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THE SANTA MONICA FREEWAY DIAMOND LANES:
FREEWAY ACCIDENT ANALYSIS

John W. Billheimer, Systan, Inc.

The Santa Monica Freeway Diamond Lanes, a pair of
concurrent-flow preferential freeway lanes for

buses and carpools linking the City of Santa Monica,

California with the Los Angeles Central Business
District (CBD), opened on March 16, 1976, and op-
erated amid much controversy for 21 weeks until
the U.S. District Court halted the project. One
of the most disturbing aspects of the project was
the high incidence of freeway accidents, which in-

creased by a factor of 2.5 times pre-project levels

when the barrier-free preferential lanes were op-
erating. This paper tabulates accident levels be-
fore, during and after the project; postulates and

analyses a number of hypotheses regarding potential

accident causes; compares the Santa Monica Freeway
accident history with that of other preferential

lane projects; and identifies the most likely caus-

es of the increased accident levels. This analy-
sis is part of a broader study of the Diamond Lane
Project sponsored by the Urban Mass Transportation
Administration's Service & Methods Demonstration
program.
cident rate included the distracting effect of in-
creased enforcement activities and the congestion
resulting from the removal of freeway lanes from
general use. However, it appears that the most
significant factor was the pronounced speed dif-
ferential between the free-flowing traffic in the
sparsely-occupied preferential lane and the stop-

and=go traffic in congested adjacent lanes, coupled

with the frequent lane changes made by vehicles
entering and leaving the freeway.The experiment in
Santa Monica raises serious questions about the
use of barrier-free preferential lanes.

The Santa Monica Freeway, which connects the City
of Santa Monica and downtown Los Angeles, is one of
the most heavily traveled freeways in the world, and

is served by a variety of sophisticated traffic devices,
including metered on-ramps with preferential entry pro-

visions at selected locations for two-person carpools,
a computerized surveillance system, and centrally-con-
trolled electronic displays. On March 15, 1976, the
median lane in each direction of a twelve-mile, eight-
lane segment of the Santa Monica Freeway was reserved
for the exclusive use o6f buses and carpools carrying
three or more occupants. The reserved lanes, known
locally as the Diamond Lanes, operated in each direc-

Factors contributing to the increased ac-

tion during the peak hours of traffic flow. No
barriers separated these lanes from the remaining
flow of freeway traffic. Implementation of the
Diamond Lanes was accompanied by the introduction
of a variety of express bus services and the opening
of three new Park-and-Ride lots in Western Los An-
geles.

The Santa Monica Freeway project marked the
first time preferential lanes had been created by
taking busy freeway lanes out of existing service
and dedicating them to the exclusive use of high-
occupancy vehicles. Although the Diamond Lanes en-
tailed no major physical modifications or construc-
tion on the freeway itself, they generated consider-
able physical and emotional dislocation among free-
way drivers and other residents of Los Angeles. The
first day of operations was disastrous, featuring
bumper-to-bumper traffic, long queues at on-ramps,
many accidents, outraged drivers, poor press notices
and derisive news commentary. As the project pro-
gressed, freeway performance improved somewhat and
both bus and carpool ridership increased, but ac-
cidents remained a problem and the climate of public
opinion and media reaction grew more hostile. The
preferential lanes operated amid much controversy
for 21 weeks until August 9, 1976, when Judge Mat-
thew Byrne of the U.S. District Court in Los Angel-
es halted the project and ordered additional envir-
onmental studies prior to its continuation.

Accident Statistics

Since the first week of operation, when fifty-
nine accidents were reported during Diamond Lane
operating hours, the total number of reported ac-
cidents dropped substantially, with an average of
eighteen accidents per week during the last month
of the project. Throughout the 21 weeks of the pro-
ject, 527 accidents were reported during peak oper-
ating hours for an average of 25 accidents per week.
This number is significantly higher than the average
rate experienced prior to the project. Figure 1 (1)
plots the average number of accidents occurring per
week during the years 1972 through 1975, along with
a week-by-week summary of accident levels during the
first seven months of 1976. The level of accidents
on the Santa Monica Freeway during the Diamond Lane
operating hours was more than double the rate exper-
ienced during the period immediately ‘preceding the



Figure 1. History of Freeway Accidents During
Peak Operating Hours.
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project, and more than two and one-half times the aver-
age rate experienced during the four years preceding
1976.

Trends Per Million Vehicle-Miles

Since accidents on the Santa Monica Freeway
rose at the time that vehicle mileage decreased, the
measured increases in accident levels are even more
striking when considered in the light of the common in-
dex, accidents per million vehicle-miles (MVM). During
the operation of the Diamond Lane project, the overall
accident rate was 5.1 accidents per MVM. Accidents in-
volving property damage only (PDO) averaged 3.9 acci-
dents per MVM, and injury accidents averaged 1.16 acci-
dents per MVM. The overall accident rate during the
Diamond Lane project period was 3.64 times the rate re-
corded during the same period of the previous year
(March 17 to August 12, 1975). This overall rate is
biased by the influence of unusually high accidents and
unusually low vehicle volumes during the early weeks of
the project. As the project progressed, accident levels
dropped while vehicle volumes increased, bringing about
a steady decline in the accidents/MVM measure, a decline
that was still continuing as the project ended. Follow-
ing the close of the demonstration, accidents dropped
below pre-project rates, emphasizing the role of the
Diamond Lanes in generating the observed accident in-
creases.
Breakdown By Severity, Time, Direction, Type, And
Location

Table 1 (5) compares accident levels on the Santa
Monica Freeway by severity, time, direction, type, and
location for two time periods: the 21 weeks of the dem-
onstration and a comparable 21-week period in 1975.

The three major categories of freeway accident
severity are: (1) fatal; (2) injury; and (3) property
damage only (PDO). Historically, few fatal accidents
have occurred on the Santa Monica Freeway during peak
operating hours--an average of one per year during the
few years between 1972 and 1976--and no fatalities oc-
curred during the Diamond Lane project. However, both
injury and PDO accidents increased markedly with the

Table 1. Accident Summary for Santa Monica Freeway
Before and During Diamond Lane Operation.
BEFORE DURING
3/17/75 to 8/8/75 SR T Bals
21 Weeks
8 Hours/Day Before 6/17
8 Hours/Day 7 Hours/Day After 6/17
Total % of Total $ of | % of
No. Total No. Total | 1975
Total Accidents 180 100% 527 100% 293%
ccadents/Week 8.6 25.1
Severity
;atEIxty 0 0% 0 0% 0t
Injury 50 27.8% 120 22.8% | 240%
a. Severe 3% 1 0.8%
b. Other
Visible 39% 46 38.3%
c. Complaint
of Pain 58% 73 | 60.8%
ngll’;"y Damage 130 72.2% a7 | 77.28 | 51
Time/Direction
Eastbound AM 51 28.3% 108 20.5% | 212%
Westbound AM 19 10.6% 65 12.3% | 342%
Eastbound PM 43 23.9% 178 33.8% | 414%
Westbound PM 67 37.2% 176 33.4% | 263%
Eastbound 94 52.2% 286 54.3% | 304%
Westbound 86 47.8% 241 45.7% | 280%
Type of Collision
Head-on 2 1.1% 2 0.4% | 100%
Sideswipe 23 12.8% 47 8.9% | 204%
Rear-end 122 67.8% 422 80.1% | 346%
Broadside 12 6.7% 9 1.7% 75%
Hit Object 13 7.2% 42 8.0% | 323%
Other 8 4.4% L3 0.9% 63%
Lane
Median 14¢ 6.9% 24 4.6% | 171%
Diamond Lane 55+ 27.0% 27 5.1% 49%
No. 2 Lane 29+t 14,2% 310 58.8% | 534%
No. 3 Lane 29++ 14.2% 51 9.7% 88%
No. 4 Lane 68+ 33.3% 33 6.3% 49%
Other 9t 4.4% 82 15.6% | 911%

+ Prior to the project, more than one location was recorded for
each accident when multiple collisions occurred. Hence, the total
number of Tane locations adds to a total greater than the number
of accidents.

++ Prior to the project, accident data did not distinguish between
the Humber 2 lane and the Number 3 lame. A total of 58 accidents
recorded in these median lanes have been split evenly between the
two lanes.

implementation of the Diamond Lanes, with injury ac-
cidents increasing by a factor of 2.4 over a similar
period in 1975 and by a factor of 2.5 over the aver-
age level recorded between 1972 and 1976. PDO acci-
dents increased by a factor of 3.1 over the average
recorded during the few preceding years.

Injury accidents may be further divided into
three subcategories: (a) severe; (b) visible injur-
ies; and (c) complaint of pain. Only one severe ac-
cident (slightly less than one percent of all injury
accidents) occurred during the Diamond Lane project,
while 38% of reported injury accidents entailed
other visible injuries, and 61% of injury accidents
resulted in complaint of pain. A sampling of injury
accidents occurring during 1975 shows a slightly
higher incidence of severe accidents (3% of all in-
jury accidents), but statistical tests give no basis
for concluding that the Diamond Lanes affected the
relative severity of injury accidents on the Santa
Monica Freeway.

Almost twice as many accidents occurred during
the evening peak as during the morning peak. The
dominance of the evening hours coincides with pre-
project experience. The greatest relative increase
in accidents by time and direction occurred in the
eastbound lanes during the evening rush hours. For
the corresponding period in 1975, 43 accidents oc-
curred in these lanes during the evening peak. Dur-
ing the evening Diamond Lane operating hours, 178



accidents occurred in this off-peak direction, an in-
crease of 314% over pre-project levels,

Rear-end collisions accounted for 80% of the acci-
dents recorded during Diamond Lane operating hours.
During a similar operating period in 1975, rear-end
collisions accounted for only 68% of all freeway acci-
dents. Thus, the relative incidence of rear-enders in-
creased significantly during the project, reflecting an
increase of stop-and-go conditions in the non-preferen-
tial lanes of the freeway.

In addition to the absolute increases in the number
of accidents occurring during project implementation,
certain changes occurred on the relative pattern of ac-
cidents. Perhaps the most notable was the marked in-
crease of accidents in the Number 2 lane adjacent to
the Diamond Lane. The number of accidents in the adja-
cent lane rose from under two accidents per week prior
to the project to 14.8 accidents per week during the
Diamond Lane operating hours, an increase of more than
13 accidents per week. The average increase in acci-
dents on the entire freeway during project implementa-
tion was on the order of 15 accidents per week. Thus,

a significant proportion of the overall increase in ac-
cidents was concentrated in the Number 2 lane.

Along the length of the project, most accidents
occurred on those easternmost sections of the freeway
near the CBD, where traffic volumes were highest. In
the eastbound lanes, however, the greatest relative in_
creases in accidents occurred farther from the CBD,
at ‘the point where cars from the San Diego Freeway
entered the flow of traffic. The highest percentage
of westbound accidents during both morning and eve-
ning hours, before and during the Diamond Lane project,
occurred near the CBD, at a point where vehicles from a
heavily used collector road and the Harbor Freeway en-
tered the flow of traffic.

Probable Accident Causes

A number of potential causes were identified in
an attempt to account for the observed increase in ac-
cident levels. These causes stemmed from a variety of
factors, including increased CHP presence, increased
congestion, the mechanics of Diamond Lane operation,
the novelty of the Diamond Lane concept, and exogeneous
events. The most prominent of these causes were listed
in the form of hypotheses and examined in the light of
available data. The remainder of this subsection dis-
cusses each of these hypotheses in the light of accident
statistics reported during the period of project imple-
mentation. Hypotheses:

Accidents were related to increased CHP deployment
and enforcement levels. The increased presence of the
CHP may have led to increased accident rates for either
of two reasons:

A. Minor accidents that previously would have gone
unreported were more likely to be reported if more CHP
units were present.

B. Increased ticketing rates led to gawking and un-
expected slowdowns, causing accidents.

Details of CHP personnel deployment and enforcement
activities before and after project implementation may
be found in the official evaluation report (-1 and
3 ). During the first week of the project, personnel
deployment levels on the Santa Monica Freeway were ap-
proximately double pre-project levels. This level was
reduced gradually over the demonstration period, so
that the average d eployment level over the early weeks
of the project was roughly 50% higher than normal. By
the thirteenth week of the demonstration, the level of
officer deployment approximated that experienced prior
to the Diamond Lane project.

In an attempt to discover the extent to which in-
creased CHP deployment and enforcement levels were re-
lated to observed accident increases, day-by-day corre-

lations of accidents with both deployment and en-
forcement levels were undertaken for the period fol-
lowing the implementation of the Diamond Lane pro-
ject. The results suggest that deployment and en-
forcement each had some small effect on accident le-
vels, but are inconclusive for determining which ef-
fects were greater. The very strong correlation be-
tween deployment and enforcement levels makes it dif-
ficult to separate the effects mathematically. If
overreporting were a significant factor in the acci-
dent increase, however, minor (PDO) accidents would
have increased at a more rapid rate than more serious
injury accidents. This did not occur. In the light
of the proportional increases in both major and minor
accidents, and the continued high level of accidents
once deployment had returned to normal, it appears
that any effect of increased CHP presence on Santa
Monica Freeway accident levels was more likely to be
a result of their ticketing activities than a result
of any tendency to overreport minor accidents.

Prior to project implementation, accidents, de-
ployment and enforcement levels were relatively low.
Following implementation, accidents increased marked-
ly, decreased, and settled at more than twice pre-
project levels. Deployment increased by a factor of
approximately 50% during the early weeks of the pro-
ject and returned to pre-project levels early in the
month of June. Enforcement activities, however, in-
creased dramatically with project implementation and
continued at levels well in excess of pre-project
experience. The number of citations and warnings is-
sued for Diamond Lane and entry ramp violations im-
mediately following project implementation was more
than four times the estimated number of citations is-
sued for other traffic violations prior to the pro-
ject. By the close of the demonstration, the total
number of enforcement contacts stemming from illegal
use of the Diamond Lane and Freeway on-ramps remain-
ed more than double the estimated pre-project level
for all traffic violations. Thus, the general pat-
tern followed by enforcement activities before and
during project implementation parallels the pattern
of accidents. These similar patterns, consisting of
a marked increase followed by a decline to a level
more than double pre-project levels reinforces the
hypothesis that enforcement activities could have
contributed to the increased accident level. It is
clear from air surveillance traffic reports and ob-
servation of Freeway operations that Freeway traffic
bunches up in areas in which tickets are being given.
This bunching leads to stop-and-go conditions con-
ducive to rear-end accidents.

Analysis suggests that it is unlikely that in-
creased CHP presence on the Santa Monica Freeway led
to any significant overreporting of accidents. It
appears, however, that the distracting effect of the
increased ticketing activities of the CHP may have
accounted for some slight portion of the higher ac-
cident rate.

Increased accidents are a direct result of in-
creased congestion resulting from the denial of a
lane to non-carpoolers. A comparison of accident lo-
cations with vehicle volumes along the Freeway re-
veals the not-unexpected finding that, in general,
the heaviest accident locations are found where ve-
hicle volumes are heaviest. The type of accident
most prevalent following project implementation--the
rear-end collision in the Number 2 lane--would typi-
cally accompany increased congestion in that lane.
Thus, the observed effects support the congestion
hypothesis, although they also support many of the
other proposed hypotheses.

No attempt was made to correlate measured conges-
tion by time of day with accidents occurring on that
day. The difficulty with this comparison is that ac-




cidents are all too frequently the cause of congestion,
and hence will go hand-in-hand with measured conges-
tion.

Although congestion undoubtedly contributed to the
increased accident rate, three arguments make it seem
unlikely that this factor is the primary cause of the
marked increase in accidents:

1. Ramp meters were adjusted to minimize the ef-
fects of congestion and permit relatively unobstructed
flow on the freeway. Speed runs made in the eastbound
direction showed that the adjustments to the metered
access ramps restored the non-preferential lanes to a
condition of flow approximating that in existence prior
to the initiation of ramp metering. Yet the average
accident rate on the freeway did not exceed ten acci-
dents per week during the two years prior to the intro-
duction of ramp metering. Congestion increases severe
enough to double the accident rate should have been re-
flected in slower operating speeds.

2. In the early months of 1967, the portion of the
Santa Monica Freeway between Arlington and LaBrea Aven-
ues was restriped to add a lane in each direction (4)-
The added eapacity was accompanied by a reported acci-
dent drop of 10%, and a 15% decline in the accident
rate per million vehicle-miles.

3. With the increase in carpool and bus ridership
and the concurrent shifting of some drivers to city
streets, the total number of vehicles per hour in each
of the non-preferential lanes actually dropped slightly
at several locations along the freeway.

Thus, if the demonstration project had simply taken one
lane of the freeway out of general use, it is unlikely
that the marked increase in accidents would have occur-
red.

Increased accidents may be traced to the barrier-
free operation of the Diamond Lanes at speeds well in
excess of the speeds in other lanes. The relative lack
of vehicles in the Diamond Lane made it possible for
vehicles using the lane to travel at speeds well in ex-
cess of the speeds in other, more cdngested lanes. On
the average, Diamond Lane vehicles traveled 12 miles
per hour faster than the general freeway traffic. This
speed differential is considerably higher than that ex-
perienced on other preferential lane projects having
no separation between reserved and non-reserved lanes.,
Observers have proposed that this condition may have
led to increased accidents for a number of reasons:

1. The speed differential made safe lane changes
more difficult to achieve. Motorists attempting to en-
ter the Diamond Lane had to enter a faster traffic
stream from a lower starting speed, while motorists at-
tempting to leave the lane had to slow and attempt to
find an opening in slower-moving traffic.

2. The ability to save time by using the Diamond
Lanes attracted violators who dodged in and out of the
lane unsafely, aftempting to stay one jump ahead of
the CHP.

3. Drivers in Lane 2 accustomed to the relative ab-
sence of vehicles on their left in the Diamond Lane,
caused accidents by using the preferential lane as a
safety valve to avoid rear-enders in their own lane.

4. The speed differential between the Number 2
lane and the faster adjacent lanes deluded the drivers
in the Number 2 lane into believing they could travel
faster than conditions in their lane allowed. Further,
since traffic conditions were different in adjacent
lanes, motorists received no cues from these lanes to

indicate how conditions in their own lane were changing.

The most promising sources of information regard-
ing the relative likelihood of the accident causes
postulated above are the individual accident reports
filed by CHP officers. Examination of these reports
provides several insights‘into the relative inci-
dence of these postulated causes.

The difficulty of changing lanes was often cited
as a dangerous aspect of Diamond Lane operation. An-
alysis of vehicle movements prior to collision shows
that the relative percentage of accidents in which
at least one of the vehicles was changing lanes re-
mained roughly the same before and during Diamond
Lane operation. During Diamond Lane operation, 9%
of all vehicles were changing lanes prior to the col-
lision, while the corresponding percentage during a
comparable period in 1975 was 9.3%.

Although the absolute number of lane-changing ac-
cidents increased markedly during Diamond Lane oper-
ation, the increase in other types of accidents was
just as great or greater. Significant changes were
noted in the relative percentage of accidents in
which the vehicles involved were slowing, stopping
or standing still prior to collision. These increas-
es reflect the increased incidence of rear-enders in
the Number 2 lane and the increased level of stop-
and-go traffic in all non-preferential lanes.

Attempts to verify the relative importance of
unsafe lane changes as a cause of accidents by tabu-
lating the actions of colliding vehivles involved in
the accident tend to be inconclusive. It is not un-
common for a vehicle changing lanes unsafely in con-
gested conditions to escape unscathed while leaving
a wave of braking vehicles in its wake that culmin-
ates in a rear-end collision well removed from the
scene of the initijal lane change. In such a case,
the drivers invelved in the collision are generally
aware only of the proximate cause of their accident,
and the accident report fails to record the lane
change that initiated the chain reaction. Thus, al-
though unsafe lane changes in and out of the Diamond
Lane might seem to provide a plausible explanation
for the observed increase in rear-end collisions in
Lane 2, it is impossible to verify this explanation
through a study of individual accident reports.

Early in the Diamond Lane demonstration, CHP of-
ficers noted that a few accidents were caused by vio-
lators dodging in and out of the preferential lane,
attempting to stay one jump ahead of a ticket. Ex-
amination of the 51 accidents occurring in the Dia-
mond Lane itself or on the median shows that at least
five of these accidents were caused by vehicles car-
rying fewer than three passengers making unsafe lane
changes. In three of these cases, the violators
had been observed by the CHP prior to the accident.

One possible cause of accidents in the Diamond
Lane itself was the sudden entry into the lane by
motorists in Lane 2 trying to use the preferential
lane as a safety valve to avoid rear-enders in their
own lane. It has been proposed that motorists in
Lane 2, used to comparative absence of vehicles on
their left in the Diamond Lane, may have moved sud-
denly into that lane in emergencies, posing a hazard
for faster moving traffic in the preferential lane.
If this was a serious cause of accidents, it should
show up in the reports of CHP officers.

A breakdown of 27 accidents occurring in the Dia-
mond Lane itself during the project shows that 13 of
these accidents, or 48%, were caused by vehicles
swerving into the lane to avoid trouble in their
own lane, and colliding with a Diamond Lane vehicle.
An additional nine accidents, or 33%, were caused by
unsafe lane changes made by vehicles facing no threat
in their own lane. The remaining five Diamond Lane
accidents, or 18%, were rear-end collisions between
vehicles already in the Diamond Lane.



Vehicles swerving into the Diamond Lane to avoid
rear-enders in their own lane were often out of con-
trol. In effect, they represented accidents about to
happen, and the final nature of the accident depended
only on whether there was an oncoming vehicle in the
Diamond Lane. On at least 13 occasions, drivers ori-
ginating in the Number 2 lane spun out to avoid rear-
enders and collided with the highway median driver.

On at least two other occasions, Diamond Lane drivers
were forced into the median by automobiles bailing out
of the Number 2 lane to avoid trouble. All of these ac-
cidents originated with stop-and-go conditions in the
Number 2 lane, even though they were not Treported as
accidents in that lane.

It seems clear that the combination of high Dia-
mond Lane speeds, when coupled with slow stop-and-go
traffic in the non-preferential freeway lanes, contri-
buted to the observed increase in accidents during the
Diamond Lane demonstration. The exact extent of this
contribution is impossible to determine. Under normal
operating conditions, an accident-related slowdown in
one lane generally results in a slowdown in all lanes.
Given the reserved nature of the Diamond Lane, however,
a slowdown in the remaining lanes usually just accentu-
ated the speed differential between the Diamond Lane
and the remainder of the freeway traffic. In recogni-
tion of the potential danger accompanying the juxtapo-
sition of high Diamond Lane speeds and congested, stop-
and-go traffic on the remainder of the freeway, Diamond
Lane bus drivers were instructed not to exceed the
speed of other freeway traffic by more than 30 miles per
hour. There is some evidence, however, that the driver
carpooling in the Diamond Lane failed to exercise such
prudence when other lanes had slowed to a halt due to
accidents or congestion.

The impact of the speed differential on accidents
was exacerbated by the need for carpoolers to exit at
many points along the freeway. The non-CBD orientation
of Los Angeles traffic meant that carpool drivers had
to slow and weave their way through stop-and-go traffic
to exit at many points along the freeway. Carpoolers
responding to the driver survey cited problems exiting
from the Diamond Lanes as the greatest single difficul-
ty .encountered in using the lanes. Accidents might
have been reduced somewhat if more drivers had followed
the preferential lane to the end, where merging prob-
lems were minimized. The sprawling, multi-centered
nature of the Los Angeles area, however, increased the
need for carpoolers to merge with slower traffic all
along the freeway, thereby increasing the safety hazard
associated with the inter-lane speed differential.

Accidents are caused by the novelty of the Diamond
Lane itself and the controversy surrounding it. The
novelty of the Diamond Lane concept and the controversy
surrounding it may have been a source of accidents for
several reasons:

1. Driver confusion and experimentation in the
early weeks of the project undoubtedly led to higher
accident levels.

2. Faster movement in the preferential lanes tended
to distract drivers in other lanes, making them more
susceptible to accidents.

3. Driver aggravation with the concept may have led
to reckless, aggressive driving.

There seems to be little doubt that the surge of ac-
cidents during the first two weeks of the project may be
traced to the newness of the concept and driver uncer-
tainty regarding the use of the lane. Accident increas-
es have been experienced in the early weeks of other
preferential lane projects in which no barrier separ-
ates buses and carpools from the remaining lanes of
traffic. After initial increases, freeway accidents in
both Portland and Miami, where preferential lanes were

created by adding a lane to the existing traffic
flow, dropped below pre-project levels by the second
month of operation.

Drivers of one- and two-passenger automobiles
reported a tendency to count the heads appearing in
cars whizzing by in the preferential lane. To the
extent that the single-occupancy automobile driver
persisted in this headcounting, he was less likely
to be able to control his own vehicle in an emergen-
¢y, As drivers became used to the preferential lane,
this tendency should have diminished. Although acci-
dent rates also diminished as the project continued,
there is no sure way to determine the extent to
which decreased headcounting accounted for decreased
accidents. Specific sources of driver distraction
were rarely noted in accident reports, and it is pos-
sible that the driver himself may not have been aw-
are of the distraction or may not have wished to ad-
mit his inattention to the reporting officer.

Driver frustration and aggravation with the Dia-
mond Lane itself may have contributed to the acci-
dent increase. One accident expert noted that the
level of frustration would have been especially high
among the aggressive drivers used to driving in the
Number 1 lane. In testimony before the U.S. Superior
Court, Paul O'Shea noted, "...you are taking the ag-
gressive driver and the confident driver, and be-
cause he is not entitled to the Diamond Lane, put-
ting him over into the slower traffic, which creates
a tremendous frustration.'" Unquestionably, such
frustration did exist, as manifested in the public
outcry against the project. However, it is impos-
sible to estimate the extent to which such private
frustration may have increased the accident level.
Examination of CHP accident reports shows that at
least two accidents occurring during Diamond Lane
hours may be traced to public frustration with the
concept itself. On June 3, drivers opposed to the
Diamond Lane concept staged a funeral procession in
the lane to protest the lane's existence. The dis-
traction resulting from this demonstration was list-
ed as a contributing factor in two accidents occur-
ring on that day.

Accident explanations not related to the Diamond
Lane project. The overall accident level on all
Los Angeles freeways has been increasing steadily
since the early months of 1974, following the gas-
oline crisis and the introduction of the 55 m.p.h.
speed limit. This increase has been less pronounced
during peak operating hours, when there is less
chance of a vehicle exceeding the 55 m.p.h. speed
limit. ©On the Santa Monica Freeway during peak op-
erating hours, a linear least-squares regression
from January 1974 to the start of the Diamond Lane
project shows that the accident level increased by
.0215 accidents per week over this period. Extrapo-
lation of this trend would lead one to predict an
increase of 0.45 accidents per week during the 21
weeks of the Diamond Lane operation. This repre-
sents a small portion of the observed increase of
13.7 accidents per week accompanying the Diamond
Lane project, indicating that general trends exist-
ing prior to the project had little effect on the
accident situation. As noted, moreover, freeway
accident rates dropped below pre-project levels fol-
lowing the close of the Diamond Lane demonstration,
further discouraging any arguments that causes unre-
lated to the operation of the Diamond Lanes contri-
buted to the pronounced increase in accidents during
project operating hours.

Accident Levels of Other Preferential Lane Projects

In an effort to shed additional light on the



causes behind the accident increase experienced on the
Santa Monica Freeway during the Diamond Lane demon-
stration, accident levels on other barrier-free pref-
erential treatment projects were investigated. Four
other projects were selected for comparison: 1-95
Freeway, Miami; South Dixie Highway, Miami; Banfield
Freeway, Portland; and U.S. 101 Freeway, Marin County,
California.

Physical Characteristics

The physical characteristics of each of these pro-
jects are summarized below.

1-95 Freeway, Miami. On this 7.5 mile freeway seg-
ment, a new barrier-free preferential lane for buses
and carpools was created from the median shoulder and
opened in December 1975. There are three and four
lanes in each direction over the length of the project.

South Dixie Highway, Miami. This is a 5.5 mile
segment of highway which runs north to the central bu-
siness district of Miami. An existing concurrent-flow
lane was reserved for carpools (two or more persons)
and a contra-flow lane for buses was opened in July
1974. There are three lanes in each direction.

Banfield Freeway, Portland. On this freeway seg-
ment (3.2 miles inbound and 1.7 miles outbound), a
new barrier-free preferential lane for buses and car-
pools was created from the median shoulder in December
1975. The roadway has three lanes in each direction
overall, with one four-lane segment.

U.S. 101 Freeway, Marin. On U.S. 101 north of the
Golden Gate Bridge, a 3.9 mile northbound contra-flow
lane has been established. From the Richardson Bay
Bridge north, new 3.8 mile northbound and southbound
concurrent-flow lanes for buses and carpools were
created from the median and shoulder.

On all of these projects except the South Dixie
Highway, a new lane was created from the median and/or
shoulders; on the South Dixie Highway, as on the Santa
Monica Freeway Diamond Lane project, an existing lane
was reserved. None of the projects have barriers be-
tween the preferential lane and remaining lanes. For
the South Dixie Highway project, a carpool is defined
as two or more persons; in January 1977, the Miami I1-95
project also changed to two-person carpools. In the
other three projects, a carpool is defined as three or
more persons. All the preferential lanes operate
only during peak hours. Speed statistics by lane are
available for only three of the projects surveyed. The
approximate average speed differentials are 12 miles
per hour (mph) on the Santa Monica Freeway, 11 mph on
the South Dixie Highway, and 6 mph on Prtland's
Banfield Freeway.

Accident Levels

Table 2 summarizes both injury accidents and total
accidents per million vehicle-miles for each of the
four projects surveyed, in addition to the Santa Monica
Freeway Diamond Lanes. Injury accidents are plotted as

Miami I-95, accident rates have varied above and be-
low pre-project averages, but the increases have not
been so marked as those of the Santa Monica Freeway,
South Dixie Highway, and Marin projects. On Miami
I1-95, moreover, accident rates appear to have dropped
slightly since project implementation. Both the
Santa Monica Freeway and South Dixie Highway projects
exhibit the highest accident increases and have
certain physical and operating characteristics which
the other three projects lack: Both were created by
removing a lane from existing traftfic, and both have
a median pull-over area for enforcement use. Thus,
enforcement levels on both projects have been high,
and violation rates comparatively low. The congestion
caused by lane removal and the distracting effects

of violators help to account for the increased acci-
dent rates in both projects.

Tmplications of Accident Analysis

Summary of Findings

The creation of the Diamond Lanes on the Santa
Monica Freeway through dedication of an existing lane
to buses and carpools increased peak hour accidents
on the freeway from approximately ten accidents per
week to 25 accidents per week. The relative severity
of accidents did not change significantly with the
project. However, the relative percentage of rear-
end accidents occurring in the Number 2 lane rose
remarkably from under two accidents per week to 14.8
accidents per week.

A number of potential causes have been identified
in an attempt to account for the observed increase in
accident levels. These causes stem from a variety of
factors, including increased CHP presence, increased
congestion, the mechanics of Diamond Lane operation,
the novelty of the Diamond Lane concept, and exogenous
events. While it is likely that each of these were
contributing factors in some instances, in light of
the accumulated data, it seems unlikely that certain
of the potential causes had a major influence on the
accident picture. The increased CHP ticketing activi-
ties do not provide a direct explanation for the re-
markable increase in accidents in the Number 2 lane,
and a correlation of accident and enforcement levels
during the demonstration period explains a relatively
small proportion of the observed accident variation.
Furthermore, equivalent congestion levels existed on
portions of the freeway prior to both the 1967 lane
enlargement and the introduction of ramp metering
without causing pronounced accident levels.

The one potential cause which could not be dis-
counted, and which does in fact appear to account for
a large share of the accident increase is the pro-

Table 2. Summary of Injury and Total Accidents
Per Million Vehicle-Miles.

a function of time in Figure 2. Because accidents in-
volving property damage only (PDO) are not reported uni-
formly in all states, reports of injury accidents pro-

vide a sounder base for comparing the various projects.
0f the five projects compared, the two with the
highest increases in tetal accidents per million vehicle
miles over the "before' period are the Santa Monica
Freeway and the South Dixie Highway, with accident rate
increases of 264% and 89%, respectively. During both

projects, accidents were initially high, but decreased

e e TGy MR ] Totat Acidents/mun
TOJEe Measurement ¥ ncrease % Increasej
{Months ) Before|After (Decrease) Before| After| o rezce

Miami I-95 39 0.78 76| (-2.5%) 3.55 | 3.44f (-3.1%)
Miami South
Dixie Highway 8 HA* NA* - 6.4 | 12.1| e9%
Portland 9 1.2 | 1.37 10.5% 2.48 | 2.55( 2.8%
Marin** 18 0.50 | 1.31 162% 2.33 | 4.23 82%
Santa Monica 4 0.40 | 1.16 190% 1.40 | 5.10 264%

during the succeeding months. Accidents also increased
significantly in Marin, rising 82% above pre-project
levels during the first years of the project. After
initial increases on Portland's Banfield Freeway and

“HA = data not available.
-

Accident data based on the average for three non-continuous
six-month periods.



Figure 2. Preferential Lane Project Injury Acci-
dents Per Million Vehicle-Miles.
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nounced speed differential resulting from the combina-
tion of unhindered traffic in the sparsely occupied
preferential lane and congested conditions in the re-
maining lanes, coupled with the lack of barriers between
lanes and the variety of possible destinations along

the freeway.

Because of the shortened duration of the project,
the effect of Diamond Lane novelty on accident levels
can never be known with certainty. The tendency to
gawk and count heads of passing carpoolers would cer-
tainly have diminished with time. It is not possible,
however, to project with confidence the accident level
that would have existed following a longer period of
operation.

Implications for Planners

Given the nature of the most likely explanations
for the increased accident rate, several occurrences
could have brought about a decline in accident levels.
To the extent that usage of the preferential lane in-
creased with time, the speed differential would decrease
as the preferential lane became more crowded and non-
preferential lane congestion was reduced by the elimin-
ation of defecting carpoolers and bus riders. The
reduction of CHP enforcement levels would also work in
two ways to reduce the level of accidents: by elimina-
ting the distraction of ticketing, and by permitting
more violators to shift to the preferential lanes,
thereby cutting the speed differential and easing con-
gestion in the non-preferential lanes. Thus, to some
extent, the elimination of either of these two accident
sources tends to work against the presumed concept of
the preferential lane. As the speed differential is
reduced, so also is the inducement to use the lane.
Moreover, any decision to relax enforcement must, by
encouraging violators, run counter to the philosophy of
a lane reserved for high-occupancy vehicles.

The apparent dilemma whereby reduced accidents might
be achieved at the cost of lane operating efficiency
highlights the delicacy of the control problem faced
by planners attempting to design barricade-free pref-
erential lanes for use in mixed traffic. On the one
hand, if the preferential lane operates below capacity
with a significant speed differential relative to
adjacent congested lanes, accidents are almost certain
to increase. If the lane is allowed to fill, however,
either by allowing violators to infiltrate or by relax-

ing the requirements for the use of the lane(i.e., by
allowing two-person carpools), much of the inducement
for using the lane vanishes. In theory, the number of
carpools should grow over time until the marginal
amount of time saved by switching to a carpool exactly
balances the perceived inconvenience of making the
switch. In practice, the level of accidents occurring
before this equilibrium point is reached may be unac-
ceptable to society, or the equilibrium point itself
may result in an unacceptable accident rate.

The specter of increased accidents raises serious
questions regarding the feasibility of the barrier-
free preferential lane concept. These questions ap-
pear to exist whether the lane is created by reserv-
ing an existing lane, as was done on the Santa Monica
Freeway, or by creating an entirely new lane, as has
been done in Portland, Miami, and Marin County, and
was originally contemplated for the San Diego Free-
way in Los Angeles. The extent of the problem is
difficult to assess at present. Although accidents
have risen markedly in Marin, neither Portland nor
Miami has experienced significant accident increases
to date. In both Portland and Miami, however, enforce-
ment activities are reduced, the influx of violators
is relatively heavy, and the speed differential is not
so great as in the Santa Monica project. Conceivably,
the addition of a new preferential lane to an exist-
ing freeway could also result in increased accidents
if conditions similar to those on the Santa Monica
freeway exist. Further investigations of the relation-
ship between accident levels and the operation of
barrier-free preferential lanes should be undertaken
as soon as possible so that the risks attending these
operations may be more clearly defined.
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THE SANTA MONICA FREEWAY DIAMOND LANES:
EVALUATION OVERVIEW

John W. Billheimer, Systan, Inc.

The Santa Monica Freeway Diamond Lanes, a pair of
concurrent-flow preferential lanes for buses and
carpools linking the City of Santa Monica, Cali-
fornia with the Los Angeles Central Business Dis-
trict (CBD), opened on March 16, 1976 and operated
amid much controversy for 21 weeks until the U.S.
District Court halted the project. The Diamond
Lane project marked the first time preferential
lanes had been created by taking busy freeway lanes
out of existing service and dedicating them to the
exclusive use of high-occupancy vehicles. Although
the Diamond Lanes entailed no major physical mod-
ifications or construction on the freeway itself,
they caused significant physical and emotional dis-
location among freeway drivers, public officials
and other residents of Los Angeles, and generated
considerable controversy regarding the reported

and actual impacts of the project. This paper sum-
marizes the findings of the official, objective,
independent evaluation of the project sponsored by
the U.S. Department of Transportation as part of
the UMTA Service and Methods Demonstration Program.
The paper addresses a broad range of project im-
pacts in the following major areas: traffic speeds
and travel times; traffic volumes and carpool form-
ation; bus operations and ridership; safety and en-
forcement; energy and air quality; and public atti-
tudes and response. Analysis shows that the project
succeeded in increasing carpool ridership by 65%
and the increased bus service accompanying the Dia-
mond Lanes caused bus ridership to more than tri-
ple. Nonetheless, energy savings and air quality
improvements were insignificant, freeway accidents
increased significantly, non-carpoolers lost far
more time than carpoolers gained, and a heated pub-
lic outcry developed which has delayed the imple-
mentation of other preferential treatment projects
in Southern California and given planners and pub-
lic officials in other areas ample cause for re-
flection before attempting to implement similar
projects.

The Santa Monica Freeway, which connects the City
of Santa Monica and downtown Los Angeles, is one of
the most heavily traveled freeways in the world, and
is served by a variety of sophisticated traffic control
devices, including metered on-ramps with preferential
entry provisions at selected locations, a computerized

surveillance system, and centrally-controlled elec-
tronic displays. On March 15, 1976, the California
Department of Transportation (CALTRANS), acting in
conjunction with the California Highway Patrol (CHP)
and local bus operators, reserved the median lane in
each direction of a 12-mile, eight-lane segment of
the Santa Monica Freeway for the exclusive use of
buses and aarpools carrying three or more occupants.
The reserved lanes, known locally as the Diamond
Lanes, operated in each direction during the peak
hours of traffic flow. No barriers separated these
lanes from the remaining flow of freeway traffic.Im-
plementation of the Diamond Lanes was accompanied by
the introduction of a variety of express bus services
and the opening of three new Park-and-Ride lots in
Western Los Angeles.

The project neither started nor ended as sched-
uled. The original starting date was delayed by a
combination of concerns including operational readi-
ness, financial problems, a local dispute over the
implications of nationwide labor protective agree-
ments, and the Southern California rainy season.
When the Diamond Lanes finally opened, the first day
of operations was disastrous, featuring bumper-to-
bumper traffic, long queues at on-ramps, a malfunc-
tioning ramp meter, many accidents, outraged drivers,
poor press notices, and derisive news commentary.

As the project progressed, freeway performance im-
proved somewhat and both bus and carpool ridership
increased, but accidents remained a serious problem
as the climate of public opinion and the media re-
action grew more hostile. The preferential lanes
operated amid much controversy for 21 weeks until
August 9, 1976, when Judge Matthew Byrne of the U.S.
District Court in Los Angeles halted the project and
ordered additional environmental studies prior to its
continuation.

Much of the controversy surrounding the Diamond
Lanes consisted of conflicting claims regarding the
ability of the project to accomplish its stated ob-
jectives of conserving energy, improving air quality,
and expanding effective freeway capacity by increas-
ing the occupancy of buses and automobiles using the
freeway. An independent analysis of the vast quan-
tities of data assembled by both friends and foes of
the project reveals that, although some of the stated
objectives had been attained by the close of the de-
monstration, the cost in accidents, driver delay,
and public outrage was far greater than anyone had
anticipated. Major findings of the analysis are



summarized below.

Traffic Speeds and Travel Times

Vehicle Speeds

The dedication of the Diamond Lanes to the exclu-
sive use of buses and high-occupancy vehicles, and the
accompanying changes in ramp metering rates, had a
marked impact on vehicle speeds on the Santa Monica
Freeway. The speeds of vehicles using the Diamond
Lanes were significantly faster and steadier than the
speeds of vehicles in the remaining non-preferential
lanes, which were generally slower and less predictable
than pre-project speeds. Although the speeds of non-
carpoolers improved as the demonstration progressed,
they never returned to meter-controlled, pre-project
levels. Average freeway driving times for non-car-
poolers traveling the full length of the project over
the last seven weeks of the demonstration were slightly
more than one minute longer than pre-project levels
in the westbound direction during the evening and more
than four minutes longer in the eastbound direction
during the morning.

Figure 1. A,M. Eastbound Travel Speeds
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Average statistics do not provide a complete pic-
ture of travel times in adjacent lanes, since these
times varied considerably during the morning and eve-
ning hours of operation. The non-carpooler entering the
eastbound freeway at 6:30 A.M. found his travel time to
Los Angeles increased by roughly one minute during the
demonstration. By 8:00 A.M., however, the additional
delays in freeway travel time approached nine minutes
per trip. The difference between the average travel
time measured over the full span of Diamond Lane oper-
ating hours and the actual travel times experienced by
motorists during specific peak travel periods, coupled
with the greater uncertainty associated with travel
during Diamond Lane operations, helps to .e«plain some
of the skepticism reported in the press while the pro-
ject was still in progress.

Speeds recorded by carpoolers in the Diamond Lanes
were both faster and more consistent than pre-demon-

stration speeds. Carpoolers traveling the full
length of the Diamond Lanes were able to save 2 to
3 minutes over pre-project travel times in other
lanes.

Aggregate travel speeds on the surface streets
paralleling the freeway slowed slightly during the
demonstration, dropping by about 4.5% as former free-
way users transferred to surface streets.

Entry Ramp Conditions

Over a period of two years prior to the Diamond
Lane demonstration, traffic signals were installed
on the Santa Monica Freeway on-ramps to control the
number and spacing of cars entering the freeway dur-
ing the peak hours. Before these ramp meters were
installed, general vehicle speeds on the freeway
were slightly slower than the speeds attained by non-
carpoolers during the Diamond Lane demonstration.The
installation of these ramp meters greatly improved
traffic speeds on the freeway by limiting entering
vehicles to a fixed rate of flow. Although vehicles
entering the freeway spent an average of two minutes
waiting at the ramp meters, this delay was more than
offset by the time saved in traveling in the im-
proved traffic conditions on the freeway itself.

Metering rates on most freeway access ramps were
adjusted during the week preceding the opening of
the Diamond Lanes. 1In some instances, these adjust-
ments represented severe departures from pre-project
conditions. The adjustments were designed to allev-
iate anticipated freeway congestion and, in most
cases, increased the length of time motorists were
required to wait in queues before entering the free-
way. As the project continued, metering rates were
readjusted in response to actual traffic conditions,
but these attampts to fine-tune the system did not
match the sweeping changes made before opening day
in either the magnitude of the adjustments or the
number of ramps affected.

Once the confusion and adjustments of the first
week were past, few changes in ramp delays were ob-
served during the peak hours of travel. Average de-
lays at the metered ramps carrvying the bulk of enter-
ing traffic increased between one and five minutes
per car during the project.

At 12 of the 30 metered entry ramps, preferential
access lanes permitted buses and vehicles with two
or more occupants to bypass the metered system. The
bypass lanes at these selected ramps saved buses and
two-person carpools between two and seven minutes per
trip during the Diamond Lane demonstration.

The average increase in queue lengths at freeway
on-ramps were not so pronounced as the increases in
ramp waiting times. There were relatively few in-
stances in which the Diamond Lane metering changes
caused vehicle queues to extend dramatically beyond
the ramp storage capacity, and speed measurements
showed that the queue increases did not appear to
cause additional interference with traffic on north-
south feeder roads.

Total Trip Times

Measured Freeway Trip Times. Considering both
ramp delays and slower freeway speeds, measured in-
creases in average trip times for non-cacpoolers tra-
veling eastbound on the freeway in the morning were
as high as six to seven minutes per trip for those
drivers starting at one end of the project and tra-
veling to the other. Drivers entering the freeway
about midway along the length of the project exper-
ienced negligible increases in total travel times.

At each of the entry ramps with a bypass lane
for buses and two-person carpools,' the amount of
time saved by using the ramp bypass exceeded the
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amount of time saved by traveling in the Diamond Lane
to the lane's end. That is, the relative delays im-
posed on single-occupant automobiles at preferential
on-ramps were greater than those imposed by the Diamond
Lane itself.

Perceived Trip Times. The changes on freeway travel
times encountered during the Diamond Lane demonstration
may also be viewed in the light of the total door-to-
door commuting times perceived by drivers in the freeway
corridor. The average door-to-door trip reported by a
sampling of 2,800 corridor drivers was 21 minutes long,
and took 37.4 minutes in the morning and 43.2 minutes in
the evening. Diamond Lane carpoolers responding to a
survey questionnaire reported an average savings of 1.5
minutes over pre-project travel times. Non-carpoolers
reported an increase in trip times of 8.3 minutes in the
morning and 9.4 minutes in the evening. These perceived
increases are slightly higher than freeway measurements
indicate are likely, and include a number of impossibly
high reports (greater than 30 minutes) of average trip
delays. Not unexpectedly, non-carpoolers appear to
have overestimated the average delays accompanying the
Diamond Lane demonstration. Given the increased uncer-
tainty accompanying travel in the non-preferential lanes,
however, delays on any single day could have been much
higher than the average measured increase of six to
seven minutes.

Traffic Volumes
Freeway Traffic Volumes

The changes in travel speeds experienced during the
demonstration were accompanied by significant shifts in
traffic patterns. The total number of vehicles and peo-
ple using the Santa Monica Freeway dropped markedly dur-
ing the early weeks of the demonstration, and then rose
steadily. The early decline in freeway traffic reflect-
ed a combination of carpool formation, growing bus ri-
dership, and defection to surface streets by non-car-
poolers. By the close of the demonstration, the number
of people using the easternmost segments of the freeway
was within 2% of pre-project levels, while vehicle vol-
umes had declined by 10%. Summary Table 1 provides more
detail on changes before, during and after the project
as measured at observation points near the Los Angeles
CBD.

Table 1. Average Daily Vehicle and Passenger Statis-
tics, Santa Monica Freeway at Crenshaw Boulevard.

(Seven-Hour Peak Periads, Both Directions of Travel)

Measurements made at different points along the
freeway reflect the same general pattern of usage
depicted in Summary Table 1, although shifts in ve-
hicle and passenger movement were less pronounced at
locations farther removed from the CBD. Although
directional trends on the Santa Monica Freeway are
less pronounced than on most major freeways, the
greatest changes in vehicle and passenger movement
during the demonstration occurred in the peak direc-
tions of travel (eastbound in the morning and west-
bound in the evening), where congestion was greatest
in the non-preferential lanes. By the last seven
weeks of the demonstration, the freeway carried an
average of 9% fewer people in 17% fewer vehicles in
the peak directions of travel.

Vehicle volumes at all measuring points increased
over pre-project volumes during the midday hours
when the Diamond Lanes were not operational. The ex-
tent of the increase on vehicle volumes between the
hours of 10:00 A.M. and 3:00 P.M. ranged between 2%
and 6 % over pre-project levels, indicating that
drivers who had some flexibility in their choice of
travel times elected to travel during the midday lull
rather than face the much-publicized freeway conges-
tion during Diamond Lane operating hours.

Prior to the project, each lane of the Santa
Monica Freeway carried approximately 1,800 vehicles
per hour during peak periods of flow. During the
project, the Diamond Lanes carried an average of 300
vehicles per hour in the peak eastbound direction
and 500 vehicles per hour in the peak westbound di-
rection. Thus, the preferential lanes operated at
between 20 and 30% of their vehicular capacity, and
appeared relatively empty when compared with the
heavily congested adjacent lanes. Even so, the num-
ber of people carried by the Diamond Lanes approach-
ed the number carried by the remaining lanes by the
end of the project, and the unused capacity in each
preferential lane supplied the Santa Monica Freeway
with at least as much reserve capacity as two addi-
tional lanes operating at pre-project occupancy
rates.

Carpool Formation

The number of carpools carrying three or more
people on the Santa Monica Freeway increased signi-
ficantly during the demonstration, rising 65% above
pre-project levels by the last seven weeks of the
project. The growth of carpool usage was relatively
steady throughout the project, with pronounced peaks

Figure 2. Daily Diamond Lane Carpool Volumes
Counted at Western Avenue.
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during vacation periods. Afternoon traffic in the
eastbound Diamond Lane increased markedly during the
Easter holiday week, and rose steadily following Mem-
orial Day, suggesting that much of the increased Dia-
mond Lane usage during these vacation periods may be
attributed to groups of vacationing beachgoers return-
ing from the ocean. Although no formal data were as-
sembled to support this observation, Diamond Lane ob-
servers noted a number of surfboard sightings during
the periods in question.

The average size of the carpools using the Diamond
Lanes was 3.4 people. The primary incentive for form-
ing a carpool mentioned by most of the carpoolers sur-
veyed (63%) was to save money. Only 25% of the car-
pools responding to the survey were initially formed
during the Diamond Lane demonstration period, and only
30% of these carpoolers identified the Lanes as the
primary incentive behind their decision to carpool.
With the disappearance of the Diamond Lanes, the num-
ber of cars on the freeway dropped to within 5% of pre-
project levels, suggesting that the Lanes themselves
were more of an incentive to those carpools formed dur-
ing the demonstration than the survey responses indi-
cated. )

Surface Street Volumes

Traffic volumes on surface streets parallel to the
freeway rose between 10% and 15% shortly after the de-
monstration began, then appeared to subside somewhat
during the summer months. Surface street vehicle oc-
cupancy rates did not change significantly during the
demonstration.

By taking into account Santa Monica Freeway users,
surface street travelers, and former Santa Monica Free-
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Figure 3. Average Daily Peak Period Bus Ridership on
all Santa Monica Freeway Project Routes in the Peak
Direction of Travel only.
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headways on new routes were generally set so that
buses were no more than 15 minutes apart. As the
project progressed, headways were adjusted to reflect
ridership.

The introduction of the Diamond Lanes signifi-
cantly improved the on-time performance of those
SCRTD routes in existence prior to project implemen-
tation, cutting two minutes off the freeway travel

way users traveling on different freeways or during less time of the busiest line. Diamond Lane buses also

congested time periods, a rough comparison of vehicle
and passenger movement across the entire Santa Monica
Freeway corridor near the CBD indicates that by the
last seven weeks of the project, 1% more people were
traveling in 5% fewer vehicles than were being used
prior to the demomstration.

Bus Operation and Ridership

Operations

Two bus operators in the Los Angeles area partici-
pated directly in the Santa Monica Freeway Preferential
Lane project by offering new services in conjunction
with the opening of the Diamond Lanes: The Southern
California Rapid Transit District (SCRTD), which op-
erates 2,400 buses in the four-county Los Angeles area,
and the Santa Monica Municipal Bus Lines (SMMBL), which
operates about 100 buses in the Santa Monica area.

Bus service linking the Westside study area to the
Los Angeles CBD improved significantly with the im-
plementation of the demonstration. The addition of
four new Diamond Lane feeder/express routes to the four
already serving the Westside area more than doubled the
number of Westside CBD workers living within walking
distance of the express bus service. In addition,
three new Park-and-Ride routes were introduced to serve
those Westside residents who were not within walking
distance of a feeder/express route.

On the first day of the demonstration, 74 express
bus trips were offered from the Westside area to the
Los Angeles CBD during -the morning peak, an increase
of more than four times pre-project levels. Even with-
out the Diamond Lanes, therefore, the marked improve-
ment in service significantly improved the travel time
by bus from most sections of the study area to the CBD.
In the initial stages of the demonstration, service

generally exhibited better on-time performance than
buses using other freeways without preferential
treatment and buses using surface streets.

Ridership

Daily bus ridership between the Westside study
area and the Los Angeles CBD increased from 1,171
riders per day prior to the project to 3,793 riders
per day during the last week of Diamond Lane opera-
tion. Bus ridership rose rapidly during the first
month following implementation, and continued to
grow throughout the project. While the growth pat-
terns were essentially the same for both SCRTD and
SMMBL, SMMBL carried 26% of the combined average
daily ridership with only 15% of the total daily
bus trips. By the close of the project, most of SMMBL
vehicles were fully occupied, and the average oc-
cupancy during the project was 41.1 riders per trip,
an occupancy rate of 82 percent.

In the case of SCRTD, the average occupancy dur-
ing the project was 19.2 riders per trip, or 38% of
the available seating capacity. This figure was
well below pre-project levels, and stemmed from the
policy decision to provide as much service as possi-
ble early in the project to maximize the possibility
of attracting ridership. While the policy appears
to have had the desired effect, it also put a large
number of near-empty buses in public view during the
early stages of the project. As the project contin-.
ued, unprofitable runs were eliminated and SCRTD oc-
cupancy rates improved markedly.

In general, both the new feeder/express routes
and those routes existing prior to the demonstration
succeeded in attracting patronage from the ranks of
automobile drivers during the project, and an over-
whelming majority of the bus riders surveyed expres-
sed sat sfaction with the service. By the close of
the project, the eight feeder/ewxpress noutes had eome
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close to meeting the aggregate long-term demand pre-
dictions for patronage on these routes, carrying nearly
30% of . the CBD-destined trips projected to be within
walking distance of a bus line. The three new Park-

and-Ride routes, however, fell far short of expectations

and were all discontinued by September 1.
After the close of the demonstration and a five-

week SCRTD bus strike, ridership on those freeway routes

remaining in service was 17% below the peak attained
during Diamond Lane operations. Ridership declines
were greatest on those routes reporting the longest
door-to-door travel times. Ridership drops were low-
est on the one SMMBL route which continued operating
through the strike. By early 1977, however, none of
the routes had succeeded in attaining the peak rider-
ship levels attained during the demonstration.
Attempts to isolate the impact of the Diamond Lanes

themselves on bus ridership are frustrated by the short,

uncertain life of the project, seasonal patronage var-
iations, the media blitz, frequent and major changes in
bus service frequency, fare increases, and the five-
week strike of SCRTD workers which followed the closing
of the demonstration. Recognizing these uncertainties,
it can be argued that the extent of the Diamond Lanes'
influence can at least be bounded by surviving rider-
ship levels. If, in the light of service cutbacks,

fare increases and a five-week strike, subsequent rider-

ship levels still managed to rise to within 17% of
their peak during Diamond Lane operations, it would
seem that this 17% figure represents a fair estimate of
the maximum drawing power of the Diamond Lanes alone.
This aggregate figure varies from line to line, and
might have been greater had the life of the lanes not
been continually threatened. Nonetheless, although the
Diamond Lanes and the attendant publicity helped in-
erease bus ridership, it appears that improvements in
bus system coverage and service frequency were respon-
sible for the bulk of the observed patronage increases.

Police Deployment, Enforcement and Violations

Police Deployment

Highway patrol deployment doubled during the first
weeks of the project, and gradually returned to normal
(76 man-hours daily during the project operating hours)
by the thirteenth project week. For the most part, the
additional manpower used early in the project consisted
in motorcycle units diverted from other freeways.

Enforcement

Although levels of police deployment returned to
normal midway through the demonstration, enforcement
activities remained considerably higher than normal
throughout the life of the project. An average of 151
warnings and citations were issued daily, more than
four times the estimated pre-project levels.

Enforcement of the Diamond Lane provisions was fac-
ilitated by the existence of a median strip where vio-
lators could be cited without being escorted across
three or four lanes of traffic to the right shoulder
of the roadway. Helicopter and roadside observers
soon noted, however, that the use of the median for
enforcement also interfered with the flow of traffic
in other lanes. The use of the median for enforcement
led to gawking and traffic slowdowns, particularly in
the Number 2 lane adjacent to the Diamond Lane.

Violations

The Diamond Lane violation rate, defined as the
ratio of vehicles with fewer than three occupants to
the total number of vehicles in the lane, was high on
the first day of the project and dropped immediately

thereafter. On the opening day, 40% of all vehicles
using the preferential lanes did so illegally. The
violation rate then dropped rapidly, and fluctuated
between 10% and 20% for the duration of the project.
Most of the observed violations occurred at the
fringes of the Diamond Lane operating hours.

Safety
Freeway Accident Patterns

One of the most disturbing aspects of the Dia-
mond Lane project was the high incidence of freeway
accidents accompanying the operation of the preferen-
tial lanes. Accidents increased markedly in the
first week of the project, when 59 accidents were
reported during Diamond Lane operating hours. Acci-
dent levels subsequently declined, dropping to an
average of 18 accidents per week during the last
month of the project, but they remained substantially
higher than pre-project levels throughout the demon-
stration. During the 21 weeks of the demonstration,
527 accidents were reported during peak operating
hours, an average of 25 accidents per week and rough-
ly 2.5 times the pre-project average. A significant
proportion of the overall increase in accidents was
concentrated in the Number 2 lane adjacent to the
Diamond Lane, reflecting an increase in stop-and-go
conditions in this lane. Accidents in this lane in-
creased from under 2 accidents per week to 14.8 acci-
dents per week during the project.

Probable Causes of Freeway Accidents

A number of potential accident causes were pos-
tulated and analyzed in an attempt to account for
the observed increase in accident levels. Results
of accumulated accident data identify a number of
these causes as minor contributing factors, including
increased CHP ticketing; increased congestion due to
the removal of the Diamond Lanes fron general use;
and the confusion, distraction and aggravation accom-
panying the novelty of the Diamond Lane concept. A
more detailed analysis of potential accident causes
is discussed in an accompanying TRB paper. (3.)

The single factor that appears to account for
the largest share of the accident increase is: The
pronounced speed differential between the free-flow-
ing traffic in the sparsely occupied preferential
lane and the stop-and-go traffic in congested adja-
cent lanes, coupled with the frequent lans changes
resulting from the variety of possible origins and
destinations along the length of the project. Motor-
ists attempting to enter the Diamond Lane had to en-
ter a faster traffic stream from a slower starting
speed, while motorists attempting to leave the lane
had to slow and attempt to find an opening in stop-
and-go traffic. This problem was exacerbated by the
large variety of trip origins and destinations in
the Los Angeles area, which led carpoolers to enter
and leave the Diamond Lanes at many points along the
freeway. Regular and occasional carpoolers respond-
ing to the driver survey cited problems merging with
slower traffic in leaving the Diamond Lanes as the
greatest single difficulty encountered in using the
lanes, and regular carpoolers felt that the discom-
fort of traveling faster than vehicles in the other
lanes was just as disturbing as the difficulty of
merging with these vehicles. As the speed differen-
tial increased, moreover, the ability to save time
by using the Diamond Lanes attracted a few violators
who dodged in and out of the Lane unsafely, attempt-
ing to stay one jump ahead of the CHP.



Implications of the Accident Picture

Since the ability to travel faster in a prefer-
ential lane is the chief inducement for attracting
carpoolers and bus users to that lane, the fact that
thie ability increased aceident levels significantly
on the Santa Mowica Freeway raises serious questions
regarding the feasibility of the barrier-free prefer-
ential lane in certain settings. These questions ap-
pear to exist whether the lane is created by reserv-
ing an existing lane, as was done on the Santa Monica
Freeway, or by creating an entirely new lane, as was
orizinally contemplated on the San Diego Freeway in
Los Angeles. Conceivably, the addition of a new bar-
rier-free preferential lane to an existing freeway
could also result in increased accidents if stop-and-
go traffic conditions exist in the non-preferential
lane, a significant speed differential is maintained
between these lanes and an underutilized preferential
lane, and destinations are scattered so that carpool-
ers enter and exit at many points along the lane.

If the usage of a preferential lane increases with
time, either because more carpools are formed or be-
cause enforcement is relaxed, the speed differential
will decrease and accident levels can be expected to
drop. As the speed differential drops, however, the
inducement to use a preferential lane drops as well.
In theory, the number of carpools should grow over
time until the marginal amount of time saved by switch-
ing to a carpool exactly balances the perceived incon-
venience of making the switch. In practice, the level
of accidents occurring before this equilibrium point
is reached may be unacceptable to society, or the equi-
librium point itself may result in an unacceptable
accident rate.

Surface Street Accidents

One of the potential side effects of the Diamond
Lane project was the possibility that traffic diverted
from the Santa Monica Freeway to surface streets might
increase the number of accidents on those streets in
the corridor surrounding the freeway. Although sur-
face street aceident levels increased slightly (be-
tween 5% and 10%) during the demonstration, statisti-
cal evidence linking these increases with the Diamond
Lane project is inconclusive.

Energy and Air Quality

Fuel Consumption

Fuel consumption estimates based on vehicle mile-
age records indicate that, even allowing for increased
idling time at on-ramps, gasoline consumption declined
on the Santa Monica Freeway during the Diamond Lane
demonstration. At the same time, fuel consumption
actually increased on all parallel surface routes that
were sampled. The net effect for the entire east-west
corridor was a slight increase in fuel consumption of
approximately 500 gallons per hour during the first
fourteen weeks of the project. By the last seven
weeks of the project, the total energy consumption
was 185 gallon per hour lower than the pre-project
level of 22,958 gallons per hour, a savings of 0.8%
over pre-project levels.

Because of increased congestion and idling time,
fuel consumption rates for non-carpoolers had increas-
ed by 6% by the close of the project. These increases
were offset by the savings accompanying increases in
carpool and bus usage. Each solo driver switching
to a carpool or bus was estimated to save roughly
eleven gallons of gasoline per week.

Gallons Consurned Per Hour
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Figure 4. Average Energy Consumption per hour for
the Santa Monica Freeway Corridor (gallons/hr).
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Air Quality

On the basis of vehicle mileage computations,
corridor vehicle emissions rose early in the project
and dropped to pre-project levels by the time the
project closed. Measured air samples showed a de-
crease in carbon monoxide concentrations during the
project. In view of the small sample sizes, season-
al changes, meteorological variations, and analytic
uncertainties, however, it is impossible to make con-
clusive statements regarding the precise impact of
the Diamond Lanes on air quality.

What Happened Off The Freeway

Statistical summaries quoting freeway speeds,
vehicle volumes, bus ridership and accident rates do
not begin to convey the full picture of the Santa
Monica Freeway Diamond lLane demonstration. The Dia-
mond Lane experience was not confined between the
guardrails of the Santa Monica Freeway. The demon-
stration quickly became a media event, generating
reams of newsprint, radio and television coverage,
vocal public reactions, political debate, lawsuits,
banners, slogans, badges, cartoons, and at least one
song. From their implementation to their dissolu-
tion, the Diamond Lanes were never far from public
view and, when in view, they were treated as an eye-
sore.

Media Coverage

During the 21 weeks of Diamond Lane operation,
the three major daily newspapers covering the pro-
ject--the morning Los Angeles Times, the afternoon
Herald-Examiner, and the Santa Monica Evening Out-
look--produced an average of nine articles and edi-
torials per week on the Diamond Lanes. The predom-
inant tone of the articles was negative, and the edi-
torials were solidly against the project. Although
the operations on the freeway improved following the
disastrous opening day, when the newspapers carried
banner headlines proclaiming "Freeway Chaos,' news-
paper coverage grew steadily more hostile as the de-
monstration progressed.

The Diamond Lanes were also a popular subject for
radio and television coverage, and provided a plat-
form for many public figures seeking public exposure.
As in the case of the press, the general tenor of
the coverage provided by local and national radio
and television stations was hostile to the project.
Perhaps the most hostile and least balanced of all
media coverage was provided by the radio disk jock-
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eys, whose jibes ("you'll get home tonight if it takes

all year") reached motorists while they were in the mid-

dle of their econgested commuting period.
Project Promotion

Although the full extent of the public and media
outcry was not anticipated by the project participants,
it was recognized in advance that the Diamond Lane pro-
ject was likely to generate adverse public reaction,
and an extensive marketing campaign was developed with
the joint aims of promoting buses and carpools and en-
couraging public acceptance through a program of infor-
mation and education. Given the extent of the pre-pro-
ject advertising campaign, which included television
and radio announcements, newspaper advertisements, the
use of the changeable message signs on the freeway it-
self, and brochures distributed at freeway on-ramps, it
is unlikely that many regular users of the Santa Monica
Freeway were unaware that March 15, 1976 marked the op-
ening of the Diamond Lanes. Although the appearance

of the lanes themselves should have come as no surprise,

opening day commuters did have reason to be surprised
by several of Lhe unannounced last-minute adjustments,
including the tightening of ramp meter rates and the
barricading of a slip ramp at the interchange of the
Harbor and Santa Monica Freeways near the CBD. These
unannounced adjustments undoubtedly contributed to the
opening day confusion, and helped make March 15 "Mad
Monday."

Following Mad Monday, the advertising campaign was
drowned out by the media outcry and the project's spon-
sors, placed on the defensive, were able to do little
to counter the tide of adverse public reaction.

Public Response

Surveys, interviews, telephone calls, newspaper
polls, public hearings, and letters to newspaper edit-
ors generated during and after the project all revealed
an overwhelmingly negative public response to the Dia-
mond Lanes. In the most extensive survey undertaken,
86% of the corridor drivers surveyed--including the
majority of carpoolers--felt that the Diamond Lanes
were either harmful or of no benefit whatsoever. But
public response to the Diamond Lane project was not 1i-
mited to such formal avenues as survey responses and
letters to editors. Residents of Los Angeles managed to
find unique ways of expressing their general distaste

for the Diamond Lanes. On opening days, nails were
spilled in the lane by a disconsolate motorist, and
a "baggy bomber" used paint-filled balloons to oblit-
erate several of the painted diamonds in the lane.

On June 3, the "Citizens Against the Diamond Lane"
slowed Diamond Lane users by staging a mock funeral
procession in the lanes, and they later attempted to
hang anti-project signs from a freeway overpass. A
smaller, less vocal group of "Citizens for the Dia-
mond Lanes' was organized and developed a newsletter
to champion their cause. Entrepreneurs sold bumper
stickers and badges carrying comments on the lanes,
while college students offered their services as
riders for a fee to drivers wishing to qualify as
carpoolers, and the media reported a brisk sale

of mannequins designed to gull observers into believ-
ing one driver and two dummies constituted a three-
person carpool.

Any attempt to lay the full blame for the hostile
climate of public opinion on the media both oversim-
plifies and overstates the case. It is unlikely that
the negative media reports alone could have generated
such a hostile response if the reports were not rein-
forced by a negative impact on the lives of the pub-
lic. In Los Angeles, the negative media image of the
Diamond Lanes was reinforced daily for over 100,000
freeway users who found their daily commute trip
lengthened by a project designed to benefit a percep-
tibly smaller proportion of the traveling public.
Institutional and Political Climate

Several factors contributed to the stormy politi-
cal weather encountered during the Diamond Lane dem-
onstration. These included:

1. The
financing,
area.

2. The

complexity of transportation planning,
and decision making in the Los Angeles

changing philosophy, policies and person-
nel in the state transportation agency; and

3. The scheduling of the demonstration in an
election year.

All of these factors combined in a setting where ev-
eryone talks about transportation conditions but few
are able to do anything about them. Los Angeles's
fragmentation of public power and authority meant
that a large number of government agencies and elect-
ed officials had some purview over the Diamond Lane
project. Each decisionmaker had his own concept of
project goals, and the degree of involvement and com-
mitment to the Diamond Lanes varied greatly from ag-
ency to agency. When the media spotlight turned on
the project, the public saw not a united front but a
number of public agencies and elected officials point-
ing accusing fingers at the lead agencies, while
other officials remained prudently silent. The adver-
sary role adopted by several public transportation
agencies hindered both the free flow of project in-
formation and the coordination of project decisions.
CALTRANS, the lead agency responsible for project
implementation, ®Went from a state of flux immediate-
ly prior to the project to a state of seige during
the demonstration. In the period immediately pre-
ceding the project, the agency was in a state of
transition that included shifts in executive recspon-
sibility at the state level as well as sweeping lay-
offs locally. The shuffling of Tesponsibilities,
layoffs, and changes in management caused problems
in both planning continuity and pre-project data col-
lection. Once the project began, the new faces at
CALTRANS were confronted with a new set of problems.
Whereas the agency had become accustomed to public
pressure over the building of freeways, the Diamond
Lanes represented a new concept with a new set of



aims and enough adverse side effects to lead some with-
in the agency to question whether CALTRANS was justi-
fied in defending the project. As CALTRANS struggled
to assess the operations on the freeway, deal with the
hostile press, and evaluate a number of complex issues
involving the project's future, an impatient press and
public blistered the agency for its apparent intransi-
gence and insensitivity to the needs of the citizens.

Public reaction and the media din were exacerbated
by the frequent and public opposition of several elect-
ed and appointed City and County officials. The level
of opposition ranged from responsible criticism on the
part of some officials who had worked with project per-
sonnel in an attempt to make the Diamond Lanes more ac-
ceptable to their constituents,to simple attempts on
the part of other officials to align themselves public-
ly with the opposition to a clearly unpopular project.
Responsible opposition and objective analysis had to
clamor for a hearing alongside of simplistic arguments,
emotional appeals, and self-serving .= ectioneering.
The Diamond Lanes even became a pawn in the election-
year battle for the approval of funds for a rapid rail
system in Los Angeles (STAMP OUT DIAMOND LANES: VOTE
YES FOR RAPID TRANSIT). In the face of the opposing
clamor from the media, public, and elected and appoint-
ed officials, those officials who might have favored
the project found it prudent to remain silent, and
little in the way of a constructive public dialogue
emerged. There is little doubt that the continual pub-
lic threats to the lanes' existence led many potential
carpoolers to deter any commitments to shared riding
until the opposition was silenced and the project
achieved a more permanent status.

The Legal End

Although the life of the Diamond Lanes was contin-
ually being threatened by the media and the public,
and State and local officials had drafted terminating
legislation, the demonstration was eventually done in
by what at the time seemed the least likely suspect, a
lawsuit in the U.S. District Court of Appeals. The
lawsuit only indirectly addressed the merits of the
project, focusing instead on the alleged failure of
CALTRANS and UMTA to comply with the requirements of
the California Environmental Quality Act (CEQA) and
the National Environmental Policy Act (NEPA) by filing
an Environmental Impact Report on the project. On
Monday, August 9, 1976, Judge Matthew Byrne ruled that
Environmental Impact Reports should have been filed
under both state and national environmental laws, and
ordered that the freeway be returned to pre-project
status by Friday, August 13, 1976.

Observations and Implications

The Santa Monica Freeway preferential lane project
succeeded to some degree in attracting riders to car-
pools and transit, and increased the person-moving ca-
pacity of the freeway without requiring additional le-
vels of police deployment. However, the project
brought about a significant increase in freeway acci-
dents, non-carpoolers lost far more time than carpool-
ers gained, and a heated public outcry developed which
has halted the implementation of other preferential
treatment projects in Southern California, giving plan-
ners and public officials in other areas ample cause
for reflection before attempting to implement similar
projects.

The Negative Impact of Lane Removal

Whereas other preferential lane projects have
constructed additional lanes or converted lanes in off-
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peak directions to preferential use, the Santa Moni-
ca Freeway Diamond Lane project marked the first
time preferential lanes were created by taking busy
freeway lanes out of existing service and dedicating
them to the exclusive use of high-occupancy vehi-
cles. This aspect of the project contributed to
most of the negative impacts recorded during the
demonstration. The removal of two lanes from gener-
al use contributed heavily to the congestion and
confusion on opening day, was a slight but important
factor in the increased accident rate, and appears
to have been one of the chief sources of public dis-
satisfaction with the project. Many freeway users
felt strongly that they had paid for the lanes with
their gasoline taxes and were entitled to go on
using them. The lane preemption and the resulting
slowdown were viewed with hostility by most corridor
drivers as a plot designed by meddling bureaucrats
to inconvenience many for the sake of a few. More-
over, the number of project beneficiaries were per-
ceived to be even fewer than their numbers indicated
because they traveled three-to-a-car, or rode in
buses that were often half-empty, and did not fill
the Diamond Lanes to capacity.

The Effect of Geographic Sprawl

Because of the scattering of trip origins and
destinations throughout Los Angeles, relatively few
users of the Santa Monica Freeway are destined for
the CBD. The lack of a focal point for trip desti-
nations made carpool formation relatively difficult
and decreased the pool of potential riders of the
CBD-directed bus service. In practice, the scatter-
ing of origins and destinations also meant that dri-
vers were likely to want to enter and leave the Dia-
mond Lanes at points all along their 12.5-mile
length, greatly increasing the possibility of acci-
dents.

Accidents and the Absence of Barriers
Another factor in understanding the project's

disappointing performance was the absence of bar-
riers between the preferential lane and the conges-
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ted adjacent lanes, Frequent vehicle shifts in and
out of lanes operating at markedly different speeds
contributed heavily to the increase in accidents. The
problem of accidents in barrier-free operation is a
serious one, and deserves further study. In other
areas, and in Los Angeles itself, preferential treat-
ment lanes separated from the general flow of traffic
have been successful in improving carpool and bus ri-
dership without increasing either accident rates or
public acrimony.

The Success of Ramp Metering

One positive aspect of the Santa Monica Freeway
experience which has been largely ignored was the per-
formance of the ramp meters in alleviating freeway con-
gestion and smoothing traffic flow before, during, and
after the project. Prior to the project, the meters
alone had so improved freeway traffic speeds that the
Diamond Lanes suffered by comparison. The Diamond
Lanes offered only a marginal one- or two-minute im-
provement over the meter-controlled speeds generally
available to all traffic prior to the project. Condi-
tions in the non-preferential lanes did not approach
metered pre-project levels, although freeway speeds
with both ramp meters and Diamond Lanes operating were
faster than speeds where neither the meters nor the
lanes were operational. Where available, moreover,
carpool bypass lanes on the on-ramps offered more of
a time savings to carpoolers than the DPiamond Lanes
themselves. Thus, the ramp meter bypasses, which were
safer and--surveys showed--less objectionable to the
publie than the Diamond Lanes, actually offered a great-
er time savings to carpoolers than the preferential
freeway lanes, while the meters themselves improved
freeway traffic flow.

The Question of Credibility

One of the most serious controversies which emerged
during the demonstration involved the question of data
credibility. The sponsoring agencies were collecting
data as the project progressed, and CALTRANS became the
source for disseminating project statistics. As '"CAL-
TRANS' project'" came under attack, so did the data it
issued. Other agencies began drawing different conclu-
sions from the CALTRANS data, and some local groups--
including the press itself--began collecting and issu-
ing their own data. The free-form use of different num-
bers and different reference bases during the demonstra-
tion made it difficult for the public to know who or
what to believe, and led the press to question the cred-
ibility of project participants. The credibility of
project foes was rarely questioned by the media.

Under the best of circumstances, there will always
be some degree of ambiguity associated with traffic da-
ta. In many instances, statistics concerning the Dia-
mond Lane project were produced under the worst of cir-
cumstances, having been hurriedly processed under rigid
deadlines in the glare of publicity, and interpreted by
agencies with a vested interest in attacking or defend-
ing the project. Problems encountered in the data col-
lection and evaluation phases of the project ranged
from simple human miscalculations to complex computer
failures. In retrospect, the picture of the project
that emerges from a more thorough examination of. the
data is somewhat different from that presented by both
proponents and opponents of the project in the midst
of the "battle of numbers' waged during the demonstra-
tion itself.
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A COMPARATIVE ANALYSIS OF RESULTS FROM THREE RECENT NONM-SEPARATED

CONCURRENT-FLOW HIGH OCCUPANCY FREEWAY LANE PROJECTS:

MONICA AND MIAWI

BOSTON, SANTA

Howard J. Simkowitz, Transportation Systems Center

Results from three recent non-separated
concurrent-flow high occupancy freeway
lane projects, Boston’s Southeast
Expressway, the Santa Monica Freeway 1in
Los Angeles, and Miami’s I-95, are
compared. The Los Angeles and Miami
projects have been terminated, and, in
Miami, the carpool definition has been
decreased to two or more persomns per
car. While carpooling and bhus
ridership increased, other results
point out the many generic weaknesses
in the concept: the large number of
violators and the difficulty of
enforcement; the potential for
accidents; the inability of the
reserved lanes by themselves to attract
large numbers of new bus riders and
carpoolers; and the political problems
assocliated with removing an already
existing lane from general use. A
comparison of the performance of these
non-separated reserved lane projects
with the Shirley Highway reversible
lanes and the E1 Monte busway indicates
that when concurrent flow lanes are
separated from the general lanes by a
concrete barrier or an empty safety
lane, the accident and enforcement
problems are virtually eliminated and
the reserved lanes are better able to
perform their function of attracting

and carrying high occupancy vehicles.

In order to move more people in fewer
vehicles, and with a limited capital
investment, a set of priority techniques for
high occupancy vehieles (HOV) has been
developed and implemented over the past
several years. These traffic management
options include concurrent-flow, contra=-
flow, and reversible lanes on arterials and
freeways, exclusive lanes that bypass
congested areas such as freeway ramps and
toll plazas, exclusive access ramps to
treeways, bus pre-emption of traffic

signals, congestion pricing, transit malls,
and auto restricted zones.

This analysis focuses on recent
experience with non-separated concurrent-
flowv high occupancy lanes on freeways. For
the remainder of this paper, the term
“reserved" will be used to denote these
lanes. Reserved lanes exist or have existed
on Routes 101 and Route 280 in San
Francisco, on the Santa Monica Freeway in
Los Angeles, on the Banfield Freeway in
Portland, on the Southeast Expressway in
Boston, on I-95 in Miami, and on the
Moanalua Freeway in Honolulu.

Through a comparative analysis of
results of the three most recent concurrent-
flow projects, Boston”s Southeast
Expressway, I-95 in Miani, and the Santa
Monica Freeway, this paper attempts to
develop a better understanding of the issues
surrounding the reserved lane concept.
Boston, Miami, and Santa Monica were chosen
for comparative analysis for several
reasons: all three represent recent
experiments with the reserved lane concept;
the three projects and project sites exhibit
substantial differences; and evaluation
efforts were conducted at each site.

Description of Reserved Lane Projects

The three reserved lane projects, even

though each involved the concurrent=-flow
high occupancy vehicle lane concept,
differed significantly from each other as to
physical design of the freeways, hours of
operation, entrance ramp treatment, transit
characteristics, and other project related
activities (Figure 1 and Table 1).

Boston's Southeast Expressway carries
121,000 vehicles per day, the Santa Monica
Freeway carries 240,000 vehicles per day,
and Miami®s I-95 carries 170,000 vehicles
per day. In Miami a lane for high occupancy
vehicles was added to I-95 in both
directions, completely eliminating the
median area. In both Boston and Los Angeles
existing lanes were taken away from normal
use and dedicated to high occupancy
vehicles. In Boston the left lane in the
northbound (in-bound) direction only was

17
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Figure 1. Drawings of the three projects.
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reserved for buses and carpools of three or
more occupants from 6:30 a.m. to 9:30 a.m.
during weekdays. In Los Angeles the lanes
were reserved for buses and carpools of
three or more occupants in both directions
from 6:30 a.m. to 9:30 a.m. and 3:00 p.m. to
7:00 pem. In Miami the southbound (inbound)
lane was restricted to buses and carpools of
3 or more occupants from 6:00 a.me to 10:00
a.m. and the northbound (outbound) lane from
3:00 p.me to 7:00 p.m. After a year of
operations the times were changed to 7:00
a.m. to 9:00 a.m. and 4:00 p.m. to 6:00 p.m.
and the restrictions changed to carpools
with 2 or more occupants.

Access Into and out of the lanes in Los
Angeles and Miami was unrestricted. 1In
Boston plastic inserts spaced at 20 or 40
foot intervals separated the lane from the
rest of the roadway, and entry to or exit
from the lane was allowed only at the
beginning and the end. Weaving was :
prohibited but only sporadically enforced by
the police.

Only Los Angeles employed ramp
metering. Thirty on-ramps were equipped
with meters (these existed before the
project), and their timing was adjusted and
pre-set to maintain free flow on the
Freeway. Twelve of these ramps offered
preferential access to buses and vehicles
with two or more occupants. During the
first three months of operation, the left
lane on Boston’s Southeast Expressway was
blocked just before the beginning of the
reserved lane, and all vehicles had to merge
into the right lanes. This made it
necessary for carpools and buses (and
violators) to switch back into the reserved
lane. The effect was similar to metering
the Expressway. In Miami a flyover
providing a direct connection between the
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major park and ride lot and the reserved
lane was opened 12 months after the start of
the project.

While all three sites stressed the need
to use the existing freeways in a more
efficient manner and to reduce energy
consumption and air pollution by encouraging
the use of high occupancy vehicles, the
motivating force behind the reserved lane
project in Boston was the need to
reconstruct a portion of the roadway that
would create a temporary decrease in
capacity of up to 25 percent. The potential
for serious congestion and the need for
preferential treatment for high occupancy
vehicles was clearly explained to the
public.

The lane restrictions were heavily
enforced in Los Angeles and only lightly
enforced in Miami. The restrictions were
voluntary in Boston during the first five
months of operations, after which time
enforcement was instituted by sending
traffic citations through the mail.

In Boston few changes were made to the
existing very extensive public
transportation systems. Omne park and ride
route was added, and back~-up sections on
existing bus and rapid rail routes were
provided. Additional fringe parking spaces
were made available.

In Los Angeles, up to twelve bus routes
used the diamond lane. Five of the routes
were new feeder express routes from the
Westside area to the Los Angeles CBD. Three
new routes provided service to the new park-
and-ride lots. In all, the number of
morning express bus runs was increased from
18 to 74. MHeadways on all the routes were
10 to 15 minutes.
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Tahle 1. Comparison of the three preferential lane projects.
LENGTH OPERATING LANE LANE HOURS OF SPECIAL
PROJECT FACILITY (miles) DATES RESTRICTIONS ORIGIN CPERATION FACILITIES
Boston: Freeway, 8 5/04/77- Buses and 1 exist- 6:30-9:30 a.m. Plastic inserts
Southeast 3 or 4 11/02/77 carpools ing lane inbound only space 20-40 feet,
Expressway lanes each (3 or more reserved freeway "metering"
direction, occupants) (inbound) for 3 months
including
use of
shoulder
in peak
direction
during
peak period
Miami: TI-95 Freeway, %5 3/15/76- Buses and 2 lanes 6-10 a.m. Flyover
4 or 5 present carpools built in (changed to connecting major
lanes each (3 or more median 7-9 a.m.) park and ride
direction occupants, area inbound; lot to I-95
changed to 3-7 p-M. after one year
2 or more) (changed to
4-6 p.m.)
outbound
Los Angeles: Freeway, 12,9 3/15/76- Buses and 2 exist- 6-10 a.m. Ramp metering,
Santa Monica 4 or 5 8/09/76 carpools ing lanes (changed to some with
Freeway lanes each (3 or more reserved 6:30-9:30 a.m.) preferential
direction occupants) 3-7 p.m. bypass
inbound and
outbound
Portland Freeway, 3B 12/15/75 Buses and resur- 24 hours/day
Oregon: 3 or 4 present carpools faced, changed to
Banfield lanes each (3 or more removed 6:30-9:30 a.m.
Freeway direction occupants shoulder, inbound and
narrowed 3:30-6:30 p.m.
lanes outbound
EXPRESS BUS
PROJECT ACCESS/EGRESS ENFORCEMENT TRANSIT AVERAGE FARE
Boston: Only at beginning Voluntary for first Minor changes to $1.25
Southeast and end 5 months, enforced existing express
Expressway last 2-1/2 weeks; and feeder bus,
increase in police rapid rail,
commuter rail, and
commuter boat; new
park and ride route
Miami: I-95 Unlimited Little enforcement; Park and ride and .60
no increase in feeder/express bus
police service increased
from 18 to 52 trips
per day; new large
park and ride lot
Los Angeles: Unlimited Fifty percent Four existing feeder/ .61

Santa Monica
Freeway

increase in police,
reduced to normal

by 12th weck

express bus routes
increased to 9;
3 new park and ride
routes and lots

In Miami the express bus service was

expanded in 1974.

Not only was the express

bus service increased to 55 trips per day,
but also the size of the market area served

was 1increased:

at the northern end of the

corridor, express buses provided increased
residential coverage to the northwest and
northeast of the Golden Glades interchange;

at the southern portion of the corridor,

the

buses served two employment centers (Civic
Center and Airport) formerly not served by
express huses.

A parking lot with space for 1320
vehicles was constructed at the northern end

of the reserved lanes at Golden Glades,
confluence of 5 major highways.
and patrolled.

fenced, well

1ie,

the

The lot was
Some bus
runs originated at this parking lot, while

others performed local collection service
hefore converging at the lot to pick up
park-and-ride, kiss-and-ride, and transfer
passengers. The buses then traveled south
along I-95 destined for one of four major
émployment centers.

The Golden Glades Parking Lot, by
acting as a transfer point for the four
feeder routes as well as a park-and-ride and
kiss=and~ride facility, enabled travel
between any point in the residential market
area and any employment destination, whereas
the former express bus service only operated
between selected origins and destinations,
with no transfer capability. Furthermore,
the four new feeder routes provide far more
efficient and direct service in the
residential area than the three express bus
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routes that they replaced.

In Boston and Los Angeles computer
carpool matching, a marketing campaign, and
a telephone center were provided to assist
and encourage travelers to use the reserved
lanes. In Miami only a marketing effort was
undertaken.

In Miami the lanes are still in
operation although the definition of a
carpool has been changed from three to two
occupants. In Boston the police began
enforcing the lane restriction 5 months
after the project began. After two and one
half weeks of significant political pressure
and unfavorable articles in one of the daily
newspapers, the Commissioner of the
Massachusetts Department of Public Works
gsuspended the project. In Los Angeles a
tederal judge ruled that an environmental
impact report should have been filed under
both tederal and state environmental laws.
This ended the Santa Monica project after 21
weeks of operation.

Project Results

The three reserved lane projects have
met with differing degrees of success and
failure. The reserved lane on the Southeast
Expressway survived for 6 months only to be
cancelled suddenly two and a half weeks
after the lane restrictions became
mandatory. A federal judge shut down the
Santa Monica project after 21 weeks of
operation because an environmental impact
report had not been filed. 1In Miami, the
inability to enforce the lane restrictions
led to a lowering of the lane qualification
to two or more persons per car.

The three projects resulted in an
increase in the occupancy rate of those
vehicles using the facility (Figure 2).
However, in both Boston and Los Angeles
person throughput on the freeways decrcased
(Figure 3). A promising trend had developed
in Los Angeles, and when the project was
terminated the Freeway was carrying only 1.8
percent fewer persons in 9.4 percent fewer
vehicles (Figure 4). 1In Boston, the
corresponding figures were 8 percent and 21
percent. In Miami, a rapidly growing area
and where new lanes were constructed, person
throughput increased by 28 percent while
vehicle throughput increased by 20 percent.

Figure 2. Freeway auto occupancye.
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Figure 3. Freeway person throughput.
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Figure 4. Freeway vehicle throughput.
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In Boston, atter the reserved lane was
instituted but before construction began,
the total number of persons carried by the
Expressway during the peak period was
22,400, 5 percent less than during the March
pre-project period. In June, person
throughput declined to 22,300, a decrease of
6 percent from March. This additonal one
percent decrease was probably the result of
the combination of the construction further
north on the Expressway and seasonal
factors. During the enforcement period, the
total number of persons carried was 21,600,
a decrease of 8 percent from March. Since
the dominance of Boston’s core area as an
attraction zone indicated a much greater
potential for carpooling and bus ridership
than in Los Angeles, it was possible that an
increase in person throughput similar to
that experienced in Los Angeles would have
developed had the enforcement period
continued. In fact, it 1s reasonable to
assume that all three projects suffered from
the public’s perception that the lanes were
not permanent. It was less likely for a
person to form a carpool or learn about a
convenient bus route if he believed that the
reserved lane project was to be terminated
when construction was completed or 1if
political pressure became too great to
maintain i1it.

At all three sites carpooling increased
by about 70 percent (Figure 5). 1In both Los
Angeles and Miami the primary reason given



Figure 5. Freeway carpools.
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for carpooling was cost and not the time
savings from using the lanes. While it was
true that the majority of the carpoolers
surveyed at each site had formed carpools
before the reserved lanes were instituted,
and therefore, their primary incentive would
have been expected to be time rather than
monetary savings, in Los Angeles 35 percent
of members of carpools that were formed
during the reserved lanes gave cost as the
main reason for carpooling while only 30
percent gave time savings. However, the
number of carpools fell to within 5 percent
of pre-project levels after the project was
terminated. It could be that time savings
from using the reserved lanes were balanced
by the additonal time it took for the
collection and distribution portions of the

trips.
Not everyone who was eligible for the

reserved lanes used them. In Miami less
than one-third of the eligible carpools used
the reserved lanes. In Santa Monica 22
percent of eligible carpools were in regular
lanes. For persons not making long trips it
was probably not worth the effort to access
the reserved lanes.

At all three sites the greatest
benefits accrued to users of the lanes,
carpoolers and bus riders, who experienced
decreases 1in travel times and increases in
arrival time reliability (Figure 6). In Los
Angeles and Boston, these benefits needed to
be welghed against any decreases in level of
service experienced by non-users of the
reserved lanes. In Los Angeles travel times
increased for non-diamond lane users. In
Boston, users of the regular lanes
experienced a decrease in travel times
during the pre-enforcement period. This was
due to people shifting out of their cars and
into carpools and buses on the Expressway
and to other modes and routes which resulted
in a 5 to 6 percent decrease in vehicles on
the southern portion of the Expressway. It
was also due to the "metering" of the
Expressway just before the start of the
express lane. As with ramp metering on the
Santa Monica Freeway, this screenline
metering worked well in creating free-flow
conditions on the roadway. 1In Miami all
users of the facility benefited, but this
was a result of the opening of the two
additional lanes, at a cost of $19 million,
and had little to do with the lane
restrictions.

A disappointment with the reserved lane
projects was their inability in and of
themselves to attract large numbers of new
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Fizure 6. Freeway travel times.
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bus riders (Figure 7). In Los Angeles and
Miami a large portion of the ridership
increases appeared to have been the result
ot the increase In coverage and schedule
frequency and not the travel time savings
and increased reliahility resulting from the
reserved lanes., For most runs, the time
spent in the reserved lanes did not
represent a major portion of total in-
vehicle travel time. However, the reserved
lanes were usetul in providing a tocal point

tor the transit marketing campaigns and in
creating a perceived, as well as a real,

time advantage in the minds of the bus
passengers. In Boston, where there were
almost no transit level of service changes
except decreased bus line-haul travel times,
express bus rtvidership increased by only 3
percent. It was Iinteresting to note that
ridership on rapid rail and commuter rail
increased by about 7 percent, possibly due
to the higher visibility and public
awareness ot these modes.

Figure 7. Daily express bus ridership.

68 1.0 1.2

|
3.8
DAILY TRIPS -
0] 1.2 g Ly e leb
S RS Gls]  ealsfefoii]
BOSTON L0S ANGELES MIAMI

BEFORE A, BEFORE A. BEFORE EXPRESS ROUTE EXPANSION
DURING - PRE-ENFORCEMENT B, DURING - FINAL APRIL 1974 ——
\ ‘ Wi AFTER EXPRESS ROUTE EXPANSION

DURING - ENFORCEMENT WEEK L

C. CONTRA-FLOW ON N.W, 7TH AVE
FEBRUARY 1976

D, DURING - 3 PERSON PHASE

E. DURING - 2 PERSON PHASE

o= >

While the feeder/express routes in
Miami and Los Angeles proved to be very
popular, they also proved to be very costly
since few buses could make more than one run
during each peak period (Figure 8). Park-
and-ride lots at the three sites met with
mixed success, and this was a function of
where they were situated and the frequency
ot the bus service. In Miami, the success
ot the park-and-ride service was due, in
part, to the placement of a large parking
lot 11 miles from the CBD at the confluence
ot 5 major highways. Buses travelled to
tour destinations, and headways were low.
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Figure 8. Cost per bus passenpger.
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Another disappointment with the
reserved lane concept was the number of lane
violations that occurred and the difticulty
ot enforcing the lane restrictions (Figure
Y). In Boston the plastic inserts did not
prevent drivers from weaving in and out of
the lanes. A median strip, where police
could station themselves and stop violators,
helped keep the violation rate in Los
Angeles between 10 and 20 percent. Stifter
tines might have proven to be a deterrent,
but the probability of being caught was not
that great, especially if upon seeing an
officer, the 1llegal driver was able to
weave into the adjoining lane. In Boston
and Miami a median area was not available.
When Boston began enforcing the lane
restrictions by sending tickets through the
mail, the violation rate fell from 80 to 35
percent.

Figure 9. Violation rate.
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One of the most serious problems with
the reserved lane projects was the potential
for accidents. Accidents were caused by the
large speed differential between the
reserved lanes and the normal-flow lanes and
people making unsafe lane changes, weaving
by violators to avoid detection, and by
distressed motorists mistaking the reserved
lane for a breakdown lane during non-
operating hours. Lane changes could be
limited by closely spaced plastic inserts,
and reserved lane access and egress could be
restricted to coincide with major entrances
and exits. Boston did this to the extreme
by permitting only one entrance and one
exit, but motorists still managed to violate
the no-weaving restrictions.

Carpool matching programs did not meet
with great success. In Miami no carpool
matching program was attempted since such a
program had been triled on another project
and tailed. In Los Angeles commuter
computer estimated that 1t was responsible
tfor the formation of only 193 carpools. In

Boston about 400 persons filled out carpool
matching questionnaries. It was not known
how many of these persons actually formed
carpools. Most carpools in Los Anpgeles were

tormed among co-workers.
Due to the differing nature of the

projects, the costs varied significantly
(see Figure 2). For example, in Miami
almost $19 million was spent just for
construction of the two reserved lanes, a
parking lot, and a flyover. The entire
Santa Monica project cost just over $3
million, with $1.2 million being spent for
data eollection and evaluation and $886
thousand for bus operations. Boston spent
only $245,000 for their entire project.

Recommendations tor Future High Occupancy
Vehicle Priority Projects

The results of the three non-separated
concurrent-flow projects descrihed in this
paper point out the many generic weaknesses
in this concept: the large number of
violators and the difficulty of enforcement;
the potential for accidents; the inability
of the reserved lanes by themselves to
attract large numbers ot new bus riders and
carpoolers; and the political problems
associated with removing an already existing
lane trom general use.

Based on the Boston and Santa Monica
results, it 1is not recommended that an
existing lane be re-~dedicated for
preterential use unless there is a pressing
need such as a reduction in capacity due to
treeway reconstruction. If there 18 to be a
decrease 1in treeway supply available to non-
high occupancy vehicles, this decrease
should be phased in order to cushion its
effects and to encourage single occupant
auto drivers to switch early to other modes
or routes. A corridor whose transportation
tacilities are not already saturated will
cushion the transition from pre-project to
post-project equilibrium by allowing tormer
users ot the treeway the option to switch to
alternate routes or other modes of transit
it these are preferable to carpooling,
taking an express bus, or staying on the
treeway’s normal lanes. These concepts were
well-illustrated in Boston.

A comparison of the performance of
these non-separated reserved lane projects
with the Shirley Highway reversible lanes
and the ElI Monte busway indicates that when
concurrent flow lanes are separated from the
general lanes by a concrete barrier or an
empty satety lane, the accident and
entorcement problems are virtually
eliminated and the reserved lanes are better
able to perform their function of attracting
and carrying high occupancy vehicles. The
appearance of permanence seems to contrihute
a great deal to convincing people to switch
to HOV s.

Quite often these permanently or semi-
permanetly separated configurations are not
feasible for economic and/or engineering
reasons. Boston attempted the minimum in
physical lane separation by installing
plastic inserts every 20 or 40 feet between
the reserved and regular lanes.
Unfortunately, these inserts did not prevent
a large amount of i1llegal weaving between
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Table 2. Costs of the three preferential lane projects.
BOSTON LOS ANGELES MIAMI
ONIT PROJECT UNIT PROJECT UNIT PROJECT
COST COST ($000) COST COST ($000) cosT COST ($000)
INVESTMENT COSTS
LANE CONSTRUCTION - - 11,656
PARKING LOT (S) - 199 1,711
FLYOVER TO LOT - - 2,981
PLANNING, DESIGN, AND - _ 5 g
SUPERVISION OF CONSTRUCTION '
SIGNING 8 163 1,627
BUSES - - 20 @ 51,500 1,030
MARKETING 40 358 84
EVALUATION 55 1,232 973
PLASTIC INSERTS 3500 @ $1l. 39 = =
DRILLING HOLES 1500 @ $ 4. 6 = =
OPERATING COSTS
BUS OPERATIONS - 2,588% 886° 461t 2113
ROADWAY & SIGNING
MAINTENANCE - - 88
PARK AND RIDE LOT
MAINTENANCE AND SECURITY - - 18
INSTALLATION AND
REMOVAL OF INSERTS 26 WKS @ $3750 97 - -
LOCAL AGENCY
ADMINISTRATION - 193 -
COURT COSTS - 77 -
TOTAL PROJECT COSTS 245 3,108 22,751

IUPERATING COST PER YEAR ($000)
2OPI'.‘,RI'\’I‘IK\IG DEFICIT FOR 22 WEEKS
3OPRRI\’I‘ING DEFICIT FOR 1 YEAR

the two lanes. No only did non-carpoolers
switch into the reserved lane, but
carpoolers illegally left the lane to exit
the Expressway.

The evidence indicates that there
should be a median strip between the two
directions of flow to provide both an area
for motorcyle police to station themselves
to control the violation rate and a safe
area for distressed motorists to stop
(Figure 10). To reduce the dangers of lane
changing between two lanes travelling at
significantly different speeds, the reserved
lane entry and exit points should bhe limited
to the beginning and end of the reserved
segment and to a few intermediate points.
The potentially large speed differential
between the reserved lane and the regular
lanes could possibly be reduced by
electronic signs on the freeway that would
limit the speed in the reserved lanes to
some amount greater than in the regular
lanes. This speed limit could be enforced
if bus drivers were instructed to adhere to
it. This concept has never been tested.

If the reserved lane configuration
calls for inserts and a median, then it must
be determined whether or not to leave the
inserts in place on a 24 hour basis. It 1is
costly to install and remove the 1inserts,
the operation tends to confuse motorists,

and it cannot be performed in the snow or
dark. If the inserts were permanent, the
lane restrictons would not necessarily have
to be in effect or enforced on a 24-hour
basis. However, this arrangement could be
confusing to motorists as was the case in
Miaml where the solid striping used to
separate the lanes during the early months
of the project resulted in the reserved

Figure 10. Concurrent flow reserved lane
with inserts and median.
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- inserts separate reserved lane from
regular lanes

- median for police and distressed motorists

- entry and exit limited to beginning and
end and a few intermediate points

lanes being mistaken for breakdown lanes
during the non-restricted hours. Other
drawbacks are that the inserts could create
a safety hazard at night or during slippery
conditions and plowing would be extremely
difficult.

If space permits, the median could bhe
shifted to the area hetween the reserved
lane and the normal lanes as is the case of
the El Monte Busway (Figure 11). Permanent
plastic inserts would separate this safety
lane from the rest of the roadway. The
inserts would be spaced far enough apart so
that this empty lane could be accessed by
slow moving police and distressed motorists.
Carefully designed slip-ramps would provide
entry to and exit from the lanes at a few
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intermediate points. These ramps would be
denoted by inserts, striping, and special
pavement treatment so as not to be confusing
to motorists.

Figure 11. Concurrent flow reserved lane
with safety lane and 1inserts.
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- safety lane between reserved and regular
lanes

- safety lane used by police and distressed
motorists

- inserts separate safety lanes

~ eutry and exit limited to beginning and
end and a few intermediate points via
carefully designed slip-ramps

- barrier wall between two directions of
flow

Concurrent-flow lanes are applicable
when the flow 1is balanced in each direction.
When there 1s a large imbalance in peak
directional flows, and 1if sufficient
capacity exists in the off-peak direction
then contra=flow or reversible lanes would
be more appropriate.

In addition to the careful selection of
the most appropriate form the HOV lanes will
assume, this analysis has revealed factors
related to site characteristics,
implementation procedures, transit
operations, and media treatment that must be
considered.

The primary characteristic of the site
that defines the market potential for the
reserved lanes is a CBD that 1is the focal
point for regional employment. This ensures
a ready market for express bus patrons and

facilitates the formation of carpools. In
order to avoid citizen protest, it 1is
important that the reserved lanes appear to
be well-utilized to those travelling in the
regular lanes and appear to be permanent.
Any increase in express bus operations
should focus on the development of new
feeder/express routes with the feeder
component used to expand transit coverage,
preferably serving more densly populated
neighborhoods that currently have poor
access to transit. Free and efficient
transfer capabilities should be provided at
park and ride lots Iif the buses go to
different destinations. However, demand for
priority facility bus services has proven to
be inelastic with respect to fare;
therefore, the fare should reflect the

1ity of the service being provided.
s Pirk and ride service should be

provided only from lots that are distant
from the CBD and have good transit and

highway access. The lots should be adjacent
to the freeway and be large enough to
support low headway service to several major
destinations. Lots should be guarded, well
1it, highly visible to the motorist, and
contain amenities such as sheltered wailting
areas, telephones, and toilets. The lots
should have a convenient and adequate
walting area for afternoon kiss and ride
automobiles. The transit operator should be
aware of the high cost of operating this
express bus service. High occupancy
vehicles, such as double deck and
articulated buses, could be used on these
routes to minimize driver costs.

The public should be made aware of all
aspects of the reserved lane project as

early as possible. Comnuter Computer
estimated that carpool formation took an
average of one month following a request.

All travel options should be clearly
described including estimates of level-of-
service for each one.

Ramp metering, freeway metering, and
pricing can be used along with, or in lieu
of, reserved lanes. Ramp metering is
relatively 1nexpensive, easy to install, and
acceptable to the public. It worked well on
the Santa Monica Freeway, making the average
trip time both shorter and less variable.
Many of the ramps provided preferential
treatment, and the violation rates were low.
A form of freeway metering was attempted in
Boston and resulted in a decrease in travel
time. However, freeway metering does not
afford high occupancy vehicles preferential
treatment.

The majority of carpoolers in Miami and
Los Angeles indicated that their primary
reason for carpooling was to cave money.
Thirty-five percent of members of carpools
formed during the Santa Monica project
reported cost incentives as the primary
reason for carpooling while 30 percent
listed the diamond lane. These results
indicate that parking or toll policies
favorable to carpools, in addition to
preferential lanes, would do much to
increase carpooling. The revenues generated
could be used to expand the express bus
service, which would further increase the
use of high occupancy vehicles.
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Abridgment

BUS PRIORITY SIGNAL CONTROL:

Edward B. Lieberman, KLD Associates, Inc.

SIMULATION ANALYSIS OF TWO STRATEGTFES

Ann Muzyka and David Schmeider, Transportation Systems Center

A study to evaluate the effectiveness of two bus
priority strategies using a validated traffic
simulation program is described. The test net-
work, which is located in the Central Business
District of Minneapolis, Minnesota includes two
major arterials, each with a contraflow bus lanc.
The first control strategy consists of a fixed-
time traffic signal pattern generated by the
SIGOP-II model, which is designed to minimize
passenger-delay, rather than vehicle-delay. The
second control strategy is a real-time policy
which preempts the fixed-time control to provide
preferential treatment for approaching bus

The simulated results for each strategy
were compared with those reflecting the existing
fixed-time signal control. This study indicated
that, for this application, the reduction in
delay for bus passengers as predicted by the
simulation program provided by both strategies
outweighted the additional delay experienced by
passengers in private vehicles; the preemption
strategy provided greater improvement in per-
formance than did the other. The study also
demonstrates that a validated simulation model

vehicles.

is an effective tool for evaluating alternate
design configurations prior to field demonstra-
tion.

With attention focusing on techniques for en-
couraging the general public to increase its usage
of mass transit facilities, several experiments have
been undertaken to improve the performance of bus
operations. One approach for evaluating strategies
is to develop a preliminary design which is sub-
sequently implemented in the field. This approach is
both costly and time-consuming (1). Furthermore,
should the preliminary design produce a degradation
in traffic performance, there exists the prospect
that the experiment will be terminated before refine-
ments can be implemented.

Another approach is to develop the "best" pre-
liminary design possible prior to field implementation
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by exploring different candidate designs. Each is
then tested in a manner which replicates the pro-
An effective methodology
for such experiments, which has received increasing
usage in recent years, is the application of traffic

posed traffic environment.

simulation techniques.

This paper describes the application of a micro-
scopic simulation model of urban traffic, named
SCOT(2,4) to a network in the central business dis-
trict in Minneapolis. On each of two adjoining
parallel, one-way arterials, a contraflow bus lane
has been implemented. The purpose of this study was
to identify the "best" preliminary design. Specifi-
cally, the following tests were conducted:

1. Evaluation of traffic operations on the net-
work with the existing fixed-time control timing
plan.

2. Evaluation of traffic operations with a
fixed-time signal timing plan specifically designed
to minimize person-delay.

3. Evaluation of traffic operations with a
real-time bus preemption control.

The operational characteristics of general
traffic and of bus traffic are specified as input to
the simulation program separately.
traffic, queue discharge headways, free-flow speed

For general

and turn movement percentages are specified for each
link. Bus traffic is specified in terms of their
respective route structures and the bus stations
serviced. All bus stops are located appropriately
and their respective [curb] capacities and observed
bus dwell times are specified.

The traffic control is specified in terms of
signal interval durations and signal offsets, at
each node (intersection) of the network. Tor the
on-line bus preemption control, detectors were
specified in the locations where they would be
installed in the pavement, and the control was
specified in terms of minimum phase duration for the
cross streets. The actual real-time pattern of sig-
nal indications was determined by internal logic.



The physical street system is represented as a net-
work, as shown in Figure 1. Each north-south arterial
services general traffic in one direction with a single
bus contraflow lane. The cross-flow streets all
service one-way flow, as indicated.

The urban portion of the SCOT simulation model
moves individual vehicles along the network links
(streets) and through the nodes (intersections) in
response to the signal control. This portion is
essentially synonomous with the UTCS-1 model (3) which
was validated on a network servicing bus traffic.
Statistics describing traffic operations are accumula-
ted and listed for each link in the network; bus
statistics are maintained separately.

Control Plans

The existing fixed-time control system exhibits a
common cycle length of 90 seconds, relative offsets
are zero for all links, and the signal split at each
intersection is set at a G/C of 0.5, approximately.
Right-turn-on-red is permitted for most approaches.
General traffic may turn left across the bus contra-
flow lane.

The SIGOP-II model (5) was employed to obtain new
signal timing plans. A small modification was intro-
duced into this model specifically to replicate bus
traffic operations and the dwell time experienced
while servicing passengers at bus stations. The
difference in passenger occupancy between buses and
general traffic vehicles (40 vs. 1.3, respectively)
was represented. This effectively transformed the
objective function in the SIGOP-II model from "vehicle-
delay" to "person-delay." The signal cycle length
was retained at the current value of 90 seconds (i).

The bus preemption strategy is designed to alter
the fixed-time sequence of signal phasing so as to
provide preferential service for bus traffic. Briefly,
the algorithm is based on a design where a bus station
on a street is always located upstream of the detector
which issues a "call" for signal preemption at the
downstream signal. That is, there is no bus station
between the detector and the stop line. Based on the
projected arrival of a detected bus at the stop line,
the algorithm determines whether to truncate the RED
phase or extend the GREEN phase, or cycle rapidly to
reinstate GREEN phase, or cycle rapidly to reinstate
the GREEN phase subject to minimum phase duration con-
straints. The objective is to minimize bus delay.
When competing buses vie for the GREEN phase, the
algorithm resolves the conflict by implementing that
strategy which minimizes total bus delay, subject to
certain constraints.

The preemption strategy was programmed and
integrated into the SCOT simulation model.

Experimental Results

The existing control was treated as the "base
case." A total of 15 bus routes traversed the test
network; each route exhibited an average headway of
about 2 minutes.' Hence, a bus entered the network
every 8 seconds. Results describing the overall
performance of bus traffic for the new signal timing
plan are presented in Table 1, while those for
general traffic appear in Table 2.
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As indicated, the buses along the major arterials
benefit significantly, while those along the cross
streets experience sharp degradation in performance.
General traffic experiences a moderate fall-off in
operational performance. The overall bus performance
experiences improved service as measured by a 12 per-
cent reduction in the total delay relative to the kase
system. On the basis of the observed occupancies
of 40 passengers per bus and 1.3 per auto, the net
effect over a l5-minute period is a decrease of 395
passenger-minutes. Extrapolating this figure over
the peak hour yields a net reduction in delay of 26.3
passenger-hours per hour.

Results describing the overall performance of
bus operations for the bus preemption strategy are
presented in Table 3, while those for general traffic
appear in Table 4. The pattern of these results is
similar to those described above for the new signal
timing plan. As expected, buses along the main arter-
ials benefit significantly while other components of
the traffic stream experienced increased delay.

For this 15-minute time period, delay experienced
by general traffic increased by 498 vehicle-minutes,
while delay for buses decreased by 42 vehicle-
minutes. Employing the same occupancy figures as
previously, the net effect is a decrease of 1032
passenger-minutes in the test period or 68.8
passenger-hours per hour.

Conclusions

This paper has described a study employing
traffic simulation to evaluate design alternatives
to improve urban bus operations. The major
conclusions are:

1. Strategies designed to improve bus operations
involve a blend of several types of improvements.
For each facility, it is advisable to explore
several candidate strategies prior to the demonstra-
tion phase.

2. Simulation has been demonstrated as a viable
tool for conducting such evaluations to identify
that strategy (or limited set of candidate
strategies) which exhibits the highest potential for
a successful demonstration project.

3. On the basis of this study, it appears clear
that any preferential bus strategy in an urban
environ must include consideration of signal control.
Furthermore, such consideration should be based upon
people-movement measures as opposed to vehicle-
movement measures exclusively.
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Figure L.
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Table 4. Simulation results for network general

Table 1. Simulation results for bus system
Bus progression strategy
4:30 - 4:45 P.M.
Performance Base Priority %
Measure Case Case Change
Number of Buses 116 117 +1
Total Delay (Bus-Minutes) 232.7 204.6 ~-12
(Dwell Time Excluded)
Mean Trip Time (Minutes) 3,19 2.94 -8
(Dwell Time Excluded)
Mean Speed (MPH) 6.8 7.3 +8
Number of Intersection 265 217 -18

Stops
Total Duration of Inter- 108.8 88.5 -19

section Stops (Minutes)

Table 2. Simulation results for network general

traffic. Bus progression strategy

4:30 - 4:45 P.M.

Performance Base Priority %
Measure Case Case Change
Vehicle Miles 1035 1028 -1
Vehicle Trips 3537 3522 0
Vehicle Minutes 5325 5873 +10
Average Speed (MPH) 11.7 10.5 -10
Stops per Vehicle 1...56 1.77 +13
Delay per Vehicle (Sec) 47.9 57.6 +20
Table 3. Simulation results for bus system.

Bus preemption strategy.

4:30-4:45 P.M.

Performance Base Priority %
Measure Case Case Change
Number of Buses 116 117 +1
Total Delay (Bus-Minutes)

(Dwell time excluded) = L 1907 R
Mean Trip Time (Minutes)

(Dwell Time Excluded) G e 7
Mean Speed (MPH) 6.8 7:3 +7
Number of Intersection

Stops 265 235 =11
Total Duration of

Intersection Stops 108.8 90.9 -16

(Minutes)
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SOUTHEAST EXPRESSWAY RESERVED LANE FOR BUSES AND CARPOOLS

Daniel Brand, Charles River Associates Incorporated

John Attanucci and Howard Morris, Massachusetts Executive Office of Transportation
and Construction

Charles Kalauskas, (Boston) Central Transportation Planning Staff

On May 4, 1977, the existing northbound left lane
of Boston's 8-mile, 8-lane, heavily congested
Southeast Expressway was reserved on a voluntary,
unenforced basis, for buses and 3-or-more-occupant
carpools during the morning peak period 6:30-9:30
A.M. This started Phase 1 of an effort to raise
the vehicle occupancy of the highest volume road-
way in Massachusetts in anticipation of several
years of reconstruction of all bridge decks on

and over the Expressway. Phase 2 of Reserved Lane
operation began June 2, 1977 by carrying the Re-
served Lane through a three-lane construction
bottleneck and detour at its northern end. Phase
3, in which the 3-or-more-occupant per vehicle
requirement was enforced, commenced the morning

of October 18, 1977, and continued until the
termination of the Lane on November 2, 1977.

The operation of the voluntary lane in Phase 1
increased carpooling on the Expressway by 38 and

72 percent in the 3 hour A.M. peak period and peak
hour respectively. In the peak hour, 184 more
people were carried in 429 fewer vehicles. Fifty
percent of the peak hour persons using the Express-—
way during Phase 2 were carried in the free flow-
ing Reserved Lane. The entire Expressway operated
in Phases 1 and 2 with less congestion than before,
no increase in accidents and no measurable impact
on alternate surface street traffic attributable

to the Lane itself. During the Phase 1 peak period,
over 50 percent of the reduction in autos on the
Expressway was accounted for by increased vehicle
occupancy on the Expressway itself. Rail transit
ridership in the corridor increased, accounting
for 25 percent of the peak period reduction in
autos during Phase 1, indicating the complementar-
ity of alternative high occupancy modes in a high
volume corridor. Express bus ridership increased
only slightly during all phases of operation.
During the only two weeks of operation of Phase 3,
travel times in the general-purpose lanes increased
and varied from day to day. There was not a signi-
ficant increase in the number of accidents on the
Expressway. Despite continually increasing shifts
to alternate modes (a greater than 10 percent
shift of all autos on the expressway to carpools
and public tranmsportation), the public outcry and
concern of public officials regarding the deterior-
ated travel conditions in the general-purpose

travel lanes led to a decision to terminate the
project after two weeks of enforced operation.
Phase 3 results are presented in the paper, but
are not felt to represent equilibrium results.

On May 4, 1977, the Massachusetts Department of
Public Works (MDPW) reserved the existing left lane
of Boston's Southeast Expressway for buses and three-
or-more-occupant carpools. This started Phase 1 of
an effort to increase the vehicle occupancy of the
highest volume roadway in Massachusetts in antici-
pation of several years of reconstruction of bridge
decks along the entire eight-mile length of the
Expressway. Phase 2 of Reserved Lane operation be-
gan the morning of June 2, 1977 by carrying the Re-
served Lane through a three-lane construction
bottleneck at the northerly end of the eight-mile
Reserved Lane. Phase 3, in which the three-or-more-
occupant per vehicle requirement was enforced,
commenced the morning of October 18, 1977 and con-
tinued until the termination of the Lane on November
2y 19717

The Reserved Lane, called the Downtown Express
Lane locally and in this paper, was an experimental
cooperative effort between several Massachusetts
transportation agencies and was the key element in a
program for traffic maintenance during the Southeast
Expressway reconstruction. Two aspects of the Lane
are vitally important to consider when comparing this
project to other preferential lane demonstrations:

1. The Lane removed an existing general-purpose
traffic lane.

2. The Lane through Phases 1 and 2 reported on
in this paper was a voluntary lane. Violators of the
Lane were not ticketed.

Project Description

The Southeast Expressway is one of only three
radial limited access highways penetrating all the
way to the Boston CBD from the Route 128 limited-
access circumferential highway about twelve miles
out from Boston (with a metropolitan population of
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3.5 million). Average daily traffic on this heavily
congested Expressway has experienced only slow growth
over the last several years and was 126,000 vehicles
a day just south of the Massachusetts Avenue inter-
change at Southampton Street in 1976, making it the
most heavily traveled highway in the State.

The Reserved Lane for buses and 3-or-more-occupant
carpools extended over an 8-mile section of the South-
east Expressway between a point 1500 feet north of its
intersection with Route 128 in Quincy to the Massachu-
setts Avenue interchange in Boston.

The Reserved Lane was the far left lane in the
northbound direction and operated only on weekdays
between 6:30 and 9:30 A.M. By reserving the Express
Lane for high-occupancy vehicles only, these vehicles
would be the recipients of substantially reduced tra-
vel times. These reduced travel times were intended
to encourage the use of express buses and the forma-
tion of carpools to improve the "people-moving'" capa-
city of the Southeast Expressway during the morning
peak period.

Daily Operation of Express Lane

During the morning peak period, the Downtown Ex—
press Lane was separated from the three general lanes
of traffic by yellow 19" high plastic posts which
were inserted into 8" metal sleeves embedded in the
roadway. The posts were spaced 20 feet apart in some
heavily congested areas of the Expressway and 40 feet
apart along the remaining length. They were inserted
daily beginning at approximately 5 A.M. and removed
after 9:30 A.M. (Setup and pickup times were each
about 75 minutes using two truck crews.)

Phases of Operation

The results of three distinct phases of Downtown
Express Lane operation are described in this paper.
Phase 1 began May 4, 1977 and provided four weeks of
Express Lane operation prior to actual Southeast Ex-—
pressway reconstruction. These four weeks were in-
tended to allow time for carpool formation, a massive
publicity campaign (which actually started one month
prior to Phase 1), and buildup of express bus rider-
ship prior to the bottleneck caused by reconstruction
of the bridge decks at the Massachusetts Avenue inter-—
change.

At midday June 1, 1977, the four travel lanes in
the northbouiid direction in the vicinity of the Massa-
chusetts Avenue interchange at the northern end of the
Express Lane were shifted over to a temporary three-
lane detour roadway. The far left Reserved Lane was
carried all the way through the three-lane bottleneck
section. Phase 2 of the Lane's operation (with the
detour through the three-lane bottleneck section)
commenced on the morning of June 2, 1977.

Phase 3, the enforcement phase, began on October
18, 1977. Vehicles with less than three occupants
traveling in the Lane were subjected to a fine of
$20.00.

Enforcement

As noted in the introduction, the Downtown Express
Lane was a voluntary lane for Phases 1 and 2. This
means one- and two-occupant vehicles using the Lane
were not ticketed.

The decision to operate the Express Lane with com-
pliance on a voluntary basis during Phases 1 and 2 was
made for several reasons.

1. The voluntary approach simplified the legal

requirements for implementation and enforcement of
the Express Lane project. (No federal money was in-
volved in the operation of the Lane which removed the
NEPA EIS requirements.)

2. Public acceptance of a voluntary lane would
be greater and the concept could be proven without
alienating those opposed to the project at the start.
The responsibility for the success or failure of the
project was, therefore, shifted to the general public
(and each commuter then using the Expressway) and
away from a focus on the police's ability or right to
enforce the three-occupant carpool requirement.

The Phase 3 enforcement of the three-person-per-
vehicle minimum requirement for use of the Express
Lane began on October 18, 1977, after more than five
months of voluntary operation. A regulation to en-
force the Lane was issued by the Massachusetts De-
partment of Public Works (MDPW). The MDPW regulation
provided for a maximum fine of $20 for the owner of a
vehicle cited for traveling in the Downtown Express
Lane in violation of the posted signs. The police
assured the MDPW that they would enforce such a re-
gulation and, therefore, would issue citations by
mail. The basic premise of enforcement was that the
owner of the vehicle would be liable for the use of
a vehicle in violation of the three-or-more-person
requirement. The officer was not required to stop
and cite the violator on the spot because of safety
considerations, but simply noted the vehicle's li-
cense plate number. This procedure is similar to
that for a parking ticket and allowed the direct
mailing of the citation to the vehicle owner. A
similar regulation, which provides for mailing of
citations by the State Police upon observation of a
toll evader on the Massachusetts Turnpike, has been
in effect for many years and was upheld by the
Massachusetts Supreme Judicial Court as within the
normal police powers of the Commonwealth. (See
Commonwealth v. Pauley, 331 NE 2d 901, 1975).

Cost of the Express Lamne Project

The cost of implementing the Downtown Express
Lane project consisted of a minor capital expendi-
ture and a regular operating expense. Approximately
$40,000 was expended for the publicity campaign in-
cluding the special carpool matching effort. The
1500 plastic post inserts needed to separate the
Express Lane from general traffic cost $11 each, to-
taling about $16,000. Two thousand replacement
posts (approximately 15-18 posts needed replacement
daily) cost $22,000. Signing and pavement markings
for the Lane cost approximately $7,500. Approxi-
mately $5,500 was expended for labor and equipment
to install the post sleeves, erect the signs and
paint the pavement markings in anticipation of the
start of the Lane. The total capital cost of the
project therefore was approximately $92,000.

Operating cost of the Lane includes expenditures
for MDPW crews to set down and pick up the plastic
post inserts daily, and police protection for the
crews performing these tasks. Weekly MDPW crew
costs averaged $3,200 and weekly State Police over-—
time costs were $540. If the Lane were to operate
year-round in this manner, yearly operating costs
for the project would total approximately $195,000.

Phase 3 enforcement costs were not estimated due
to the short duration of the Phase 3 operation.
About five police officers in vehicles were assigned
over the three-hour period per day. The fact that
tickets did not have to be issued on the spot allowed
increased productivity from a minimum number of offi-
cers. If necessary, hundreds of citations could have
been issued.



Alternative Commuting Facilities to the Southeast
Expressway

Alternatives Prior to the Reserved Lane Project

Before detailing the results of the Reserved Lane
project, it is important to describe the travel choices
available to South Shore commuters before and during
the project.

The extensive public transportation system has
four components: MBTA rail rapid transit with feeder
bus, private carrier express buses, commuter rail
trains and commuter boat. The importance of this
network is illustrated by the high percentage of peak
period trips from the South Shore to the CBD (approxi-
mately 60 percent) which are made by transit.

Rail rapid transit service between Boston and the
South Shore is provided by two branches of the Red
Line operating at 5-minute headways during peak per-
iods on each line. Each weekday morning, 8,750 riders
boarded at the three Quincy stations on the Quincy
branch of the Red Line during the 6:30-9:30 A.M. peak
period during March and April 1977 before Phase 1.
Extensive feeder bus service is provided from many
South Shore communities to Red Line stations in Quincy
and Dorchester (Boston).

Express bus service direct to Boston's CBD is pro-
vided from a large number of communities south of
Boston by four private carriers: Plymouth and
Brockton (P&B), Almeida, Hudson and Bonanza. All ex~
press buses use the entire 8-mile length of the South-
east Expressway on which the Lane is located. Each
weekday during the 6:30-9:30 A.M. peak period, appro-
ximately 100 bus-runs are made in the northbound direc-
tion on the Southeast Expressway carrying a total of
3,400 passengers.

Commuter rail service is provided to an adjacent
(southwest) corridor as far south as Providence, R.I.
Frequent service is provided only during peak periods,
with weekday peak period inbound ridership totaling
approximately 2,600 passengers.

Commuter boat service prior to the start of the
Downtown Express Lane consisted of one trip each way
each day from Hull, Massachusetts to Rowe's Wharf in
downtown Boston. This service accommodates approxi-
mately 125 riders each way during the summer months.

In addition, the dense highway network in Boston
and the South Shore provides many alternative surface
street and arterial routes to the Boston CBD.
Morrissey Boulevard is a six-lane arteérial running
approximately four miles between the Neponset River
and the Massachusetts Avenue interchange. Other
routes consist of many lesser streets and roadways
which drivers connect up in almost infinite varilety.
Some Southeast Expressway users have origins and
destinations far enough to the west of Boston and
the South Shore that the large limited access circum-
ferential Route 128 and radial highways to the south-
west and west of Boston, including the limited access
Massachusetts Turnpike are convenient alternaté routes.

Transportation Services Provided for the Reserved
Lane Project

A number of transportation improvements were pro-—
vided for Southeast Expressway commuters in addition
to the Downtown Express Lane as part of the traffic
maintenance plan for Southeast Expressway bridge deck
reconstruction. These transportation services were
all aimed at using high occupancy vehicles, on or off
the Expressway, and were aggressively promoted during
the publicity campaign which preceded Phase 1. The
service improvements included:

e Providing maximum service levels on the MBTA
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rapid transit Red Line serving the South Shore by in-
creasing the number of transit cars available for
service from 88 to 104, and providing some additional
feeder bus service to Red Line stations.

e A completely new express bus route from two
major commuter parking areas on Route 128 began May
9, 1977 providing service at 20-minute headways for
the peak period to Boston's Government Center in the
northern part of the CBD.

e The major private bus company promised to pro-
vide up to a 30 percent increase in numbers of bus
runs consisting principally of extra sections on high-
density portions of their extensive route system.

The other smaller private carriers generally felt
they had sufficient empty seats to serve up to a 50
percent increase in ridership.

e Seven existing and two new fringe parking lots
were expanded and upgraded by the MDPW, MBTA and the
Metropolitan District Commission (MDC) prior to, or
during, Phase 1 of the Lane.

e Carpool matching assistance was provided to
South Shore commuters through a variety of high
visibility mechanisms.

e Additional one-round-trip-each-day commuter
boat services were initiated in May 1977 from two
South Shore locations to downtown Boston.

In addition to the new South Shore transporta-
tion services listed above, substantial increase
in police patrols on the Expressway and additional
emergency highway equipment including tow trucks
and push bar equipped police vehicles were provided
for quick removal of disabled vehicles in order.to
keep traffic flowing smoothly.

Results of Phase 1 and Phase 2 Operations

Introduction

The results of the Southeast Expressway Reserved
Lane for buses and carpools are organized by four
major categories of information:

1. General public acceptance.

2., TImpact on travel and travel conditions on
the Southeast Expressway.

3. Impact on travel and travel conditions on
other modes and highways (i.e., off the Expressway).

4, Summary of where the cars "went."

These results are presented in this section for
Phases 1 and 2, the five month voluntary period of
Lane operation. The next section presents these results
for the brief two-week period of enforced Phase 3
operation. A more detailed account of the metho-
dology employed in the monitoring and evaluation
program for the Downtown Express Lane is given in
the first part of that section. (Central Transportation
Planning Staff, Southeast Expressway Evaluation of
Downtown Express Lane, December 1977.)

Public Acceptance

The response of the general public to the Down-
town Express Lane before and during implementation
of (voluntary) Phases 1 and 2 was generally posi-
tive and without major controversy. The justifica-
tion of the project as the critical element in the
traffic maintenance plan during Southeast Express-
way reconstvuction seemed to diffuse opposition to
the concept. It is clear that the fact that the
Lane was voluntary and not mandatory quieted an im-
portant segment of the population who otherwise
would have vehemently objected to the Lane.

Editorial comments in the newspapers generally
were favorable and expanded on the news reporting
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theme of "it's for everyome's good." Public meetings

in the affected communities produced only a few in-
terested citizens whose ideas would generally make

the Lane's operation more complex. Legislators from
the South Shore area were vocal that complementary ac-—
tions such as securing additional fringe parking sites
and providing additional public transportation service
had not gone far enough.

Public response to a newly established C-A-R-
P-0-0-L phone number to obtain matching information
and a temporary information booth at a Howard John-
son's Restaurant on the Expressway was mixed. Large
numbers of commuters requested information on the Ex-
press Lane project and related construction activity,
but few of these commuters requested carpool matching
assistance. In May and June, the first two months of
operation of the Lane, a maximum of 120 calls per day
was received at the C-A-R-P-0-0-L number, with aver-
age daily calls being far less than this number. At
the Howard Johnson's information booth on the south-
bound side of the Expressway, a total of 640 in-
quiries were made by commuters during the eight-week
period (April 11, 1977 through June 2, 1977) the
booth was open. Out of all these requests for infor-

mation over a two and one-half month period, only about

430 were requests for carpool matching informatiom.
About a third of these resulted in a match with at
least one other person and the mailing of a carpool
matching list.

Changes in Travel and Travel Conditions on the
Expressway

The results of the Downtown Express Lane on travel
at Southampton Street on the Expressway for the three
reporting periods ("Before,'" Phase 1, and Phase 2)
are presented in Table 1. Southampton Street is a
cross street near the northern end of the Lane, a
point where the highest volumes on the Expressway are
generally observed.

There is no clear and consistent monthly variation
in Southeast Expressway travel volumes between March,
April, May and June. Therefore, the data are not
"seasonally adjusted" for month or year. However,
morning peak period travel for the 6:30 to 9:30 A.M.
period that the Lane wasin operation declined sub-
stantially in July and August. Also, travel on
Mondays and Fridays in this corridor is distinctly
different from Tuesday, Wednesday and Thursday travel
due to a carry-over of weekend travel to Mondays and
Fridays in this corridor leading to the South Shore
and Cape Cod. For these reasons, very little data
were collected on Mondays and Fridays and during the
months of July and August.

Travel on the Entire Expressway. As may be seen
in Table 1, the number of carpools on the Expressway
during the peak period (6:30-9:30 A.M.) grew by 38
percent or 331 carpools during Phase 1. This increase
dipped to 15 percent or 133 carpools in Phase 2 rela-
tive to the "Before'" condition. For the peak hour,
the corresponding growths in carpooling were 72 per-
cent or 268 vyehicles for Phase 1 and 34 percent or
129 vehicles for Phase 2 relative to the "Before"
condition. The table shows corresponding growths in
the percent of total persons in cars carried in car-
pools and buses. Although the number of carpools
declines in absolute terms between Phase 1 and Phase
2 of the Lane's operation, the percent of persons
carried in carpools declined far less, and the percent
of persons carried in carpools and buses increases
because of the drop in numbers of persons and vehicles
carried on the Expressway during the Phase 2 bottle-
neck. That is, carpooling in relative terms dips

only slightly between Phase 1 and Phase 2. During
the latter part of Jume 1977, vacations started and
this caused more difficulty in carpooling which was
reflected in the data. The Phase 2 data are average
for the entire month.

Express bus ridership increased by only approxi-
mately 100 riders during the peak period and 65
riders during the peak hour, or about a 3 percent
increase in both cases. The increases appear to
have been solely due to the reduction in travel time
in the reserved Lane, and not due to the new service
provided during the Lane's operation. Ridership did
not change between Phase 1 and Phase 2. These some-
what disappointing increases for the first two months
of the Lane's operation match the experience of the
contraflow lane provided on the Southeast Express—
way during morning peak periods of daylight savings
time months for the previous six years. It is also
consistent with work purpose direct elasticities for
line haul transit travel time of -.3 to -.4
(i.e., the approximate 10 percent decrease in line
haul travel time has produced a 3 percent increase
in ridership).

Table 1 shows that during Phase 1, 2,010 fewer
autos used the Expressway, but only 1,130 fewer per-
sons were accommodated on the Expressway during the
peak period, and for the peak hour, 184 more per-
sons were accommodated and there were fewer autos.
This shows the significant effect of the Lane it-
self in increasing the average occupancy of autos
(from 1.31 to 1.40 during the peak period, and from
1.34 to 1.49 during the peak hour for Phase 1), and
in preparing the Expressway to accommodate passen-
gers in higher occupancy vehicles during the Phase
2 Expressway reconstruction.

Shift in Time of Travel. Between 6:00 and 6:30
A.M., the number of vehicles using the Southeast
Expressway during Phase 1 decreased in the same pro-
portion as the reductions in 6:30 to 9:30 A.M. vol-
umes shown in Table 1. During Phase 2, the 6:00
to 6:30 A.M. decrease was only one-third the 6:30
to 9:30 A.M. decrease, while during Phase 2, the
post-peak decrease was one-half the peak periecd
decrease. Person travel shifted by similar amounts
due to the similar auto occupancy results for the
peak and post-peak periods. There did not appear
to be any shifting of travel within the three-hour
peak period. The range of autos shifting to the
post-peak period was 0-250 for Phase 1 and 100-500
for Phase.2.

Express Lane Utilization and Compliance. Table
1 shows the percent of total persons, vehicles and
persons carried in cars in the Express Lane at
Southampton Street for both the peak period (6:30
to 9:30 A.M.) and the peak hour (7:00 to 8:00 A.M.)
for Phases 1 and 2. For the peak period, the Lane
carried 37 percent and 46 percent of the total per-
sons on the Expressway during Phase 1 and Phase 2
respectively. For the peak hour, the figures ih-
creased to 43 percent and 50 percent during Phase
1 and 2 respectively. These figures include per-
sons carried in one- and two-occupant vehicles
which "violated" the Lane restriction. Nevertheless,
it is impressive that during the peak hour up to
half the persons on the Expressway experienced a
smooth and congestion-free ride (as will be shown in
the next section) on the one Reserved Lane.

A significant result is that during the peak
hour, the Lane carried a proportionaté number of
vehicles to the number of lanes available in each
phase (i.e., 25.1 percent of the vehicles in 1 of
4 lanes and 31.2 percent of the vehicles in 1 of 3




lanes available). That the Express Lane moved freely
is due to the lack of weaving in the Lane, and the
fact that the right lane carries relatively few vehi-
cles due to its high number of weaving movements near
the frequent ramps.

Phases 1 and 2 of the Downtown Express Lane, as
noted often above, were a voluntary lane which gave
preference to high-occupancy vehicles. The most dis-
appointing aspect of the Lane, therefore, in view of
its high people-carrying capacity, and what will be
shown below to be its safe operation and lessening
of congestion for all Expressway users, was the high
violation rate during Phase 1 and Phase 2 operation.
The compliance rate (percent of total vehicles in the
Lane which are buses and 3-or-more-occupant autos) at
the beginning of the Lane for both Phase 1 and Phase
2 ranged between 23 percent and 53 percent and aver-—
aged about 36 percent. The compliance rate is high-
est during the peak hour when there are more carpools
available to fill the Lane. The compliance rate at
the northern end (Southampton Street) ranged between
16 percent and 24 percent during both Phase 1 and
Phase 2. On the average, however, the Phase 1 com-
pliance rate was 21 percent and for Phase 2, it
dropped to 19 percent. These statistics indicate
there are substantial numbers of violators weaving in-
to the Downtown Express Lane along its length. How-
ever, police cruisers located at the beginning of the
Lane did have an effect in dissuading non-carpool
vehicles from entering the Lane at its beginning.

Travel Conditions on the Expressway and in the
Lane,

Travel Times. Table 2 shows travel times for the
entire length of the Southeast Expressway for the
"Before," Phase 1, and Phase 2 periods at half-hourly
intervals from 6:30 A.M. to 9:00 A.M. through June
1977.

In general, and in particular during the time of
peak congestion between 7:30 and 8:00 A.M., it can be
seen that the travel times during Phase 1 and Phase 2
were shorter for all lanes than before the implementa-
tion of the Downtown Express Lane. The fears of tie-
ups from "taking away a lane" were unfounded. During
the times of greatest congestion before the Lane,
namely between 7:30 and 8:00 A.M., users of the Ex-
press Lane experienced travel time savings of 9 min-
utes, while general purpose lane users had time
savings of between 4 and 8 minutes. These time sav-
ings for all lanes even increased slightly during
Phase 2.

The possible slight increase in travel times at
6:30 A.M. during Phases 1 and 2 was not due to addi-
tional congestion in the normal sense. The time in-
creases were caused by the dampening effect on speed
of the presence of the lines of posts delineating the
Lane and the barrier at the beginning of the Lane.
This apparently had a positive safety effect.

An important probable cause for the decreased
travel times on all lanes of the Expressway during
Phases 1 and 2 was the metering effect of reducing
the Expressway from four to three lanes at the start
of the Lane (the Lane "started empty'"). Also, the
presence of the reserved Lane reduced weaving move-
ments on the entire length of the Expressway. This
resulted in smoother traffic flow downstream. (The
travel times in Table 2 include the time to pass
through the often congested area at the start of the
Lane where the metering took place.)

Waiting Times at On-Ramps. Most morning peak
period volumes on the four major on-ramps to the
northbound roadway of the Southeast Expressway de-
creased in proportion to the decreased traffic on the
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Expressway itself during Phases 1 and 2. More impor-
tantly, and in line with the decreased congestion on
the "main line," the average and maximum waiting
times for these on-ramps decreased between the "Be-
fore" condition and Phases 1 and 2. For example, at
the high-volume Neponset Avenue on-ramp, which has
about 43 percent of the total on-ramp traffic of the
four ramps combined, average and maximum wait times
were reduced to about one-half their "Before" values
during Phase 1, and to about one-quarter of their
"Before" values during Phase 2.

Safety. Personal injury accidents on the South-
east Expressway for the months of May and June from
1970 through 1976 ranged from 0-9 with a 3.0 average
for May, and 1-4 with a 2.3 average for June. Pro-
perty damage accidents ranged between 2-8 with a 4.7
average for May, and 4-12 with a 6.7 average for
June over the same seven years.

For better or worse, more careful accident report-
ing characterized the first two months of operation
of the Downtown Express Lane than previous Mays and
Junes. As noted before, police patrols were greatly
increased on the Expressway which substantially im-
proved the detection and reporting of accidents
during the Lane's operation. It must be assumed that
"fender-benders" and similar property damage acci-
dents are included in the accident statistics for
Phase 1 and Phase 2 in addition to the more major
rear-end, head-on, and other accidents included in
the standard reporting. The reporting of personal
injury accidents would be less affected by the in-
creased police patroling during 1977.

During the entire month of May 1977, including
the Lane's Phase 1 operation from May 4 on, there
were 6 personal injury accidents and 6 property da-
mage accidents. During all of June 1977 (Phase 2),
there were 3 personal injury accidents and 10 pro-
perty damage accidents. Both months' figures fall
within the range of accidents reported by the normal
police patrols between the years 1970 and 1976. 1In
addition, only two of the May 1977 accidents occur-
red in or could be associated with the Express Lane.
The corresponding figure for June was 1 of the 13
accldents. There were no fatalities on the Express-
way in May or June 1977.

Changes in Travel and Travel Conditions Off the
Expressway

Rail Rapid Transit (Red Line). Seasonally ad-
justed ridership counts during the 6:30 to 9:30 A.M.
peak period at the three Quincy stations on the
Quincy Branch of the Red Line showed an increase in
weekday peak period boarding of 600 persons for both
Phase 1 and Phase 2 over the "Before' number of
8,750 boarders.

Ridership on the Ashmont Branch of the Red Line
was not perceptibly affected. This branch, further
from the impacted area, would have had any increases
in ridership distributed over many stations.

Commuter Rall. Commuter rail from the Southwest
Corridor experienced no significant increase in ri-
dership during Phase 1. However, in June 1977
(Phase 2), seasonally adjusted commuter rail rider-
ship increased by approximately 100 riders to 2,650
inbound boardings during the 6:30 to 9:30 A.M. peak
period. i

Commuter Boat. During Phases 1 and 2, in May and
June 1977, total ridership on all three commuter boats
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Table 1. Vehicles and Persons Traveling on the Southeast Expressway and in the Downtown Express Lanc
at Southampton Street
Iefore Phane 1 Phase 2
HMarch Hay June.
% Change % Change
from Erom
Number Change Before Numbor Change Before
Peak Period (6:30-9:30 A.M.)
e All Lanes
No. of Carpools (3 or more occupants) 877 1208 331 37.7% 1010 133 15.2%
% of Persons (in Cars) in Carpools 12.8% 18.3% S.5% 43.0% 16.7% 3.9% 30.5%
% of Total Persons in Carpools & Buses 23.4% 28.9% 5.8% 22.2% 32.6% 9,2% 39.3%
No. of Bus Passengers 3400 3500 100 2.9% 3500 100 2.9%
Total No. of Persons in Autos & Buses 27916 26780 -1136 =4.0% 21800 -6116 -21.9%
Total No. of Vehicles 19429 17537 -1892 -9.7% 13740 -5689 -29.3%
Total No. of Autos 18677 16668 -2009 -10.8% 13010 -5667 -30.4%
Total No. of Single-Occupant Autos 14223 12018 -2205 -15.5% 9334 -4889 -34.4%
Total No. of Two-Occupant Autos 3577 3442 -135 -3.8% 2666 ~911 -25.5%
Average Auto Occupancy 131 1.40 0.09 6.9% 1.41 0.1 7.6%
e Traveling in Downtown Express Lane
% of Total Persons on Expressway — 37.0% — - 46.0% e =
% of Autos on Expressway — 28.67% —— —— 36.67% — ——
% of Vehicles on Expressway —_— 22.2% -— —— 30.7% —— —_—
Peak Hour (7:00-8:00 A.M.)
e All Lanes
No. of Carpools 373 641 268 71.8% 502 129 34.67%
% of Persons (in Cars) in Carpools 14.5% 24.4% 9.9% 68.3% 21.2% 6.77% 46.,27%
% of Total Persons in Carpools & Buscs 23.4% 38.3% 14.9% 63.7% 45.3% 21.9% 93.6%
No. of Bus Passengers 2000 2065 65 3.3% 2065 65 3.3%
Total No. of Persons in Autos & Buses 11008 11257 249 2.37% B542 -2466 -22.42
Total No. of Vehicles 6902 6473 -429 -6.2% 4698 -2204 -31.9%
Total No. of Autos 6704 6185 =519 ~71.7% 4490 -2214 -33.0%
Total No. of Single-Occupant Autos 4960 4140 -820 -16.5% 3048 -1912 -38.5%
Total No. of Two-Occupant Autos 1371 1404 33 2.47 941 -430 -31.47
Average Auto Occupancy 1.34 1.49 0.15 11,2% 1.50 0.16 11.9%
e Travellng in Downtown Express Lane
% of Total Persons on Expressway .- 42.6% — — 50.3% i e
% of Autos on Expressway == 25.5% —— - 31.7% — =—
% of Vehicles on Expressway — 25:2% — -_— 31.2% e T

Table 2. Travel Times (in Minutes) on the Southeast Expressway Northbound trom Union Street
(Braintree) to Kneeland Street (Boston)

Voluntary Enforced
Before Phase 1 Phase 2 Phase 3
(March) (May) (June) (Oetober)
General
Lanes
General Express General  Express Average Express
Start Time All Lanes | Lones  Lane  lanes Lane 3 Days Lane
6:30 A.M. 16 17 18 17 17 22 15
(14-17)* (16-18) (15-20) (17-25)
7:00 A.M. 20 20 20 18 15 28 14
(18-22) (19-22) (16-19) (22-32)
7:30 A.M. 28 24 23 24 17 40 18
(25-31) (23-25) {19-27) (35-43)
8:00 A.M. 28 22 21 21 19 36 18
(25-30) (21-22) (17-25) (30-42)
8:30 A.M. 23 17 16 17 14 30 16
(20-26) (16-18) (15-19) (25-35)
9:00 A.M. 17 16 16 17 14 21 14
(14-20) (15-16) (14-20) (17-26)

*Numbers in parentheses are absolute ranges with the exception of rhe "Before" numbere, which
denote the likely range based on a 95 percent confidence interval and a t-distribution.



including the two new services accompanying the start
of the Lane, was 295 persons inbound to Boston, a sea-
sonally adjusted increase in riders of 170 persons.

A special survey indicated approximately one-third of
the new commuter boat users were former auto drivers.
This accounts for a seasonally adjusted removal of an
estimated 50 automobiles from the Southeast Express-—
way as a result of improved commuter boat service.

Fringe Parking. No change in the utilization of
the major fringe parking lots was observed during
Phases 1 and 2, with the exception of one new surface
lot serving the MBTA rapid transit Red Line in Quincy
which opened during Phase 2. This lot was utilized
by 224 cars during Phase 2, but served to relieve the
capacity constraint of the three Red Line parking lots
in Quincy. This indicates that new carpoolers found
it more convenient to collect their friends and neigh-
bors at their homes or at small widely scattered park-

ing places. The presence of additional fringe parking

appears also not to have significantly affected ex-
press bus use.

Alternative Highway Routes. Diversion of automo-

biles to alternative routes made up of local and major

streets and arterials is difficult to measure in the
South Shore corridor because of the presence of the
dense road network. In addition, traffic from the
south and southwest headed to points west and north
of downtown Boston can use Route 128 and radial ar-
terials from 128 to these destinations as an alterna-
tive to the Southeast Expressway. Numerous peak
period volume counts during Phase 1 and 2 were made
on 14 alternative major streets and highways includ-
ing Route 128, and travel time runs were made on 10
different alternate routes. It is clear from the
volume counts in Table 1 that traffic was substantial=
ly reduced on the Expressway, particularly during
Phase 2. The next section will attempt to summarize
what happened to the cars that "disappeared." Mean-
while, the complexity of the network and the highly
variable traffic volumes in this corridor made it
very difficult to measure the exact number of auto-
mobiles diverted to surface streets or even to detect
any locations where statistically significant in=
creases in traffic volumes occurred, particularly in
Phase 1.

Travel time studies on the alternative routes
showed no deterioration in service. This indicates
that the shifted traffic did not concentrate on a
small number of streets and that the volume increases
were small compared to the available capacity. This
was the case even for Phase 2 for which substantial
reductions in automobile volumes on the Expressway
were observed.

Summary of Where the Cars "Went"

As has been repeatedly stated, the overall pur-
pose of the Downtown Express Lane was to minimize the
impact of Southeast Expressway reconstruction on both
Expressway travelers and highway travel in general in
the corridor. Table 3 summarizes the estimates of
the reduction in auto travel on the Southeast Express-
way between 6:30 and 9:30 A.M. accounted for by di-
versions to the transportation alternatives described
above.

The peak period increase in numbers of persons
carpooling on the Expressway of 1200 and 500 during
Phases 1 and 2 respectively, divided by the "Before"

condition auto occupancy of 1.31 at Southampton Street,

yields the diversion of 920 and 380 autos to carpools
on the Expressway during Phases 1 and 2 respectively.

35

Alternatively, the increase in peak period car occu-
pancy at Southampton Street during Phase 1 of 1.40
represents a 6.9 percent increase over the "Before"
occupancy of 1.31. This means that the same number
of people could be carried in approximately 6.9 per—
cent fewer autos or approximately 1,140 fewer autos.
The similar result for Phase 2 is 970 fewer autos.
The entries in Table 3 reflect the decrease in car-
pooling from Phase 1 to Phase 2 based on a combina-
tion of the two methods.

The increased weekday peak period Red Line board-
ings of 600 persons, divided by the "Before'" auto
occupancy of 1.31, yields the 460 auto diversion to
the Red Line shown in Table 3. The 50 automobile
diversion to commuter boats was described above.

The express bus ridership increase on the Southeast
Expressway of 100 persons during both phases is di-
vided by 1.31. to obtain the 75-car figure shown in
the table. Similarly, the 100-passenger commuter
rail increase during Phase 2 is noted in the table
as diverting 75 cars.

Three important conclusions can be drawn from
Table 3. First, the results for Phase 1 show that,
by itself, the reservation of an existing Expressway
Lane on a voluntary basis for buses and carpools did
not increase traffic on alternative surface streets
and highways, much less affect congestion on these
alternative roads. Between 75 percent and 90 per-
cent of the reduction in automobiles on the Express-—
way is accounted for by modal shifts, with over 50
percent of the auto reduction accounted for by in-
creases in vehicle occupancy on the Expressway it-
self. The usefulness and complementarity of the
parallel public transportation service on its own
right-of-way in the same corridor (the Red Line),
which accounted for about 25 percent of the reduced
number of cars in Phase 1, should also be high-
lighted in planning for similar reserved lanes.

Second, the results for Phase 2 shown in Table 3
must be viewed in the context of the substantial ca-
pacity constraint imposed by the construction detour
just north of Southampton Street which narrowed the
Expressway from four to three lanes. It seems clear
that when the bottleneck occurred, the persons who
perceived sufficient reason to change their travel
behavior simply shifted their travel routes or their
time of travel (minor) or decided not to make the
trip. The publicity campaign preceding Phase 1 of
the Lane and the travel time advantage of the Lane
appear to have stimulated all who would carpool to
shift modes to have done so during Phase 1.

Finally, it must be concluded that even though
Phase 2 did not produce additiomal carpooling or
express bus usage, there were fewer low-occupancy
autos "available" to shift to alternate routes. In
this sense, the Lane was successful in reducing the
highway travel impacts of Expressway reconstruction
in the South Shore corridor during Phase 2.

Results of Phase 3 (Enforcement Phase) Operations

Phase 3 of the Lane's operation began on October
18, 1977 with enforcement of the 3-or-more-person
per vehicle requirement for use of the Lane and
continued until termination of the project on Novem-
ber 2, 1977. The decision to enforce the Lane was
based on several factors:

e The fact that violators were being rewarded
with a congestion-free ride generated significant
public and media demands for enforcement of the
carpool requirement.

® The completion of construction at the northern
end of the Lane in early October returned the north-
bound roadway to four lanes. This made it feasible
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to enforce the Lane since general lane users would
have three lanes along the entire length of the Ex-
pressway.

e The concept of the reserved express lane had
been demonstrated to be operationally feasible (i.e.,
the Lane alone during Phase 1 had achieved the goal
of increased carpooling and a decreased number of
vehicles traveling on the Expressway with reduced tra-
vel times of non-Lane users).

e The continuing downward trend in the compliance
rate over the summer was jeopardizing the success of
the Lane (i.e., as the Lane became filled with autos
with less than three occupants, the relative travel
time advantage of the Lane decreased).

It must be stressed that the results for the two
weeks of Phase 3 operation presented here are an at-
tempt to represent dynamic phenomena. There are in—
dications of favorable trends towards equilibrium,
particularly during the Monday to Wednesday (October
31 to November 2), which were the last three days of
the Lane's operation. However, great caution should
be exercised by anyone seeking to use the results
presented below as representative of equilibrium
conditions for an enforced reserved lane that '"takes
away' an existing general purpose lane.

Public Response (Phase 3)

Only modest opposition was voiced when MDPW offi-
cials announced their intention to enfore the Lane.
The most vehement opposition did not develop until
the actual enforcement began.

With the introduction of the police officers on
the roadway recording license plate numbers of viola-
tors on October 18, 1977, and the resultant traffic
delays discussed elsewhere in this section, the op-
position to the concept became more vocal and perva-
sive. The more conservative major Boston daily
newspaper began running front-page columns that in-
cluded a high degree of negative editorializing on
the subject, after providing exceptionally objective
and complete reporting of the summer's successful
Phase 1 and 2 experience. Within a week, the paper
called the test "a flop" in their lead editorial and
began to run an array of letters in opposition to the
enforced lane. The Boston Globe and the Christian
Seilence Monitor remained editorially neutral and re-
ported only the enforcement statistics of the first
few days. The electronic media increased their
coverage at the onset of the enforcement period, with
television reports generally providing a gloomy pic-
ture of the Expressway experiment. Radio reports at
first concentrated on warning commuters of the new
fine being imposed on violators, but quickly began to
take the editorial slant of the station or particular
announcer.

Because first-day operations were typically con-
fusing and traffic was snarled badly, commuters began
a fairly steady flow of angry phone calls and letters
to the MDPW, EQTC, and police agencies, legislative
representatives and the Governor. Phone calls to the
MDPW totaled between 200 and 300 during the two weeks
of enforcement, almost all of which vigorously opposed
the Lane. An emergency bill was filed to change the
requirement for the Lane to two-person carpools, and
a long-dormant bill was reactivated to abandon the
Lane entirely. A well-publicized hearing was sche-
duled for Wednesday evening, November 2, 1977, at
5:00 P.M. to discuss the two bills. During the en-
tire two week enforcement period, hardly a word was
heard from new and old carpoolers, bus users and
other supporters of the Express Lane concept.

Changes in Travel and Travel Conditions on the
Expressway (Phase 3)

The impact of the Downtown Express Lane on travel
during Phase 3 as compared with the "Before' condition
(March 1977) is presented in Table 4 at a point near
the southern end (or beginning) of the Lane (Furnace
Brook Parkway). Since November, travel is very sim-
ilar to March travel on the Expressway, no seasonal
adjustment factors were applied.

Travel on the Entire Expressway. As may be seen
from Table 4, the number of carpools at Furnace Brook
during the peak period increased by 71 percent, from
681 in the "Before'" condition to 1,166 during Phase
3. Approximately 225 of these 485 additional car-
pools were newly formed during the two-week enforce-
ment period. During the peak hour (7:00-8:00 A.M.)
at the same location, the number of carpools increased
from 388 in the "Before" condition to 641 in Phase 3
which represents a 65 percent increase. Increases
in carpooling at the northern end (Southampton Street)
were not quite as large, probably because the impacts
of construction activity at the Massachusetts Avenue
interchange continued during Phase 3 even though the
northbound detour was removed in early October 1977.

The percentage of persons traveling in carpools
on the Expressway increased during the peak hour and
peak period. At Furnace Brook Parkway in the peak
hour, the percentage of persons traveling in carpools
increased from 17.3 percent in the "Before" condition
to 29.6 percent in Phase 3. During the peak period,
the percentage of persons in cars that traveled by
carpool more than doubled at Furnace Brook Parkway,
from 10.5 percent in the "Before" condition to 22
percent during Phase 3.

Express bus ridership increased by only about 200
riders during the peak period to approximately 3,600
riders. The 200 new riders represent an increase of
about 6 percent from the "Before'" condition. Bus ri-
dership was showing an upward trend during the two
weeks of enforcement, with the largest increases of
the entire Downtown Express Lane project occurring
during the final week of the enforced operation.

Table 4 shows that at Furnace Brook Parkway,
there was a 14.4 percent decrease in travel volume
in the peak period (2,333 fewer vehicles), but the
number of persons decreased by only 8.2 percent (1,
937). This represents an increase in auto occupancy
from 1.30 to 1.39 in the peak period. During the
peak hour (7:00-8:00 A.M.) at Furnace Brook Parkway,
the corresponding percent reductions in total vehi-
cles and total persons were 15.2 percent and 5.8
percent, representing an even greater increase in
auto occupancy (from 1.37 to 1.49).

Shift in Time of Travel. As a result of increased
travel times for general-purpose lane users on the
Expressway during Phase 3, some travelers shifted
their time of travel. From counts taken during the
hour immediately following the operation of the Lane
(9:30-10:30 A.M.), it has been estimated that up to
250 vehicles shifted their travel to this post-peak
hour. Because of a lack of data for the half hour
preceding the Lane's operation (6:00-6:30 A.M.), a
similar analysis could not be completed for that
period.

Express Lane Utilization and Compliance. During
the Phase 3 peak period, the Downtown Express Lane
carried one-third of all commuters on the Expressway
in approximately 15 percent of the vehicles, and
during the peak hour it carried over 40 percent of




Table 3. Summary of Estimated Changes in Travel Behavior on Southeast Expressway at
Southampton Street, 6:30 - 9:30 A.M.

AUTOS
Phase 1 Phase 2 Phage 38
(October 18-
(Mav_1977) (June 1977) (November 2, 1977)
Reduction in Number of Cars on Expressway
(from "Before" Condition) 2010 5670 2600-3900°
Where they went:
e Shifted Mode
Carpooling (Increased auto occupancy) 920-1140 500-700 900
Red Line (Quincy Stations) 460 460 42501000
Commuter Rail 0 75 155
Commuter Boat 50 50 0
Express Bus 75 75 155
Sub-Total 1505-1725 1160~1360 153592210
o Shifted Time (Made trip after 9:30 A.M.) 0-250 100-500 0-250
e Shifted to Alternmate Route 125-250 3250-3500 90002400
® Did Not Make Trip = 500-700 -

Total Accounted for (By Esti
n (By ESEinEtion) 1730-2225  5010-5760 243524860

2These do not Tepresent results at equilibrium.

b,
The bottom of the range is at Furnace Brook Parkway (the Southern end).

Table 4. Vehicles & Persons Traveling Northbound on the Southeast Expresaway in the Downtown Express Lane at
Furnace Brook Parkway During Phase 3

'_?ﬁgg:ﬁ Phase 3 October
% Change
from
Number Number Change Before
Peak Period (6:30-9:30 A.M.)
e All Lanes
No. of Carpools (3 or more occupants) 681 1,166 485 71.2%
% of Persons (in cars) in Carpools 10.5% 22.0% 11.5% 109.5%
% of Total Persons in Carpools & Buses 24.9% 35.0% 10.1% 40.67%
No. of Bus Passengers 3,400 3,600 200 5.9%
Total No. of Persons in Autos & Buses 23,580 21,643 -1937 -8.2%
Total No. of Vehicles 16,218 13,885 -2333 ~14.4%
Total No. of Autos 15,548 13,021 -2527 -16.3%
Total No. of S5ingle-Occupant Autos 12,026 9,631 -2395 -19.9%
Total No. of Two-Occupant Autos 2,841 2,224 -617 -21.7%
Average Auto Occupancy 1.30 1.39 .09 6.9%
e Traveling in Downtown Express Lane
% of Total Persons —_— 31.7% = hriom
% of Autos on Expressway — 11.8% -— -—
% of Vehiclea on Expressway ——— 11.8% —_— ——
Peak Hour (7:00-8:00 A.M.)
e All Lanes
No. of Carpools 388 641 253 65.2%
% of Persons (in cars) in Carpools 17.3% 29.6% 12.3% 71.1%
% of Total Persons 1in Carpools & Buses 33.6% 45,47 11.8% 35.1%
No. of Bus Passengers 2,000 2,124 124 6.2%
Total No. of Persons in Autos & Buses 10,080 9,491 -589 -5.8%
Total No. of Vehicles 6,098 5,171 -927 -15.2%
Total No. of Autos 5,892 4,947 =945 -16.0%
Total No. of Single-Occupant Autos 4,325 3,422 -903 -20.9%
Total No. of Two-Occupant Autos 1,179 884 -295 -25.0%
Average Auto Occupancy 1.37 1.49 .12 8.8%
e Traveling in Downtown Express Lane
% of Total Persons -— 42.3%2 — P
% of Autos on Expressway — 9.9% — =n

% of Vehicles on Expressway - 10.1% - S
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the commuters in less than 20 percent of the vehicles.

These figures include the relatively few persons in
one- and two-occupant vehicles which violated the
Lane restriction. Nevertheless, this indicates the
efficiency of the Lane in that it moved many more

people in fewer vehicles than any of the general lanes

of traffic. Despite the high volumes of persons tra-
veling in the Express Lane, these commuters experi-
enced smooth and congestion-free travel over the
entire length of the Expressway, as will be shown
elsewhere in this section.

Although police enforced the MDPW regulation pro-
hibiting low-occupancy vehicles from entering the
Lane during Phase 3, a number of violators chose to

travel in the Lane because of the travel time savings.

A total of 1,583 citations were mailed out during the
two weeks of Phase 3, which averaged 132 citations
per day. As a result of the enforcement effort, com-—
pliance rates in the Lane improved significantly. At
the start of the Lane (near Furnace Brook Parkway),
on November 2, the compliance rate was 65 percent
during the peak period and over 77 percent during the
peak hour, as compared to only a 15 percent peak per-
iod complaince rate before Phase 3 commenced.

Travel Conditions on the Expressway and in the Lane

Travel Times. The key to the relative success or
failure of the Downtown Express Lane project was the
travel times on the Expressway. Table 2 summarizes
average travel times for the "Beforce'" condition of
March 1977 (presenting the likely range based on a
95 percent confidence interval assuming a t-distribu-
tion), and for Phases 1, 2 and 3. As shown in the
table, the travel times in the Express Lane in Phase
3 were consisternly lower than the lower ranges of the
"Before'" condition for the 6:30-9:30 A.M. period.
However, Phase 3 travel times in the three general-
purpose lanes exceedéd the upper ranges of the "Be-
fore" condition during the same time period. The
three-day average in Table 2 should, of course, not
be construed to be a reliable estimate of an equili-
brium condition on the roadway. Also, the travel
Limes were taken on (only) the last three days of
operation of the lane (Monday through Wednesday,

Oc ober 31-November 2, 1977). As noted earlier, data
collection was almost always avoided during Mondays
and Fridays on this (in part) recreational route
leading to the South Shore and Cape Cod, and "Before"
data do not reflect the usually higher than average
Monday travel times. As might be expected, travel
times oun the unreserved lanes decreased from Monday
to Wednesday. This trend, and the trends showing
increased express bus and rapid transit ridership
indicate that equilibrium conditions had not been
reached by the end of two weeks of operation of this
lane.

Safety. A history of traffic accidents for the
two-week period of October 18 through November 2 for
the years 1970 through 1976 shows the number of in-
jury accidents ranged from one to three, with.a two
week average of 1.6. In 1977, during Phase 3 opera-
tions, only one accident involving an injury of any
sort was reported. For the same time period, from
1970 through 1976, the number of property damage
accidents ranged from two to five, with an average
of three. A total of eight property damage accidents
occurred between October 18 and November 2 in 1977.
As noted before, the high number of property damage
accidents reported during the two week "enforcement'
period in 1977 can be in part attributed to a high
rate of reporting resulting from the greatly ine
creased number of police on the Expressway. Prior to

the start of the Lane in Spring 1977, the police
avoided cruising the Expressway because their pre-
sence tended to cause shock waves to form on the
saturated facility. Of the nine accidents that oc-
curred during Phase 3, four involved cars traveling
in the Express Lane. Each of these four accidents
was caused by an auto traveling in the far left
general-purpose lane crossing illegally into the
Express Lane.

Changes in Travel and Travel Conditions Off the
Expressway

e Rail Rapid Transit.
Manual counts at the three stations on the Quincy
branch of the Red Line showed an increase of 1300
boardings during the morning peak period for Phase
3, compared to counts during the '"Before'" condition.
These counts, of course, reflect the impact of
slight natural ridership growth and somewhat unpre-
dictable seasonal variation, from March through
October 1977. An increase of 550 Red Line riders
was observed in the two weeks immediately following
the start of the enforcement. It appears that Red
Line ridership was increasing during Phase 3, with
over 10,000 peak period boardings counted on the
morning of November 2, 1977. Unfortunately, due
to limited resources, similar boarding counts were
not taken on the Ashmont branch, which may have
experienced similar increases in ridership.

® Commuter Rail.
Inbound boardings on the two affected commuter rail
lines for the month of October showed a substantial
increase of 200 boardings once enforcement of the
Lane began.

e Commuter Boat.
Commuter boat ridership typically declines in the
autumn because of cooler weather, and 1977 was no
exception. Commuter boat ridership did not increase
significantly during Phase 3.

e Fringe Parking.
As in Phases 1 and 2, the only fringe parking lot to
show increased use during Phase 3 was the facility
at the North Quincy Red Linc station, which exper-
ienced an increase of 100 parkers per day.

e Alternate Highway Routes.
Alternate highway routes were not as closely moni-
tored during Phase 3 as they were during Phaes 1
and 2, because of a lack of resources. However, an
estimate of Southeast Expressway users who diverted
to local streets can be made from Expressway volume
counts. In Phase 3, between 900 and 2,000 vehicles
were shifted to alternate routes during the 3-hour
peak period instead of traveling on the Expressway
at the Furnace Brook Parkway location. Most of
these vehicles used Route 128, Route 3A, or Routes
28 and 138 through Dorchester. In addition, be-
tween 1,000 and 1,500 vehicles either exited or
did not enter the Expressway north of Furnace Brook,
largely due to the lingering construction near the
Massachusetts Avenue interchange and Lhe relative
attractiveness of alternate routes with respect to
travel time. Despite the diversion of traffic from
the Expressway to various alternate routes, travel
times on alternate routes generally were unaffected
by the implementation of the Express Lane, volun-
tary or enforced, with the exception of isolated
small increases in travel time (5-10 minutes) dur-
ing the peak half-hour (7:30-8:00 A.M.) of the two
week enforcement period. These delays were en-
countered in a street parallel to the section of
the Expressway which also experienced the greatest
congestion.



Summary of Where the Cars "Went" During Phase 3

Table 3 again contains the estimates of the reduc-—
tion in auto travel on the Southeast Expressway be-r
tween 6:30 and 9:30 A.M. accounted for by the diversions
to transportation alternatives described above for
Phase 3. These may be compared with the results of
Phases 1 and 2. However, it must be stressed again
that these do not represent results at some equili-
brium set of conditionms.

In summary, the results of the experiment (with
the exception of the general-purpose lane travel-time
delays) were quite positive. A greater than 10 per-
cent 3-hour peak period mode-choice shift (up to 2210
cars "shifted mode" out of 18,680 total cars at
Southampton Street), and a 70 percent increase in the
number of three-or-more-occupant carpools could not
have been generated by any other type of action in
such a short period of time at almost no cost. The
generalization that it is impossible to change indi-
vidual travel behavior through short-term policies
clearly was proven wrong, although we are unfortun-
ately unable to say whether the experiment would have
provided in the long run an acceptable level of ser-
vice for general-purpose lane users.

Termination of Phase 3 and Lane Operation

On November 2, 1977, at the Joint Transportation
Committee's legislative hearing on the two bills
restricting the operation of the Express Lane, MDPW
Commissioner John C. Carroll announced the immediate
termination of the Downtown Express Lane. He cited
the overwhelming public opposition, the travel-time
delays for general-purpose lane users, and his own
feeling that (despite some significant commuter mode
shift), "it just isn't working,'" as the reasons for
his decision.

At the time of the termination, there was little,
if any, visible political support for the project
from either the commuting public or any elected
public officials. Following the announcement and the
Lane's demise, however, the MDPW received approximately
50 phone calls and numerous letters expressing great
displeasure at discontinuing the Lane. Once again,
those who were negatively impacted only reacted when
the results of the decision were physically imple-
mented. However, no significant comment was made by
any public official in response to this Express Lane
user backlash. It can be stated, however, that the
feasibility of providing permanently separated re-
versible lanes on the Expressway, within the existing
right-of-way, which could facilitate various vehicle-
management options, is now being analyzed.

Conclusions

Conclusions cancerning the overall impact of the
Downtown Express Lane are as follows:

1. The Downtown Express Lane allowed the Express-—
way to operate at higher vehicle occupancies and lower
total volumes, which accomplished its primary purpose
in the view of the responsible public officials.

2, The massive publicity campaign and the cover-
age and editorializing by the media which preceded
the implementation of the voluntary Lane was vital in
explaining the purpose of the Lane and obtaining the
public's cooperation during Phases 1 and 2. The nega-
tive media reaction during Phase 3 (enforcement)
contributed to the level and intensity of public op-
position to continuation of the project.

3. The results of the Express Lane for Phase 1
(voluntary operation) presented in this paper are more
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representative than Phase 2 results for evaluating
the impacts of the Lane, because of the construction
bottleneck at the northern end of the Expressway
during Phase 2.

4, The results of the Express Lane for Phase 3
(enforced operation) are clearly those of a dynamic
system in which travel conditions apparently had not
yet reached equilibrium.

5. The compliance rate was inversely proportion-
al to the number of carpools available to fill the
Lane during the voluntary operation (Phases 1 and 2).
However, it appears that compliance with a voluntary
reserved lane always will tend to be low. Compliance
rates proved much higher (and certainly acceptable)
during the two-week enforcement period.

6. During Phase 1 (before the construction bot-
tleneck) over 50 percent of the reduction in autos
was accounted for by increased vehicle occupancy on
the Expressway itself. Only 10 percent of the reduc-
tion in autos was accounted for by shifts to alter-
nate routes or by drivers not making the trip at all.
The Phase 3 enforcement results, while not as en-
couraging in this regard for the short period of
operation of the Lane, did have 60 percent of the re-
duction in autos accounted for by a mode shift (to
carpools and transit). This accounted for more than
10 percent of all autos using the expressway during
the three~hour peak period.

7. Reserving a lane for buses and carpools did
not hurt rapid transit ridership on parallel routes.
In fact, rail transit ridership increased substan-
tially, accounting for 25 percent of the reduction
in autos during Phase 1 and Phase 3, and reflecting
the complementarity of alternative high-occupancy
modes in a high-volume corridor.

8. Oncé the Lane was enforced, travel times de-
creased in the Express Lane, but increased signifi-
cantly and were unpredictable in the remaining three
lanes, encouraging commuters to use alternate local
street routes. However, whether or not these times
would have remained unreliable if the enforced Lane
operation had continued is unknown.

9. The absence of breakdown lanes and adequate
acceleration lanes on the Southeast Expressway dur-
ing the peak period increased the average time re-
quired for recovery from accidents and breakdowns
during Phase 3 (the enforcement operation).

10. Finally, operational changes of this kind are
difficult to implement. Since travelers who are in-
convenienced by such a change (even for a short time)
are more vocal than those who benefit by the change,
public officials have difficulty responding to the
resulting political pressures. The Downtown Express
Lane experience shows once again that government is
often unable to resolve issues in which short term
private interests appear to conflict with the over-
all public good.
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A SIMULATION STUDY OF ALTERNATIVE REAL-TIME BUS HEADWAY CONTROL STRATEGIES

David Koffman, Crain & Associates, Menlo Park, California

Bunching of buses, due to variations in passen-
ger loading, degrades service and operating
efficiency., A simulation model is developed
of a single~direction bus route, including
explicit simulation of traffic signals. Using
a hypothetical situation, several strategiles
are tested for the control of bus headways in
real-time. These are: 1) holding points,

2) skipping stops, 3) selective application of
bus priority signalization, 4) reducing dis-
patch uncertainty., The last two prove most
promising. It may be possible to field test
selective application of bus priority signal-
ization using existing computerized traffic
signal systems.

Background

There is growing interest in improving urban
bus transportation through the application of new
technology, particularly in the areas of computer-
aided planning and real-time control. The purpose
of the work described is to evaluate the relative
merits of several such real-time control concepts.

Two forms of real-time control are currently
being tested in various places. Automatic vehicle
monitoring (AVM) systems have been tried in Hamburg
(11), Chicago (3,4,8), and London (10). Aside from
allowing management response to exceptional circum-
stances, such as breakdowns and robberies, the
primary benefits of such systems are supposed to
be in controlling deviations from schedule or
scheduled headway. If the position of all buses
in a system or route 1s known at a central point,
then deviations from desired positions can be noted
and attempts made to correct them through some kind
of control strategy. In the systems referred to
above, the available means of control is verbal
instructions to drivers sent by radio.

The impetus for development of such systems
comes from observations on the sources of devia-
tions from schedule in bus operations. The primary
sources are:

1. Random variations in traffic, road condi-
tions, and driver behavior;

2, Traffic control signals;

3. Variations in loading and unloading times
due to uneven demand.

Source (3) implies the phenomenon which has been
called the "dynamic instability" of a bus route
(4). Longer loading times due to more walting
passengers at some stop, initially due simply to
random fluctuations, will make a bus late, which
in turn will cause 1t to find still more passengers
than average at the next stop. The bus following
will find ever fewer than average waiting passen-
gers and hence gain on the bus in front. Thus the
familiar phenomenon of bunching occurs. The equi-
librium is unstable; small variations get amplified
and propagated back through the chain of buses on
the route. In general the deviations from regu-
larity will get worse as one moves away from the
start of the route, assuming that the buses start
there on time with even headways. Since dispatch
headways cannot, in fact, be exactly even, there
is an additional source of built-in instability,

These observations are generally held to imply
that effective control must be real-time and able
to be applied at frequent intervals along a route.
The AVM systems are designed to meet these cri-
teria. Unfortunately, these systems lack any
really effective means of control. Instructions
to drivers by radio are advisory only and very
limited in the range of action that can be sug-
gested. The possibilities are:

1. Tell a lightly loaded bus that is gaining
on its leader to slow down or wait at the next
stop.

2, Tell an overloaded bus that is falling
behind to skip picking up passengers at one or more
stops.

3. Direct a bus to turn around to fill a gap
in the opposite direction.

All these actions, although possibly effective
in correcting schedule or headway deviations, also
degrade service, at least to some passengers —-—
in particular, those most in a position to observe
the operation. A simulation study of a London
subway route that used only strategy (1) to correct
deviations showed that it did not significantly
increase the overall level of service (7). A
possible justification for such a strategy, how-
ever, would be the econometric data which show that
transit demand is much more sensitive to waiting
times than to line-haul travel times (5). Thus
some trade-off of the latter in favor of the former
would be justified. Strategy (1) would have this
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effect if it evened out the headways. A second
possible justification 1s based on cost considera-
tions. This follows from the more even passenger
loading that would result from more regular head-
ways. Thus it would be possible to employ smaller
buses without increasing the likelihood that pas-—
sengers would have to stand or wait for more than
one bus. Moreover, regularity itself should have
economic value to passengers, as well as permitting
the operator to draw up schedules to closer toler-
ances and hence make more efficient use of men and
machines.

Strategy (2), skipping stops, would tend to
increase line-haul speeds at the cost of increased
walting time for those passengers passed up. On
the other hand, passengers at the next stop would
wait less time than otherwise., Presumably, if
headways were in fact evened out, average wait
times would go down, as would measured time-
regularity of service. But passengers watching
a bus go past without stopping might be hard to
convince on this point.

A second form of real-time control now being
experimented with is bus priority signalization.
This assumes some form of instrumentation such
that intersection control equipment can recognize
the arrival of a bus on one approach and allow it
to pass through soomer Lhan it might, either by
advancing or extending the green indication for
that approach when necessary. Such a system
operated in Washington, D,C. as part of the UTC
system of centralized digital control of traffic
signals (9) and in Kent, Ohio (2). A similar sys-
tem is operating on an experimental basis in
Boston.

Bus priority signalization attacks one of the
sources of running variance directly. However, the
usual justification for giving buses priority at
intersections has been to reduce line-haul travel
time. To be sure, it has been shown that by
reducing total time spent waiting for traffic
lights, bus priority signalization will also par-
tially eliminate one source of random delays and
so reduce schedule variance (1).

There i1s no technical reason, however, why
traffic signals cannot be used more imaginatively
to reduce waiting time and wasted seat capacity by
selective application of priority signalization
according to headway criteria. Buses would be
granted priority at an intersection only if the
time since the previous bus was greater than some
threshold headway. Thus no bus would cxperience a
delay greater than it would normally, but would
sometimes experience less delay. This strategy is
similar to stratcgy (2) above (ekipping stops),
except that no passenger would be passed over. If
feasible, such a strategy might therefore increase
both average bus speed and headway regularity, and
hence also reduce average passenger wait times.

Of course automobile traffic might suffer, and it
would have to be clear that the trade-off was worth
it, Using traffic lights enjoys a significant
advantage over other control methods, in that bus
drivers can be expected to obey traffic signals,
whereas other methods will encounter problems with
enforcement, improper execution of instructions,
and resentment between drivers and supervisors.

The Model

A computer simulation model was constructed to
explore the relative merits of several headway
control strategies and the current practice, whereby
control is exercised, if at all, only at start-up
and turnaround points, and occasional checkpoints

by roving supervisors. The model compares the wait
and travel time elements of level of service pro-
duced by the different control concepts as perceived
by passengers., Since these level of service param—
eters are primary determinants of the short run
demand for travel by transit, it was decided to
include some demand equilibrium in the model. The
model may be used to show the scheduled operating
frequency and bus size required to service various
levels of patronage under the different control
strategies, as well as the resulting efficiencies
of equipment use., In order to be as realistic as
possible and to permit modelling of the bus prior-
ity signalization strategy, the model makes explicit
allowance for the effects of traffic signals along
the route.

In its basic form, the model simulates the
following major events for all control strategies:

1. Bus starts route.

2. Bus travels to bus stop or traffic light.
3. Bus waits at traffic light.

4, Bus takes on passengers.

5. Bus discharges passengers.

6. Bus finishes route,

7. Passenger arrives at bus stop.

8. Passenger boards bus.

9. Passenger arrives at destination.

The simulation is of a one-way bus route. This
one-way assumption introduces no additional unreal-
ity to the model except insofar as it affects the
bus priority logic at intersections. The model

was implemented on an IBM 360 computer using the
IBM General Purpose Simulation System (GPSS).

The model contains two tramsaction streams.
Buses are created at intervals specified by the
user, with dispatch uncertainty also specified by
the user. Buses then go through a cycle of travel-
ing followed by waiting, either at a traffic light
or a bus stop. The user has complete flexibility
in specifying the locations of any number of bus
stops and traffic lights. In the hypothetical case
used, a 2700 meter (9000 foot) route has stops
every 150 meters (500 feet) for 2250 meters
(7500 feet), plus one stop at the end of the route.
Two different arrangements of traffic lights and
light timings were used, as will be described
later. Bus travel times are drawn from a distribu-
tion of the approximate shape shown in Figure 1.

FIGURE 1. BUS TRAVEL TIME DISTRIBUTION
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Waiting time at traffic lights is computed accord-
ing to traffic light timings specified by the user.
At each bus stop, waiting passengers are picked up
and passengers on the bus with that stop as their
destination are discharged. The bus is delayed by
4.3 seconds for each boarding passenger and by 2
seconds for each leaving passenger; these values
were estimated by Kulash (6) for a bus route in



Cambridge, Mass. The bus experiences an accelera-
tion/deceleration delay of 10 seconds at every
traffic light and every bus stop at which passengers
actually board or leave. After the last bus stop,
buses vanish from the system.

The movements of passengers are the second
transaction stream. Passengers are created at a
rate, specified by the user, representing the over-
all demand for travel by bus along the route under
ideal service conditions. In the runs conducted,
passengers were created at a rate of 360 per hour.
Once created, each passenger is assigned an origin
stop and a destination stop, using user-specified
probabilities representing the relative densities
of trip-creating and trip-attracting activities in
the neighborhood of each stop. Only passengers
whose assigned origin and destination imply a trip
in the direction of the modeled route go to their
origin bus stop and continue through the system.

In the hypothetical situation modeled, all 17 bus
stops were equally likely as origins and destina-
tions, except that the first stop and middle stop
were three times as likely as origins as all others,
no passengers were assigned the first three stops
as destinations, and the middle and last stops were
three times as likely as all others as destinations.

In order to introduce some shortrun demand
equilibrium into the model, each passenger is
assigned a maximum acceptable wait time, drawn from
a probability distribution derived from a very sim-
plified assumed demand curve. Passengers with
longer desired trips are given longer acceptable
wait times. Only those passengers with maximum
acceptable wait times less than or equal to a moving
average of current actual passenger wait times con-
tinue through the system. The moving average is
recomputed every time a passenger boards a bus,

using a time constant of 300 passengers (50 minutes).

Since wait time appears to be the most important
perceived cost of transit, this seems a minimum-
acceptable representation of demand equilibrium. It
is admittedly incomplete, since it includes no sen-
sitivity to travel time, or even to any other
measure of wait time except the mean, e.g., relia-
bility. This may be significant, since one assump-
tion which provides motivation for controlling bus
headways is that time-reliability is important to
passengers. Moreover, the output of the model must
be examined to establish that the moving average of
wait time behaves reasonably, that is, does not
oscillate too much.

All passengers at a bus stop board the first bus
that arrives. Each passenger stays on the bus until
it arrives at the pre-assigned destination stop, and
then leaves the system.

Modelling the Control Strategies

Base Case

This is the basic model form as just described.
Buses were dispatched every 10 minutes with a dis-
patch uncertainty of +5 minutes.

Holding at Bus Stops

If a bus stops to pick up or let off passengers,
it will be delayed if the time since the last bus
at that stop is less than some tolerable level. The
delay is the difference between the desired mean
headway and the observed headway, rounded to the
nearest whole minute. Tolerance levels of 65%, 75%
and 85% of desired headway were tested.
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Bus Skips Loading

When a bus arrives at a stop, no passengers are
loaded if the observed time since the last bus at
that stop is greater than some tolerable level.
Tolerances of 115%, 125% and 135% of desired headway
were tested. Passengers can always get off.

Bus Priority Signalization

When a bus arrives at a traffic light, it is
"granted priority" if the observed time since the
last bus at that light is greater than or equal to
757% of the desired headway. This bus experiences
no delay at the light if this can be accomplished
by extending or advancing the green by no more than
a set maximum deviation; otherwise the duration of
the delay is reduced by the same maximum amount.
Values of 15 and 30 seconds for the maximum change
to the green were tested.

Dispatch Control

This is the same as the basic form of the model,
except the dispatch uncertainty is assumed to be
reduced to +1 minute, as a result of some network
operational procedures.

Test Situations

The model was run with two different arrange-
ments of traffic lights and numerous variations of
the control strategies. In the "uncoordinated,
wide tolerance" test situation, traffic sigpals were
set up as follows on the hypothetical 2700 meter
route:

Light # Distance Green Cycle
1 600 m. 40 sec. 90 sec.
2 1500 m. 60 sec. 120 sec.
3 2100 m. 45 sec, 90 sec.

All lights operated with zero offset. In thils test
situation, the following control strategies were
tested:

1. Base case

2, Holding at bus stops if headway under 757%
of desired.

3. Holding at stop if headway under 65% of
desired.

4, Skip loading if headway over 125% of
desired.

5. Skip loading if headway over 135% of
desired, except at first stop.

6. Priority signalization; green may be changed
by up to 30 seconds.

7. Dispatch control.

In the "coordinated, narrow tolerance' test
situation, traffic signals were set up as follows:

Light # Distance Green Offset
i 300 m. 50 sec. 20 sec.
2 600 m. 60 sec. 40 sec.
3 900 m. 55 sec. 60 sec.
4 1200 m, 50 sec. 80 sec.
5 1500 m. 60 sec. 10 sec.
6 2100 m., 55 sec. 50 sec.

All signals operated on a 90 second cycle length.
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In this test situation, the following control strat-
egies were tested:

1. Base case.
2. Holding at stops if headway under 85% of
desired.

3. Skip loading if headway over 1157 of desired.

4. Priority signalization; green may be changed
by up to 15 seconds.

The two situations represent, in effect, differ-
ent levels of investment in control equipment. The
control strategies in the first test situation are
relatively insensitive and the traffic lights are
very sparse and operate without any coordination.
The control strategies in the second test situation
are more sensitive, the traffic lights are more
frequent, and they operate in a coordinated fashion,
on a common cycle, presenting a "green wave'" moving
at 54 km/hr (34 mph). The green wave ly, ul course,
for the benefit of automobile traffic; a maximum
change in green time of 15 seconds is chosen so as
not to disrupt this pattern too much and to repre-
sent probable limitations in bus detection hardware
(the longer the green is to be extended, the further
dowvnstream the bus must be detected and its arrival
time at the light predicted). Neither situation

represents any actual existing bus route, but rather
an artificial "typical' situation.

Results

Tables 1 and 2 summarize the results of the
model runs. Statistics were collected after two
and four hours of simulated operation. To conserve
space, only the four-hour statistics are shown, as
these appear to represent the steady state. Means
and standard deviations are shown, the latter as a
measure of reliability. The "95% Level" shown is
another measure of reliability; it is the least
extreme, that is "least bad," value of the measure
such that at least 95% of the observations do not
exceed that value.

Base Case

The base case is shown in the first column of
both tables. The base case is useful for comparison
of other strategies and as a check on the validity
of the model. The results agree well with the
observed behavior of real bus routes. In particu-
lar the bus speed works out to be near 13 km/hr

TABLE 1. RESULTS FOR FIRST TEST SITUATION: Uncoordinated, Wide Tolerance
Strategy: Base Holding Skips Stops Priority Dispatch
Tolerance: - 75% 657 1257 135% - -
Pass. walt time
(mins.) Mean: 6.1 6.3 5.9 8.4 6.0 547 542
Std. Dev.: 3.9 4.3 4.1 7.6 4.4 3,7 3.0
95% Level: 13 14 13 24 14 12 10
Bus travel time
(mins.) Mean: 12,1 17.0 22.4 10.8 11..3 10.9 2.0
Std. Dev.: 2.2 7.0 12,2 2.1 2.1 1.9 1.5
957% Level: 15 28 30+ 14 14 13 14
Pass. speed
(mph) Mean: 8.7 7.3 6.4 9.3 9.1 9.9 9.1
Std. Dev.: 2:2 3:6 3.8 2.4 2.4 2.3 2.3
95% Level: 5 1 L 5 5 6 [3
Bus headway
(mins.) Mean: 10.3 10.8 10.2 9.6 9.9
Std. Dev.: 4.1 4.9 5:2 Not Available 4.0 1.3
95% Level: 17 20 19 16 12

TABLE 2. RESULTS FOR SECOND TEST SITUATION: Coordinated, Narrow Tolerance
Strategy: Base Holding Skip Stops Priority
Tolerance: - 85% 115% -
Pass, wait time
(mins.) Mean: 6.6 5.8 9.9 5.3
Std. Dev.: 3.9 4.1 9.0 3.5
95% Level: 13 13 30 12
Bus travel time
(mins.) Mean: 12.0 31.6 10.6 11.0
Std. Dev.: 1.8 12.0 2.5 1.4
95% Level: 15 30+ 14 13
Pass. speed
(mph) Mean: 8.9 4.3 9.1 9.9
Std. Dev.: 2i+3 3.4 2.8 2.6
957 Level: 5 1- 5 6
Bus headway
(mins.) Mean: 11.4 10.1 9.3
Std. Dev.: 3.5 4.5 Not 3.8
95% Level: 16 20 paedtanle 15




(8 mph), which is realistic, as is the average pas-
senger wait time at rather more than half the aver-
age headway. In addition, the distribution of head-
ways is markedly bimodal (see Figure 2), which is
indicative of the bunching effect discussed above.
The moving average of wait time appears to stabilize
quite soon after the start of simulation. The
slightly poorer performance on the wait time criter-
ion with coordinated traffic lights is probably due
to the "green wave' being poorly timed for the bus,
hence acting as a source of periodic instability.

In the uncoordinated situation, 23% of potential
passengers were lost due to the demand equilibrium,
in the coordinated situation 25%.

FIGURE 2. DISTRIBUTION OF BASE CASE HEADWAYS
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Holding at Stops

Selective delays produce very minor or no
improvements in wait times at the expense of longer
travel times, as expected. In the coordinated case,
the improvement is more noticeable due to the rela-
tively poor performance of the base case there. A
more significant evening out of bus loadings occurs;
these numbers are not shown, since there is some
question about their interpretation. The particular
headway tolerance chosen appears to have little
effect on the wait time or bus loading improvement
produced. However, a wider tolerance appears to
minimize the bad side-effects of this strategy.

This is fortunate from the point of view of techni-
cal ease of implementation, but unfortunate from
the point of view of acceptability to public and
drivers, since rather long, apparently senseless
delays en route are implied. The worsening of
travel times is so bad even in the best case, how-
ever, that implementation would seem unwise. More-
over, the model's demand equilibrium on the basis
of wait time only is probably unrealistic in the
face of such extreme travel time changes. In other
words, revenues would probably suffer in reality.
It is tempting to speculate on whether refining the
control response (i.e., allowing a correction to an
accuracy better than whole minutes) would improve
performance. Probably it would; it seems unlikely,
however, that it could ever be implemented given
real-world constraints.
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Skipping Stops

For headway tolerances of 115% and 1257, this
strategy has exactly the opposite effect of that
sought--it worsens wait times by more than it
improves line-haul travel times and drives away
potential passengers. Since a narrow tolerance
appeared to aggravate matters, and even reduce the
travel time benefits, it was natural to speculate
on whether requiring a larger deviation from sched-
uled headway would work better. In retrospect, it
seems obvious that we should require considerable
deviations before applying such a brick-bat form of
control. In addition, it is likely that this strat-
egy was suffering since initial deviations due to
dispatch uncertainty were probably causing the first
stop (which has a high demand rate) to be skipped
over often--clearly an unrealistic procedure.
Therefore the deviation required to skip a stop was
increased to 1357% and the first stop was never
skipped. As expected performance improved. Wait
times were reduced, wait time reliability improved
(though they were still no better than in the base
case) and higher speeds than in the base case were
retained. Unfortunately, the lower wait times
appear to be partially a result of an equilibrium
process that loses potential passengers, since wait
time reliability is still somewhat worse than in
the base case. Indeed an experiment with a "super-
wide tolerance' of 1507 of desired headway produced
a drastic worsening of results and increased
instability.

Bus Priority

In both test situations, selective priority at
traffic signals both decreases wait times and in-
creases line-haul speeds. 1In addition, service
reliability is improved, as shown by a decrease in
wait time uncertainty. A minor potential improve-
ment in productivity also occurs; as shown by
decreased bus travel time uncertainty. The improve-
ments are more dramatic in the coordinated situa-
tion, due partly to the poorer comparison base and
partly to the more refined control employed. The
increased number of traffic lights (i.e., possible
control points) and the weaker control response
(maximum change in green of 15 rather than 30 sec-
onds) increase the stability of this strategy (as
shown by inspection of the behavior of the moving
average of wait time), maintain the improvement in
travel time, and increase the improvement in wait
time shown in the uncoordinated situation.

A possible criticism of the model for this
strategy is that priority signalization would affect
automobile traffic; hence different distributions
of probable bus travel time between stops and sig-
nals ought to be used in the different test situa-
tions. If priority signalization worsened automo-
bile congestion, the improvements shown might be
cancelled out.

The improvements shown can certainly be ques-
tioned, given their not overwhelming magnitude and
the model's untested nature. They are promising,
however, especially considering that in a city which
already has centralized computer control of traffic
signals, this strategy might be implemented at rea-
sonable additional cost, certainly compared to the
expense involved in AVM systems. As over a hundred
U.S. cities currently have such computer control
systems in various stages of development (see The
American City, August 1974), an experiment along
these lines might be hoped for soon.
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Dispatch Control

Reducing the dispatch uncertainty produces
improvements in wait time as great or greater than
any of the on-route control strategies. Travel time
uncertainty is also noticeably improved, although
travel time is not. The question is, of course,
whether such a reduction in dispatch uncertainty is
an achievable goal, institutionally or economically.
Some method of reducing running time variation is
probably a precondition of reducing dispatch uncer-
tainty. The results of this test case also raise
some doubts about the model itself, since the
observed headways appear fairly stable and do not
exhibit the bimodality of those in the original base
case. 1t is possible that a wider variance in
speeds between bus stops and lights is called for.
In all fairness, however, at the demand rate given,
and on such a short route as the one modeled, it is
not clecar that extreme bunching would really occur
wilthout the initial source of instability.
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INCENTIVE PROGRAM FOR BUS CARRIERS

Edward M. Abrams, Director of Transit Operations, Simpson & Curtin
Harold J. McLaughlin, Jr., Supervisor, Terminals Forecast and Analysis,

The Port Authority of New York and New Jersey

One of the most elusive aspects of public assist-
ance to independently operated transit services
has been the development of incentives to the op-
erator to provide quality service on a cost-
effective basis. To deal with this, the New Jer-
sey Department of Transportation intends to im-
plement an incentive program which will result in
monetary rewards or penalties to companies depend-
ing on the quality of service provided. This
paper presents the essential elements of that pro-
gram which were developed as part of an overall
study to revamp the method that NJDOT follows

in providing operating assistance to independent
carriers in the State. The incentive system
recommended is keyed to three principal areas
that are perceived by transit users to be im-
portant - — 1) condition and cleanliness of the
bus, 2) courtesy and driving skills exhibited

by the bus operator, and 3) on-time performance.
For each of these areas, surveillance procedures
have been developed and rating forms designed to
relate field observations to a numerical scoring
system. The scoring system weights each survey
element by its estimated relative importance as
compared to all other elements. The program calls
for each carrier to be rated quarterly in all
three areas, and a method is described for trans-
lating a company's overall score for a quarter
into a monetary reward or penalty.

One of the most elusive aspects of public support
of independently operated transit services has been
the development of incentives to the operator to
provide quality service on a cost-effective basis.
All too often, subsidies have supported, or even
encouraged, the deterioration of both the guality of
service and the efficiency and cost-effectiveness
of management.

The quality of bus service has been of special
concern in the State of New Jersey wherein about 28
bus operators presently receive operating assistance
through the New Jersey Department of Transportation
(NJDOT). To deal with this, NJDOT intends to abandon
its current bus subsidy program, which is designed
simply to pay out sums equal to a company's operating
deficit, in favor of a system which will motivate
carriers to be cost-effective, operate efficiently

and provide high quality service to the public. It is
fully expected that these objectives can be realized
through the implementation of a program recently
developed for the Department as part of an Urban Mass
Transportation Administration (UMTA) sponsored

study. (1)

The proposed program is comprised of two major
elements. First, the State would make quarterly de-
terminations of the subsidy due a carrier from the
amount which an NJDOT projection of farebox receipts
fails to cover an NJDOT estimate of expenses the
carrier can reasonably be expected to incur in fur-
nishing the scheduled quantity of service, as speci-
fied by the State. In this program (with one minor
exception), every expense component is related to a
service parameter - -~ either bus kilometers, bus
hours or number of peak buses - -~ and an appropriate
unit cost. Some of the unit costs developed (e.g.,
fuel cost per km.) are applicable to any carrier op-
erating in the State, while other unit costs (e.g.,
drivers' wages per bus hour) are tailored to specific
carriers. In either case, however, once a cost is
defined, it will be revised quarterly solely in
accordance with the movement of an appropriate BLS
index without regard to actual costs incurred by the
carrier.

The second element of the program, and the sub-
ject of this paper, deals with adjustments to those
sums due based on the quantity of service furnished,
as discussed above, to reflect the quality of the
service rendered. The proposed incentive system will
financially reward carriers providing high quality
service and fine carriers rendering substandard
service.

Proposed System

The aim of the incentive program is to improve
the quality of bus service in New Jersey and
consequently:

1. Increase present riders' satisfaction with
the service, thereby assuring their continued
patronage.

2. Attract additional riders to available bus
service.

3. Increase farebox revenue which would benefit
the carriers in the short run and the State over the
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long term.

Consideration was given to development of incen-
tives through a system of rewards and penalties on
the basis of tangible results such as increases or
decreases in riders. However, many of the factors
affecting ridership are outside the control of the
carrier; changes in competitive service, land use,
and employment shifts all affect ridership levels.
Therefore, it was determined that the incentive pro-
gram should focus on characteristics of a transit sys-—
tem that relate to specific measures of quality rather
than to apparent results. In other words, the recom-
mended incentive program would monitor the causes of
quality service, not the exhibited effects.

Quality service, as it is perceived by the patron,
became the prerequisite for identifying characteris-
tics considered significant for the incentive program.
A passenger cares if his or her bus is clean, on time,
free of defects and is driven by a competent courte-
ous operator. These are the conditions that riders
notice and care about; these are the conditions which,
if improved, would have a positive affect on maintain-
ing existing riders and even attracting new riders
to the service. And finally, these are the character-
istics that are within the control of the carrier to
improve.

To determine how a carrier performs in relation
to the above-noted characteristics, three types of
field surveys are required:

1. Garage
cleanliness of
2. Riding
with regard to
3. Street

surveys to determine the condition and
buses.

surveys to observe driver performance
courtesy and bus handling.

surveys to measure on-time performance.

A description of the field survey procedures, the
elements to be checked and the relative weight given
each element are described below:

Bus Garage Summary

It 1s propused that inspectors from NJDOT compile
the data on bus cleanliness and condition at the
carrier's garage just prior to the bus departure
for the first morning trip. This early morning sur-
veillance will enable the check to be solely dependent
on how well the carrier prepares its equipment for use
in revenue service, independent of circumstances out-
side the control of the carrier, e.g., patrons'
littering the bus.

The Bus Garage Summary involves 12 separate checks,
as shown in Table 1, varying from verification of the
proper operation of fare collection equipment to whether
or not the seats are clean. Along with each check is an
assigned set of numerical values for scoring each item
relative to the actual condition of the bus for that
particular check. For example, in the category of seat
cleanliness, the score can be either a plus two, a
zero, or a minus two, depending on the actual condition
of the seats. The total score for an individual bus
will be the algebraic sum of all 12 checks.

A bus carrier's overall score for this apsect of
the incentive program will be the median total score
recorded during the quarter. In other words, all total
scores for the individual bus surveys of the company
made in the quarter will be arrayed with the final
score determined by the middle value. This method will
minimize the effect on the final score of extreme
individual values, both high and low, including any
which may have been the result of biased ratings.

Riding Surveys

To properly obtain unbiased data in this survey
element, NJDOT inspectors will be required to ride
carriers' buses, concealing their identity and pur-
pose. This aspect of the survey is important in order
to obtain data which accurately reflect normal driver
habits. Inspectors will be expected to ride the bus
only long enough to obtain sufficient data to fill out
the survey form.

As noted in Table 2, the riding survey involves
five separate checks. Similar to the Garage Surveys,

a set of numerical values is assigned to each. For
example, if a driver is observed to be pleasant, help-
ful and considerate, a rating of plus 10 would be
given. However, for a discourteous driver, a minus

10 would be scored.

The total score for an individual riding survey
will be the algebraic sum of all five checks. As in
the case of Garage Surveys, a carrier's overall score
for a quarter will be the median total score for all
riding surveys made during the quarter.

Street Surveys

This type of survey involves probably the most
important surveillance element - - on-time performance.
Poor on-time performance is the most often cited crit-
icism voiced by transit users. Patrons expect, and
rightly so, that bus services strictly adhere to the
carrier's own published schedules. Of course, there
are circumstances beyond the control of an operator
which can affect on-time performance; therefore, a
standard which calls for 100 percent schedule adher-
ence is not realistic. In fact, there are situations
when a bus should be deemed "on-time" even if it is
five minutes late.

While service that is running late may be due to
no fault of the carrier, there is no excuse for ser—
vice that is early. Furthermore, standards for schedule
adherence should vary over the length of the route
- - being strictest at the origin where the departure
time is within the carrier's control, and then gradu-
ally becoming more liberal as the bus approaches its
final destination. Properly designed operating schedules
should make allowance for delays by building in suf-
ficient recovery time to insure that the next trip
can depart on time.

A system was developed for assigning a numerical
score to the on-time performance of a bus anywhere
along its route. The array of possible scores is
shown in Table 3, The highest score attainable for a
single observation is plus 50, whereas a bus running
sufficiently behind or ahead of schedule may rate a
score of minus 200. Other features incorporated in the
numerical scoring system as are follows:

1. If 80 percent of all measurements are deter-
mined to be on-time with the others either very early
or very late, an overall rating of zero will result.

2. Minus scores are more heavily weighted toward
early service than for service that is late.

3. The scoring system becomes progressively more
liberal as the point of observation is moved further
from the route's point of origin in recognition of the
cumulative effect of circumstances beyond the driver's
control which can affect on-time performance.

In conducting the on-time performance surveys,
most data should be acquired from checks occurring
within the first three columns (up to 50 minutes from
routes' origins). Generally, service which is more
than 50 minutes from a route's origin is in a



Table 1. Incentive Program, Garage Survey
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Table 2. Incentive Program, Riding Survey

Bus Co. Date
Location Rated by
Survey Element Value
Fare Collection Equipment
Inoperable - 3
Working Property 0
Interior Lighting
Operable, No Outages + 3
One or Two Outages + 2
Less than 20% Outages 0
More than 207 Outages = 2
Inoperable -4
Heating/Air Cond./Ventilation
Normal Operation + 3
Rough Sounding/Substandard
Effectiveness 0
Not Operable -3
Condition of Seats
One or More Seats Broken/Torn -2
Seats Badly Worn or Marked - 1
Average/Acceptable 0
New Appearing + 2
Cleanliness of Seats
Soil/Film -2
Average/Acceptable 0
"Just-Cleaned'" Appearance + 2
Condition of Windows
One or More Broken -2
One or More Cracked -1
Some Scratches or Discoloration 0
New Appearing 4 2
Cleanliness of Windows
Soil/Film/Heavy Streaks -2
Average/Acceptable 0
"Just-Washed" Appearance + 2
Condition of Floor
Uneven or Mismatched -2
Badly VWorn -1
Average/Acceptable 0
New Appearing + 2
Cleanliness of Floor
Considerable Litter -2
Some Litter -1
Average/Acceptable 0
Broom Clean, No Litter + 1
Spotless + 2

Interior Surfaces (other than floor,

Bus Co. Date Time . |
Location Rated by

Route
Survey Element Value Bus

Route/Destination Designation
Route No., Routing (where applicable)

and Destination Correctly

Displayed + 3
Either Route No. or

Destination Displayed

(Correctly) + 2
Neither Route No. nor

Destination Displayed -2
Incorrect Route No. or

Destination Displayed = 5

Driver Appearance
Neat, Clean, Well-Groomed 4+ B
Average/Acceptable 0
Soiled Attire or Dishevelled -5

Driver Courtesy
Pleasant, Helpful, Considerate +10
Helpful and Informative + 8
Average/Acceptable 0
Gruff or Un-Communicative -5
Discourteous, Inconsiderate -10

Driver Performance

Secure Feeling + 5
No Sudden Starts and Stops + 3
Average/Acceptable 0
Sudden Starts and Stops ~3
Insecure Feeling -5
Ride Comfort
Smooth, Quiet Ride + 3
Average/Acceptable 0
Unnecessarily Bumpy Ride -3

Score Totals

seats and windows)
Damaged/Heavily Soiled/Marked
Average/Acceptable
Undamaged, Unmarked, and Clean

Condition of Exterior
Noticeable Dents or Body Rot
Appears Overdue for Repainting
Average/Acceptable
Slight Wearing Apparent
Excellent Condition

Cleanliness of Exterior
Heavy Dust/Soil/Film
Average/Acceptable
"Just-Washed" Appearance

Score Totals

N O

N = O =N

O N

passenger discharge rather than a pick-up phase of
service, and riders are much more sensitive to their
departure times than to arrival times.

From the rating chart shown in Table 3, a
numerical value will be assigned for each observation
based on the exhibited on-time performance and the
distance between the observation point and the
route's point of origin as measured by scheduled
running time in minutes. For example, a bus which is
scheduled to arrive at a point which is 20 minutes'
running time from the route's origin, at say 10:20
a.m., actually arrives at 10:25 a.m. or five minutes
late, the score assigned to this trip would be minus
50 (the 11-30 minute column and the plus five minute
row). The scores recorded for each carrier in each
quarter will be algebraically summed and divided by
the number of observations made to obtain an average
overall score for on-time performance. However, be-
fore calculating a carrier's overall score, the five
percent of the lateness scores with the highest num-
ber of penalty points will be deleted. The rating
system will thereby compensate for the fact that
unusual events or conditions which can cause a
bus to be late are inevitable and impossible for
a carrier to anticipate or a driver to avoid.

Monetary Considerations

To be effective, an incentive program must be
based on a system of rewards and penalties. Privately
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Table 3. On-time performance rating sheet.
Observed Scheduled Running Time
On-Time in Minutes
Performance from Point of Origin
(Minutes) 0-10 11-30 31-50 51-70
B -8 ur More -200 -200 -200 -200
u -7 -200 -200 -200 =150
S -6 -200 -200 -150 -100
=5 -200 =150 -100 - 50
E -4 -150 -100 - 50 0
A -3 -100 - 50 0 + 25
R =2 = .50 0 + 25 + 25
L =1 0 + 50 + 50 + 50
¥
On Time + 50 + 50 + 50 + 50
B +1 + 50 +: .50 + 50 + 50
U 2 + 50 + 50 + 50 + 50
5 3 0 + 50 + 50 + 50
4 = 50 0 + 50 + 50
5 -100 - .50 0 + 50
L 6 -150 -100 - 50 0
A 7 -200 -150 -100 - 50
T 8 -200 -200 =150 -100
E 9 -200 -200 -200 -150
10 or More -200 -200 -200 -200

owned but publicly subsidized transit systems need
external motivation to improve service quality, and
a program that relates quality service to dollar
signs can provide this motivation. Therefore, the
incentive program, as recommended, would pay or fine
a carrier a sum of money during a quarter depending
on the carrier's performance during the prior
quarter as determined in the three aspects of
surveillance.

In order that the dimensions of the monetary
motivation be equitable for all carriers, it is pro-
posed that the amount of reward or penalty be relaled
to a carrier's size. The most appropriate measure
for this is standard cost; i.e., the NJDOT estimate
of expenses the carrier can reasonably be expected
to incur in furnishing regular route service. How-
ever, this standard cost amount would be adjusted
to-eliminate the effects of special circumstances
that cause an unusually high or low expense
projection. ¢

It is recommended that the maximum reward or
fine be six percent of the adjusted standard cost
amount for that carrier. If a carrier had a total
annual calculated cost of one million dollars, the
reward or penalty limit would be $60,000 a year. If
the aggregate of all fines levied was equal to the
total of all rewards, the program could be self-
supporting and result in a zero cash flow for the
State. However, it is recommended that the State
demonstrate good faith in the program and emphasize
its positive aspect by paying out more rewards than
it levies in fines. The appropriate net pay-out by
the State has been estimated at three percent of the
total calculated standard cost for all carriers.

The three percent figure should be used by the

State for budgetary purposes and would represent the
maximum State liability. If payments during the first
two or three quarters of a fiscal year, in the aggre-
gate, exceed the three percent State commitment, then
the individual payments would be proportionately scaled
down in the latter part of the year to keep the total
payments within the overall three percent limit.

Relation of Payments to Survey Results

Each subsidized carrier should be rated every
quarter, with monetary results based on calculated
standard costs and survey results for that quarter.
For example, if the incentive program were initiated
with the quarter beginning April 1978, the incentive
dollar amount would be based on the percentage of cal-
culated standard costs for April, May and June and the
survey data collected in that quarter. Rewards in the
form of cash payments and penalties in the form of
sums withheld from subsidies would be made in monthly
installments over the following quarter.

Results of the three types of surveys will be
compiled into a single, composite value for each
carrier each quarter by algebraically adding together
the three overall scores. As previously noted, in-
dividual scores for poor on-time performance can
range to minus 200. Therefore, if all the service
provided by a carrier was observed to he very early
or very late, an average overall score of minus 200
theoretically could result. Although it is unlikely
that a carrier's overall score for on-time performance
would be poorer than minus 50, if this improbable
event occurred, it could overshadow the results of
the other two surveys. To guard against such occur-
rence, it is proposed that for the purpose of cal-
culating a composite value, the maximum negative
overall score for on-time performance be limited to
50 points. Composite values, therefore, can range
from a low of minus 106 to a maximum of plus 100,
as shown in the table below:

Maximum Score

Survey Positive Negative
Garage Survey 24 28
Riding Survey 26 28
On-Time Performance 50 50
Total 100 106

If a carrier achieved a 100 positive score or a 106
negative score, the reward or fine would be six
percent of its calculated adjusted standard cost
amount. Furthermore, each single positive point
represents .06 percent (6 percent ¢ 100) and each
single negative point represents .0566 percent

(6 pcrcent = 106). Therefore, a carrier obtaining a
positive score of 60 would receive a monetary payment
equal to 60 x .06 percent or 3.6 percent of its ad-
justed standard cost. If the point total were a
minus 60, the fine would be 60 x .0566 percent, or
3.4 percent of adjusted standard cost.

Tt is estimated at this time that the factors
cited above for converting survey scores to monetary
rewards and penalties will create a net cash out-flow
equal to three percent of total standard cost; how-
ever, these conversion factors are subject to fine-
tuning dependent upon actual program results. The
necessary adjustments can be readily accomplished
simply by changing the maximum percentage reward or
penalty. For example, if it is found that the system
as presently proposed, results in a pay-out which
exceeds the three percent limit, the maximum reward
could be cut back from six percent to five percent
and the maximum fine increased from six percent to
seven percent. Similar adjustments may have to be
made from time to time (but not more often than
annually) to compensate for changes in the mix of
carriers under subsidy and improved performance levels
brought about by the incentive program. And, of



course, the three percent pay-out limit has been
adopted only as a matter of policy and is, therefore,
subject to revision each year by elther the State
Legislature or the Administration. Regulation of the
cash pay-out caused by a change in the three percent
limit can be accomplished in the same manner as
described above.

In lieu of a fine for the first quarter that the
incentive program is in effect, carriers will be
given only a warning identifying the incentive pro-
gram findings. Thereafter, any fine will be deducted
from the following quarter's subsidy contract
amount.

It is expected that all carriers, regardless of
their standing in the incentive program, will be
made aware of their individual performances as
determined by the results of the three types of
surveillance checks. In this way, the carriers will
be given the opportunity to focus on areas where they
perform below par.
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PEAK-BASE COST ALLOCATION MODELS

Walter Cherwony and Subhash R. Mundle, Simpson & Curtin,

During the past several years, most transit agen-
cies have been faced with the problem of rising
deficits and limited tax resources to meet oper-—
ating subsidies. For this reason, renewed empha-
sis has been placed on examination of the system's
financial performance on a route-by-route basis.
While route revenues can be determined by surveys
and field counts, operating costs are more diffi-
cult to ascertain by route. Typically, the cost
analysis has been conducted utilizing multivari-
able cost allocation models in which each expense
account in a system is attributed to a particular
resource (e.g., vehicle kilometers). This paper
presents the cost analysis performed for the
Metropolitan Transit Commission (Minneapolis-

St. Paul) as part of the monitoring and evalua-
tion program of the I-35W Urban Corridor Demon-
stration Project which tested the feasibility of
express bus service on a metered freeway. The
paper calls for the development of cost formulae
that are sensitive to peak and base conditions
rather than a single systemwide model. Also
described in the paper is the development of
labor productivity and service indices which can
be used to compute both peak and base unit cost
factors. The theoretical derivation of the rela-
tionship between the unit cost factors with sys-—
temwide costs and the indices, as well as the
application of this theoretical concept, are
presented.

With transit agencies beset by rising deficits
and increased citizen opposition to higher taxes to
support public transportation services, transit op-
erators are more carefully examining their system's
financial performance. Usually, this analysis in-
volves an examination of each route or service type
as an individual operating entity or "cost center."
Route revenue, cost and margin are computed to deter-
mine the "profitability" of each transit line(l) and
the extent of accommodation of service. Route revenues
are relatively simple to determine by a variety of
survey techniques - - passenger counts, origin-desti-
nation surveys or farebox checks. Route-by-route
costs are more difficult to ascertain. The widely
used method in the transit industry is the develop~
ment of multivariable cost allocation models in which
each system expense account can be attributed to one
or more resources such as vehicle kilometers or
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vehicle hours. The cost allocation model is then
applied to the resources required to provide service
on each route to determine individual route cost. For
the most part, cost formulae developed for transit
properties throughout the nation represent systemwide
averages which do not completely differentiate be-
tween cost associated with peak and off-peak transit
services. This paper presents the development of a
traditional cost allocation model, as well as the
theoretical framework and computation of peak-base
cost formulae.(2)

Traditional Cost Model

The first step in the development of peak-base
cost formulae is the computation of a traditional cost
allocation model.(3, 4) In this case, a "three-vari-
able" model was computed rather than a more complex
formula including numerous other variables such as
passenger revenue.

Allocation of Expense Accounts

The Metropolitan Transit Commission's (MTC)
monthly operating expense accounts were allocated to
one of the three variables - - vehicle hours, vehicle
kilometers or peak vehicles.

Vehicle Hours. Certain transit operating costs
such as drivers' wages, which account for nearly half
of the total operating costs, transportation super-
vision, etc., are directly related to number of ve-
hicle hours. Therefore, these and some other expense
categories which vary with the amount of service hours
are appropriately allocated to vehicle hours. The
use of vehicle hours which is a surrogate for pay-
hours is preferred in cost allocation analysis since
it is much easier to compute vehicle hours by line
than payhours.

Vehicle Kilometers. Many operating costs are
directly related to the vehicle kilometers of service
provided. Expenses such as fuel, o0il, tires and
tubes, repairs to revenue equipment and servicing of
revenue equipment are directly allocated to vehicle
kilometers because they vary with kilometers of ser-
vice operated.




Peak Vehicles. Many individual expense items do
not vary as functions of either of the foregoing para-
meters - - vehicle hours or vehicle kilometers. For
example, expenses for vehicle storage facilities are
a function of the system's peak vehicle requirements
rather than the number of kilometers or hours of ser-
vice provided. Such peak vehicle-related expenses
include supervision of shop and garage, maintenance
of buildings, fixtures, grounds, service car equip-
ment and other miscellaneous shop expenses. A number
of broad overhead expenses also vary with the sys-
tem's peak vehicle requirements including deprecia-
tion of revenue equipment, structures, service cars,
and shop and garage equipment.

The Allocation Formula

The results of a traditional three-variable cost
allocation model for a typical month (September 1974)
are shown in Table 1. The three-variable formula re-
sules in the apportionment of 59.3 percent of aggre-
gate monthly cost on the basis of vehicle hours,

23.4 percent on a vehicle kilometer basis, and the
remaining 17.3 percent as a function of the system's
peak vehicle requirements. The costs attributable to
vehicle hours result in a unit cost of $9.90 per

hour and the costs attributable to vehicle kilometers
of operation yield a unit cost of $0.19 per vehicle
kilometer, while the costs allocated to peak vehicles
produced a unit cost of $612.75 per peak vehicle per
month.

Table 1. Development of three-variable cost alloca-
tion model, September 1974, Metropolitan Transit
Commission.

Percent
Basis Total of Total
of Allocated Total Operating
Allocation Cost Cost Statistics Unit Cost
Vehicle 1499400 593 151500 $ 9.90 per
Hours(H) vehicle
hour
Vehicle 590800 23.4 3116000 $ 0.19 per
KM(K) vehicle
km
Peak 437500 17 23 714 $612.75 per
Vehicles peak
V) vehicle
(per
month)
Total(C) 2527700 100.0

During the I-35W Urban Corridor Demonstration
Project, a three-variable cost allocation model was
prepared for each month from October 1972 to Decem-—
ber 1974 - - the duration of the monitoring program.

Peak-Base Theoretical Framework

The traditional cost allocation model to some ex-
tent addresses the issue of different cost by time
of day through the use of a peak vehicle unit cost
factor. It does not account for the major cost dif-
ferences between peak and base time periods in the
labor-intensive transit industry in which drivers'
wages represent the largest single expenditure. It
is widely accepted that it costs more to operate a
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bus during the peak period than during off-peak hours
because of the provisions in most labor agreements
which require more payhours per vehicle hour for peak
period service than base operations. Typical provi-
sions which impact costs include:

1. Straight runs insure that at least some peak
period drivers will have a continuous uninterrupted
workday.

2. Combination time prescribes penalties for
peak period only drivers to receive a full day's pay
for less than eight hours of work.

3. Spread time provides premium pay for any work
performed beyond a fixed daily time span (e.g., 10
hours) .

4. Guarantee time sets minimum weekly pay re-
gardless of hours worked (e.g., 40 hours pay per
week) .

While it is evident that these prohibitions and
penalties associated with drivers' wages cause higher

vehicle hour unit costs for peak period service, the
quantification of these differences is yet another
matter. The vehicle hour unit cost factor determined
by the traditional cost allocation model represents
a weighted average of both peak and base conditions.
As noted previously, vehicle hours represent an easi-
ly quantified surrogate variable for payhours. Thus,
it would be desirable to relate peak and base unit
cost per vehicle hour factors to the systemwide unit
cost (traditional model). Further, this relationship
should include some measure of labor productivity
(payhours/vehicle hours) and the service levels oper-—
ated in each period (peak/base vehicle hours). These
indices would be computed possibly one month a year
and then used for model development in each of the
12 months of that year. The mathematical derivation
of these desired relationships is presented below.
Consider the following definition of terms - -

VHp = Peak period vehicle hours

VHp = Base period vehicle hours

PHp = Peak period payhours

PHg = Base period payhours

TC = Total cost allocated to vehicle hours

UCg = Vehicle hour unit cost (traditional
cost model)

UCp = Peak period vehicle hour unit cost

UCg = Base period vehicle hour unit cost.

In a traditional model, UCg is computed as shown
in Equation 1.

TC
VHy + VHp

Further, the relationship between payhours and
vehicle hours can be established.

PHp

Ep = = Peak period labor productivity(2)
VHp
PHy

Ep = = Base period labor productivity(3)
VHy

The indices which should be related along with
UCg to peak and base unit cost factors are:

=
L]

= Relative labor productivity )

i)
]
|

=
=
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VH
§ = — = Service index (5)

VHB
It should be recognized that these values can be de-
termined for each transit operator. Relative labor
productivity (n) is a measure of the various features
of the labor agreement while the service index (s)
measures the relative amount of service offered in
each time period. Mathematically, the desired rela-
tionship for peak and base vehicle hour unit costs
are presented in Equations 6 and 7, respectively.

UCP

UCB = g(UCS, n, 8) 7

f(UCS, n, s) (6)

As noted previously, vehicle hours is an easily
computed surrogate variable for payhours. Also, for
derivation purposes, it is necessary to define pay-
hour unit cost as follows:

uc = # (8)

PHB + PHP

By substituting Equations 2 and 3 in Equation 8, it
can be shown:
TC UCHEBVHB uc EPVH 9

H P

Since the sum of the unit costs multiplied by the
appropriate quantities for each operating period
must equal total cost, UC, and UC, can be defined

as follows: E B
UCP = UCHEP (10)
- 1
UCB UCHEB (11)

By various substitution of terms in Equation 10, it
can be shown:

- n(l+s)
UCP S UCS (12)

The term multiplied by UC, can be thought of as an
adjustment factor to compute UC_. Similarly, by
various substitution of terms in Equation 11, it
can ‘be shown:

L+BE g0 (13)

Uy & T4 B

The term multiplied by UC_, can be thought of as an
adjustment factor to compute UC_ . Also, from
Equations 12 and 13, it can be Shown:

UcP = nUCB (14)
Thus, it has been derived that the peak and base ve-
hicle hour unit cost factors are a function of the
systemwide unit cost, relative labor productivity,
and service index. Because of space limitations,.the
complete derivations of Equations 12 and 13 are not
presented in this paper. Traditional cost allocation
model vehicle hour unit cost (systemwide) underesti-
mates the cost of peak period service and overesti-
mates the cost of base period service. The greater
the values of either relative labor productivity (m)
or service index (s), the greater the disparity in
peak and base vehicle hour unit costs.

When the relative labor productivity equals one

(no prohibitions or penalties in labor utilization),
vehicle hour unit costs for the system base and peak
periods are the same regardless of relative service
levels (Figures 1 and 2). For any given value of ser-
vice index, the peak adjustment factor is directly
proportional to the relative labor productivity index
which implies a widening disparity between system and
peak period vehicle hour unit cost factors. Care
should be exercised in interpreting the relationship
portrayed in Figure 1. When relative labor productivi-
ty is greater than one (the typical situation), a
greater value for the service index produces a lower
value for the peak adjustment factor. For example,
when the relative labor productivity equals two, the
peak adjustment factor is larger when s = 1(VH_, = VH_)
than when s = 2 (VH,6 = %VH_ ). At first glance, this P
may seem illogical; except, it should be noted that

the systemwide vehicle hour unit cost factor is not
fixed. As the service index increases, UC, will also
increase. Thus, with increasing values of”service in-
dex, the systemwide unit cost factor becomes more
similar to the peak unit cost factor with the peak
adjustment factor approaching one. The overall result
of greater value of service index is that both
systemwide and peak unit cost factors would be greater.

As shown in Figure 2, the base adjustment factor
also represents a family of curves which all intersect
when the relative labor productivity equals one. For
a given value of relative labor productivity, the base
adjustment factor is inversely proportional to the
service index. Thus, as the cost structure of the
system more closely resembles the peak unit cost factor,
the disparity between base and systemwide costs
becomes greater.

The derived relationships between unit cost factors
with relative labor productivity and service index are
presented in Figures 3 and 4. As shown in Figure 3,
for all values of relative labor productivity, the
peak adjustment factors converge on the value of one
with increasing values of service index. Conversely,
the base adjustment factor diverges from one with
increasing values of service index (Figure 4).

Model Application

The first step in applying the derived formulae
is to select a month to compute the two indices - -
relative labor productivity and service index. Since
the tabulation of vehicle hours and payhours for both
peak and base periods requires considerable data col-
lection and manipulation, this effort was performed
for only a single month. The indices computed from
this data tabulation were then applied to subsequent
months. It should be recognized Lhal Lhe indices
would have to be recomputed when the labor contract
changed affecting relative labor productivity (n) or
when service levels were changed thereby affecting
the service index (s). The results of this data tabu-
lation for the "audit" month are presented in Table 2.
Not surprising, the peak period requires 31 percent
more payhours than vehicle hours, while the base
period has only 14 percent more payhours than vehicle
hours, which produced a relative labor productivity
of 1.15. These results clearly indicate that pro-
visions in labor contracts which restrict driver
utilization and provide for penalty payments can
affect costs as signiticantly as the drivers' hourly
wage rates.

To compute the peak-base unit cost factors, the
first step was the development of the traditional cost
model as described previously. The next step was to
apply the index values in Equation 12 and Equation
13 to determine the peak and base vehicle hour unit
cost factors, respectively, for the month being
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Figure 1. Peak adjustment factor vs. relative Figure 2. Base adjustment factor vs. relative
labor productivity. labor productivity.
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analyzed. The resulting cost formulae for September
1974 are presented below:

Peak: C = 10.57H + 0.19K + 612.75V (14)
Base: C= 9,20H + 0.19K (15)
Table 2. Computation of indices, "Audit'" month —

March 1974.

Peak Base

Vehicle Hours 74967 (VHP) 72947 (VHB)

Payhours 98130 (PHP) 83086 (PHB)
Labor Productivity 1.31 (EP) 1.14 (EB)
Relative Labor Productivity 1.15(n)
Service Index 1.03(s)

The difference in cost estimates between the peak
and base models can be illustrated by determining the
cost of bus service in the I-35W Corridor by both
formulae. For September 1974, the peak cost model
would yield monthly operating costs of about $302,000,
while the base cost model would estimate bus costs of
$193,000 - - a difference of 56 percent. These results
are not surprising since the base cost model has a
lower vehicle hour unit cost and does not include a
third variable to reflect peak vehicle requirements.
The disparity between cost by the two models would
confirm the need to develop separate cost formulae
by time period.

By developing models requiring route statistics
on vehicle hours rather than payhours, the cost model
can be readily applied to individual line data to
compute route-by-route cost.

Conclusions

The foregoing analysis permits the following
conclusions to be drawn:

1. The use of traditional cost allocation formu-
lae only partially explains the different cost
structure of peak and base services. This traditional
approach, by use of a peak vehicle unit cost, only
accounts for the higher cost of providing service
attributable to those cost items such as administra-
tive and physical plant costs which are a function
of the maximum number of vehicles in service at any
one time.

2. 1In view of the labor-intensive nature of
transit operations, the systemwide vehicle hour unit
cost factor represents an average of differing costs
by time of day. Clearly, there is a need to define
peak and base vehicle hour unit cost factors. Also,
the determination of .these factors should reflect
the consequences of various prohibitions and penalties
in the utilization of drivers.

3. Traditional cost allocation models underesti-
mate the cost of peak period service and overestimate
the cost of base period service.

4. The peak and base vehicle hour unit cost
factors are a function of the systemwide cost struc-—
ture, as well as the relative labor productivity and
service index. Further, these relationships can be
mathematically derived.

5. Restrictions on driver utilization and penal-
ty payments can affect transit operating cost as
significantly as the drivers' wage. For example, a
change in spread time from 10 to 9 hours may produce
the same increase in cost as a l0O-cent increase in
the drivers' wage rate.

6. Expansion of service in peak periods at a
relatively greater rate than base periods will also
adversely affect transit operating costs. This con-
clusion has particular relevance to many transit
properties that have embarked on ambitious programs
to serve journey-to-work travel through express bus
service and park-ride facilities - - peak period
operations.

7. Although vehicle hours is really a surrogate
for payhours, the ease of computing vehicle hours by
route as opposed to computing payhours by route
suggests its use in cost formulae.

8. The proposed peak-base approach described
in this paper only requires data collection at in-
frequent intervals to compute the necessary indices
(relative labor productivity and service index). By
utilizing these indices, detailed peak and base cost
formulae can be readily determined and applied each
month to accurately assess the financial performance
of each route.
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Abridgment

AN INTERACTIVE BUS TRANSIT MANAGEMENT INFORMATION SYSTEM USING CREDIT CARD FARE COLLECTION DATA

Frank DiCesare, Rensselaer Polytechnic Institute
Gary C. Sullo, General Motor's Technical Center

This research has shown that the development of a
bus transit management information system that uses
date from a bus credit card fare collection system
is feasible from a hardware and software stand-
point. An assessment of the data available from
the credit card system shows that valuable and
timely ridership and revenue information, which
would not be readily available otherwise, can be
provided to assist in management decisions regard-
ing changes in service, i.e., adding or abandoning
service, changing service modes, changing level of
service and changing fare levels and/or structure.
To match the large amount of availasble information
to the transit manager's needs, a two level form
of presentation is proposed with deily indicators
for monitoring transit system performance and
detailed reports available on demand.

Research in transit management information systems
(MIS) is particularly pertinent at this time of scar-
city when transportation policy is tending towards
meking better and more efficient use of the trans-
portation facilities already existing in urban areas.
Public officials [1] have been stating their concern
for "finding better ways to manage transit" and citing
"better management information systems" as a means
for improving transit management.

The research reported here addresses the feasibil-
ity of using data obtained through credit card collec-
tion as a baslis for a bus transit operations MIS.

The information system is built around a fare
collection system having the following characteristics:

1. Each bus has a modified fare box which accepts
credit card insertion.

2. Card insertions cause a record to be entered
on a cassette tape (or other storage medium) .

3. Date relating to the passenger is obtained
from the card, and date relating to the vehicle is
obtained from the fare box according to driver entries,
an internal clock and an odometer input.

4. Credit card passengers are charged as a func-
tion of distance traveled and must insert their cards
upon both boarding and deboarding.

5. These cassette tapes are then removed and
processed at the end of each day.

The assumptions for this scenario of usage were

based in part on an UMTA demonstration project in the
Valley Transit District (VID) of Connecticut [2],
where the data was used only for fare calculation and
billing [3].

Previous research at Stanford University [U4] ex-
amined the use of bank credit cards for fare collec-
tion and recognized the potential usefulness of the
data. In the near future, UMTA plans to further
demonstrate the credit card concept, ineluding use
of the date for MIS.

Transit Management Informetion Systems

The information systems thus far developed or
discussed in the literature can be categorized by

their major emphasis: maintenance, planning, or

management of operations [5,6,7,8,9].

The MIS developed at the Rensselaer Polytechnic
Institute (R.P.I.) during this research is aimed at
transit systems offering a full range of services
from fixed route to demend responsive end whose prin-
cipal means of fare collection is the credit card.
Further, the system developed allows for data inputs
other than those generated by credit card insertions
such as the dispatcher file (where dispatching is
computerized) and survey data files.

Research Objectives

The objectives of this work were: to analyze the
software, hardware, and data requirements; design a
data base which incorporates credit cerd trip records;
implement an example of the software; and to illustrate,
by example, typical usage of the system in transit
decision meking.

The methodology was to assess credit card data
for its management information, determine those
decisions which would likely be impacted by such in-
formation and then design a system which would make
the data useful to the manager in considering these
decisions.

Input Data
The bus cassette records the following entries

for each passenger card insertion: Record type,
Passenger ID number, Fare structure code, Time,
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Distance, Zone, Service type( route number or service
region), and Number of persons riding on this fare
account.

The dispetching file adds the following data for
demand responsive services: Date, Intended time of
pick-up, Bus number assigned, Service number of region,
Origin zone, Destination zone, Passenger ID number,
Fare structure code, Number of passengers to be served
(at this pick-up), Maximum fare for this ride, Lead
time (advance notice received by dispatcher), and
Data code (unserved demand is recorded).

Assessment of the Data for Information Content

It is clear that this data can provide valueble
statistics on ridership: volumes by zone of origin,
zone of destination, origin-destination pair, time
of day, week, month, etc., service mode, area or
route, individual vehicle, and so on. The range of
operating decisions this information can directly
ettect includes: adding service, abandoning service,
changing service mode, increasing or decreasing level
of service, and changing fare levels or structure.

A second set of statistices would be those con-
cerning bus useage: vehicle occupancy, mileage, time,
and trevel speed; each by service mode and area or
route. This information cen be useful in the deci-
sions cited previously as well as in the allocetion,
maintenance, and replacement of equipment.

System Design

The informetion system consists of three basic
components:

1. A set of programs which read and edit the raw
data and process it to create and update files for
storege.

2. 'The online data base of files of which two,

a passenger trip record file and an indicators file
were implemented.

3. A set of programs which operate on the data
base to generate information for the meneger at two
levels, aggregate performance indicators and sets of
detailed statisties.

Output Information

A two level presentation hierarchy was used to
avoid information overload of the transit manager.
The first level is performance monitoring where the
manager can compare system INDICATORS with expecta-
tions or standsrds in order to detect changes. The
second level provides detailed systems statistics
in the form of REPORTS so that a diagnosis of the
problem can be made and solutions proposed.

Figure 1 gives the l1list of performance INDICATORS
avallable in this system. To specify the information
he wishes to see, the manager is guided interactively
by the progrem as shown in Figure 1.

In Figure 2, a typicel indicator display is shown.
As a variation in this display one could also view all
indicators for each period of the day, where the
column headings would then read: AM pesk-Base period-
PM peek-Evening. This could be done for any one
service type or for the system as a whole. Other
varietions include displeying a history of eny one
indicator.

The more detailed passenger movement reports
produced by the information system are:

1. Origin-Destination - the number of passengers
by 0-D pair.

2, Ridership - a time profile of the number of
passengers on board any service by hourly interval.

3. Bus Occupancy - ridership broken down further
as a separate report for each vehicle, rather than
by service type.

L. Passenger Boarding - ridership broken down
to shown zone of boarding and deboarding within the
specified service area.

5. Wait Time Distribution - distribution of
Lime spent waiting for e late vehicle (demand
responsive service).

6. Lead Time Distribution - distribution of
advance notice times for demend responsive systems,

Figure 1. An exemple of the manager-computer inter-
actions resulting in a particular indicator display.

ENTER THE SERVICE TYPE DESIRED (1-4).
ENTER 5 FOR THE CUMMULATIVE TOTAL OF ALL
SERVICES. ANY ENTRY GREATER THAN THIS CALLS FOR
ALL SERVICES TO BE DISPLAYED INDIVIDUALLY.
USE TWU DIGLTS.

2

———>

USING ONE DIGIT, ENTER THE PERIOD OF THE
DAY TO BE ISOLATED. THE CODE IS:

1AM PEAK

2 BASE PERIOD

3 PM PEAK

4 NIGHT PERIOD

5 ALL DAY (SUM OF 1-4)
ANY ENTRY GREATER THAN 5 CALLS FOR ALL PERIODS
T0 BEQDISPLAYED CONCURRENTLY.

_m—>

ENTER TWO DIGIT CODE TO SPECIFY THE INDICATOR
TO BE PROCESSED. ANY ENTRY GREATER THAN 15 CALLS FOR
ALL INDICATORS TO BE DISPLAYED, IF POSSIBLE.

01 - NUMBER OF BUSSES OPERATING

02 - BUS REVENUE HOURS

03 - RIDERSHIP

04 - PERCENT COIN RIDERS

05 - UNSERVED DEMAND

06 - VEHICLE LOADING BY MILES

07 - VEHICLE LOADING BY HOURS

08 - PASSENGER-HOURS STANDING

09 - AVERAGE DEVIATION FROM DIAL-A-RIDE SCHEDULE
10 - AVERAGE DEVIATION FROM FIXED ROUTE SCHEDULE
11 - AVERAGE TRIP TIME

12 - AVERAGE TRAVEL SPEED

13 - TOTAL REVENUE

14 - REVENUE PER VEHICLE-MILE

15 - REVENUE PER VEHICLE-HOUR

Figure 2. A typical display of all indicators for
the total system by periods of the day.

ALL INDICATORS

SYSTEM AS A WHOLE

FOR ONE PERIOD OF 2 DAYS
BEGINNING DAY 10

AM BASE PM NIGHT ALL

PEAK PERIOD PEAK PERIOD DAY
BUSES IN REVENUE SERVICE 20.00 20.00 20.00 20.00 80.00
BUS REVENUE HOURS 40.00 140.00 40.00 121.68 341.98

RIDERSHIP 63.00 278.00 75.00 178.00 594.00
PERCENT COIN RIDERS 0.0 0.0 0.0 0.0 0.0
UNSERVED DEMAND 0.0 0.0 0.0 0.0 0.0
VEHICLE LOADING BY MILES  0.02 0.02 0.02 0.02 0.02
VEHICLE LOADING BY HOURS  0.55 0.76 0.63 0.46 0.61
PASSENGER HOURS STANDING 0.0 0.0 0.0 0.0 0.0
AVERAGE DEVIATION FROM

PROMISED PICKUP(MIN) -0.76 -0.34 -0.11 -0.30 -0.34
AVERAGE DEVIATION FROM

SCHEDULE (MIN) 0.0 0.0 0.0 0.0 0.0
AVERAGE TRIP TIME(HRS) 0.23 0.25 0.23 0.21 0.24
AVERAGE TRAVEL SPEED 16.16  18.35 19.94 18.68 18.39

TOTAL REVENUE($) 37.98 206.64 48.24 105. 84 398.70
REVENUE/VEHICLE-MILE 0.n 0.18 0.15 0.12 0.15
REVENUL/VCRICLE-1IOUR 0.95 1.48 1.21 0.87 117



reports would be called for by
similar to that for displaying the
indicators. In this case the

the user with a menu for selecting
the reports, and allow for speci-
fication of which service type to be processed.
Other input would relate to time of day and dates

of data to be reported.

These operational
interactive input
daily performance
questions provide
one or several of

Conclusions

The major conclusion of this research is that a
useful management information system can be readily
achieved in situations employing credit card fare
collection.

The progremming requirements are moderate and a
system of this type could be implemented on & mini-
computer. The flowcharts, source code, and explan-
atory notes available from this project [10] provide
sufficient detail such that they can provide assis-
tance in writing of functional specifications for
the software in a particular implementation of this
type of management information system.

A logical extension to this informastion system
would be to adaept it to a non-credit card transit
operation by the use of rider tickets issued upon
entry and retrieved upon exit. Since no billing
will be done with this system, ridership data can
be collected on a sampled basis therefore obviating
the need for a box on all buses simultaneously.
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COST ANALYSIS OF CURRENT U.S. SURFACE TRANSIT FARE COLLECTION SYSTEMS

James I. Scheiner and Subhash R. Mundle, Simpson & Curtin, Philadelphia

U.S. surface transit fares have typically been
collected on-board the vehicle. The objective of
this analysis is to measure capital and operating
costs assoclated with collecting fares. A litera-
ture review indicated that transit systems do not
record such directly related operating expenses.(l)
Therefore, six transit systems were visited to obtain
detailed data. The systems, selected on the basis
of size and uniqueness of fare structure or collec-
tion equipment, were:

1. Westport Transit District (WID), Westport,
CT - Annual transit passes account for more than 70
percent of the system revenue, and about 90 percent
of passenger boardings.

2. Red Rose Transit Authority (RRTA), Lancaster,
PA - A system using conventional fare collection
methods typical of small properties.

3. Capitol Area Transit (CAT), Harrisburg, PA -
A medium-size system with the latest Duncan Indus-
tries fare collection equipment technology.

4. CNY Centro, Syracuse, NY - a medium-size
system with the latest Keene Corporation fare col-
lection equipment and vacuum revenue removal, and
gutomatic data retrieval (ARCOM) technology.

5. METRO, Seattle, WA — A large transit systen
with conventional fare collection equipment but ex-
tensive '"Magic Carpel' service - a downtown free
ride zone.

6. MBTA Surface Transit, Boston, MA - A large
multi-modal system with the largest utilization of
employee payroll deduction passes in the country.

This discussion addresses two broad categories
of costs - direct and indirect. Direct costs are the
quantifiable capital and operating costs. Indirect
costs, not easy to quantify, are related to system-
wide revenue loss, operator involvement in fare-
related activities, and impact of fare collection
procedure on the system's insurance liabilities.

Direct Fare Collection Costs

Capital Costs

The capital cost estimates were based on an in-
ventory of on-board fare collection equipment, off-
board fare processing equipment, and other fare col-
lection~related equipment. Annual depreciation cost
for each system was derived from 1976 Reproduction
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Cost New and assumes an average l5-year life for
fare collection equipment. As shown in Table 1, the
annual depreciation cost per unit of operating pa-
rameter (peak vehicles and vehicle kilometer) is
lower for the case-study systems with non-register-
ing fareboxes than for those with registering fare-
boxes.

Table 1. Fare collection capital cost comparison

Annual

Total Anaual Depreciation Cost

System Depreciation Per Peak Per Vehicle
Location Cost@ Vehicle km
Westport, CIP § 530 $ 53 0.074¢
Lancaster, PAP 1360 50 0.068
Harrisburg, PA 10250 160 0.329
Syracuse, NY 55300 - 398 0.725
Seattle, WAP 18600 37 0.050
Boston, MA $202100 205 0.372

aBased on 1976 Reproduction Cost New and an average
15-year life for fare collection equipment.

bsystems with non-registering fareboxes.

Not surprisingly, the CNY Centro registering
fareboxes, vacuum revenue removal and ARCOM data
processing system engender the highest annual de-
preciation cost per peak vehicle ($398), and per
vehicle kilometer (0.725¢).

Operating Costs

The fare collection-related operating costs were
grouped into four categories - Personnel, Materials
and Supplies, Service Contracts, and Accldents and
Insurance.

Personnel Costs. Typically, maintenance, trans-
portation and accounting department personnel are
involved in fare collection-related activities.
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Table 2. Fare collection-related annual operating cost.
Cost Category
Materials Accidents

System and Service and
Location Personnel Supplies Contracts Insurance Total
Westport, CT $ 77002 $ 2585 $ 895 $ 100 $ 11280
Lancaster, PA 19900b 825 0 2460¢ 23185
Harrisburg, PA 550004 4325 2670 1990 63985
Syracuse, NY 703002 17360 10610 30020 128290
Seattle, WA 3343002 104050€ 43165 2155 483670
Boston, MA 15905002 17240 24050 129400¢ 1751190

Total $2077700 $146385 $71390 $166125 $2461600
Percent of Total 84.47 6.0% 2.9% 6:7% 100.0%

aThe fare collection-related activities of bus operators have been considered a collateral duty.
bone on-board fare collection activity of bus operators, making change, has been included in

personnel cost.
CIncludes an estimate of certain revenue losses.

dTen minutes of bus operator turn-in time is included in personnel cost, but the operators'
on-board fare collection activities, which include selling of tickets, are excluded.

€Includes annual cost of farebox-related road calls.

Materials and Supplies. Typical M&S items are
spare parts inventory, transfer tickets, punch tick-
ets, various types of adult passes, senior citizen
identification cards, and student passes.

Service Contract. Services typically contracted
include maintenance of special fare processing equip-
ment, burglary protection, and armored car service.

Accident and Insurance. These costs include
those of on-board accidents directly involving fare
collection equipment and insurance premiums for em-
ployee bonding and felonious assults.

Operating Cost Comparison

Table 2 shows estimated annual fare collection-
related operating cost of the six case-study sys-—
tems. It is evident that current collection and pro-
cessing activities are labor-intensive: more than
84 percent of the total cost is personnel cost. For
MBTA Surface Transit, almost 91 percent of the fare
collection operating cost is personnel-related.

Table 3 relates fare collection operating cost
with total operating cost, total operating revenue,
cost per peak vehicle and cost per vehicle kilometer.
For the six case-study systems, the cost varies from
a low of 1.3 percent to a high of 2.9 percent of the
total operating cost. Costs of fare collection as a
percent of total operating revenue ranges from 3.5
percent to 10.3 percent. This calculation is par-
ticularly appropriate since it compares the cost of
collecting revenue with the amount of revenue col~
lected. Both WID and MBTA Surface Transit show fare
collection costs as percent of total operating reve-
nue much higher than those of other case-study sys-
tems. This is attributable to their charging of
lower base fares.

Comparison on the basis of unit operating pa-
rameters, peak vehicles and vehicle kilometer, shows

Table 3. Fare collection operating cost comparison.

As Percent As Percent

of Total of Total Per Per
System Operating Operating Peak Vehicle
Location Cost Revenue Vehicle Km
Westport, CT 2.9% 10.3% $1130 1.55¢
Lancaster, PA 1.7 4.6 860 1.18
Harrisburg, PA 2.3 3.5 1000 2305
Syracuse, NY 2.0 35 925 1.67
Seattle, WA 13 4.3 970 1.24
Boston, MA 1...4% 8.3% $1780 3.22¢

the fare collection cost of MBTA Surface Transit to
be much higher than the other systems. For instance,
the operating cost of fare collection for the Lan-
caster system is $860 per peak vehicle and 1.18¢ per
vehicle kilometer. The corresponding cost factors
for MBTA Surface Transit are $1,780 per peak vehicle
and 3.22¢ per vehicle kilometer. Yet, MBTA Surface
Transit fare collection costs are a typical propor-
tion of total system operating costs (l.4 percent).

Indirect Fare Collection Costs

It has been said that the closer something can be
measured, the less important it is likely to be.
This may be the case with the costs of fare collec-
tion. The directly quantifiable costs of surface
transit fare collection, which have been measured
with some precision for six bus transit systems with
wildely divergent fare structures and revenue pro-
cessing systems, are not a significant percentage of
total system operating cost. Based on the previous
analysis, measurable transit fare collection costs
are in the range of two percent of total operating
cost. This indicates that further cost-cutting in
the area of revenue collection is unlikely.
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Given the relatively small, directly measurable
cost of transit fare collection, is there any pur-
pose in the investigation of alternative mechanisms?
Before answering this question, we should look
beyond the measurable costs into those costs of fare
collection that cannot be directly quantified.

These are discussed below.

Revenue Losses

Only two of the six transit systems surveyed of-
fered any information on revenue losses associated
with fare collection. In no case was the survey
able to determine with any precision the ratio of
bank deposits to the aggregate fares that riders are
supposed to pay under posted tariffs.

Newspaper reports suggest that in some systems
revenue losses could be a serious problem. In Wash-
ington, D.C., published interviews with WMATA bus
operators cited instances of fare underpayments.(2)
In Philadelphia, SFPTA management reported to the
Board that it feared the theft of up to $1.6 million
in revenue annually - about two percent of the sys-—
tem's total.(3)

Revenue losses, like shoplifting, are a cost of
doing business. To the extent that some patrons
cannot pay their fair share, or that some employees
misappropriate funds, the revenue loss must be made
up by other patrons and by tax dollars.

Operators' Wage Costs

Only two of six transit systems had information
on operators' wage costs associated with the fare
collection system. In the other systems, all fare
collection activities of drivers were reported as
“collateral."

It ig difficult to speculate on how organized
labor in different transit systems might react to
being taken entirely out of the fare collection
cycle. Organized labor might also be interested in
the job-creating aspects of an off-board fare col-
lection system. If such a system induced patronage,
it could lead to higher service levels and more jobs.

All of these factors would have to be examined
in the context of collective bargaining at the indi-
vidual transit system. In no event would off-board
fare collection result in a lower wage rate for
operators. It could be used in new contract nego-
tiations, however, to mitigate wage increases.

Insurance Liability

Currently, transit systems pay anywhere from
three percent to over ten percent of total operating
costs for bodily injury and property damage lia-
bility insurance coverages. The cost of such in-
surance has increased rapidly in the past few years,
and its availlability is now severely limited. Off-
board fare collection could impact insurance costs
in two ways.

One possible impact is reduction of insurance
premiums and claims resulting directly from the
farebox. These costs have been discussed in a
previous section.

A second possible impact on insurance costs is
more subtle and legally more uncertain. About 20 to
30 percent of total liability insurance claims in-
volve bus patrons (the remaining claims involve ac-
cidents external to the bus). When transit was a
private industry, a legal contract was created when
the patron paid a fare. Liability for injury to a

patron who had paid the fare was adjudicated on the
basis of simple negligence. With tax dollars now
paying in excess of 50 percent of a typical tramsit
system's operating cost, has the simple negligence
standard changed? Would it change if transit ser-
vice were provided free of direct user charges, much
as streets and highways are provided? If the an-
swer to this question is affirmative, significant
liability insurance cost savings would result.

Discouragement of Revenue Patronage

The final category of indirect costs related to
present fare collection methods is perhaps the most
important. To imagine the possible revenue-gener-—
ating implications of an off-board fare collection
system, one only has to ask the question: What if
the only kind of telephone were the pay phone, and
the only way to call were to deposit exact change
in the call box? How much of the current telephone
revenue would be lost? Of course, there are signi-
ficant differences 1in the relative market positions
and feasible billing practices of a telephone com-
pany and a transit system. Yet, there can be no
question that the current U.S. exact-fare, average-
cost-pricing fare collection method is a significant
deterrent to increasing revenue ridership.

Lonclusions

While the transit industry's current fare col-
lection costs are inexpensive relative to total op-
erating costs (less than two percent), its fare col-
lection methods may not be efficient. By requiring
exact change in the farebox for each and every ride,
the patron must bear the administrative burden of
payment. Thils is contrary to the dominant trend in
private industry toward credit cards and other '"con-
venience" payment forms. The key question which
remains to be investigated is: '"Would a more con-
venient fare collection system generate enough ad-
ditional revenue to oftset higher transit agency
fare collection costs?"
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BUS TERMINAL PERFORMANCE MEASURED WITH TIME STAMPING

John P. Braaksma, Associate Professor, Department of Civil

Engineering, Carleton University, Ottawa, Canada
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and Security Branch, Ministry of Transport, Ottawa, Canada

Previously, the terminal planner faced with the
task of evaluating the overall performance of a
facility, has had available only disjointed
pieces of information concerning parts of the
problem. This lack of comprehensive, quantita-
tive data lead to the analysis of separate
pieces of the terminal, under different loading
conditions, resulting in a piecemeal assessment
of the terminal's performance. The research
described in this paper was aimed at correcting
these problems, through the application of a

new survey techniadue called "time-stamping".
After its initial application in an air terminal,
this study was undertaken to expand the technique
to bus terminals. The time-stamping techniaue
was applied to the intercity bus terminal in
Ottawa, Canada. Analysis of the data showed that
no capacity related problems existed at present.
The future location, magnitude and approximate
timing of capacity problems were determined.
Specifically, the following information was
provided: 1. The amount of area in the terminal
used over the survey period (at a given level of
service) and its distribution both temporally and
spatially 2. average length of stay and its
distribution 3. averape distance walked 4.
desire line mappings indicating layout problems
5. average occupancy curves of terminal facil-
ities, by busload. The processing capacity of
the facility was determined, plus the expected
impacts of scheduling revisions on increasing

the useful lifespan of the terminal. Also,
impacts of terminal lavout revisions on reducing
walking distances was predicted.

In recent years, there has been increasing
interest in terminal planning, design and analysis,
owing to the realization among transport planners
of the importance of this facet of the intercity
trip. Experience has indicated that new designs
have better served both the traveller and the termi-
nal owner/manager, but quantification of terminal
performance remains largely unexplored.

The terminal planner faced with the task of
evaluating the overall performance of a facility,

previously had only disjointed pieces of information
concerning parts of the problem. This lack of com-
prehensive quantitative data lead to the analysis of
separate pieces of the terminal, under different
loading conditions: resulting in a piecemeal assess-
ment of the terminal's performance. The need for
further work in the area is summarized by Hoel and
Rozner (1):
Until very recently, little attention has been
paid to methods for evaluating the performance
of transition points between modes such as . .
. transitions between intercity and interurban
transportation networks . . . there is a press-
ing need for svstematic procedures and analyti-
cal methods of facility design and evaluation.

Purpose and Scope of Study

Before attempting to optimize terminal design,
the objectives of such a transfer facility should be
delineated. The passenger is interested in effect-
ing the modal transfer with a minimum amount of
delay, a maximum degree of comfort and safety and at
the preferred time. The owner/manager wishes to
satisfy all demand, but must be concerned with return
on investment through cost minimization and revenue
maximization.

A search of the literature relevant to the state
of the art in terminal evaluation/planning indicated
that various parts of the terminal have been inves-
tigated separately. There remains the need for
quantitatively examining the combination and inter-
action of these elements on a broader scale. This
would be of more use to the practicing planner in
ascertaining a facility's adeauacy. Bits and pieces,
which comprise the total, do not act in isolation:
and so to analyse them as if they did, cannot be
realistic.

Design standards and rules-of-thumb are available
for rough "sizing out" of platform lengths, recommend-
ed area square footapes etc. (2). These are usually
based on gross yearly flow figures only and are
derived from generalized past experience. Fruin (3)
has defined pedestrian levels of service for walkways,
stairways and queueing/waiting areas. These have
been used extensively in the following analysis.
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Computer simulations of terminal facilities have
also been prepared (4). But none of the efforts
surveyed have specifically addressed the problem of
complete terminal performance evaluation. It is
felt that one of the main reasons for this deficit
has been the lack of data collection techniques
suited to the task.

This paper presents the work of Johnson (5) who
attempted to quantify as many of the stated design
objectives as possible, measure these for a facility
in operation and subsequently use these measures to
evaluate the performance of a complete terminal.

This paper will therefore deal only with those
design objectives which are readily quantifiable and
measurable. Revenues and costs will not be dealt
with directly. Table 1 specifies those areas that
will be investigated and the measures to be used for
each.

Physically the scope of the study is confined
primarily to the terminal building itself, i.e. from
the time the pedestrian enters until he leaves it.

Field Work

The intercity bus terminal in Ottawa, Canada,
owned by Voyageur-Colonial Ltd. was selected as the
example for analysis owing to its proximity, manage-
able size, relatively heavy usage (in peak periods),
and newness of design.

The measures of performance sought were quanti-
tative and detailed in nature and so the data base
had to be the same. Basic elements such as occu-
pancy counts, flow volumes, flow patterns and pro-
cessing rates within the terminal had to be accu-
rately provided. With these as a basis more complex
measures could then be calculated.

The survey techniques considered were:

1. Personal interviewing.

2. Self administered questionnaires i) collect-
ed by survey personnel ii) mailed back.

3. Counts and observations.

4. Videotape and time lapse photography.

5. Inference from existing sources.

6. Tailing.

7. 'lime-stamping.

For detailed descriptions of the first 6 tech-
niques see the Airport Travel Survey Manual (§Q.

Table 1. Terminal design objectives.

The last one, time-stamping, was chosen as the most
appropriate in terms of data quality and content,
total terminal coverage, cost and ease of execution
and analysis.

Time-stamping is premised on the fact that vir-
tually all quantitative data can be derived for a
terminal, if a time-space trace of each of its occu-
pants can be made. A simple objective, but pre-
viously not possible using data from other survey
techniaues.

In this method, each person upon entering the
building is given a card to carry (illustrated in
Figure 1) which contains a coded time and location
stamp. As the pedestrian proceeds through the fa-
cility, his card is further stamped by surveyors at
the entrance/exit (called checkpoints) of each part
of the terminal to be examined. Examples of these
checkpoints are entrances/exits to ticket lobbies
and queues, wallling areas, bagpape claim areas,
restaurants etc. When the traveller prepares to
leave the terminal, his card is stamped and collect-
ed. The completed card is, in fact, exactly the
reauired time-space trace. For further details on
this method, see Braaksma (7).

Figure 2 shows the layout of the bus terminal,
along with the location of checkpoints and surveyors.
The survev was carried out during the weekly peak
period of Friday, 14:00-19:00 H., on January 23,
1976.

University students were hired as surveyors and
required approximately one hour to be briefed and
trained.

Entrants to the terminal were asked if they were
passengers or visitors, with the cards of the former
being marked with a large '"P" by the surveyors.

Problems in executing this survey were minimal
with a few of the stamping clocks requiring replac-
ing and there being insufficient surveyors available
to permit coffee breaks. It was felt that surveyors
were visible enough that participants could readily
locate them, but did not interfere with or influence
normal flows or activities.

The acceptance-completion rate was 457 of termi-
nal users, giving a return of 1199 cards in 5 hours
of survey time. Tt should be noted that determining
the exact acceptance rate is vital to allow cxpan-
sion of the data to simulate actual conditions.

Terminal Design Objectives

Measure (s) Used

llser-Related

minimize time spent in terminal

minimize distance walked

minimize crowding

maximize available '"extra' services

maximize convenience of arrival and
departure times

Owner-Related

maximize revenue
. maximize use of existing tacility

. maximize scheduling efficiency
minimize service disruption

length of stay distribution

mean, median length of stay

length of stay variation with time

average distance walked

desire line map (trip tables)

load to capacity ratios using appropriate levels of service
remaining excess capacity

scheduling impact information; standard accupancy figures

area usage ratios

load to capacity ratios

scheduling impact information: standard occupancy figures

problem prediction using expected growth and load to capacity ratios
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Figure 1. Pedestrian traffic flow survey card. Many authors feel that 15 minute peaks should be
planned for, and so, 15 minute average occupancies
are used throughout. This means that if an area has

W a load/capacity ratio greater than 1.0, then, on the
average, the desired level of service is not being
Carleton University met for this period.
PEDESTRIAN TRAFFIC FLOW SURVEY To carry out a comprehensive analysis of the
To design bus terminals wa noed o know the flow patterns of s users, t':erminal, all of ]:.ts elements must be included. This
We would like to detarmine your travel path in this terminal, includes the static holding areas such as the restau-
PLEASE CARRY THIS CARD WITH YOU. IT WILL BE STAMPED AT rant, bar, botique, and waiting areas, the processors

VARIOUS CHECK POINTS IN THE TERMINAL. HA! i ’
YOU LEAVE THE TERMINAL. ND IN CARD WHEN such as ticket wickets and lobby and bus bays; and

THANK YOU FOR YOUR CO-OPERATION Links such gs corridora.
(Frangais au verso) Examples of load to capacity ratios over time are

'3 y.m s presented in Table 2 for the two processors in this
- - {2‘ e terminal, the main waiting area and the ticket lobby
TR as well as the "auxiliary' services. These have all
made use of Fruin's (4) level of service in deter-
u R, mining the capacity.
[ Y 1 w2 An off-shoot of the load to capacity ratios is
() 9 sy 3 0K 1 the consideration of what percentage of available
\ Py g Sy space is used for what part of the time over the
| G 3 8 4 survey period. This is expressed by the formula:
163 space used x time it is used x 100
total available space x total time available
f o AN o A S These area~temporal utilization ratios differ
24”'_ :::22 .35——- w B from simple L/C's, in that time is included, plus it
covers the complete survey period. 1In fact, differ-
ing distributions of L/C's, over this period could
"2y n 12, 0 result in the same area-temporal utilization. Exam-
oK 2 Cg 2 v 2 ples of this are shown in Figure 4 with the distance
9 NN [3 9 N3 9 A, 3 between horizontal lines representing ?he facility's
h 8 al ° N capacity. When these are expanded until one of the
N 63 165 S e "bars" reaches the capacity line, the resulting uti-
lization ratio will indicate how much of the area
will be used when the facility reaches its capacity
at the daily peak. Of course, a flatter curve is
more desirable as the loads are then more evenly
spread over time, and the effects of efforts to
achieve this (such as differential fares) will be
made evident here.

Table 2. Load to capacity ratios, %.

Main
Waiting Ticket Restau-
Time Area Lobby rant Bar Boutique

Performance Measures 14:15-14:29 16 9 2 2
14:30-14:44 28 13 22 7 16

Data processing was done manually, owing to the 14:45-14:59 26 5 13 4
relatively small number of cards. Since the comple- 15:00-15:14 24 9 11 7 20
tion of this work, the Airports Services and Security 15:15-15:29 23 8 26 22 24
Branch of Transport Canada has developed computer 15:30-15:44 20 13 27 42 24
programs for the calculation of most of the following 15:45-15:59 27 18 39 49 36
data. 16:00-16:14 41 28 63 44 48
16:15-16:29 67 41 71 42 44
16:30-16:44 61 46 56 49 20
Occupancy Counts 16:45-16:59 53 35 69 40 48
17:00-17:14 59 31 61 31 32
The number of occupants in each part of the 17:15-17:29 70 42 55 42 40
terminal over time was determined. This is shown in 17:30-17:44 61 41 57 64 48
Figure 3. Peak occupancy for the whole terminal was 17:45-17:59 53 39 39 49 12
411 people at 5:10 P.M.. Figure 3 also illustrates 18:00-18:14 41 22 36 20 20
relative values of occupancies in each part of the 18:15-18:29 29 13 11 9 4
terminal. 18:30-18:44 9 4 0 4 0

Load t ity Rati
- b Lapelty Ratdos Occupancy Curves

More significant to the planner than simple occu-
pancies is the ratio of what an area is holding to
what it can/should hold, at a specified level of
service, i.e. load to capacity ratios (L/C).

To help determine the effects of each busload on
the terminal's facilities, the occupancy in the
terminal of outbound and inbound passengers was
broken down into individual busloads. These curves
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were then superimposed and averaged for inbound, out-
bound "local" and outbound '"express' bus passengers.
An example is shown in Figure 5. These curves, in
effect, indicate at any time relative to the sched-
uled departure or arrival, what portion of the bus-
load can be expected to be in any part of the termi-
nal. They also show graphically the impact schedul-
ing can have on the terminal and surges that occur in
loading are made evident. Similar curves have been
developed for the waiting area, ticket lobby and
combined auxiliary services. Through the superimpo-
sition of these curves, schedule revisions have been
simulated. This indicated that such changes can have
significant impact on extending the life of the facil-
1EY:

Volume to Capacity Ratios

The processors and links are the dynamic elements
of the terminal system. For these, the flow volume-
to-capacity ratios have been calculated, again using
Fruin's recommended levels of service (see Table 3).

Processing Capacity of Terminal

The facilities that are needed to complete the
intermodal transfer, are the ticket wickets, ticket
lobby, main waiting area and outbound bus bays. 1In
order to determine the capacity of the terminal as a
whole these are the parts that must be given priority.
Table 4 contains the list of the daily peak L/C or
V/C ratios:

Thus, the main waiting area should be the first
essential part of the terminal to encounter capacity
problems. When present loads are increased by
roughly 50%, its capacity will be reached, at the
specified level of service. For the hour surrounding
this peak, there were 525 outbound passengers and 856
persons who moved through the terminal. Thus, one
would expect that if more than approximately 800 out-—
bound passengers or 1300 persons were to move through
the terminal in one hour, there would be capacity
problems. This is at a ''peak hour factor' of .70
(see Highway Capacity Manual (8)). This has been
defined as the terminal's processing capacity -- 800

Table 4. Daily peak L/C or V/C ratios.
Daily Peak L/C or V/C

Terminal Element (%)
Restaurant 71
Waiting area 70
Bar 64
Ticket wickets 61
Boutique 48
Ticket lobby L6
Outbound bus bays 2>

When combined with the expected growth rate in
patronage, the capacity of the terminal can give the
expected life of the facility. It was found here to
be roughly 10 years. That Ls, the demand for use of
the terminal will have increased by 507 in this time,
and without modifications to the layout or operation,
there will be capacity problems.

However, problems will not wait for 10 vears to
surface because the volume of demand and the result-
ing service provided are not linearly related in
transportation facilities, as stated by de Neufville
9.

When the arrival rate approaches the maximum

rate of service, delays increase disproportion-

ately faster than the rate of arrivals .

Extraordinary delays result, therefore, from

any service system operating near its capacity

. .« This behaviour is characteristic of all
manner of service systems: check-in counters
for passengers: conveyors and sorters for bag-
gage; corridors for pedestrians: runwavs serv-
ing arriving and departing aircraft: and so on.

Trip Tables

From the survey data trip tables were prepared
between pairs of checkpoints. These were prepared
for inbound and outbound passengers, visitors, and
total persons.

When the O0~D trip table is presented graphically,
the result is a desire line mapping as shown in

outbound passengers per hour or 1300 persons per hour. Figure 6. This can be used to reorganize the layout
Table 3. Volume to Capacity ratios, %.
Door Restaurant Bar Boutique Inbound Ticket Outbound
Time #16 Doors Doors Door Bus Bays Wickets Bus Bays
14:15-14:29 251 4.1 0.1 4,0 B 21.0 0.8
14:30-14:44 1.6 3.1 0.2 5.1 3.6 40.0 8.0
14:45-14:59 1:5 1.6 0.4 3:3 2.8 28.0 16.0
15:00-15:14 2.8 1:3 0.4 2.6 15.0 12.0 3.0
15:15-15:29 2.1 3.1 0.7 56 4.0 16.0 50
15:30-15:44 1.8 3.0 0.6 345 2.8 22.0 4.0
15:45-15:59 222 333 057 6.7 13.8 33:0 5.0
16:00-16:14 3l 6.9 1.2 10.0 2.8 34.0 3.0
16:15-16:29 3.4 8.4 1.7 9:2 6.7 51.0 7.0
16:30-16:44 3.5 9.1 2.4 7.2 13.8 61.0 250
16:45-16:59 3 5.8 2.0 79 Z:l 48.0 17,20
17:00-17:14 3.0 5.4 1.0 8.9 4.4 43.0 7.0
17:15-17:29 3.8 8.1 1.6 10.2 12.3 54.0 16.0
17:30-17:44 3.5 5.3 2.3 749 32 57.0 13.0
17:45-17:59 2:0 2.8 0.6 549 2.0 43.0 12.0
18:00-18:14 1.3 2.8 0.6 56 5.2 28.0 13.0
18:15-18:29 1.4 1.8 0.1 3:0 32 17:0 11.0
18:30-18:44 0.9 0.0 0.0 0.2 0.0 6.0 4.0
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Voyageur-Colonial bus terminal layout, Ottawa
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and to reduce distances walked. 1In this instance,
exchanging bus bay #1 through #6 with bus bays #7
through #12 was found to reduce the average walking
distance by almost 15%. This could also be an aid
to designers when several layouts can be examined
and compared.

Weighted Average wWalking Distances

Weighted average walking distances have been
calculated for the inbound and outbound passengers,
visitors and the total. This was done by multiply-
ing the elements of the origin-destination trip
matrix with the corresponding elements of a matrix of
walking distances between each 0-D. The result is
then a matrix of the number of person-m (person-ft)
walked between each 0-D pair. The sum of all ele-
ments, when divided by the number of people, produces
this weighted average walking distance. Table 5
gives the results, with a "trip" being the movement
between a pair of checkpnints, The relative propor-
tion of terminal user types is also shown.

Length of Stay Distribution

The distribution of length of stay in the termi-
nal was determined. For this particular setup, the
outbound passenger had the longest average length of
stay (mean = 22.79 minutes, standard deviation =
22.64 minutes), followed by visitors (mean = 19.31
minutes, standard deviation = 26.08 minutes) and in-
bound passengers (mean = 17.76 minutes, standard
deviation = 22.46 minutes). The overall mean value
was 20.77 minutes with a standard deviation of 22.18
minutes. The high degree of dispersion, as evident
by the high standard deviation to mean ratio indi-
cates a widely spread, skewed distribution of occu-
pancy times as shown in Figure 7. Thus, the mean
values alone are not truly indicative of the service
being offered by the terminal. This distribution can
be used in before and after type studies to deter-
mine the effects of terminal layout or operations
changes on the length of stay.

Conclusions

1. At the present time, the Voyageur-Colonial
terminal in Ottawa has no capacity related problems
during a busy weekly rushhour. Examination of the
holding area L/C ratios and processor/link V/C ratios
showed the most heavily taxed essential element of
the terminal was the main waiting area. It has a
peak 15 minute average occupancy of 70% ot its hold-
ing capacity.

According to expected traffic growth predictions,
the terminal should experience capacity problems
around the year 1985. This assumes all factors such
as traffic mix, length of stay in the terminal etc.
will remain relatively constant.

2. With scheduling revisions alone, it is esti-
mated that the present levels of service can be pre-
served for roughly 10 years, thus extending the use-
ful life of the terminal.

3. The time-stamping survey technique has
proved to be applicable to a terminal of this size,
layout and mode. The data base provided a wide
variety of auantitative data concerning the termi-
nal, in operation, with a minimum of disruption
during its execution.

It is recommended that such surveys be incorpor-
ated in a continuing program to update the data base
and to investigate the effects of seasonal variations
on service provided to the user.

4. The planner can now produce a great deal of
quantitative information specifically concerning the
present performance of an entire terminal, in opera-
tion. Using this, future problem prediction and
solution may be carried out, leading possibly to
improved design techniaues in the future.
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A MODEL FOR INVESTIGATING THE EFFECTS OF SERVICE FREQUENCY AND RELIABILITY

ON BUS PASSENGER WAITING TIMES

Mark A, Turnquist, Northwestern University

A model of bus and passenger arrivals at a bus
stop is proposed. Passengers are considered to
be either random arrivals or non-random arrivals
whose time of arrival is planned so as to insure
a given probability of catching a selected bus.
Buses are modeled as having a lognormal distri-
bution of arrival times from day to day. The
impacts on expected wait time of service fre-
quency and reliability for both random and non-
randomly arriving passengers are identified.

The effects of frequency and reliability on the
proportion of the user population who plan their
arrival time are also explored through a small
empirical study., The empirical results support
the conceptual basis of the model, and indicate
that it should be a useful tool for transit
operators and planners.

The wait time experienced by tramsit users is
one of the most important elements of the level of
service provided by a transit system. For this rea-
son, it is important to understand the effects on
wait time of changes in basic service characteris-
tics, such as frequency of service and schedule re-
liability., Such information is vital to the transit
operator for evaluation of the costs and benefits of
service changes.

The commonly used model which asserts that aver-
age wait is one-half the headway is true only under
very special circumstances. This model requires
that all passengers arrive at the bus stop at random
and that headways be perfectly regular. These con-
ditions are not generally met in the real world.

Several improvements to this simplistic model
but with one exception have not formally treated
non-random arrivals of passengers. The inclusion of
this category of passenger arrivals is one major ob-
jective of the model presented here.

A second major objective of the current study is
to incorporate the effect of service reliability on
passenger wait time. By focusing clearly on this
issue, a model can be formulated which will allow
the transit operator to evaluate the impacts of
operating changes designed to improve the reliabil-
ity of service.
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Previous Studies

Several previous studies have investigated the
waiting times experienced by bus transit passengers,
If passengers arrive at a bus stop at random, the
average time they will have to wait before a bus
comes is

E(h V(h (1)
) = 20 ;o }
(Wr) P [E(h)]
where v, = wait time for a randomly arriving
passenger
h = headway between buses

E(*) expected value of a random variable

V(*) = variance of a random variable
This expression has been derived by a number of au-
thors including Welding (7), Holroyd and Scraggs (2),
and Osuna and Newell (5). However, if buses tend to
adhere to a fixed schedule and there are passengers
who make the same trip frequently, it may be expect-
ed that some passengers will plan their arrival at
the bus stop so as to be there just before the bus
comes, In this case, we might expect average wait-
ing time to be less than given by equation 1.
0'Flaherty and Mangan (4) and Seddon and Day (6)
have provided data and analysis which support Lhis
assertion, Both studies found average wait time to
be considerably less than that predicted on the
basis of randomly arriving passeungers, and Seddon
and Day used regression analysis to arrive at the
following relationship:

E(w) = 1.71 + 0.57 E(wr) (2)

where E(w) = observed average waiting time.

More recently, Jolliffe and Hutchinson (3) pro-
posed an improved model based upon considering pas-
sengers to be of three types: a proportion ¢, whose
arrival time is causally coincident with the bus;

a proportion (1-q)p, who arrive so as to minimize ex-
pected wait time; and a proportion (1-q)(l-p), who
arrive at random. The proportionq, whose arrivals
are coincident with the bus arrival, represent those
people who run to the stop because they see the bus
coming, and thus wait zero time.

The arrival time which minimizes expected wait-
ing time is found in the following way. For times t
(in one-minute increments) the waiting times to the



next bus were found for each of several days of ob-
servations. These times were then averaged to obtain
EW(t), the expected waiting time for a passenger
arriving at t. By doing this for many values of t,
a minimum of EW(t) was observed, and this waiting
time was taken to be the average wait for the propor-
tion (l-q)p who arrive so as to minimize expected
wait., A simpler procedure based on a model of the
distribution of bus arrival times was discussed in
an appendix to the paper, but was not used in the
empirical work.

The present paper represents a further modifica-
tion of the Jolliffe and Hutchinson model which is
different in three significant ways. First, arriv-
ing passengers are simply considered to be either
random or non-random. This simplification is ‘based
on the premise that passengers who run and catch the
bus because they see it coming are really either
random arrivals or non-random (''planned") arrivals.
These two groups make decisions as to arrival time
which are clearly different. However, this is not
true for passengers whose arrival is coincident with
the bus. These people are really random or non-
random arrivals whose original decision as to arri-
val time is modified slightly as a result of seeing
the bus coming, They do not constitute a behavior-
ally distinct group, and thus should be included in
the two larger groups which are distinguishable.

The second way in which this study differs from
that of Jolliffe and Hutchinson is in the use of a
theoretical model for the probability distribution
of bus arrival times. The observed data on bus ar-
rivals are used to estimate this distribution, and
then the arrival times of non-random arrivals are
derived from the estimated distribution. This eli-
minates considerable computation and also permits
the exploration of decision rules other than the
minimization of expected wait time.

The third major difference from the Jolliffe and
Hutchinson work is that non-random, or planned, arri-
vals are assumed to minimize expected wait time sub-
ject to a conmstraint which results ina fixed (small)
probability of missing the selected bus. The imposi-
tion of this constraint reflects more risk-averse
behavior, and is more consistent with anticipated
actions of people who must either reach their desti-
nation (e.g., work) on time, or make connections to
other scheduled transit services.

The Model
Passengers are considered to be either random

arrivals or non-random arrivals. The observed aver-
age wait time of all passengers as a whole is then

E(w) = aE(wn) + (l-a) E(wr) (3)
where E(wn) = expected wait time for non-random
arrivals
E(wr) = expected wait time for random
arrivals
a = proportion of non-random arrivals,
0<sas<l

The expected wait time for random arrivals is given
by equation 1. The expected wait time for non-
random arrivals can be developed using the following
model.

Suppose we observe bus arrival times at a given
stop over several successive days. It is likely
that the potential reduction in waiting time result-
ing from planning one's arrival time at the bus stop
arises from the ability to predict the time of arri-
val of a given bus on different days rather than the
regularity of headways on a single day. It is thus
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of interest to construct a probability distribution
of arrival times of a given bus on different days.

Such a distribution should reflect several facts
about the service. First, there is adefinite earli-
est time of arrival, dictated by the distance from
the terminal to the stop and the speed limit in ef-
fect; thus, the distribution should be truncated to
the left. Second, there is a finite probability of
the bus being very late, or even cancelled; so the
distribution should have a long tail to the right.
Finally, one of the major sources of lateness in the
bus arrival times is increased dwell time at stops
further up the line because of late arrival, and
hence larger boarding volumes than expected. Thus,
once a bus is initially delayed, subsequent delays
become longer and longer. If we argue that delay at
a stop is proportional to lateness arriving at that
stop, we obtain a model of lateness as the result of
a series of multiplicative effects.

A probability distribution consistent with all
of these characteristics is the lognormal, and this
distribution will be used here. If the arrival time
of a bus, t, is distributed lognormal, its density
function may be expressed in terms of two parameters,
¢ and o, as follows:

fle) = "tol_N/Z_ﬁ' exp{-]—zﬁ-{é—({,n t - u):r} 4)

The parameters p and o may be given intuitive meaning
by noting that if t is lognormally distributed, 4{n t
is normally distributed. We then have
b= E{n t) (5a)
o = V(dn t) (5b)

The mean and variance of t may be expressed in terms
of B and o as

2
() = *FT (2 (6a)

=2

v(t) = B [ -1] (6b)

It will be assumed that non-random arrivals
choose their time of arrival so as to insure that
the probability of missing the bus is no greater
than some value X. This time is found by utilizing
the relationship between the cumulative distribution
function (CDF) for the lognormal and that of the
standard normal random variable., 1t can be shown
(see, for example, (1))that the following relation-
ship holds.

i TL J
F(t) = GZ[G(Ln t-u) s
where F(t) = CDF of a lognormal random variable
with parameters W and ¢ evaluated
at t

GZ(-) = CDF of the standard normal random
variable (i.e., N(0,1))

By setting the probability level, X, we can solve
equation 7 to find the value of t, denoted ty, at
which the passenger should arrive. This is done by

setting
-1
ca £, -w) = 6,7
or ta = exp[cGz_l(X)-ku] (8)
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The exact probability level chosen is somewhat
arbitrary, but an appropriate value is likely to be
in the range .005 - .05. For the empirical analysis
in this paper, the value X= .0l has been used.
Should another value be deemed more appropriate by a
user of this model, the substitution in equation 8
is straightforward.

Given t,, we must compute the expected wait time
for a passenger arriving at that time. The wait time
is

£, - t,, if €5t
tz-ta, if ta>t

i (9

1

That is, if the passenger arrives before the desired
bus arrives at tj, he waits tj-t,. If, however, he
has missed the desired bus, he must wait for the
succeeding bus which arrives at ty. If the distri~-
butions of bus arrival times are assumed independent
the expected wait is

t
E(w ) = EE(tz) -t ) £(ede + (e - £ E(e At
0 ta

E(ty) F(ta) - tg + JE£(e))dE,
a

E(tg) F(t,) - t,

+ [exp (u,+c72/2):|[1-(3z({‘_né‘2 - G)] (10)

o

We are thus able to predict the mean waiting
time of non-random arrivals in terms of the bus ser-
vice characteristics. One important element of the
model expressed in equation 3 is still missing, how-
ever. It is to be expected that the proportion, a,
of all passengers who are non-random arrivals will
also be a function of the service characteristics.
For example, as headways become longer the potential
benefit from learning the schedule and planningone's
arrival time becomes larger; hence, we would expect
a to increase. Likewise, as service becomes more
dependable, planning one's arrival time becomes
easier, and again we would expect a to iacrease.

In order to explore the effects on a of changes
in service characteristics, a small empirical study
was undertaken of several services in Chicago with
varying headways and reliability.

The Empirical Study

Four different services were observed for eight
days each during the morning peak period in spring
and summer of 1977, Data were collected on bus
arrival times and passenger wait times. From obser-

ved bus arrival times, p and o were estimated for
each service using equations 5a and 5b. Equation 8
then allowed the value of t, to be determined, and
the associated mean waiting time was found from
equation 10. The expected wait for random arrivals
was found by estimating the mean and variance of the
headway distribution between successive buses, and
applying equation 1.

Because passenger wait times were observed simul-
taneously with the bus arrivals, equation 3 may be
rewritten to solve for a, the proportion of non-
random arrivals:

E(wr) - E(w)

E(wr) - E(wn) (11)

as=s

Summary statistics for the observed services are
shown in Table 1. The values of a observed range
from .49 to .74.

If the model suggested in this paper is to be a
useful tool for predicting the effects on waiting
time of changes in service characteristics, it is
necessary that we be able to predict the value of a
as a function of these service characteristics. As
discussed above, it may be expected that increasing
headways would lead to increasing values of a, as
the potential gain from planning one's arrival time
is larger. Also, as service becomes more reliable
from day to day, the task of planning one's arrival
to correspond to the arrival time of the bus becomes
easier, and we may expect a to increase. One useful
measure of the day-to-day reliability of the service
is the coefficient of variation in the bus arrival
time distribution. For the lognormal distribution,
the coefficient of variation has a simple mathemati-
cal expression:

A 2

ov = L - (71 (12)

The coefficient of variation is preferred to the
standard deviation as a measure of reliability, as
it also incorporates information regarding the mean
of the distribution. 1In a skewed distribution like
the lognormal, this is advantageous.

A simple model for amight be proposed as follows:

a=by+b, EH) +b, CV+e (13)
where E(H) = expected headway
e = error term
bo,bl,b2 = constants,

We would expect to find by>0 and b,<0.

The data on E(H), CVand a from the four services
observed are summarized in Table 2. These observa-
tions are clearly insufficient for reliable statis-
tical inference; however, a regression using these
four points results in the model

Table 1. Summary statistics for observed bus services,

Mean
Service Headway Headway E(w) E(wr) E(Wn)
Number (minutes) Variance o [of (minutes) (minutes) (minutes) a
1 10.09 165 -.467 .834 3,02 5.06 0.90 .49
2 11.85 478 -.267 .920 3,33 5,94 1.20 «55
3 775 2.68 . 946 .387 2.38 4.05 179 74
4 9.06 3.41 .041 .767 2,50 4,72 1,31 .65




a = .602 + .023 E(H) - .27 CV (14)

Thus, the data observed to date are at least consis-
tent with a priori expectations about themodel form.
Additional data are being collected from other ser-

vices in the Chicago area, but are not yet available
at the time of this writing.

Table 2. Data on E(H), CV and a for services observed.

Service E(H)

Numb er (minutes) cv a

i 10.09 1,00 49
2 11.85 1433 55
3 74715 0.16 T4
4 9.06 0.80 .65

Application of the Model

The ability to predict the proportion, a, of non-
random arrivals, as well as the expected waiting
times for both random and non-random arrivals as
functions of basic service characteristics allows
the model to be easily applied in evaluation of pro-
posed service changes. It has significant advanta-
ges over many previously available models as a re-
sult of incorporating non-randomly as well as ran-
domly arriving passengers. As a result, the model
proposed here is much more reflective of reality, and
should provide a much better estimate of the impact
of service changes. It also represents a signifi-
cant improvement over previous models by providing
a mechanism for evaluating the effects of reliabil-
ity improvements.

Additional data are being collected to further
verify the model empirically. These additional data
will also provide an opportunity to test the sensi-
tivity of the model results to the assumption of the
probability level governing the arrival of non-random
passengers, and to the assumption of a lognormal
distribution for bus arrivals.

The major use of additional data, however, is to
provide a firmer basis for estimating the proportion
a, of non-random arrivals as a function of basic
service parameters.

Conclusions

A model has been proposed to predict average
passenger wait time at bus stops as a function of
the headway distribution between successive buses
and the arrival time distribution of a given bus
from day to day. The model considers both random
and non-random passenger arrivals. Its emphasis on
the influence of service reliability on wait time
sets it apart from previous models. For the first
time, it provides the transit operator with the abi-
lity to predict the impact of changes in operations
designed to improve reliability of service.

A very limited empirical study has produced re-
sults consistent with theoretical expectations, and
has provided the motivation for further development
and empirical verification of the model. This work
is continuing, and further results are anticipated
in the near future.
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OPTIMAL URBAN BUS SIZE

Francis P.D. Navin, Assistant Professor of Civil
Fngineering, University of British Columbia

London's city transit has been shown by Webster
and 0ldfield to be operating at almost
optimal occupancies of 38 and 18 passengers
during the peak and off-peak respectively.
The mathematical model developed duplicates
these results as well as observations of
conventional commuter routes and a long
established crosstown line. The relationship
combines the complex interaction of vehicle,
patron and street into one general equation.
The equation may be manipulated to give
"mathematically optimal", passenger produc-
tivities, vehicle occupancy and fleet size.

London's famous double-decker buses have an
average peak hour passenger occupancy of 38 and
18 in the off-peak. Optimal occupancies calcu-
lated by Webster and Oldfield (1) are 36 and 23
respectively. Many years of operating experience
in North America has developed a balance between
the transit service and demand, which in terms
of average system productivity, is roughly 60
passengers per hour within cities such as Van-
couver and Toronto. There is always the nagging
thought that there ought to be more passengers
in the vehicle to increase its productivity.

One of public transit's roles is to transport
the most people with the fewest vehicles in a way
Lhat considers the unique combination of demand,
street traffic, vehicle operation and vehicle
occupancy. The variables included in this
vehicle-patron-street system are listed and
defined in Table 1. The transit operator directly
controls the passengers carried by a bus P,
through vehicle selection, total boarding-alight-
ing time d and the acceleration a, deceleration b.
Stop spacing is also at the operator's discretion
and therefore the number boarding-alighting at
any stop. The city traffic department sets the
maximum travel speed V, and to a limited degree
the amount of congestion. Finally the vageries
of urban travel and city structure determine the
number of travellers H and their average transit
trip length.

The following develops a simple theoretical
model to determine optimal bus size and vehicle
productivity. The data also demonstrates that
London's and indeed other large cities' buses do
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operate within the range of the optimal productiv-
ity.

Intuition suggests that if too few passengers
are transported in each vehicle then many vehicles
are needed. Similarly, if too many are carried
travel times become extremely slow and again a
large fleet is required.

Table 1. Bus-Patron-Road Variables

Variable Units Symbol Purpose
Demand EE%Eﬁ Maximum usage
Trip Length km Transit network &
multiple rides
Dwell time sec d Ease of boarding
Boardings patron n Stop collection
stop efficiency
Accelerations m a,b Vehicle respon-
sec? siveness
Passengers patrons P. Vehicle's income
bus h potential
Occupancy patrons R Vehicle's seat
bus capacity
Congestion % of h C Street efficiency
Speed km/h v Street processing
efficiency
Fleet Size bus/h N Operator's cost

The number of vehicles required along a very
long one-way transit route, to maintain an inter-
vehicle time headway of h, is the total time to
traverse the route, T, divided by the headway or

=l

N = 19

If no delays exist along this very long route,
then the minimum vehicle requirement is the driving
time TD divided by vehicle headway,

s TD/h (2)



Equating the headways, and rearranging terms gives
the estimate of the number of vehicles as,

N (3)

Assume that the demand for service over any segment
of the long route is Ht person bus hours of
travel and each bus may provide Pt person bus
hours of travel. The minimum number of vehicles
is then given by assuming that the number of
vehicles required by the patrons demand for
service (H/P) is the same as that given by no
delays to travel. This idealized service permits
no time to be lost due to boardings, traffic
signals or road congestion.

The number of vehicles needed along a route,
considering the road and passenger delays is then:

T H
“(ﬁ)? @

where t is the time spent not moving and estimated

by:
t=dP+<—‘al+%>-“%+c (5)

where m 1 if, at each stop the same number get
on as get off and,
m = 2 if all ons and offs occur at differ-
ent stops.
Combining the preceding equations the total fleet

size is:

N= THv v\ mp (®
P{T- [d? +(— + —)— + c}}
a b n
Differentiated this equation with respect to P
yields the "optimal" passengers per bus hour P*
and fleet size N* as:
T-C
P* = - N
9q 4 2 (! & !)
n \a b
4TH l:d +E(!+%)]
Nk = L~ (8)
(T-c)?

The last equation implies the truly detrimental
outcome of congestion on fleet size. Congestion
represents a real loss to the transport system.
The determination of optimal size 1s possible
for three transit operations. The first is
downtown commuting. If all passengers must
pass the maximum load point then H assumes this
value and P* is the average passenger loading per
bus and is the "optimal'. The theory is for very
long routes and does not consider buses making
several trips past the maximum load point within
the time T. The theory may be adjusted to accept
multiple cycles, by dividing the resulting
fleet size by a factor representing the number
of times each vehicle passes the maximum load
point for example. If P* sets the vehicle size
then the operator must control variables such
as loading time d, vehicle speed V, number board-
ing at each stop n, and time lost to other traf-
file: C.
A more interesting bus route is the crosstown.
Assume it transports a uniform number of passengers
at all times over its entire length which is very
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long. The average loading, if the boarding and

alighting is uniform, is the total driving time

Ty proportioned by the actual driving time pass-
engers spend on their journey, multiplied by the

number of passengers carried during the time of

interest. Mathematically it is:

_ P(L/V)
R == Eh)
At any instant, for an optimal P*, the optimal
uniform occupancy R¥* is:
T 1
R¥ = = e e v (10)
vola +m(!+l)
n\a b

Dial-a-bus may be considered as a set of vehicles
in continuous service over a very long and erratic
route. The average vehicle occupancies is the
same as that for a crosstown bus.

The optimum equation of N* and P* is shown in
Fig. 1 by the dashed line. The parameter charac-
teristics are those for a Canadian city of one
million people. The somewhat parabolic shape of
the curves demonstrates the consequences of
attempting to load too many persons into a vehicle.
If the boarding and alighting time per passenger
is, for example, 10 seconds, adding 10 more pass-
engers over the maximum increases productivity by
20 percent while increasing the fleet size only
slightly. Adding 10 more passengers increases the
productivity by 15 percent but the fleet size by
somewhat more than 12 percent. Any further in-
crease in passenger productivity gives an even
more rapidly increasing fleet size.

The most productive urban transit vehicles
reported in Canada are those within the cities of
Toronto, Montreal, and Vancouver where on an
average they transport 60 passengers per hour.

If the average total dwell time per passenger is
6 to 8 seconds and thirty percent of a vehicle's
route service time is lost, from Fig. 1, then a
value between 55 and 65 would appear optimal.
Winnipeg, Edmonton and Regina have a passenger
productivity of 50 and Calgary is down at 40.
These values would reflect the vehicle size if
all patrons behave as knowledgeable commuters and
travel past a maximum load point. A lower limit
on vehicle size is that of a crosstown bus and for
the preceding example R* is 20 people in the
vehicle.

Data from three very different transit opera-
tions are summarized in Table 2 together with
estimates of the average vehicle occupancy and
fleet size. The crosstown route in Vancouver and
the assumed crosstown route in the City of London
have an estimated occupancy, R*, well within ten
percent of the observed value. London's "optimal"
bus occupancy suggested by Webster and Oldfield
is 36 and this is within fifteen percent of the
result estimated from Equation 10. The vehicle
occupancies for the two dial-a-bus experiments
depart by twenty-five percent from the optimal
riders. The fleet size in both cases represents
the next largest whole number. The estimated
fleet size is a very utopian view of tramsit
service neglecting; mechanical breakdown, stocastic
flows, and for dial-a-bus lost drivers, cancella-
tions and no-show passengers.

The values of R* underestimates the number
of seats needed in the vehicle since 1t represents
an "average'" occupancy or size and makes no allow-
ance for irregular loading. Webster and 0ldfield
increased the average occupancy by 50 percent and
equated thils to the number of vehicle seats to
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accommodate all the irregularities of passenger
loading. Navin (2) has shown that for many busy
midday routes the mean occupancy (R*) plus two
standard deviations (o) of the occupancy can serve
almost all routes without anyone being denied
service. The observed coefficient of variation
(6/R*) has a typical value of 0.35 for crosstown
type routes. If the optimal size of bus is set

at R* + 20, this equals 1.7R* and for Vancouver
during the off-peak is 36. During the off-peak
most operating agencies have a policy of providing
one seat per customer, therefore 36 seat buses

are needed in Vancouver.

The peak hour vehicle productivity P* may repre-
sent the vehicle occupancy past the maximum load
point. The Canadian transit operating practice is
to provide seating for P*/1.5 people (3). The
commuters in Vancouver travel approximately 7.7 km
and for typlcal commute conditions the optimal
productivity is 70 giving 47 seats per vehicle or
thirty percent more than during the off peak.
Buses in Vancouvetr have crush loads of 80 aud 50
seats, a ratio of 1.6, slightly greater than the
operating policy of vehicle loads being 1.5 times
greater than seated capacity at the maximum load
point. All P* patrons passing the maximum load
represents the most extreme loading condition and
glves the maximum vehicle size. If not all the
patrons pass the maximum load point then the vehicle
size may be reduced. The Vancouver experience
indicates that sixty to seventy percent of the
people do not pass the maximum load point. The
average vehicle size may be reduced to serve 52
people, and seats may be provided for most.

Table 2. Observed and Estimated Transit

Characteristics

London Vancouver Dial-a-Bus

U.K. Canada (3) (1) (2)
H - n/a 15 45
L 2l 5.0 2.5 3.0
d 3 7 60 5
n 4 2 i 1
v 40 50 50 40
C n/a 20 20 20
R 38 17.5 1.5 11
N n/a n/a 3 2
R* 41.7 17.0 2.0 9.8-13 (4)
N* n/a n/a 242 1.8

(1) Columbia Md., (2) Bay-Ridges Ontario,
(3) Crosstown route (4) Productivity estimated by P¥

The mechanics of transit vehicles travelling
along very long fixed routes can be manipulated to
develop equations to give a theoretically '"optimal"
productivity and fleet size. The equations use
variables that are both easy to estimate and
representative of the observed vehicle-patron-street
system. The theory also points out the detrimental
impact of overloading vehicles or employing too
large a vehicle that may become overloaded given
the travel market characteristics and demand.

Comparisons of theory and experience lends
credibility to the simple equations. Estimates
for the average vehicle occupancy along fixed
route transit are withing ten percent of the obser-—
vations and even for small dial-a-bus services the
estimates are within twenty percent. Webster and
Oldfield's optimal vehicle occupancy for London
buses comes within fifteen percent of those esti-
mated by the simplified procedure presented. The

optimal peak hour bus for Vancouver is estimated to
have 47 seats and room for a total of 52 passeng-
ers. The most severe condition has all the commut-
ers passing the maximum load point which suggests a
total vehicle capacity of 70. The equations tend
to overestimate as would be expected of theoretical-
1y "optimal" values.

"Optimal" productivity represents an idealized
objective towards which transit operators may
strive. The number of seats and passenger handling
characteristics of the vehicle and operation can be
designed to help accomplish the goal of transporting
the most people in the fewest vehicles.
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Figure 1. Transit bus productivity.

90

80—

70—

60 |-

50 |-

40—

30—

20~

P, passengers/bus hour

| | |

0 100 200 300 400 500
N, number of buses/hour

0 |



