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NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM 

Systematic, well-designed research provides the most ef
fective approach to the solution of many problems facing 
highway administrators and engineers. Often, highway 
problems are of local interest and can best be studied by 
highway departments individually or in cooperation with 
their state universities and others. However, the accelerat
ing growth of highway transportation develops increasingly 
complex problems of wide interest to highway authorities. 
These problems are best studied through a coordinated 
program of cooperative research. 
In recognition of these needs, the highway administrators 
of the American Association of State Highway and Trans
portation Officials initiated in 1962 an objective national 
highway research program employing modern scientific 
techniques. This program is supported on a continuing 
basis by funds from participating member states of the 
Association and it receives the full cooperation and support 
of the Federal Highway Administration, United States 
Department of Transportation. 
The Transportation Research Board of the National Re
search Council was requested by the Association to admin
ister the research program because of the Board's recog
nized objectivity and understanding of modern research 
practices. The Board is uniquely suited for this purpose 
as: it maintains an extensive committee structure from 
which authorities on any highway transportation subject 
may be drawn; it possesses avenues of communications and 
cooperation with federal, state, and local governmental 
agencies, universities, and industry; its relationship to its 
parent organization, the National Academy of Sciences, a 
private, nonprofit institution, is an insurance of objectivity; 
it maintains a full-time research correlation staff of special
ists in highway transportation matters to bring the findings 
of research directly to those who are in a position to use 
them. 
The program is developed on the basis of research needs 
identified by chief administrators of the highway and trans
portation departments and by committees of AASHTO. 
Each year, specific areas of research needs to be included 
in the program are proposed to the Academy and the Board 
bv the American Association of State Highway and Trans
portation Officials. Research projects to fulfill these needs 
are defined by the Board, and qualified research agencies 
are selected from those that have submitted proposals. Ad
ministration and surveiiiance of research contracts are 
responsibilities of the Academy and its Transportation 
Research Board. 
The needs for highway research are many, and the National 
Cooperative Highway Research Program can make signifi
cant contributions to the solution of highway transportation 
problems of mutual concern to many responsible groups. 
The program, however, is intended to complement rather 
than to substitute for or duplicate other highway research 
programs. 
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National Cooperative Highway Research Program conducted by the 
Transportation Research Board with the approval of the Governing 
Board of the National Research Council, acting in behalf of the 
National Academy of Sciences. Such approval reflects the Governing 
Board's judgment that the program concerned is of national impor
tance and appropriate with respect to both the purposes and re
sources of the National Research Council. 
The members of the technical committee selected to monitor this 
project and to review this report were chosen for recognized 
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established and monitored by the Report Review Committee of the 
National Academy of Sciences. Distribution of the report is ap
proved by the President of the Academy upon satisfactory comple
tion of the review process. 
The National Research Council was established by the National 
Academy of Sciences in 1916 to associate the broad community of 
science and technology with the Academy's purposes of furthering 
knowledge and of advising the Federal Government. The Council 
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all modes of transportation and the interactions of transportation 
with society. 
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FOREWORD 
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Research Board 

Traffic engineers and highway planners responsible for freeway traffic manage
ment and operations in large cities should find this report of direct interest. The use 
of traffic control devices on entrance ramps to improve flow on congested freeways 
is described. Detailed guidelines are provided to help determine if ramp control is 
feasible for a particular facility and, if so, to determine the relative cost-effectiveness 
of different modes of control. The research findings are based on data from opera
tional ramp control systems in ten cities, limited field studies conducted as part of 
this project in Dallas and Los Angeles, and traffic simulation studies. Appendix E 
of this report contains the detailed guidelines which are designed as a self-contained, 
easy-to-follow user manual; operational, cost, and policy considerations are 
addressed. 

Use of ramp corttrol is not a new traffic management concept; in fact, such 
control systems have been in operation in this country for about 20 years. Ramp 
control can be defined as a method of improving overall freeway operations by 
limiting, regulating, and timing the entrance of vehicles from one or more ramps 
onto the mainline. Rather than permitting heavy congestion on the freeway, this 
approach optimizes flow on the mainline by controlling traffic on the entrance 
ramps. In locations where freeway entrance ramps have adequate storage capacity 
or where the surrounding street network can accommodate additional traffic, ramp 
control systems can provide substantial operational improvements under certain 
combinations of traffic demand and freeway capacity. Often, however, this con
cept is not fully considered because of the lack of information and guidance on how 
to determine the feasibility of a ramp control system. Ramp control feasibility is 
related to both technical ( e.g., costs and benefits) and policy ( e.g., public accep
tance) considerations. 

In 1979 NCHRP published a special report, "Freeway Traffic Management," 
summarizing various options that are available to reduce traffic congestion. That 
report was directed to transportation administrators and officials to create a general 
awareness of the relative benefits of each option; primary attention was devoted to 
freeway control and surveillance systems including their role relative to other 
options, such as geometric design changes, work rescheduling, ridesharing, transit, 
and the like. As a logical and valuable complement to the general overview given 
in "Freeway Traffic Management," detailed guidance related to the feasibility and 
selection of ramp control systems is presented herein. 

The objective of Project 3-22 and 3-22A was to draw from the experience 
gained from existing ramp control systems, as well as from original research, to 
develop guidelines for use by others who may want to install similar systems. 
Stanford Research Institute (SRI) conducted the first phase of this project (3-22), 
resulting in preliminary guidelines for evaluating and selecting basic ramp control 
strategies. SRI's final report, "Guidelines for Design and Operation of Ramp Con
trol Systems," is available on loan from the NCHRP if the reader is interested in the 
background and developmental aspects of this subject. Texas Transportation Insti
tute (TTI) and its two subcontractors, DARO Associates and ESSCOR, accom-



plished the second phase of this project (3-22A) in which the final guidelines were 
developed following the collection of extensive information from operators of exist
ing systems, from limited field studies, and from simulation analyses. TTI's original 
field data collection plan was curtailed because of the perceived inability to detect 
small differences in system performance caused by incremental traffic control 
changes. As a result, a traffic simulation model was used to develop most of the 
data on which the guidelines are based. The reader should understand that although 
the simulation data are considered to be reasonable and acceptable for use in the 
guidelines, this information should be supplemented with actual field data whenever 
possible. 

The step-by-step guidelines provided in Appendix E can be used by traffic and 
planning engineers to evaluate the feasibility and cost of ramp control for a particu
lar facility. Four specific aspects are addressed-should ramp control be used, how 
does it relate to other alternatives, is it feasible for a specific location, and what 
mode of control is best for a specific location. This last aspect, mode selection, 
receives primary attention in the guidelines through the comparison of benefits and 
costs associated with the three primary modes of control: pretimed (treated as the 
comparison base), local actuated, and . system control. Mode selection is based on 
which form of control best accommodates the traffic capacity and demand fluctua
tions and which 'is most compatible with the specific configuration of interchanges. 
Benefit and cost ratios are used to compare modes considering both initial installa
tion costs and continuing maintenance and operational costs (1980 costs are re
ported). Benefits include travel time savings, fuel consumption savings, reduced 
emissions, and improved operations. Because some important considerations ( e.g., 
community goals) are not easily quantifiable in dollars, a utility and cost analysis is 
also provided. 
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SUMMARY 

GUIDELINES FOR SELECTION OF 
RAMP CONTROL SYSTEMS 

Continued emphasis on improving the quality of traffic operations on existing 
freeway facilities has prompted a resurgence of interest in control systems. One 
significant tool that can be used to increase the safety and efficiency of traffic opera
tion on existing freeways is the use of entrance ramp control. Entrance ramp con
trol is a technique for regulating access to the freeway in a manner that reflects 
a management plan of freeway operation. Specific freeway operation situations to 
which entrance ramp control can be applied are: 

1. Reduction of stop and go congestion. 
2. Accident reduction, both mainline- and ramp-related. 
3. Planned diversion. 
4. Specific level-of-service operation. 

NCHRP Project 3-22A was initiated to provide guidelines for determining the 
feasibility of entrance ramp control, and if feasibility is decided, to determine the 
appropriate mode of control: pretimed, local actuated, or system control. In the 
past, designers had to choose a mode of control without knowing the relative cost 
effectiveness of each control alternative. Overall guidance was needed on the gen
eral hardware configuration associated with each mode of control. 

Project 3-22A has developed guidelines for cost-effectiveness evaluation, 
including the following items of information: 

1. Incremental benefits associated with each level of control. 
2. User costs, such as vehicle delays, fuel consumption, and emissions. 
3. Installation costs. 
4. Maintenance and operation costs. 

The guidelines are presented as a self-contained document in Appendix E of 
this report. Chapters One through Four present an overview of the project, includ
ing the research approach, findings, applications of the evaluation procedure, and 
conclusions and suggested research. Additional details of the research effort 
through which the guidelines were developed are reproduced as submitted by the 
research agency in Appendixes A through D. 

The purpose of the guidelines is to provide a concise, pertinent set of informa
tion and technology that can be used by practicing transportation engineers in 
implementing freeway entrance ramp control systems. The guidelines provide a 
practical, relatively brief, and easily used methodology that will guide and assist the 
transportation engineer in making the following critical decisions on freeway 
entrance ramp control: 

1. When should it be considered? 
2. How does it relate to other improvement alternatives? 
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3. Is it feasible for the specific situation under study? 
4. What specific mode of control is best for the specific situation under study? 

The consideration of the total decision process permits one to relate entrance 
ramp control to the overall considerations of freeway operation and control and 
transportation systems management. The process is broad in nature relative to 
decisions 1 and 2, and then focuses specifically on entrance ramp control through 
decisions 3 and 4. A synopsis of the suggested implementation procedure for these 
decisions, as they relate to the guidelines, follows. 

Evaluation Procedure 

The first step is the recognition that a significant congestion problem exists or 
will soon exist on a given freeway. This decision initiates a consideration of the 
various alternatives that can reduce the level of congestion and its detrimental 
effects. One such means of improving freeway operation may be entrance ramp 
control. It is recognized that the various agencies that have the responsibility of 
maintaining and operating freeway systems will have different procedures for col
lecting data, conducting evaluations, and determining that a serious problem exists. 
A basic methodology for accomplishing these steps is to quantify those user costs 
which tend to increase as freeway congestion increases, namely: travel time costs, 
vehicle operating costs, and accident costs. 

Improvement Alternatives 

A first step in defining improvement alternatives is to identify the prevalent 
type of congestion (recurrent or nonrecurrent) that is occurring. If the problem 
is one of nonrecurrent congestion (i.e., resulting from the occurrence of random or 
nonpredictable events) , an approach involving surveillance and freeway manage
ment is needed. If the problem is one of recurrent congestion (i.e., routinely 
expected at predictable locations during specific time periods), both capacity- and 
demand-oriented alternatives should be investigated. Examples of demand
oriented alternatives are reduction of overall travel, ride sharing, carpools, van
pools, public transportation, entrance ramp control, mainline control, freeway-to
freeway connector control, corridor control, and peak period dispersion. Examples 
of capacity-oriented alternatives are construction of additional facilities, revision of 
entrance and exit ramp locations, expansion of existing facilities, temporary use of 
shoulders and narrow lanes, geometric modifications, incident detection and re
moval, incident management (including entrance ramp control), and installation of 
accident investigation sites. 

The most common situation is one where recurrent congestion is further com
pounded by nonrecurrent congestion, where an approach which attacks both types 
of congestion is needed. 

Feasibility 

There is a movement in the direction of warrants for entrance ramp control. 
Warrants, together with traditional traffic engineering studies, form the basis of a 
feasibility analysis of entrance ramp control. These studies include bottleneck, 
geometric, traffic diversion, accident, enforcement, public acceptance, and prelimi
nary cost analyses. The compeltion of these seven studies in a thorough manner 
provide the decision-maker with a solid data base to use in determining the feasi
bility of entrance ramp control. 
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Control Modes 

There are basically three modes of entrance ramp control: pretimed, local 
actuated, and system. Briefly, the pretimed mode operates at a predetermined 
metering rate based on time of day. The local actuated mode derives its metering 
rates from mainline traffic conditions in the immediate vicinity of a controlled ramp. 
The system mode implies the use of a central computer to analyze traffic conditions 
on a designated section of freeway; metering rates of entrance ramps feeding that 
section are regulated according to system operating goals. 

Each control mode has an associated hardware configuration. The pretimed 
mode represents the minimum configuration, mainly consisting of signal head( s), 
pretimed controller and optional detectors. The local actuated mode has a similar 
hardware configuration, but with a local actuated controller and required main lane 
detectors. The system mode represents a large hardware increment, possibly re
quiring additional detectors, but definitely requiring a communications system, 
interfaces, and control computer. 

The computational capability and economy of the microprocessor as an en
trance ramp controller make it applicable and essentially equal in cost for all three 
control modes; for a small number of ramps, it is prudent to use a microprocessor 
as a central control computer for the system mode as well. 

Control System Costs 

Costs are variable and are a function of locale, time, and circumstances. Based 
on average costs of installed systems, a rule of thumb is: If a pretimed mode instal
lation costs X dollars per ramp, a local actuated mode installation will cost 1.25 
X dollars per ramp, and a system mode installation will cost 2.00 X dollars per 
ramp. A good estimate for Xis $16,000 in 1980. Thus, for a pretimed configura
tion costing $16,000/ramp, a local actuated configuration would cost $20,000/ 
ramp and a system configuration would cost $32,000/ramp. The latter figure is 
exclusive of the cost of the communications medium (i.e., leased or private lines). 
Annual operation and maintenance costs are roughly 16 percent, 18 percent, and 
30 percent of the respective installation costs for pretimed, local actuated, and 
system modes. 

Mode Selection Methodology 

The mode selection methodology seeks to evaluate the changes in demand and 
capacity of a subject system, and the relative ability ( compared to pre timed) of 
local actuated or system control to cope with these changes. The user proceeds with 
the following basic steps in applying the methodology to his system: 

1. Estimates of user costs are made for the target system under the pretimed 
mode of control. This is accomplished by developing a basic metering plan, which 
is an analysis of the effect of reduced entrance ramp volumes on freeway operation. 

2. The expected variations in freeway and ramp demands are identified and 
quantified through detailed field studies. 

3. The expected variations in freeway capacity are identified and quantified 
through detailed field studies. 

4. The demand and capacity variations are related to a set of curves that 
quantify the incremental benefits (relative to a base of pretimed control) for local 
actuated and system control. 

5. Incremental costs (relative to a base of pretimed control) are provided in 
the guidelines for local actuated and system control. 
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6. Incremental benefit-cost (B/C) ratios are developed. 
7. Utility-cost (U / C) ratios are developed. 
8. The B/ C and U / C raiios are evaiuaied fur ihe mode seleciiun l:huil:e. 

Findings 

The monetized incremental benefits were found to be dominated by travel time 
savings; monetized fuel consumption savings are about five to ten times less than 
the travel time savings. Incidents, poor freeway operating conditions, and shifts 
(from one day to another) in the level of freeway traffic demand are the principal 
factors affecting the benefits of traffic responsive metering logics. 

The demand growth over the lifetime of an entrance ramp control project 
reduces the incremental benefits of the responsive control modes. The planner of 
a ramp control installation should be alert to this effect. 

The accident reduction benefits of responsive ramp controls were not investi
gated in this research. There may well be some such benefit, but no attempt was 
made to quantify it. 

Extension 

Continued interest in mainline metering serves to increase the importance of 
entrance ramp control. The concepts of entrance ramp control are applicable to 
mainline control and freeway-to-freeway connectors, and can be linked to provide 
absolute management of freeway operation. 

CHAPTER ONE 

INTRODUCTION AND RESEARCH APPROACH 

STATEMENT OF RESEARCH PROBLEM 

NCHRP Project 3-22A was initiated to provide guide
lines for determining the feasibility of entrance ramp con
trol, and if feasibility is decided, to determine the appro
priate level of control ( a definition of levels of control is 
given under the heading "Definitions"). Specific guidelines 
were needed to assess the costs and benefits associated with 
each level of control and to define the incremental benefits 
that are obtained by selectmg higher levels ot control. 
Here, levels of entrance ramp control are pretimed, local 
actuated, and system control. In the past, designers had to 
choose a level of control without knowing the relative cost 
effectiveness of each control alternative. Overall guidance 
was needed on the general hardware configuration asso
ciated with each level of control. 

In developing the guidelines for cost-effectiveness evalua
tion, basic information was needed on: 

1. Incremental benefits associated with each level of 
control. 

2. User costs, such as vehicle delays, emissions, and fuel 
consumption. 

3. Installation costs. 
4. Maintenance and operation costs. 

RESEARCH OBJECTIVE 

The objective of this research was to develop a method
ology and guidelines for comparative evaluation of alterna
tive ramp control system designs. The resulting procedure 
determined whether or not entrance ramp control could be 
emplOyect beneticiaiiy anci, ii so, wnicn type Ul ~UllLlUi :sy:s
tem was most appropriate. The selection methodology con
sidered pretimed, local actuated, and system control modes. 
Analysis procedures were needed for quantifying benefits 
and costs . To accomplish these objectives, the following 
research tasks were accomplished. 

Research Task 1 

The variables affecting the benefits attributable to the 
three basic types of entrance ramp control were identified 
and defined ( J). The characteristics of freeway operation 
from which the variables are derived included variation in 
flow characteristics, freeway geometrics, incident charac-



teristics, alternate routes, metering rate constraints, vehicle 
occupancy, and travel patterns. 

Research Task 2 

A method to conduct a benefit and cost analysis for each 
increment of ramp control was developed. The costs con
sidered include initial, operating, and maintenance costs. 
The benefits considered include reduction in travel time, 
fuel consumption, and vehicle emissions. 

Research Task 3 

On the basis of the variables identified in Task 1 and the 
methodology developed in Task 2, the various types of data 
were acquired to develop the desired guidelines. Tech
niques included the analysis of available data and collec
tion of new data which were input to a simulation model 
for evaluation. 

Research Task 4 

A comprehensive set of guidelines was developed to as
sist the traffic engineer in selecting the appropriate type of 
freeway ramp control. The methodology developed in 
Task 2 is refined to permit direct field application by a 
practicing transportation engineer. Specific design data are 
clearly defined. The guidelines are included as Appendix E 
of this research report. 

DEFINITIONS 

The research activities involved the comparison of con
trol modes and associated user costs. The following defini
tions are included to clarify the areas of discussion. 

Control Modes 

The pretimed control mode is defined as any form of 
entrance ramp metering that is not directly influenced by 
mainline traffic conditions. This does not necessarily imply 
the absence of vehicle detectors. Demand and passage de
tectors can be used to actuate and terminate each metering 
cycle. These detectors, however, are used to detect en
trance ramp vehicles rather than mainline vehicles, and 
cause an entrance ramp signal to cycle during the control 
period only when vehicles are present. 

The individual metering rates used with pretimed control 
are solely a function of past traffic observations, which may 
include origin-destination studies that determine the par
ticular ramps affected by the freeway travel patterns. When 
the set of rates has been established through a metering 
plan, metering operation is subsequently independent of all 
factors other than time-of-day, day-of-week, or special 
events. Pretimed control can apply to any number of 
entrance ramps, from a single ramp to many ramps. No 
interconnection with other entrance ramps is used. 

The local actuated control mode, in contrast to pretimed 
control, is directly influenced by the mainline traffic condi
tions during the metering period. For example, a local ac
tuated controller may implement progressively more re
strictive metering as occupancy levels on the mainline 
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increase. Typically, one might associate predetermined oc
cupancy thresholds with metering rates that experimentally 
have proved effective. In local actuated control, the 
decision-making mechanism is based primarily on real
time, locally measured traffic conditions based on mainline 
detectors in the immediate vicinity of the ramp. No inter
connection with other ramps is used and no attempt at 
global optimization is possible, except whatever the com
bined effect of individual entrance ramp controls may be. 

The system control mode is the form of entrance ramp 
metering in which real-time information on total freeway 
traffic conditions is used for control of a system of entrance 
ramps. Although such metering is typically imposed by a 
central, computer-controlled system, the control intelli
gence may also be distributed among the individual en
trance ramps. A significant feature of this class of meter
ing is the interconnection that permits conditions at one 
location to affect the metering rate imposed at one or more 
locations. Freeway traffic conditions as reflected by detec
tors throughout the system are analyzed at a central loca
tion and metering rates for all ramps are established ac
cording to a real-time metering plan. 

User Costs 

There are two types of user costs incurred in freeway 
operation: basic costs and nonbasic costs. Basic costs are 
those costs which accrue when the freeway is operating 
normally; these are costs such as travel time, vehicle opera
tion, and air pollution emissions. Nonbasic costs are the 
additional costs caused by incidents, variations in demand, 
or environmental conditions (i.e., rain) that reduce 
capacity. 

The basic user costs (2) of freeway operation, with or 
without ramp metering, are those costs that develop for the 
average peak period. That is, they are the user costs that 
would occur day after day if the freeway capacity never 
varied and the peak period demand pattern never varied 
from one day to the next. These user costs include travel 
time, vehicle operating costs, and vehicle emissions. Cal
culation of basic user costs is a series of computations 
based on data acquired during freeway studies. Typical 
parameters and performance measures involved in this cal
culation are: total travel, demand, capacity, vehicle delay, 
total travel time (freeway, ramp, and diversion), fuel con
sumption ( uniform speed rates and excess rates), vehicle 
emissions, vehicle operating costs (running costs, excess 
running costs, and idling costs), and accident costs. 

The nonbasic user costs (2) are those (additional) costs 
that arise when conditions differ, or vary about, the av
erage peak period conditions. Examples of conditions that 
differ from average peak period conditions are: peak pe
riods in which an incident has occurred, peak periods in 
which the traffic demand differed from the average peak 
period demand, and peak periods in which the freeway 
capacity differed from average capacity because of envi
ronmental conditions such as rain or fog. The nonbasic 
user costs are of importance because they are sensitive to 
the effects of the three ramp control modes : pretimed, 
local actuated, or system. If peak period conditions al
ways repeated themselves so that every day was an average 
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TABLE 1 

TWENTY-EIGHT RAMP CONTROL SYSTEMS 
DEFINED FROM QUESTIONNAIRE RESPONSE 

SYSTLM 
110. U[SCRIPT ION 

110, METtKlU 
EIITR .RAMPS 

Chicago; Oan Ryan Expressway; Northbound and Inbound 

Milwaukee; 1-94; Westbound and Outbound 3 

4 

4 

3 

8 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

Milwaukee; I-94; Eastbound and Inbound 

Milwaukee; 1-43; Southbound and Inbound 

Minneapolis; I-35W; Northbound and Inbound; 
106th St. thru 94th St, 

Minneapolis; I-35W; Northbound and Inbound; 
90th St. thru 76th St. 

Minneapolis; I-35W; Northbound and Inbound 
66th St. thru Diamond Lake Rd. 

Minneapolis; I-35W; Southbound and Outbound; 
llighway 190 thru 1-94 Westbound 

Minneapolis; l-35W; Southbound and Outbound; 
1-94 Eastbound thru 106th St. 

Minneapolis; !-35W; Southbound and Outbound; 
31st St. thru Diamond Lake Rd, 

Toronto; Q.[.W.; eastbound and Inbound 

Oa 11 as; North Central Expressway; Southbound and 
Inbound; McC01m1as thru Fitzhugh 

Dall as; North Central Expressway; Southbound and 
Inbound; Caruth thru MOckingbird 

Dallas; North Central Expressway; Southbound and 
Inbound; Forest Lane thru Loop 12 Eastbound 

Dallas; North Central Expressway; North-
bound and Outbound; Haskell thru McCorm1as 

Da 11 as; North Central Expressway; North-
bound and Outbound; Yale thru Park 

San Antonio; Ill 10; Southbound and Inbound; 
Wood I awn thru Col orac1o 

Houston; U.S. 59; Westbound and Outbound; 
Greenbriar thru Newcastle 

Houston; U.S. 59; Eastbound and Inbound; 
Newcastle thru Shepherd 

Houston; U.S. 59; Westbound and Outbound; 
U.S. 610 thru llillcroft 

llouslon; lJ. S. 59; [astbound and Inbound; 
Fondren thru Chimney Rock 

22 Fort Worth; I-30; Westbound and Outbound; 
Macon thru Cl over Lane 

23 Fort Worth; l-30; [astbound and Inbound; 
Guilford thru Clover Lane 

24 San Jose; 1-280; Northbound and AM; 
WI 11<:hesler· Blvd. Ll11 u Wolf• Rd, 

25 San Jose; Route 17; Southbound; Bascom 
thru Lark Ave. 

26• San Francisco; San Francisco - Oakland 
Bay Bridge Westbound, Inbound 

27 Los Angeles; San Diego Freeway; Northbound circum
fere'lt ial; f\rtesia thl"'U El Segundo Eastbound 

28.. Los Angeles; llarbor Freeway; Northbound 
and Inbound; 190th Ave. thru Washington 

* This system is nol a ramp metering system• 
however, cert, in data reported for this system 
are of interest (e . g., weather- and incident
induced capacity reductions). 

.. Insufficient data supplied to break this 
into smaller subsystems. 

4 

4 

18 

day, there would be no unexpected events that would re
quire feedback-type ramp control logic to correct. Pre
timed metering could be set up to manage the demand and, 
even if local actuated or system metering were applied, the 
control performance would be expected to be about the 
same as that of pretimed control. If, however, unexpected 
events, such as incidents, demand variations and environ
mental changes occur, the relative performances of the dif
ferent control modes can be expected to differ. In sum
mary, the relative differences in nonbasic costs among the 
three control modes are keys to linking the incremental 
benefits to the modes. 

RESEARCH APPROACH 

The research studies consisted of the following basic 
steps: literature review and site visits, questionnaire sur
vey, simulation analyses, field studies, and cost investigation. 

The basic research activities in each of these steps are 
briefly reviewed in the following. 

Literature Review and Site Visits 

A large number of publications and working papers were 
reviewed by the researchers. It was found that the topic of 
this research had received very little explicit treatment in 
the literature. Only one source was found that documented 
a comparison between pretimed and local actuated control 
modes. However, a comprehensive body of literature exists 
that addresses the general subject of entrance ramp control. 
The early days of entrance ramp control are documented 
by extensive research activities that peaked in the late six
ties. Since that time, the majority of literature has focused 
on operational systems. 

The major United States and Canadian entrance ramp 
control installations were contacted by telephone. Site vis
its were made to the Toronto, Minneapolis, and Chicago 
control projects as well as to Texas and California control 
projects. 

Questionnaire Survey 

A number of agencies that operate freeway ramp meter
ing installations were asked to provide data on their in
stallations. For this purpose, a questionnaire was prepared 
and distributed to ten agencies (nine U .S. and one Cana
dian). A copy of the questionnaire is shown in Appen
dix A. Data on 28 ramp control systems were acquired. 
The subiect systems are given in Table 1; note that large 
installations were segmented as smaller systems. 

The purpose of the data request was to assess the va
riety of designs and traffic conditions found at operating 
ramp control sites. These variations in design and traffic 
conditions can affect the relative performances of the three 
ramp control modes (pretimed, local actuated, and sys
tem). Accordingly, the questionnaire data provided the 
basic imputs for the next phase of the study, which was to 
identify the travel-time cost, vehicle operating cost, fuel 
consumption, and vehicle emissions differences (nonbasic 
costs) among the three control modes. Conditions that 
cause the metered freeway to have changeable or variable 
demand and capacity include: incidents, demand variabil-



ity, and environmental variations (mainly capacity varia
tions due to weather, darkness, or other potential factors). 

Simulation Analyses 

The initial research plan for the project called for the 
determination of the incremental benefits of the various 
control modes from successive field trials of each mode at 
selected freeway sites. As the project progressed, it be
came apparent that this research approach was not feasible 
for the following reasons: 

1. Extensive field tests of control mode differences were 
feasible at only two sites. This was due to the capability 
of the hardware to operate in all three control modes and 
to the willingness of the operating agencies to allow mode 
changes. This limited number of test sites greatly compro
mised the generality of the test results. 

2. Field tests of freeway control systems were an im
perfect experimental technique because a large number of 
very important parameters could not be freely adjusted. 

3. The randomness of traffic demand and various free
way operating conditions precluded the duplication of tests 
over the three mode choices and thus created uncertainty as 
to wh.at differences in mode performance had actually been 
observed. 

On the basis of the foregoing considerations, it was de
termined that the use of a freeway simulation model pro
vided the best research approach. Such a model could be 
used to evaluate a large number of scenarios and determine 
control mode differences and incremental benefits. 

The simulation analyses proceeded through the following 
steps: 

1. Evaluation of existing freeway simulation models and 
the selection of a single model for project use. Models 
examined included FREQ, INTRAS, MODEL VI, SCOT, 
SCOT/GRC, and MACK. The MACK model (3) was 
judged to offer the best possibilities for use. 

2. Modification and acceptance testing of the selected 
simulation model. 

3. Design of a sensitivity analysis to be conducted using 
the simulation model. The simulation runs plan is shown 
in Appendix B. 

4. Conduct of the simulation runs for the sensitivity 
analysis. A total of 153 runs was required. 

5. Evaluation of the sensitivity analysis and the develop
ment of incremental benefit curves (2). 

Field Studies 

An objective of the field data collection study was to 

• 
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acquire the appropriate input data for the simulation runs. 
A second objective was to verify the conclusions reached 
by the simulation runs (i.e., to determine the measurable 
differences in freeway performance using three different 
modes of ramp control). Although the simulation tech
nique offered the advantages of repeatability of traffic flows, 
a fundamental requirement was that the simulation model 
replicate the relative differences of variations in traffic 
parameters as well as control modes. The general veracity 
of the simulation model was established first by compari
son of results to actual freeway flow data prior to modifica
tion of the model (i.e., the MACK model), and secondly 
by comparison of results to existing Dallas and Los Angeles 
freeway data. The latter comparison was made with the 
FREFLO model ( the MACK model as modified for use by 
this project was renamed the FREFLO model). 

Questionnaire response data were reduced to obtain base
line data for conducting the simulation runs. These data 
represented a significant effort in the field data collection 
process. 

Two study sites were selected for data collection in sys
tems operating under three control modes. One was a sec
tion of the San Diego Freeway, located about 15 miles to 
the southwest of downtown Los Angeles. The other site 
was a section of the Dallas North Central Expressway, 
located about 4 miles north downtown Dallas. 

The field studies were designed to collect data at each 
site while the systems were operated in pretimed, local ac
tuated, and system modes ( 6-week studies, 2 weeks in each 
mode) . The California site studies were initiated on 
April 2, 1979, and data were collected for a 2-week period 
in pretimed mode. For an extended period of time, hard
ware problems precluded local actuated or system mode 
studies at the California site. At the same time, the Texas 
site was unavailable for study, also because of hardware 
problems. Eventually, the field studies were suspended and 
full attention was devoted to reporting the research results 
on the basis of the simulation studies. 

Cost Investigation 

Cost data were obtained from the literature reviews, per
sonal interviews, and experience background of the re
search team. This required a detailed inventory of the com
ponents of entrance ramp control systems as well as their 
associated costs. 

Specific cost figures were obtained from interviews with 
California Department of Transportation (CALTRANS) 
personnel ( 4) and during site visits to the four entrance 
ramp control installations in Texas. Confirmation of docu
mented costs (5, 6) was obtained during site visits to 
Toronto, Minneapolis, and Chicago . 
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CHAPTER TWO 

FINDINGS 

BENEFITS OF ENTRANCE RAMP CONTROL 

The idealized benefits of ramp control are summarized in 
Table 2. These benefits are applicable to the immediate 
area of influence of the entrance ramp control system, 
based on the existence of factors that are favorable for the 
operation of a ramp control system, such as adequate di
version routes, sufficient ramp storage, and the like. The 
factors necessary for the feasibility of the entrance ramp 
control system are detailed in Chapter 5 of Appendix E. 
As an adjunct, the most frequently cited disbenefits of ramp 
control are given in Table 3. 

TABLE 2 

GENERAL RAMP CONTROL BENEFITS 

Benefit Cl ass Benefit~ 

TIIRUUGIWU I Increase vehicie-mi Jes travel 

Increase person-mil es travel 

D[LAY Reduce freeway delay 

Balance corridor delay 

Increase operating speeds 

Ma int a in set Level of Service 

Improve Level of Service 

Reduce congestion (stop and go) 

Reduce driver frustration 

SAHTY Reduce freeway accidents 

Reduce ramp/merging accidents 

Reduce incidents 

ENVIRONMENTAi. Reduce emissions 

Reduce fuel consumption ( for 
increasing Levels of Service 
including C) 

Reduce vehicle operating costs 

MANAGEMENT Pro vi de management mechanism 

Accommodate future demands 

Redistribute delay/demand 

Defer capital improvement 

Feedback for monitoring 

Improve accident/incident response 

Popul arily with public not being 
adversely affected 

TABLE 3 

GENERAL RAMP CONTROL DISBENEFITS 

Di sbenefi t Cl ass Benefits 

ENVIRONMENTAL Increased Fuel Consumption (mani-
fested above Level of Service C) 

MANAGEMENT Unpopular with pub 1 i c 

QUESTIONNAIRE RESPONSES 

The questionnaire responses provided detailed informa
tion on entrance ramp control system configurations and 
their operating characteristics. The following topics discuss 
the major findings of the survey. 

Typical Main Lane and Ramp Geometrics 

The questionnaire responses regarding the main lane and 
ramp geometrics are given in Tables 4 and 5, respectively. 
From these data, the configuration of the baseline freeway 
was derived for use in the simulation studies. 

Demand Profiles 

The average bottleneck demand AM and PM curves are 
shown in Figures 1 and 2, respectively. The AM peak 
demand curve tends to be skewed to the earlier half of the 
period and to be unimodal. The PM peak demand tends 
to be bimodal (has two relative peaks). 

Origin-Destination Data 

Origin-destination data were reported for 8 inbound sys
tems (AM); insufficient data were available for PM out
bound systems. An average origin-destination table for a 
5-on-ramp and a 4-off-ramp system is approximated by 
Table 6, expressed in percentage exiting, which was com
patible with the FREFLO simulation model requirements. 

Peak Period Duration 

Start- and end-time variations of ramp control periods 
are shown in Figure 3. A correlation of the start and end 
times indicated that if a peak period started late, it would 
end early. At sites that do not have a particular vulnerabil
ity to incidents and bad weather, a standard deviation of 
about plus or minus 15 min in peak period duration is 
indicated. 

Demand Variability 

Figure 4 shows the general variation in peak period de
mand. The mean peak hour factor (PHF) for mainline 
input was found to be 0.90, and the mean on-ramp PHF 
was 0.72. The peak hour factor is the ratio between the 
number of vehicles counted during the peak hour and four 
times the number of vehicles counted during the highest 
15 consecutive minutes. 

Incident Data 

The mean frequency of incident occurrence was 5.28 per 
year, per peak hour, per lane-mile. The questionnaire re
sponse regarding the relative likelihood of incident occur-
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TABLE 4 

FREEWAY MAINLINE GEOMETRICS 

~ystern 
80ttlenect 

tlo. of IMetered No. of Length of Lane- :t Length #Bottle- Capacity 
IIQ. On-Ramps On-Ramos Off-Ramns Svstern{ml l Mile~ w/Shoulder Neck Lanes CVPHl 

I 6 6 5 3. 07 12. 27 100% 4 7900 

2 6 3 5 2. 74 8. 79 \OQ J 5700 

3 6 4 5 3. 10 9. 73 100 3 5800 

4 4 4 3 2. 21 6.63 100 3 5700 

5 3 3 3 2.88 6. 25 81 3 5800 

6 5 5 4 I. 92 4.02 100 2 3800 

7 6 4 2 2.30 6.30 77 3 6200 

8 3 3 3 !. 78 3. 75 100 3 5800 

9 6 6 6 3. 57 7. 94 77 2 3800 

10 4 4 3 3. 03 10.66 80 3 5800 

II 4 4 2 3. 76 II. 28 90 3 6600 

12 4 4 z o. 97 2.91 --- 3 ---
13 5 5 3 J. 61 3. 22 -- 3 ----
14 7 7 6 2. 70 5.40 --- 2 ----
15 s 5 4 1.66 4.97 ... 2 ---
16 7 7 7 !. 98 3.97 ... 2 ----
17 4 4 l 0. 95 1.91 - - 2 ----

- -
18 5 5 4 2. 32 10.16 78 4 7800 

19 5 5 4 2. 47 10. 51 87 4 7800 

20 3 3 3 2. 63 9. 59 100 3 5400 

21 5 5 2 3.18 9. 93 100 J 5400 

22 7 7 I 2.91 8.56 100 2 3600 

23 5 5 3 -- .. .. . --- -
24 5 5 3 3. 62 10.86 100 3. J• 6000 

25 8 7 5 ·- .. -- 3 5400 

26 n o t a p p 1 i c a b 1 e 

27 8 8 5 3. 58 18.66 100 4 7900 

28 18 18 16 .. -- -- 4 ----
Average 5. 23•• 4.92•• 3.85** 

std. 
2.54 7. 84 92. 8 2.89** 5905 

error 1.42** 1. 41 ** 1. 59 o. 79 3.83 9.80 o. 67•* 1308 

• use of shoulder lane allowed during peak per i od 
•• excludes data for sys t em 28 

rence under poor (bad weather or darkness) versus normal 
operating conditions were inconclusive. The data indicated 
that the time of occurrence of an incident within a peak 
period can be assumed to be uniformly distributed over a 
peak period. The locations of high incident frequency were 
found to be system-specific. The percent capacity reduc
tion created at the site of an incident is given in Table 7, 
and the duration of incidents is given in Table 8. 

Capacity Reduction 

The magnitude of capacity reduction because of inclem
ent weather or reduced visibility (i.e., darkness) was de
pendent on geographic location. 

Control Logic and Equipment 

Of the 26 applicable systems, 12 used the local respon-

sive control mode, and 12 used the system control mode. 
It is noteworthy that the use of the pretimed mode is very 
limited and with application primarily to isolated ramps. 
Metering rate update periods vary from 0.5 to 3.0 min. In 
order of decreasing popularity, occupancy, volume, and 
speed are the main lane parameters used by the control 
logic; various control logics are used. Time-of-day is the 
predominant measure of when to turn a system on and off, 
but it is frequently coupled with a secondary measure such 
as occupancy. 

BASELINE FREEWAY 

As a result of questionnaire interpretation, the base
line freeway was determined to have the following 
characteristics: 

1. Three main lanes throughout. The distance between 
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TABLE 5 

METERED ON-RAMP-GEOMETRICS 
-

System No. Metered On-Ramps Average Average 
No. 1-1 ane 2- 1 ane Merae(ft.) Storaae(veh) 

1 6 0 292 

2 3 0 327 

3 4 0 335 

4 4 0 663 

5 2 1 367 

6 4 1 320 

7 4 0 450 

B 2 1 400 

9 3 3 350 

10 4 0 500 

11 3 1 249 

12-14 16 0 142 

15-16 12 0 127 

17 0 4 

18&20 8 0 151 

191,21 10 0 232 

22 7 0 204 

23 5 0 126 

24 3 2 535 

25 ' n s u f f i C i e n t d a t a 

26 n o t a p p 1 i c a b 1 e 

27 8 0 294 

28 18? 0? 324 

mean 319 
std. 
error 142 

TABLE 6 

AVERAGE 0-D TABLE; % EXITING 
AT OFF-RAMP 

22, 5 

16. 3 

12.8 

23,0 

20.Q 

24.0 

21. 0 

47 .o 
41. 0 

21. 0 

41. 5 

17. B 

20,2 

40.0 

13. 9 

17,l 

17.0 

47,0 

21. 8 

23, 1 

25. 4 

11,1 

l 2 3 I 

(upstream) On-Ramp 1 

Un-Ramp 2 

On-Ramp 4 

(rlnwnstream) On-Ramp 5 

TABLE 7 

7 .0% 

0 

0 

0 

l) 

8 . 0% 9.0% 

7 .5% 11. 0% 

0 7 .0% 

0 0 

0 0 

~ 

10 . 0% 

12.0% 

8.0% 

6. 7% 

0 

CAPACITY REDUCTIONS DUE TO INCIDENTS 

Fraction of 
All Types of 

Incident-Type Inc idents 2 

Vehicle/Persons 0,48 25. 0% 
on Shoulder or 

Median 
(:_0.38) (:_8.67%) 

One-Lane 0.45 67. 5% 
81 ockage (:_0 . 37) --· 
Two-Lane 0.053 100% 
Blockage (:. .044) --· 

'/. Capacity Reduction by 
No. of Freeway Lanes 

3 4 

16.0% 10, 7% 
(:_5.4B%) (:_4.04%) --· 
46.8% 44.0% 25.0% 

(:_4. 60%) (:_9.62%) --· 
78. 3% 66.3% 50'/. 

(:_S. 77'/.) (:_6. 29%) --· 

TABLE 8 

DURATIONS OF INCIDENTS 

Fraction of 
Al I Types of Minutes to Complete 

Incident-Type 1 nci dents Clearing of the Incident 

Vehicle/ Persons 0.48 21.9 min, 
on Shoulder or 

Med1 an 
(:_0.38) (! 9.03 min,) 

One-Lane 0.45 18,2 min.• 
Blockage (:_0.37) (:_13,B mln,) 

Two-Lane 0.053 23.6 mln.•• 
Blockage (.!_0,044) (:_18.0 mln.) 

• First 5-10 minutes usually involves clearing the 
incident to the shoulder. 

•• First 10-15 minutes usually involves clearing the 
incident to the shoulder, 

Percent of Peak Period Cornpl eted 

Figure J. Average bottleneck demand curves-AM, inbound 
systems. 

Bott 1 eneck 

Demand/ 

Capacity 

• 60 L_ ___ _J_ _ __ __J ____ ..1.-_ _ _ _..J 

o,; 25% 50% 75% 100% 

Percent of Peak Period Completed 

Figure 2. Average bottleneck demand curves-PM, outbound 
systems. 
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Figure 3. Reported variation in start-time. 

Std. Dev. (min.) 

the upstream-most on-ramp and the downstream-most on
ramp is 2.54 miles, or 13,411 ft. 

2. Five metered on-ramps and 4 off-ramps. The on- and 
off-ramps alternate. 

3. The 5 on-ramps are assumed to be uniformly spaced, 
at 3,353 ft apart. The 4 off-ramps are assumed to be lo
cated such that each is approximately 1,240 ft upstream of 
an on-ramp. Data concerning off-ramp locations were not 
included in the questionnaire survey; however, the average 
value of 1,240 ft was obtained from maps supplied by 
many of the agencies surveyed. 

4. The "bottleneck" section is the freeway section im
mediately downstream of the downstream-most ramp. The 
"bottleneck" is due to an accumulation of demand rather 
than that due to geometrics. It has a baseline capacity of 
5,782 vph ( the average capacity of a 3-lane section-as 
computed from the survey data). 

5. The merge distance (meter to ramp nose) for each 
on-ramp is assumed to be the survey average of 393 ft. The 
vehicle storage capacity of each on-ramp is assumed to be 
the survey average of approximately 26 vehicles. 

6. Each on-ramp has 1-lane metedng. 
7. A shoulder, of at least 4 ft width, is assumed to exist 

for the entire length of the baseline system. 

To transform these physical characteristics into the data 
base structure of the FREFLO simulation model, the base
line freeway was divided into nine sections. Two additional 
sections were specified, one at the upstream end of the free
way and one at the downstream end of the freeway, to con
tain congestion effects and to provide freely flowing traffic 
at the system boundaries (A FREFLO requirement) . The 
resulting 11-section baseline freeway is shown in Figure 5. 

DEMAND SENSITIVITY OF INCREMENTAL BENEFITS 

In the initial set of FREFLO simulation studies con
ducted, it was found that the magnitudes of the incremen
tal benefits of the responsive modes, relative to pretimed 
control, were sensitive to the composition of freeway de
mand. A principal effect was that, for a given freeway, the 
larger the mainline input demand, the smaUer the incre
mental benefits. This is not surprising; as the mainline de-

12 

10 

8 

Number of 
Metering 6 

Systems 

0 '-------...l---'--'-- -- St d. Dev. (min.) 
:':_5 :t:_10 :t:_15 :':_20 :':_30 Other• 

*Minneapolis reports that snow conditions can lengthen 
the peak period by 50-60 minutes, 

Figure 4. R eported variation i11 end-time. 
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mand becomes larger, the maximum allowable metering 
rates become smaller. Accordingly, the permissible meter
ing rates for the responsive modes become more and more 
constrained and the metering functions more and more like 
pretimed control. Conversely, as mainline input demand 
becomes smaller, more traffic can be allowed onto the free
way from the on-ramps. This means that the ramp meter
ing can expect greater control over the quality of the free
way traffic flow. Hence, it is not surprising that larger in
cremental benefits for the responsive ramp control modes 
were found for this case. 

Because the incremental benefits were found to be highly 
sensitive to the relative sizes of mainline input demand and 
on-ramp demand, it was decided that the benefits would be 
developed as functions of one or more parameters that 
described the interplay of the two types of traffic demand. 

Two parameters were adopted as being measures, for any 
given freeway, of the degree-of-control that was possible 
with the responsive control modes. These are discussed in 
the following two sections. 

Controllability Level 

The first measure is similar to one suggested, during the 
course of the project, by Newman of the NCHRP 3-22A 
project panel. This measure, called "Controllability Index," 
is defined by: 

Total metered Total metered 
input when the 

input with minimum meter-
pretimed 

Control- control ing rates 
are used 

!ability = --------~~---- ---
Level Total metered input when 

the minimum metering 
rates are used 

This (normalized) measure is obviously an indicator of 
how much the responsive control can vary metering rates 
( at least in the direction of decreasing the metering rates). 
The measure can also be computed from information that 
will be available once the user of the guidelines bas 
developed: 

1. A basic pretimed metering plan for the freeway be-
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ing studied. The user must develop this plan for two rea
sons: (a) so that a further traffic engineering check can be 
made on the feasibility of (any mode of) ramp control, and 
(b) so that the basic highway users' costs can be computed 
for later use in determining the incremental benefits of the 
responsive control modes. 

2. The constraints that apply to the ramp control. In 
particular, it is necessary to establish the minimum per
missible metering rate for each ramp. 

Controllability Cases 

In the FREFLO simulation studies that were conducted, 
three basic freeway demand patterns were simulated for the 
baseline freeway of Figure 5. They were : 

I. A "low controllability" scenario with a low on-ramp 
demand relative to mainline input demand. As its name 
suggests, there is little flexibility available for the metering 
rates. 

2. A "medium controllability" scenario with a high on
ramp demand relative to mainline input. 

3. A "high controllability" scenario with a high on-ramp 
demand relative to mainline input. As its name suggests, 
there was quite a large range available for metering rates. 

A basic pretimed metering plan was developed for the 
baseline freeway for each of the three controllability cases 
identified above. These three basic metering plans were 
each designed to provide nearly the same level of service 
for the baseline freeway's mainline and to maintain ramp 
queues within the available ramp storage capacity. The 
characteristics of these three scenarios are given in Table 9. 

INCREMENTAL TRAVEL-TIME BENEFITS OF THE 
RESPONSIVE RAMP CONTROL MODES 

This section gives the graphical results for the travel
time benefits arising from different types of demand and 
capacity variations. 

Incremental Travel-Time Benefits During Incidents 

A typical incident, defined from survey data, was a 
1-lane blockage type of incident having the characteristic 
shown in Figure 6. Figures 7, 8, and 9 show the incremen
tal travel-time savings (relative to pretimed control) of the 
two responsive control modes during such a typical inci
dent. The results are shown when the incident occurs 
early, at m1C1-peal<, anel 1ate within the peak perimi. :Frum 
Figures 7, 8, and 9 it can be seen that system control pro-
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TABLE 9 

CHARACTERISTICS OF THE THREE 
CONTROLLABILITY LEVEL SCENARIOS 

Pret imed On-Ramp 
Mainline On-Ramp Metered Minimum Contro l- Port ion 

Input Demand Input Input* lability of 
Scenario ( veh) ( veh) ( veh) ( veh) Index Demand 

Low 
Contra 11 ab i I ity 11,500 4,900 3,810 2,825 a. 35 0.30 

Medium 
Controllability 11,200 7,000 5, 970 2,825 1.11 0.38 

High 
Control lab ii ity 10,400 9,1 00 8,070 2,825 1. 86 0.47 

• Average of about 190 vph per on-ramp. 

Prior to incident; 

3 lanes available 

at 1700 VPI I each 

\ 7 min. 13 min, 

Incident is cleared; 

3 lanes available 

at 1700 VPH each 

I time 

Incident moved to 
shoulder; 3 1 anes 
available at 1430 VPH 
each ( 16% capacity 
reduction), 

I-lane blockage in
r.:ident; 2 lanes 

~--- available at 1350 VPII 
each (47% capacity 
reduction), 

Figure 6. Nominal incident in simulation studies. 

vides larger benefits than local actuated control. This is 
attributed to the fact that system control responds imme
diately to the incident-allowing metering rates to increase 
downstream of the incident and to decrease upstream of the 
iul,;iUcui. Huwcvta, wii.h J.u~d.1 u.\...i.ualc.J. -.:.v,1.l10!, Lt.c iiictci"
ing rate changes will be delayed an amount of time related 
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Legend: 
S = System control mode 
L = Local Actuated 

control mode 

Figure 7. Incremental travel-time benefits; early incident. 

to the speed of traffic (downstream) and the speed of the 
congestion shock wave (upstream) and the distances be
tween ramps. Also, the benefits of both modes are great
est for an early incident and least for a late incident. This 
is attributed to the fact that, early in the peak, demand is 
increasing-causing the mainline queuing delay created 
with pretimed control to increase more rapidly and to per
sist for a longer time than had the incident occurred later 
in the peak period . The benefits of both modes are greater 
for freeways of high controllability. This follows directly 
from the definition of controllability. 

The effects of an incident's location, duration, and se
verity on incremental travel-time benefits are shown in 
Figures 10, 11, and 12. Figure 10 shows the effect of inci
dent location. Figure 11 shows the effect of incident dura
tion. Figure 12 shows the effect of incident severity. Col
lectively, it was found that as expected, the incremental 
benefits increase (for both modes) wi.th increasing severity 
and duration of an incident. The effect of incident location 
is more subtle. First, the incremental benefits are least for 
an upstream incident, and the travel-time performance of 
either responsive mode is not much better than that of 
pretimed control. Thi is because the main.Line queuing up
stream of the incident create far more delay than is saved 
(via the responsive modes) downstream of the incident; 
and, because the incident occurs upstream of all but one 
metered ramp, the responsive control can do little to affect 
the travel time. Secondly, system control provides larger 
benefits the more downstream the incident is located. This 
is attributed to the ability of system control to decrease all 
metering rates upstream of an incident as soon as the inci
dent occurs, so that the savings in mainline queuing delay 
will be greater the greater the length of metered freeway 
upstream of the incident. Thirdly, local actuated control 
has a unique behavior in relation to the location of an 
incident. Unlike system control, it yields a larger travel
time benefit for a "middle" incident than for a "down
stream" incident. This is apparen tly due to the time-delay 
that occurs before the ramps upstream of an incident can 
react to the incident; the more coutrol ramps there are up
stream of the incident, the more detrimental this time-delay 
effect is to mainline queuing de'Jay. System control pro-
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Legend : 
S = System control mode 
L = Local Actuated 

control mode 

Figure 8. Incremental travel-time benefits; mid-peak 
incident. 

vides larger benefits than local actuated control, although 
the difference in the benefits becomes very small for up
stream incidents, short-duration incidents, and incidents in 
which the reduction of mainline capacity is very severe. 
In these cases, the "immediate-response" advantage of sys
tem control is greatly diminished because either ( 1) the 
incident is upstream of the ramp control-hence, the 
"immediate-response" advantage is lost; (2) the incident is 
short-Jived- so that the "immediate-response" advantage is 
held for only a short time; or (3) the mainline capacity 
reduction is so severe that main.Boe queuing moves up
stream very rapidly-hence, reducing the "immediate
response" advantage of system control. The benefits of 
both modes are greater for freeways of high controllability 
in all situations regarding location, reduction and severity 
of incidents. 

It should be noted that all incidents treated in F igures 
10, 11 , and 12 are assumed to occur at mid-peak; Figures 7, 
8, and 9 show the effect of time-of-occurrence of an 
incident. 

Incremental Travel-Time Benefits During Peak Periods of 
Reduced Freeway Capacity 

Table 10 gives the characteristics of minor, moderate, 
and major capacity reductions. Figures 13, 14, and 15 
show the incremental travel time savings (relative to pre
timed control) of the two responsive control modes during 
such capacity reductions. It can be seen from F igures J 3 
14, and 15 that the benefits of system control and local 
actuated control are essentially the same. Since the ca
pacity reduction is assumed to apply to the entire length of 
freeway being metered , the "immediate response' capabil
ity of system metering gives it no advantage over local 
actuated control. The incremental travel-time benefits of 
the two responsive modes are the greatest for a moderate 
(10 percent) capacity reduction. A major (20 percent) 
capacity reduction produces such severe mainline conges
tion that all three control modes have about the same per
formance; in practice, ramp metering is normally turned 
off when this condition exists. A minor (5 percent) ca
pacity reduction does not lead to a breakdown in freeway 
traffic flow with pretimed control ( at least for the demand 
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Figure 9. htcremental travel-time benefits; late incident. 
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Figure 10. Effect of incident location on incremental 
travel-time benefits. 
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Figure 11. Effect of incident duration on incremental 
travel-time benefits. 
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Figure 12. Effect of incident severity on incremental 
travel-time benefits. 
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Figure 13. Incremental travel-time benefits; major ca
pacity reduction (20%). 
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Figure 14. Incremental travel-time benefits; moderate 
capacity reduction (10% ). 
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Figure J 5. Incremental travel-time benefits; minor ca
pacity reduction (5% ). 

scenarios studied). The moderate (10 percent) capacity 
reduction was, however, sufficient to create breakdown in 
freeway traffic flow for a portion of the peak period when 
pretimed control was in effect; hence the largest incre
mental benefit occurred in this case because the responsive 
modes prevented breakdown. 

Incremental Travel-Time Benefits During a Peak Period That 
Has Both an Incident and a Freeway Capacity Reduction 

The two previous sections discussed the effects of inci
dents and capacity reductions when each situation occurs 
separately from the other. Figure 16 shows the effect of 
the responsive modes on the incremental travel-time bene
fits when the freeway is operating at a moderate (10 per
cent) capacity reduction and a typical mid-peak incident 
also occurs. Referring to Figures 8 and 14, and comparing 
them to Figure 16, it is seen that the incremental benefits 
during a combined incident and capacity-reduction case are 
about mid-way between the benefits of the separate cases. 
That is, the incremental benefits are slightly less than those 
occurring for a capacity-reduction alone, and slightly 
greater than those occurring for an incident alone. These 
results are attributed to: ( 1) with the combined events 
there will be a significant portion of the peak period in 
which the breakdown of freeway traffic flow will occur 
regardless of which of the three control modes is in opera
tion-in this case, the incremental benefits will be less than 
those of the capacity-reduction alone, and (2) with the 
combined events, the benefits of responsive control accrue 
over the entire 3-hour peak period and not solely during 
the interval of the incident-hence, the incremental benefits 
will be larger than those of an incident alone. 

As was the case in the previous situations, the incremen
tal benefits of the responsive control modes are greater the 
higher is the freeway's controllability. 

Incremental Travel-Time Benefits Arising From 
Demand Variations 

Figures 17, 18, and 19 show the incremental travel-time 
savings (relative to pretimed control) of the two respon
sive control modes during demand variations. Figure 17 

TABLE 10 

MAGNITUDES OF FREEWAY CAPACITY 
REDUCTIONS IN SIMULATION STUDIES * 

Magnitude of 
Capacity Reduction 

Mi nor Reduct ion 

Moderate Reduct ion 

Ma jor Red uction 

Spec if icat ions for 
Simulating Study 

A 5% capac ity reduct ion; for the baseline 
freeway, the per-lane capacity drops from 
1700 vph t o 1615 vph . 

A 10% capacity reduction; for the baseline 
freeway , the per-lane capacity drops from 
1700 vph to 1530 vph . 

A 20% capacity reduction; for the baseline 
freeway, the per- lane capacity drops from 
1700 vph t o 1360 vph . 

* Freeway was as sumed to operate at reduced capacity for the 
entire peak period. 
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Figure 16. lncremental travel-time benefits; typical inci
dent during a moderate (10%) capacity reduction. 
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Figure 17. Incremental travel-time benefits; typical in
crease in peak period demand. 
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Figure 18. Incremental travel-time benefits; typical de
crease in peak period demand. 
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Figure 19. Incremental travel-time benefits; typical de
mand fluctuations during peak periods. 

shows the effect of an upward shift in freeway demand. 
Figure 19 shows the effect of short-term fluctuations in 
mainline input to the metered freeway. It is seen that the 
effects of all types of demand variations are much smaller 
than the effects, previously shown, of incidents and ca
pacity reductions. At least this is the case of typical mag
nitudes (about ±5 percent) of demand variations. All de-

CHAPTER THREE 

mand variations yield incremental travel time benefits of at 
most 2 or 3 percent. 

A. lfhn11CTh tht">u ".l1"13 c,m,:y,11 c:,]~nhtlu nra.a+,u• h,n.,,a.fitc- ..,.,......,.11-.. 
"- _._,._ ..... .._.._.~t,.L.I. I..L.L""] ..... .._..., U.1..1..lU.J.J.' UJ.J.E:,J...1.L.L.J t:,i. VLI.L"".I. UVJ..l'-'.1..1.1.Lll V""\,,,UJ. 

during a shift downward in demand than during a shift 
upward in demand. Ramp delay increases proportionately 
more than mainline delay is reduced when an upward shift 
occurs, whereas the opposite is true for a downward shift. 
The effect of random fluctuations in mainline input is al
most negligible. As before, the incremental benefits are 
greater the higher is a freeway's controllability. 

INCREMENTAL FUEL-CONSUMPTION BENEFITS OF 
THE RESPONSIVE RAMP CONTROL MODES 

The incremental fuel consumption benefits of the re
sponsive ramp control modes are orders of magnitude less 
than the travel-time benefits. A discussion of the incremen
tal fuel consumption benefits is given in Appendix C. 

INCREMENTAL VEHICLE EMISSIONS BENEFITS OF 
THE RESPONSIVE CONTROL MODES 

The incremental vehicle emissions benefits of the re
sponsive ramp control modes can be quantified but, in gen
eral, cannot be monetized. A discussion of the incremental 
vehicle emissions benefits is given in Appendix D. 

COSTS OF ENTRANCE RAMP CONTROL INSTALLATIONS 

The cost of installing entrance ramp controls is a highly 
variable area that cannot be specifically determined until 
the bids are received for a particular installation. Prices 
vary according to geographic area, and the dearth of recent 
installations over a wide geographic area create data biases. 
The research approach was to enumerate the various com
ponents that are required for a typical installation and ob
tain cost estimates of these items. Naturally, this is the 
standard procedure that any agency follows in estimating 
the costs of an installation. 

Typical 1980 cost estimates are cited in Glazer and Ross 
( 4). The guidelines provide a checklist of the items that 
are typically required in an entrance ramp control installa
tion. These items are grouped by subsystem, and sub
system costs are expressed as a percentage of the total 
system cost. On a per ramp basis, the average costs in 1980 
are expected to be: pretimed mode, $16,000/ramp; local 
actuated mode, $20,000/ramp; and system mode, $32,000/ 
ramp ( exclusive of interconnection). 

INTERPRETATION, APPRAISAL, APPLICATIONS 

The research findings have resulted in the structure of 
a logical procedure for the practicing traffic engineer to 
follow in the preliminary decisions involved in installing a 

new entrance ramp control system or in upgrading an exist
ing one. This step-by-step procedure is presented in Ap
pendix R. The curves used in the guidelines to indicate 



relative travel-time savings, reduction in fuel consumption, 
and reduction in vehicle emissions are an amalgam of the 
curves presented in Chapter Two and Appendixes C and D. 

The incremental, nonbasic user benefits attributable to 
local actuated or system modes of control have heretofore 
been unresearched. The results produced by the simulation 
model are quite reasonable in terms of matching predicted 
values. 

These incremental benefits alone are but a component of 
a selection system that is a traffic management decision 
process. The macroscopic components of this decision 
process are: 

• Decision Level 1-Basic Analysis of Freeway Opera
tion. 

• Decision Level 2-Detailed Analysis of Freeway Op
eration and Selection of Improvement Alterna
tives. 

• Decision Level 3-Determining Feasibility of Ramp 
Control as Improvement Alternative. 

• Decision Level 4-Analysis of Site Variables and 
Mode Selection. 

Decision level 1 is concerned with monitoring congestion 
levels with studies and estimates that are routinely made 
by the agency in charge of freeway traffic operations. The 
procedure is abbreviated and is concerned with obtaining 
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an estimate of the user costs of the freeway operation. If 
user costs are found to be excessive, the next decision level 
is entered. 

Decision level 2 develops a more detailed analysis of 
freeway operation. The studies involved would generally 
be more comprehensive than normal ongoing studies and, 
thus, would require specific budgeting. The purpose of 
these studies is to provide data for an evaluation of im
provement alternatives . One of these alternatives is ramp 
control. 

Decision level 3 is used to establish the feasibility of an 
entrance ramp control system. The data previously gath
ered should be sufficient to conduct the necessary bottle
neck, geometric, traffic diversion, accident, enforcement, 
public acceptance, and preliminary cost analyses. If feasi
bility is established, the next detailed level is entered for a 
final analysis of mode choice. 

Decision level 4 similarly utilizes the detailed freeway 
operation data. A pretimed metering plan is formulated to 
develop the basic user costs. The variables sensitive to con
trol mode are analyzed to develop nonbasic user benefits. 
Together, these costs and benefits are used in the benefit
cost analysis ( tangible benefits) and in the utility-cost 
analysis ( intangible benefits). The user is thus able to 
determine the most effective entrance ramp control in
stallation or incremental modification for given freeway 
conditions. 

CONCLUSIONS AND SUGGESTED RESEARCH 

CONCLUSIONS 

Guidelines have been developed on the benefits of local 
actuated and system control, relative to pretimed control. 
The guidelines develop a detailed procedure by which the 
planner oi a ramp control installation can estimate the in
cremental benefits of responsive controls relative to pre
timed control. The procedure is simple to use, being based 
on readily understood tabular and graphical data. The pro
cedure has been illustrated, throughout, for a hypothetical 
freeway ramp metering project. 

The basic benefits offered by the pretimed control versus 
no control are increased operating speeds, greater through
put ( vehicles per hour per lane), reduced travel times, and 
reduction of the number of occurrences of incidents. Be
yond this, the monetized incremental benefits are domi
nated by travel-time savings; monetized fuel-consumption 
savings are about five to ten times less than the travel-time 
savings. Incidents, poor freeway operating conditions, and 
shifts (from one day to another) in the level of freeway 

traffic demand are the principal factors affecting the bene
fits of traffic responsive metering logics. 

The demand growth over the lifetime of a ramp-metering 
project reduces the incremental benefits of the responsive 
control modes. The planner of a ramp control installation 
should be alert to this effect. 

Throughout the analysis developed in this report, it has 
been assumed that the ramp control equipment operates 
free from malfunction. It is therefore essential that the 
planner provide, among the project costs, a sufficient 
amount for equipment maintenance. Otherwise, the bene
fits will be overstated and the costs assumed by the planner 
will be understated, making the responsive modes appear 
more cost-effective than they actually are. 

The accident reduction benefits of responsive ramp con
trols have not been estimated in this report. There may 
well be some such benefit, but no attempt was made to 
quantify it. Figures reported from various projects using 
responsive ramp control indicate a range from 10 to 
33 percent reduction. 
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SUGGESTED RESEARCH 

Areas recommended for further research are: 

1. The effect of traffic demand growth, over the lifetime 
of a ramp control project, on the relative benefits of the 
three ramp control modes. 

2. The effects of equipment malfunctions on the incre
mental benefits of local actuated and system control rela
tive to pretimed control. Vehicle detector and ramp con
troller malfunctions and inadequate maintenance practices 
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APPENDIX A 

QUESTIONNAIRE 

A REQUEST FOR DATA ANO INFORMATION 

ON OPE RAT I NG 

FREEWAY RAMP METERING SYSTEMS 

For: National Cooperative Highway Research Program Project 3-22A, 

Guidelines for Uesign and Operation of Ramp Control Systems 

Prepared by: Texas Transportation Institute, 

and Daro Associates 

April, 1978 

A-1 

INTRODUCTION AND INSTRUCTIONS 

Your agency has been identified as one that operates one or more 

freeway ramp metering installations. We would appreciate your assis

tance in helping us lo compile design and operating characteristics of 

ramp control systems. This compilation will be instrumental in our re

search efforts on Project 3-22A, Guidelines for Design and Operation of 

Ramp Control Systems, sponsored by the American Assoc1at1on of State 

Highway and Transportation Officials. 

The objective of this research is to deve 1 op an analytic procedure 

and guidelines for comparative evaluation of alternative ramp control 

system designs. The procedure and guidelines will be applicable to de

termining whether or not ramp control can be employed beneficially and, 

if so, the type of control system that is most appropriate for a given 

application. Three basic types of control systems are considered: (1) 

local pretimed ramp control, (2) local responsive control, and (3) sys

temwide control. 

The purpose of this data request is to assess the variety of de

signs and traffic conditions attendant to operating ramp contra 1 sys

tems. You will notice that many of the questions in Part One are seek

ing information on the ranges of variations 1n traffic flows and on the 

frequency and severity of random events such as incidents or inclement 

weather. It is essential that the Guidelines reflect the variety of 

these conditions in establishing the relative merits of the three types 

of ramp contra 1. 

This data request is divided into two par-ts. Part One should be 

completed by all agencies, and concerns information on the traffic, 

fr-eeway design, and other factors that form the operating environment 

for the ramp control system. Part Two should, in addition to Part One, 

be completed hy those agencies ~hat operate a local responsive ramp con

trol system or a systemwide control system. These two ramp control sys

tems are defined as: 

local re~ponsi1i1~ control : a basic class of ramp metering that is a 

function of actual traffic conditions during the time of the meter

ing, The control for each on-ramp is based on traffic measurements 

made only in the vicinity of that on-ramp. 

sysumwtde cortral : a basic class of ramp metering that is a func

tion of actual traffic conditions during the time of the metering. 

The control for each on-ramp is based on systemwide traffic mea

surements, including those taken a considerable distance away from 

that on-ramp. 

In completing this data request, you should confine your answers to 

a single freeway ramp control system• in your localei that is, your 

answers should not be generalized to a whole urban area. Therefore, if 

your agency has many ramp control systems in operation, we ask you to 

complete stpar~te copies of this data request for as many separate ramp 

control systems as you can. To this end, we are supplying the number of 

separate data request sets that you indicated in our previous telephone 

• Here a 11 singl e 11 _,..arop control system is understood to De a length of 
freeway (one diroclloo) and 10 adjoining set of ramp~ thot have logi
cally been cons idered as a unit during both the plann ing for and imple
mentation of the ramp control system. 

A-3 

conversation. Recall that we need separate data for each system con

sisting of one direction of traffic flow. 

It would be most helpful if, in answering this questionnaire, you: 

1. Try to answer as many questions as possible - yet feel free to 

leave questions blank if the data are unavailable or if you 

cannot make an estimate or "guesstimate. 11 

2. Estimates or 11 guesstimates 11 are encouraged. Even if you have 

limited data for answering a given question - feel free to make 

an estimate. However, ple.ne s 1gnHy ii,_ csll1116te by ctrc I in9 

J.!; on the contrary, do not circle data that are substantiated 

by data records. 

Thank you for your assistancei we hope to receive a reply from you 

in the next few weeks. 

A-2 A-4 
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OPERATING ENV JRONMENT 

OF THE 

RAMP CONTROL SYSTEM 

A-5 

I. GENERAL INFORMATION FOR THE RAMP METERING INSTALLATION 

I. Name (if any) of inst al lation:------ ---- - - -

2. Locati on of ins tal l ation : Ci t y __________ _ _ 

State ------ ------

Freeway Name or Route No. --- - - - -----

) . Operating Agency : ---- - - - ---- --

4. Respon si ble Tr affic Engineer: Name:-----------

Tel. No.: - ------ --

Address: ----------

5. Date th~t metering first went into operation : 

Men th/Year: 

6. Type of traffic metered: Inbound to CBO -----
Outbound from CBD --- --

Uther (describe) -----

7. Direct ion of traff i c flow (check one) : 

lbd Wbd Nbd Sbd 

8. Usual hours of day, days of week for ramp metering: 

llours: - - ----- to----- -

Oay s (check / : Sun H W Th Sat 

9. Please l i st any reports or descriptive material that have been 

prepared on this ramp metering installation (report copies would 

be appreciated): 

A-6 

I I. FREEWAY Gl:OMETRICS 

I. freeway Main line: 

Freeway Lanes, Ramp Spacing , Grades. and Location of ioiei.t:rt:U Uf 

closed ramps: if possible, please furnish maps with the data 

shown in Figure A-1; otherwise, prov 1 de a sketch s im11 ar to 

Fi gure A-1 in the space provided beyond that Figure . 

Please give name:s of ram.p11 ,.L: 111.atered ramp J._: cloeed ump 

.; ' I I I I 

4 I 5 4 5 4 5 4 

J450 I 0 • • 0 340 £ e. 3350 2200 .. •• I) 

'• - ~ ~ - ' 
0% i -u +2% +U 

y i 
I 

y ~ H N y y y T y 

7200 ' ! I~ i f 8401 ~ 8 8400 7200 
i " ... ... 

Figure A-1 Examr,le Sketch of Freeway Mainline Geometrics 

A-7 

No . Lanea 

Distance 
(ft.) 

Grade · (%) 

At leaat 4' 
1houldar? 
(Y•Yes, N•Ko) 

Est1mated 
Capaci ty 

(Vl'H) 

2. On-Romp~: 

Number the~ on-ramps consecutively ; 1,2,J, --- .!!.!!:1-
.!!!2. with tt:e one farthest upstream . For each numbered on

ramp, please fill in Table A-1. 

l 11. AVERJ\G£ PEAA PERIOD DEMAND A~O ORIGIH-DESTIKATION PATTERN 

1. Freeway Demand: 

Pl ease provide the approximate cumulative volume (number of 

vehicles) of traffic entering at each on-ramp and at the ma in-

1 ine input - as a function of time .. for an 5verage metered 

peak period. Table A-2 1s provided for these data. Note that 

on-ramp demand is defined as that traffi c entering the on

ramp, _!!£!. the metered volume. 

If you have on-ramp demand data in onother form (graphs 

or other tabulations) Mf'1 prPfPr t.n provide copies of vour 

existing data -- please feel free to do so . 

Also, please provide the approximate cumulative volume of 

traff i c leaving via the downstream end of the metered freeway 

as wel 1 as vi a the exit ramps (exit ramps are numbered con

secutively, starting with the most upstream off-ramp), Table 

A-3 is prov i ded for these data. 

Again, if you have extt volume data in another form 

(graphs or other tabulat1ons) and prefer to prov1de copies of 

your existing data -- please feel free to do so. 

3. Orl 9fn-Oest fn~tlon l nfol'lln lon: 

If av a i 1 able. pl ease indicate the approximate average percent

age of each on-ramp's A':~ume and the ma i nline input volume 



TABLE A-1 ON-RAMP GEOMETRICS 

Non-Pri ort ty Metering Pri ortty Treatment• 

On- Di stance, l,torage Capac itJ 
Ramp Ramp Heter to No. of Prior to Ramp Metered Bypass 

No. Nose (ft.) Lanes Meter ( vehs.) Lane lane 

l 
upstream 

2 

3 

4 

5 

6 

7 

8 

g 

10 

11 

12 

13 

14 
downstream 

~ 
i 
I 
E!' 

~ 
! 

15 

* Place a check mark 1n the appropriate column if there is any 
priority treat111ent of buses or carpools. 
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that exits at each off-ramp and at the downstream end of the 

metered freeway during a peak period. Table A-4 is provided 

for these data. 

If you have origin-destination data in another form and 

prefer to provide copies of your existing data -- please feel 

free to do so. 

A-12 
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I:. VARIATION IN PEAK PERIOD DURATION 

1. How much variation ( one day to another) ; s there in the time 

at which a sect ;on of the metered freeway first reaches the 

operating condition for which you desire metering to begin? 

Would you say the standard deviation in this start of the peak 

period is {check one) : 

+ 5 minutes, one day to another? 

~ 10 minutes? 

.!. 15 minutes? 

~ 20 minutes? 

!_ 30 minutes? 

Other: - ----

What is the criterion for 

beginning metering? 

2. Simi lar"ly, how much variation (one day to another) i s there i n 

the time at which all sections of the freeway reach the level 

nf '-Pnirp ~t whirh vm, r1Pc;;ir~ mP.terina to end? Would vou sav 

the standard deviation in this end of the peak period is 

(check one): 

_!. 5 minutes, one day to another? 

_: 10 minutes't 

_: 15 minute s? 

~ 20 minutes? 

_: 30 minu t es? 

Other: -----

A-14 

What is the criterion for 

ending metering? 

J . Are the s tart- and end-times for the peak period, as defined in 

quest ions {1) and (2) related? That is, if, on a given day, the 

,;;t~rt-timP ;,_ htPr than usual - i s the end-time also 1;kely to 

be later then usual? Which statement most applies (check one 

and fill in the blank datc1): 

There is no relationship between st art- and end-time. 

There is a slight chance(_%) that the end-time will be 

later than usual if the start-time was later than usual. 

__ There is a good chance (_%) that the end-time wi 11 be 

later than usual 1t the start-time was later than usuol. 

There is a s 1 ight chance (_%) that the end-time wi 11 be 

earlier than usual if the start-time was later than usual. 

There is a good chance (_%) that the end-time will be 

earlier than usual if lhe start-time was later than usual. 

4. If you were to record the duration (end-time minus start-time) 

of a number of peak periods, how do you estimate they 1 d be dis

tributed (fill in the blanks below)) 

90% less than hou r s minutes 

70% less than hours mi nut es 

SO% less than hours minutes 

30% less than hours minutes 

10% less than hours minutes 

A· IS 

V. VARIATION IN PEAA PERIOD OEMANO 

Data given in your answer to item 1 (Freeway Demand) of Section 

I I I could be summed up to obtain the total peak period demand 

(total vehic l es desiring to use the metered freeway in a peak 

period). How variable is this total demand, from one day ta an

other? Es timate H s standard deviation (check one of the choices 

given) : 

~ 1% of the average total peak period demand 

t 5% of the average total peak period demand 

:. 10% of the average total peak per i ad demand 

:, 20% of the average total peak period demand 

Other (describe): 

VI . SHORT-TERM VAAIA81LITY IN HAIULIH( IJIPUT now AND ON-RAAP DEMAND 

VO~VMES 

The rate of flow, both entering and leaving the metered freeway, 

r111rinn ,;;hnrt.-t.imP. intervals within the peak period, is seldom con

stant. One measure of these short•term variations in flow is the 

so-cal led peak-hour factor (phf) defined as the ratio of the 

volume occurring during an hour to the peak rate of flow (ex

pressed as an hourly volume) dur iny d 5-minutl! interval within 

that hour . For instance, if the mainline input to a section 

reached a peak flow rate of 5,000 VPH in one 5-m1nute interval of 

an hour in which the total hour's flow was 4,000 VPH - then the 

phf would have heen 0 . 80. 

Estimate the phf for each of the freeway demands; Table A-5 

is provided for the se data. 
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TMI.[ A-5 FREEWAY UEMAND PEAK HOUR FACTOHS* 

Entry Point Est !mated Peak 
Hour Factor 

% between the start and 1/4-way through the peak period 

% between 1/4- and 1/2-way through the peak period 

% between 1/2- and 3/4-way through the peak period 

% between 3/4-way through and the end of the peak 

23 

upstream period Mainline Input 

downstream 

VI!. INCIDENTS 

On-ramp 1 

On-ramp 2 

On-ramp 3 

On-ramp 4 

On-ramp 5 

On-ramp 6 

On-ramp 7 

On-ramp 8 

On-ramp g 

On-ramp 10 

On-ramp 11 

On-ramp 12 

On-ramp 13 

On-ramp 14 

On-ramp 15 

"' On-ramp demands are traffic 
volumes entering each ramp, 
~ the metered volumes. 
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1. Fre9uency of Inci dent ,: 

What is the estimated number o.f incidents that occur per year 

when the freeway is being metered: __ /year. Note: Inci

dents can include: 

a. The presence of stopped vehicles due to an accident. 

b, The presence of disabled vehicles due to mechanical 

failure, lack of fuel, etc. 

c. Spilled vehicle loads. 

d. The presence of an emergency or repair vehicle. 

e. Vehicles or people on the freeway shoulder or 

median. 

2. Hfo(l of l nc1 emcol We• ther and Reduced Vhlbl 1 l~y: 

What is the estimated breakdown of this number of incidents 

into (fill in percentages): 

% at times of inclement weather 

% at times of reduced visibility (darkness) 

% at normal times 

3. Distribution of Peak Period Conditions 

On an annual basis, what is the estimated breakdown of peak 

period operating time into (fill in percentages): 

% time aper at i ng during inc 1 ement weather 

% time operating with reduced visibility (darkness) 

% time operating with normal conditions 

4. Time of Occurrence Within Peak Period: 

Estimate the percentages of peak period incidents that occur 

within each of the follo~~r~ portions of the peak period: 

i. Section Location of Incidents: 

Please estimate the percentage of peak-period incidents that 

occur in each of the sections of the metered freeway. A 

sketch similar to Figure A-1 can be used to sunmarize these 

estimates. You may draw your own such sketch below the ex

ample sketch that is provided below. 

Example: 

I • I : : : 1 : I 

j 207. j 30,j rn: i ior.] 57. 1 57. I 57.1 07.1 57. I 5%1 % Incidents 

~ Please name the ramps--..,... 

~"~ 1 6\, \t\ \ ~ 

Off-racp -~- Hetered on-rac,,p -~- Closed on-ramp 
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6 . Severity of Capacity Reduction : 

a. 

b. 

C. 

Estimate the breakdown of incidents by type. and for each 

type estimate the percentage capacity reduction at the site of 

the incident: 

% of 
Incident Type Total % Capacity Reduct ion 

on 3-1 ane sect ion 
One-lane blockage due to --
minor accident or stall on 4- lane sect ion --

on 5- lane sect ion - -
on 6-1 ane sect ion --
on 3- lane sect ion 

Two-1 ane blockage due --
to major ace ident on 4- lane sect ion --

on 5-1 ane sect ion --
on 6-lane sect ion --
on 3-lane sect ion 

Vehicles/people on --
shoulder or median on 4-lane sect ion --

on 5-lane sect ion --
on 6-lane sect ion --

7. Duration of Incidents : 

Estimate the average length of time from the beginning of an 

incident to the time it is cleared: 

Inc ldenl Type 

a. One· lane blockage due to 

minor ace ident/stal l 

A-20 
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b. Tow-lane blockage due 

to major ace ident 

Vchic1f"~/pecple Ot!. shol.!lder 

or median 

VIII . WEATHrn ANU VISIBILITY 

~ery 

1. Frcqoency ond M•gn iluda of C•pat lt y ~eduction,: 

Estima t e the percentages of peak periods that have the fol

lowing levels of capacity reduction due to inclement weather 

or reduced visibility (e.g. darkness): 

less than 5l reduct ion in freeway capacity __ % 

5% reduction in freeway capacity __ % 

10% reduct ion in freeway capacity __ % 

20% reduct ion fn freeway capacity __ , % 

other {, _____________ ) __ ~ 

2. O.ur •llon or C•patity Reductions : 

Estimate the aver age duration, in hours and minutes, of capa

city reductions that are due to inclement weather or reduced 

visibility - when they occur: 

slight reduction iu capacity ( less than 5%): 

Sli9ht reduction in capacity (5%): 

Medi um reduct ion in capacity (10%): 

Large reduct ion in capacity (20%): 

A-21 

QUESTIONS FOR AGENCIES THAT OPERATE EITHER 

LOCAL RESPONSIVE RAMP CONTROL OR 

SYSTEMWIDE RAMP CONTROL 

A-22 

hour min. 

hour min. 

hour min . 

hour min. 

I . What type of ramp control system is in operation at this installa. 

t ion (check one)? 

local responsive 

systelf1ftide control __ 

2. Describe briefly your control 1og1c (what traffic measurements are 

talu~n and how they are u!ied to determine each ramp's metering rate). 

Provide any written material. flowcharts, or logic diagrams that are 

available. 

A-23 

3. Describe briefly the ramp control equipment that is used: 

a) ramp controller: 

b) systemwide controller or computer: 

c) cormiun1cations equipment ( if systemwide control 1s used): 

d) vehicle detectors (type, location, and sensed traffic 

parameters): 

A-24 

4. How often are ramp meter rates updated by the control log1c7 

each JO.seconds 

each minute 

each 5·minutes 

other ___ _ 

S.. What mainl lne (an the freeway) traffic parameters are used in the 

control logic? (Check those used and answer the questions): 

vehicle speed 

Over what time-frame are vehicle speeds averaged?----

Do you average aver adjacent lanes? ___ _ 

What detector sample rate ls used?---

What accuracy do you aim for?-----

Are all lanes measured? ----

percent occupancy 

Over what t 1me-frame is occupancy measured? ___ _ 

Oo you average over adjacent lanes? ___ _ 

What detector sample rate is used? ---

Are all lanes measured?----

veh i c 1 e counts 

What time-frame are counts collected far? ---

What accuracy do you aim far? ----

Are all lanes measured?----

6. Describe briefly the logic that Is used ta begin ramp metering and 

to end it far d peak period. Is it simply done by tfme-af·day, or 

are rnainl ine detector measurements used? Provide any flow charts or 

loqic diagrams that may be available . 
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APPENDIX 8 

SIMULATION RUNS PLAN 

DESIGN OF THE FREFLO SIMULATION RUN SERIES (_2_) 

Once: (a) the baseline freeway had been specified, (b) the three 

base I ine or reference demand patterns ( low. medium, and high control 1-

abi 1 ity) had been specified, and (c) the demand and capacity variations 

to be studied were also defined -- then a plan was developed for the 

conduct of the FRHLO simulation runs . 

The entir~ series of FREFLO runs was structured into the following 

sub-sets of runs: 

Baseline Runs 

These were the reference case runs without capacity and demand 

varidtions. The three reference demand patterns were simulated with 

each of the three ramp control modes in effect. A total of nine base-

1 ine runs were conducted: 

Baseline runs (9) 

(3 controllability levels) x (3 ramp control modes) 9 baseline 

runs. 

Incident Runs 

The n('xl set of runs was devised to test the sensitivity of each 

ramp control moc1e's performance to the occurrence of an incident. A 

"nominal incident" was first defined and then simulated for each mode 

and each controllability level. A total of nine nominal incident runs 

were made: 

B-l 

Nominal incident runs (9) 

(3 controllability levels) x (3 ramp control modes) x {l nominal in

cident) = 9 nominal incident runs. 

Next, a set of runs was conducted to test the influence of the dif-

ferent characteristics of an incident: 

• Time-of-occurrence of the incident within the peak period 

• Location of the incident along the metered freeway 

• Ourat ion of the incident 

1 Severity of the incident (1n terms of capacity-reduction). 

The nominal incident assumed an average value for each of these char

acteristics. Therefore, to test the sensitivity of the ramp control 

performance to these characteristics, it was necessary to make two per

turbations (away from t.he nominal value) for each characteristic -- a 

" low" and a "hi gh 11 perturbation. A total of seventy-two incident-type 

sensitivity runs were made: 

Incident-type sensitivity runs (72) 

{2 perturbations of each characteristic from 11 nominal 11
) x (4 char

acteristics: time-of-occurence 1 location 1 duration, severity) x (3 

control controllability levels) x (3 ramp control modes) = 72 inci

dent-type sensitivity runs. 

Capacity-Reduction Runs 

The next set of runs was devised to test the sensitivity of each 

ramp control mode's performance to a reduction in the freeway capacity 

( due to, say I rain) th at affected the entire peak per i ad and the entire 

frel!way. Three magnitudes of capacity reduction were studied--leading 

D-2 

to 27 capacity-reduction runs: 

Capaclly-Reducllon RuM (27) 

( 3 magnitudes of freeway capacity-reduction) x 

(3 controllability levels) x (3 ramp control modes) , 

27 capacity-reduction runs. 

Incidents Durin9 Reduced-Capacity 

One departure was made from, the sensitivity analysis approach. 

With sensitivity analysis, the assumption is made that the various fac

tors contributing to highway users• costs can be considered one by one, 

and that the effects of the various factors are additive. It was 

thought that the sensitivity 40alysis could be inaccurate for the occur

rence of an incident during a peak period in which the freeway was ope

rating at reduced capacity. These two factors (incidents and capacity

reductions) had large effects on user•s costs when considered separately 

the combined effects were unlikely to be additive. 

To test the sensitivity of each ramp control mode 1 s performance to 

the occurrence of an incident (a nominal incident) during a peak-period 

of moder ate capacity-reduction I a tot a 1 of nine runs was made. 

Inclaenl r un, durtng reduced cap,city (9) 

(3 controllability levels) x (3 ramp control modes} x (l occurrence 

of a nominal incid~nt during a peak period of moderate capacity re

duct ion) :: 9 incident runs during reduced capacity. 

Shifts of the Demand Level 

The next set of runs was devised to test the sensitivity of each 

ramp control mod~ 1 s performance to a shift (up or down) of the demand 

8-3 

level from the nominal peak period demand pattern. 

Shift of demand-level runs (18) 

(2 shifts in demand; up/down from nominal) x (3 controllability 

levels) x (3 ramp control modes)= 18 shift of demand-level runs. 

Temporal Vari at ton of Mainline Input 

The final set of runs was devised to test the sensitivity of each 

ramp control mode's performance to short-term fluctuations in the main

line input demand for each of the three controllability-level con

ditions. 

1e,npora1 demand vari•tloo runs (9) 

(3 randomized demand patterns, corresponding to the 3 controllability 

levels) x (3 ramp control modes) = 9 temporal demand variation runs. 

SUMMARY OF THE FREFLO SIMULATION STUDY DESIGN 

Jn su1TJT1ary, the simulc1tion•based 1 sensitiv;ty analysis was con· 

ducted via selected FREFLO simulation runs . These runs are given in 

rable 8-1. 

8-4 
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Table 0-1 FRlFLO Simulation Runs Hade for the Sensitivty Analysis 

l. 

2, 

3, 

4. 

~. 

6. 

Set of Runs 

Rasel ine Runs 

Incident Runs 
a) No111i nal Incident 

b) l nc ident-Type 
Sensitivity Runs 

Capacity-Reduction 
Runs 

Incidents During 
Reduced-Capacity 

Shift of Demand-
Level Runs 

Temporal Demand-
Var i ation Runs 

Purpose 

To establish the reference perfor-
ma nee values to which the per for-
mance values for the var i ous de-
mand and capacity variations could 
be compared. 

a) To establish the average effect 
of an incid~nt, with each control 
mode 

b) To establish the effects of 
departures of incident character-
i sties from those of the average 
or nominal incident 

To establish the effect of re-
duced-capacity peak periods on the 
performance of each mode 

To establish the degree to which 
the effects of an incident and a 
capacity-reduction are not addi-
tive 

To establish the effect of shifts 
in demand 1 evel upon the perfor-
mance of each mode 

To establish the effects of brief 
temporal fluctuations 1n traffic 
fl ow upon the performance of each 
mode 

Number of 
fREFLQ 

Simulation 
Runs 

9 

,) 9 

b) 72 

27 

9 

18 

9 

TOTAL NO. OF RUNS: 153 
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APPENOIX C 

INCREMENTAL FUEL-CONSUMPTION BENEFITS 

INCREM£NTAL FUEL-CONSUMPTION BENEFITS OF THE RESPONSIVE RAMP CONTROL 

~ (.[) 

Results for the fuel-consumption benefits of the responsive ramp 

c:ontrnl modes are presented in this Appendix. 

IncrCllll!nta I Fue 1-Can,umpt Ion Benef I ts Ou ring Inc Iden ls 

A typical incident, defined from survey data. was a 1-lane blockage 

hav i ng the characteristics depicted previously in Figure 6. Figures 

C-1, c .. 2, anu \>3 show the incremental fuel • consumption savings (rela

tive t o Prelimed control) during such a lypical incident. More specifi

cally, these figures give the results when the incident occurs early, at 

midpeak , and late, respectively, within the peak period, and 1t can be 

seen that: 

t Svs tem r:ontrnl ~nc1 I nc:ill Artuilbrl c:ontrnl hilVP. neilrlv the same 

f ue 1- consumption performance. Figure C-2 shows th at there may 

be a slight (only about one·half of one percent) advantage of 

System control over local Actuated control during mid-peak inci

dents . 

, Generally speaking, the fuel-consumption benefits of either Sys

tem control or Local Actuated control during incidents are quite 

small . They are much smaller (as a percentage of fuel consump

tion for the nominal peak period) than the travel time savings. 

Figure s C-1, C-2, and C-3 show that, even for a freeway that has 

a very high control labi 1 ity index, the reduction in fuel consump-

C-1 

Incremental 

Reduction In Fuel 

Consumption (%) 

F IGUHE C -1 

-1 -

0,4 0.8 l,Z 1,6 2,0 
Controt labil tty Index 

Legend: 
S • System contra 1 mode 
L • Local Actuated 

control mode 

INCREH[NTAL REOUCTIOH IN FU[L CONSUIIPTJ()!j; 
[ARLY INCIOENT 

C-Z 



Inc rementa 1 

Reduction In Fuel 

Cons11mpt ion (l) 

FIGURE C-2 

l ncrementa 1 

Reduction In Fuel 

Cons11mption (l) 

FIGURE C-3 

2 -

0.4 0.8 1.2 1.6 2.0 
Controll abfl ity Index 

Legend: 
S = System control mode 
L = Local Actuated 

cont ro 1 mode 

INCREMENTAL REDUCTION IN FUEL CONSUMPTION; 
MID-PEAK INCIDENT 

C-3 

2 -

0.4 0.8 1.2 1.6 2.0 
Contro11 ab11 ity Index 

Legend: 
S = System control mode 
L = Local Actuated 

control mode 

INCREMENTAi. REDUCTlON IN FUEL CONSUMPTION; 
LATE INCIOENT 
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tion (relative to Pretimed control) is never more than about 

1-1/2%; travel time savings, howe\ler, can be as large as 20%. 

• The fuel-consumption benefits of both modes increase wHh the 

controllability index of the freeway. (A slight anomaly is 

noted for Figures C-1 and C-2; the benefits decrease - i.e., 

fue 1-consumpt ion increases - at \lery sma 11 contra l labi l ity index 

values . No explanation of the decrease has been developed; it 

is so smal 1 that it may be within the numerical accuracy bounds 

of the simulation results and the computations performed in nor

malizing the results to obtafn %-changes.) 

The conments qiven above generally imply that the fuel-consumption 

benefits of the responsive con tro 1 modes during incidents are not very 

significant. As an example, in absolute terms the sa\lings (relative to 

Pret imed control) in f ue 1 consumptions for the baseline freeway wou 1 d 

never be more than about 1.5% of 3,260 gallons of fuel - or about 48 

gallons of fuel per peak period with an incident. At present 1980 gaso-

1 ine prices this would be a monetary savings of no more than S60. By 

comparison, the travel time sa\lings for the baseline freeway during an 

incident can be as much as about 20X of 1,010 veh-hrs. Or, assuming an 

average vehicle occupancy of 1.25 persons - this would be a s.avings of 

about 250 travel hours. Even if these travel time savings were valued 

as low as one do 11 ar per hour, they would be over four times as large, 

monetarily, as the fuel-consumption savings~ 

A principal reason that the responsive control modes do not offer 

much advantage, relative to Pretimed control, regarding fuel-consumption 
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sa\lings is that fuel consumption is speed dependent in such a way that 

the same aggregate fuel consumption can be obtained for a heavily con

gested freeway as for one that is relatively free-flowing. Figure C-4 

shows the speed-dependence of fuel consumption. During an incident, the 

responsive modes can allow the metering rates at ramps downstream of the 

incident to be high and the travel speed downstream of an incident will 

be high. Upstream of an incident, the responsive modes wil 1 lessen 

mainline queuing while also diverting more traffic than does Pretimed 

control. Both of these effects of responsi\le control on traffic up

stream of an incident will tend to save travel time, hence increase 

average travel speed - relative to Pretimed control. The average speed 

of traffic (considE!ring the entire peak period) will drop due to an in

cident, regardless of the control mode being used. For exarflple, on 

Figure C-4 the average speed may shift downward from 40 mph to 30 mph -

tending to move the freeway's operating condition closer to the 11 bottom 

of the howl" of the fuel-consumption versus speed function. For a 

zero-grade freeway, the responsive modes may operate slightly to the 

right of the minimum fuel-consumption point, while Pretimed control may 

operate slightly to the left of that point - with the result that the 

fuel consumption is about the same regardless of mode. 

The effects of an incident's location, duration, and severity upon 

incremental fuel-consumption benefits are shown in Figures C-5, C-6, and 

C-7. Figure C-5 shows the effect of incident location. Figure C-6 

shows the effect of incident duration. Figure C-7 shows the effect of 

incident severity. From these fiqures it can be seen that: 

C-6 
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FIGURE C-4 TOTAL AUTOMOBILE FUEL CONSUMPTION 

Incremental 

Reduction In Fuel 

Consumption (%) 

FOR VARIOUS SPEEDS ANO GRAOCS 

0 

-1 

-2 

C-7 

-s --· ~ s .- -- ::....------ ~-
~!-~ L --- .. .. __ 
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FIGURE C-7 EFFECT OF INCIDENT SEVERITY UPON INCREMENTAL REDUCTION 
IN FUEL CONSUMPTION 
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, Again, System control and Local Actuated control have nearly the 

same fuel-consumption performance . There is genera~ly a slight 

(a fraction of a percent) advantage to System control. 

, Gent?rally speaking, the fuel-consumption benefits of either Sys

tem control or Local Actuated control during incidents are quite 

small - regardless of the location/duration/severity circum

stances surrounding any particular incident. 

1 The flle 1 -consumption benefits of both modes increase slightly 

with the controllability index of the freeway. The exceptions 

are upstre;im incidents, short-duration incidents. and minor

severity incidents for which the incremental benefit curves are 

virtually 11 flat. 11 

, The incremental fuel-consumption savings increase (for both 

modes) with increasinq severity and duration of an incident. 

However, the increase savings is only about l to l-1/2% of the 

total fuel consumption in a nominal peak period. The effect of 

incident location is not clear - the incremental benefit curves 

(Figure C-5) seem to be scattered about zero savings in fuel 

consumption. 

It should be noted that all incidents treated in Figures C-5, C-6, 

and C-7 are assumed to occur at mid-peak; Figures C-1. C-2, and C-3 show 

the effect of time-of-occurrence of an incident. Strictly speaking, in 

order t.Q estimate the incremental fuel consumption benefits of the re

s ponsive modes, the user of the Guidelines should decide what 11mix" of 

inr,id,mt characteristics are to be considered. As a practical 
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matter, however, it does not make much difference what mix is assumed 

since all incremental fuel consumption savings are quite small. 

lflCR£1,\£NIAl FUEL·CONSUMPI IM UENCFIIS DURI NG PEAK PERIODS OF REOUCEO 

FREEWAY CAPACITY 

Figures C·S, C-9, and C-10 show the incremental fuel-consumption 

savings (relative to Pretimed control) of the two responsive control 

modes during such capacity reductions. From these figures it is seen 

that: 

, The fuel-consumption performance of the responsive modes can 

actually be worse than that of Pretimed control. This occurs 

during minor capacity reductions and major capacity reductions. 

However, during peak periods with a moderate reduct ion of free

way capacity, there are positive incremental benefits for the 

responsive modes. 

, System control provides better incremental fuel-consumption per

formance than does Local Actuated control . 

1 Generally speaking, the incremental fuel-consumption performance 

of the responsive modes, re lat l\le to Pret imed control, improves 

with increasing controllability. 

1 for moderate capacity reductions, the incremental fuel-consump

tion benefits of the responsive modes are significantly larger 

than they were for incidents. 
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FIGURE C-10 INCREMENTAL REDUCTION IN FUEL CONSUMPTION; MAJOR 
CAPACITY REDUCTION (ZOS) 
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The results displayed In Figures C-8, C-9, and C-10 parallel the 

results on travel time savings, previously displayed in Figures 14, 15, 

and 16. There too, only a moderate capacity reduct ion yielded signif;. 

cant incremental benefits. The apparent reason for this is that when 

there is a moderate capacity reduction. the responsive modes are capable 

of preventing breakdown of the freeway mainline - whereas Pretimed con

trol is not; this yields significant incremental fuel-consumption (and 

travel time) benefits for the responsive modes. During minor capacity 

reduct ions, however, breakdown does not occur, even with Pret imed con

trol. The result is only small incremental travel time benefits, and 

small negative fuel-cons11mption benefits. During major capacity reduc

tions none of the three control modes is capable of preventing breakdown 

of mainline traffic flow - with the resuH that there are only slight 

incremental travel time benefits and negative incremental fuel-consump

t ion benefits. 

lncremento 1 Fuo l · Cons'""Pt Ion Bend Its Our \ng • Peak Per lad Th• t Ha, Both 

•n Inc ldcnt •nd • Fr~eway Capati r Reduction 

Figure C-11 shows the effect of the responsive modes upon the in

cremental fuel-consumption benefits when the freeway is operating at a 

moderate (lOi:) capacity reduction~ a typical mid-peak incident also 

occurs. Referring back to Figures C-2 and C-9, and comparing them to 

Figure C-11, it is seen that the incremental benefits during a combined 

incident and capacity reduct ion case are about midway between the bene

fits of the separate cases. This same result was found for the travel 

time benefits. With the combined events, there will be a significant 

port ion of the peak period in which breakdown of freeway traffic flow 
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occurs regardless of which of the three control modes is in operation. 

For this reason, the incremental l1enefits will be less than those of the 

c:apacity r€duction dlane Si1oila,.1y, th~ hen~fil<. nf rP.-..pon,.ive control 

,:1ccr1Je uve1 the entire 3-hour peak period not solely during the inter

val of the inci<lent - hencP. the incremental benefits wil I be larger than 

t.host- of an incident dlone. 

As was the case in the previous situations, the incremental fuel

consumpt ion benefits of the responsive modes increase with the freeway's 

controllability. 

l ncre.,.n\~I fu• l · Con,umpt lon Sonortu Arising from o,mand Varlallons 

Figures C-12, C-13, and C-14 show the incremental fuel-consumption 

savings (relative to Pret1meri crmtrol) of the two responsive control 

modes during demand variations. Figure c .. 12 shows the effect of an up

ward shift in freeway d~mandi Figure C~l3 shows the effect of a downward 

shift 1n freeway demand and Figure C-14 shows the effect of short-term 

fluctuations in mainline input to the metered freeway. 

From Figures C-12, C-13, and C-14 it is seen that: 

• Regardless of the type of demand variation, the benefits of Sys

tem control and Local Actuated c.ontrol are virtually the same. 

1 The posit.ive h~nefit in the ,:ase of a downward shift in deniand 

is Cdncel led by the negative benefit of responsive control for 

an upward shift in demand. Since the nominal peak period demand 

is assumed to be an a'!lerage dernand patterrJ for ~ free111.,y, upward 

and downward demand shifts wi 11 occur with about the same fre

quency. This implies that the net fuel-consumption benefit of 
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the responsive modes, in response to demand shifts, is in the 

long run essentially zero. 

1 A very small (fraction of a percent) incremental benefit accrues 

to the responsive modes because of demand fluctuations. This 

benefit increases slightly with freeway contro11ability. Even 

though the benefit is very small, this benefit can be expected 

for each day of normal freeway operation. 

The incremental benefits of the two responsive modes are virtually 

equal because none of the demand varial ions create a situation for which 

the coord1nat ion of ::iystem control prov1des an advantage over Local 

Actuated control (as it does for rncidents). 
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APPENDIX D 

INCREMENTAL VEHICLE EMISSIONS BENEFITS 

INCREMENTAL VEHICLE EMISSIONS BENEFITS OF THE RESPONSIVE CONTROL MODES 

Results for th~ vehicle emissions benefits of the responsfve ramp 

control modes are presented in this Section. 

Iner.men~~\ Veh ic le Em issions Benefits During lncldenh 

A typical incident, defined from survey data, was a 1-lane blockage 

having the characteristics depicted previously in Figure 6. Figures 

D-1 through D-9 show the incremental vehicle emissions benefits (rela

tive to Pret imed control) of the two responsive control modes during 

such a typical incident. Figures D-1, 0-2, and D-3 display the results 

for hydrocarhons (HC), Figures 0-4, 0-5, and 0-6 display the results for 

carbon monoxide (CO), and Figures 0-7, 0-8, and 0-9 display the results 

for nitrous mcides (NOx) Each triplet of figures gfves the results 

wher1 the incident occurs early, at mid-peak, and late, respectively, 

within the peak period . The conclusions drawn from Figures D-1 through 

U-9 are: 

1 Positive incremental benefjts occur for both modes in regard to 

HC and CO emissions, whereas negative.benefits are obtained in 

regard to N0 11 emissions. The responsive controls generate re

duct ions, relative to Pretimer1 control, in HC and CO emissions; 

this re~ults· from hoth lower fuel consumption and better oxida

tion of the hydrocarbons as the traffic flow 'improves. This 
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convert<., more of the HC and CO into water (H20) and carbon 

dioxide (CO2) improving the air quality. However, when 

better oxidation of HC and CO occurs, the same occurs for nitro

gen and it.s oxides. In other words, more {not less) NOx emis

sions are created. 

• System control provides the greater incremental benefits regard-

ing HC and CO emissions. Local Actuated control has smaller 

negative benefits in regard to NOx emissions. 

• While the incremental benefits regarding HC emissions are small, 

the CO emissions reductions are significant (up to a 101 reduc

t ion, re 1 ati ve to Pret imed con tro 1) . On a percent age bas is, the 

magnitude of the negative NOx benefits is about the same as 

that of the (positive) CO benefits (although, by weight, the 

change in CO emissions is larger). 

1 The emissions benefits, like the travel time and fuel-consump

tion benefits, are largest for an early incident and smallest 

for a late incident. 

• The emissions benefits increase as the freeway controllability 

1nci-eases . 

The effects of an incident's location, duration, and severity upon 

incremental vehicle emissions benefits are shown in Figures 0-10 through 

D-18. Figures D-10, D-11, and D-12 display the results for hydrocar

bons, Figures D-13, 0-14, and 0-15 display the results for carbon monox

ide, ,and Figures 0-16. 0-17, and 0-18 display the results for nitrous 

oxides. Each triplet of figures ghies the respective results with re-
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gard to incident location, duration, and severity. The Figures show 

that: 

• The HC and CO benefits increase as (a) the incident location be

comes closer to the downstream end of the metered freeway, {b) 

the incident du rat ion increases, and (c) the incident severity 

increases. The magnitude of the (negative) NO, benefits in

crease in the same manner. 

, The range of incremental benefits has nearly the same sensi-

tivity to incident location, duration, or severity. In other 

words, the three factors appear about equally important. 

• While the magnitudes of the CO and NO, incremental benefits 

increase significantly with increasing controllability, the HC 

emissions increase only slightly with increasing controll

ability. 

As ,noted previously, all incidents considered in Figures D-10 

through 0-18 were assumed to occur at mid-peak; Figures 0-1 through 0-9 

show the effect of time of occurence of an incident. 

Incremenu l Vehic l e Embs.ions Senef1ts Ourfng Puk Peri ods of Reduced 

freewty Cap•ct ty 

Figures 0-19 through 0-27 show the incremental vehicle emissions 

benefits (relative to Pret imed control) of the two responsive control 

modes during such capacity reductions. Figures D-19, 0-20, and D-21 

di sp 1 ay the results for hydrocarbons, Figures 0-22, 0-23, and 0-24 d 1 s

play the results for carbon monoxide, and Figures 0-25, D-26, and D-27 

display the results for nitrous oxides. Each triplet of figures gives 
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the respective results for minor, moderate, and major capactty reduc

tions. The results disphyed 1n these three figures sho• that: 

• As •as the case •1th travel time benefits and fuel-consumption 

benefits, there is a 'threshold effect." Nomely, the capacity 

reduct ion has to be a certain magnitude before there 1s rwuch 

benefit to the responsive modes. That h, a minor (5%) capacity 

reduct ion yields only small benefits (on the order of .! lX for 

HC and CO emissions and no more than 81 (negative) for NO, 

emissions). A moderate (lOX) capacity reduction yields n11ch 

larger benefits (up to about 6% for HC, up to about 20% for CO, 

and up to about 20% (negative) for NO,). 

• A major capacity reduction yields small incremental benefits (a 

1 itt le larger than those of a minor capacity reduction, and con

siderably less than those of a moderate capacity reduction). 

• The emissions performance of the two responsive control modes 1s 

n'eorly the same. 

Incremental Vehicle E.nolssions Benefits Ouring A Peak Period That h" 

8otn an Incident and a Freeway Cap,clty R.eductlon 

Figures D-28, D-29, and D-30 show the incremental vehicle emissions 

benefits (relative to Pretimed control) •hen the free•ay is operating at 

a moderate (lOX) capacity reduction and a typical mid-peak incident also 

occurs. Referring back to the pairs of figures: D-2 and D-11, D-5 and 

D-14, and D-8 and D-17 - and comparing them to Figures D-28, D-29, and 

D-30 respectively - 1t is seen that the incremental benefits during a 

combined incident and capacity reduct ton case l 1e between the benefits 
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of thP c;ept1rate cases . Howpver, the results are closest to those for the 

moderate capacity reduct ion. 

Incremental Vehicle Emissions e_enefits Arising From Demand Variations 

Figures 0-31 through 0-39 show the incremental vehicle emissions 

benefits ( re I ati ve to Pret imed contra 1) of the two responsive c:ont ro 1 

modes during demand variations. Figures 0-31, 0-32, and D-33 show the 

effects upon HC emissions 1 Figures 0-34, 0-35. and 0-36 show the effects 

upon CO emissions, and Figures 0-37, 0-38 and 0-39 show the effects upon 

NOx emissions. Each triplet of figures shows the effect of a downward 

shift in freeway demand, an upward shift in freeway demand, and short

term fluctuations in mainline input, respectively. These Figures show 

that: 

• Positive incremental benefits regarding HC, CO, and NOx emis

sions occur for downward shifts 1n peak period demand. This is 

largely offset by negati1Je incremental benefits that occur for 

upward shift~ in peak period demand. Since the nominal peak pe

riod demand 1 s assumed to be an average demand pattern for a 

freeway, upward and downward demand shifts will occur with about 

the same frequency. This implies that the net emissions benef;t 

of the responsive modes, in response to demand shifts. is in the 

long run nearly zero. 

• A very small (fraction of a percent) incremental emissions bene

fit accrues to the responsive modes because of demand fluctua

tions. Even though the benefit is very small, it will exist for 

a large n11nber of peak periods in a year (each day of normal 

freeway ope rat 1on). 
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APPENDIX E 

• System control generally provides higher incremental benefits 

regarding HC and NOx emissions. On the other hand, Local 

Actuated contra l provides higher incremental benefits for CO 

emissions. The reasons for this behavior are not clear. 

1 The incremental benefits (both positive and negative) generally 

increase in magnitude with increasing controllability. 
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GUIDELINES-SELECTION OF RAMP CONTROL SYSTEMS 

CHAPTER 1 

INTRODUCTION 

PURPOSE AND SCOPE OF THE GUIDELINES 

Powerful social and economic factors have greatly im
pacted urban transportation during the decade beginning 
in 1970. During this period there has been increasing pub
lic pressure to preserve the quality of the urban environ
ment, This concern has manifested itself in terms of air 
pollution, noise, aesthetics, and the overall quality of urban 
life. At the same time, serious problems with inflation and 
energy availability have been encountered. 

These varied social and economic factors have combined 
to produce an effect that has greatly reduced the highway 
construction program. Freeway construction, in particular, 
has been severely limited even though travel demand has 
significantly increased. Although increased emphasis has 
been placed on the development and use of public trans
portation, there has been no significant reduction in the use 
of the private automobile. 

In most urban areas of 100,000 population or greater, 
the freeway system is a very significant part of the street 
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and highway network that provides for the movement of 
persons and goods. Because the ability to expand a given 
freeway system to meet traffic demands has been signifi
cantly reduced, if not virtually eliminated, it becomes read
ily apparent that transportation officials must obtain maxi
mum efficiency in the use of the existing freeway facilities. 

One significant tool that can be used to increase the 
safety and efficiency of traffic operation on existing free
ways is the use of entrance ramp control. Entrance ramp 
control is a technique for regulating access to the freeway 
in a manner that reflects a plan of freeway operation. The 
aim of this publication is to provide a logical and sys
tematic set of guidelines for the selection and use of free
way entrance ramp controls. 

The purpose of the guidelines is to provide a concise, 
pertinent set of information and technology that can be 
used by practicing transportation engineers in implement
ing freeway entrance ramp control systems. The guide
lines are intended to provide a practical, relatively brief, 
and easily used methodology that will guide and assist the 
transportation engineer in making the following critical 
decisions on freeway entrance ramp control: 

I. When should it be considered? 
2. How does it relate to other improvement alternatives? 
3. ls it feasible for the specific situation under study? 
4. What specific mode of control is best for the specific 

situation under study? 

DEFINITIONS 

A number of terms will be used in the guidelines that 
perhaps need definition and clarification. A list of the 
terms and their definitions are provided as follows : 

Bottleneck-Physical or geometric features of a street or 
freeway which reduce the facility's capacity ( or ability 
to accommodate traffic flow) as compared to other 
locations on the same facility . 

Capacity-Oriented Improvements-Roadway modifications 
intended to increase the ability of the roadway to ac
commodate vehicles in order to maximize the number 
of vehicles that can pa s a point on the roadway dur
i11g periods of heavy demand. An example of this type 
of improvement would be the addition of a lane at a 
bottleneck location. 

Connector Control-Regulation, warning, or guidance of 
traffic on connecting facilities of freewavs. 

Corridor- A freeway and the system of ~oadways in
fluenced by the freeway which accommodates travel 
demam.Js along a predominate directional line in a 
portion of an urban area. 

Corridor Control-Coordinated regulation, warning, and/ 
or guidance of traffic on a system of roadways which 
accommodate travel demands within a corridor. 

Demand-Oriented Improvements-Modifications intended 
to change the number of vehicles that utilize a road
way, generally during a specific time period. An ex
ample of this type of improvement would be the pro
motion of vanpools or carpools to increase vehicle 
occupancy and reduce the number of vehicles utiliz
ing a given section of roadway. 

Gaper's Block-The effective reduction in level of service 
as a result of driver distraction. 

desires, policies, and positions. 
Incident-An occurrence in a traffic stream that causes a 

disturbance in the normal flow of traffic. Common in
cidents include accidents, stalled vehicles, spilled loads, 
etc. 

Latent Demand-Total number of potential users desiring 
to use a facility (street or freeway) at a given point. 

Level of Service-Generally, six categories of roadway op
erating conditions reflecting a qualitative measure of 
flow characteristics defined by thresholds of speed and 
travel time, traffic interruptions, freedom to maneuver, 
safety, driving comfort and convenience, and operat
ing costs. See the Highway Capacity Manual for 
additional discussion of this subject. 

Local Actuated Entrance Ramp Control-Regulation of 
access control to a freeway by a device which rrieters 
vehicles at a rate determined by freeway traffic con
ditions in the immediate vicinity of the access point. 

Main Lane Control-Regulation, warning, or guidance of 
traffic on the mainline of a freeway. 

Manifest Demand-Number of users observed to use (or 
actually using) a facility (street or freeway) at a given 
point. 

Metering Rate-Number of vehicles allowed to enter a 
given section of a roadway per unit time. 

Microcomputer-A programmable computer whose central 
processor is a microprocessor. 

Microprocessor-An integrated circuit, single-chip device 
that contains a programmable data processing system 
which, at minimum, consists of an arithmetic logic 
unit, some registers, and some type of control. Micro
processors generally handle shorter words than other 
computers, usually from 4 to as many as 16 bits. 

Nonrecurrent Congestion-Type of congestion resulting 
from the occurrence of random or unpredictable 
events ( e.g., accident). 

Objective-Statement of specific action that can be taken as 
a step toward achievement of a goal. 

Pretimed Entrance Ramp Control-Regulation of access 
control to a freeway by a device which meters vehicles 
at a constant rate regardless of prevailing freeway 
traffic conditions. 

Recurrent Congestion-Type of congestion routinely ex
pected at predictahle locations during snecific time 
periods. 

Responsive Entrance Ramp Control-Regulation of en
trance ramp metering rates according to freeway traf
fic conditions. Implies local actuated or system 
control. 

Saturation Flow-Traffic flow condition which· exists when 
traffic demand exceeds capacity. 

System Entrance Ramp Control-Regulation of access con
trol to a freeway by a device which meters vehicles 
at a rate determined by freeway traffic conditions 
throughout a given study area. 

Utility Analysis-An evaluation procedure used for analyz
ing the ability of a traffic control system to perform its 
function in comparison to its cost. 
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CHAPTER 2 

DECISION PROCESS FOR ENTRANCE RAMP CONTROL 

DEFINITION OF DECISION PROCESS 

An idealized decision process for freeway entrance ramp 
control would involve four basic decisions. These basic 
decisions are identified as follows: 

1. Decision that a serious level of freeway congestion 
exists or will soon exist and that improvements should be 
made to reduce this level of congestion. 

2. Decision on the type (or types) of improvements that 
will be made to reduce freeway congestion. 

3. If vehicle diversion (time or space) by entrance ramp 
control is a desited improvement alternative, decision that 
entrance ramp control is feasible. 

4. Decision on a specific mode of entrance ramp control. 

In general, these decisions would be made in a sequential 
manner starting with decision 1. In actual practice, how
ever, the studies and resultant decisions might be grouped 
together. It is believed, however, that the four basic de
cisions provide a logical framework on which to build a set 
of guidelines for entrance ramp control. Thus these guide
lines have been organized around the concept of a decision
making process that proceeds through these four decisions. 

The consideration of the total decision process permits 
one to relate entrance ramp control to the overall consid
erations of freeway operation and control and transporta
tion systems management. The process is broad in nature 
relative to decisions 1 and 2 and then focuses specifically 
on entrance ramp control through decisions 3 and 4. The 
following material will provide a brief overview of these 
decisions and their information requirements. 

FREEWAY LEVEL OF SERVICE 

The overall decision process starts with the assumption 
of the responsibility to monitor the operation of the free
way facilities in a given jurisdiction ( city, county, highway 
district, etc.). The freeway system in this jurisdiction was 
designed to operate at a desired level of service. As traffic 
demands increase, however, this level of service may be 
reduced until it reaches a point where remedial action of 
some type is justified. 

The freeway system to be monitored should be divided 
into manageable sections, and traffic evaluation studies 
should be conducted at periodic intervals to determine traf
fic flow conditions on each section. Three basic types of 
studies are pertinent, each of which requires an increased 
level of detail. The first type of study represents minimal 
freeway monitoring to determine typical operation and de
gree of congestion. The second type of study would con
centrate on quantifying the magnitude of congestion, and 
the third type of study, when justified, would provide for 
detailed studies to evaluate all aspects of the freeway and 
corridor operation. 

The foregoing studies would permit a thorough evalua
tion of the operation on each section of the freeway system. 
Each responsible agency should establish some basic objec
tives (such as level of service D) relative to the peak hour 
operation of the freeway system. This would then provide 
a means of determining if the freeway congestion on cer
tain sections of the system had reached a level that could 
be termed serious or intolerable. This would then trigger 
the decision that some sort of corrective action is justified. 

IMPROVEMENT ALTERNATIVES 

Once the initial decision has been made that some type 
of corrective action is needed to improve the freeway level 
of service, then a decision must be made relative to what 
improvement alternative ( or alternatives) should be imple
mented. The reduced level of service results from "bottle
neck congestion" where the traffic demand exceeds the free
way capacity. The freeway bottlenecks may be permanent 
and fixed in location or they may be created by incidents 
and thus vary in time of occurrence and location. 

The alternatives to reduce congestion can be classified 
into three broad categories. These categories are ( 1) 
demand-oriented alternatives where the basic objective is 
to reduce demand by some sort of freeway management 
technique, ( 2) capacity-oriented alternatives where the 
basic objective is to increase capacity by some type of con
struction or modification project, and (3) some combina
tion of 1 and 2. 

Entrance ramp control can be used to reduce demand to 
a given freeway section. Such control will divert vehicles 
either in time ( ramp storage) or space ( diversion of ramp 
vehicles to other routes). Entrance ramp control can also 
increase the level-of-service operation capacity by improv
ing the efficiency of merging operations and overall free
way flow. 

The decision process for selecting an improvement al
ternative will need to consider a rather wide range of pos
sibilities. These possibilities would include the following: 

1. Demand-Oriented Alternatives-reduction of overall 
travel; ride sharing (carpools, vanpools, etc.); public trans
portation; entrance ramp control (vehicle diversion); main
line control; freeway-to-freeway connector control; corri
dor control; and peak-period dispersion. 

2. Capacity-Oriented Alternatives-construction of ad
ditional facilities; revision of entrance and exit ramp loca
tions; expansion of existing facilities; temporary use of 
shoulders and narrow lanes; geometric modifications; inci
dent detection and removal; incident management, includ
ing entrance ramp control for traffic flow improvement; 
and installation of accident investigation sites. 

The decision to be made at this point relative to the im
provement of freeway operation can range from construe-
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tion ( or modification) to traffic management. If traffic 
management or a combination of both construction and 
traffic management appears desirable, the feasibility of 
entrance ramp control should be examined in detail. 

ENTRANCE RAMP CONTROL 

Entrance ramp control may not always be feasible and 
a decision must be made in this regard before initiating 
studies to design the specific entrance ramp control treat
ment. Some basic questions that define the feasibility of 
entrance ramp control are as follows: 

1. Does the freeway congestion problem lend itself to 
correction or improvement by entrance ramp control? 

2. Do adequate diversion routes exist to handle the traf
fic that might be diverted by entrance ramp control? 

3. Will geometric conditions on the ramps and freeway 
lanes permit entrance ramp control? 

4. Is the introduction of entrance ramp controls a po
litically viable decision? 

5. Will public acceptance permit entrance ramp control 
and can it be enforced? (The public is generally receptive 
if the control is reasonable and public information is pro
vided to affected motorists prior to implementation.) 

6. Are funds and manpower available for installing, op
erating, enforcing, and maintaining entrance ramp control ; 
and would the use of the funds for entrance ramp control 
be cost-effective? 

Answers to these and any other questions that might be 
pertinent for a given situation must be obtained through 
specific studies before making the decision to use entrance 
ramp control as a part of the freeway management process. 
If entrance ramp control is found to be feasible, a final 
decision must be made as to the specific type of control 
that will be used. 

CONTROL MODE 

The final decision that must be made (if entrance ramp 
control is feasible) is the selection of a specific mode of 
entrance ramp control. The three basic categories ( or 
modes) of entrance ramp control are pretimed control, 
local actuated control, and system control. 

Pretimed control represents a minimum level of control 

relative to initial cost, operation costs, and design com
plexity. This basic level of control would be used as a start
ing point and then a decision would be made relative to 
using local actuated or system control. This decision wouid 
be based on the incremental benefits ( over pretimed con
trol) to be realized versus the incremental cost of installing 
and operating the higher levels of control. 

The benefits to be gained from local actuated or system 
control increase as the traffic management problems be
come more complex. Variables that can be expected to 
affect these benefits are identified as follows: traffic de
mand variability, incident rates, environmental variations, 
degree of variability of the entrance ramp volumes, and 
geometrics. 

Additional costs are generally incurred with the incre
ment to local actuated or system control. With local ac
tuated control, the additional costs are due mainly to addi
tional detectors and local actuated controller. System con
trol, in addition to requiring additional detectors, intro
duces new categories of cost items such as data communi
cations subsystem and control center subsystem. 

The decision then as to what type of control would be 
used would consider these factors: traffic and geometric 
conditions for the specific freeway section under study; 
relative benefits, compared to pretimed control, to be ob
tained by using local actuated and system control ; and costs 
incurred (relative to pretimed control) to install local 
actuated or system control. 

SUMMARY 

The total decision process that has been briefly described 
is shown in Figures E-1 and E-2. Figure E-1 depicts the 
global decision process and very briefly describes the ac
tivities within each decision level. In turn, Figure E-2 
shows the decision process in detail and permits one to re
late entrance ramp control to an overall consideration of 
freeway improvement techniques. It also permits one to 
focus on the studies relating to entrance ramp control and 
the need for detailed analyses regarding entrance ramp 
control feasibility and control mode selection. 

The following sections of these guidelines expand on the 
decision process that has been defined and present a meth
odology for defining and selecting entrance ramp control. 

CHAPTER 3 

EVALUATION Of fREEWAY OPERATION 
NEED FOR EVALUATION 

The first step in a sequence of decisions that leads to the 
selection and installation of entrance ramp controls is the 
recognition that a significant congestion problem exists or 
will soon exist on a given freeway. This decision initiates 
a consideration of the various alternatives that can reduce 
the level of congestion. One such means of improving free
way operation may be entrance ramp control. 

It is recognized that the various agencies that have the 
responsibility of maintaining and operating freeway sys
tems will have different procedures for collecting data, 
conducting evaluations; and determining that a serious 

problem exists. However, a basic methodology for accom
plishing these steps will be outlined as a guide to the initial 
study action that may lead to an entrance ramp control 
installation. 

EVALUATION TECHNIQUES 

There are three levels of evaluation that should be con
sidered. These levels represent an increasing level of study 
detail, complexity, and cost. They are identified as follows: 

Level I-Freeway Monitoring. Minimum level of free
way operation studies to indicate basic levels of op
eration and degree of congestion. 



Level 2-0peration Evaluation. Studies to quantify the 
magnitude of congestion. 

Level 3-0peration Analysis. Detailed studies to quan
tify and evaluate all aspects of the freeway and cor
ridor operation and congestion. 

Freeway Monitoring 

A freeway system in an urban area represents a tremen
dous public investment and has a daily impact on thousands 
of motorists. It is critical that such a system be continu
ously monitored to determine if it is providing the desired 
level of service. It is desirable that a set of objectives be 
established on which to evaluate the freeway operation. 
Examples of objectives that could be identified_ and defined 
are as follows: 

1. Level of Service-An objective can be stated in terms 
of minimum level of service to be maintained (such as level 
of service D (LOS D]) or minimum speed (such as 40 mph) 
or both. 

2. Sa/ ety-An objective can be stated in terms of a maxi
mum allowable accident rate ( such as 2.5 accidents/ million 
vehicle-miles). 

3. Incident Impact-An objective can be stated in terms 
of the minimum time (minutes) required to detect and 
remove an incident, and restore traffic to a normal level of 
operation. 

The specific definition of a set of objectives for a given 
freeway system should be the responsibility of the operat
ing agency. The objectives are important in that they be
come standards for the evaluation studies and provide a 
gauge for measuring the level of freeway operation 
deterioration. 

Once objectives have been established, data should be 
collected periodically to permit an evaluation of freeway 
operation in light of the objectives. A preferred schedule 
would be to collect and analyze data every 3 to 6 months. 
If this is not feasible, a less frequent schedule should be 
implemented. 

The basic data collection studies should include the 
following: 

I. Traffic Volume Counts-Traffic counts should be 
made by direction at critical locations of the freeway at 
least once every 3 months. The counts can be made on an 
hourly basis, but shorter intervals, such as 15 min, are pre
ferred in order to define the peak period. Permanent count 
stations should be used to correlate data taken on irregular 
intervals at other locations. 

2. Travel Time Studies-Travel time data can be col
lected on an informal basis at any time during the year by 
taking note of speeds when traveling through the section. 
Travel time studies, however, should be conducted at least 
twice a year at 15-min time intervals during the peak 
period. 

3. Accident Analyses-Accident statistics should be 
maintained for the total freeway system. Accident rates 
should be computed for the various segments that are ex
periencing traffic congestion, and high accident locations 
should be observed. 

llECISION LEVEL 1 

BASIC ANALYSIS 

OF FREEWAY OPERATION 

I 
DECISION LEVEL 2 

DETAILED ANALYSIS OF FREEWAY 

OPtRATION AND SELECTION OF 

IMPROVEMENT ALTERNATIVES 

I 
DECISION LEVEL 3 

DETERMINING FEASIBILITY OF 

RAMP CONTROL AS IMPROVEMENT 

ALTERNATIVE 

I 
DECISION LEVEL 4 

ANALYSIS OF SITE VARIABLES 

ANO MODE SELECTION 

Figure E-1. Global flow
chart of decision sequence. 
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The data collected during these studies, though relatively 
simple in nature, can provide the basic monitoring informa
tion that is needed. These data can be combined with the 
personal observations by the staff of the operating agency 
to provide a means of continuous monitoring that will es
tablish trends and permit the first level decision ("Does a 
problem exist") to be made. · 

Operation Evaluation 

If the data from the freeway monitoring system indicate 
a problem when compared with the basic objectives of op
erations, the magnitude of the problem should be quanti
fied. In most cases, the freeway congestion problem will 
involve only a portion of the total freeway system. It is 
desirable to define these congested segments and to develop 
an estimate of the additional user costs created by the 
congestion. 

Boundaries of Congested Segment 

The first step is to define each congested segment in 
terms of its location on the freeway, the length of the 
congested segment, and the duration of the congestion. 
The monitoring studies for travel time data can provide a 
means of determining the location and length. That is, 
those sections of freeway that have average speeds less than 
the objective speed during the peak period can be identified. 
These findings should be quantified further by locating the 
downstream bottleneck of the congested segment ( or seg
ments) . The downstream bottleneck will be defined by in
creased speeds downstream of the congestion. Peak hour 
observations of travel speeds should be made to establish 
the specific duration (minutes) of the congested period. 
The distances and times used to define the congested seg-
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OtMIINO-ORIENTED 
ALTERNATIVES 
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ment should be as short as practical while still encompass
ing the entire peak conditions of the freeway. 

Congestion Costs 

As congestion develops on a freeway, the cost of opera
tion as experienced by the freeway users will increase. 
Thus, the users experience "congestion costs." If the con
gestion costs are substantial, it becomes desirable to attempt 
to reduce these costs. 

User costs that tend to increase as freeway congestion 
increases are as follows: travel time costs, vehicle operat
ing costs, and accident costs. 

A LOS D ( average speeds 40 mph or greater) might be 
defined as a tolerable level of congestion and could be as
sumed to esiabiish a base levei of basic costs. As the LOS 
deteriorates to level E or F, the user costs will increase 
above those basic costs experienced at LOS D. The dif
ference between the basic costs at LOS D and the actual 
costs at a greater level of congestion can then be used as 
a measure of the congestion costs. Stated another way, the 
congestion costs are potential benefits that could be ob
tained by improving the LOS on the congested segment of 
the freeway. An evaluation of these potential benefits can 
help the decision-maker to decide if a serious level of con
gestion exists and if some type of effort should be made to 
reduce the amount of congestion. 

Basic Costs 

Basic costs for freeway operation can be determined from 
procedures outlined in the publication A Manual on User 
Benefit Analysis of Highway and Bus Transit Improve
ments 1977 (E-1). The assumptions associated with the 
LOS D are 1800 vehicles (passenger car equivalents) per 
hour per lane, 40-mph speed, and 0.9 V/C ratio. Unit costs 
are obtained either from Ref. (E-1), or from other sources 
that present updated values of costs to the current year. 

The following cost figures were derived from tables in 
Chapter 13, which are taken from Buffington and Ritch 
(E-2); vehicle types are described in Table E-46: 

$7.89 per vehicle-hour-based on an assumed vehicle oc
cupancy of 1.25 persons per passenger vehicle (Chap
ter 13, Table E-47). 

$0.0979 per vehicle-mile-passenger vehicle operating 
costs (Chapter 13, Table E-48). 

$0.01482 per vehicle-mile-accident costs based on an 
accident rate of 2.60 accidents/MVM (Chapter 13, 
Table E-51). 

Reference (E-1) indicates that the value of time may be 
a function of the amount of time saved per individual ve
hicle. If the amount of time saved exceeds 15 min, the 
value of time given in Table E-4 7 is appropriate. If the 
time saved is less than 15 min, the value of time given in 
Table E-47 should be reduced. In order to simplify the 
procedure of determining an acceptable value of time, the 
reduction factors given in Table E-1 are suggested. 

To illustrate, assume an estimated time saving per indi
vidual vehicle in the 5 to 10-min range. The reduction fac
tor would be 0.6, and the adjusted value of time would be 
$4.73 [$7.89 (from Table E-47) X 0.6 (from Table E-1)]. 

TABLE E-1 

VALUE OF TIME-REDUCTION FACTORS 

Estimated Time 
Savings (min.) 

0 - 5 

5 - 10 

10 - 15 
15 or more 

Actual Costs 

Reduction 
Factor 

0.2 

0.6 
0.9 

1.0 

The actual costs of the congested segment are directly 
determined by conducting the required studies. Travel time 
studies are conducted to determine actual operating speeds. 
Estimates of the operating costs are obtained by using the 
average speed and obtaining a cents per vehicle-mile value 
from Table E-48 of Chapter 13. Accident costs are deter
mined by evaluating the actual number of accidents and 
converting these to an accident rate (per million vehicle~ 
miles). 

An example is presented later to illustrate specific pro
cedures to be followed in estimating basic and actual costs. 

Operation Analysis 

On the basis of the results of the level 2 evaluation analy
sis, it might be determined that a rather serious congestion 
problem exists and that some sort of improvement should 
be undertaken. At this point a more detailed operational 
analysis of the freeway should be conducted. The level 1 
and level 2 studies should provide sufficient justification for 
the establishment of a properly funded study project to 
fulfill this need. 

The objective of the level 3 study would be to define the 
basic cause of the problem and to develop a sufficient data 
base from which alternative freeway improvements could 
be evaluated. The types of studies to be conducted as 
needed are listed in the following; detailed descriptions for 
the study proceduers can be found in various publications 
(E-3, E-4, E-5, E-6): 

1 Rrottlo»orlr A »n/11000-.<;:nPPn ,inn flow r::itP. studies al'e 
-· --···-··--·· -------.,,--- -.1.-. -

used to define the location, cause, and capacity of bottle
neck sections in the study area. Other studies, such as 
input-output analysis, aerial photography, and instrumented 
vehicle studies, are useful in determining the duration of 
congestion caused by the bottleneck. 

2. Volume Counts-Volume counts at time intervals of 
5 to 15 min should be made on all critical sections of the 
freeway and the ramps to determine short period flow rates, 
beginning and end of peak periods, and potential diversion 
and entrance ramp metering rates. 

3. Origin-Destination Studies-It is helpful to determine 
the traffic flow patterns approaching and leaving the free
way if considerable volumes must be diverted from the 



freeway as part of a control strategy. This information is 
useful in the analysis of the corridor. 

4. Corridor Analysis-The same studies used to define 
the travel characteristics on the freeway lanes are used to 
evaluate the alternate routes to the freeway when traffic 
diversion is a possibility. 

5. Traffic Composition-Volume counts by type of ve
hicle are conducted to determine the composition of the 
traffic stream. 

6. Geometric Analysis-Geometric design deficiencies 
that affect the speed and capacity of the roadway are 
evaluated. 

7. Vehicle Occupancy-The average passenger occu
pancy of the vehicles is determined for analysis of travel 
time and to indicate the potential for providing a high 
occupancy vehicle bypass. 

The foregoing studies when completed would produce an 
excellent data base and permit a total knowledge of the 
freeway operation. This information would be useful in 
evaluating various improvement alternatives. These data 
would enable a more accurate calculation of the user costs 
and other measures of effectiveness described in this 
chapter. 

EXAMPLE FREEWAY 

To assist the user of these guidelines in following the 
procedures outlined in this and subsequent chapters, a typi
cal freeway section with average peak hour traffic condi
tions will be described. The basis for the geometrics of this 
example freeway was the result of a questionnaire survey 
conducted in conjunction with the development of the 
guidelines. From 28 ramp control projects surveyed, it was 
found that the "typical" or "average" entrance ramp con
trol system had the following characteristics: 

5 entrance ramps 
4 exit ramps 
3 freeway lanes one direction 
2.55 miles (7.65 lane-miles) segment length 
Downstream "bottleneck" with average capacity of 5782 

vehicles per hour (vph). 

The ramp spacing and configuration for the example free
way are shown in Figure E-3. A capacity of 1900 vph per 
lane (5700 vph) with a LOS C was used for the example 
freeway. 

Example-Level 1 Evaluation 

In order to illustrate a simple level 1 evaluation, consider 
the example freeway shown in Figure E-3. Assume that 
manual or automatic counts are taken to obtain D,. (up
stream demand) and Vd (downstream volume) and that an 
average speed through the section is measured or estimated. 
These data are as follows: 

D,. = 4,400 vph 
V d = 5,600 vph 

Average speed= 30 mph 

Considering these data, the following significant traffic pa
rameters can be calculated for the peak hour: 
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• Total travel (TT) is a measure of productivity for a 
freeway. It is the product of the traffic estimated in several 
ways, and is expressed in vehicle-miles: 

Average volume= 
4

,
4

00 + 5•600 = 5,000 vph 
2 

Total travel = 5,000 vph X 2.55 miles 
= 12,750 veh-miles 

• Total travel time (TTT) is the sum of the individual 
vehicle travel times along a specific freeway section, ex
pressed in vehicle-hours. It too can be calculated or esti
mated in several ways; the one used in this example is TT 
divided by average speed of all vehicles: 

. 12,750 veh-miles 
Total travel time= 

30 
mph 

= 425 veh-hours 

• Delay is the travel time over and above that required 
to travel a section of freeway at a desired speed. Assume 
desired speed is 40 mph, then: 

12,750 veh-miles 
Travel time ( 40 mph) = ----=--'"'""""""--

40 mph 
= 318. 75 veh-hours 

Delay= 425 - 318.75 = 106.25 veh-hours 

Simple studies and analyses of the type illustrated are 
satisfactory for the level 1 evaluation. 

Example-Level 2 Evaluation 

Basic Costs 

The first step in the level 2 evaluation is to develop an 
estimate of the basic costs (i.e., the user costs incurred 
when the segment is operating at a LOS D). As indicated 
earlier, the following assumptions are associated with 
LOS D: 

1800 vph per lane 
40 mph speed 
0.9 V / C ratio 
$7 .89 / veh-hour travel time costs ( 1.25 persons/ vehicle) 
$0.0979/veh-mile operating costs 
$0.01482/veh-mile accident costs 

Slightly more detailed data would be developed for the 
level 2 evaluation. At least four travel time runs should be 

I . 35 I · 25 \ . 35 I . 35 0.. . 0 . T... . • 

Du-

S% 
3 4 

Total Study Distance= 2. 55 Mfles (4.11 Xml 

Figure E-3. Example freeway section. 
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TABLE E-2 

TRAVEL TIME STUDIES 

Travel Run No. 

2 

3 

4 

Travel Time 
(minutes) 

3.83 
7.65 
7.65 
3.83 

Average Speed 
(mph) 

40 

20 

20 

40 

Average travel time= 5.74 min. Average Speed= 26.6 mph 

performed. Assume travel time runs produced the data 
given in Table E-2. Additional volume data including ramp 
volumes would be collected. These data would be tabulated 
as given in Table E-3. 

Basic costs can now be estimated. The average individ
ual time saving is the delay ( 106.25 veh-hours) divided by 
the volume ( 5000 veh). The average time saved (1.28 min) 
is in the range of O to 5 min. (Reference Table E-1 for 
value of time reduction factor.) 

Total travel= 13,030 veh-miles 

Total travel time = l3,030 veh-miles 
40mph 

= 325.75 veh-hours 
Travel time costs= 325.75 veh-hours X 7.89 

$/veh-hour X 0.2 

= $540.03 
Operating costs= 13,030 veh-miles X 0.0979 

$/veh-miles 

= $1275.64 
Accident costs= 13,030 veh-miles X 0.01482 

$/veh-miles 
= $193.10 

Total basic costs (LOS D) = $514.03 + $1275.64 
+ $193.10 

= $1982.77 per peak hour 

TABLE E-3 

VOLUME AND TRAVEL TIME STUDIES 

Hourly Count 1-reeway Uemand U1stance 1ota1 1rave1 
Cou n Lot•\ 10n ~ ~ .i!tl.!£tl (Vch·Hllo•) 

Du 4,400 4,400 0 

01 600 5.000 0.35 I, 750 

f 1 300 ,. 700 0.25 1,175 

02 500 5,200 0.35 1,820 

F 2 300 4,900 0.35 1,715 

03 400 5,300 0.40 2,120 

F 3 300 5,000 0.25 1,250 

U4 500 5,500 0.35 1,925 

F 4 400 5,100 0.25 1,275 

vd 5,600 5,600 0 

Total Travel in System = 13,030 Vehicle-Miles 



Actual Costs 

The pertinent data that have already been tabulated are 
summarized as follows: 

Total travel= 13,030 veh-miles 

Average speed= 26.6 mph 

T l l 
. 13,030 

ota trave time= ""26T = 489.8 veh-hours 

Assume that studies of actual accident records indicate 
an accident rate of 3.0 accidents/million veh-miles. The 
actual costs can then be estimated as follows: 

Travel time costs= 489.8 veh-hours X 7.89 $/veh-hour 
X 0.2 

= $772.90 

Operating costs= 13,030 veh-miles X 0.0979 $/veh
miles 

= $1275.64 

Accident costs = 13,030 veh-miles X 
3

·
0 

2.6 
X 0.01482 $/veh-miles 

= $222.81 

Total actual costs= $772.90 + $1275.64 + $222.81 
= $2271.35 per peak hour 

Congestion Costs 
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It is now possible to obtain an estimate of congestion 
costs by analyzing the difference between basic costs and 
actual costs. This difference is determined as follows: 

Actual costs= $2,271.35 

Basic costs= $1,982.77 
$ 288.58 

The annual congestion cost for the segment used in the 
example is estimated, assuming 250 peak periods per year, 
as follows: 

Annual congestion cost= $288.58 X 250 

= $72,145 

Thus, one can estimate an annual congestion cost (or po
tential improvement benefits) of $72,145 for the example 
freeway. This information could assi ta decision-maker in 
determining if congestion is severe enough to warrant some 
sort of improvement action ( decision 1). 

CHAPTER 4 

IMPROVEMENT ALTERNATIVES 

DETAILED FREEWAY EVALUATION 

If the freeway studies to evaluate operation described in 
Chapter 3 indicate that improvement is needed, one is faced 
with the decision of selecting the type of improvement to 
be made. The operation problems are the result of bottle
neck congestion where the term "bottleneck" is used to de
fine a point on the freeway where its physical or geometric 
features reduce the capacity (or ability to accommodate 
traffic flow) below that of other freeway locations in the 
same vicinity. 

Two types of bottleneck congestion occur on freeways 
and they are termed (I) recurrent and (2) nonrecurrent. 
Recurrent bottleneck congestion is the term given to free
way congestion where both the location and time of oc
currence can be predicted with a high degree o.f accuracy. 
Nonrecurrenr bottleneck congestion i the term given to 
freeway congestion where either the location or time (or 
both) of occurrence is random in nature. This type of con
gestion result from incidents (accidents, ta.lied vehicle , 
spille~ loads, etc.) that create a temporary bottleneck by 
blocking one or more lane or in some way reducing the 
freeway capacity. 

Both types of congestion present serious problems and 
merit special consideration. The approach to minimizing 

the effects of nonrecurrent congestion is one of detecting 
the incident and removing its effect on freeway capacty as 
soon as possible. This requires some type of freeway sur
veillance system for rapid incident detection and a response 
capability that can clear the incident and manage the free
way flow to minimize the effects of congestion while the 
bottleneck is being cleared. 

Recurrent congestion is simply a case of freeway demand 
exceeding freeway capacity; two basic solutions exist for 
this problem. One can ( 1) reduce the demand, and/ or 
(2) increase the capacity. Accordingly, the alternatives 
associated with this problem could be termed demand
oriented alternatives or capacity-oriented alternatives. 

Thus, it can be seen that a first step in defining improve
ment alternatives would be to identify the prevalent type 
(recurrent or nonrecurrent) of congestion that is occurring. 
If the problem is one of nonrecurrent congestion, an ap
proach involving surveillance and freeway management is 
needed. If the problem is one of recurrent congestion, both 
the capacity- and demand-oriented alternatives should be 
investigated. The most common situation is one where re
current congestion is further compounded by nonrecurrent 
congestion; an approach that attacks both types of conges
tion is needed. 
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ALTERNATIVES FOR RECURRENT CONGESTION 

As indicated earlier, two basic categories of improvement 
alternatives exist relative to recurrent congestion. These 
are demand-oriented alternatives and capacity-oriented al
ternatives. The alternatives available within each of these 
categories are identified and briefly discussed in the follow
ing material. 

Demand-Oriented Alternatives 

Alternatives in this category seek to reduce the traffic 
demand for movement through a bottleneck. These alter
natives have a broad range and seek to accomplish one or 
more of the following objectives: 

1. To decrease freeway demand by reducing the overall 
need to travel. 

2. To decrease freeway demand by increasing the num
ber of persons per vehicle. 

3. To decrease peak period freeway demand by diverting 
trips in time or space. 

The achievement of the first objective is long range in 
nature and requires the reduction of the need for people to 
travel. Basic approaches include the following: 

1. Decentralization-This approach seeks to reduce the 
concentration of work centers and thus to reduce trip de
mand. It involves long-range land-use planning, and long
range socioeconomic changes. 

2. Telecommunications- This approach seeks to reduce 
the need for direct, person-to-person contact (and thus 
travel demands) by using advanced communication tech
niques. 

3. Transportation Pricing-This approach seeks to regu
late demand through restrictive pricing of various transpor
tation facilities. 

The reduction of person-trips is a broad-based concept that 
has little immediate application. It will likely receive more 
attention in the future and may eventually become a more 
viable approach. 

The achievement of the second objective has more im
mediate application and should receive serious attention. 
This approach seeks to increase vehicle occupancy and thus 
to reduce vehicle trips. Basic techniques for achieving this 
objective can be considered in two categories: ( 1) pubfo.: 
promotion and (2) facility modification. 

'T"t-. -- - ~L1 !- -------"'-! - .. -------1.. ··--- ,.,. _ ............ _,,! ... ,.. _ .... 1-. 
.111\;; }JUUU\.,, p.1 VH.lUllUU app.1VCA.\.,,ll U.3\.,., U..l.l "'.l\..\.\.,.l..l-3.LY\., t"uv · 

lie information program to encourage car pools, van pools, 
and the use of public transportation. Incentives for these 
types of programs include reduced commuting costs, re
duced parking rates, preferential parking locations, and a 
sense of public improvement. Numerous programs have 
been developed and are available to promote car pooling, 
van pooling, and the use of public transit. 

The facility modification approach seeks to encourage 
higher vehicle occupancy by providing a higher level of 
service to high occupancy vehicles (HOV). The modifica
tions could include any of the following: separate HOV 
facilities, exclusive freeway lanes ( with flow, contraflow), 
priority treatment ( entrance ramps, toll facilities). 

The third objective is achieved by diverting vehicles in 
time or space and thus reducing the demand at specific 
locations at certain points in time. Techniques for accom
plishing this objective are indicated as follows: 

1. Entrance Ramp Control-This technique seeks to di
vert vehicles in time or space ( or both) by controlling the 
number of vehicles that can utilize an entrance ramp dur
ing a specific time period. Vehicles are either diverted in 
time (by storing on the ramp) or in space (by utilizing 
another route) and thus the demand at a specific bottleneck 
location can be reduced. 

2. Main Lane Metering-This technique is similar to 
entrance ramp control except that the vehicle is controlled 
(stored or diverted) on the main lanes of the freeway. 
There has been very limited use of this technique in the 
past, but it is likely to receive more use in the future. 

3. Freeway-to-Freeway Connection Metering-This 
technique is a form of metering similar to entrance ramp 
control where the metering occurs on the connections 
between freeways. 

4. Corridor Control-This technique seeks to spread the 
traffic demand over all the facilities in a travel corridor and 
thus to reduce the demand on the freeway. The use of 
extensive driver information systems to advise drivers of 
the presence of congestion and the availability of alternate 
routes is a key element of this approach. 

5. Peak Period Dispersion-This technique seeks to re
duce peak period demand by spreading the time period 
during which persons must arrive or leave their work over 
a much larger base. Approaches to this type of dispersion 
include: reduced work week, staggered hours, and flextime. 

Capacity-Oriented Alternatives 

Alternatives in this category seek to increase the capacity 
available to serve the traffic demand. This is accomplished 
by one of three basic methods identified as follows: 

1. Provide additional facilities. 
2. Expand existing facilities. 
3. Improve the efficiency of existing facilities. 

The provision of additional facilities which might parallel 
overloaded freeway sections and service a similar origin
destination demand is a very capital-intensive and long
range approach. It should not be overlooked, however, as 
an alternative which may be necessary. 

It is otten possible to expana existing iaciiides w correcc 
capacity deficiencies at bottleneck locations. Improvements 
could include one or more of the following: addition of 
one or more lanes; improvement of horizontal or vertical 
alignment. Measures to improve the capacity of parallel 
arteries should be considered as well. This would include 
upgrading and operational improvement of frontage roads. 

A final technique for improving bottleneck capacity 
would be to make modifications or operational changes 
that improve the efficiency (and thus capacity) of existing 
facilities. Examples of this type of improvement include 
the following: 

1. Entrance ramp control to improve merging efficiency. 



2. Reduction of lane width and use of shoulders to 
increase the number of lanes. 

3. Channelization to improve merging and weaving 
operations. 

4. Improvement of geometric features (lateral clear
ances, acceleration lanes, etc.) . 

5. Reversal and/ or relocation of entrance and exit 
ramps. 

ALTERNATIVES FOR NONRECURRENT CONGESTION 

Nonrecurrent congestion is created by the occurrence of 
some type of incident that has a capacity reducing effect 
on the main lanes of the freeway. The capacity reduction 
can range from minor, such as a "gapers block" created by 
an accident or police vehicles on the shoulder, to major 
when a spilled load or stalled vehicle may block a freeway 
lane, to total closure of the freeway by an overturned truck 
or major accident. 

The proper response to incidents involves the following 
three major activities: 

1. Rapid detection of the incident. 
2. Rapid removal of the incident. 
3. Traffic control to minimize the impact of the incident. 

Major surveillance techniques that have been used to detect 
incidents include the following: 

1. Electronic surveillance. 
2. Closed circuit television. 
3. Aerial surveillance. 
4. Emergency call boxes. 
5. Emergency telephones. 
6. Cooperative motorist-aid systems. 
7. Citizen band radio. 
8. Police and service patrols. 

Incident removal normally involves the provision of one 
or more of the following services: emergency services 
(police, fire, ambulance), tow services, and road repair 
services. These services need excellent communication and 
coordination to assure that the freeway is cleared of all 
capacity-reducing effects as soon as possible. It may be 
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desirable to use accident investigation sites adjacent to the 
freeway to which accident-involved vehicles and persons 
may be removed. 

If the incident creates a substantial blockage ( one or 
more lanes), it is usually desirable to be able to use some 
form of freeway incident management. The basic concept 
of incident management is to use control strategies and 
driver information systems to minimize the impact of the 
incident. Components of incident management include de
velopment of traffic control plans, informing drivers of the 
blockage, suggesting alternate routes, and controlling the 
input to the freeway section where the incident has 
occurred. 

Where incidents are frequent, it may be desirable to use 
entrance ramp control. Entrance ramps upstream of the 
incident can be metered to reduce traffic input to the con
gested area. The metering rates on entrance ramps down
stream of the incident can be increased to accommodate 
traffic bypassing the incident. 

SELECTION OF IMPROVEMENT ALTERNATIVE 

The purpose of this chapter has been to identify the wide 
range of improvement alternatives that exist relative to 
freeways and to indicate the relationship of entrance ramp 
control to the numerous alternatives. It is obvious that a 
number of alternatives must be considered and that a wide 
range of studies must be conducted to evaluate the various 
alternatives. These guidelines are concerned only with the 
use of entrance ramp controls and will thus consider only 
those alternatives that involve entrance ramp control. The 
total spectrum of improvement alternatives has been pre
sented, however, to provide a perspective of entrance ramp 
control in the total freeway improvement picture. 

The decision to investigate the use of entrance ramp con
trol as a means of improving freeway operation would be 
made in conjunction with an evaluation of the various im
provement alternatives. If a decision is made to pursue the 
evaluation of an alternative involving entrance ramp con
trol, specific studies can be conducted to determine the 
feasibility of entrance ramp control and select the mode of 
control. These studies are presented in following chapters. 

CHAPTER 5 

ENTRANCE RAMP CONTROL FEASIBILITY 

INTRODUCTION 

Although entrance ramp control is applicable to most 
freeways, one should not automatically assume that en
trance ramp control will be desirable and feasible for all 
freeways. Thus, the next major decision involves conduct
ing studies to evaluate the feasibility of entrance ramp 
control. 

Although entrance ramp controls are useful in managing 
freeway traffic when incidents create nonrecurrent conges
tion, their major use is associated with recurrent conges
tion situations. Recurrent congestion is created at points on 
the freeway where traffic demand predictably exceeds the 
normal mainline capacity of the freeway. Traffic demand 
at this point may be reduced by the selective use of entrance 
ramp controls. 
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ENTRANCE RAMP CONTROL WARRANTS 

It is difficult to specify any type of numerical warrants 
for entrance ramp control such as those that might be used 
to determine if an intersection should be signalized. In
stead, the decision must be based on an engineering analy
sis of a number of factors that have a significant bearing 
on the desirability and feasibility of entrance ramp control. 

The basic logic for the engineering analysis of entrance 
ramp control is expressed in the "Interim Warrants for 
Freeway Entrance Ramp Control Signals" incorporated in 
Section 4E-23 of the 1978 Edition of the Manual on Uni
form Traffic Control Devices (E-7). These warrants state: 

I . Installation of freeway entrance ramp control sig
nals may be \l/arranted ,:vhen: 

a. The expected reduction in delay to freeway traffic 
exceeds the expected delay to ramp users and added 
travel time for diverted traffic and traffic on the alter
nate surface routes; and 

b. There is adequate storage space for the vehicles 
which will be delayed; and 

c. There are suitable alternate surface routes available 
having capacity for traffic diverted from the freeway 
ramps; and 
( 1) there is recurring congestion on the freevv·ay due 

to traffic demand in excess of the capacity, or 
(2) there is recurring congestion or a severe acci

dent hazard at the freeway entrance ramp be
cause of inadequate ramp merging area. 

2. Installation of freeway entrance ramp control signals 
may be warranted to reduce sporadic congestion on isolated 
sections of freeway caused by short-period peak traffic 
loads from special events or from severe peak loads of 
recreational traffic. It should be noted that these are 
"Interim" warrants and that some disagreement exists in 
the transportation community relative to the use of these 
warrants. 

Minimum volume warrants have been suggested. Table 
E-4 indicates one such set of volume warrants that are 
used by the Texas State Department of Highways and Pub
lic Transportation, and which could be used as a guideline. 

ENTRANCE RAMP CONTROL PHILOSOPHY 

There are some overall philosophies of entrance control 
that should be considered at this point. One philosophy of 
a.nfrr,..-.,-.,... ,.. ..... _.._ ,......., .... +..,.,..,.1 --..-.! .... +.-.! ....... +1....-.+ rn~..-.t.. ..-....-..-+-,...1,.., ~'--~~1..l 
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be introduced prior to the occurrence of severe freeway 
congestion. Under this concept, the freeways would be 
carefully monitored and projections of the growth of peak 
hour traffic demand would be developed. By utilizing these 
projections, entrance ramp control would be planned and 
installed prior to the occurrence of severe peak hour con
gestion. In this manner, a desired level of service would 
be maintained on the freeway. Also, it is believed that the 
introduction of entrance ramp control at lower levels of 
congestion would be more acceptable to the public, be
because it would be less restrictive (higher metering rates, 
less diversion) at this point. The use of warrant volumes 
as given in Table E-4 reflects this concept. 

TABLE E-4 

MINIMUM PEAK HOUR WARRANT VOLUMES 
(MA TN T A NRS PT TTS RA MP) AT ROTTT PNPrK iocAnoN- ·rn MErRoPoiiiiN- AREAoF ·----
APPucABLE SIZE SHOWN 

lll!Lro~o11tan Are, S 120 

500 ,000- Over 

frocwoi Foc!lfli <500,000 1,000,000 1,000,000 

Four lane freeway 
(Two lanes one direction) 2,600 2,850 3,050 

Six 1 ane freeway 
(Three lanes one direction) 3,850 4,200 4,550 

Eight 1 ane freeway 
(Four lanes one direction) 5,150 5,550 6,050 

Each additional lane above 
four in one direct ion and 1, 300 1,350 1,500 
one- I ane ramp connect ions 
at interchanges. 

"The above warrant volumes apply when traffic volumes are increasing. 11 

Source: Texas State Department of Highways and Public Transportation 

Although the concept of planning and introducing en
trance ramp controls ahead of serious congestion is funda
mentally sound, it will likely encounter a number of prac
tical problems (lack of funds, official interest, etc.) . It is 
a concept that is worthy of noting and using if possible. 

Another philosophy of entrance ramp control relates the 
introduction of such control to any capacity improvements 
that are made to the freeway. For example, if a lane is 
added to a congested freeway section that has no entrance 
ramp control, entrance ramp control should be included as 
a part of the modification project. In this way, the im
proved level of service obtained by adding the freeway lane 
can be maintained by controlling the amount of entrance 
ramp traffic. If controls are not introduced, the latest de
mand will absorb the increased capacity (provided by the 
additional lane) and the freeway will quickly return to a 
congested state. 

FEASIBILITY STUDIES 

A consideration of the suggested warrants defines sev
eral types of studies that may be necessary to assemble the 
basic information needed to determine the feasibility of 
entrance ramp control. These studies can be defined as 
follows: 

1. Bottleneck analyses (location, demand analyses, ca
pacity analyses, metering rates) . 

2. Geometric analyses (ramp storage, merging areas). 
3. Traffic diversion analyses ( diversion estimate, diver-

sion routes, diversion impact). 
4. Accident analyses. 
5. Enforcement analyses. 
6. Public acceptance analyses. 
7. Preliminary cost considerations and cost-effectiveness 

analyses. 

The completion of the foregoing studies in a thorough 
manner will provide the decision-maker with a solid data 
base to use in determining the feasibility of entrance ramp 
control. 



Bottleneck Analyses 

The first step in evaluating entrance ramp control feasi
bility is to conduct an analysis of the freeway bottleneck 
( or bottlenecks). This study would determine the demand/ 
capacity ratio at the bottleneck, and evaluate the means by 
which demand to the bottleneck section can be reduced or 
the capacity of the bottleneck increased. 

Bottleneck Location 

The identification of the location of the freeway bottle
neck is a relatively easy task. A review of the main lane 
geometrics may point to locations where capacity reduc
tions occur. These reductions may be due to lane reduc
tion, horizontal or vertical curvature, or other physical fea
tures such as lane width, lateral clearance, or surface 
condition. 

The location of bottlenecks can be further verified by 
travel time studies. The development of a speed profile 
along the freeway will indicate where speeds are low be
cause of congestion as well as points where speeds increase 
as one passes through the bottleneck. 

Aerial photography or aerial observation is also an ex
cellent means for pinpointing freeway bottlenecks. Aerial 
observation during peak periods of flow will permit the 
rapid delineation of bottlenecks. Aerial photography can 
be used to document the characteristics and locations of 
bottleneck conditions. 

Demand/ Capacity Ratio 

Once a bottleneck has been located, the next step is to 
determine both the capacity of the bottleneck as well as the 
demand for traffic to flow through the bottleneck. The 
capacity can best be determined by taking volume counts 
at the bottleneck section when traffic demand is at or above 
capacity. The mainline volumes should be observed and 
recorded at 5-min intervals. The volume count should start 
at least 30 min prior to the peak period and the traffic 
volumes should be recorded for each freeway lane if 
possible. 

By initiating the count well in advance of the peak pe
riod, it is possible to observe maximum flow rates as the 
traffic builds up. The maximum throughput will usually 
occur just prior to the onset of congestion. Once stop and 
go conditions are initiated by the peak period congestion, 
the flow rate through the bottleneck will be reduced. By 
observing the traffic flow during the peak periods, it will 
be possible to establish a reasonable capacity value for the 
bottleneck section. 

There are two types of demand that must be recognized 
in connection with freeway operation: 

1. Manifest Demand-Number of vehicles actually us
ing a freeway at a given point. 

2. Latent Demand-Tota\ number of vehicles that may 
desire to use a freeway at a given point. 

Latent demand is very difficult to measure. Thus, in the 
case of freeway bottleneck studies, one usually measures 
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manifest demand directly and uses this value to develop 
estimates of the latent demand. 

Experience with urban freeways over a number of years 
has indicated that the peak hour demand ranges from 10 to 
11 percent of the average daily traffic (ADT). However, 
today it is not uncommon to observe congested freeways 
where the peak period has been increased in time and the 
peak hour/ ADT ratio has dropped to 7 percent. This indi
cates that the freeway users are starting their trips earlier 
or later ( often at some personal inconvenience). It also 
indicates that there is a large latent peak hour demand that 
may exceed current freeway volumes by as much as 50 per
cent. Thus, if added capacity is provided to a freeway sec
tion, this capacity will quickly be consumed by the large 
amount of latent demand. 

The use of input-output study techniques is recom
mended for recording demand. For such a study, the in
put count locations are selected upstream of all congestion. 
The mainline output boundary is selected just downstream 
of the bottleneck section. Input and output volumes are 
observed by 5-min intervals starting before the peak period 
and continuing past the peak period. 

The input-output data can then be used to compute the 
demand-capacity relationship for the bottleneck section 
throughout the entire peak period. 

Metering Rates 

The demand-capacity study results can be used to esti
mate preliminary entrance ramp metering rates. The re
sultant metering rates provide a key value that can be used 
to judge the feasibility of entrance ramp metering. 

Metering rates for entrance ramp control have upper and 
lower limits, and it is important to determine if the requi
site metering rates fall within these limits. It is usually de
sirable to use single-entry metering, which is the type of 
metering where vehicles queue behind a ramp signal and 
are released one vehicle at a time. Two practical consid
erations thus govern the upper and lower limits of entrance 
ramp control. 

If one considers the maximum metering rate, it is neces
sary to recognize that the ramp signal must remain on red 
long enough to give the next vehicle in line time to pull up 
to the signal. Thus, the minimum length for a full green
yellow-red cycle of the ramp signal is approximately 4 sec. 
This yields an hourly metering rate of (3600/4) = 900 
vph. 

If the ramp signals display a red for as long as 20 sec, 
there is high probability that the driver of the stopped ve
hicle will ignore the signal and enter against the red. A 
ramp metering rate of approximately (3600/20) = 180 
vph is suggested as a lower limit of ramp metering rates. 
(At metering rates lower than 180 vph, it may be desirable 
to close the ramp entirely by the use of gates or other ap
propriate control techniques.) Thus, the range of accept
able metering rates is approximately 180 to 900 vph. 

The results of the demand-capacity studies discussed 
earlier provide a basis for estimating the metering rates 
that would be necessary. The entrance ramp control would 
have to be capable of reducing the demand to a point at or 



54 

below the bottleneck capacity. By determining the bottle
neck capacity and the mainline demand, it is then possible 
to determine the maximum input from the entrance ramps 
upstream of the bottleneck section that can be permitted 
to maintain the total bottleneck demand at an acceptable 
level. 

The preliminary metering rates are useful in two ways 
for evaluating the feasibility of entrance ramp control. 
First, the metering rates can be compared with the accept
able range of metering rates to determine if they fall within 
a feasible range. Second, the metering rates will be useful 
in estimating ramp queues and amount of diverted traffic. 
The use of these data ( queue iengths, diversion) will be 
discussed in a later chapter. An example will also be pre
sented to illustrate the development of a metering plan. 

Geometric Analyses 

The entrance ramps that are being considered for control 
should be analyzed from two geometric viewpoints. First, 
the placement of the entrance ramp control signals and the 
associated equipment should be studied. Once the signals 
are located according to adequate acceleration distances, it 
will be possible to evaluate the storage capacity of the in
dividual entrance ramps. A storage requirement of 24 ft 
per vehicle can be used to estimate the number of vehicles 
that can be stored at a given entrance ramp without creat
ing major operational problems. Then a comparison of the 
necessary entrance ramp metering rate and the traffic de
mand on the entrance ramp can be used to estimate the 
probable number of vehicles that will be queued at the en
trance ramp. The number of queued vehicles can be ad
justed to account for some diversion to nonfreeway routes. 

The estimated queue length can be compared to the 
amount of ramp storage for each entrance ramp under 
question to determine if serious queueing problems will 
exist. Entrance ramp storage may be increased by the use 
of multiple approach Janes. If the predicted queues can
not be accommodated, the feasibility of applying entrance 
ramp control is questionable. One might also establish 
some maximum waiting time for use as a guideline of 
control feasibility (i.e., 5 min). 

The second geometric consideration for entrance ramp 
control is that of the merging area geometrics. In general, 
it can be stated that entrance ramp control with single-entry 
metering will facilitate the merging maneuver. The more 
undesirable the merging area's geometric characteristics, 
the more desirable entrance ramp control will be. 

Traffic Diversion Analyses 

The results of the bottleneck analyses and the geometric 
analyses can be used to estimate probable traffic diversion 
that will be created by the introduction of entrance ramp 
controls. Three factors are critical in a diversion analysis 
and these are listed as follows: 

1. Number of vehicles diverted at each entrance ramp. 
2. The routes that will be taken by the diverted vehicles. 
3. The impact of the diverted traffic on the alternate 

routes. 

Diversion Estimate 

The first step in the diversion analysis is to estimate the 
number of vehicles that may be <liverle<l by the introduc
tion of entrance ramp control. Such an estimate must be 
developed for each affected entrance ramp. 

The amount of diverted traffic at a given ramp will be 
a function of the trip length, queue length, the amount of 
entry delay encountered, and the availability and efficiency 
of alternate routes. There are no specific methods for de
termining the amount of diverted traffic. A goon set of 
data on entrance ramp demands, average delay, storage 
capabilities, and alternate routes must be used in conjunc
tion with good engineering judgment to produce a reason
able estimate. A reasonable diversion level can be esti
mated by determining the difference in the allowable ramp 
volume ( determined by the demand-capacity analyses) and 
the existing uncontrolled entrance ramp volume. 

Diversion Routes 

The next step is to identify and evaluate the alternate 
routes that would be followed by any diverted entrance 
ramp traffic. This can be accomplished by developing a 
1mocl 1mclerst:mclin11 of the notenthil destinations of the 
;~ir~n~; -r~-~~-~~;ffic ~-ncl i~v~ntorying the potential diver
sion routes. In some cases, it may not be possible to find 
feasible alternate routes. For example, barriers such as 
railroads, drainage ditches, and major cross streets may 
limit the availability of alternate routes. 

Once the alternate routes are identified, studies should be 
conducted to evaluate the routes. Travel time studies 
should be conducted to evaluate the travel time of di
verted traffic to a number of potential destinations. Such 
studies would permit the determination of the additional 
delay (if any) that might be imposed on diverted entrance 
ramp traffic. 

Bottleneck locations on the alternate routes should also 
be identified and capacity analyses should be conducted at 
these points. These data will be needed to conduct impact 
analyses. 

Diversion Impact 

The third step is to evaluate the potential impact that the 
diverted traffic may have on the alternate routes. If the 
alternate routes are operating at or near capacity, the ad
dition of significant numbers of diverted vehicles to the 
routes may create some very undesirable congestion 
problems. 

To accomplish this analysis, a majority of the predicted 
number of vehicles that are diverted at each ramp must be 
assigned to a specific alternate route. This assignment is 
usually based on one's best engineering judgment. This 
diverted traffic must then be considered in conjunction with 
existing traffic at bottleneck locations along the alternate 
routes . 

Demand-capacity analyses must then be conducted to 
evaluate the congestion impact of the diverted traffic. 

Summary 

The final step in the diversion analysis is to evaluate all 
aspects of the traffic diversion. This will include a con-



sideration of the additional travel time that may be en
countered by the diverted traffic as well as an evaluation 
of the impact of the diverted traffic on the alternate routes. 
These considerations will then provide another factor that 
can be used to evaluate the feasibility of entrance ramp 
control. 

Accident Analyses 

Although entrance ramp controls are not usually installed 
as a safety measure, they contribute to smoother traffic flow 
which results in safer operation. As another factor to be 
considered, an accident analysis should be conducted to 
determine the frequency, severity, and types of accident 
experiences. 

Conventional accident analyses techniques can be used 
to determine the frequency and rates of accidents on the 
mainline as well as the entrance ramps . These rates can 
then be compared to other freeways that are operating with 
entrance ramp controls or that have demand/ capacity ratios 
and average speeds that approximate those to be achieved 
with ramp control. To determine the potential improve
ment in safety only the time periods of control should be 
used in the accident analysis. 

Experience indicates that entrance ramp control impacts 
the accident experience through the reduction of rear-end 
accidents. Figures reported indicate accident reductions 
ranging from 10 to 35 perecnt. In general, the experience 
with severe injury and fatal accidents is not significantly 
changed by the introduction of entrance ramp controls. A 
reduction of numerous minor accidents and their resultant 
impact on freeway flow is a significant benefit, however. 

Conventional accident analysis techniques can be used to 
develop the accident study. This might include plotting 
individual accident locations on a freeway layout and indi
cating the type of collisiog, time of occurrence, severity, 
and any other pertinent data. This will facilitate an analy
sis of the pattern of accidents. It will then be possible to 
study the entrance ramp operations in terms of accidents to 
determine if a large number of entrance ramp-related acci
dents are occurring. If a peak period pattern of rear-end 
accidents on the ramps and/ or accidents in the ramp merg
ing areas is evident, this will give additional weight to the 
desirability of introducing entrance ramp control. 

Enforcement 

The success of entrance ramp control is largely depen
dent on the degree of compliance that is obtained from the 
drivers. The introduction of entrance ramp controls repre
sents a departure from the high degree of driver freedom 
normally associated with freeway operations. When meter
ing rates are set in the range of 180 to 360 vph and long 
queues are created, there must be concern that the drivers 
will not obey the ramp control system because they will 
encounter rather significant delays in entering the freeway. 

Therefore, a good climate of traffic control enforcement 
is essential. Coordination and cooperation should exist be
tween the traffic control agency and the law enforcement 
agency. A high level enforcement activity is necessary dur
ing the initial entrance ramp control operation. Continu-
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ing enforcement efforts throughout the life of the control 
operation will be required to keep control violations at a 
reasonable level ( 5 to 10 percent) . 

Thus, another factor that must be considered in evaluat
ing the feasibility of entrance ramp control is enforcement. 
A special study of entrance ramp control enforcement, 
therefore, should be conducted as a part of the feasibility 
studies. This study should evaluate potential enforcement 
problems and estimate the cost and problems associated 
with providing low, medium, and high levels of enforce
ment surveillance. 

Public Acceptance 

Another area of concern relative to ramp control feasi
bility is the public acceptance of entrance ramp control. 
Although entrance ramp control may offer significant over
all benefits to the public, it is difficult to relate these bene
fits to individual freeway users. 

A majority of the users who will be impacted by en
trance ramp control will only see the delay caused by the 
entrance ramp control signals. Although specific benefits 
may be produced by the entrance ramp controls (reduced 
delay, reduced accidents, and the like) and can be dem
onstrated statistically, they may not be recognized by indi
vidual motorists. However, an average 2 or 3 min wait in 
an entrance ramp queue is very real and easily recognized 
by all motorists. 

In announcing the beginning of an entrance ramp control 
system, it is important to convey three main items to the 
public : 

1. The basic reasons for initiating the control (severe 
congestion, inefficient freeway operation, etc.). 

2. A realistic expectation of the benefits of the control 
(reduced delays and user costs). 

3. The alternate choices that are available to users of the 
system. 

It is evident that a good working relationship with the 
news media is essential so that announcements and the 
necessary information can be transmitted to the public. 
The operating agency should be prepared to transmit fac
tual and current information to the news media both before 
and after the installation of the controls. 

At frequent intervals, it is desirable to provide a brief 
update on the control project. On an annual basis, a re
view of the accident experience and the cost effectiveness 
of the project should be provided. 

Strong support of the control project by pertinent public 
officials is essential. This support should be obtained 
through good technical briefings which show the value of 
the control project. To date, only one operational control 
system has been removed because of public reaction. Pub
lic complaints relative to any aspect of the system should 
be properly investigated. It is not advisable, however, to 
placate public complaints by unwarranted adjustments of 
metering rates. If metering rates are set too high to effec
tively control demand, the total concept of the entrance 
ramp control is circumvented. 
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Cost Considerations 

A final factor that should receive consideration in the 
feasibility is the preliminary cost estimate of the ramp con
trols. The need at this point is not for highly refined cost 
analyses but for general "ballpark" figures on the overall 
costs of introducing ramp control. 

Two basic costs must be recognized at this point. These 
costs are ( 1) initial capital costs and (2) operating and 
maintenance costs. The initiril r.osts prnvicie: for pnrr.hrisinr; 
and installing the necessary entrance ramp control equip
ment, and the operating and maintenance costs provide for 
keeping the control system operating over time. The need 
for these expenditures must be recognized at this point so 
that this information can become a part of the total data 
base of the feasibility study. Information on control system 

costs and how they may be estimated is provided in 
Chapter 7. 

FEASIBILITY DECISION 

It should now be apparent that a considerable amount of 
information must be collected, analyzed, and summarized 
to provide a total data base for making the decision to in
stall entrance ramp controls. It should also be evident that 
specific numerical warrants may not be desirable and that 
a considerable amount of engineering and managerial Judg
ment must be applied in determining the feasibility of 
entrance ramp control. 

The material in this chapter is intended to provide a 
straightforward and logical process for conducting a feasi
bility study and focusing on the decision of entrance ramp 
control feasibility. 

CHAPTER 6 

CONTROL MODES 

ENTRANCE RAMP CONTROL MODE DEFINITION 

An entrance ramp control system's mode is defined as the 
particular arrangement that is used for determining when 
its ramp signals are in operation and how its metering rates 
are resolved. Entrance ramp control modes can be orga
nized into three basic categories: pretimed, local actuated, 
and system. The majority of entrance ramp control systems 
in operation can be placed readily in one of these three 
categories. 

PRETIMED CONTROL MODE 

Any form of entrance ramp metering that is not directly 
influenced by mainline traffic conditions is called pretimed 
control. This term does not necessarily imply the absence 
of vehicle detectors. In many applications, both demand 
and passage detectors are used to actuate and terminate 
each metering cycle. These detectors, however, are used to 
detect entrance ramp vehicles rather than mainline vehicles, 
and cause an entrance ramp signal to cycle during the 
control period only when vehicles are present. 

The individual metering rates used with pretimed con
trol are solely a function of past traffic observations, which 
may include origin-destination studies that determine the 
particular ramps affected by the freeway travel patterns. 
When the set of rates has been established through a meter
ing plan, metering operation is subsequently independent of 
all factors other than time-of-day, day-of-week, or special 
events. Pretimed control can apply, of course, to any num
ber of entrance ramps-from a single ramp to many ramps. 
No interconnection with other entrance ramps is used. A 
further discussion on the pretimed control hardware con
figuration occurs later in this chapter. 

LOCAL ACTUATED CONTROL MODE 

Local actuated control, in contrast to pretimed control, 
is directly influenced by the mainline traffic conditions dur
ing the metering period. For example, a local actuated con
troller may implement progressively more restrictive me
tering as occupancy levels on the mainline increase. The 
decision-making mechanism is based primarily on real
time, locally measured traffic conditions based on mainline 
detectors in the immediate vicinity of the ramp. No inter
connection with other ramps is used and no attempt at 
global optimization is possible, except whatever the com
bined effect of individual entrance ramp controls may be. 
A further discussion on the local actuated control hardware 
configuration is given later in this chapter. 

SYSTEM CONTROL MODE 

System control is the form of entrance ramp metering in 
which real-time information on total freeway traffic condi
tions is used for control of a system of entrance ramps. 
Although such metering is typically imposed by a central, 
computer-controlled system, the control intelligence may 
also be distributed among the individual entrance ramps. A 
significant feature of this class of metering is the inter
connection that permits conditions at one location to affect 
the metering rate imposed at one or more other locations. 
Freeway traffic conditions as reflected by detectors through
out the system are analyzed at a central location and me
tering rates for all ramps are established according to a 
real-time metering plan. A further discussion on the sys
tem control hardware configuration is given later in this 
chapter. 



HARDWARE OVERVIEW 

The hardware for implementing pretimed and local ac
tuated modes of entrance ramp control is generally similar, 
but with different functional capabilities of some of the 
components. The system mode of entrance ramp control, 
on the other hand, introduces considerably more hardware 
to the system requirements . Figure E-4 shows the basic 
hardware requirements for the three modes. Various com
binations of these components may be configured. The 
principal components necessary for entrance ramp control 
system operation are discussed in the following. 

Detectors (E-8) 

The 1980 state of the art of vehicle sensors clearly favors 
the use of discrete detectors. Of the many types of discrete 
detectors that could be used, three have received wide
spread acceptance and use: ultrasonic, magnetometer, and 
inductive-loop. Of these three, the inductive-loop detector 
is widely acclaimed as the most flexible, reliable, and ac
curate. Therefore, the inductive-loop detector appears 
more frequently in freeway applications, especially at the 
on-ramp where special lengths or shapes may be required 
for a broad area of coverage. At least one loop detector 
manufacturer claims satisfactory performance with a 
1000-ft lead-in. Where very long lead-ins are needed, 
magnetometer detectors are desirable. For both main lane 
counting and speed-trap applications, magnetometer detec
tors are performance and cost competitive with loop de
tectors, and can be installed more quickly. For applications 
where pavement cutting is not possible, or where unsettled 
pavement exists, ultrasonic, radar, or television may be con
sidered. Too, the selection of detector type depends on the 
needs imposed by the choice of control strategy. Guide
lines for locating freeway detectors are given in Koble et al. 
(E-9). 

Discrete detectors provide the basic data source for any 
control or surveillance system, and also represent the weak
est link in the entire chain. Advances and improvements 
made in detectors over the years have not removed the 
need for additional improvement. For example, uniformity 
of loop detectors from unit to unit is difficult to achieve and 
not generally obtained. Generally speaking, false calls, 
lockups, nondetection, and complete failures can be ex
pected and should be a consideration in system design and 
operation. It is difficult to positively confirm detector 
operation without 24-hour computer monitoring. 

Controllers 

The controller is the control element that provides the 
functions given in Table E-5. 

Controllers provide the switching outputs to the ramp 
signal, with detector inputs utilized according to mode. In 
the case of system mode, the controller interfaces to a com
munication link for the interconnect capability. In terms of 
the amount of control logic required at the entrance ramp, 
a pretimed controller requires a minimum amount of logic 
to implement time dependent activities, a local actuated 
controller requires a respectable amount of logic to make 
control decisions based on detector inputs, and a system 

I RAMP 
: DETECTORS 

CONTROLLER r- TO SIGNAL HEADS(S) 

(Optional) (Fixed Metering 
Rate) 

a. Pretimed 

FREEWAY 
DETECTORS 

(Required) 
CONTROLLER TO SIGNAL IIEAOS( S) 

RAMP (Variable 
DETECTORS Metering Rate) 

(Optional) 
b. Local Actuated 

Local (Master Coflllland 
(Required) Control Responsive) 

Alternate 
DETECTORS - - - - - - TO SIGNAL HEAOS(S) 

To Other 
Control 
Computers 
(Optional) 

Remote 
Coinmunications 
Link( Implements 
Interconnect 
Feature) 

CONTROL COMPUTER 

c. System 

To Other 
Ramps 

Figure E-4. Basic hardware requirements for three modes of 
entrance ramp control. 

TABLE E-5 

CONTROLLER FUNCTIONS BY MODE 
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Receives 
Detector 

Mode Ineuts? 

Accepts 
Master 

Commands? 

Directs 
Signal 
States? 

Pretimed Possibly 

Local Actuated Yes 

System Possibly* 

*Isolated control may be possib le . 

No 

No 

Yes 

Yes 

Yes 

Yes 

controller may require only a small amount of logic to 
implement master commands. The low cost of the micro
computer has made the amount of logic in the controller 
relatively incidental. 

Data Communications 

Communication of data beyond the immediate v1cmity 
of an individual entrance ramp becomes necessary with the 
forwarding of detector data and the linking of controllers 
to a central point for the system control mode. Such an 
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interconnection is usually implemented by private or leased 
lines. Private lines are owned and maintained by the op
erating agency, while leased line services are generally pro
vided by the local telephone company. Although private 
lines cost more initially and present a continuing mainte
nance overhead, they are nevertheless becoming more at
tractive in vie,:v of leased line cost increases in the past few 
years. The solution to this problem varies, but the services 
of a qualified communications consultant should be em
ployed for assistance in analyzing specific cases. This in
volves not only the communication lines, but also the elec
tronic equipment at either end to transmit/receive data. 
Other techniques besides a hard wire link can be employed. 

Control Computer 

Only the system control mode requires the use of a 
supervisory control computer. Generally, this function is 
satisfied by a minicomputer, with a choice of many brands 
available. Memory sizes can be quite large if needed, and 
a variety of peripheral units such as disk drives, printers, 
keyboards, cathode ray tube (CRT) terminals, etc., can be 
attached. Very large entrance ramp control systems might 

might require only a microcomputer. 

STOP 
HERE ON 

RED 
~ 

Source• RI0-6, 28-35; Manual On Uniform 
Traffic Control Devices, U.S. Department 
of Tronsportotion, Federo! Highway 
Administration, 1971. 

Figure E-5. Entrance ramp signal sign. 

RAMP 
METERED 

WHEN 

Figure E-6. Advisory sign for controlled entrance ramps. 

Signal Heads 

Signal heads are the standard single head design, with 
either 2-color or 3-color displays. Consideration heft! is 
given primarily to single vehicle metering. Multivehicle 
metering is a simple extension of single vehicle metering, 
requiring revised signal timing and/ or geometrics. Head 
heights are generally low because of close proximity view
ing by the waiting driver. A sign mounted on the signal 
stand to encourage vehicles to approach the stop line ( and 
actuate the dem';rncl clP.tP.ctor) is shown in Fi3me E-'l. 

Advance Flashers 

Advance flashers may be placed upstream of a controlled 
ramp, either on the ramp itself or on the servicing frontage 
road. During ramp signal operation, the flashers are acti
vated to inform the driver of the control situation. An 
information sign may be associated with the flashers, de
picting a message such as the one in Figure E-6. 

TYPICAL SYSTEM CONFIGURATIONS 

The three types of systems described herein are pretimed, 
lnr!;IT !:tirt11~tPrl, !;lnrl' ~y~tPm, A lt'hnngh P'.:lr-h fiPl..-1 ;n~tgl1,;at1nn 

varies in detail from the idealized description, the basic 
features of each type of system follow. 

Pretimed Mode Configuration 

The principal components of a pretimed mode configura
tion are the controller, signal head, cabinet, wiring, and 
possibly detectors. A diagram of these components is 
shown in Figure E-7. 

An entrance ramp metering system to be installed at the 
very lowest cost would use no detectors at all. In such a 
system, metering would necessarily be performed by some 
pretimed controller. The most obvious choice of hardware 
would be the dial-and-stepped-cam controller, still used in 
large numbers for street intersections. Although far from 
representative of the latest technology, it is low in cost, can 
be effective, and does not require specialized maintenance 
skills. The dial can be turned on and off with a time clock, 
so that metering intervals correspond only to recurrent pat
terns. By using multidial assemblies, simple forms of rate 
selection may be implemented. 

Whether an electromechanical dial or solid state unit is 
chosen, the functional operation of the ramp is much the 
same. Simple cycling of the red, yellow, and green inter
vals occurs, the red interval being lengthened or shortened 
to control the metering rate. The use of a yellow interval 
can be used to prevent sudden stops that give rise to rear
end collisions. Using a 3-color head, typical display times 
are a 1.5 sec green, followed by a 2-sec yellow and a mini
mum 0.5-sec red. With this cycle time of 4 sec, a full 
900 vph may be metered, even with a pretimed controller. 
In actual practice, however, the full 900 vph may not be 
achieved. The major objection to pretimed metering is 
that it is not responsive to actual freeway congestion or to 
real-time demand. Turn-on and turn-off times are accord
ing to time-of-day. An advance flasher unit (if used) is 
activated when the entrance ramp signal is being operated. 



Local Actuated Mode Configuration 

The principal components of a local actuated mode con
figuration are the controller, signal head, cabinet, detec
tors, and wiring. A diagram of these components is shown 
in Figure E-8. 

Main lane freeway detector information is furnished to 
the controller by the detector amplifier units in the control 
cabinet. This information is used to implement a specific 
metering rate according to presettable parameters. Vol
ume, speed, or occupancy levels are typical parameters that 
can be keyed to metering rates. The entrance ramp is op
erated strictly on the basis of the information that is sup
plied by its freeway detectors, plus the mechanical control 
functions dictated by the ramp detectors. Turn-on and 
turn-off times can be a function of freeway traffic condi
tions. An advance flasher unit (if used) is activated when 
the entrance ramp signal is being operated. 

Note that the merge, output, and queue detectors are 
shown as optional in Figure E-8. A merge detector is used 
as a feedback mechanism to prevent additional metering 
while vehicles are stopped in the merge area. The output 
detector can be used in conjunction with the merge detec
tor to further refine the logic of detecting vehicles waiting 
to merge, by performing a simple input-output study of the 

Advance 
Flasher 

(Oplionoll 

/ 
/ 
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section between the output and merge detectors. Addi
tionally, the output detector is an accurate counting detec
tor for the number of vehicles metered. The queue detec
tor is used at locations where backup of traffic is critical to 
other operations, such as an intersection. This discussion 
also applies to the system mode configuration described in 
the following section. 

System Configuration 

The principal components of a system mode configura
tion are the controller, signal head(s), cabinet, detectors, 
wiring, data communications subsystem, communications 
medium, and control computer. A diagram of these com
ponents is shown in Figure E-9 . 

Freeway status information is furnished to the control 
computer via the detector amplifier units in the control 
cabinet. This information is transmitted through the data 
communication subsystem. All of the freeway status in
formation is available to the control computer for sys
tematic evaluation. Metering rates are issued by the con
trol computer to the respective entrance ramps, based not 
only on traffic conditions in the immediate vicinity of the 
ramps but well upstream and downstream of particular 
ramps. This is the basic concept of system control; the 

Left Side 
Signal Heod 
(Required) 

/ 

/ 
/ 

0 
0 
0 

AC Service _ __ _ 
Input 

Pretimed 
Controller 

Figure E-7. Principal hardware components of pretimed mode configuration . 
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Upstream 

9 Mainlane 
Detectors ~ -

¢ __ 

Advance 
Flasher 
(Optional) 

/ 
/ 

---
0 
0 
0 

Cabinet 

Detectors 
Amplifiers 

cf-r-ci 
D-T-0 
o-ro 

Control I er 

AC Service _ __ _ 
Input 

Figure E-8. Principal hardware components of local actuated mode configuration. 

entire freeway section under control is treated as a unit in 
real-time. Pretimed and local actuated have as their ob
jective the control of a freeway section as a unit. The pre
timed mode accomplishes this task without the benefit of 
information on freeway conditions, while the local actuated 
mode manages the situation hy piecemeal control of iso
lated subsections. 

The function provided by the controller can be an ex
tension of the control computer or merely a unit for im
plementing direct control commands. In the former case, 
the controller functions as a memory unit and implements 
a commanded metering rate until commanded to change 
that metering rate. In the latter case, the control computer 
issues timing commands for the duration of each color dis
played during each cycle. Turn-on and turn-off times can 
be a function of freeway conditions. An advance flasher 
unit (if used) is activated when the ramp signal is being 
operated. 

CONTROL STRATEGIES 

The control strategies are the algorithms followed m 

developing the rates at which the ramp signals are cycled. 
Considering single vehicle metering, this translates into the 
number of vehicles that are admitted to the freeway per 
unit of time. A typical rate is 10 vpm or 600 vph. 

Pretimed Control Strategies 

If N is the number of different time intervals that a 
metering rate can be specified during a control period, an 
N dial pretimed controller is required to implement the 
strategy. Turn-on and turn-off times are initiated by the 
time-of-day. 

A pretimed strategy is based on matching uniform de
mands with control measures that reduce freeway conges
tion. A preliminary control plan is developed which lim
its access by the desired amount, based on current traffic 
data. When the system becomes operational, traffic data 
are collected which reflect the operational characteristics of 
the freeway when it is under control. These data are then 
used as feedback to revise the metering rates for continuing 
control. Queue lengths and motorist response are factors 
in the revision of metering rates, but sufficient time must be 
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Figure E-9. Principal hardware components of system mode configuration. 

given for the system to stabilize with each change. Small 
increments of change are desirable to gradually reshape 
traffic patterns. 

Local Actuated Control Strategies 

Local actuated control, because it is influenced by main
line traffic conditions, can respond to traffic conditions in 
the subsystem comprised by the freeway subsection in the 
immediate vicinity of the ramp. Freeway speed, volume, 
density or occupancy can be used as a measure of the 
quality of flow. Generally speaking, the metering rate is 
proportional to the quality of freeway flow-low quality, 
low metering rate; high quality, high metering rate. 

A typical local actuated strategy limits the entrance ramp 
volume to a desired value by correlation with the occu
pancy level of Lht: adjacent mainline traffic. This occu
pancy level would be determined by measuring the percent 
of time that vehicles were over a point of detection. Table 
E-6 is an example of occupancy levels with corresponding 
metering rates. 

TABLE E-6 

LOCAL ACTUATED METERING RATES AS A 
FUNCTION OF MAINLINE OCCUPANCY 

Occupancy Metering Rate 
(%) (Vehicles/Min.) 

<10 12 

11-16 10 

17-22 8 

23-28 6 

29-34 4 

>34 3 
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System Control Strategies 

The system mode of control is the only control mode that 
can truly have a control strategy. Pretimed and local ac
tuated modes can be more accurately described as operat
ing according to a control plan rather than a control 
strategy. 

Assume a control system with across-all-lanes detector 
count stations at regular intervals and speed detectors at 
critical bottleneck locations. Any given entrance ramp 
would have a count station both upstream and downstream 
of the ramp, together with a speed measurement at a criti
cal downstream bottleneck. The strategy would compare 
each of these three parameter measurements against a table 
of threshold volumes, and preassigned metering rates would 
be obtained for each of these measurements. A simple 
strategy is then to pick the smallest of the determined 
metering rates. 

For example, assume a 3-lane freeway section with a 
I -min upstream flow of 9 5 vehicles, downstream flow of 
85 vehicles, and critical downstream bottleneck speed of 
25 mph. The associated parameters are given in Table E-7, 
and the metering rates for upstream, downstream, and bot
tleneck locations, respectively, are 3, 6, and 9. Selecting 
the minimum metering rate of 3 would dictate that the 
entrance ramp would meter 3 vpm over the next minute, 
at which time the parameter movements would again be 
evaluated for the following minute's metering rate, and so 
on. Many other combinations of analytic procedures could 
be applied to achieve a strategy for assigning metering 
rates. 

Common Elements of Strategies 

The main difference between the three mode strategies 

TABLE E-7 

is time. The pretimed strategy is computed on the basis of 
a forecast of the average traffic conditions that will be oc
curring during a specific tilne period. A dial is associated 
with the time period. Freeway operation resulting from the 
effecis of meiering during this time period is the conse
quence of this strategy. 

The local actuated mode operates in real-time in response 
to freeway traffic conditions as they occur in the vicinity 
of each ramp. The effect of this mode of control is that the 
freeway is divided into subsections delineated by the loca
tions of mainline detectors. The monitoring of local con
ditions is essentially continuous because the response to 
occupancy changeover levels is immediate. The operation 
within each subsection is highly dependent on the opera
tion of the immediate upstream and downstream subsec
tions. The effectiveness of total system operation under 
local actuated control is a function of ( 1 ) the propagation 
speeds of congestive and clearing conditions of the down
stream subsystem and (2) the output of the upstream 
subsystem. 

The system mode is an on-line real-time process that 
calculates a new metering strategy regularly according to 
exisiing traffic conditions. If, for example, the update in
terval is 1 min, a calculation is made each minute to deter
mine the metering strategy for the next minute. As a 
result, feedback from the metering strategy is for all prac
tical purposes a continuous operation. Given this capa
bility, a control algorithm is structured to provide a meter
ing strategy that is compatible with the virtually continuous 
method of updating metering rates systemwide in real time. 

Detailed discussions of various control strategies are 
given in Everall (E-6), Masher et al. (E-8), and Carroll 
et al. (E-10). 

CONTROL STRATEGY PARAMETERS 

Upstream Downstream Bottleneck 
Min. Metering 1 Min. Meter111g Metering 

Vol. Rate Vol. Rate Speed Rate 

91-100 3 91-100 3 41-50 15 

81-90 6 81-90 6 31-40 12 

71-80 9 71-80 9 21-30 9 

61-70 12 61-70 12 11-20 6 

<61 15 <61 15 0-10 3 
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CHAPTER 7 

CONTROL SYSTEM COSTS 

AVERAGE COST OF A CONTROL SYSTEM (E-11) 

This chapter deals with the costs of an entrance ramp 
control system and warrants a qualified introduction. Noth
ing is a clearer indication of an outdated document than 
cost figures that are not current. This document was pro
duced in 1980 and, as such, reflects costs in terms of 1980 
dollars. But even so, costs vary in every part of the coun
try and are the result of various economic forces that are 
present in a particular locality. If inaccuracies exist in this 
document, they are most likely to surface when the user 
estimates his system costs and compares them to the figures 
in this chapter. 

Based on average costs of installed systems, if a pretimed 
mode installation costs X dollars per ramp, a local actuated 
mode installation will cost 1.25 X dollars per ramp, and a 
system mode installation will cost 2.0 X dollars. These 
ratios, of course, are subject to change over time. 

A good estimate for X is $16,000 in 1980. Thus, for a 
pretimed configuration costing $16,000/ ramp, a local ac
tuated configuration would cost $20,000/ramp and a sys
tem configuration would cost $32,000/ramp (this figure is 
exclusive of the cost of the communications medium, i.e., 
leased or private lines). Generally, though, these prices are 
meaningless without detailed qualification of what is and 
what is not included in the configuration. 

EXAMINING THE COST PROCESS 

The steps involved in deriving the cost of an entrance 
ramp control system should be no different from those fol
lowed in costing out any traffic control system. All direct 
and indirect costs should be considered, and the amount of 
experience that the user has had in design, procurement, 
operation, and salvage will be a factor in the accuracy of 
the cost estimate. This chapter is intended to provide a 
checklist for the components of an entrance ramp control 
system, as well as to explore some of the operational and 
maintenance issues. 

PREPARATION FOR THE COST ESTIMATE 

After selecting an entrance ramp control system con
figuration, the limits of the freeway control section should · 
be established. Detectors, signals, and advance flashers 
should be located on the plans. It is appropriate to cluster 
detector amplifiers and controllers in a minimum number 
of control cabinets, consistent with the detector maximum 
lead-in length limitation. As control cabinets are located 
on the plans, electrical service should be planned to each 
of the control cabinets, as well as conduit paths for detector 
lead-in, signal head, and advance flasher wiring. 

In implementing the system control mode, it is necessary 
to coordinate the technique of cabinet entry with termina
tion equipment inside the cabinet (leased lines), or locate 

conduit/ overhead paths for a private communication sys
tem. After selecting a central control center site, conduit 
runs should be planned for communications system entry if 
using a private wire system. Sufficient electrical service and 
outlets for the computer system and displays, plus adequate 
air conditioning/ventilation, are necessary for the control 
center. 

RAMP CONTROL CONFIGURATION COSTS 

This section gives general cost information on all three 
ramp control modes and lists most of the items that are 
generally required in an entrance ramp control system in
stallation. These items may vary according to local con
vention, but the functional categories should provide sub
stitution for specialized components. Subsystems are listed 
for each control mode, followed by a listing of the typical 
components that comprise each subsystem. 

Pretimed Mode Configuration 

The following are the subsystems that are required in a 
pretimed mode installation: 

Percent of 1980 $ 
Subsystem Total Cost Estimate 

• Detector (Optional) 10 1600 
• Traffic Signal 40 6400 
• Advance Flasher 10 1600 
• Control Cabinet 40 6400 

Equipment and 
Installation (E&I) 
Subtotal 100% $16,000 

Annual Maintenance 
Annual Operation 

10% of E&I/year* 
6% of E&I/ year* 

Operation and 
Maintenance ( O&M) 
Subtotal 16%* 

• These are first year costs, subject to increase over the life of the 
project. Use of a solid state controller (lower maintenance cost) is 
presumed. 

Local Actuated Mode Configuration 

The following subsystems are required in a local actuated 
mode installation: 
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Subsystem 

• Detector 
• Traffic Signal 
• Advance Flasher 
• Control Cabinet 

Relative Cost ( % ) 

25 
32 

8 
35 

Equipment and 
Installation (E&I) 
Subtotal 100% 

Annual Maintenance 
Annual Operation 

Operation and 
Maintenance (O&M) 
Subtotal 

12% of E&l/year* 
6% of E&l/year* 

18%* 

* These are first year costs, subject to increase over the life of the 
project. 

System Mode Configuration 

The following subsystems are required in a system mode 
installation: 

Subsystem Relative Cost ( % ) 

• Detector 
• Traffic Signal 
• Advance Flasher 
• Control Cabinet 
• Data Communications * 
• Computer 
• Control Center 

Equipment and 
Installation (E&I) 

20 
20 

5 
20 

6 
24 
5 

Subtotal 100 % 

Annual Maintenance 15 % of E&I * * 
Annual Operation 15 % of E&I * * 

Operation and 
Maintenance (O&M) 
Subtotal 30% * * 

* Exclusive of communications medium, such as leased or private lines. 
* • These are first year costs with leased lines, subject to increase over 

the life of the project. 

SUBSYSTEM COMPONENTS 

This section addresses the individual items that are com
ponents of the various subsystems. Approximate percent
age costs of the subsystem, relative to total installation cost, 
are given in parentheses in the following order: (pretimed; 
local actuated; system). 

• Detector Subsystem ( 10 % ; 25 % ; 20 % ) 
Detector lead-in cable 
Detector sensing element 
Detector amplifier (as required) 
Conduit 
Trenching, boring, and jacking 
Pull boxes 
Drip T's 
Splicing 

Saw cuts 
Channelization fixtures ( wide ramps) 

• Traffic Signal Subsysiem (40%; 32%; 20%) 
Signal head 
Pole 
Base 
Fittings 
Advisory sign 
Foundation-concrete and reinforcing 
Anchor bolts 
Ground rod 
Wire and cable 
Trenching, boring, and jacking 

• Advance Flasher Subsystem (10%; 8%; 5%) 
Signal head 
Pole 
Base 
Fittings 
Advisory sign 
Foundation-concrete and reinforcing 
Anchor bolts 
Ground rod 
WirP. ,incl ""hlP 

Trenching, boring, and jacking 
• Control Cabinet Subsystem (40%; 35%; 20%) 

Control cabinet 
Shelves 
Ventilation fan 
Foundation-concrete and reinforcing 
Anchor bolts 
Ground rod 
(:,ihinPt wiring 

Communications service conduit (system mode only) 
Signal conduit 
Detector conduit 
Terminal blocks 
Ground bus 
Circuit protectors 
Fuses 
Trouble lamp 
Outlet receptacle 
Special paint 
Manual operating circuit 
Controller 
Flash unit (for advance flasher) 

• Data Communications Subsystem (0%; 0%; 6%) 
(Exclusive of communications medium, such as leased or 
private lines. If user-owned lines are provided, this item 
will increase considerably (possibly up to 50% of project 
cost) and operating costs ( detailed in following section) 
would be expected to decrease due to absence of leased line 
charges. The components of the data communications sub
system can vary widely according to the technique em
ployed. 1vfajor items which can be included are as follo\vs.) 

Modems 
Multiplexers 
Tone transmitters and receivers 
Line drivers 
Decoders/ encoders 
Power supplies 



Lightning protection 
Test mode features 
Voice equipment for maintenance 
Communications concentrator or front end-control 

center only 
Cabinets-control center only 

• Computer Subsystem (0%; 0%; 24%) (The com
puter configuration and costs can vary widely among in
stallations and are highly dependent on the number of 
ramps. Major items which can be included are as follows.) 

Computer mainframe and memory 
Card reader 
Line printer 
CRT terminals 
Printing terminals 
Multiplexer 
Parallel input/ output ports 
Hard disk drive ( s )-fixed and/ or removable 
Magnetic tape unit(s) 
Cassette tape unit(s) 
Flexible disk drive(s) 
Paper tape reader/punch 
Software (This item can exceed the cost of all other 

system components combined. The pricing of the 
computer subsystem assumes the software does 
not have to be developed from scratch, but rather 
it is an adaptation of existing software to this par
ticular system. Further, it is assumed that the 
software adaptation is performed by experienced 
traffic control system programmers.) 

Computer options 
Real-time clock 
Power fail/ auto restart 

• Control Center Subsystem (0%; 0%; 5%) 
Air conditioning 
AC power service 
AC receptacles 
Disk storage cabinets 
Card cabinets 
Keypunch 
Paper tape storage 
Magnetic tape storage 
Wiring terminals 

• Maintenance (10%; 12%; 15%) 
Field maintenance 

One traffic system electronic technician, helper, 
and service vehicle per 25 ramp signals and 
25 detectors 

Replacement parts 
One communication system technician and ser

vice vehicle per 25 ramp signals (system 
control mode only) 

Control center maintenance (system control mode 
only) 

Computer and peripherals (suggest use of 
maintenance contract with manufacturers or 
independent service organizations; limited 
maintenance may be accomplished through 
the use of rental/ loaner boards) 
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Software ( one systems analyst/ programmer 
per 30 ramps) 

• Operation (6%; 6%; 15%) 
Data acquisition 

Manual counts 
Travel time studies 
Field observers 

Electricity 
Updating of control plan 
Control center (system control mode only) 

Computer operator 
Computer systems analyst ( s) and/ or program

mers 
Traffic engineer 

Leased line charges (system control mode only) 
Control center rent and supplies (system control 

mode only) 
• Initial Operation (10%; 10%; 8%) 

Before study (immediately prior to turn-on) 
Field observation 
Analysis 

After study (after traffic pattern stabilization) 
Field observation 
Analysis 

Publicity 

EXAMPLE SYSTEM COSTS 

The example freeway introduced in Chapter 3 consists 
of 5 entrance ramps and 4 exit ramps. Table E-8 gives the 
estimated costs for the example freeway according to con
trol mode. 

TABLE E-8 
EXAMPLE FREEWAY COSTS ACCORDING 
TO CONTROL MODE 

Note: These figures dre based on $16,000/ramp for Pretimed 

configurations, $20~000/ramp for Local Actuated con

figurations, and $32,000/ramp for System configura

tions. 

CAPITAL COSTS FOR FIVE RAMPS 

ITEM PRETI MED LOCAL ACTUATED SYSTEM 

Detector subsystem 8,000 25,000 32,000 

Traffic signal subsystem 32,000 31,000 32,000 

Advance fl asher subsystem 8,000 8,000 8,000 

Control Cabinet subsystem 32,000 35,000 32,000 

Data communications subsystem* 0 9,600 

Computer subsystem JS ,400 

Control center subsystem __ o __ o ___§,,_QQQ_ 

Total capital costs $80,000 $100,000 $160,000 

CONTINUING COSTS FOR FIVE RAMPS 

ITEM PRETIMED LOCAL ACTUATED SYSTEM 

An nu a 1 maintenance 8,000 12,000 24,000 

Annua 1 operation ~ ___§_,_QQQ 24,000 

Total annual maintenance 
and operation $12,800 $18,000 $48,000 

*Exclusive of communications medium 1 such as leased or private lines. 
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CHAPTER 8 

FACTORS AFFECTING CONTROL MODE CHOICE 

MODE SELECTION CONCEPT 

The basic concept of entrance ramp control can be il
lustrated by considering Figure E-10. In this simple exam
ple, the goal is to maintain a V /C ratio (volume to ca
pacity) at or less than 1.0. In order to obtain a V/C ratio 
of 1.0, the ramp volume would have to be restricted to 
420 vph or 7 vpm (5400 - 4980 = 420). 

It is reasonable to assume that the desired entrance ramp 
control for this example problem could be implemented 
effectively with a pretimed controller if the following four 
conditions exist: 

1. The basic freeway volume upstream of the ramp does 
not change and is spread uniformly over the peak period. 

2. The basic entrance ramp volume does not change and 
is spread uniformly over the peak period. 

3. The freeway capacity does not change. 
4. There is no need to alter the control plan at this 

entrance ramp because of conditions occurring at locations 
upstream or downstream of the example ramp. 

The foregoing conditions cannot be expected to exist. In 
fact, one would expect significant variations in demand and 
capacity. This knowledge provides the basis for the mode 
selection methodology that is presented in Chapter 9. This 
methodology seeks to evaluate the changes in demand and 
capacity and the relative ability (compared to pretimed) of 
local actuated or system control to cope with these changes. 
The following basic steps are the framework of this 
methodology: 

1. The selection of pretimed control as the mm1mum 
mode of control and the estimation of certain user costs for 
operation of the system under this mode of control. 

2. The evaluation of expected variations in freeway and 
ramp demands and the comparative ability of local actuated 
or system control to treat these demand variations relative 
to pretimed control. 

3. The evaluation of expected variations in freeway ca
pacity and the comparative ability of local actuated or sys
tem control to treat these capacity variations relative to 
pretimed control. 

Freeway 
Vo 1 ume 
= 4980 VPH 

7 Ramp Volume 
=600 VPH 

Figure E-10. Entrance ramp diagram. 

Freeway Capacity 
• 5400 VPH 

4. The evaluation of the overall freeway management 
problem and need for total system control and surveillance. 

5. On the basis of the data assembled in steps 2, 3, and 
4, the estimation of expected mcremental benetits (rela
tive to a base of pretimed control) for local actuated and 
c.:.yc.:.tPm rnntrnl. 

6. The estimation of incremental costs (relative to a base 
of pretimed control) for the installation of local actuated 
and system control. 

7. The comparison of incremental benefits and costs and 
the selection of a ramp control mode (pretimed, local 
actuated, system). 

DEMAND VARIATIONS 

The evaluation of the amount of demand variation on a 
given freeway is a basic step in the mode selection pro-
rPrlnrP Th11c '!li rl-icrncc-if"\n nf rlPm!lnrl l.T'!l!T-i!lf'innc -i'-! nrP---- ...... .-. - • .A..O..L.._..._,, ................. ._ ........................... ..._,_.._ _.._.L.L.0.-L.L..,._ .................... .._, ... .,_._,. .._ .... r&-

sented here to define basic considerations in this regard. 
The demand variations discussed are those that occur 

during peak periods of flow when freeway entrance ramp 
control finds its maximum application. The two major con
siderations relative to demand variations are: 

1. Variations in the ratio of mainline to entrance ramp 
demand. 

2. Variations in the overall demand pattern. 

Mainline Versus Ramp Demand 

A major consideration in the use of responsive ramp 
controls is the "controllability" of a given freeway. This 
"controllability" depends on the relationship between main
line demand and entrance ramp demand. As the mainline 
demand becomes larger, the maximum allowable metering 
rates become smaller. Accordingly, the permissible meter
ing rates fot the responsive modes become more and more 
constrained and the entrance ramp metering functions more 
and more like pretimed control regardless of the mode of 
control used. 

Conversely, as the mainline demand becomes smaller, 
more traffic can be allowed onto the freeway from the 
entrance ramps. In this condition, the entrance ramp con
trol has more flexibility and can exert a greater degree of 
impact on the quality of freeway flow and thus produce 
greater benefits. 

A technique has been developed to evaluate the control
lability of a given section of freeway. This technique in
volves the computation of a "controllability index" which 
is defined as follows: 

Controllability 
index 

(Total metered input (Total metered input when 
with pretimed min. metering rates 

control) are used) 
(Total metered input when 

min. metering rates are used) 



This index is a normalized measure that indicates the de
gree to which responsive control can vary metering rates. 

It is desirable to establish a minimum metering rate for 
any entrance ramp under control. This minimum meter
ing rate is usually 180 vph. The difference between the 
input with pretimed control and the minimum metering 
rate provides an indication of the metering flexibility ( or 
controllability) of the freeway section. This difference is 
then normalized by dividing it by the total metered input 
when minimum metering rates are used. The result is the 
controllability index. The index would range from approxi
mately 0.5 (very low controllability), to 1.0 (medium con
trollability), to 2.0 (very high controllability). 

An example of determination of a Controllability Index 
is provided by the pretimed metering plan developed in a 
later section of this chapter. 

Variations In The Overall Demand Pattern 

The basic patterns of freeway and entrance ramp de
mand are shown in Figures E-11 and E-12. Figure E-11 
shows a typical pattern of freeway mainline input demand, 
and Figure E-12 shows a typical pattern of entrance ramp 
demand. 

Two basic variations in the demand pattern (freeway or 
entrance ramp) would include: 

1. Shift of the demand level. This shift could be either 
up or down. Figure E-13 shows this type of demand 
variation. 

2. Temporal demand variations. Short-term fluctuations 
in the demand pattern. Figure E-14 shows this type of 
demand variation. 

With significant amounts of these two basic types of de
mand variation, the potential for incremental benefits from 
responsive ramp control is increased. 

CAPACITY REDUCTIONS 

Mainline freeway capacity reductions can be discussed in 
two basic categories: ( 1) incidents and (2) system reduc
tion. Incidents such as accidents, stalled vehicles, spilled 
loads, or other occurrences create a reduction of the main
line freeway capacity at a specific point on the freeway. 

System reduction situations are created by rain, snow, 
fog, or other environmental conditions that reduce the 
mainline freeway capacity over the entire system. Both 
types of cap~city reductions (incidents and system reduc
tion), if relatively frequent in nature, can create the need 
for a responsive entrance ramp control system to cope with 
the variations in available capacity. 

Incidents 

Incidents can create a sudden and unpredictable change 
in the mainline freeway capacity. Response to incidents 
cannot be preprogrammed in a pretimed control system, 
and, thus, the occurrence of a number of incidents intro
duces the potential for considerable benefits from respon
sive control (i.e., local actuated or system control). 

The potential benefits from responsive control will vary 
depending on the following conditions relative to the oc
currence of the incident: 
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1. Time of occurrence of the incident within the peak 
period. 

2. Duration of the incident. 
3. Location of the incident. 
4. Severity of the capacity reduction caused by the 

incident. 

A methodology for evaluating the potential benefits of 
responsive control relative to incidents is presented in the 
next chapter. 

System Reduction 

Weather conditions such as rain, ice, or snow or environ
mental conditions (such as smoke or fog) can reduce the 
mainline freeway capacity on the entire section under con
sideration. Thus, a freeway section in an area where there 
are frequent inclement weather or environmental condi
tions would have a greater potential to achieve additional 
benefits from responsive ramp control. 

Capacity reductions due to weather or environmental 
conditions should be evaluated in terms of the following: 

1. Magnitude of the capacity reduction. 
2. Duration of the capacity reduction. 
3. Time of occurrence within the peak period. 
4. Annual frequency. 

A methodology for evaluating responsive control relative to 
reduced capacity situations will be provided in the follow
ing material. It is also possible to encounter the combined 
effect of these two types of capacity reductions (incident 
and system reduction). This results when an incident oc
curs during a peak period in which an overall system 
capacity reduction has developed because of rain, fog, or 
other adverse weather conditions. 

INCREMENTAL BENEFITS 

The responsive ramp control modes (local actuated and 
system) will be evaluated in terms of the incremental bene
fits they produce when compared to pretimed control. The 
incremental benefits will be measured in terms of the 
following three items: 

1. Travel-Time-Total travel-time (vehicle-hours) sav
ings for the entire freeway corridor (freeway section, 
ramps, and alternate routes) for the entire peak period. 

2. Fuel Consumption-Savings in fuel consumption for 
the entire corridor for the peak period. 

3. Vehicle Emissions-Reductions in vehicle emissions 
(HC, CO, and NOx) for the entire corridor for the peak 
period. 

These measures of effectiveness were chosen because of 
their compatibility with the simulation analysis that was 
used as the basis for the overall mode selection evaluation. 
There are obviously other potential benefits such as re
duced accidents, reduced operating costs, and the like, but 
these were difficult to incorporate into the simulation 
analysis. 

EVALUATION OF DEMAND-CAPACITY VARIATIONS 

The selection of a responsive ramp control mode (local 
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Figure E-11. Typical pattern of freeway mainline input demand. 

Freeway 

Input 

Demand 

Maximum 

Demand\ •. , 

/ 

- - .... 
,.. ::.----...._ ' , Nominal 

/ 

!,;
,I/ 

I'. 

I ,1 '- Minimum 
Demand 

, V Demand 

\ ' 
' ' ' ' 

' ' ....... _ - - -

Time During Peak Period 

Range of 

j Demand 
Variation --- -r- ' 

' ~ ' \ 

' \ I 
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actuated or system) is highly dependent on the degree of 
the capacity and demand variations that are experienced. 
Thus, as a part of the mode selection process for a given 
section of freeway, a thorough evaluation of potential 
demand-capacity variations should be conducted. The 
studies and data that will be needed are discussed in the 
following. The basic information that must be assembled 
in order to conduct a mode selection analysis includes the 
following items: 

1 . Geometric data. 
2. Peak period demand and 0-D patterns. 
3. Pretimed metering plan. 
4. Demand variation analysis. 
5. Incident analysis. 
6. Environmental analysis. 

Geometric Data 

A first step would be to define the boundaries (begiru1ing 
and end) of the specific freeway section for which entrance 
ramp control is to be considered. Once the study section is 
defin.ed, maps and drawings should be assembled that de
scribe and illustrate the geometrics of this section. 

General geometric data that should be made available 
would include: 

• Number of freeway lanes. 
• Number and location of entrance ramps and exit 

ramps. 
• Freeway grades. 
• Ramp geometrics. 
• Ramp storage capability. 
• Availability of freeway shoulders. 
• Total lane-miles. 

Peak Period Demand and 0-D Patterns 

Once the freeway section to be studied is defined, it 
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Figure E-15. Typical freeway section. 
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comprises a system. A typical system is shown in Figure 
E-15. The mainline input to the system occurs at point A 
and entrance ramp input occurs at each of the entrance 
ramps. Traffic departs tbe system at each of the exit ramps 
and at the downstream mainline terminal (point B). If a 
basic origin-destination (0-D) pattern can be established 
for each of the input demands (point A plus entrance 
ramps), movement of vehicles through the ystem and 
point demands can be estimated. 

Thus, two basic data items are needed to determine 
traffic demand: 

1. System input from mainline entry and each entrance 
ramp plus exit ramp volumes. 

2. Data on the destination of the traffic demand as a 
percent of system inpul. For example, 4 percent of main
line input exits at exit ramp 1, 3.5 percent at exit ramp 2, 
and so on. 

The data on input and output volumes should be col, 
l.ected at 5-min intervals through the peak period. The 0-D 
data can be obtained directly from license plate observa
tio.ns or questionnaire surveys, or it can be estimated from 
field data . 

Pretimed Metering Plan 

Once the input demand data and the 0-D data are 
developed, it will then be possible to prepare a pretimed 
metering plan. Each entrance ramp in the system wiU be 
analyzed to determine a metering rate for each ramp. This 
rate will be based on achieving a desired demancj/ capacity 
ratio downstream of the ramp. Considerations would in
clude mainline demand upstream of the entrance ramp, 
mainline capacity downstream of the entrance ramp, and 
any constraint at the ramp such as minimum metering 
rates. 

The pretimed metering plan provides a basis for estimat
ing baseline user costs when pretimed control is used. These 
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user costs will serve as a reference for evaluating the rela
tive benefits of local actuated or system control. From the 
pretimed metering plan, a controllability index c~n be de
termined for the freeway section under study. This con
trollability index is an essential part of the mode selection 
methodology presented in Chapter 9. 

Demand Variation Analysis 

The evaluation methodology to be presented later utilizes 
an evaluation of demand variation. This demand variation 
will be defined in terms of ( 1) demand increases, (2) de
mand decreases, and ( 3) fluctuating demand ( short term) . 

Incident Analysis 

Incidents have a major impact on freeway operation, and 
because of their unpredictability it is not possible to handle 
their effects with a pretimed control system. Thus the 
greater the number of incidents expected during a peak 
period, the greater the benefits derived from a responsive 
control system. It is therefore necessary to estimate the 
number of peak period incidents as a part of the mode 
c;:PIPrtirin n,Pth,vlnlngy. 

As stated earlier, the impact of an incident is greatly 
influenced by: time of occurrence within peak period, 
duration of the incident, location along metered freeway, 
and severity of the capacity reduction. The evaluation 
methodology presented in Chapter 9 has been developed 
in such a manner as to account for these factors . 

Environmental Analysis 

The reduction of freeway capacity because of various 
environmental conditions, such as rain, ice, snow, fog, is 
a major consideration. Such reductions are random in 
nature and their frequency of occurrence depends on the 
geographic area and the attendant weather conditions in 
that area. 

In areas where environmental variations are substantial, 
the benefits from responsive control may increase. Thus, 
a part of the mode selection requires an analysis of envi
ronmental conditions for the specific freeway section being 
studied. This analysis should investigate the frequency with 
which inclement environmental conditions occur and their 
impact on freeway capacity. 

FREEWAY /CORRIDOR MANAGEMENT 

As indicated in Chapter 4, freeway/ corridor manage
ment can include a wide range of activities such as corridor 
control, high occupancy vehicle (HOV) promotion, driver 
information systems, and mainline metering. The develop
ment of these activities may require the installation of a 
Control Center together with an extensive data collection 
and communication system. 

If an extensive freeway/ corridor management project is 
contemplated that requires a data collection and communi
cation system, the installation of the system mode of en
trance ramp control can be accomplished at a greatly re
duced incremental cost. This reduced cost results from a 
sharing of the cost of expensive data collection, data trans-

mission, and data handling facilities as well as control cen
ter costs among a number of project activities (freeway 
surveillance, driver information, corridor management, 
etc.). 

Thus, in evaluating the system mode of control, there 
are two other considerations in addition to the incremen
tal benefits (as compared to pretimed control). These 
considerations are: 

1. Freeway/ corridor control activities may require ( and 
help justify) u dutu collection and communication system. 
If this is the case, the incremental cost of system control 
(as compared to local actuated control) may be negligible. 

2. There are additional benefits that result from system 
control such as equipment surveillance and continuous data 
collection. It is difficult to assign a dollar value to these 
benefits, but they are substantial and should receive con
sideration in the overall mode selection process. 

EXAMPLE-PRETIMED METERING PLAN 

In Chapter 3, an example of a typical congested freeway 
segment was developed to illustrate the estimation of con
gestion costs. This example considered a 1-hour peak pe
riod and illustrated basic procedures for estimating basic 
costs (for level of service D) , actual costs and congestion 
costs. 

To illustrate the methodology in the remainder of these 
guidelines, a slightly revised version of the example free
way will be used. In this example, the same freeway geo
metrics will be used, but it will be assumed that the peak 
period extends over a 2-hour period. The conditions for 
the second example are shown in Figure E-16. 
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Figure E-16. Exa.~ple freelvay-two-hour peak period. 



Actual Conditions 

For the 2-hour demands given in Figure E-16, the total 
travel on the freeway is determined to be 26,780 veh-miles. 
Demand and capacity flow rates are plotted with respect 
to time for the bottleneck in Figure E-1 7. The vehicle de
lay, which is the area between the two curves, is calculated 
to be 825 veh-hours. 

To determine the total travel time for the peak period, 
an average speed of 38 mph is assumed for the freeway 
operating at a capacity of 5700 vph. This speed is based 
on an average density of 50 vehicels per lane which cor
responds to the low range of level of service D (E-4). If 
all the vehicle-miles of travel could be accommodated at 
this speed, the travel time would be: 

26,780-veh-miles _ 
705 

h h 
38 mph - ve - ours 

The total travel time is the sum of this value and the delay 
caused by the excess demand, or: 

705 + 825 = 1,530 veh-hours 

The average speed for the vehicles using the freeway under 
these conditions of no control and no diversion would be: 

26,780 vch-miles = 175 m h 
1 530 veh-hour p 

Basic Procedure-Pretimed Metering Plan 

The objective of a ramp metering plan is to eliminate 
freeway delay by maintaining the traffic demands at a level 
less than the freeway capacity. There are several tech
niques used to develop a metering plan, and each plan may 
have several options. The option selected would be based 
on the decision of which traffic is to be delayed and/ or 
diverted from the freeway. 

One procedure for calculating metering rates along a 
freeway is the integrated demand-capacity calculation 
(E-8). Ramp flows and possibly upstream freeway flows 
are adjusted as required to keep the volume below the sec
tion capacity. Figure E-18 is a diagram of a freeway sec
tion for illustrating the demand-capacity calculation. 

The index i = 0, 1, 2, 3, 4, 5 represents the points of 
entry to sections j = 1, 2, 3, 4, 5, 6; and index k = l, 2, 3, 
4, 5 represents the points of exit from the sections. The 
notation Di represents the demand for input i, whereas Ri 
represents the allowable volume input at i, on the basis of 
the demand-capacity calculations. F1, represents the de
mand for exit ramp k. In this example, the demands for 
the exit ramps are held constant. Other procedures may 
use a variable origin-destination matrix to determine the 
exit demands as a function of the upstream input volumes. 
C1 represents the capacity at freeway section j; V1 repre
sents the section volume at section j . 

The procedure begins at the section farthest upstream 
and works downstream. For ection j the entrance ramp 
demand, D 1, is used to calculate the section volume, V;. If 
V1 is less tha n the section capacity, c1, the allowable en
trance rnmp volume R1 i set equal to the entrance ramp 
demand D;. 1f V1 is greater than the ection capacity, C;, 
the allowable entrance ramp volume R1 is chosen so that 
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Figure E-18. Freeway section for illustrating demand-capacity 
calculation. 

Vi= C1. If Vi> Ci even for Ri = 0, the entrance ramp 
volumes previously calculated upstream must be readjusted. 
The integrated demand-capacity calculations are illustrated 
by the following example. (Additional examples and tech
niques for obtaining metering plans can be reviewed in 
detail in Masher et al. (E-8).) 

In the example freeway, calculations for the pretimed 
metering plan are subject to the following conditi9ns: 

1. Maxamum metering rate= 600 vpb. This is the 
maximum desirable rate for one-by-one metering with a 
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pretimed control. If a higher demand must be accommo
dated at one ramp, the rate can be extended to 900 vph, or 
the type of n1etering can be changed to platoon metering 
or two-lane metering. See "Metering Rates" section, 
Chapter 5. 

2. Minimum metering rate = 180 vph. This is the mini
mum desirable rate. For low volume ramps, the minimum 
rate can be lowered to 120 vph. See '.'Metering Rates" 
section, Chapter 5. 

1. Diversion is hased on a maximum queue length of 
25 vehicles. (This condition could be expressed in maxi
mum waiting time.) 

4. Diversion will be to an alternate route that is assumed 
to be 0.5 miles longer than the freeway trip, has an operat
ing speed of 20 mph, and has adequate capacity for han
dling diverted traffic. 

5. Ramp 3 does not have access to an acceptable alter
nate route. (This is to illustrate the condition of a barrier 
such as a railroad or drainage facility.) 

6. One metering rate is assumed for the total peak pe
riod. Metering plans with several rates ranging from the 
maximum to the minimum rates could be developed when 
the variations in main lane volumes are known. In this 
example, a second set of metering rates could be estab
lished for the second hour of the peak period using the 
same procedures. 

7. When ramp demands are less than the allowable ramp 
volume, an average queue length of three vehicles is as
sumed in the calculation of the vehicle waiting time. 

Compute the allowable entrance ramp values, R/s, for 
the first hour: 

• Set D0 = R 0 = 4900 vph. 
• V; = R 0 + D 1 = 4900 + 700 = 5600 vph < C1 = 

5700 vph; thus R1 = 700 vph. This exceeds the maximum 

metering rate. 
• Set R1 = 600 vph. 

• V 2 = V 1 - F 1 + D 2 = 5500 - 350 + 600 = 5750 vph 
> C2 = 5700 vph; thus R2 = 550 vph. 

• V 3 = V 2 - F 2 + D 3 = 5700 - 350 + 450 = 5800 vph 
> Ca= 5700 vph; thus Ra = 350 vph. 

• V, = V 3 -Fa+ D1 = 5700- 350 + 600= 5950vph 
> C4 = 5700 vph; thus R1 = 350 vph. 

• Vs= V 4 - F 4 + D 5 = 5700 - 450 + 700 ::- 5950 vph 
>Cs= 5700 vph; thus R5 = 450 vph. 

The results of the metering plan for the first hour are 
given in Table E-9. 

TABLE E-9 

EXAMPLE SYSTEM VOLUMES 

Sect:. l on 

Entrance 
,amp Demand 

(D i ) (VPH) 

700 

600 

450 

600 

700 

Entrance 
Ramp Volume 

(Rk)(VPH) 

600 

550 

350 

350 

450 

Freeway Volume 
(Vj)(VPH) 

5500 

5700 

5700 

5700 

5700 

Diverted or 
Stored in 

Ramp Queue(VEH) 

100 

50 

100 

250 

250 

This metering plan results in the maximum use of the 
freeway because all sections, with the exception of sec
tion 1, operate at capacity. Because ramp 3 cannot have 
diversion, there are two options to be considered : 

l. Adjust an upstream ramp volume to permit a higher 
volume at ramp 3. The results are given in Table E-10. 
This results in lower use of the freeway, but accommodates 
the metering restrictions. 

2. Allow the ramp queues to form, and wait for the 
lower demand in the second hour to reduce the queue 
length and ramp waiting time. This is the technique that 
is used in the following example. 

These variat~ons, or options, of the control plan will de
pend on the availability of alternate routes, ramp storage 
space, and other technical as well as political considerations. 
In this example the traffic demands for the second hour are 
less than the capacity of the freeway. Therefore, it is pos
sible for a portion of the ramp diversion from the first hour 
to be made in time rather than in space. The maximum 
queue length of 25 vehicles for ramps 1, 2, 4, and 5, and 
100 vehicles for ramp 3, is carried over to the second hour 
and becomes added demand for the ramp. 

Compute the allowable ramp volumes, R/s, for the sec
ond hour: 

• Set D 0 = R 0 = 4400 vph. 
• V1 = R 0 + D 1 = 4400 + (350 + 25 *) = 4775 vph < 

C1 = 5700 vph; R 1 = 375 vph. 

• V2 =V1 -F1 +D2 =4775-200+ (300+25*) = 
4900 vph < C2 = 5700 vph; R2 = 325 vph. 

• V,1 = V 2 - F 2 + D 3 = 4900- 200 + (200 + 100 *) = 
5000 vph < C4 = 5700 vph; R3 = 300 vph. 

• V4 =Va-Fa+ D 4 = 5000 - 200 + (300 + 25 *) = 
5700 vph; R4 = 325 vph. 

• Vs= V 4 -F4 + Ds ·= 5125 -200 + (350 + 25 *) = 
5300 vph; Rs= 375 vph. 

• Demands for the second hour are increased by the queue length 
remaining after the first hour. 

Measurement of Parameters 

Now that the basic pretimed metering plan is established, 
the parameters for evl'thrnting the system performance can 
be calculated. 

Total Travel Time 

The total travel time is the sum of the time spent travel-

TABLE E-10 

EXAMPLE SYSTEM VOLUMES-REVISED 

Entrance 
Ramp Demand 

Section (Di)(VPH) 

700 

600 

450 

Entrance 
Ramp Volume 

(Rk)(VPH) 

600 

450 

450 

Total Traffic 
Diverted or 

Freew,1 Vohm,e Stored in Ramp 
(Vj)( YPI!) Queue (VEH) 

5500 

5600 

5700 

100 

150 

0 



ing through the 2.55-mile freeway section, the time waiting 
to enter at all of the metered ramps, and the time for the 
diverted traffic to travel the alternate routes. For the exam
ple freeway, these values are: 

• Freeway total travel time= 625.7 veh-hours. 
• Ramp waiting time = 193.7 veh-hours. 
• Diversion travel time = 32.5 veh-hours. 

Total Travel Time = 851.9 veh-hours. 

The discussion and calculations for these results follow. 
Freeway Total Travel Time. The total travel time for the 

main lanes of the freeway is calculated by dividing the total 
travel in vehicle miles by the average speed. From Table 
E-11 the total travel is calculated to be 14,005 veh-miles for 
the first hour. The calculations must be done by time in
terval because the average speed changes. The average 
speed for the first hour is 40 mph. This is derived from the 
freeway operating at volume/capacity (V/C) ratios of 0.9 
to 1.0 in LOS D. Therefore, the total travel time for the 
first hour is: 

14,005 veh-miles _ 
350 1 

h h 
40 h 

- . ve - ours 
mp 

For the second hour, the total travel is 12,400 veh-miles 
and the average speed for V/C ratios that vary from 0.8 to 
0.9 is assumed to be 45 mph. Therefore, total travel time 
for the second hour is: 

12,400 veh-miles _ 
275 6 

h h 
45 mph - . ve - ours 

and the total for the two hours is 625.7 veh-hours for the 
freeway lanes. 

Entrance Ramp Waiting Time. Entrance ramp waiting 
time is the same as entrance ramp delay and is calculated 
by using the demand-capacity curve relation, where the 
capacity is equal to the allowable entrance ramp volume, 
Ri. The demand curve is altered by the queue which forms 
at the ramp meter station and by the diversion volume of 
traffic to the alternate route. In Figure E-19, the capacity 
for ramp 1 is 600 vph for the first hour and 375 for the 
second hour. The demand for ramp 1 for the two hours is 
700 vph and 350 vph, respectively. At the end of the first 
hour, 600 vehicles have entered the freeway, 25 are waiting 
in the queue on the ramp, and 75 vehicles have diverted to 
the alternate route. 

In the second hour, the 25-vehicle queue is allowed to 
dissipate and the ramp operates at an average queue level 
of 3 vehicles for the remainder of the peak period. A total 
of 375 vehicles enter the freeway, and O vehicles are di
verted. The entrance ramp waiting time is the area be
tween the two corrected curves, with the diverted traffic 
removed from the demand curve. 

This area between the curves can be calculated in the 
following manner: 

• First Hour: 

( 
25 \/eh ) ( 25 veh) 

Ai + A 2 = (700 - 600) vph -2-

25 veh 
+ 1 hr - (700 - 600) vph 25 veh 

= 3.125 + 25 - 6.25 = 21.9 veh-hours 

73 

TABLE E-11 

EXAMPLE FREEWAY TOTAL TRAVEL TIME 

Count First Hour Freeway Distance Total Travel 
Location Volume (VPH ) Vol(VPH) (Miles) (Veh-Miles) 

Do 4900 

R1 600 
5500 .. 35 1925.0 

F1 350 
5150 .25 1287.5 

R2 550 
5700 .35 1995.0 

F2 350 
5350 .35 1872. 5 

R3 350 
5700 .40 2280.0 

F3 350 
5350 .25 1337. 5 

R4 350 
5700 .35 1995.0 

F4 450 
5250 .25 1312.5 

R5 450 
5700 - -

2.55 14,005.0 

Tota 1 Tr ave 1 Time= 14,005.0 = 350.125 
40 

Count Second Hour Freeway Distance Total Travel 
Location Volume(VPH) Vol(VPH) (Miles) (Veh Miles) 

Do 4400 

R1 375 
4775 . 35 1671. 25 

F1 200 
4575 .25 1143. 75 

R2 325 
4900 .35 1715.00 

F2 200 
4700 .35 1645.00 

R3 300 
5000 .40 2000.00 

F3 200 
4800 . 25 1200.00 

R4 325 
5125 .35 1793.75 

F4 200 
4925 .25 1231. 25 

R5 375 
5300 - -

2.55 12,400.00 

. 
Total Travel Time= 12 , 400 . 0 

= 275.fi 
45 

• Second Hour : 

( 
25 veh ) ( 25 veh) 

Aa + A4 = (600- 350) vph -2-

25 veh 
+ 1 hr - (600- 350) vph 3 veh 

= 1.25 + 3.00 - 0.30 = 4.0 veh-hours 

• Therefore, the total ramp waiting time for ramp 1 is: 

= 21.9 + 4.0 
= 25.9 veh-hours 



74 

RAMP NUMBER l 
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600· 
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4 00 
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hr 

Vehicles q
1 

hr hr 

TI ME 

Figure E-19. Example freeway-entrance ramp I waiting time. 

Similar calculations are shown on Figures E-20 through 
E-23 for the other 4 ramps, and the total waiting time for 
all ram_ps is : 

25.9 + 22.5 + 84.3 + 31.5 + 29. t = 193.3 veh-hours 

or 11,598 veh-min in vehicle idling time. 
In the example ramp, ramp 3 is designed for a maximum 

queue length of 100 vehicles. From Figure E-21, the maxi
mum waiting time is determined to be 17.1 min. Unless 
ramp traffic develops a new arrival rate, the waiting time 
may be too severe. An alternate plan, such as the one given 
in Table E-10, may be implemented to provide for a more 
equitable distribution of travel delays. 

Diversion Travel Time. The total travel time for the di
verted traffic traveling over the alternate route is calculated 
by dividing the total travel in vehicle-miles by the average 
speed. In the assumptions for alternate route, an average 
speed of 20 mph was selected, and the route length was 
estimated to be 0.5 miles longer than the freeway trip. 
Therefore, the total travel time for each ramp can be 
determined by the following calculations: 

• Ramp 1 
75 vehicles are diverted over a distance equal to 
(2.55 + 0.50) or 3.05 miles at an average speed of 
20 mph : 

75 veh X 3.05 miles 
Total travel time= --~~-~--

20 mph 

• Ramp 2 

11.4 veh-hours 

25 vehicles are diverted a distance of 1.95 + 0.50 = 
2.45 miies: 

NUMB ER 

OF 

VEHICLES 

l 200 

1000 

800 

600 

400 

200 

RAMP NUMBER c 

., 
/ 

., ., 
/ 

/ ., 

/ ,,. 

900 

/ 

; 
~ 

~ 

Waiting Time 

2S 25 2S 
('iiiio.56o)(-2-) + (I- 600-~sol (Z 5 l 

2S 25 25 
+ (~00-300) (-2-l + (l- 60Q.300) (J) 

• 6.25 + 12.5 + 1.04 + 2. 75 

= 22. 54 Vehicle-Hours 
o _ ___ ,..... __________ _. ___ _ 

0 
hr hr 

TIME 

2 
hr 

Figure E-20. Example freeway-entrance ramp 2 waiting time. 
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+ ( 1 • Js~~ioo )( 3 ) 

50. + 33.33 + l. 
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01"---"""'"''------<-----------~ 
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Figure E-21. Exampie freeway-entrance ramp 3 waiting time. 
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Figure E-22. Example freeway-entrance ramp 4 waiting time. 

25 veh X 2.45 miles _ 3 1 h h 
Total travel time = 

20 
mph - . ve - ours 

• Ramp 3 
No diversion. 

• Ramp 4 
225 vehicles are diverted a distance of 0.6 + 0.50 = 
1.1 miles: 

l l . 225 veh X 1.1 miles __ 12_4 veh-hours 
Tota trave time= 20 mph 

• Ramp 5 
225 vehicles are diverted a distance of 0.5 miles: 

. 225 veh X 0.5 miles 
Total travel time= 

20 
mph = 5.6 veh-hours 

The total travel time for the diverted vehicles is equal to 
32.5 veh-hours. 

Fuel Consumption 

Fuel consumption is based on the number of vehicle
miles of travel at a specific speed for a given level of ser
vice. The fuel consumption rates used in the example are 
taken from tables updated for 1980 conditions, but arc de
rived from rates reported in Winfrey's Economic Analysis 
For Highways (E-12). For the sake of simplicity, the as
sumption is made that the freeway traffic stream is made up 
of 100 percent passenger vehicles (Type 1 vehicles; see 
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OF 
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1000 

8 00 

RAMP NUMBER 5 

/ 
/ 

/ 

/ 

1050 

/ 
/ 

/ 

75 

/ 

Ramp Waiting Time 

• 1.25 + 22.5 + 3.12 5 + 2.25 

= ~ Vehicl°e-Hours 

hr hr hr 

T !ME 

Figure E-23. Example freeway-entrance ramp 5 waiting time. 

Table E-57 in Chapter 13). Rates for other types of vehi
cles are given in the Tables E-58 and E-59 ( Chapter 13). 

The fuel consumption is calculated for the two freeway 
speeds, the alternate route speed, and for the idling time at 
the entrance ramps. The results are as follows: 

• Freeway travel at 40 mph = 718.5 gal 
• Freeway travel at 45 mph = 657.2 gal 
• Ramp idling = 71.5 gal 
• Diversion travel at 20 mph = 29.9 gal * 

Total Fuel Consumption = 1477.1 Gallons 

• This calculation was made by re.fcr<:ncc to Table E-61 in Chapter 13, 
for 1>asscnger cars nl a uniform speed. Tables E-62, E-63, and E-64 are 
included in Chaprcr 13 for the U5cr who wishes la Incorporate the effect 
of speed cycle chances on 1.ramc along the diversion route. 

The calculations involved in determining these values are 
given in Table E-12. 

Exhaust Emissions 

The emission rates for the 3 types of pollutants were 
derived from factors published in the U.S. Environmental 
Protection Agency, Supplement No. 5 for Compilation of 
Air Pollutant Emission Factors (E-13), for passenger cars 
only. The estimates of the vehicle emissions for the two 
peak-hour period are as follows: 

• Carbon monoxide 
• Hydrocarbons 
• Nitrogen oxides 

= 772.0 kg 
= 80 kg 
= 126.5 kg 
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TABLE E-12 

FUEL CONSUMPTION CALCULATIONS 
(PASSENGER CARS ONLY) 

Freeway 

First Hour: Speed 

Total Travel 

= 40 mph LOS D 

= 14,005 vehicle-miles 

Fuel Consumption Rate '" 0.0513 gal/veh-mile (From Table A-12, 
Appendix A) 

Total Gallons Consumed= 718.5 gallons 

Second Hour: Speed 

Total Trave1 

Fuel Consumption Rate 

= 45 mph LOS C 

= 12,400 vehicle-miles 

= 0.0530 gal/veh-mile (From Table A-12, 
Appendix A) 

Total Gallons Consumed= 657.2 gallons 

TOTAL FUEL CONSUMPTION ON FREEWAY= 1375.7 gallons/peak period 

Entrance h"P 

Waiting Time on Entrance Ramp= 193.3 vehicle-hours 

Idling Fuel Consumption Rate = .370 gallon per veh-hr (From Table 
A-15, Appendix A) 

TOTAL FUEL CONSUMPTION ON ENTRANCE RAMP = 71.5 gallons/peak period 

Diversion Route 

Average Speed = 20 mph 

Total Travel on Alternate Routes = 650 vehicle-miles 

Fuel Consumption Rate = 0.0460 (Fro,n Table A-16, 
Appendix A) 

TOTAL FUEL CONSUMED BY DIVERTED TRAFFIC= 29.9 gallons/peak period 

»»»»»TOTAL 1477.1 GALLONS<«<«<«< 

The calculations used for determining these values are 
given in Table E-13. 

Freeway Controllability 

One parameter that has been previously defined in these 
guidelines as a measure on which to determine the benefits 
of control is called the "controllability index." For the 
example freeway, this expression would be: 

. . . 4000 veh - 1800 veb 
Controllab1hty mdex = 

8 
= 1.22 

1 00 veh 

where 4000 veh is the pretimed metered input to the free
way, and 1800 veh is the minimum metered input to the 
freeway. This level of controllability would be considered 
to be in the midrange or medium controllability. 

Summary 

The basic results of the pretimed metering plan are sum
marized in Tables E-14 and E-15. The pretimed metering 
plan provides a basis for estimating the incremental bene
fits of local actuated or system entrance ramp control. This 
estimation methodology is described in the follownig 
chapter. 

TABLE E-13 

EXAMPLE FREEWAY EXHAUST EMISSIONS 

Carbon Monoxide 
Average 

Speed Travel Rate* Total 

--1..!!!.e!!.l. (veh-mi1es) (Gm~/Veh.M1 le ! _llil 

40 14,005 22 .62 316.8 

45 12,400 20.46 253. 7 

20 650 46.40 30. 2 

Idling 11,598** 14.74** .J2!.:..Q. 

TOTAL 771. 7 

Hid roe urban\ 

40 14,005 2. 63 36.8 

45 12,400 2 .48 30.8 

20 650 4.38 2 .8 

Idling 11,598** 0. 83** 9.6 

TOTAL 80.0 

Nitro9en Oxides 

40 14,005 4. 57 64 .o 

'" J.L,"tUU ' 70 58.5 

20 650 3. 95 2. 6 

Idling 11, 598** 0.12** ___u 
TOTAL 126. 5 

* These rates are from Tables E-65 and E-68 in Chapter 13. 

• Id1 ing quantities and rates expressed in vehicle minutes and 
gms/vehicle minute. 

TABLE E-14 

SUMARY OF METERING PLAN 

Demand for Inputs 

Ou 01 02 03 04 05 od 

1st. Hour 4900 700 600 450 600 700 6450 

2nd. Hour 4400 350 300 200 300 350 5850 

Volume for Inputs 

V Rl R2 R3 R4 R5 vd u 

1st. Hour 4900 600 550 350 350 450 5700 

2nd. Hour 4400 375 325 300 325 375 5300 

Diversion Volumes 

Ramp Number 4 5 

1st. Hour 75 25 0 225 225 

2nd. Hour 0 0 0 0 0 



TABLE E-15 

SUMMARY OF PARAMETERS FOR 
DESIGN PEAK PERIOD 

Pret imed Metering Pl an 
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Parameter Total for Two Hour Peak Period No Control 

Total Travel 27055 vehicle-miles 26780 

Total Travel Time 851.9 vehicle-hours 1530 

Total Fuel Consumption 1487.2 gallons 2435 

HC Emissions ,80.0 kilograms 132 

CO Emissions 772.0 kilograms 1439 

NOx Emissions 126.5 kilograms 105 

Pret imed Metered lnput 4000 vehicles 4550 

Minimum Input 

Controllability lndex 

1800 vehicles 

l. 22 

CHAPTER 9 

MODE SELECTION METHODOLOGY 

BASIS OF METHODOLOGY 

It is now possible to present a step-by-step methodology 
that permits one to estimate the incremental benefits of 
either local actuated or system control relative to pretimed 
control. The estimated benefits can then be used to conduct 
a benefit-cost analysis and to choose the ramp control mode 
(pretimed, local actuated, or system control) with the most 
desirable benefit/ cost ratio. 

The study procedures used to develop the mode selec
tion methodology are presented in other sections of this 
report. The basic steps that were followed are shown in 
Figure E-24. 

OVERALL EVALUATION PROCEDURE 

The overall mode evaluation procedure is shown in 
Figure E-25. The following material describes each step 
of this methodology and explains the procedure to be 
followed. The evaluation methodology is also illustrated 
by example, utilizing the example freeway material cov
ered in Chapters 3 and 8. 

Step 1-Tabulate Pretimed Control Results 
for the Design Peak Period 

The methods presented in this chapter assume that the 
user of these guidelines has analyzed the proposed entrance 
ramp control system to the point that a pretimed metering 
plan has bee11 developed for a nominal or "design" peak 
period as discussed in Chapter 8. Once the demand pat-

tern of the design peak period is specified and the pretimed 
metering plan is developed, the pretimed performance is 
estimated. Namely, the user costs methodology discussed 
in Chapter 8 is applied to estimate the absolute magnitude 
of travel time, fuel consumption, and vehicle emissions that 
accumulate over the entire design peak period. The per
cent savings in travel time, fuel consumption, and vehicle 
emissions that result from the use of local actuated or sys
tem control will then be used with the baseline ( or pre
timed) costs to estimate the incremental benefits of respon
sive ramp control. 

Example-Step 1 

The example freeway section shown in Figure E-3 is 
used to illustrate the methodology. The analysis of the 
pretimed metering plan given in Chapter 8 produced the 
results tabulated in Table E-15. 

Step 2-Estimate Freeway Controllability 

The incremental benefits that are produced by the re
sponsive modes of control are greatly dependent on the 
degree of control that is possible. It is, therefore, necessary 
to compute a "controllability index" for the freeway section 
being studied. 

Example-Step 2 

The "controllability index" is computed as follows for 
the example freeway: 
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Survey of Existing Ramp Control Sites 
to determine ranges of demand 

and capacity variations 

survey data 

I Specify a reference freeway 
demand pattern( s) 

and I 
Evaluate choices I 
for Freeway Sim-
ulation Model Baseline Freeway 

FREFLO Baseline Demand Patte rns 
chosen 

~ 

Test FREFLO 

• Dallas acce~l cd Establish reference 

• Los Angeles performance of the 
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• Shifts of the deinand level 
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Changes from reference 
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period values) results ••• i.e., %-change 
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for each mode for each type of demand 
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or 
ce 
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... i.e., %-s~vings (travel time, fuel 
consumption, etc.) created by each 
responsive mode relative to Pretimed 
mode. 

+ 
Res ults for Guidelines 

Figure E-24. Overall sensitivity analysis methodology . 

Controllabiliiy 
index (C.I.) = 

Total metered Total metered 
input with input with 

pretimed control min. metering rates 
Total metered input 

with min. metering rates 

In Chapter 8, Table E-11 gives the allowable ramp vol
umes. If these volumes are totaled for the 2-hour peak 
period the following results: 

Step 1. Tabulat e Preti med Cont rol Results for 
Design Peak-Per i od : 

, Total travel time 
, Total fuel cons umption 
• Total vehicle emissions 

Step 2. Estimate the Freeway's Controllability 

Step 3. Estimate Annual Distribution of 
Freeway Operating Conditions 

St eo 4. Es t imate Annua l Increment al Travel 
Time Benefits 

Step 5. Estimate Annual Incremental Fuel
Consumpti on Benefits 

Step 6. Estimate Annual Incremental Vehicle 
Emissions Benefits 

Step 7. Monetize the Annual Incremental 
Benefits 

Step 8. Repeat Analysis for Future Years 

Benefit Analysis 
is complete 

Figure E-25. Procedure for estimating annual incremental bene
fits of responsive ramp control modes. 

R1 600 + 375 = 975 
R 2 550 + 325 = 875 
R 3 350 + 300 = 650 
R 4 350 + 325 = 675 
R5 450 + 375 = 825 

4000 = Total metered input for 2-hour 
peak period 

Thus: 

Total metered input with pretimed control= 4000 veh 

In Chapter 5, it was indicated that a maximum desired 
~uration of a red indication on a ramp control signal was 
20 sec. A minimum metering rate then would be 3600/20 
or 180 vph. With five ramps: 

Total metered input 
with min. metering rate= 5 (ramps) X 180 X 2 (hours) 

= 1800veh 

Thus: 

4000 -1800 
C.I. = 1800 = 1.22 



Step 3-Estimate Annual Distribution of 
Freeway Operating Conditions 

When the "unexpected" occurs, responsive control (ei
ther local actuated or system control) has the potential to 
reduce travel time, fuel consumption, or emissions below 
what they would be in the same circumstances for pre
timed control. The unexpected creates departures of free
way demand or capacity from nominal conditions, and 
creates a need to modify the entering ramp volumes from 
those required under normal conditions. 

The research methodology (briefly discussed at the be
ginning of this chapter) identified six basic types of peak 
periods that can occur. These peak period types are given 
in Table E-16. When these types of peak periods occur, 
responsive control can produce incremental benefits ( as 
compared to pretimed control) by adapting metering rates 
to the actual freeway condition. Thus, to determine the 
annual incremental benefits of responsive control (local ac
tuated or system) , one must estimate the annual distribu
tion of freeway operating conditions over the peak period 
types shown in Table E-16. 

One can establish the annual distribution of peak period 
types as follows: 

1. First, consult local weather records to determine the 
expected number of peak periods in a year that have very 
poor weather conditions (very heavy rain, snowstorms, ice 
storms, etc.) . Assume that ramp metering will be turned 

TABLE E-16 

TYPES OF PEAK PERIODS THAT MAY 
OCCUR DURING A YEAR 

Peak Period Tl2• o,;,cr12t Ion 

Incident Peak periods that are at nominal conditions--

except that one or more incident(s) occur( s). 

System Reduct ion Peak periods for which the freeway operates at 

reduced capacity throughout the system (as dur-

ingrain or fog conditions)--and without inci-

dents. 

Incident Plus Peak periods for which the freeway operates at 

System Reduct ion Reduced capacity throughout the system and one 

or more incident(s) occur(s}. 

Demand (ncrease Peak periods for which traffic demand is 

greater than usual (an upward shift in the de-

mand level ) . 

Demand Decrease Peak periods for which traffic demand is less 

than usu a I (a downward shift in the demand lev-

el). 

Fluctuating Demand Peak periods for which traffic demand flue-

tuates with high frequency. 

NOTE: Incidents are considered only with Incident and Incident Plus 
System Reduction peak periods. To simplify the analysis, inci-
dents were not considered with the last three types of peak 
periods 1 isted above. This omission leads to only a slight 
understatement of the incremental benefits. 
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off on those days due to the abnormal operating conditions. 
If there are X such peak periods per year, considering 
weekdays only, this leaves (260 - X) peak periods during 
which entrance ramp control will be used. 

2. Again, using local weather records for guidance, es
timate the split of the remaining days into those for which 
freeway capacity is reduced ( due to rain, fog or other 
adverse conditions) and those for which it is not. 

3. Estimate the number of incidents per year and the 
number that are likely to occur within the set of system 
reduction peak periods and those that are likely to occur 
during the remaining peak periods. The operational ramp 
control installations surveyed reported the annual fre
quency of incidents given in Table E-17. The last col
umn, giving the annual number of incidents per lane-mile 
per hour of peak period, can be used as a guide in estimat
ing the total number of incidents. The mean reported fre
quency of incident occurrences ( of all types) was 5 .18 per 
year per lane-mile per hour of the peak period. The stan
dard deviation was ±3.58 per year per peak period hour 
per lane-mile. From the survey data, the relative likelihood 
of incident occurrences in poor (such as rain or fog) versus 
normal operating conditions was also computed. These 
results are given in Table E-18. It is seen that for nearly 
half of the systems, poor operating conditions are not a 
factor. The mean computed relative likelihood was 2.19, 
with a standard deviation of + 1.84, meaning that the na
tional frequency of incident occurrences during poor op-

TABLE E-17 

ANNUAL FREQUENCY OF INCIDENTS 
DURING METERED OPERA TIO NS 

Annual Number Peak 
System Incidents During Period Lane-

Location Metered Hours ! hrs.) Miles 

Chicago a) 100 3 .25 12 .3 

Mi lwaukee a) 400* 

b) 350* 

c) 250* 

Mi nneapo 1 is a) 67 1.25 16 .6 

b) 134 3. 25 11. 7 

c) 92 3.25 10. 7 

Toronto a) 95 1.83 11. 3 

Da 11 as a) 216 l. 50 20. 5 

San Antonio a) 45 2.00 1.9 

Houston a) 311 2 .33 40. 2 

Ft . Worth a) 195 l.00 17 .1 

San Jose a) 

b) 

San Francisco a) N.A . 

Los Angeles a) 130 2. 67 19. 5 

b) 

*These va 1 ues seem unusually 1 arge. 

Annua 1 Number 
per Lane-Mile 
ecr Peak Hour 

2. 75 

3 .23 

3. 53 

2 .65 

4 . 59 

7 .02 

11. 78 

3 . 32 

11.40 

2. 50 
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TABLE E-18 

RELATIVE LIKELIHOOD OF INCIDENT 
OCCURRENCE-POOR OPERATING CONDITIONS 
RELATIVE TO NORMAL OPERATING CONDITIONS 

Relative Likelihood of Incident 

si s tern Loe at ion 
Occurrences; Poor vs. Normal 

Operating Condi t\0115 

Chicago 

Mi lwaukec 

Minn eapolis 

Dall as 

San Antoni o 

Houston 

Ft . Worth 

San Jose 

San Franci sco 

Los Angel es 

a} 

a) 

b) 

c) 

a ) 

b} 

c} 

d) 

a) 

a} 

a} 

a) 

a) 

b) 

a} 

a) 

b) 

1.00 

1. 00 

1.00 

1.00 

3.92 

1. 84 

2.69 

1. 54 

1.00 

7 .00 

2.11 

erating conditions may average about twice the frequency 
under good operating conditions. Using Table E-18 for 
guidance, estimate the split of incidents as follows: 

(No. peak periods 
Probability of with system 
incidents under -( Relative ) X ....,..,...,.....r_e_d_uo..,ti_·o_n.......,) ,_,..... 
poor conditions - likelihood (No. peak periods 

with normal 
conditions) 

4. Having estimated the split of incidents between peak 
periods of poor operating conditions and peak periods of 
normal operating conditions, compute the annual number 
of incidents for each operating condition. 

5. Now estimate the annual number of (see Table E-16 
for definitions) : 

• Incident peak periods. 
• Reduced capacity peak periods. 
• Incident plus system reduction peak periods. 
Subtract the number of incident plus system reduction 

peak periods from the number of system reduction peak 
periods, and no system reduction peak periods. 

6. Now estimate the annual number of (see Table E-16 
for definitions): 

• Demand increase peak periods. 
• Demand decrease peak periods. 
• Fluctuating demand peak periods. 

It is recommended that every peak period be consid
ered one with fluctuating demand, and that the demand 
level be considered evenly distributed among demand in
crease, demand decrease, and nominal demand-level peak 
periods. 

7. Finally, consolidate the estimates of peak period types 
into a summary of the annual distribution of freeway op
erating conditions. Also specify the average number of 
incidents per peak period. 

Example-Step 3 

The seven substeps of step 3 are illustrated in the follow
ing with the example freeway. 

Estimate Severe Weather Periods. Assume that after re
viewing past weather records, it is determined that very 
severe weather conditions (rain, fog, snow, etc.) will exist 
during 10 peak periods each year. Entrance ramp controls 
will not be operated during these severe weather periods. 
Thus, the entrance ramp controls would operate during 
(260 - 10) = 250 peak periods each year. 

Estimate Periods of System Reduction. Also assume that 
the past weather records indicate that freeway capacity will 
be reduced because of rain, fog, or other adverse conditions 
an average of 20 days per year. Thus, of the 250 peak 
periods when the entrance ramp controls would be opera
tional, 20 peak periods would have a system reduction con
dition and 230 peak periods would occur under near
normal conditions. 

Incident Analysis. Assume that after an analysis of inci
dent occurrence relative to poor operating conditions, it is 
feasible to use a relative likelihood factor of 2.0. Using 
this assumption, the probability of incidents occurring dur
ing poor operating conditions is estimated as follows: 

Probability of No. peak periods with 
incidents under = (2 O) system reduction 

system · No. peak periods with 
reduction normal conditions 

20 = 2.0 230 = 0.174 

Estimate Total Incidents. As previously indicated, the 
example freeway is metered 2-hours per peak period and 
contains 7.65 (3 X 2.55) lane-miles of freeway. 

Assume for the freeway in question that an estimate of 
the frequency of incidents is 6.75 per peak period hour per 
lane-mile per year. The total annual incidents would then 
be distributed as follows: 

Total incidents= (6.75) (7.65) (2) = 103 per year 

Incidents und~r = (103) (0.174) = 18 er ear 
system reduction p y 
Incidents under normal_ 

103 
_ 

18 
_ 

85 
f d

. . _ - per year 
reeway con 1t1ons 

Peak Period Type. The example freeway is estimated to 
have 20 system reduction peak periods per year. Also, 18 
incidents under system reduction conditions are expected. 
Therefore assume all system reduction peak periods also 
contain an incident. 

A summary of the peak period types is given in Table 
E-19. 



TABLE E-19 

SUMMARY OF EXAMPLE FREEWAY 
PEAK PERIOD TYPES 

Peak Period Type 

Incident 

System Reduction Only 

Incident Plus 
System Reduct ion 

Annual Number 

85 

O* 

20 

*Al 1 System Reduction Peak Periods are assumed to also contain an in

cident, thus this category is zero to avoid double counting. 

Demand Analysis. The example freeway has a total of 
250 peak periods under control. Assume all 250 peak pe
riods have demand fluctuations equally distributed around 
peaks with (1) demand increase, ( 2) demand decrease, 
and (3) normal demand. Thus, there are 250/3 or 83 of 
each of these types. 

Summarize Annual Operating Conditions. From the pre
vious substeps it is possible to develop the summary of 
annual operating conditions given in Table E-20. 

Step 4--Estimate Annual Incremental Travel Time Benefits 

The procedure for estimating annual incremental travel 
time benefits consists of the following five sub steps: 

1. The incremental benefits of either local actuated con
trol or system control are estimated for each of the six 
types of peak periods. These six types of peak periods are 
those defined in Table E-16. The incremental benefits for 
each type of peak period are found from graphs. 

2. The incremental benefits found for each one of the 
six peak period types are then multiplied by the number of 
times that particular type of peak period is expected to 
occur annually. 

3. The annual incremental benefits, computed in step 2, 
are multiplied by the expected number of incidents per 
peak period if the peak period type involves incident(s). 

4. The annual incremental benefits, as computed in 
steps 2 and 3, are then summed over all types of peak 
periods. The sum is equal to the total annual incremental 
benefits in vehicle-hours saved per year. 

5. The annual vehicle-hours saved are converted into 
traveler-hours saved by multiplying vehicle-hours saved by 
the average vehicle occupancy during peak periods. 

A discussion of the procedure for estimating the incre
mental benefits for each of the six types of peak periods 
follows. 

Incident Peak Periods 

The incremental travel time benefits of responsive con
trol during peak periods that contain an incident can be 
estimated from Figure E-26. This graph provides an esti
mate of the travel-time savings ( over that for a nominal 
peak period) for both local actuated and system control. 

Example-Incident Peak Periods. The example freeway 
has 85 incident peak periods annually, a total travel time 

TABLE E-20 

ANNUAL DISTRIBUTION OF EXAMPLE FREEWAY 
OPERA TING CONDITIONS 

Peak Period Annual Incidents Per 
T,z:pe Number Peak Period 

Incident 85 1.00 

System Reduction 0 N.A. 

Incident Plus 
System Reduction 20 1.00 

Demand Increase 83 N.A. 

Demand Decrease 83 N.A. 

Fluctuating 
Demand 250 N.A. 

81 

of 851.9 veh-hours in a nominal peak period, and a con
trollability index of 1.22. Using Figure E-26, one finds an 
average 2.0 percent incremental benefit for local actuated 
control and a 5 .2 percent incremental benefit for system 
control. Thus, the annual incremental benefits that can be 
attributed to the incident peak periods are estimated as 
follows: 

Annual reduction in 
travel time due to = (85) (851.9) (0.020) 
local actuated control 

= 1448 veh-hours 
Annual reduction in 
travel time due to = (85) (851.9) (0.052) 
system control 

= 3765 veh-hours 

8 -
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Legend: 
S = System control mode 
L = Local Actuated 

control mode 

Figure E-26. Incremental travel-time benefits-incident peak 
periods. 
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If the average vehicle occupancy during the peak periods 
is 1.25 persons/ vehicle, the person-hours are computed as 
foiiows: 

Incremental benefits 
local actuated control 

= (1448) ( 1.25) = 1 810 person hours 
Incremental benefits 
system control 

= (3765) (1.25) = 4706 person-hours 

System Reduction Peak Period 

The incremental travel-time benefits of responsive con
trol during peak periods that have system reduction can be 
estimated from Figure E-27. 

Example-System Reduction. For the example freeway, 
it was assumed that there would be no system reduction 
peak periods without incidents. Thus no incremental bene
fits are estimated for this peak period type for the example 
freeway. 

Incident Plus System Reduction 

The incremental travel time benefits of responsive con
iroi during pt:ak periods that contain an incident plu~ sys
tem reduction situation can be estimated from Figure E-28. 

Example-Incident Plus System Reduction. The exam
ple freeway is assumed to have 20 incident plus system re
duction peak periods annually. The total travel time for 
a nominal peak period is 851 .9 veh-hours and the control
lability index is 1.22. Figure E-28 indicates an average 
15.3 percent incremental benefit for local actuated control 
and a 1 7 .0 percent incremental benefit for system control. 
If the average vehicle occupancy is assumed to be 1.25 
persons/ vehicle, the annual incremental travel time benefits 
are estimated as follows: 

Incremental bene-
fits local actuated = (20) (851.9) (1.00) (0.153) (1.25) 
control 

= 3259 person-hours 
Incremental bene-
fits system = (20) (851.9) (1.00) (0.17) (1.25) 
control 

= 3621 person-hours 

Demand lnl'rem·e 

The incremental travel time benefits of responsive con
trol during peak periods that experience a demand increase 
can be estimated from Figure E-29. 

Example-Demand Increase. The example freew~y has 
83 demand increase peak periods annually, a total travel 
time of 851.9 veh-hours in a nominal peak period, and a 
controllability index of 1.22. Figure E-29 indicates that 
there is an average 0.9 percent incremental benefit for each , 
peak period for either mode of control. Assuming a ve
hicle occupancy of 1.25 persons/vehicle, the annual incre
mental benefits are estimated as follows: 

Incremental benefits 
local actuated or = (83) (851.9) (0.009) (1.25) 
system control 

= 796 person-hours 
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Legend: 
S = System control mode 
L = Local Actuated 

control mode 

Fig11re E-27. Incremental travel-time benefits-system reduc
tion peak period. 
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Figure E-28. Incremental travel-time benefits-incident plus 
system reduction. 
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Figure E-29. incremental travei-rime benefits-demand increase. 



Demand Decrease 

The incremental travel time benefits of responsive con
trol during peak periods that experience a demand decrease 
can be estimated from Figure E-30. 

Example-Demand Decrease. The example freeway has 
83 demand decrease peak periods annually. Figure E-30 
indicates an average annual 2.6 percent incremental benefit 
for local actuated control and 1.8 percent for system con
trol. The total benefits are estimated as follows: 

Incremental benefits = (83 ) (85 1.9 ) (0.026 ) (1.25 ) 
local actuated control 

= 2298 person-hours 
Incremental benefits 
system control = (83) (851.9) (0.018) (1.25) 

=1591 person-hours 

Fluctuating Demand 

The incremental travel time benefits of responsive con
trol during peak periods that experience short-term demand 
fluctuation can be estimated from Figure E-31. Each peak 
period in which entrance ramp control is used is expected 
to experience fluctuating demand. 

Example-Fluctuating Demand. The incremental bene
fits from responsive control (local actuated or system) are 
very small. These benefits could be estimated, but in the 
interest of deriving a conservative total estimate of bene
fits they will be considered to be zero for the example 
freeway. 

Total Annual Travel-Time Benefits
All Peak Period Types 

The total annual incremental travel-time benefits for 
each responsive control mode is the sum of the benefits 
resulting from evaluating the various types of peak periods. 

Example-Total-Travel Time Benefits. The total annual 
incremental travel-time benefits for the example freeway 
are given in Table E-21. 

Step 5-Estimate Annual Incremental 
Fuel-Consumption Benefits 

The procedure for estimating annual incremental fuel
consumption benefits is very similar to that already de
scribed for the travel-time benefits. Each of the various 
types of peak periods is considered and the appropriate 
incremental benefits are estimated. The various types of 
peak periods and the estimate of fuel-consumption benefits 
due to responsive control are discussed and illustrated in 
Chapter 11. 

Step 6-Estimate Annual Incremental 
Vehicle Emissions Benefits 

The basic procedure for estimating annual incremental 
vehicle emissions benefits is the same as that used to esti
mate the travel-time and fuel-consumption benefits. Chap
ter 12 discusses each of the peak period types and provides 
examples of the methodology. It may be noted from the 
example in Chapter 12 that the consideration of vehicle 
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Figure E-30. Incremental travel-time benefits-demand decrease. 
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Figure E-31. Incremental travel-time benefits--f/uctuating 
demand. 

TABLE E-21 

ANNUAL INCREMENTAL TRAVEL TIME BENEFITS 
OF RESPONSIVE CONTROL MODES--
EXAMPLE FREEWAY 

Annual Incremental Benefits (Person-Hrs) 

Per iod T ,i:ee s 

1. Incident 

2. System Reduction 

3. Incident Plus System 
Reduction 

4. Demand Increase 

5. Demand Decrease 

6. Fluctuating Demand 

Local Actuated Control 

1810 

0 

Annual Totals 

3259 

796 

2298 

0 

8,163 

System Contro I 

4706 

0 

3621 

796 

1591 

__ o 

10,714 
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emissions for peak periods results in relatively small values. 
Thus, it may not be desirable to analyze the incremental 
benefit fer vehicle emissions. f.,._ methodology is presented, 
however, in the event such an evaluation is deemed 
desirable. 

Step 7-Monetize Annual Incremental Benefits 

The previous steps presented a methodology for estimat
ing incremental benefits for travel time reductions, fuel 
consumption reductions, and vehicle emissions reductions. 
Only the first two items can be monetized with current 
economic procedures. The next sections present the pro
cedures to be followed in monetizing travel-time and fuel
consumption benefits. 

Monetizing Travel-Time Benefits 

Chapter 3 discussed procedures for monetizing travel
time savings and these same basic procedures are used in 
this chapter. 

Example-Travel-Time Benefits. The incremental travel
time benefits for local actuated and system control are 
estimated as follows: 

Local actuated control= 8,163 person-hours of incre
mental travel-time benefits 

System control= 10,714 person-hours of incre-
mental travel time benefits 

If an individual time saving per vehicle in the range of 
5 to 10 min is assumed, a reduction factor of 0.6 can be 
obtained from Table E-1 and a value of time of $6.31 per 
hour (for driver and passengers of automobiles) can be 
obtained from Table E-47. If the average vehicle occu
pancy is assumed to be 1.25, the travel-time reductions can 
be monetized as follows: 

Travel time benefits 
(local actuated control) 

Travel time benefits 
(system control) 

= ($6.31) (1.25) (0.6) (8,163) 

= $38,631.00 per year 
= ($6.31) (1.25) (0.6) (10,714) 

= $50,704.00 per year 

Monetizing Fuel-Consumption Benefits 

The gallons of fuel saved by the responsive control 
modes (relative to pretimed control) can be monetized at 
the prevailing price per gallon of fuel for automobiles. As 
of mid-19 80, a value of $1.25 per gallon was appropriate. 

Example-Fuel-Consumption Benefits. The incremental 
fuel consumption benefits for local actuated over system 
control are estimated as follows: 

Local actuated control= 2067 gal/ year incremental fuel
consumption benefit 

Syslt:m 1.:untroi= 2246 gai/year incremental fuel
consumption benefit 

Thus the annual value of fuel-consumption benefits are as 
follows: 

Fuel-consumption benefits = ($1.25) (2067) 
(local actuated control) 

= $2584.00 per year 
Fuel-consumption benefits = ($1.25) (2246) 
(.~y~tem rrmtrnl) 

= $2808.00 per year 

Step 8-Repeat Analysis for Future years 

Thus far, this report has only considered the problem of 
estimating the incremental benefits for a single year in the 
lifetime of the proposed entrance ramp control installation. 
Of course, a new installation will have a lifetime of many 
years. If the traffic demand pattern was not to change over 
the project lifetime, the annual benefits determined for one 
'W7..,,nWo ,..,,,.,....,,1..-J .... --1 ... 4.- ---'- -·--- _.£ .i.1 __ ----~--"- 1~.£-"-~----
y1,,,,a1. V\'VUIU app1y LU C:Cl.\.,.;tJ yca.1 UL UH::: plUJC~l 1UCLJU1C. 

The graphs of (normalized) incremental benefits are 
generally nonlinear. More precisely, the benefits are non
linear functions of the freeway controllability. The impli
cation of this is that if traffic demand grows substantially 
over the lifetime of the project, the controllability of the 
freeway will become smaller and smaller. Because the 
benefits are nonlinearly related to the controllability, it is 
possible that the benefits could decrease faster than the 
growth rate of demand. This, in turn, couid substantiaiiy 
decrease the present value of benefits accrued over the life
time of the project. For this reason, it is recommended 
that the user of these guidelines repeat his analysis for two 
or more years throughout the project lifetime. The pro
jected demand growth should be factored into these analy
ses. If several "snapshots" are obtained of the annual bene
fits at different points in the project lifetime, the entire time 
stream of benefits can be estimated by interpolating be
tween the snapshot-year benefits. 

In summary, when substantial demand growth is ex
pected over the project lifetime (a 10- to 15-year service 
lifo is suggested), it is recommended that the demand pro
jections be used to estimate the benefits in several "snap
shot" years of the project lifetime. From these snapshot 
benefit values, one can estimate the benefits in other years 
through interpolation. Three snapshot years are advisable: 
the first year of operation, the last year of operation, and 
a year at project midlife. 
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CHAPTER 10 

MODE SELECTION 

BENEFIT-COST ANALYSIS 

A last step in the mode selection process is that of using 
the data on costs (Chapter 7) and benefits (Chapter 9) to 
make a final decision. A simple benefit-cost analysis should 
be used as input to this decision. The following material 
presents a benefit-cost analysis for the example freeway that 
has been utilized throughout these guidelines. 

Benefit-Cost Method 

An accepted method for deciding on the economic justi
fication of an entrance ramp control project is to compute 
the benefit-cost (BI C) ratio. This ratio may be expressed 
as 

Bl C = Equivalent benefit to the motorist 
Equivalent cost to the agency 

(E-1) 

where the benefits and costs are present or equivalent an
nual amounts computed using the cost of money. Thus, 
the BIC ratio reflects the user's equivalent dollar cost. If 
the ratio is 1, the equivalent benefits and the equivalent 
costs are equal. This represents the minimum justification 
for an expenditure by an operating agency. 

Incremental Benefit-Cost Technique 

The incremental benefits and costs of responsive control 
modes have been developed. The incremental benefit-cost 
ratio, Bl C1, is now defined as 

Bl Cr= B1 
C1+01 

(E-2) 

where 

B1 = incremental net equivalent benefits to the motorist; 
C1 = incremental net equivalent capital invested by the 

agency;and 
0 1 = incremental net equivalent annual operation and 

maintenance costs to the agency. 

The incremental benefits to the motorist, BI> are the sum
mation of travel-time savings, fuel-consumption savings, 
and vehicle emissions reductions. Because vehicle emis
sions reductions are generally unquantifiable for economic 
analysis, the incremental benefits become 

B1 = Travel-time savings+ fuel-consumption savings 

The incremental capital cost to the agency is based on the 
figures developed in Chapter 7, i.e., 

Pretimed installation= $16,000 per ramp 
Local actuated installation = $20,000 per ramp 

System installation= $32,000 per ramp 

These figures are based on averages, so they apply to all 
systems in general, but none in particular. The user should 

develop his site-specific cost figures for improved accuracy 
in benefit-cost calculations. Using the foregoing figures, 
the incremental costs per ramp are 

~retimed-to-loc~I actuated = 
20 000 

_ 
16 000 mcremental capital cost ' ' 

= $4,000 per ramp 
and 

~retimed-to-syst.em = 
32 000 

_ 16 000 
mcremental capital cost ' ' 

= $16,000 per ramp 
Similarly, the incremental annual cost to the agency is 

based on the figures developed in Chapter 7, i.e., 

Pretimed annual cost= 16% of capital cost 
= (0.16) (16,000) 
= $2,560 per ramp 

Local actuated annual cost = 18 % of capital cost 
= (0.18) (20,000) 
= $3,600 per ramp 

System annual cost= 30% of capital cost 
= (0.30) (32,000) 
= $9,600 per ramp 

Thus, the incremental annual costs per ramp are 

Pretimed-to-local actuated 
incremental annual cost 

Pretimed-to-system 
incremental annual cost 

= 3,600 - 2,560 

= 1,040 per ramp 

= $9,600 - 2,560 

= $7,040 per ramp 

Two additional figures must be developed for the incre
mental benefit-cost calculations. These are in conjunction 
with the value of money invested for a specified time pe
riod (both capital and annual operating and maintenance 
cost) and must be expressed on a net equivalent annual 
basis for comparison. (The incremental benefits for the 
example freeway are expressed on an annual basis in Tables 
E-21, E-36, and E-45.) The following calculations assume 
an annual interest rate of 10 percent and a 10-year life of 
the installation. 

An equal-payment-series capital-recovery factor is needed 
to determine the net annual equivalent of the capital cost of 
the installation. This can be obtained from a table in an 
engineering economics textbook such as Theusen et al. 
(E-15), or can be calculated by the following formula: 

i(i + l) " 
FcR = (1 + i)" _ 1 (E-3) 

where 

Fen= equal-payment-series capital-recovery factor; 
i = interest rate; and 

n = life of installation in years. 



86 

The capital cost of the installation is multiplied by the 
capital-recovery factor to obtain the net annual equivalent 
nf thP r!lnit!'.ll ,-.net nf thP 1n~t!ll1!1tlnn -~ ....... _ --r&o.-L _.._.._. .. '-'.&. 1,.L..L- ..,.,..,..._. ..................... .._..,__... 

A uniform gradient-series factor is needed to determine 
a net annual equivalent of annually escalating operating 
and maintenance costs of the installation. Again, this may 
be obtained from tables or derived from the following 
formula: 

(E 4) 

where 

Fas= uniform gradient series factor; 
i = interest rate; and 

n = life of installation in years. 

The net annual equivalent of the operating and mainte
nance costs of the installation is obtained by adding the first 
year maintenance cost to the product of the gradient 
amount and the gradient factor. The gradient amount is 
the dollar amount that the operating and maintenance costs 
will increase annually. 

Incremental Benefit-Cost Analysis of Example Freeway 

The incremental benefit/ cost ratios of mode differences 
can now be calculated. First, the incremental benefit/ cost 
ratio from pretimed to local actuated mode is 

Incremental savings in travel time 
Pretimed-to-local - and fuel consumption 

actuated B/Cr - --------------
Incremental capital and annual costs 

(E-5) 

The component calculations are: 

Incremental savings = 8,163 traveler-hours 
in travel time (from Table E-21) 

X $6.31 value per traveler-hour 
(from Table E-47, Chapter 13) 

X 0.6 reduction factor 
(from Table E-1) 

= $30,905 

Incremental savings = 2,067 gal (from Table E-36) 
in fuel consumption 

Incremental 
capital costs 

Incremental 
annual costs 

X $1.25 per gal 

= $2,584 

= 5 (ramps) 

X $4,000 (pretimed-to-local ac
tuated incremental capital cost 
per ramp from this chapter's in
cremental benefit-cost technique 
section) 

X 0.1628 (capital-recovery factor 
of 10 years at 10%) 

= $3,256 

= 5 (ramps) 

X $1,040 (prPtimPrl-tn-lnr<11 ac-

Finally, 

tuated incremental annual cost 
per ramp, from this chapter's in
crem enfa 1 hPnefit-rnst tPrhniqnp 

section) 

X 0.18 (percent of capital cost 
for first year operating and main
tenance, from local actuated 
mode configuration section of 
Chapter 7) 

+ 5 (ramps) 

X $1,040 (pretimed-to-local ac
tuated incremental cost, from this 
chapter's incremental benefit-cost 
technique section) 

X 0.05 ( annual percent increase 
of operating and maintenance 
costs) 

X 4.0991 (uniform gradient-series 
factor of 10 years at 10%, from 
this chapter's benefit-cost tech
nique-section) 

= $936 + $1,066 

= $2,002 

Pretimed-to-local 
actuated B/ Cr 

$30,905 + $2,584 
$3,256 + $2,002 

= 6.4 

Similarly, the incremental benefit/ cost ratio from pre
timed-to-system mode is 

p . d I11\..,1.c;u1c;11ta.l ~a.viub~ iu ha.vvl ti111c;; 
retrme -to- - and fuel consumption 

system B/Cr - . 
Incremental capital and annual costs 

(10714) (6.31) (0.6)+(2246) (1.25) 
---------------'----'------'-(5) ( 16000) (0.1628) + (5) (7040) (0.30) 

+(5) (7040) (0.05) (4.0991) 
$40,563 + $2,808 

$13,024 + $10,560 + $7,214 
1.4 

Mode Selection Decision 

The incremental benefit-cost ratios for local actuated 
( 6.4) and system control ( 1.4) aid in quantifying a de
cision on the selection of an entrance ramp control mode. 
The use of local actuated control seems warranted when 
one considers the relatively high B/Cr of 6.4. The system 
control B/ Cr of 1.4 is more marginal. 

It should be noted that the example problem has only 
used the incremental benefits for the initial year of opera
tion. These benefits could decrease over time because of 
increased traffic demand if the increase was accompanied 
hy !I lnUIPr levPl nf rnntrnlh1hlllty. Tnrrement~l hPnPfit~ 

should be estimated for both midpoint and final years and 
combined with the initial year estimates to obtain a more 
conservative average value for these benefits. 

One should also consider intangible benefits in addition 
to the monetary benefits previously estimated. A method 
fnr thP Pv<1hrntinn nf inf<lngihlP hPnPfit~ fnllnws. 



UTILITY-COST ANALYSIS (E-3, E-16) 

The decision to install a freeway control system involves 
explicit considerations of numerous variables (E-17). A 
consideration of the tangible traffic operation variables has 
been used to evaluate the application of criteria for a par
ticular ramp control mode. An assessment of the direct 
benefits associated with the costs yields the values shown in 
the previous section. 

At the same time, there are numerous benefits (E-17), 
particularly with system control, that are intangible and 
thus defy the application of a dollar benefit or cost. To 
further complicate the issue, each agency is likely to assign 
different weights to many intangible variables. Clearly, 
the transition from pretimed to local actuated to system 
control modes is represented by nonlinearly increasing costs 
-but without a similar scale of increasing benefits. The 
intangible benefits, on the other hand, may justify the se
lection of a higher level of control. To deal with this situa
tion, a cost utility evaluation can be made. The result of 
the utility analysis is a relative effectiveness value for each 
control mode. The utility or effectiveness values are then 
related to the respective total costs to provide cost effec
tiveness indications. The control modes are compared on 
the basis of these indicators, and the incremental difference 
between indicators is compared to determine the most likely 
candidate for implementation. The analysis should be tem
pered by engineering judgment to be sure that a rational 
decision is made. 

Steps In A Utility-Cost Analysis 

The process of system evaluation by the utility-cost tech
nique can be stated as a series of finite steps that are ordi
narily performed at the committee level. These are 

• Definition of goals and subgoals. 
• Weighting of goals. 
• Weighting of subgoals. 
• Utility rating. 
• Utility-cost analysis. 

These steps are explained and individually applied to the 
example freeway. 

Define Goals 

Goal definition is the selection of broad categories that 
reflect long-range overall management desires for a ramp 
control system. These goals should be stated in such a 
manner that they are (E-16): 

1. Distinct ( i.e., one not implying any of the others). 
2. Independent (i.e., the achievement of one not influ

encing or affecting the achievement of any of the others) . 
3. Noncontradictory (i.e., the achievement of any com

bination of objectives not being impossible). 
4. Additive (i.e., the achievement of each objective add

ing to the total desirability regardless of the achievement of 
other objectives) . 

When formulating the goals, it is not important that they 
be listed in any particular order of importance because this 
will be done later. A set of goals which could be applied 
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to the example freeway is listed as follows; other goals 
could also be applicable. It is noted that each agency would 
be expected to have a different set of goals that specifically 
applies to its particular needs. The following goals are typi
cal of a set that would be applicable to a ramp control in
stallation, but are not necessarily applicable to all situations. 

Goal I-Traffic Operations. The primary goal of the 
ramp control system for the example freeway is to improve 
traffic operations. This includes the following considera
tions: (1) reduce total delay to the motorist; (2) maintain 
level-of-service D, or better; and reduce stop-and-go con
gestion. 

Goal 2-Safety. A goal is to improve safety on the 
example freeway, which has a high accident rate on both 
the main lanes and ramps. This seems to be due to the 
given combination of congestion and geometrics. The in
troduction of ramp control will reduce the likelihood of 
certain accident scenarios. 

Goal 3-lmplementation. A goal is to minimize the per
turbations associated with the implementation of a freeway 
ramp control system. Factors that are of concern for the 
example freeway are: 

• Disruption of traffic-The state of congestion is such 
that even minor construction activities would severely affect 
peak operation. 

• Time frame-Operational improvement is needed 
now. A short installation period is desirable. 

• Training of operational personnel-It is desirable to 
train existing personnel to operate and maintain the ramp 
control system. A training program will be required. 

Goal 4-0perating Factors.-A goal is to meet the 
needs of daily operating requirements. It is recognized that 
the installation of a ramp control system on the example 
freeway represents a definite operating commitment each 
weekday. Similarly, a commitment of service personnel 
will be required to provide maintenance. The factor of 
equipment maintainability is of major concern, as is the 
relationship of timely outage response which is linked to 
the freeway management goal. A capable, responsible, and 
continuing maintenance program is vital to the success of 
the operation. 

Goal 5-Freeway Management. A goal is to provide 
management of the freeway system. The ramp control 
system for the example freeway will be the first one under 
the jurisdiction of the operating agency. It is felt that the 
highly congestive state could have been better anticipated 
if a better freeway management plan had been in effect. 
With this new installation, the agency plans to implement 
a new management procedure that will better serve opera
tional needs. Additionally, the system should have a good 
capability for expansion. 

Goal 6-0perational Efficiency. A goal is to achieve an 
operationally efficient traffic handling capability. The pro
posed ramp control system should handle existing traffic 
patterns and traffic fluctuations of the example freeway in 
an efficient manner. An inventory of traffic operation has 
produced detailed information on the congestion problem, 
and any corrective measures should, at a minimum, handle 
existing needs. 
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Assign Weight to Goals 

The next step is to develop a numerical weighting of the 
goals, generally accomplished in a group session attended 
by representatives of all system phases, such as manage
ment, design, construction monitoring, acceptance testing, 
operation, and maintenance. The session should be char
acterized by an open discussion of the goals so as to clearly 
impart the full meaning of each goal definition. Each par
ticipant is asked to assign an importance rating to each of 
the goals on a scale of 1 to 100, where the most impurtanl 
goal would have a weight of 100 and decreasing values are 
assigned to the other goals based on an estimate of their 
relative importance to each other. This can be accom
plished by ballot or round-table voting on each goal. The 
chairman tallies the votes (including his own) and aver
ages the weights 

With ~ single weight (still on a scale of 1 to 100) now 
achieved for eabh goal, the goals can be listed in order of 
highest to lowest weight. The list should be reviewed for 
reasonableness of relative weights. The weights should be 
refined as appropriate, with a conversion of the final 
weights to percentages by totaling the weights, dividing 
........... L - - •!-- L ..... L_ ""-"-1 __ .J ____ 1 ... :_1 .. : __ ---LL •. 1nn 
'C4\.,U ld.llllci, uy UU::: LUUU, dllU UlUlUplJ1110 c;a.\...11 UJ -1VV. 

For the example freeway, the goal weights given in Table 
E-22 were initially established. 

The goals for the example freeway were reordered by 
descending numerical weight as given in Table E-23. 

In reviewing Table E-23, it quickly became apparent that 
the tendency had been to assign weights too high for all but 
the most important goal. The percentage rating for goal 1, 
Traffic Operations, was only 31 and this pointed out the 
problem. At the same time, however, it was felt that the 
relative ordering of the goals was correct. 

At this point it was necessary to apply the technique 
mentioned in Barish (E-16) for improving the reliability of 
the ratings. This technique is a method for refining goal 
weights by measuring the importance of each goal relative 
to the combined importance of all succeeding goals. The 
results given in Table E-24 were obtained after reassigning 
the goal weights. 

TABLE E-22 

EXAMPLE FREEWAY INITIAL GOAL WEIGHT 
ASSIGNMENT 

Goal We ight 

1. Traffic Operations 100 

2. Safety 30 

3. Implementation 10 

4. Operating Factors 40 

5. Freeway Management 60 

6. Operational Efficiency 80 

TABLE E-23 

EXAMPLE FREEWAY GOALS ORDERED BY WEIGHT 

Goal W2 i :;iilt Percentage 

.l\, Traffic Operat i,Jn~ lOD 31 

fl. J;:.ierat ion al ':ff i c i ency f31J 25 

r:. Frei;•Nay ~an .1ge nenc_ .'j'.) 19 

0. Op~rat ing F de tors 40 13 

E. Safety 30 9 

F. !mp l ernen tat ion 10 3 

Totals 320 100 

TABLE E-24 

EXAMPLE FREEWAY REVISED GOAL WEIGHT 
ASSIGNMENTS 

Goal Weight Percentage 

A. Traffic Operations 150 34 

(<<30+60+40+30+10) 

B. Operational Efficiency l.00 23 

(<60+40+30+10) 

C. !"reeway Manage:nent l()Q 23 

(>40+30+10) 

D. Operating Factors 60 14 

(>30+10) 

E. Safety 20 4 

( >10) 

F. Implement ation 10 2 

Totals 440 100 

Assign Weight to Subgoals 

The subgoals provide a clarification of what is included 
in each goal and thus form a specific definition of each 
goal. A weighting of subgoals provides an indication of the 
percentage contribution of each subgoal to its respective 
goal. 

For each established goal, a list of subgoals should be 
developed. Subgoals should be directly applicable to their 
respective goals; and represented by a qualitative rating ac
cording to control mode. Such a representation of subgoals 
for the example freeway is given in Table E-25. 

The next step is identical to that of weighting the goals, 
except that it is successively applied to each group of sub-



goals. Subgoal weights for the example freeway were es
tablished as shown in parenthesis to the right of each sub
goal in Table E-25. 

Because the subgoal ratings are achieved independently 
as a group relating to a specific goal, there is the possibility 
of losing sight of the relative rating of the entire body of 
subgoals to one another. This final corrective measure is 
effected by developing an ordered list of all the subgoals by 
normalized weight. The normalized weights are achieved 
by multiplying 100 times the percentage weight of the sub
goal by the percentage weight of its respective goal. Such 
an ordered list for the example freeway is given in Table 
E-26. At this stage the fundamental components of the 
decision process are documented by relative importance 
and can be reviewed on a global basis. Final adjustment 
of the subgoal ratings is made from this list and updates 
are applied accordingly. 

Utility Rating 

This step evaluates the relative ability of each control 
mode to satisfy the subgoals established by the agency. The 
previous steps have been involved in establishing the defini
tion and relative importance of the goals and subgoals, and 
now it is time to link the subgoals with the candidate con
trol modes. This is accomplished on a subgoal by subgoal 
basis by asking the following question : On a scale of 1 to 
10, how well does the candidate mode meet this subgoal? 
The total result is an internal rating of the relative ability 
of the three control modes to meet the agency's needs . 
From this, the total utility can be derived. 

Tables E-27 through E-32 give the weighted utility val
ues for each of the goals for the example freeway, and the 
overall utility values for each of the control modes are 
given in Table E-33 . 

Utility-Cost Analysis 

A method that relates utility versus cost completes the 
utility analysis. The utility-cost ratios for the candidate 
modes are given in Table E-34, and incremental utility-cost 
ratios are given in Table E-35. Figure E-32 graphically 
depicts the comparison of cost with utility for each of the 
candidate modes. The utility cost ratio is represented as the 
slope of a line from the origin to the utility cost inter
section. Kay (E-17) suggests the enclosure of the point of 
intersection with a box to illustrate the degree of accuracy 
of the utility measurement. The utility cost ratio increases 
as the slope of the line approaches the utility axis. 

From Table E-34, the utility-cost ratios for pretimed, 
local actuated, and system configurations are 0.48, 0.60, 
and 0.33, respectively. From Table E-35, the incremental 
utility cost ratios are 0.92 from pretimed to local actuated, 
and 0.26 from pretimed to system. This indicates that a 
local actuated configuration is appropriate for the example 
freeway, because its respective utility-cost ratio is the high
est (0.60) of the three choices. The incremental utility cost 
ratio from pretimed to local actuated approaches unity, 
which is desirable. Because the pretimed configuration has 
a utility-cost ratio of 0.48, the incremental investment re
quired to go from pretimed to local actuated is twice as 

TABLE E-25 

EXAMPLE FREEWAY GOALS AND SUBGOALS 

1. T,-dffic Qperat ions (34%) 

• Reduce freettay delay to th~ 1T10tor ist 

• :.\,iint.ain Level of Service 0 

, Reduce ·;top .:ind go congest ion 

2. Safety (4%) 

1 Reduce freeway ace idents 

1 Reduce ra,np/merging accidents 

3. Implementation (2%) 

t Oisruption of traffic during co11struct ii)'l 

• Time frarne of installation 

1 Training of operational personnel 

4. ,'Jperat ing FactJrs ( 14%) 

t :::quiprnent 5ii:1pl ic ity 

• Level of equ i ;::i n,~n ~ ir1a i 11t~nance 

S . Freeway Manage;nen\ (23%) 

t AccoffllwJdate futuf"e dea,ands (expansion 

• Redistribute delay/demand 

• Oefef" capital i:npf"DV~rient 

t Provide traffic operat ion s urveillance 

• (mprove dCcident/iricident respons~ 

, Facilitate data collection 

, ;Jrovide equipment surveillance 

• Provide driver information 

• Coor-dinate with car"ridor signal syst;.e111s 

6. Op~r"dti,111al Hfici~ncy (23%) 

• Responsiveness ~'J fl0·n1 instability 

1 Responsiv~'l~ss to incidents 

• Vari at ion or P'=dk start/end times 

, ~~sponsiveness to fluctuating de.11 and 

, Adjustment of 1netering rates 

• Responsiveness to traffic pattern changes 

( 7,)) 44 

( 5~) 31 

I 40) 25 

100 

(100) 57 

( 75) ...il 
100 

( 60) 46 

I 30) 23 

( 40) ..l!. 
100 

I i\3) 38 

( 100) _E_ 

100 

( 50) 9 

( 30) 14 

( 30) 

I 35) 

( 60) 11 

( 40) 

I so) 14 

( 75) 

( 40) 

( 75) 

I SO) 

( 50) 

( 30) 

(100) 

( 75) 

13 

..ll 
100 

16 

14 

14 

27 

21 

100 
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desirable (0.92/ 0.48) of that of investment in the pretimed 
configuration. 

Note that the introduction of intangible benefits through 
the utility-cost analysis did improve the relative desirability 
of a system versus local actuated configuration. Using in
cremental benefit-cost ratios, it is seen that a local actuated 
configuration is 4.6 times ( 6.4/ 1.4, from incremental 
benefit-cost analysis of example freeway section) more de
sirable than a system configuration. Using incremental 
utility-cost ratios, a local actuated configuration is 3.5 times 
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TABLE E-26 

ORDERED LIST OF EXAMPLE FREEWAY SUBGOALS 

!. Reduc e freeway deloy t.o th~ motori s t 

2 . Ma i nt ain Level of Ser vice D 

3. Level of equipment maintenance 

4. ~educe stop and go congesL ion 

5. Adjustment of metering rates 

6. Equipment s imp 1 ic ity 

7. Re spons iveness to traffic pattern changes 

8. Re sponsiveness to flow instability 

9. Accommodate future demands 

10. Responsiveness to· incidents 

11. Variation of peak start/end times 

12. Fac ilitate data collection 

13. Coordinate with corridor signal systems 

14. Proviae equipment survei11d11Lt: 

15. Provide traffic aper at ion surve i 11 ance 

16. Reduce freeway accidents 

17. Provide management mechanism 

18. Responsiveness to fluctutat ing demand 

19. Reduce ramp/merging accidents 

20. Improve accident / incident response 

21. Provide driver 1nformat1on 

22. Redistribute delay/demand 

23. Defer capital improvement 

24. Traffic disrupt ion during construct ion 

25. Training of operating personnel 

26. Time frame of installation 

Norma 1 i zed 

15. 0 

10.5 

8.7 

o.~ 

6. 2 

5 . 3 

4.9 

3. 7 

3. 2 

3 .2 

3.2 

3.2 

3.0 

2.5 

2. 3 

2.1 

1.8 

1. 7 

1.6 

1.6 

1.4 

1.4 

0.9 

0.6 

0.5 

(0.92/0.26) more desirable than a system configuration. 
Why then does the system configuration not fare better 
when intangibles are being considered? The answer is that 
the utility-cost analysis is most appropriate when trying to 
decide between alternatives that have generally similar 
characteristics, such as between the pretimed and local ac
tuated configurations. When the system configuration is 
considered, however, many features are introduced that are 
not present in either of the other two configurations. The 
penalty for absence of a feature is not significant in the 
evaluation process. For example, consider the feature of 
being able to monitor equipment failure. The system con
figuration would have this feature by default, while the 
penalty for not having this feature would be a zero utility 
for that subgoal category, which would affect the overall 
utility-cost ratio very little. If this feature is absolutely 
required, the control system specifications would be used 

TABLE E-27 
GOAL 1 UTILITY RATINGS-TRAFFIC OPERATION 

SUBGOAL 00!:"TlM~O I Qf'l'll ArTIIAT~n SYSTEM 

SUBGOAL WEIGHT RATING,UTILITY RATING,UTILITY RATING , UTILITY 

Reduce freeway de1 r1y 44 6 264 B 352 9 396 

to the motorist 

1-laintain Level of 31 5 155 7 217 8 248 

Service D 

Reduce stop and go 25 6 150 8 200 9 225 

congest ion 

TOTAL UTILITY OF SUBGOALS 569 769 869 

GOAL WEIGHT • 34 .34 , 34 

GOAL UT I LI TY 193 261 295 

*Subgoal weight times subgoal rating. 

TABLE E-28 
GOAL 2 UTILITY RATINGS-SAFETY 

SUBGOAL PRETI MED LOCAL ACTUATED SYSTEM 

SUBGOAL WEIGHT RATING,UTILJ",Y RATING ' UTILITY RATINGIUTILITY 

Reduce freeway 57 2 114 4 226 6 342 

accidents 

Reduce ramp/merging 43 l 43 2 86 3 129 

ace idents 

TOTAL UTILITY OF SUBGOALS 157 314 471 

GOAL WEIGHT .04 .04 ,04 

GOAL l/TILITY 6 13 19 

.. Subgoa I weight times subgoal rating 



TABLE E-29 

GOAL 3 UTILITY RATINGS-IMPLEMENTATION 

SUBGOAL PRETI MED LOCAL AC TUA TED SYSTEM 

SUBGOAL WEIGHT RA TI NG I UT! LIT y RATINGIUTILITY RATING I UTILITY 

Disruption of 46 8 368 6 276 5 230 

traffic during 

construe ti on 

Time frame of 23 10 230 9 207 5 115 

installation 

Level of operational 31 10 310 10 310 5 155 

personnel 

TOTAL UTIL!TY OF SUBGOALS 908 793 500 

GOAL WEIGHT , 02 , 02 , 02 

GOAL UTILITY 18 16 10 

* Subgoal weight times subgoal rating 

as the method for obtaining particular equipment or per
formance characteristics. The sponsoring agency has this 
option to assure the inclusion of specific features. These 
guidelines, however, are presumed to be used as a pre
specification decision mechanism, the results of which will 
be used to choose a suitable control mode. 

SUMMARY 

The benefit-cost technique provides an objective assess
ment of costs versus tangible benefits of the three ramp 
control modes. The measurable differences in control 
modes are tangible, by definition. Based on cost differ
ences alone, the system mode of control fails to receive 
credit for the many intangible benefits provided. As cited 
by Bulman (E-19), the cost utility technique bridges this 
gap and provides a theoretically superior analysis by virtue 
of the fact that it takes all factors into account, not just the 
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TABLE E-30 

GOAL 4 UTILITY RATINGS-OPERATING FACTORS 

SUBGOAL PRETIMED LOCAL ACTUATED SYSTEM 

SUBGOAL WEIGHT RATING I UTILITY RATING IUTIL!TY RAT!t/GI UTILITY 

qui pment cornpl exity 38 9 342 9 342 5 190 

evel of equipment 62 9 558 8 496 4 248 

maintenance 

TOTAL UT! L [TY OF SUBGOALS 900 838 438 

GOAL WEIGHT .14 .14 . 14 

GOAL UTILITY 126 117 61 

* Subgoal weight times subgoal rating 

ones easily transformable to monetary units. To ensure the 
success of a cost utility analysis, it is essential that the users 
of the process be well informed regarding the advantages 
and disadvantages of the three control modes, that they 
understand the meaning of the utility measures, and that 
they are willing to base a recommendation on the struc
tured process involved in the cost utility procedure. The 
agency is responsible for setting pertinent goals in the pub
lic interest and using good engineering judgment to apply 
sound analysis techniques to evaluate a system which best 
meets these goals. This chapter completes the entrance 
ramp control guidelines. The evaluation and selection of 
an entrance ramp control mode is a process that will vary 
for each freeway site and will involve a considerable 
amount of engineering judgment. These guidelines present 
a logical framework for the evaluation and decision process 
and outline a methodology that will be very useful in guid
ing and quantifying the mode selection process. 
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TABLE E-31 

GOAL 5 UTILITY RATINGS-FREEWAY 
MANAGEMENT 

SUBGOAL PRET !MED LOCAL ACTUATED 

SUBGOAL WEIGHT RATINGIUTILITY RATINGlUTILITV 

Provide management 9 5 45 8 72 

mechanism 

Accommodate future 14 I 14 6 84 

demands 

Redistribute delay/ 6 4 24 5 30 

demand 

Defer capital 6 1 6 2 12 

improvement 

PrnvirlP tr;iffir. II 0 0 0 0 

operation surv . 

Improve ace i dent/ 7 0 0 0 0 

incident response 

Faci 1 i tate data 14 0 0 2 28 

collection 

Provide equipment 13 0 0 0 0 

survei 11 a nee 

Provide driver 7 0 0 0 0 

information 

Coordination w/ 13 LI u u u 

corridor signals 

TOT AL UT! LIT Y OF SUBGOALS 89 226 

GOAL WEIGHT • 23 • 23 

GOAL UT l L ITV 20 52 

SYSTEM 

RATING\ UT ILITV 

9 81 

8 112 

6 36 

3 18 

10 110 

8 56 

9 126 

10 130' 

10 70 

10 130 

869 

• 23 

200 

• Subgoal weight times subgoal rating 

TABLE E-32 

GOAL 6 UTILITY RATINGS-OPERATIONAL 
EFFICIENCY 

SUBGOAL PRET !MED LOCAL ACTUATED SYSTEM 

SUBGOAL WEIGHT RATING! UTILITY RATING! UTILITY RATING! UTILITY 

Responsiveness to 16 0 0 8 128 10 160 

fl ow i nstabil it.Y 

Responsiveness to 14 0 0 7 98 10 140 

incidents 

Variation of peak 14 0 0 10 140 10 140 

start/end times 

Responsiveness to 8 0 0 9 72 10 80 

fluctuating demand 

Adjustment of 27 4 108 8 216 10 270 

metering rates 

Responsiveness to 21 0 n 7 147 10 210 

pattern changes 

TOTAL UTILITY OF SUBGOALS 108 801 1000 

GOAL WEIGHT . 23 • 23 • 23 

GOAL UTILITY 25 184 230 

* Subgoal we'ight times subgoal rating 

TABLE E-33 

EXAMPLE FREEWAY UTILITY BY CONTROL MODE 

CONTROL MODE 

GOAL PRETIMED I LOCAL ACTUATED I SYSTEM 

1. TRAFFIC OPERATIONS 193 261 295 

2. SAFETY 6 13 19 

3. IMPLEMENTATION 18 16 10 

4. OPERATING FACTORS 126 117 61 

5. FREEWAY MANAGEMENT 20 52 200 

6. OPERATIONAL EFFICIENCY 25 184 230 

TOTAL UTILITY VALUES 388 643 815 



TABLE E-34 

EXAMPLE FREEWAY COST AND UTILITY 
SUMMARY BY CONTROL MODE 

PRESENT UTILITY/ 
COST* WORTH** UTILITY COST 

(Relative) 

PRETI MED 208,000 80,193 388 .48 

LOCAL ACTUATED 280,000 107,952 643 .60 

SYSTEM 640,000 246,748 815 . 33 

*Ten year cost including maintenance and operation, 
from Table E-8. 

**Ten year period at 10%. 

TABLE E-35 

EXAMPLE FREEWAY INCREMENTAL COST AND 
UTILITY SUMMARY 

PRETIMEO TO 
LOCAL ACTUATED 

PRETIMED TO 
SYSTEM 

INCREMENTAL 
COST 

27,759 

166,555 

INCREMENTAL 
UT! L !TY 

255 

427 

INCREMENTAL 
UTILITY /COST 

RATIO 
(Relative) 

• 92 

. 26 

800 
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UTILITY 

VALUE 

400 

200 
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Figure E-32. Example freeway utility cost comparisons by 
control mode. 

CHAPTER 11 

PROCEDURE FOR ESTIMATING 
INCREMENTAL FUEL-CONSUMPTION BENEFITS 

INCIDENT PEAK PERIODS 

Figure E-33 provides a graph that can be used to esti
mate the fuel-consumption benefits produced by responsive 
control during an incident peak period. One will note 
from this figure that these benefits are very minor and can 
actually be negative ( dis benefits) for a low level of con
trollability. Thus, it is recommended that no incremental 
fuel-consumption benefits be estimated for this type of peak 
period. 

SYSTEM REDUCTION PEAK PERIODS 

Figure E-34 provides a graph that can be used to esti
mate the annual incremental fuel-consumption benefits 
from responsive control for system reduction peak periods. 

Example-System Reduction Peak Periods. In the ex
ample freeway used, there were no system reduction peak 
periods. Thus, no estimate of incremental benefits will be 
made for this type of peak period. 

INCIDENT PLUS SYSTEM REDUCTION 

Figure E-35 provides a graph that can be used to esti
mate the annual incremental fuel-consumption benefits for 
incident plus system reduction peak periods. 

Example-Incident Plus System Reduction. The exam
ple freeway has 20 incident plus system reduction peak 
periods annually. Also the example freeway has a total fuel 
consumption of 1251.7 gal in a nominal peak period, a 
controllability index of 1.22, and 1.00 incidents per peak 
period. Figure E-35 indicates for each incident plus system 
reduction there is an average 0. 7 percent incremental bene
fit for local actuated control and a 1.3 percent incremental 
benefit for system control. The annual fuel-consumption 
benefits for either mode are thus estimated as follows: 

Incremental benefits = (20) 0487.2 ) (1.00) (0.007) 
local actuated control 

= 208 gal per year 
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Figure E-33. Incremental reduction in fuel consumption
incident peak period. 
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Figure E-34. Incremental reduction in fuel consumption
system reduction peak period. 
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Figure E-35. Incremental reduction in fuel consumption-inci
dent plus system reduction peak period. 

Incremental benefits = (20) (1487.2) (1.00) (0.01.3) system control 
= 387 gal per year 

DEMAND INCREASE/DECREASE 

Figure E-36 provides a graph that can be used to esti
mate the annual benefits for demand increase peak periods. 
One will note that these benefits are negative, leading to the 
conclusion that there will actually be increased fuel con
sumption with the responsive modes. 

Figure E-37 provides a graph that can be used to esti
mate the annual benefits for demand decrease peak periods. 
These benefits roughly offset the disbenefits that result from 
a demand increase peak period. Because there will usually 
be as many demand increase peak periods as demand de
crease peak periods, these benefits/ disbenefits offset each 
other and so are eliminated from consideration. 

FLUCTUATING DEMAND 

Figure E-38 provides a graph that can be used to esti
mate the annual benefits for fluctuating demand peak 
periods. 

Example-Fluctuating Demand. In the example free
way, every peak period when control is used is expected to 
have a fluctuating demand. Thus, 250 peak periods per 
year will be used. Figure E-38 indicates a 0.05 percent 
incremental benefit for either mode of control. The annual 
benefits for either mode are thus as follows: 

Annual benefits-reduced 
fuel consumption (local = (250) (1487.2) (0.005) 
actuated or system) 

= 1859 gal per year 

TOTAL ANNUAL FUEL-CONSUMPTION BENEFIT
ALL PEAK TYPES 

The total annual incremental fuel-consumption benefit 
of each responsive control mode can be estimated by sum
ming the benefits estimated for each of the peak types. 

Example-Total Benefits. Table E-36 summarizes the 
fuel-consumption benefits from responsive control for the 
various peak types. 

TABLE E-36 

ANNUAL INCREMENTAL FUEL-CONSUMPTION 
BENEFITS OF RESPONSIVE CONTROL MODES
EXAMPLE FREEWAY 

Pedk Period T.i:2es 

l. Incident 

2. Sys tern Reduction 

3. Incident Plus 
System Reduct ion 

4. Demand Increase 

5. Demand Decrease 

6. Fluctuating Demand 

Annual Totals: 

Annual Incremental Benefits (gal) 

Local Actuated 
Contra l 

a 

208 

1859 

2067 

System Control 

0 

387 

~ 

2246 
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Figure E-36. Incremental reduction in fuel consumption
demand increase. 
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Figure E-38. Incremental reduction in fuel consumption
fluctuating demand. 

Incremental 

Reduction In Fuel 

Consumption {%) 

95 

4 -

3 -

2 -

---- ------ . ·L-,:: = s------~s: 
0 

~ •--Example 
' 

0.4 0.8 1.2 1.6 2.0 
Controllability Index 

~egend: 
S = System control mode 
L = Local Actuated 

control mode 

Figure E-37. Incremental reduction in fuel consumption
demand decrease. 

CHAPTER 12 

PROCEDURE FOR ESTIMATING 
INCREMENTAL VEHICLE EMISSIONS BENEFITS 

INCIDENT PEAK PERIODS 

Figures E-39, E-40, and E-41 provide graphs that can be 
used to estimate the annual benefits of responsive control 
during incident peak periods. Note that separate graphs 
are provided for hydrocarbon (HC), carbon dioxide (CO), 
and nitrogen oxide (NOx) emissions. Note also that one 

may encounter negative benefits ( or disbenefits). This is 
especially true for NOx emissions which are increased by 
the use of responsive control. 

Example-Incident Peak Periods. Using the example 
freeway with a controllability index of 1.22, the percent 
benefits for emissions during incident peak periods are 
given in Table E-37. 
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Figure E-39. Incremental reduction in HC emissions-incident 
peak period. 

8 -

Incremental 6 . 

Reduction In CO 
4 -

Emissions (%) 

2 -

0 
0.4 0.8 1.2 1.6 2.0 
Controllability Index 

Legend: 
S = System control mode 
L = Local Actuated 

control mode 
Figure E-40. Incremental reduction in CO emissions-incident 
peak period. 
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Figure E-41. Incremental reduction in NOz emissions-incident 
peak period. 

The example freeway has 82 incident peak periods per 
year and the nominal peak period emissions are HC: 80 kg, 
CO: 772 kg, and NO"': 127 kg. The annual benefits can be 
calculated as follows: 

HC = (85) (80) (0.002) = 13.6 kg annually 

Using this procedure, estimates for each emission compo
nent are made and the results are given in Table E-38. 

SYSTEM REDUCTION PEAK PERIIJDS 

Figures E-42, E-43, and E-44 provide graphs that can be 
used to estimate the emission benefits of responsive control 
during a system reduction peak period. 

Example-System Reduction Peak Periods. The exam
ple freeway has no periods of this type and thus these 
benefits are not estimated. 

INCIDENT PLUS SYSTEM REDUCTION 

Figures E-45, E-46, and E-47 provide graphs that can be 
used to estimate the emission benefits of responsive con
trol during an incident plus system reduction peak period. 

Example-Incident Plus System Reduction. The graphs 
in Figures E-45, E-46, and E-47 can be used to obtain the 
values given in Table E-39. 

TABL~ E-37 

EXAMPLE FREEWAY EMISSIONS PERCENT 
INCREMENTAL BENEFITS-INCIDENT 
PEAK PERIODS 

Percent Incremental Benefits 

Emissi ons Loca 1 Actuated 
Component Centro 1 

HC 0.2 

co 1. 3 

NOx -4. 9 

TABLE E-38 

EXAMPLE FREEWAY EMISSIONS ANNUAL 
INCREMENTAL BENEFITS-INCIDENT 
PEAK PERIODS 

System 
Control 

1.1 

2.4 

8.0 

Annual Incremental Benefits(kg) 

Emissions Local Actuated System 
Componenl Contra l ~ 

HC 13.6 74.8 

co 853.0 1574.9 

NOx -528.9 -863.6 
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Legend: 
S System control mode 
L = Local Actuated 

control mode 
Figure E-42. Incremental reduction in HC emissions-system 
reduction peak period. 
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Legend : 
S = System control mode 
L = Local Actuated 

control mode 
Figure E-43. Incremental reduction in CO emissions-system 
reduction peak period. 
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Legend: 
S System control mode 
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Figure E-44. Incremental reduction in NO"' emissions-system 
reduction peak period. 
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Legend: 
S System control mode 
L = Local Actuated 

control mode 

Figure E-45. Incremental reduction in HC emissions-incident 
plus system reduction. 
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Legend: 
S System control mode 
L = Local Actuated 

control mode 
Figure E-46. Incremental reduction in CO emissions-incident 
plus system reduction. 
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Figure E-47. Incremental reduction in NOz emission-incident 
plus system reduction. 
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The example freeway has 20 incident plus system reduc
tion peak periods per year with 1.00 incidents per peak 
period. The annual incremental benefits are calculated as 
follows: 

HC = (80) (20) ( 1.00) (0.039) = 62.4 kg annually 
(local actuated) 

Using this computational procedure, the annual incremen
tal benefits were estimated as given in Table E-40. 

DEMAND INCREASE 

Figures E-48, E-49, and E-50 provide graphs that can be 
used to estimate the annual emission benefits from the use 
of responsive control during demand increase peak periods. 

Example-Demand lncrea.te. The example freeway has 
83 demand increase peak periods per year. The percent 
incremental benefits are given in Table E-41. Annual in
cremental benefits were estimated as given in Table E-42. 

DEMAND DECREASE 

Figures E-51, E-52, and E-53 provide graphs that can be 
used to estimate the annual emission benefits from the use 
of responsive control during demand decrease peak periods. 

TABLE E-39 

EXAMPLE FREEWAY EMISSIONS PERCENT 
INCREMENTAL BENEFITS-INCIDENT PLUS 
SYSTEM REDUCTION 

Emissions 
Component 

hC 

co 

NDx 

Incremental 

Reduction In HC 

Emissions (%) 

Percent Incremental Benefits 

Local Actuated System 
Control ~ 

3.9 4.1 

14.0 15.9 

-18.0 -16 .5 

0 

-1 - t -------~ ---------~,~~~~-
' -2 - I 

-3 -

-4 -

I 
1-Example 

0.4 0.8 1.2 1.6 2.0 
Controllability Index 

Legend: 
S = System control mode 
L = Local Actuated 

control mode 

Figure E-48. Incremental reduction in HC emissions--demand 
increase. 

Example-Demand Decrease. The example freeway has 
83 demand decrease peak periods per year. Using Figures 
E-51, E-52, and E-53 with the basic computational pro
cedure, emission benefits were estimated as given in Table 
E-43. 

FLUCTUATING DEMAND 

Figures E-54, E-55, and E-56 provide graphs that can be 
used to estimate the annual emission benefits for the use of 
responsive control during fluctuating uemaud peak periods. 

Example-Fluctuating Demand. For the example free
way, it is estimated that every peak period in which control 
is used will also be a fluctuating demand peak period. 
Thus, there are 250 such periods per year. Using Figures 
E-54, E-55, and E-56, emissions benefits were estimated as 
given in Table E-44. 

TOTAL ANNUAL VEHICLE EMISSIONS BENEFITS 

The total annual vehicle emission benefits are the sum of 
the benefits resulting from the use of responsive control 
during each of the peak period types. 

Example-Total Benefits. Table E-45 summarizes the 
emission benefits for the example freeway: 

TABLE E-40 

EXAMPLE FREEWAY EMISSIONS ANNUAL 
INCREMENTAL BENEFITS-INCIDENT PLUS 
SYSTEM REDUCTION 

Emissions 
Co!!!Eonent 

HC 

co 

NOx 

Incremental 

Reduction In CO 

Emissions (%) 

Annual Incremental Benefits(kg) 

Loe a 1 Actuated Systems 
Control Control 

62.4 65.6 

2161.6 2455 .0 

-457 .2 -419 . l 

.o 
--- - - -~L.---._ 
- - - - ...,.--=-=--S ....:-___--.._ L 

-1 - -s I ----. -.......... -
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I 
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Legend: 
S = System control mode 
L = Local Actuated 

control mode 
Figure E-49. Incremental reduction in CO emissions-demand 
increase. 



TABLE E-41 

EXAMPLE FREEWAY PERCENT INCREMENTAL 
BENEFITS-DEMAND INCREASE 

Percent Incremental Benefits 

Emis sion s Local Actuated Systems 
Component Control Control 

HC -1.3 -1. 3 

co -0. 5 -0.9 

NOx -5 . 5 -5 . 0 

TABLE E-43 

EXAMPLE FREEWAY INCREMENTAL BENEFITS
DEMAND DECREASE 

Em issi ons 
Component 

HC 

co 

Emissions 
Component 

HC 

co 

TABLE E-45 

Percent Incremental Benefits 

Loca 1 Actuated Systems 
Control Control 

1.6 1.4 

2.5 1.8 

1.0 2. 5 

Annua 1 Incremental Benefits(kg) 

Loca 1 Actuated System 
Control ~ 

126.2 93.0 

1601. 9 1153.4 

105.4 263.5 

ANNUAL INCREMENTAL EMISSION BENEFITS OF 
RESPONSIVE CONTROL MODES--
EXAMPLE FREEWAY 

ANNUAL INCREMENTAL BENEF ITS (KG) 

Peak Per iod 
Types 

Incident 

System Reduct ion 

Inci dent Plus 
System Reduct ion 

Demand Incre ase 

Loe a 1 Actuated 
Control 

HC CO NOx 

13 .6 853 . 0 - 528.9 

62 .4 2161. 6 -457 . 2 

-86.3 -320 .4 -579 .8 

Fluctuati ng Demand ~ ~ 158. 8 

Annua l Total s 69 . 7 3659. 2 -1407 .1 

System 
Contro l 

HC CO NOx 

74.8 1574.9 -863.6 

65.6 2455. 0 -419.l 

-86.3 -576 . 7 -527.1 

J!Q..:.Q 772.0 190.5 

134. l 4225.2 -1619 .3 

TABLE E-42 

EXAMPLE FREEWAY ANNUAL INCREMENTAL 
BENEFITS-DEMAND INCREASE 
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Annual Incremental Benefits(kg) 

Emi ss ions Local Actuated System 
Component Contro l Control 

HC · -86.3 -86.3 

co -320. 4 -576 . 7 

NOx -579 . 8 -527 .1 

TABLE E-44 

EXAMPLE FREEWAY INCREMENTAL BENEFITS-
FLUCTUATING DEMAND 

Emissions 
Component 

HC 

co 

Emissions 
Component 

HC 

co 

Incremental 

Reduction In NOx 

Emissions (%) 

Percent Incremental Benefits 

Local Actuated System 
Control Control 

0.4 0.4 

0.5 0.4 

0.5 0.6 

Annua 1 Incremental Benefits( kg) 

Loca 1 Actuated System 
Control ~ 

80. 80 . 

965. 772 . 

158.8 190 . 5 

0 

_, \t 
-4 - ~ 
-6 

-8 
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Legend: 
S System control mode 
L = Local Actuated 

control mode 

Figure E-50. Incremental reduction in NO~ emissions-demand 
increase. 
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Legend: 
S System control mode 
L = Local Actuated 

control mode 

Figure E-51 . Incremental reduction in HC emissions-demand 
decrease. 
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S System control 
L = Local Actuated 

control 

2.0 

mode 

mode 

Figure E-52. Incremental reduction in CO emissions---demand 
decrease. 
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Legend: 
S = System control mode 
L = Local Actuated 

control mode 
Figure E-53 . Incremental reduction in NO, emissions-demand 
decrease. 
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Legend: 
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Figure E-54. Incremental reduction in HC emissions-fluctuat
ing demand. 
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Figure E-55. Incremental reduction in CO emissions-fluctuat
ing demand. 
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Figure E-56. Incremental reduction in NO, emissions-fluctuat
ing demand. 
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CHAPTER 13 

VARIOUS TABLES 

Tables E-46 through E-70 provide additional informa
tion that should facilitate use of these guidelines. For con
venience of the user they are listed by title as follows: 
Table E-46 Vehicle Types 
Table E-47 Value of Time by Vehicle Type and Driving 

Mode 
Table E-48 Running Costs for Vehicle Type 1 on Free

ways, by Level of Service and Average Speed 
Table E-49 Running Costs for Vehicle Types 2 and 4 on 

Freeways, by Level of Service and Average Speed 
Table E-50 Running Costs for Vehicle Type on Freeways, 

by Level of Service and Running Speed 
Table E-51 Derivation of Accident Cost Per Vehicle-Mile 
Table E-52 Idling Costs, by Type of Vehicle 
Table E-53 Running Costs on City Streets, by Vehicle 

Type and Uniform Speed 
Table E-54 Excess Running Costs of Speed Cycle Changes 

on City Streets for Vehicle Type 1, by Initial Speed 
Table E-55 Excess Runnning Costs of Speed Cycle Changes 

on City Streets for Vehicle Types 2 & 4, by Initial 
Speed 

Table E-56 Excess Running Costs of Speed Cycle Changes 
on City Streets for Vehicle Type 3, by Initial Speed 

Table E-57 Fuel Consumption Rates for Vehicle Type 1 
on Freeways, by Level of Service and Average Speed 

Table E-58 Fuel Consumption Rates for Vehicle Types 2 
& 4 on Freeways, by Level of Service and Average 
Speed 

TABLE E-46 

VEHICLE TYPES 

Vehicle Type 

Number 

2 

3 

4 

Vehicle Type Description 

Automobiles, pickups, and panel 
trucks (2-axle, 4-tire) 

Single-unit trucks (other than 
2-axle, 4-t ire) 

Truck-tractor-semitrailer or 
trailer combinations 

Buses 

Table E-59 Fuel Consumption Rates for Vehicle Type 3 
on Freeways, by Level of Service and Average Speed 

Table E-60 Idling Fuel Consumption, by Vehicle Type 
Table E-61 Fuel Consumption Rates on City Streets, by 

Vehicle Type and Uniform Speed 
Table E-62 Excess Fuel Consumption Rates for Speed 

Cycle Changes of Vehicle Type 1 on City Streets, by 
Initial Speed 

Table E-63 Excess Fuel Consumption Rates for Speed 
Cycle Changes of Vehicle Types 2 & 4 on City Streets 
by Initial Speed 

Table E-64 Excess Fuel Consumption Rates for Speed 
Cycle Changes of Vehicle Type 3 on City Streets, by 
Initial Speed 

Table E-65 Pollution Emission Rates of Vehicle Type 1, 
by Type of Pollutant and Average Speed (E-13) 

Table E-66 Pollution Emission Rates of Vehicle Types 
2 & 4, by Type of Pollutant and Average Speed 
(E-13) 

Table E-67 Pollution Emission Rates of Vehicle Type 3, 
by Type of Pollutant and Average Speed (E-13) 

Table E-68 Idling Pollution Rates, by Vehicle Type and 
Type of Pollutant (E-13) 

Table E-69 Motor Vehicle Accident Unit Costs Per 
Reported Accident 

Table E-70 Motor Vehicle Accident Rates, by Highway 
Type and Location of Accident 

TABLE E-47 

VALUE OF TIME BY VEHICLE TYPE AND 
DRIVING MODE• 

Vehicle In Moving Vehiclea In Stoeeed Vehicleb 

Type Driver Passenger Driver Passenger 

- - - - - - - -Dollars Per Hour- - - - - - - -

1 6.31 6.31 9.47 9.47 

2 11. 72 6. 31 18.21 9.47 

3 16.36 6.31 24. 54 9.47 

4 17 .66 6. 31 26 . 49 9.47 

au pd ate of values of time reported by Buffington and McFar l and 
in Texas Transportation Institute Research Report 202-2 (~) 
to January 1980. 

bRepresents 1.5 times the in vehicle values of time, and is 
based on waiting data reported in the 1977 AASHTO Redbook <!=!l. 
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TABLE E-48 

RUNNING COSTS FOR VEHICLE TYPE 1 ON 
FR.EEWA YS, BY LEVEL OF SERVICE AND 
AVERAGE SPEED • 

LEVEL OF SERVICE 

Aver oge Speed I A B C 0 E 

Miles Per Hourb - - - - - - Cents Per Vehic1e Mile- - - - - -
5 

10 

15 

20 

25 

30 9. 571 

35 9.512 9. 708 

40 9.694 9. 787 9.977 

45 9. 713 10.033 10.200 10 . 537 

50 9. 706 10. 056 10. 451 10. 770 

55 10.647 10.504 11.077 

60 10. 563 11. 081 

65 11. 268 

F 

40.693 

23.010 

17. 360 

14. 725 

13 .189 

12. 413 

9. 758 

•update of costs reported by Buffington and McFarlond in Texas 
Transportation Institute Research Report 202-2~)to January 
1980. 

bro convert from miles per hour to kilometers per hour., multiply 
by 1.609344. 

era convert from cents per mile to cents per kilometer, multiply 
by 0.6214. 

TABLE E-50 

RUNNING COSTS FOR VEHICLE TYPE 3 ON FREE
WAYS, BY LEVEL OF SERVICE AND RUNNING SPEED• 

LEVEL OF SERVICE 

Average Speed I A F 

Mil es Per Hourb - - - - - - Cents Per Vehicle Milec. - - - - -
5 306.167 

10 132. 349 

15 84.947 

20 65.049 

25 56 .442 

30 31. 980 49.898 

35 32. 305 33. 366 34. 730 

40 33. 594 34. 415 36 .177 

45 35. 301 36.668 37. 685 38 .185 

50 37 . 711 38.402 40. 294 41. 845 

55 40.299 42.651 45. 283 

60 44.472 46.901 

65 49.283 

•update of costs reported by Buffington and McFarland in Texas 
Transportation Institute Research Report 202-2 (~)to January 
1980. 

bro convert from miles per hour to kilometers per hour, multiply 
by 1.609344. 

tro convert from cents per mile to cents per kilometer, multiply 
by 0.6214. 

TABLE E-49 

RUNNING COSTS FOR VEHICLE TYPES 2 AND 4 
ON FREEWAYS, BY LEVEL OF SERVICE AND 
AVERAGE SPEED • 

LEVEL OF SERVICE 

Average Speed I A e C u E 

Miles Per Hourb - - - - - - Cents Per Vehicle Mi lec- - .. - - -

F 

5 113.307 

10 57 .891 

15 41.223 

20 33. 982 

25 30. 653 

30 21. 362 28. 945 

35 22. 413 22. 970 23.652 

40 23. 208 23. 512 24. 359 

45 23 .834 24. 596 25 . 087 25. 809 

50 24. 956 25. 239 26. 238 27 .067 

55 25 . 883 27. 067 23.388 

60 C.I ,OJ..C.. t..:3,UU~ 

65 30.081 

•update of costs reported by Buffington and McFarl~nd in Texas 
Transportation Institute Research Report 202-2 (E-20) to January 
1980. -

bro convert from miles per hour to ki 1 ometers per hour, multiply 
by l. 609344. 

tro convert from cents per mile to cents per kilometer, multiply 
by 0.6214. 

TABLE E-51 

DERIVATION OF ACCIDENT COST PER VEHICLE-MILE 

1. From Table A-25, an accident rate of 2.ti accidents per million 

vehicle-miles is noted for a 6-lane freeway . 

2. The following percentage distribution by accident severity is used 

~): 

.4% Fatal 

14 . 6% - Injury 

85.0% Property Damage Only. 

:J. rrom Table A-24, lhe u11il costs per reported accident by severity 

are 

$446,503 - Fatal 

$ 21,551 Injury 

$ 904 - Property Damage Only. 

4 . Thus, the average accident cost is 

= [$446,503( .004) + $21,551( .146) + $904( .85)] 

• $1786 + $3146 + $768 

= $5700. 

5. The average accident cost per vehicle mile at a rate of 2.6 

accidents/MVM is 

(2 .6) $5700 

1,000,000 

$. 01482. 



TABLE E-52 

IDLING COSTS, BY TYPE OF VEHICLE• 

Vehicle Type Idling Costs 

Cents Per Hour 
1 37.540 

2 & 4 78.214 
3 80.218 

aupdate of Costs reported by Buffington 
and McFarland in Texas Transportation 
Institute Research Report 202-2(E-20)to 
January 1980. 

TABLE E-53 

RUNNING COSTS ON CITY STREETS, BY 
VEHICLE TYPE AND UNIFORM SPEED• 

Vehicle Type 

Uni form Speed 2 & 4 

Miles Per Hourb --------Cents Per Vehicle Milec ______ 

19. 202 36 .497 66.960 

10 14. 556 28.608 46.590 

15 12. 866 25.627 39.345 

20 12. 022 24. 275 36.051 

25 11. 534 23. 834 34. 718 

30 11. 292 23. 969 34. 581 

35 11.276 24.528 35. 273 

40 11. 345 25. 357 36.896 

45 11. 544 26. 458 39.073 

50 11. 858 27. 829 41. 951 

•update of Costs reported by Buffington and McFarland in Texas 
Transportation Institute Research Report 202-2(~to January 
1980. 

bro convert from miles per hour to kilometers per hour, multiply 
by 1. 609344. 

era convert from cents per mile to cents per kilomet~r, multiply 
by 0.6214. 

TABLE E-54 

EXCESS RUNNING COSTS OF SPEED CYCLE 
CHANGES ON CITY STREETS FOR VEHICLE 
TYPE 1, BY INITIAL SPEED• 

Speed Reduced to and Returned From (MPH) 

!nit ial Speed Stop 10 20 30 40 

Miles Per Hourb ------------Cents Per Cycle Change----------

5 0.250 

10 0.545 

15 0.956 0.353 

20 1.457 o. 768 

25 2 .031 1.355 0.516 

30 2. 738 2.032 1.178 

35 3.580 2.886 2 .017 0. 794 

40 4.611 3.888 3.003 1. 795 

45 5.864 5.125 4.211 3.001 1.191 

50 7 .453 6.627 5.681 4.442 2.616 
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•update of Costs reported by Buffington and McFarland in Texas 
Transportation Institute Research Report 202-2 (E-20)to January 
1980. -

bro convert from miles per hour to kilometers per hour, multiply 
by 1.609344. 

TABLE E-55 

EXCESS RUNNING COSTS OF SPEED CYCLE 
CHANGES ON CITY STREETS FOR VEHICLE 
TYPES 2 & 4, BY INITIAL SPEED • 

Speed Reduced to and Returned From (MPH) 

Initial Speed Stop 10 20 30 40 

Miles Per Hourb ------------Cents Per Cycle Change----------

0.680 

10 1.668 

15 2. 930 1.036 

20 4.420 2.440 

25 6.232 4.145 1.602 

30 8.369 6. 232 3.627 

35 10. 927 8. 758 6.119 2 .395 

40 14.051 11.833 9.098 5.358 

45 17. 775 15 .492 12. 708 8.904 3.545 

50 22. 227 19.879 17 .014 13.161 7. 754 

•update of Costs reported by Buffington and McFarland in Texas 
Transportation Institute Research Report 202-2 (E-20)to January 
1980. --

bro convert from miles per hour to kilometers per hour, multiply 
by 1.609344. 
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TABLE E-56 

EXCESS RUNNING COSTS OF SPEED CYCLE 
CHANGES ON CITY STREETS FOR VEHICLE 
TYPE 3, BY INITIAL SPEED• 

Speed Reduced to and Returned From (MPH) 

Initial Speed Stop 10 20 30 40 

Miles Per Hourb ------------Cents Per Cycle Change----------

3 .001 

10 6.822 

15 11.256 6. 576 

20 17 .151 11. 601 

25 24.456 17. 208 7 .038 

30 33. 491 26.075 15. 789 

35 ~~. 599 37 .019 26. 598 10. 84 7 

40 65. 305 50.630 39. 955 24.129 

45 75 .125 67 .157 56. 342 40 .209 16.371 

50 95. 601 87. 425 76. 325 60.093 35. 965 

•update of Costs reported by Buffington and McFarland in Texas 
Transport at ion Institute Research Report 202-2 (~ to January 
1980. 

bro convert from mi 1 es per hour to kilometers per hour, mult ip 1 y 
by 1. 609344. 

TABLE E-58 

FUEL CONSUMPTION RATES FOR VEHICLE 
TYPES 2 & 4 ON FREEWAYS, BY LEVEL 
OF SERVICE AND AVERAGE SPEED • 

LEVEL OF SERVICE 

Average Speed I A B C D E 

Mil es Per Hourb ... - - - - - Gallons Per Vehicle Mi lee- - - - - -

5 

10 

15 

20 

25 

30 .1139 

35 . 1250 . 1281 

40 .1329 .1346 .1395 

45 .1412 .1457 . 1486 . 1528 

50 .1486 .1542 .1603 . 1634 

55 .1613 . 1687 .1769 

60 . 1782 . 1862 

65 

F 

.6765 

.3491 

.2249 

.1772 

.1635 

.1577 

.1319 

aBased on Fuel Consumption rates and fuel costs as a proportion 
of total costs as reported in the 1977 AASHTO Kedbook(!:!_) and on 
total costs reported by Buffington and McFarland in Texas Trans
portation Research Report 202 (E- 20) for Vehicle Types 3 a/Id 6. 

bro convert from mil es per hour to kilometers per hour, multi Pl Y 
by 1.609344. 

era convert from gallons per mile to liters per k i 1 ometer, 
multiply by 2.351. 

TABLE E-57 

FUEL CONSUMPTION RATES FOR VEHICLE TYPE 1 
ON FREEWAYS, BY LEVEL OF SERVICE AND 
AVERAGE SPEED • 

LEVEL OF SERVICE 

Aver age Speed I A 8 C D E f 

I-tiles Per Hourb - - - - - - Gallons Per Vehicle Mi lee_ - - - - -
5 . 3970 

10 . 1649 

15 . 1028 

?O ,0772 

25 . 0641 

30 . 0433 ,0574 

35 .0420 . 0428 . 0431 

40 .0426 .0429 . 0444 

45 .0427 . 0443 . 0450 . 0465 

50 .0438 .0454 .0471 .0486 

55 . 0468 . 0489 .0512 

60 . 0494 . 0519 

65 . 0567 

•Based on proportion of fuel cost to total cost at various speeds as 
reported in the 1977 AASHTO Redbook(~) and applied to total costs as 
reoorted in the Texas Transport at ion Research Institute Report 202-2 

(E-ZO)for vehicle types 1 and 2 in . 97 and . 03 pro port i ans, and then 
converted to fuel consumption rates by using the appropriate cost per 
gallon. The fuel costs of the latter report were originally based on 
the fuel consumption rates reported in NCHKP Keport 111, Highway 
Research Board, 1971 by Paul Claffey and Associates and in Reference 
(E-12). 

bro convert from mil es per hour to kilometers per hour, multiply by 
1. 609344. 

cTo convert from gallons per mile to liters per kilometer, multiply 
by 2.351. 

TABLE E-59 

FUEL CONSUMPTION RA TES FOR VEHICLE TYPE 3 
ON FREEWAYS, BY LEVEL OF SERViCE AND 
AVERAGE SPEED • 

LEVEL OF SERVICE 

Average Speed I A B C D E f 

Mi 1 es Per Hourb - - - - - - Gallons Per Vehicle Milec - - - -
5 3 .1346 

10 1. 5550 

15 .5660 

20 . 3786 

25 .2963 

30 .1567 . 2445 

35 . 1503 .1552 .1613 

40 . 1529 . 1566 .1646 

45 . 1613 .1676 . 1722 .1745 

50 .1778 .1860 . 1951 . 2026 

55 .1928 . 2041 . 2167 

60 . 2017 . 2128 

65 . 2208 

•Based on Fuel Consumption rates and fuel costs as a proportion 
of total costs as reported in the 1977 AASHTO Redbook(E-l)and on 
total costs reported by Buffington and McFarland in TernTrans
portat ion Research Report 202 (E- 20) after combining vehicle types 
4 and 5 in .26 and .74 proport ions, respectively. 

b10 convert from mi 1 ~s per hour to k i l ornet.ers per ho1.H", ml1 l tip ly 
by 1. 609344. 

era convert from gallons per mile to liters per kilometer, 
multiply by 2.351. 



TABLE E-60 

IDLING FUEL CONSUMPTION, BY VEHICLE TYPE • 

Vehicle Idling Fuel 
Type Consumption Rate 

Gallons Per Hour(!:_£) 

1 .370 

2 & 4 .650 

3 .400 

aro convert gallons per hour to liters 
per hour, multiply by 3.7854. 

TABLE E-61 

FUEL CONSUMPTION RATES ON CITY STREETS, 
BY VEHICLE TYPE AND UNIFORM SPEED 

Vehicle Type 

Uniform Speed 

I Type 1 Types 2&4 Type 3 

Miles Per Hour b ------Gallons Per MileC _____ 

5 .1025 .1096 .5099 

10 .0634 .1273 .2648 

15 .0511 .1075 .1861 

20 .0460 .0988 .1558 

25 .0436 .0947 .1300 

30 .0429 .0932 .1205 

35 .0434 .0936 .1125 

40 .0449 .0954 .1195 

45 .0460 .0988 .1271 

50 .0499 .1040 .1452 

aFuel consumption rates are based on those re
ported in Reference(E-;12), Passenger cars and 
commercial venicles, ,n proportions of .97 and 
.03 respectively, make up Type 1 vehicles. The 
2-S2 gasoline trucks and 3-S2 diesel trucks, in 
proportions of .26 and .74 respectively, make up 
Type 3 vehicles. 

bro convert miles per hour to kilometers per 
hour, multiply by 1.609344. 

era convert gallons per mi le to liters per kilo
meter, multiply by 2.351. 

TABLE E-62 

EXCESS FUEL CONSUMPTION RATES FOR SPEED 
CYCLE CHANGES OF VEHICLE TYPE 1 ON 
CITY STREETS, BY INITIAL SPEED 

seeed Reduced to and Returned From (MPH) 

Initial Speed Stop 10 20 30 40 

Mi 1 es Per Hour• ------------Gallons Per Cycle Changebc _____ 

5 . 00025 

10 .00101 

15 .00268 .00078 

20 .000438 .00202 

25 .00613 .00378 . 00135 

30 .00792 .00565 .00311 

35 . 00980 .00766 . 00524 .00198 

40 .01180 . 00986 .00753 .00474 

45 . 01399 .01228 . 01005 . 00750 . 00277 

50 .01647 . 01511 . 01287 .01046 , 00601 
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•To convert from miles per hour to kilometers per hour, multiply 
by 1. 609344. 

bro convert from miles per hour to kilometers per hour, multiply 
by 3. 7854. 

CFuel consumption rates are based on those reported in Reference 
(~j12). Passenger cars and commercial vehicles, in proportions of 
• and .03 respectively make up Type 1 vehicles. 

TABLE E-63 

EXCESS FUEL CONSUMPTION RATES FOR SPEED 
CYCLE CHANGES OF VEHICLE TYPE 2 & 4 
ON CITY STREETS, BY INITIAL SPEED 

seeed Reduced to and Returned From (MPH) 

Initial Speed Stop 10 20 30 40 

Mil es Per Hour• ------------Gallons Per Cycle Changebc _____ 

5 -
10 .00333 

15 . 00756 .00206 

20 .01179 .00554 

25 .01602 . 00972 .00333 

30 . 02025 .01389 .00750 

35 .02448 . 01805 . 01170 . 00447 

40 .02871 . 02220 . 01587 .00887 

45 . 03294 .02635 .01989 .01300 .00508 

50 . 03717 .03050 . 02389 .01697 .00945 

•To convert from miles per hour to kilometers per hour, multiply 
by 1. 609344. 

bro convert from gallons per cycle to 1 iters per cycle, multiply 
by 3 . 7854 . 

CFuel consumption rates are those reported 12-kip single unit 
trucks in Reference (E-12). 
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TABLE E-64 

EXCESS FUEL CONSUMPTION RATES FOR SPEED 
CYCLE CHA....NGF.S OF VEHICLE TYPR 3 ON 
CITY STREETS, BY INITIAL SPEED 

seeed Reduced to and Returned from (MPHl 

Initial Saeed Stoa 10 20 30 40 

Miles Per Houra ------------Gallons Per Cycle Changebc _____ 

5 .00112 

10 .00708 

15 .01735 • 00722 

20 .02866 .01820 

25 .04097 .03094 .01360 

30 .05430 .04440 .02843 

35 .06860 . 05865 .04349 .01929 

40 .08381 .07301 .05839 .03694 

45 .09990 . 08821 .07341 .05336 .02376 

50 .11682 .10429 .08867 .06916 .04312 

ara convert from miles per hour to kilometers per hour, multiply 
by 1.609344. 

bra convert from ga 11 ans per eye 1 e to liters per cycle, multiply 
by 3.7854. 

Cfuel consumption rates are based on those reported in Reference 
(l:::ll). Vehicle Type 3 rates represent gasoline trucks and 3-S2 
diesel trucks combined in .26 and .74 proportions, 
respectively. 

TABLE E-65 

POLLUTION EMISSION RATES OF VEHICLE TYPE 1, 
BY TYPE OF POLLUTANT AND AVERAGE SPEED' 

Type of Pollutant 

Average Speed l Carbon Hydro- Ni trogen 
Mon ox Ide Carbons Ox ides 

Mi 1 es Per Hourb ------------Grams Per MileC-----------

5 176 .3'7 12 .07 4.46 

10 95 .29 7 .07 4.06 

15 59. 96 5.35 3.80 

70 4~.40 4.3!1 3.% 

25 36.84 3.69 4.10 

30 30.35 3.21 4.25 

35 25.80 2.86 4.41 

40 22.62 2.63 4.57 

45 20.46 2.48 4. 72 

50 19.10 2.42 4. 77 

55 18.40 2.42 5.02 

60 18. 23 2.49 5.18 

alight duty gasoline automobiles and trucks are combined in .97 and 
• 03 proportions, respectively. 

bro convert from mi 1 es/hour to kilometers/hour, mu 1t iply by 1. 609344 . 

Cfo convert from grams/mile to grams/kilometer, multiply by 0.6214. 

TABLE E-66 

POLLUTION EMISSION RATES OF VEHICLES 
TYPE 2 & 4, BY TYPE OF POLLUTANT AND 
AVERAGE SPEED • 

Type of Po llutant 

Average Speed I Carbon Hydro- Nitrogen 
Monoxide Carbons Ox ides 

Miles Per Hourb --·----··---Grams Per Mi lee ___________ 

5 572.82 54.3~ 11.49 

10 328. 02 29.63 11.03 

15 237 .16 24.30 10.64 

20 191. 42 19.65 11.00 

25 159 .16 16.37 11.35 

30 136. 32 14.05 11. 70 

35 120.28 12.42 12.06 

40 109. 32 11. 31 12 .41 

45 102. 36 10.61 12 .76 

50 98. 72 10.25 13 .11 

55 98.07 10.20 13 .47 

60 100. 37 10.45 13.82 

a Represents heavy duty gasoline single-unit trucks and buses. 

b To convert from mi 1 es/hour to kilometers/hour, mu 1t i ply by 
1.609344. 

c To convert from grams/mile to grams/kilometer, multiply by 
0. 6214. 

TABLE E-67 

POLLUTION EMISSION RATES OF VEHICLE TYPE 3, 
BY TYPE OF POLLUTANT AND AVERAGE SPEED • 

Type of Pollutant 

Average Speed J Carbon Hydro- Nitrogen 
Monoxide CarbDBS Oxides 

Miles Per Hourb -----------·Grams Per Mi lee ___________ 

5 34.25 7 .37 29.83 

10 30.41 5.45 23. 65 

15 29.13 4.81 21.59 

20 25. 37 4.26 21. 92 

25 19.38 3.66 23.85 

30 15 .39 3.26 25.14 

35 12 .53 2. 97 26.03 

40 10.40 2. 76 26. 70 

45 8. 73 2. 59 27 .23 

50 7 .40 2.45 27 .66 

55 6.31 2 .34 28.00 

60 5.40 2.25 28.30 

•Represents heavy duty diesel trucks and buses . 

bro convert from mi 1 es/hour to kilometers/hour, multiply by 1. 609344. 

Cfo convert from grams/mi le to grams/kilometer, multiply by 0.6214. 



TABLE E-68 

IDLING POLLUTION RATES, BY VEHICLE TYPE 
AND TYPE OF POLLUTANT 

Type of Pollutant 
Veh ic 1 e 

Type I Carbon Hydro- Nitrogen 
Monox i de Carbons Ox !des 

------------Grams Per Mile--------------

1 a 14. 74 0.83 0.12 

2b 61. 72 3.68 0.33 

3c 00.64 0.32 1.03 

aBased on 1 ight duty vehicles and 1 ight duty gasoline trucks 
combined in proportions of .97 and .03, respectively. 

bRepresents heavy duty gasoline trucks and buses and is based on 
the ratio of Vehicle Type 2 to Vehicle Type l moving vehicle 
emission rates. 

cRepresents heavy duty diesel trucks and buses. 

TABLE E-70 

MOTOR VEHICLE ACCIDENT RATES, BY 
HIGHWAY TYPE AND LOCATION OF 
ACCIDENT 

Location of Accident 
Highway Type 

I Rural 
Urban 

Urban Metered 

--Per Million Vehicle-Miles--

Freeways 

4-1 ane 1.4 2.8 2. 5 
6-lane 1.3 2.6 2.3 
8-1 ane l.2 2.4 2. 2 

10-1 ane 1.1 2,2 2.0 
12-1 ane 1.0 2.0 1.8 
14-lane - 1.8 1.6 
16-lane - 1. 6 1.4 

Expressways 

2-1 ane 3.0 6.0 -
4-1 ane 2.8 5.6 -
6-lane 2.6 5. 2 -

Convent i ona 1 Highways 

Undivided 

2-1 ane 6.0 12.0 -
4-1 ane 5.6 11.2 -
6-1 ane 5.2 10.~ -

Divided 

4-1 ane 2.8 - -
6-1 ane 2.6 - -

Source : Texas Department of Highways and Public Transpor-
tation, ·Gu i de to the Highwa.l! EconOfflic Evaluation 
Model, Austin, Texas, February 197~. 

TABLE E-69 

MOTOR VEHICLE ACCIDENT UNIT COSTS PER 
REPORTED ACCIDENT 

Location of Accident 

107 

Severity of Accident 

I 
Rural Suburban Urban 

-----------Dollars Per Accidenta ________ 

Fata lb 566,103 506,304 446,503 

Injuryc 27,709 24,630 21,551 

Property Damage Only 1,264 1,084 904 

aeased on NHTSA accident costs adjusted for location usin~ 
CALTRANS accident cost data and then updated to January 980. 

b1ncludes direct accident costs and discounted gross future 
earnings which include future maintenance costs of the 
decedent. 

CJncludes direct accident costs as well as costs for pain and 
suffering, loss of earnings, and loss of services to home and 
family in partial or total disability accidents. 

Source: Amer lean Assoc lat ton of State Highwa.y and Transportat ton 
Offfc tals, A Manual on User Benefit Aaalvsts of Hiqhwav and 
Sus-Transit 1mpro1/emen~s 1new Keaooo•1, ... North Upltat 
S[reet, R. 11. Sul(e 225, Washington, O.C., 1977. 
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