design has undergone significant changes in 
dimensions and operating characteristics during the last 25 
years . Also, substantial changes in the mix of vehicles between 
passenger cars and heavy vehicles have occurred during the 
last two decades. Lastly, highway users differ in their physical 
stature and in their psychological attributes. Today's driving 
population in most countries has somewhat of a different 
distribution of age groups and sex compared with the early 
1960s. Highway design practices should recognize these changes 
and should attempt to incorporate their effect into the design 
parameters. 

S. Khasnabis, Department of Civil Engineering, Wayne State Uni
versity , Detroit , Mich. 48202. R . R . Tadi , Detroit Department of 
Transportation , 1301 E. Warren, Detroit , Mich . 48207. Current affil
iation: City of Fontana, 8353 Sierra Av., Fontana, Calif. 92335. 

THE IMPORTANCE OF SIGHT DISTANCE 

AASHTO discusses three types of sight distance for consid
eration in highway design (2) . There are stopping sight dis
tance (SSD), passing sight distance (PSD) , and decision sight 
distance (DSD). In addition, the importance of sight distance 
at intersections is mentioned in the AASHTO manual. Of the 
three types , SSD constitutes the single most important design 
criterion for highways . 

Current highway design standards dictate that at any point 
on a given roadway, a minimum SSD must be provided . Fail
ure on the part of the roadway designer to provide the min
imum SSD may expose the motorist to undue hazards and 
increase the likelihood of accidents. The provision of mini
mum PSD although considered desirable will result in inor
dinately long vertical curves and in high construction costs . 
DSD is important only in special situations in which there is 
a likelihood of error in information reception, decision mak
ing, or control actions . Clearly, consideration of SSD (rather 
than PSD or DSD) is of utmost importance in the design of 
crest curves (3). SSD is incorporated in the design of unsym
metrical crest vertical curves. In order to provide continuity, 
a brief synopsis of symmetrical vertical curves is also presented. 

GEOMETRY OF CREST VERTICAL CURVES 

The purpose of vertical curves that join two intersecting grade 
lines of railroads or highways is to smooth out the changes in 
vertical motion. Vertical curves are designed to contribute to 
safety , comfort , and appearance of the roadway. These curves 
are generally parabolic in nature and can be either symmet
rical or unsymmetrical. Symmetrical curves are those with 
equal tangents at the point where the curve is divided equally 
at the vertical point of intersection (VPI) of the two tangents 
(Figure 1). The point on the left tangent line where the curve 
starts is termed the vertical point of curvature (VPC) and the 
corresponding point where the curve ends on the right tangent 
is called the vertical point of tangency (VPT) . 

The majority of vertical curves constructed in the United 
States are symmetrical in nature . Standards for incorporating 
sight distance requirements for symmetrical crest curves were 
originally developed by AASHO in 1965 (J) and updated in 
1984 (2). The rate of changer of slope of a symmetrical vertical 
curve remains unchanged throughout the length of the curve. 
The constant value of r is a characteristic feature of the parabolic 
nature of the curve. 
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FIGURE 1 Symmetrical-crest vertical curve. 

An unsymmetrical curve is characterized by two unequal 
tangents, resulting in an unequal division of the curve at the 
VPI (Figure 2). The rates of change of the slope of the two 
sections of the curve under the two tangents are different and 
the point under the VPI forms the transition between the two 
rates. Although unsymmetrical curves are far less common 
than symmetrical ones, AASHTO states "it is possible that 
an unsymmetrical curve will fit more closely certain imposed 
requirements than the usual symmetrical equal-tangent un1e" 
(2). Unsymmetrical curves may be warranted in situations 
with constrained geometrics-roadways with multiple control 
points, freeway ramps, and grade-separated structures where 
a minimum vertical clearance between two roadbeds must be 
provided. Few guidelines are currently available on how to 
incorporate sight distance requirements in unsymmetrical-crest 
vertical curves. However, unsymmetrical curves should be 
used more frequently than before, but because AASHTO 
does not provide guidelines this analysis can be used to design 
an unsymmetrical curve should one be needed. 

Two aspects of SSD are important from the roadway design
er's viewpoint: (a) computation of SSD at various speeds, and 
(b) measurement of roadway length at crest curves to ensure 
the provision of SSD. Both computation and measurement 
represent the use of analytic techniques requiring basic 
assumptions on vehicular dimensions and geometric features 
of the roadway. Major changes in vehicular design have occurred 
in the United States during the last 25 years that have affected 
both the computation and measurement of SSD. Historically, 
the critical dimensions (i.e., length, breadth, and height) of 
passenger cars have decreased because of safety standards, 
energy consumption, and driver preferences. Also, advances 
in automotive technology have brought about major changes 
in vehicular dynamics, including acceleration and deceleration 
characteristics, speed attainability over gradient sections, and 
maneuverability around sharp curves (4) . 

First, the changes in the design parameters of symmetrical 
vertical curves are reviewed to incorporate changes in vehic
ular design as reflected in the 1984 AASHTO manual (2) . 

VPl(V) 

L 

FIGURE 2 Unsymmetrical-crest vertical curve. 
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Second, the lengths of unsymmetrical curves to provide SSD 
requirements are computed. 

COMPUTATION OF SSD 

Equation 1 is used to calculate SSD values as the sum of 
reaction distance and braking distance. Included are two 
parameters, reaction time t, and pavement friction f, and one 
major variable , speed V. 

v2 
S = l.47Vt, + - --

O(f ± G) 

where 

S = SSD, 
V = speed (mph), 
t, = perception-reaction time (sec), 

(1) 

f = coefficient of friction between tires and pavement, 
and 

G = percent of grade divided by 100. 

Perception-Reaction Time 

The 1965 AASHO manual (J) recommended a design value 
of 2.5 sec for perception-reaction time (including 1.5 sec for 
perception and 1.0 ec for reaction) under emergency braking 
conditions for a typical driv r (1,5,6). The value of 2.5 sec 
is based on limited experimental data collected many years 
ago. Recent studies (2) indicate that "a reaction time of 2.5 
sec is considered adequate for more complex conditions than 
those of the various studies, but it is not adequate for the 
most complex conditions encountered by the driver." Woods 
(7) reported that "perception reaction time is substantially 
less than the 2.5 second value currently used .. . . The dis
tribution of perception reaction time has an extreme value of 
3 seconds." However , the 1984 AASHTO manual (2) has 
retained the earlier assumed value of 2.5 sec for the purpose 
of computing SSD. 

Pavement Friction 

Values of coefficient of friction (!)in Equation 1 for wet pave
ment as used in the 1965 AASHO manual (J) were developed 
almost 30 years ago (8). The 1984 AASHTO manual (2) rec
ommends f values that are slightly lower than those used in the 
past. These revised values recognize recent studies that indicate 
that there is a wide variation in pavement friction that reflects 
the effect of surface texture on stopping distances (4). 

Speed 

The 1965 AASHO manual (J) assumed that top speeds were 
somewhat lower on wet pavements than on the same surface 
under dry conditions . On the basis of this assumption, the 
average running speed rather than design speed was used in 
computing SSD values. This assumption was questioned in 
later years as many motorists were found to drive as fast on 
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TABLE 1 COMPARISON OF MINIMUM SSD VALUES FOR WET PAVEMENT BETWEEN 1965 (J) AND 1984 (2) AASHTO 
GUIDELINES (t, = 2.5 sec) 

1965 AASHO 

Assumed 
Design Assumed Coef. of Speed for 
Speed Speed Friction SSD Condition 

(MPH) (MPH) (f) (feet) (MPH) 

30 28 0.36 200 28-30 
40 36 0.33 275 36-40 
so 44 0.31 350 44-50 
60 52 0.30 475 52-60 
70 58 0.29 600 58-70 

wet pavements (9). The 1984 manual suggests the use of design 
speed rather than average running speed . Table 1 presents a 
comparison of SSD values computed using the two versions 
of the AASHTO manual (1,2). Also included in Table 1 is a 
set of SSD values suggested in 1983, by Khasnabis and Reddy 
(8), before publication of the 1984 AASHTO manual (2) . 

The higher values indicate the effect of design speed and 
revised friction (f) values . 

Symmetrical-Crest Curves 

The expression given by Hickerson (10) for computing the 
length of a symmetrical-crest vertical curve is as follows: 

L = ASi 
100(~ + V'2i1;)2 if S < L 

where 

L = required length of vertical curve (ft) , 
S = required sight distance (SSD in this case) (ft), 
A = algebraic difference in grades (percent), 
h1 = driver's eye height (ft) , and 
h2 = object height (ft). 

Equation 2 can be rewritten as 

L =KA 

where 

(2) 

(3) 

(4) 

In Equation 3, L is the length of crest curve needed for 
each percent algebraic change in grade A and is a convenient 
expression of the design control . For each design speed V 
(which determines the value of S) and a given combination 
of driver's eye height (h 1) and object height (h2), K is thus 
the rate of vertical curvature (or the length per unit value of 
A) needed to provide the required SSD. Situations in which 
S > L are somewhat uncommon and are not considered critical 
from the point of view of design. 

Eye Height (h1) 

The 1965 AASHO guidelines (J) recommended an eye height 
value of 3.75 ft (45 in.) on the basis of the actual observation 

1984 AASHTO 1983 AUTHORS I RECOMMENDATION 

Assumed 
Coef. of Speed for Coef. of 
Friction SSD Condition Friction SSD 

(f) (feet) (MPH) (f) (feet) 

0.35 200-225 29 0.35 180 
0.32 275-325 38 0.31 300 
0.30 400-475 47 0.28 440 
0.29 525-650 56 0.27 600 
0.28 625-850 64 0.26 760 

of vehicular dimensions up to the mid-1960s. Passenger vehi
cle design trends have resulted in lower vehicular heights and 
thus in lower driver's eye height values (9,11 ,12). Eye height 
has finally stabilized and little change, if any, is likely to occur 
during the next decade. 

The 1984 AASHTO manual (2) recognizes these changes 
and calls for using a driver eye height of 3.5 ft for the design 
of crest vertical curves. In their 1983 study, Khasnabis and 
Reddy (8) suggested the use of 3.5 ft: "It appears that height 
of 3.5 feet (as opposed to the currently used 3.75 ft) would 
better represent the eye height of a majority of passenger cars 
in the United States." Even this reduction of eye height is 
considered by some experts to be insufficient to reflect a 
majority of passenger cars in the United States. For example, 
Woods (7) reported a 95 percentile value of 3.23 ft and has 
shown that the assumed value of 3.5 ft at a design speed of 
70 mph used to compute the length of crest vertical curves 
would result in an o. level of 25 percent (corresponding to 
Type 1 error) . 

Object Height (h2 ) 

In 1940, AASHO selected a design object length of 4 in. on 
the basis of optimizing the trade-off between object height 
and the required length of vertical curve (11) . This 4-in. object 
height represents a compromise solution between construc
tion cost and the need to maintain a clear sight line to the 
pavement, which is evident from the fact that this requirement 
was changed to 6 in. in 1965 and has been retained at 6 in. 
in 1984. To quote the 1984 manual (2), a 6-in. height is repre
sentative of the "lowest object that can be perceived as a 
hazard by a driver in time to stop before reaching it ." Khas
nabis and Reddy (8) discussed the implication of object height 
and demonstrated that even a small reduction in eye height 
will result in a substantially longer crest curve. 

Required Length of Symmetrical Curve 

For h1 = 3.5 ft and h2 = 0.5 ft, Equation 4 can be rewritten 
as 

5 2 
K = --

1,329 
(5) 
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TABLE 2 COMPARISON OF CREST VERTICAL CURVE LENGTHS ON THE BASIS OF SSD REQUIREMENTS 

K - Rate of Vertical Curvature Length 
(ft) per Percent of A 

Design Speed 1965 AASHO 1984 AASHTO 1983 AUTHORS' RECOMMENDATION 
(MPH) 

30 28 30-38 24 
40 55 60 - 80 68 
so 85 110-160 146 
60 160 190 - 310 271 
70 255 290-540 435 

In Table 2, a set of K values is presented for use in comparing 
crest curve lengths between the 1965 and 1984 AASHTO 
guidelines (1,2) and the 1983 recommendation of Khasnabis 
and Reddy (8). Higher values of K for 1984 in Table 2 reflect 
the consequence of increased SSD values as shown in Table 
1 plus a reduction in h, from 3.75 to 3.5 ft. 

UNSYMMETRICAL-CREST CURVES 

Unsymmetrical vertical curves are not common, but as 
AASHTO mentions, "on certain occasions, because of critical 
clearance or other controls, the use of unsymmetrical vertical 
curves may be required" (2,p.305). Figure 2 shows that the 
points of intersection of the vertical line through the VPI with 
the curve at C and with the long chord at M are not the 
midpoints of the curve or the chord, respectively. An unsym
metrical curve is not divided into two equal halves around 
the VPI. Thus, unlike a symmetrical curve with a constant 
rate of change in the slope, an unsymmetrical curve is char
acterized by two rates of change in slope-one for the left 
portion of the curve from the VPC to the VPI and another 
for the right section of the curve from the VPT to the VPI. 
This difference is explained in the derivations of Appendix A. 

Length Requirement of Unsymmetrical Curves 

In Figure 2, let 

l, = length of curve AC (left section) (ft), and 
!2 = length of curve BC (right section) (ft) 

so that 

L = l, + /2 

where L = length of entire rnrve (ft). Setting 

g1 = percent grade of left tangent AV, and 
g2 = percent grade of right tangent BV, 

the algebraic difference in percent grade of the tangents is 

and 'Y = !1/!2 • Deviation of the value of 'Y from unity is a 
measure of the degree of nonsymmetry. 

Thus, it can be shown (Appendix A) that 

L = ASi 
200(V/10 + ~)2 

(6) 

Alternatively, 

/ - Al..y 
2 

- 200('YV'ii';" + ~)2( 1 + -y) 
(7) 

l, = -yl,, (8) 

so that L can be computed from 

(9) 

Note that 'Y > 1when11 > 12 or 0 < 'Y s: 1, when l, s: /2 . 

In practice, 'Y is likely to be within the range of 0.25 to 2 
and when 'Y equals unity, the curve becomes symmetrical. 
Further, deviation of the 'Y value from unity (in either direc
tion) is an index of the degree of nonsymmetry. The length 
of the unsymmetrical curve L needed to provide a required 
sight distance S can be computed from Equation 6. Alter
natively, Equation 6 can be written as 

L = K 1A (10) 

where 

(11) 

K 1 is the length of crest curve needed for each percent of 
algebraic change in grade A. For each design speed V (which 
determines the value of S), a combination of h1 , h2 (eye and 
object heights), and known 'Y value (degree of nonsymmetry), 
K 1 is the rate of unsymmetrical vertical curvature needed to 
provide the required SSD. 

Alternatively, Equations 7-9 can be rewritten as 

kl = 52-y 
2 200(-yv'ii;" + Yflz)2 (1 + 'Y) 

kl = -yk~ 

where 

ki = rate of vertical curvature of the right section, 

(12) 

(13) 

(14) 

kl = rate of vertical curvature of the left section, and 
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K1 = rate of unsymmetrical vertical curvature as defined 
before. 

If r1 and r 2 are the rates of change of slope of the left portion 
(from VPC to VPI) and the right portion (from VPT to VPI), 
respectively, 

and 

A 11 r - --
2 - L 12 

(15) 

(16) 

By contrast, a symmetrical curve has a constant rate of change 
of slope r from the VPC to the VPT equal to Al L. 

If the object of the analysis is to derive estimates of kl and 
k1 separately, Equations 12 and 13 can be used for such pur
poses. Table 3 presents a set of K 1 values, using Equation 11 
and the same data used in Table 2, plus the additional param
eter 'Y· At 'Y = 1, the K 1 values in Table 3 are similar to those 
in Table 2. Tables 4 and 5 present the values of kl, kL and 
K 1 as computed by Equations 12-14 for the same set of 'Y 
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values. Note that at 'Y = 1, kl and k1 are the same, repres
enting a special case of a symmetrical curve. 

Design Guidelines 

The K1 values have also been plotted in Figures 3 and 4 for 
the low and high values of SSD for specific design speeds, for 
assumed values of 'Y ranging from 0.25 to 2.0. Because guide
lines for length requirements for unsymmetrical curves are 
currently unavailable, Figures 3 and 4 can be used to compute 
the length of unsymmetrical-crest curve for a specific value 
of 'Y· 

From data presented in Tables 3-5 , as well as Figures 3 
and 4, length requirements of unsymmetrical curves (for the 
assumed value of h1 and h2) exceed those of symmetrical 
curves when the numerical value of 'Y is less than unity. How
ever, the change in the K 1 value as a result of a reduction in 
the value of 'Y is not monotonic. For example, the reduction 
in 'Y from 1.0 to 0.5 brings about a significant increase in the 
value of K 1• However, a reduction in 'Y from 0.5 to 0.25 causes 
a small reduction in K 1 because of the nature of the mathe
matical function (Equation 11) used for computing K1 • 

Calculus was used to identify the value of 'Y at which K 1 is 
maximized. By taking the first derivative of Equation 11 with 

TABLE 3 K' VALUES FOR DIFFERENT SPEEDS AND y VALUES EXPRESSED AS RATE OF CURVATURE (IN FEET PER 
UNIT VALUE OF A) FOR UNSYMMETRICAL CURVES 

Design Speed SSD y Value 

(MPH) (Ft) 0 . 25 0.50 1.00 1. 50 2.00 

Low High Low High Low High Low High Low 

30 200-225 36 46 37 47 30 38 24 31 20 

40 275-325 68 96 70 98 57 79 46 64 38 

50 400-475 145 204 148 209 120 170 97 137 81 

60 524-650 249 382 255 392 207 318 167 257 139 

70 625-850 354 654 362 670 294 544 237 439 197 

TABLE 4 kt, k1, K' VALUES FOR DIFFERENT SPEED AND y VALUES (IN FEET PER UNIT VALUE OF A) FOR 
UNSYMMETRICAL CURVES-LOW END 

Design y Value 
Speed SSD 

(MPH) (Ft) 0.25 0.50 1.00 1. 50 2.00 

k' I k' 2 K' k' I k' 2 K' k' I k' 2 K' k' I k' 2 K' k' I k' 2 

30 200 7 29 36 12 2S 37 lS lS 30 14.6 9.7 24 13 7 

40 27S 14 SS 69 23 47 70 28.S 28.S S7 27.6 18.4 46 2S 13 

50 400 29 116 145 49 99 148 60 60 120 SB 39 97 S4 27 

60 525 so 200 2SO 85 170 2SS 103.5 103.5 207 100 67 167 93 46 

70 625 71 283 354 121 241 362 147 147 294 142 9S 237 132 66 

High 

26 

53 

114 

213 

365 

K' 

20 

38 

81 

139 

198 
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TABLE 5 kl, k1, K' VALUES FOR DIFFERENT SPEED AND -y VALUES (IN FEET PER UNIT VALUE OF A) FOR 
UNSYMMETRICAL CURVES-HIGH END 

Design 
Speed SSD 

(MPH) (Ft) 0.25 0.50 

k' l k' 2 K' k' l k' 2 K' 

30 225 9 37 46 16 31 47 

40 325 19 77 96 33 65 98 

50 475 41 163 204 70 139 209 

60 650 77 306 383 131 261 392 

70 850 131 524 655 224 446 670 

400 

'50 

JOO 

250 

200 

150 

100 

50 

0 
JO 40 50 60 70 

SPEED IN MPH 

FIGURE 3 K1 values for different speeds for lower SSD values. 

respect to 'Y and setting it equal to zero, K1 is maximized at 
'Yc<>tical = Vh/Vh1 and for the assumed values of h1 = 3.5 ft 
and h2 = 0.50 ft , this "!critical value is 0.38. 

In an effort to further demonstrate the relationship between 
K1 and -y, K1 values for different speed data for 'Y values 
ranging from 0.20 to 0.60 are presented in Table 6. From this 
table , the curve length is indeed maximized when 'Y approaches 
0.40, which closely approximates the 'Y value of 0.38 derived 
by calculus. 

Figures 3 and 4 indicate that unsymmetrical curves, if designed 
as symmetrical curves according to current AASHTO guide
lines , may not provide safe stopping distances for 'Y param
eters less than unity. Additionally, the required length is max
imized at 'Y = 0.40. For example, for a design speed of 50 
mph, the lower range of the K value of a symmetrical curve 
is 110 ft (Figure 3 and Table 2) . For an unsymmetrical curve 
for 'Y = 0.50, the corresponding value is 148 ft (Table 3 and 
Figure 2). Further, for the unsymmetrical curve for 'Y = 0.50, 
kl and H, are estimated as 49 and 99 ft , respectively , making 
a total length (K1) of 148 ft (Table 4) . Clearly, more research 
is needed before specific guidelines could be formalized in 
this respect. 

y Value 

1.00 1. 50 2.00 

k' l k' 2 K' k' l k' 2 K' k' l k' 2 K' 

19 19 38 19 12 31 17 9 26 

39 . 5 39.5 79 38 26 64 35 18 53 

85 85 170 82 55 137 76 38 114 

159 159 318 154 103 257 142 71 213 

272 272 544 263 176 439 243 122 365 

700 

600 

,00 

400 

J OO 

200 

100 

0 

JO 40 ~o 60 70 

SPEED IN MPH 

FIGURE 4 K' values for different speeds for higher SSD values. 

For 'Y parameters exceeding unity, the reverse might appear 
to be true, but K1 values for 'Y exceeding unity should not be 
used for design purposes because the derivation of K1 values 
is based on assumed direction of travel from the left to the 
right, with eye height h1 and object height h2 located at left 
and right, respectively. Because a majority of two-lane rural 
highways are for two-way travel , clearly the directions of h, 
and h2 could reverse themselves from those assumed in the 
derivation. Thus, the curves in Figures 3 and 4 to the right 
of the line representing 'Y = 1 (symmetrical curves) ought to 
be used with extreme caution , only when the roadway is for 
one-way travel. For all other cases, the 'Y value should be 
computed as 

whichever is smaller, and the curves to the left of the line 
representing 'Y = 1 should be used. Thus, the curves in Figures 
3 and 4, to the right of the line representing 'Y = 1 (or K1 

values for 'Y values exceeding unity) are purely for academic 
interest with little practical value. This situation is somewhat 
analogous to SSD values computed for dry pavements , although 
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TABLE 6 K' VALUES (IN FEET PER UNIT VALUE OF A) FOR VARIOUS VALUES OF "I AND DESIGN SPEEDS FOR 
UNSYMMETRICAL VERTICAL CURVES 

y 

Value 30 40 

Low High Low High 

0.20 34 34 65 90 

0. 30 37 37 70.5 99 

0.40 38 38 71.4 100 

0.50 37 37 70 99 

0.60 36 36 68 95 

for all practical considerations wet-pavement conditions prevail 
in highway design. 

Highest Point on a Crest Curve 

Both for symmetrical and unsymmetrical curves, the turning 
point can be under the vertical point of intersection (VPI) of 
the two tangents, which is likely to happen only in specific 
situations; more often than not, the turning point is likely to 
be located either to the right or the left of the VPI. 

The procedure for locating the turning point of a vertical 
curve includes taking the first derivative of the expression for 
computing the elevation of the curve (expressed in terms of 
x, the distance from the VPC), setting it equal to zero, and 
solving for x. The procedure results in the following equation 
for symmetrical curves: 

(17) 

where A = I g1 I + I g1 I · 
The highest point of a symmetrical curve is more likely to 

be located either to the left or right of the VPI, depending 
on whether I gt I is less or more than I g2 I, respectively. 
Only when I gt I equals I g2 I is the highest point exactly 
under the VPI, i.e., XrP equals L/2 in Equation 17. 

Following the same procedure and approaching both from 
the left tangent (VPC) and the right tangent (VPT) for an 
unsymmetrical curve, the turning point(s) can be located using 
the following expressions, as derived in Appendix B: 

X _ giL .!.!. 
TPL - A 12 (18) 

or 

(19) 

where XrPL equals the location of the turning point measured 
from the left (VPC), and XrPR equals the location of the 
turning point measured from the right (VPT). The purpose 
of the inequalities in expressions 18 and 19 is to ensure that 

Design Speed (MPH) 

50 60 70 

Low High Low High Low High 

137 193 236 361 334 618 

149 210 257 394 364 674 

151 213 260 399 369 682 

148 209 255 392 362 670 

143 202 247 379 350 647 

the turning point is contained within the prescribed length of 
the 11 or /2 value. Only one of these two equations will prevail 
in most cases. Only under a specific set of geometric com
bination of lengths and grades will the turning point for 
unsymmetrical curves be under the VPI. This condition will 
happen only when the points XrPL and XrPR converge under 
the VPI as derived as follows: 

(20) 

or 

(21) 

and 

(22) 

or 

(23) 

Equations 21 and 23 are complements of each other, repre
senting the rare case when the turning point, whether ap
proached from the left or the right, will be under the VPI. 
Last, when I g1 I equals I g2 I , and 11 equals l2 , both X TPL 

and XrPR are equal to L/2. In this case, the vertical curve is 
a symmetrical curve (see Equation 15). 

APPLICATION 

For example, given gt = + 3 percent, g2 = - 4 percent, 
'Y = 0.5; design speed V = 50 mph; and elevation of the VPC 
= Evpc = 100 ft at Station 50 + 00; it may be required to 

1. Compute the length of the unsymmetrical curve for SSD 
condition, 

2. Construct the complete vertical curve, and 
3. Locate the highest point and its elevation. 
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From Table 1, at a design speed of 50 mph, the range of 
SSD is between 400 and 475 ft. The lower value is used for 
this solution. From Table 4, at a design speed of 50 mph, 
kJ = 49 ft and ki = 99 ft; approximately, kl = 50 ft and 
ki = 100 ft. A = I g1 I + I g1 I = 7, so that !1 = 7 x 50 
ft = 350 ft, and /2 = 7 x 100 ft = 700 ft, so that L = 11 + 
12 = 1,050 ft. 
[Horizontal distances are measured in stations (100 ft) and 
vertical distances are feet.] 

The results are as follows: 

EvPc = EA = 100 ft (given) 

110.5 ft 

EvPT = EvPJ - g2x 2 = 110.5 - 4 X 7 82.5 ft 

'1 = :'.!. ~ = -
7 

x _}_ = -1.333 
L 11 10.5 3.5 

A 11 -7 3.5 '2 = - . - = -- x 
l, 12 10 .5 7 

-0.3333 

In order to construct the curve from the left, 

In order to construct the curve from the right, 

82.5 + 4x2 - 'Ii x 0.33 x x~ (0 :'.S x2 :'.S 7) (25) 

The complete construction of the curve is presented in Table 
7 using Equations 24 and 25. In Column 5 of Table 7, the 
changes in change in elevation for every station are presented. 
The values approximate - 0.33 (r1) and -1.33 (r2 ) for the 
left and the right portions of the curve, respectively, because 
the rates of change of the slope for the left section and right 
section are constant, being equal to r1 and r2 , respectively. 
Further, the change in change in elevation per station length 
is equal to the rate of change of slope. 

In order to locate the turning point, 

= g1L . !.! = 3 x 10.5 x 3.5 
XTPL A 12 7 7 2.25 

(which is alright, because it is less than 3.5). Also, 

X _ g1L . ~ _ 4 x 10.5 x _}_ = 12 
TPR - A l1 - 7 3.5 

(which is too large, because it exceeds 7). 
Thus, the turning point is located within the 11 regime (left 

portion of the curve) at x1 = 2.25, as its elevation is 

= 100 + 3 x 2.25 - 1/i x 1.333 x (2.25) 2 = 103.37ft 
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CONCLUSION 

Changes in design parameters of symmetrical-crest vertical 
curves have been reviewed in an effort to incorporate changes 
in vehicular design, and a procedure for computing length 
requirements of unsymmetrical-crest curves was presented for 
which no design guidelines are currently available. The following 
conclusions were obtained. 

Symmetrical Curves 

The 1984 AASHTO manual (2) recommends the use of slightly 
longer SSD values than those in the 1965 AASHO manual 
(1). These longer lengths are the results of changes in the 
assumed value of pavement friction and the use of a range of 
speed. During the last 30 years, there has Q.een a gradual 
reduction in the height of passenger cars with a smaller reduc
tion in vehicular eye heights. The new AASHTO procedure 
incorporating these changes results in longer vertical curves. 
The required length of vertical curves is much more sensitive 
to object height than to eye height. However, the original 
object height of 6 in. has been retained in the 1934 AASHTO 
manual (2). 

Unsymmetrical Curves 

Parameter -y introduced as an indicator of nonsymmetry can 
be incorporated into the computation of lengths of unsym
metrical curves. For values of 'Y less than unity, the procedure 
presented results in longer curve lengths than those used for 
symmetrical curves, with the maximum length occurring at 
'Ycriiicat = 0.38. For values of -y exceeding unity, the procedure 
results in shorter curve lengths. However, caution is recom
mended to the highway engineer in the use of the parameter 
exceeding unity. For two-way travel, because the direction of 
eye and object are interchangeable, the use of the smaller of 
the two values of -y (///2 and lif 11 ) is recommended for com
puting the length of unsymmetrical curves. 

TABLE 7 CONSTRUCTION OF UNSYMMETRICAL 
VERTICAL CURVE GIVEN g, = 3 PERCENT, g2 = 

- 4 PERCENT, /1 = 350 ft, /2 = 700 ft, AND 'Y = 0.5 

Change ln 

Elevation on Curve Change in Change in 

~ ~ fig) !Q[ ~' Elevation Elevation 

(Stac. ion) ft ft/Station ~2 

(1) (2) (J) (4) (5) 

50+00 0 (VPC) 100 

50+50 o. 50 101 , 33 

51+50 1. 50 102. 99 1 . 66 

52+50 2 . 50 103 . 33 -0 . 34 - 1.32 (q) 

53+50 3 . 50 (VPl) 102. 33 -1.00 -1. 34 (q) 

53+50 7(VP1) 102 . 33 

54+50 100 . 49 -1.84 

55+50 98 . 33 -2 . 16 -0 , 32 (r2) 

56+50 95 , 83 -2 . 50 -0 34 (r2) 

57+50 92 . 99 -2 , 84 -0 . 35 (r2J 

58+50 89 , 83 - 3. 16 -0 . 32 (r2) 

59+50 86 . 33 -3 . 50 -0. 34 (r2) 

60+50 0 (VPT) 82 50 -3 83 -0 33 (r2) 
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Thus , the procedure suggested will always result in longer 
curve lengths for unsymmetrical curves than those that are 
currently used for symmetrical curves. Further research is 
needed before specific design guidelines for unsymmetrical 
curves can be formalized. 
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APPENDIX A 

LENGTH OF AN UNSYMMETRICAL VERTICAL 
CURVE 

Setting r1 equal to rate of change of slope of the left portion 
of the curve from A to V and r2 equal to rate of change of 
slope of the right portion of the curve from B to V, Hickerson 
(9) has shown that 

r1 = ~ · ~ and r = :i_ · !I 
L ~ 2 L ~ 

Because l/ /2 "(, r1 = AIL"( and r2 = A"(IL. [Horizontal 
distances are measured in units of stations (100 ft) and vertical 
distances in feet.] 

By the parabolic law, offsets vary as the square of the 
distance. Hence, from Figure Al, 

hence, 

d 2 - 2h1 d d2 
1 - an 2 

'1 
Substituting the values of r 1 and r2 , 

d2 = 2h1L'Y and 2h2L 
1 A A'Y 

Therefore, 

Squaring, 

sz = 2L x (~ + \/f!;h)2 
A 

Solving for L, 
A •2 

L = ~--=~~~==o=-
2 ( v'il(i + v11:1:;J2 

235 

When both horizontal and vertical distances are measured in 
feet, this expression can be rewritten as 

To compute the length /1 and /2 separately, refer again to 
Figure Al, from which it can be shown (9) that 

= :i_ · ~ and r = :i_ · {i 
'

1 L /1 
2 L 12 

(Horizontal distances are measured in units of stations (100 
ft) and vertical distances are measured in feet.] Because off
sets vary as the square of the distance, 

FIGURE Al Sight distance over vertical curve when S < L 
(10). 
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or 

or 

Now, 

Because 

it follows that 

Thus, 

S = 

or 

Ay/2 

2(1 + 'Y) 

S2 2f2( l + 'Y) ( '" ' ")2 = . 'Y v h. + v h, ky I 2 

[- 1\2-y 
2 - 2(1 + -y)('YVli"i + "1i!;)2 

When both horizontal and vertical distances are measured in 
feet, this expression can be rewritten as 

and by definition, 

because 

APPENDIX B 

TURNING POINT OF AN UNSYMMETRICAL 
CURVE 

It can be shown from Figures Hl and B2 that 
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when measured from the left 

when measured from the right where Ex, = elevation at point 
x, on the curve, with 0 < x 1 :5 11 (from the left) and 0 < x2 

:5 12 (from the right). 
To locate the turning point, set 

dEx, = O 
dx., 

to yield g1 + -y 1x 1 = 0 and g2 + -y2x2 = 0. At the turning 
point, x 1 = Xrn and x 2 = XrPR> where XrPL = location of 
turning point from the left and XrPR = location of turning 
point from the right. 

Thus, 

and 

XTPR = ~ 
rz 

.......... ... .,,. 
,,~ .... _ .... ___ -+=--

1-------1<, 
( ?t,s.t,) 

L 

FIGURE Bl Unsymmetrical vertical curve with distance 
measured from the left. 

-so.-----{?<. s ,J,,J 

FIGURE 82 Unsymmetrical vertical curve with distance 
measured from the right. 


