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ABSTRACT
AN ANALYSIS OF THE ENERGY CONSERVATION POTENTIAL

OF VARIABLE WORK HOURS AND ALTERNATIVE
TRANSIT POLICIES FOR THE URBAN WORK TRIP

By

James Mitchell Witkowski

The primary hypothesis tested by this research was that a reduction
in transportation fuel consumption for the urban work trip could be real-
ized through the implementation of a staggered or flexible work hour
program. It was also hypothesized that a variable work hour program
could be coordinated with the scheduling of a bus transit system to fur-
ther improve the savings in transportation fuel consumption.

The spatial organization of a hypothetical urban area was generated
using data from the literature and a computer simulation program designed
to distribute population and employment activities throughout the urban
area. With additional data describing the highway and transit network,
and the temporal distribution of work travel, the computer program also
generated the work trip travel pattérn for the urban area and computed
the transportation fuel requirements for automobile work trips and the
daily transit service. A base case was generated and used as the basis
for comparison of the alternative policies.

Several alternative temporal distributions of work travel were used
to simulate the effect of variable work hour prégrams. Tests were de-
signed to determine the influence of the magnitude and location of the
work force participating in the variable work hour programs on the re-
duction in fuel consumption. Experiments were also designed to test
the potential for reducing fuel consumption through modifications in the

scheduling of transit wvehicles during the peak travel period. Other
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experiments were designed to test the combined effectiveness of variable
work hour and transit scheduling policies. An evaluation was also made
to determine whether or not the prevailing fuel environment could influence
the policy effectiveness.

The simulation results indicated a high potential for staggered
and flexible work hour programs to reduce automobile work trip gasoline
consumption. The effectiveness of the variable work hour policies was
shown to be influenced by both the number of participants in the program
and the dispersion of the participants throughout the urban area. The
reduction in fuel consumption increased with the number of participating
work travelers. The reduction also increased as the locations of the
participating employment centers became more dispersed throughout the
urban area. The variable work hour programs also showed a strong nega-
tive influence on work trip bus ridership.

The experiments with transit scheduling policies indicated that
it would be difficult to reduce work trip fuel consumption through in-
creases in the frequency of service of bus transit. However, this result
may be biased by the overall structure of the hypotehtical urban area
and the base case used in the analysis. The combined variable work hour
and transit scheduling policies showed no further reduction in fuel con-
sumption beyond that achieved by the variable work hour policies.

The experiments also indicated that the policies tested would be
less effective at reducing fuel consumption in a fuel environment exhibit-
ing a drastic increase in fuel price or a restriction on fuel availability.
This was due to the large mode choice shift to transit, which resulted
from the change in the fuel environment. However, a definitive conclu-
sion in this area could not be obtained due to limitations in the model=-

ing system.
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CHAPTER I

Introduction

One of the many effects of the oil embargo of 1973-1974 on the United
States has been a surge of interest in the development of better methods
of evaluating transportation plans with specific recognition of energy
avéilability. Current capabilities for planning under energy constraints
are severely lihited by the lack of data. During the embargo, the faci-
lities necessary to collect gasoline supply and consumption data at a
disaggregate level were not-available. Since the United States has never
experienced a long-term fuel shortage, the influence of such a shortage
on urban travel and living patterns is unknown.

The influence of transportation system management (TSM) policies
to reduce gasoline consumption in urban travel has never been evaluated
in an actual urban environment. The only method available for analyzing
the potential impact of energy conservation policies or changing fuel
environments is extrapolation of observed short-term responses through

the use of theoretical models.

1.1 Research Hypotheses

The primary hypothesis tested by this research was that a reduction
in transportation fuel consumption for the urban work trip could be real-
ized through the implementation of a staggered or flexible work hour pro-
gram. It was also hypothesized that for the short-term a staggered or
flexible work hour system could be coordinated with the scheduling/frequency
policies of a bus transit system to further improve the savings in trans-
portation fuel consumption.

For this research study, transportation fuel consumption is defined



as the gasoline fuel consumption of automobile work trips plus the daily
total diesel fuel consumption of an urban bus transit system. The phrase
"short-term" implies a duration of time short enough such that a signifi-
cant change in the home to work spatial relationship of urban travel,

or the magnitude of urban work travel, would not be realized as a result
of the availability or cost of such travel, or as a result of a change

in the population in an urban area. In reality, short-term may be several
years.

For this research the term "variable work hours" did not include
four-day work week programs. Thé variable work hour programs considered
in this study were:

1. Staggered work hours -- a fixed schedule of working hours that

normally spreads the employee starting and finishing times over
a one to three hour period, with individual groups of employees
designated to report at 15 to 30 minute intervals.

2. Flexible work hours -- a program where employees sfart and finish
work at times of their own choosiﬂg within the constraint that
they work a specified minimum number of hours within a given
period, and normally within the additional constraint that they

be present during certain "core" hours.

1.2 Goals and Objectives

The goal of this study was to evaluate the impact of selected vari-
able work hour programs and transit scheduling strategies on urban work
trip transportation fuel consumption. The work hour programs and transit
strategies were tested individually and in combination to allow for the
evaluation of the incremental effect of the coordinated policies.

The first objective was to establish an operational modeling system



to calculate urban work trip tavel demand and fuel consumption for a hypo-
thetical urban area. The second objective was to design and evaluate
(using the modeling system) alternative variable work hour and transit
scheduling strategies. The evaluation was primarily based on a compari-
son to a base case of the transportation fuel consumed. The third objec-
tive was to demonstrate the possible effect of the prevailing fuel environ-
ment on the success or failure of the various strategies to reduce trans-
portation fuel consumption. With respect to the latter objéctive, a
"normal"” fuel environment was defined as a stable or slowly fluctuating
retail price for transportation fuel at levels experienced during 1979.

A normal fuel environment also implied the unrestricted availability of

transportation fuel to the general public.

1.3 Benefits of this Research

The primary benefits of this research were derived from the evaluation
of the energy conservation potential of the specific TSM policies tested.
The potential for variable work hours or transit scheduling policies to
reduce urban work trip energy consumption has never been fully demonstrated,
either in the real world or through the use of a modeling system. This
demonstration could be a valuable tool to aid in the development of
comprehensive transportation plans designed to reduce urban transportation

fuel consumption.

1.4 Outline of Report

The remainder of this text is divided into five additional chapters.
Chapter II describes previous research on TSM policies with specific
reference to the energy conservation potential of variable work hours

and transit scheduling policies. Based on the literature review,



conclusions are drawn for the justification of this research. Chapter

III contains a description of the modeling requirements of the research
technique, and a detailed description of the modeling system used in this
research effort. Chapter IV describes the process used for the evaluation
of the alternatives, and also summarizes each individual policy tested.
Also contained in Chapter IV is a description of the hypothesized alterna-
tive fuel environments used in the analysis. Chapter V contains a de-
tailed analysis of the research results disaggregated by policy type and
policy combination. Chapter VI is a summary of the major conclusions

of the research.

Four appendices are also contained in this report. Appendix A in-
cludes a detailed description of the modifications required to the com-
puter program used for the research. Appendix B contains a complete data
set which describes the base case used for analysis in this research when
the data is input to the computer program. Appendix C contains all of
the data necessary to describe the policy alternatives tested, and Appendix
D contains several charts showing the highway congestion patterns and

congestion indices for selected policy alternatives.



CHAPTER. II

Previous Research on Variable Work Hours and Bus
Transit Strategies Related to Fuel Consumption

2.1 Review of Urban Transportation Energy Conservation Strategies

The most widely accepted theoretical modeling system for urban trans-
portation planning is the Urban Transportation Planning System (UTPS)
developed for the Urban Mass Transportation Administration. Hartgen
(1976) evaluated the capability of the UTPS models to deal with energy
constraints. He concluded that the UTPS process can be used to determine
the sensitivity of fuel consumption to certain energy policies (for
example, speed reduction, increased vehicle efficiency, carpooling).
However, Hartgen concluded the process is generally incapable of
analyzing the impacts of such policies as rationing or Sunday driving
bans.

Witkowski and Taylor (1979) suggested that the loqg-term conclusions
reached by sensitivity analysis would be suspect because traveler reac-
tions to an extended fuel shortage would most likely be different than
during the 1973-1974 embargo. Therefore, the empirical data collected
during the 1973-1974 fuel shortage is not necessarily valid for long-
term planning, and hence the relationships developed from this data sﬂould
not be extrapolated. They concluded that the current emphasis in plan-
ning under energy constraints should be placed on short-range energy
contingency planning, and methods should be developed to test the impacts
of energy related transportation policies.

Of particular interest to transportation planners are the evaluation
of strategies to reduce automobile fuel consumption in urban areas where

approximately 34 percent of the national total transportation energy is



consumed (Office of Technology Assessment (1975), p. 3). These trips
account for approximately 98 percent of the fue; consumption for urban
passenger travel, while supplying transportation for 92-95 percent of
the total vehicular person trips (Office of Technology Assessment (1975),
p. 17).

A review of the energy conservation potential or urban mass transit
by the Office of Technology Assessment (1975) concluded that "pure" tran-
sit improvement strategies and economic incentives for transit use (includ-
ing no-fare transit) can be very effective in attracting increased rider-
ship, but they are ineffective by themselves in substantially reducing
national energy consumption. It was reported that the most effective
methods of energy conservation involve auto use disincentives coupled
with transit use incentives.

Lutin (1976) reports that, given the current work trip patterns in
New Jersey, greater savings in energy could be achieved by using auto-
mobiles more efficiently than by increasing public transit patronage.

His analysis indicated that carpooling (increasing average auto occupancy
from 1.2 to 2.0 passengers per vehicle for the work trip) would save the
state 40 percent of the journey-to-work energy. The study also indicated
that for present transit operations to contribute an 8.8 percent reduction
in work trip fuel consumption, 10 percent of all automobile commuters
would have to shift to public transit. This would pearly double 1976
ridership levels.

The attractiveness of carpooling and the general ineffectiveness
of transit incentives alone to conserve fuel was also demonstrated in a
study by Peskin and Schofer (1977). In their study, several hypothetical

urban structures were postulated and the impacts of urban transportation



7
and land use policies on transportation energy consumption were evaluated
using a simulation model. The results indicated that increasing the work-
trip auto occupancy from 1.2 to 1.8 passengers per vehicle would cause
a 21 to 42 percent decrease in total urban travel energy consumption de-
pending on the city structure. 1In contrast to these potential savings,
a "free transit" policy resulted in an estimated energy savings of from
4 to 16 percent, while an "express transit" policy did not decrease energy
consumption at all. However, under a "no transit" policy, there was as
much as a 32 percent increase in total energy consumption, indicating
that transit did decrease energy consumption by reducing automobile traf-
fic and congestion. This was based on an estimated 13.3 percent of work
trips made by transit for the typical bus system simulated.

The energy conservation potential of carpooling may be over-estimated
in these studies, however, because of the assumed value of increased auto
occupancy. Other researchers have concluded that the auto occupancy ob-
tainable through carpool incentives is probably in the range of 1.4 to
1.7 passengers per vehicle (Pratt et. al. 1977). 1In addition, not all
carpools represent an energy savings, since, for example, as many as 30
percent of new carpoolers in Portland, Oregon were found to have formerly
ridden the bus (Pratt et. al. 1977).

Several other studies (Dupree and Pratt (1973), Voorhees (1974),
Remak and Rosenbloom (1976), Gross et. al. (1978)) reviewed the potential
of different techniques to reduce urban congestion, and to subsequently
reduce gasoline consumption. In each of these studies, staggered work
hours was regarded as an effective low-cost action to reduce congestion
and gasoline consumption.

Dupree and Pratt (1973) detailed the findings of a survey and analy-

sis of twenty-one low-cost techniques designed to increase the effective



processing capacity of fixed capital transportation facilities. A wide
range of possible techniques offered promise in satisfying their study
objectives. Techniques were rated with particular attention to their
potential processing efficiencies (volume increase or time reductions

in moving people via existing transportation facilties). 1In addition,
the evaluation considered various cost parameters, impacts on the disad-
vantaged, environmental and transportation safety factors, technical and
institutional viability, and the expected response from travelers.

Techniques were grouped according to their composite ratings and
case study analysis candidates were selected from the highest ranked group.
The rankings are shown in Table 1.

Dupree and Pratt did not review the effects of these techniques in
combination or estimate their energy conservation potential. However,
staggered work hours was ranked as one of the most promising techniques
for increasing highway effectiveness.

Voorhees (1974) reviewed the potential of ten "action groups" to
reduce urban gasoline consumption. This study attempted to define the
interrelationships between these action groups and determine which groups
assist, are independent, overlap each other, or are counterproductive.
The action groups and these interrelationships are shown in Figure 1.
Voorhees indicated that the most significant interrelationships identified
in this matrix are:

1. Actions to improve total vehicular traffic flow tend to shift

travel from non-auto modes to the automobile, and hence tend
to be counterproductive to actions designed to decrease auto
travel.

2. Carpooling actions and transit actions are both designed to



Table 1. Techniques Designed to Increase the Effective
Processing Capacity of Fixed Capital Transportation

1) All Around Most Promising Technigques

* Exclusive Bus Lanes on Urban Arterials (Existing Facilities)

e Exclusive Reserved Lanes on Freeways for Mass Transit
(Existing Facilities)

e Exclusive Busways on Specially Constructed Rights-of-Way
* Work Scheduling Changes
* Highway Traffic Engineering System Improvements

2) Less Generally Promising Techniques

* Paved Railroad Rights-of-Way

* High Capacity Transit Buses

* Organized Commuter Car and Bus Pools

* Freeway Metering, Monitoring and Control Systems
* Free or Heavily Subsidized Transit

* Line Haul Feeder System .

*. Airport Access Improvements

* Automation of Bus Scheduling

* Economic Penalties and/or Incentives

* Urban Goods Merment Improvements

* Para Transit Service (Jitneys, Taxis and Limousines)

3) Least Useful to Achieve Specific Study Objectives

The Rail Bus

e Demand Actuated Transit Service

Bus Traffic Signal Preference Systems

* Auto Driver Aids and Directions Systems

The Minicar

Source: Dupree and Pratt (1973), p. 6.
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reduce the travel of the single occupant vehicle, and hence
these two actions may overlap and reduce some of each other's
effectiveness.

Energy restriction actions and transportation pricing actions
act to reduce travel or impose mode shifts in a similar manner
and tend to overlap each other's effectiveness.

Auto travel disincentives, such as traffic restriction actions,
transportation pricing actions, and energy restriction actions,
tend to complement and assist incentive actions, such as transit

improvements, walk and bike actions, and carpooling programs.

Voorhees presented groups of transportation fuel conservation actions

for small, medium and large urban areas, with an estimated range of sav-

ings for each action individually and for each group as a whole. Measures

to improve total vehicular flow were estimated to be most effective at

reducing fuel consumption for larger urban areas (1,000,000 persons or

more), where, for example, staggered work hours were estimated to reduce

work trip energy consumption from 1 to 2 percent. Although no figures

were given, staggered work hours is suggested to be less effective for

medium or small size cities.

Characteristics of the implementation of staggered work hours are:

Decreased travel time.

Minor lifestyle changes.

Minor economic impact.

Decreased air pollution, noise and congestion.

Requires considerable coordination.

The energy conservation estimates presented by Voorhees were based

on an estimate of the impact of each action on highway congestion and

vehicle miles of travel. For the staggered work hours program, estimates
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were made based on the assumed change in average cruising speed, the number
of acceleration/deceleration cycles per mile, the number of stop and go
cycles per mile, and the amount of time spent idling. Most of the fuel
economy data were taken from a report by Claffey (1971).

Remak and Rosenbloom (1976) reviewed the effectivenesé-of twenty-
two techniques for reducing peak period traffic congestion. Actions to
reduce congestion would also reduce energy consumption. Five techniques
were estimated to be the most effective in reducing congestion in the
central business district of large cities: (1) parking controls; (2) road
pricing; (3) priority expressway transit treatment; (4) staggered work
hours and (5) auto free zones.

None of the techniques was found to offer more than marginal reduc-
tions in peak period traffic congestion when applied individually. How-
ever, packages of effective combinations of congestion-reduction techniques
were presented as shown in Figure 2. The staggered work hour package
combined five individual techniques:

1. Staggered work hours.

2. Road pricing.

3. Parking controls.

4. Transit marketing.

5. Extended-area transit.

The combination of the staggered work hours policy and the transit
policies in this package is very similar to the policies tested by this
research. Remak and Rosenbloom indicated that, when coordinated with the
needs of an existing transit system, staggered work hours have been able
to make significant improvements in transit system operating efficiency

and increase ridership.
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In the study by Gross et. al. (1978) techniques are presented to
estimate the potential gasoline "net" savings due to several transporta-
tion system management (TSM) actions for New York State. The general
categories of TSM actions are:

1. Actions to ensure efficient use of road space.

2. Actions to reduce vehicle use in congested areas.

3. Actions to improve public transit service

4. Actions to improve transit management efficiency.

These general categories of TSM actions were broken down into thirty-
three specific actions, and the statewide energy conservation potential
of each was estimated. The results are shown in Table 2. These actions
were egtimated to reduce the gasoline consumption within New York State
by 37.1 million gallons annually.

Staggered work hours, flex-time, and the four day work week ranked
eighth with an estiméted annual gasoline savings of 1.8 million gallons.
This figure was based on an assumed fleet average fuel economy of 15.8
miles per gallon (mpg), and an estimated reduction of 0.00022 gallons
per mile (gpm) per vehicle. The latter estimated was based on the work
by Tannir (1977) which is discussed in the section on the impacts of stag-
gered work hours.

The procedure used to estimate the net energy savings of each TSM
action was based on the estimated impact of the action on vehicle-miles
of travel (VMT), and traffic congestion. This was then converted into
an energy savings using the assumed fleet mpg.

Gross assumed that these actions impact independently on gasoline
consumption and that the results of each were additive. In reality this
is highly unlikely, as discussed by Voorhees (1974) and Remak and Rosen-

bloom (1976). Gross also showed a relatively large potential saving from
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increased pedestrian activity and bicycling which contradicts statements
made by Voorhees (1974).

Although some of the studies have addressed the combined impact of
several actions, as a whole these efforts made only gross approximations
of the impacts of staggered work hours and transit incentives on gasoline
consumption. The previous studies did not define the relationships be-
tween the size of the participating work force and the impact on fuel
consumption, nor did they indicate the magnitude of the temporal redistri-
bution of the work trip requiredAto effect a significant reduction in
gasoline consumption. There is also little evidence to suggest how tran-
sit schedules could be coordinated with the variable work hour programs

to reduce energy consumption.

2.2 Local Bus Supply and Urban Travel Demand

It is unfortunate that mechanisms were not available during the oil
embargo (1973-1974) to capture the information necessary for an extensive
analysis of the relationships between transit demand and supply uhder
energy constraints. Therefore, by default, the relationships used in
this research were those determined during the more prevalent non-embargo
periods. The elasticities between local bus supply and urban travel de-
mand under normal conditions probably represents the minimum obtainable
headway elasticities undgr energy constrained conditions, and thus would
produce conservative estimates of potential fuel savings. Headwaf elasti-
city is defined as the percent change in ridership resulting from a one
percent change in headway.

In general, most of the literature that evaluated the effectiveness
of improvements in bus transit system operations to induce ridership and/or

to reduce work trip energy consumption have drawn conclusions based on
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conventional operation strategies. Actions to improve transit operations

consist of scheduling/frequency changes and bus routing/coverage changes.

Scheduling and frequency improvements include:

Inckeasing the number of scheduled transit vehicles.

Reducing headways and passenger wait times.

Lengthening the hours of service.

Rescheduling to provide convenient departure times, or to match
regularly scheduled activities, or to provide better coordination

at transfer points.

An in-depth review of the state-of-the-art of traveler response to

transportation system changes has been performed by Pratt et. al. (1977).

Traveler response to service frequency changes can vary markedly, however

significant conclusions from the Pratt review included:

1.

Limited evidence suggests that the median response to frequency
improvements is approximately a one half of 1 percent patronage
gain per 1 percent frequency increase.

Middle and upper income areas are the most sensitive to headway
changes provided the prior service was relatively infrequent,
(three buses or so per hour) and the trips served are predomi-
nantly short.

Lower income groups are generally more sensitive to fare changes
than to frequency changes, particularly when headways are already
short.

Sensitivity analysis of bus service to short, suburban trips,
done with a mode choice model calibrated for the northern Chicago
suburbs, indicated the middle-to-upper income population to be
about 40 percent more sensitive to frequency than to fares in the

10 to 20 minute headway range, and over two times more sensitive
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to frequency than to fares in the 20 to 40 minute headway range
(Pratt and Bevin (1971)).
Travel demand modeling suggests that transit wait time, plus
transfer time, plus walk time may be two to two and one half
times as important in mode choice as an equal time spent in the
transit vehicle (Quarmby (1967), Shunk and Bouchard (1970)).
In various experiments by the Mass Transportation Commission of
the Commonwealth of Massachusetts (MTCCM (1964)), bus riders
attracted from other travel modes by increased frequency were
distributed as follows:

Trips Made Previously

in own car 18 to 67%
in carpool 11 to 29%
by train 0 to 11s
by taxi 0 to 7%
by walking 0 to 11%

Headway elasticities determined from individual Massachusetts demon-

stration projects (MTCCM (1964)) are shown in Table 3 along with the

elasticities implied by other reported findings (Holland (1974)). The

median headway elasticity among those calculated from the Massachusetts

experiments is -0.4, or -0.6 omitting depressed urban areas.

Actions to improve transit through bus routing and coverage changes

include:

1.

Introduction of bus service where there was none perviously, or
elimination of service where it exists.

Major systemwide realignment so as to significantly alter system
coverage.

Extension of existing routes to provide service to new develop-

ments, or other previously unserved areas.
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Table 3. Transit Service Headway Elasticities

Headway Months After

a/ Elasticity Implementation

Massachusetts Demonstrations, (MTCCM, 1964)

Boston-Milford suburban route (new

headway approximately hourly) -0.4 10-12

Uxbridge-Worchester suburban route (new

headway hourly) -0.2 7- 9

Adams-Williamstown city route (new

headway approximately hourly) -0.6 1- 3

Pittsfield city route (raised from 3 to

8 round trips daily) -0.7 1- 3

Newburyport-Amesbury (depressed area) city

route (new headway 30 min. peak/60 midday)B/ -0.4 6- 8

Fall River (depressed area) city service

(overall 20 percent service increase) nil 4- 6

Fitchburg-Leominster city route (new

afternoon headway 10 minutes, to match

morning) B,C/ -0.3 6- 8

Boston downtown distributor, Phase 1 (new

headway 5 minutes, to match peak) C/ -0.8 5- 7

Boston downtown distributor, Phase 2 (new

headway 4 minute base, 8 minute midday) C/ -0.6 8-10

Boston rapid transit feeder route (new

midday headway 5 minutes, to match peak) C/ -0.1 4- 6
Other Reported Findings (Holland, 1974)

Study of Milwaukee transit (1955-1970) -3.8 -

Detroit city route (new headway 2 minute

base, 3-1/2 minute midday) D/ -0.2 -

Chesapeake, Virginia, suburban service D/ -0.9 -

A/ Arc elasticity calculated by the Handbook authors on the basis of
revenue.

B/ Includes impact of minor route extension.

C/ Approximate elasticity computed for full service day by using an
unweighted average of peak and off peak (or morning and afternoon)
headway improvements.

D/ Arc elasticity calculated by the Handbook authors on the basis of
ridership.

SOURCE: Pratt, et. al. (1977), p. 160.
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Initiation of special purpose bus routes to serve specific,
inadequately serviced, existing or potential. travel demands.
Restructuring of a bus system to reationalize service, to accom-
modate new travel patterns and to reduce circuitry and the num-
ber of transfers required for bus travel.

summary of traveler response to changes in bus routing/coverage
et. al. (1977) indicated:

That the elasticity of patronage to system coverage has been
estimated to be in the range of 0.3 to 0.8 percent per 1 percent
increase in bus miles of service.

Travel models calibrated for Boston indicated transit work trip
elasticities of -0.39 for line-haul bus and subway travel time,
and -0.71 with respect to changes in transit access time, in-
cluding walk, wait and applicable feeder bus travel times.

The ability of new or modified bus routes to attract patronage
is strongly a function of how a route relates to the local de-
velopment, transportation system, and travel patterns. New bus
routes have been found to take 1 to 3 years to reach their full
patronage potential.

The shorter the walk to transit service, the higher the probabi-
lity that transit will be used. A 1968 survey of the Buffalo
metropolitan area showed that among workers residing 1/10 of

a mile from a bus, 20 percent used transit, while among those
1/8 of a mile from a bus, 10 percent used transit.

A major component of riders attracted to new or revised bus
routes may be riders diverted away from other routes, as shown

in Table 4.
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Table 4. Source of Riders Attracted to New or Revised Bus Routes

Radial Routes Circumferential Circumferential

Source of to Suburbs Route @ 3 Miles Route @ 5 Miles
New Riders St. Louis (97) Boston (176#) Boston (176#)
Other Transit Routes 60% 94%5/ 87%2/
Auto 283/ 4% 13%

Walk and Other Means 12% 2% D/

New Trips | D/ less than 1% D/

A/ 81% of this diversion was from other routes on the same streets.
B/ 44% other bus routes and 43% rail rapid transit.
C/ 16% single auto driver and 12% carpool.

D/ Not reported.

Source: Pratt et. al. (1977), p. 182.
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2.3 Variable Work Hour Programs

The objective of staggered or flexible work hour programs is to
shift work trip travel away from the peak transportation system demand
periods. The desired results are a reduction in peak highway and tran-
sit system loading, improved transportation levels of service, and re-
ductions in energy consumption and vehicle emissions.

Traveler response to staggered work hour programs hgs been measured
at both terminal facilities, such as parking lots or transit stationms,
and on through facilities, such as highway or transit links. In both
cases, the shift in peak period travel demand has been shown to be sig-

nificant provided the employee participation rate is high.

2.3.1 Impacts on Work Starting Times

In April, 1970 the Port Authority of New York and New Jersey in
cooperation with the Downtown Lower Manhattan Association (D-LMA), ini-
tiated a staggered work hours program to determine the impact of spread-
ing out travel demands of workers on public transportation. Prior to
the initiation of the program a survey of employee starting times was
conducted by the D-LMA. The results shown in Figure 3 indicate that
for the 113 firms surveyed (representing 136,000 employees out of a work
force of 480,000) 66 percent of the employees were scheduled to start
work at 9:00, and 64 percent left work at 17:00 (O'Mally and Selinger
(1973)). 1Initially, 46,000 employees shifted their starting times from
9:00 to 8:30 and left at 16:30 instead of 17:00. Another 4,000 began
later, at 9:30 and left at 17:30. The program stressed a shift of at
least 30 minutes so as to require a definite change in commuting habits.
A dramatic flattening of the peak period arrival pattern occured as exem-

plified by the diagram of the temporal distribution of persons entering
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the Port Authority Building lobby shown in Figure 4. The number of ar-
rivals in the peak five minutes was reduced 29 percent (Port Authority
of Neﬁ York and New Jersey (1977)).

Of particular interest is the marked resemblance of the "before"
starting times in Figure 3 to a normal distribution shifted approxi-
mately 15 minutes prior to the 9:00 starting time. This distribution
corresponds closely to the statistics collected by Santerre (1966) on
work arrival times in Houston, Texas.

In the Queen's Park area of Toronto, a variable work hours demon-
stration involving approximately 11,000 government employees was imple-
mented in October, 1973 (Greenberg and Wright (1975)). 1In this program,
68 percent of thg employees were assigned to staggered work hours and
another 23 percent were placed on flexible work hours. Figure 5 shows
the effect of the variable work hour programs on work starting times.
The peak hour arrivals and peak 15 minute arrivals were cut in halff
For the employees on flexible work hours, 40 percent chose to commence
work before 8:00, whereas only 9 percent arrived after 9:00 -- an indica-
tion of a preference for earlier working hours.

Similar results were obtained in Ottawa, Ontario where half of the
central area workers (35,000 employees) participated in a variable work
hours program. All of the participants were federal government employees.
Figure 6 shows a 50 percent reduction in the peak 15 minute period arri-
vals for-government employees using transit. The AM peak hour to peak
period ratios of work place arrivals for employees using transit and
for vehicles entering and leaving parking lots were reduced 16.9 percent

and 13.5 percent respectively (Safavian and Mclean (1975)).
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2.3.2 Impacts on Peak Period Transit Demand

The lower Manhattan variable work hour program resulted in a com-
bined 26 percent reduction in the peak 15 minute passenger volume at
three of the busiest subway stations. During the 8:30 to 8:45 period,
just prior to the peak period, passenger volume increased 24 percent
at the same three stations (0'Mally and Selinger (1973)). This compares
with a 29 percent reduction in the peak for workers arriving at the Port
Authority Building lobby as shown earlier. Figure 7 shows the shifts
in passenger volume at these three major stations after the implementa-
tion of the program.

In the Ottawa demonstration, the peak hour transit passenger volumes
were reduced 8.4 percent and 19.2 percent as a percentage of the AM and
PM peak periods respectively. Transit passengers in the peak 15 minutes
were reduced by 21 percent in the morning and 29 perceﬁt in the afternoon
(safavian and Mclean (1975)).

For the Toronto program (Greenberg and Wright (1975)), data were
not collected to show the imp;ct of the variable work hour program on
total subway ridership. However, as shown in Figure 8, the peak distri-
bution of government employees riding in the Yonge street subway line
was shifted significantly following the beginning of the program in the
Queen's Park government center. The peak 15 minute government employee
volume was cut in half and the peak was shifted to an earlier time period
which may have resulted in some flattening of the overall demand distri-

bution on the subway line.

2.3.3 Impacts on Peak Period Automobile Demand

One of the most detailed studies of the impacts of a variable work

hours program on traffic volumes was performed on the Ottawa demonstration
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(1977), p. 298.
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Source: Greenberg and Wright (1975), p. 2.
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(safavian and Mclean (1975)). This study is particularly interesting
in that 50 percent of the total central area work force participated

.In this study, peak period traffic counts were made at a screen-
line (Screenline B) which encompassed the majority of the Ottawa central
business district (CBD), and at six CBD parking facilities. Figure 9
depicts the temporal distribution of automobile volumes crossing Screen-
line B entering the CBD area in the morning and departing from the area
in the evening before and after the beginning of the variable work hour
program. Figure 6 reveals that there was a slight decrease in the AM
peak 15 minute volume and the peak period was shifted 15 minutes earlier
than before. The total AM volume increased by 10 percent between the be-
fore and after periods, hence the complete impact of the program may have
been surpressed.

The change in PM traffic distribution was more defined. The dis-
tribution became more uniform and the peak 15 minute period was shifted
60 minutes earlier. The PM peak 15 minute volume decreased 17 percent,
even though the three hour total volume increased by six percent.

The traffic count data taken from the six CBD area parking facili-
ties showed a change similar to, yet more distinct than, that exhibited
at Screenline B. The AM and PM distributions of arrivals and departures
are shown in Figure 10. Stated as a percent of the peak period totals,
the program resulted in a 13.5 percent and 21.6 percent decrease in the
AM and PM peak hour arrivals and departures respectively. The peak 15
minute periods in the AM and PM realized a 13 percent and 30 percent
decrease respectively. These decreases are greater than measured at
the screenline because these traffic counts contain a higher percentage

of work trips involved in the program.



*1Z °d ‘(SL6T) UESIOW PUR URTABRJES :92INOS
‘Qed eme3130 UT € SUTTUDIIOS 3P SSUMTOA S[TqOWOINY ‘g 2INBTJ

P4 AYR ' WILYV e

35

NVBR 40 % SV OsCIwend @ 4, 034 240420 ———
aNNO8LNO aNNOeN!
e wv
009 ocs 006 oty 00 3 o.nsu-o ooe oce 008 oSt 0oL
A L 1 i 4 L i 1 i Il 1 '] L 4 I | 1 | 'l 'l 1 L i [
T T T T 4 1 .ﬂ- 4 v \J | v
4
4 £
< 1-"
_ s..!.:ug,ﬂ — _ gﬂﬂﬂﬂ o
I > o35 e s avevE™
4 =79 ov
- r——1
10|L.. Voo | ——
app— f s
— 1
) 09
-
— = ___ 1 1
obsz r||4_ -
1 !
t 3 —."J 08
L] .- M m |
r '
ll__ | 1% =
“ - 00!
i oS
] ._ LK
- 402 916 1562 Wil NILlgV
(X3 ZOv | cverz |04 390430 |
%) A30 | %) 0OIWdd Ra | IANTOA
Aa01s]| /uMnd Iviol




36

‘1z °d ‘(SL6T) UESTOK pue UPRTABRJES :30INOS
*S9TITITORd buryaed QgD eme3l3l0 XIS e SaWN[OA I[Tqowolny °OT 2InbrJg

GITIONANGD ANBIIMIAOS WUDGDJ © AWANOW ‘FBL LUOME NOILVZINAN

9000 $39v48 40 ¥IONNN WiO0L WILEY e
200498 —o——
SNNLYWIO0 : SVANNY
‘NNd ‘ny
009 ocs 006 oce 00v ) oce 00e o5t 004t
o 4—‘ 1 " A + 1 " 1 4 # 1 # 'l “ A1 “ ) -
SRR Wi > e
TN e ™
p R o |l
s T
b |
r— Aad m
=
[}
> 4 m 3
-y 09
g m m
| S—
091 1 s )
L 3
o r-—-
. 4 ] oot
08 1
0014 %
gt wnsN 20089 WA N 281 WLV 1900 W2A4Y
1 380420 t4€0 200400 381 380420 040 U040

21V ASNWNID0 SIUNLOWIO0 W02 BAVE LIWED0 SWAINNY WAO0L



37

A staggered work hour program at the 3-M company headquarters in
St. Paul, Minnesota was evaluated as being highly successfﬁl in reduc-
ing peak period traffic volumes at the company industrial complex (Owens
and Van Wormer (1973)). Expressed as a percent of the average daily
traffic (ADT), the AM peak 15 minute traffic volume entering the complex
was reduced 34 percent, and the AM peak hour volume dropped 25 percent
after the program was introduced. During the PM peak period, the 15 min-
ute peak period and peak hour volumes decreased 20 percent and 13 percent
respectively, when expressed as a percentage of the ADT. The effect was
significantly diluted on the highways in the surrounding area. For example,
the AM peak 15 minute period and peak hour traffic volumes were reduced
nearly 2 percent and 7 percent respectively when expressed as a percen-
tage of‘the ADT on major highways adjacent to the 3-M complex.

The implementation of staggered work hour programs has not always
been successful. Notably, a staggered work hours plan was adopted by
145 firms throughout the London, England central business district. Only
2 percent of the district work force participated in the program as a
result of opposition from business due to anticipated losses in business
efficiency. This, coupled with dispersed geographical locations of the
participating firms, resulted in a negligible impact on traffic or tran-
sit congestion (Dupree and Pratt (1973)).

The e¥perience in Atlanta, Georgia (Dupree and Pratt (1973)) dem-
onstrated the potential problems inherent in the planning and implemen-
tation of a staggered work hours plan. Even though the Atlanta Chamber
of Commerce obtained furing for planning and implementing a staggered
work hours plan in 1968, no plan has been implemented to date due to strong
opposition from business management and employees. Also, failure on the

part of the proper authorities to affect transit schedule changes prompted
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many low-income employees to resist changes in their work schedules.

Traveler response to flexible work hour programs is more difficult
to analyze because the timing of work trips is more at the discretion
of the employee. The literature review revealed little concrete informa-
tion concerning the real impact of flexible work hours on actual work
trip travel behavior.

However, one study did reach several relevant conclusions concern-
ing the impact of flexible work hours on commuting behavior. The Cali-
fornia Department of Water Resources (DWR) introduced a flexible work
hour program in 1974. Based on the responses to a survey of 576 DWR em-—
ployees, Jones et. al. (1977) concluded that flex-time is predominantly
used to improve the match between personal schedules, travel schedules,
and work schedules, rather than as an opportunity to change travel mode.
However, the responses indicated that flex-time increases the opportun-
ity for trial use of buses and carpools, and fhe direction of experimen-
tation was "positive" in terms of the frequency of ride-sharing. It ap-
peared that flex-time allowed transit riders and potential riders to match
work and bus schedules more closely, absorb a greater degree of unrelia-
bility in bus service without suffering the penalty of being late to
work, and schedule bus commuting so as to avoid the crush loads and seat-
less rides of the peak period. The authors also concluded that while
flex-time Qid not appear to be a powerful incentive for carpooling, its
marginal effect did seem to be positive due to an increase in husband-
and-wife carpools.

Flex-time seems to have improved the quality of the commute trip
experienced by many DWR employees regardless of mode. Sixty percent of
the respondents reported a favorable impact and 43 percent reported "a

major positive impact" in their ability to avoid peak period congestion.
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2.3.4 Summary of Impacts on the Temporal Distribution
of Transit and Automobile Traffic

Change in work schedules result in corresponding changes in the peak
period travel demand. The changes in the temporal distribution of travel
demand appear to vary in magnitude depending on the percent of the work
force involved in the variable work hour program, and the proximity of
the transportation facilities to the participating employment centers,
although neither relationship has been developed quantitatively. The
flattening of the distribution of peak period arrivals and departures
tends to become less as the distance from the participating employment
centers increases. This effect appears due to the increase of "non-
participants” in the travel demand patterns with increased distance from
participating employment centers.

It has been shown experimentally that the percent change in the ob-
served magnitude of the peak period automobile and transit demand result-
ing from a staggered work hour program will not exceed the percent change

in work trip arrivals or'departures (safavian and Mclean (1975)).

2.4 Previous Studies on the Simulation of Staggered Work Hour Programs

There have been only a few studies which attempt to determine the
impact of staggered work hour programs through simulation of the redis-
tribution of work trips during the peak period. None of these studies
attempted to translate the results into reduction in fuel consumption.

Betz and Supersad (1965) studied the impact of staggered work hours
on highway congestion in the central business district (CBD) of a hypo-
thetical city. Only the PM (work-to-home) peak period was considered
as the authors suggest that the evening movement is the more critical
of the two daily traffic peaks.

Their method of analysis consisted of an all-or-nothing assignment
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in five-minute time intervals, the identification of problem intersec-
tions (volume/capacity (v/c) ratio greater than 1) and the determination
of a possible staégered work hour schedule to eliminate problem inter-
sections. First, the intersection with the highest v/c ratio was select-
ed, and the largest employment center contributing traffic to this ap-
proach was identified. Then the finishing time of this employment center
was adjusted within a feasible range to lower the intersection v/c ratios
along the paths of the origin-destination pairs for the given employment
center. This process was continued for each employment center until all
intersection approaches had a v/c ratio less than 1.

The base case assumed all employment centers finished work at the
same time. The analysis attgmpted to determine the total amount of stag-
ger necessary (in five-minute periods) to reduce congestion at intersec-
tion approaches.

The traffic assignment in the researcﬁ by Betz and Supersad did not
include capacity restraints. The authors define the "net capacity" of
an approach to be the residual from practical capacity after accounting
for the non-work peak hour trips, and those trips from small employment
locations where quitting times could not be staggered. The "net capacity"
was used to calculate the v/c ratio.

The results indicated that variations in land use and highway net-
work patterns directly affect the efficiency of a staggering system. The
dispersed land use paitern showed significantly more intersections with
a v/c ratio greater than one when compared to the concentrated land use
pattern tested. However, the dispersed pattern showed a lower average
v/c ratio. Each pattern required a stagger of seven periods (35 minutes)
to relieve congestion for the no-freeway case. The addition of freeways

increased the required stagger to 14 and 13 periods for the dispersed

-
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and concentrated patterns respectively. The introduction of freeways
tended to increase the problem at those intersections which were already
critical, and increased the number and intensity of critical intersec-
tions for both land use patterns. It appears that a limiting factor in
the efficiency of staggering to relieve urban highway congestion is the
operation of expressway ramps and intersections.

A study by Santerre (1966) examined the feasibility of implement-
ing a staggered work hour program in Houston, Texas and evaluated the
potential reduction in freeway traffic as a result of various levels of
participation. Santerre surveyed various employment centers to determine
the number of employee vehicles using freeway exit ramps near their des-
tination. The employee arrival time was also sampled. Using only two
employment centers, it was estimated that by removing all of their arri-
vals from the peak hour (7:00 AM to 8:00 aM), the average volume measured
during ten-minute intervals on the freeway near these locations would
be reduced 9.5 percent for the inbound lanes. Santerre concluded that
the magnitude of change required to achieve an optimum staggered work
hours plan to alleviate morning peak period traffic congestion was not
excessive.

Tannir (1977) attempted to simulate the effects of a staggered work
hour/four day work week program on the operational efficiency of a high-
way networ} serving a high-density employment area in a medium-sized
city. In this study only a very small portion (0.2 percent) of the total
vehicle trips using the highway network are included in the simulated
staggered work hour program. These trips all had the same work desti-
nation. The results indicated the influence of the staggered work hour
program was confined to within a two-mile radius of the destination.

Given the small number of trips involved in the staggered work hour
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simulation and several shortcomings in the technique used, the conclu-
sion by Tannir that the staggered work hour program realized only margi-

nal benefits is less than definitive.

2.5 Justification for the Research

The intent of variable work hour programs, from the urban transpor-
tation point of view, is to reduce the vehicular traffic congestion and
the transit passenger peaking that occurs during the average work day.
The objective of lowering and spreading the peak period demand over a
longer time period is to increase the efficiency of existing transporta-
tion facilities.

It is apparent from the literature review that variable work hour
programs can be a successful alternative for reducing the congestion of
peak period travel. However, the degree to which the reduction in conges-
tion can be translated into a savings of transportation fuel is unknown.
There are also some contradictory statements made about the potential
capabilities of combining variable work hours with improvements in tran-
sit service to further enhance the overall level of effectiveness of the
TSM strategies.

The level of effectiveness of variable work hours appears to be depen-
dent on several factors, including:

1. The level of participation in the work force;

2. the relative location of the employment centers participating;

3. the degree of coordination of transit scheduling with the work

hours programs; and

4. the highway network configuration.

The relationship between these factors and the potential for energy

conservation is unknown. If variable work hour programs are to be given
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serious consideration as a potential means of reducing fuel consumption
for the urban work trip, these relationships must be investigated. This
research concentrated heavily on factors one through three listed above.

The investigation of factor four was not a part of this research effort.



CHAPTER III

The Modeling System

3.1 The Model Requirements

Since the objectives of this research did not include the develop-
ment of a modeling system, it was necessary to identify and utilize a
modeling system which was capable of accurately simulating the travel
impact of the transportation system management (TSM) policies tested
and of estimating the energy requirements of the resultant travel pat-
terns. The minimum requirements of the modeling system are shown in
Figure 11.

The broken flow lines in Figure 11 represent the feedback mechanism
necessary to evaluate the impaqts of traffic congestion on mode choice,
network assignment, and énergy consumption. The capability to evaluate
the impacts of congestion or reductions in congestion is the heart of
the modeling system. It was assumed that the overall work travel demand
patterns were fixed and were unaffected by fluctuations in the cost or
time required for travel.

The research required a modeling system that included a mode choice
model that incorporated the elements of travel time or cost, such as
in-vehicle travel time, walk time, and, for transit passengers, waiting
time. It was necessary, especially for automobile travel, that in-vehicle
travel time be related to highway congestion. 1In this way the impact
on mode choice of increases or decreases in congestion could be shown.

It was also necessary that the model be capable of relating changes
in mode choice to changes in the frequency of transit service. 1In this
way the effects of frequency changes could be tested along with the

variable work hour programs. It was anticipated that the simulation

44
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of variable work hour programs and coordinated variations in bus schedul-
ing would result in lower fuel consumption.

This research also required a model in which the energy consumption
for automobile and transit travel were computed separately. This permitted
the evaluation of policies affecting both modes, and allowed for the simu-
lation of coordinated transit policies and variable work hour programs.

The last major requirement of the modeling system was the capabil-
ity to simulate the variable work hour programs. That is, the model
had to be capable of simulating work travel over several distinct time
elements so that the impact of a change in the proportion of travelers
during each time element could be tested.

The MOD3 modeling techniques used by Peskin and Schofer (1977) satis-
fied most of the requirements of this research, and fit within the limi-
tations of the available computer system. The program utilizes an ag-
gregation of generally accepted techhiques for transportation and land

use planning, and was deemed acceptable for use in this research.

3.2 The MOD3 Model

MOD3 is based on the modeling structure developed by Edwards (1975)
and later extended and modified by Bowman et. al. (1975), and by Peskin
and Schofer (1977). Only those portions of MOD3 that are considered
relevant to this research effort are discussed. More detail can be ob-
tained by referring to earlier research reports cited above.

MOD3 is a large-scale computer model which simulates the spatial
development of an urban area, forecasts the passenger travel that takes
place during a single day, and computes the energy consumption resulting
from that travel. A flow diagram for MOD3 is shown in Figure 12. 1In
effect, the model combines the elements of land use distributions, mode

choice, and network assignment with an energy consumption module for
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work trips. The model can also be used to predict energy consumption
for non-work trips, but these trips are not part of this research study.
The land use portion of this model interacts with the travel portion
in three distinct stages to sequentially develop incremental "layers"
of land use. The first stage, the base run mode, is the description
of the base or existing land use patterns. This description is accom-
plished by exogenously defining the basic employment statistics at the
zonal level and the highway and.transit network configuration. MOD3
uses a land use model to establish the population and service employment
distribution pattern, and then proceeds to develop the initial stage
travel patterns and energy consumption. 1In this stage, changing the
values of the input parameters representing travel time or cost, or al-
tering the highway or transit network configuration will impact the re-
sulting population, service employment and travel distribution for a fixed
zonal level of basic employment and a fixed set of land use parameters.
The second stage, the incremental run mode, involves the generation
of an incremental layer of growth representing the distribution of ad-
ditional population and employment for some future date. At this stage,
a change in the values.of the transportation variables impacts the dis-
tribution of population, employment, and travel of only the additional
growth layer. The distribution of those elements generated in the base
stage remain fixed. However, the mode choice and network assignment
is affected by changes in the values of the transport parameters at the
incremental level. The final stage represents the future state of the
urban area, and is defined by the combination of the base and incremental
layers.

As originally developed, the policy testing capabilities of MOD3
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are at the incremental level. .That is, changes in policy are made at
the additional growth level to test the impacts on the future develop-
ment of the urban area. The relationship between the base and incremen-
tal stage of MOD3 is shown in Figure 13. Each stage is defined in a
separate computer run, with the combination of the base and incremental

stage made during the incremental run to produce the future state.

3.2.1 MOD3 Program Availability and Computer Requirements

The Fortrgn version of MOD3 used in this research and sample data
sets were obtained on magnetic tape from the Department of Civil Engineer-
ing at Northwestern University in Evanston, Illinois. A printed listing
of the program and complete documentation is available in the Doctoral
Dissertation by Peskin (1977). '

MOD3 is a rather large computer program having approximately 3,500
lines of Fortran coding. A typical data set for an incremental run is
approximately 1,130 lines in length. Peskin (1977) indicates that the
execution time of MOD3 for a typical incremental run was under 65 seconds
on an IBM 370/195 computer, with central processor storage requirements
under 61,000 decimal words. For this research, MOD3 required approxi-
mately 170,000 octal words of centeral processor storage on a CDC Cyber
750 computer, with an execution time under 45 seconds.

As a result of the large size of the program and data sets, data
manipulation and program execution were performed using a remote terminal.

A compiled version of the program and the data sets were stored on mag-

netic disks. Printed output was received through a high speed line printer.

3.2.2 The Land Use Model

In MOD3, the allocation of land use, population, and service-type

employment is based on a Lowry-type (Lowry (1964)) land use model, which
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was developed and calibrated in conjunction with the Pittsburgh Regional
Economic Study using data assembled in the Pittsburgh Area Transporta-
tion Study. With an exogenously specified set of constraints on available
land, acceptable residential densities, and minimum sizes of employment,
the Lowry-model allocates the spatial distribution of urban activities.

Figure 14 shows the basic structure of the Lowry-type model and
depicts the iterative nature of the activity allocation process. The
process initially apportions the exogenously specified zonal basic em-
ployment to residences based on the relative accessibility of each zone
to all other zones. Basic employment is defined as employment in those
industries whose products or services depend on markets external to the
region under study. Typical of industries that might be considered as
basic are manufacturing, national financial institutions, and university
employment.

The population of each zone is then established by factoring in
the labor force participation rate. The level of service employment
in each zone is a function of the population of the zone and the rela-
tive accessibility. The service employment is allocated to residences
and the associated population is again calculated. The resultant in-
crease in population requires more services, and the iteration process
continues until the incremental population and service employment approach
zero.

The relative accessibility from zone i to zone j for trip type k
is used to allocate population and service employment, and is defined
by a gravity model of the form:

k k

ij k

u £
. r (1)
13 vu, e K
3 i Tij
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where

A,. = the relative accessibility from zone i to zone j for trip
1]
type k,
U. = a balance factor in the iterative structure of the Batty (1972)
version of the Lowry model, used to prevent over-allocation
of workers to residences in zone j,

G. = the exogenously specified utility or location attraction of
zone j for receiving population (for work trips) or service
workers (for service trips),

f?j = the interzonal friction factor, a relative measure of the
impedance to travel from zone i to zone j for trip type k,
a function of the travel time and the dollar cost of travel
(including gasoline costs for automobile trips), and
k

r = the trip generation rate per household for trip type k, as-
sumed equal to 1.0 for work trips and exogenously specified
for service trips.

The denominator in equation 1 is the cummulative interzonal #ccess-
ability from zone i to all other zones. Therefore, aij can be interpreted
as the probability of travel between zones i and j from work to home
or from home to a service site.

The trip interchanges are based on the attractiveness of each zone
relative to all other zones in terms of the allocated zonal activities
and are computed using a gravity model with all friction factors equal
to 1.0, based on the work by Voorhees (1968) for work, social-recreational,

and nonhome-based trips. The relationship has the form:

P, A,

k i’j
T,. = 2
1573 Aj (2)
3

where
th = the trips froﬁ zone i to zone j for trip category k,
Pi = total population in zone i, and
{ for work trips: total employment in 2zone j.
A, =

for service trips: service employees in zone j.
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This computation only represents half of the total trips. That
is, either the work-to-home portion or the home-to-service site portion
of the trip is simulated. The model multiplies the computer trip inter-
change by a factor of two to estimate the total daily travel.

The interzonal impedance factor, fij' in equation 1 is an integral
element in the relationship between transportation and land use. An
interative computation of land use is used by MOD3. The highway network
congestion depends on the arrangement of land uses which are distributed
based on relative accessibility. The essence of the transportation/land
use feedback is shown in Figure 15.

The generalized cost of travel is defined by a composite of the
dollar cost of travel and the dollar value of travel time. The linear

function used to compute the generalized cost of travel is defined by:

C,
GC..=¢t,. + _13]
1] i)j v (3)
where

ij = the generalized cost of travel from zone i to zone j,
tij = travel time between zone i and j in minutes,
Cij = dollar cost of travel between zones i and j, and

V = value of travel time in dollars per minute.

The generalized cost of travel is used to compute friction factor

values and to define the minimum cost paths on the highway network.

3.2.3 Mode split

The MOD3 program uses a binary logit mode split mode of the form:

G

e
L, = (4)
13 1+ eG
where
P.. = the probability of a trip from zone i to zone j by automobile,

13 and
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e = the base of the nautral logrithm.

The exponent G has the form:
G=q+ (W, - wT) + s(TA - T, # t(CA = Cp) + u(Own) (5)
where

q, r, s, t, u = coefficients from model calibration for each trip
type,
WA' wT = automobile and transit walk times,
T_ = automobile in-vehicle travel time, including parking,

T = transit in-vehicle travel time, including waiting
time,

C, = automobile out-of-pocket costs (gasoline and parking),
C_ = transit out-of-pocket costs (fare and transfer fees),
Own = average automobile ownership per household.

Talvitie (1972) indicated that the logit formulation yields results
comparable to other forms of probabilstic modal choice models. Stopher
and Lavender (1972) concluded that the logit formulation was preferrable
to other forms of probabilistic mode choice models because the model
is less time-consﬁming to calibrate and less cumbersome to use.

The model formulation was ideal for this reéearch because it indivi-
dually incorporated several aspects of travel time and cost which relate
to mode choice. With this formulation the mode choice was sensitive to
both out-of-pocket costs and to the indirect costs of transportation
such as congestion and passenger wait time.

The values of q, r, s, t and u included in the MOD3 package and
used in this resgarch are those from a study by Charles River Associates
(1972) for Pittsburgh, Pennsylvania. These values were used in this
research primarily because they represent the required coefficients cali-
brated to this model structure for a single metropolitan area. It was

decided that this consistancy was more important to the modeling process
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than selecting coefficients from several different studies of smaller
urban areas. The values for the calibration coefficients are shown in

Table 5.

Table 5. Calibration Coefficients for the Mode Split Model

Tri g r s t

|e

Work Trips -4.8 0.11 -0.04 -2.2 3.8

Source: Peskin (1977).

Included in the transit in-vehicle travel time is a factor represent-
ing the average passenger waiting time. This factor is a function of
the frequency of transit service and is expressed as:
0.5(6Q/FREQUENCY), Frequency < 4 vehicles/hr.
Wait ={ (6)
3.25 + 0.25(60/FREQUENCY), Frequency > 4 vehicles/hr.
This represents the wait time distribution shown in Figure 16. It was

through this wait time factor that the mode split was made sensitive to

transit frequency.

3.2.4 Network Assignment

The assignment of automobile trips to the highway network is accom-
plished within MOD3 using a capcity-restrained equilibrium aésignment
algorithm first developed by LeBlanc (1973) and applied by Bowman, et.
al. (1975). The computation begins with an all or nothing assignment
of automobile trips to the minimum time (or generalized cost) path between
zones. These flows are adjusted by evaluating each link volume and the
speed-volume curve to determine the combination of flows which yields
the lowest value for the objective function of travel time or.cost.

The equation used to describe the volume/travel time relationship

is given by:
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Figure 16. MOD3 Average Passenger Wait Time as a
Function of Transit Vehicle Headway.
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4
T, = Toi (1 + 0.15 (vi/ci) ) _ (7)

where

actual link travel time,

=]
]

link free flow travel time,

L]
L]

<
]

assigned link volume, and

C, = link free flow capacity (the volume at which congestion begins).
This relationship is the formula used by the Federal Highway Administra-
tion for capacity restrained network assignments (COMSIS Corporation
(1973)). It is strictly convex increasing, which results in an increase
in travel time for each additional unit of volume.

The objective function employed by this algorithm to evaluate the

optimality of the automobile assignment has the form:
. _ 5 .
min 2 = g [(T_,) (V) +(0.2) (T_.) (B,) (V})] (8)

where

Toi and Vi are defined as before,

Bi = 0.15/C§, and

Ci is also defined as before.

The first term in equation 8 represents the vehicle-minutes of travel
on the network at the free flow link travel speeds. The second term
represents a portion of the additional vehicle-minutes of network travel
that result from the increase in congestion as vehicles are added to
the network links.

Equation 8 is the integral of equation 7 with respect to link volume,
and is evaluated at the assigned link volume, Vi' This algorithm repre-

sents a system-optimization technique, as opposed to an individual user-

optimization, in the sense that the average travel time is minimized
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(Wardrop (1952)). With an individual user-optimization algorithm, travel
times on alternative routes between each pair of intersections are equal
and are less than the.travel time that any individual vehicle would ex-
perience by selecting any of the unused routes (Wardrop (1952)). Ward-
rop (1952) indicated that user-optimization is likely in practice since
each driver will tend to select a route that will reduce his travel time
to a minimum, while system-optimization is the most efficient in that
it minimizes the total vehicle hours spent. This algorithm ignores the
influence of intersections and transit vehicles on traffic congestion,
and is only a static assignment technique in the sense that vehicles
entering the network during different time elements do not interact.
The length of the time segment being simulated must be exogenously speci-
fied in terms of the free flow capacity per unit of time for each link
of the highway network.

For this research the assignment algorithm employed by MOD3 was
used to identify the congested traffic links during the peak period.
This information was used in turn to identify transit routes where the
addition of transit vehicles would result in the greatest reduction in
congestion.

Transit trips are not specifically assigned to transit routes by
MOD3. All transit trips between zone pairs are assumed to travel on
the tiansit minimum time path. Changes in demand on each route can be
traced by examining zone éair mode split values, provided there is a
unique transit connection between zone pairs.

The transit minimum time path algorithm used was developed by
le Clerq (1972) and modified by Bowman et. al. (1975). The algorithm
determines interzonal transit travel times by combining parallel route

service and weighting the differing route times by their respective
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frequencies of service. The time spent waiting is based on the combined

frequencies of the parallel route services. The resulting travel time
includes in-vehicle time, wait time, transfer time, walkiﬁg time in trans-
fering between routes, and walking time between zones. Walk time to
and from transit at the destination is not included.

The algorithm does not include the impacts of automobile congestion
nor the time required for passengers to board and alight in determining
the minimum transit paths. However, these were not considered to be major

weakness for this research.

3.2.5 Non-Work Trips

MOD3 simulates the total travel for an urban area for an entire
day; In doing so, MOD3 generates and distributes trips for four non-
work trip categories including non-home based trips, social trips, and
two types of service trips. Work trips are computed considering the
effects of congestion on the highway network while non-work trips are
not. Hence, only work trips are assigned to the network using the capa-
city restrained assignment technique.

The simulation of non-work trips was not an integral part of this
research. Therefore, the reader is referred to the work by Peskin and
Schofer (1977), for details on the formulation of these trip categories.
However, the existence of non-work trips in the traffic stream is acknow-
ledged through adjustements in the available highway capacity for work

trips (see the discussion in Section 3.3).

3.2.6 Automobile Fuel Consumption

The computation of automobile fuel consumption in the MOD3 program
is processed for each link of the network based on a specified speed/

fuel consumption relationship for both automobiles and transit vehicles.
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The relationship for automobile gasoline consumption used by Peskin

and Schofer (1977) was discarded because the fleet gasoline consumption
rates had changed enough to warrant the re-evaluation of the relation-
ship. A relationship that not only considered the effect of congestion
on fuel consumption, but also reflected the current automobile fleet
distribution was more desirable.

Using data collected by driving instrumented vehicles in urban traf-
fic, Evans et. al. (1976) and Chang et. al. (1977), showed that the fuel
consumed per unit distance could be expres;ed as a linear function of

the trip time per unit distance. The relationship is expressed as:

¢ =k, +k, t; (V<= 60 km/hr) (9)
orxr

; (¥ <~ 60 km/hr) (10)

¢ = fuel consumped per unit distance,
E = fuel economy (km/l1 or mi/gal),

t = average trip time per unit distance (T/D)
where D = trip distance
T = trip time,

v

average trip speed D/T, and
k1 and k2 are calibration constants.
Hence the total fuel consumed, F, for a trip of distance D in time T

can be expressed as:

F = le + k2T (11)

for T in seconds or minutes,
D in kilometer or miles, and
F in milliliters or gallons.

Chang et. al. (1976) calibrated equation 9 to data collected for
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a series of "microtrips" (travel between consecutive stops) for a single

vehicle. This yielded k1 and k2 values of 112 ml/km (0.048 gal/mile)
and 1.05 ml/s (0.0166 gal/min) respectively. With these values, equa-
tion 11 can be rewritting as:

¢ 112 + 1.05 t (t in seconds per km)

or - (12)
¢ = 0.048 + 0.0166 t (t in minutes per mile)

although the correlation coefficient value was not given, the graphical
approximation of equation 11 to the actual data appears excellent (see
Figure 17).

This relationship was used by Chang to predict the fuel consumption
of 26 "mactotrips" (trips starting and ending at a specific location
made up of a series of microtrips) ranging in length from 8 to 36 kilo-
meters. The predicted fuel consumption differed from the observed by
-6.3 to 9.3 percent, with a root mean square value of 3.8 percent. The
mean error in the prediction was not reported.

Similar tests were run with vehicles of various weights and engine

sizes, with calibration done to determine the values of k., and k2 for

1
each vehicle. Chang reports that the results appear to be independent

of roadway type, traffic conditions, and the driver. For the vehicles

tested, k, was found to be approximately proportional to vehicle mass

1
in kilograms (k1 = 0.0484 (mass)), and k2 was approximately proportional
to the fuel idle flow rate in ml/s (k2 = 1.21(idle flow rate)).

Atherton and Suhrbier (1979) used the results of field tests con-
ducted by the Union 0il Company (West (1976)) to compute the coefficients
kl and k2 for the 1976 composite automobile in the United States. Union
0il tested 106 vehicles (all 1975 model year) of various sizes and weights.

Fuel consumption under three types of driving cycles was measured:

- Urban cycle with 15.6 mph average speed and 4 stops per mile,
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- Suburban cycles with 41.1 mph average speed and 0.4 stops per
mile, and

- Interstate cycle with 55 mph average speed and zero stops per mile.

All vehicles were fully warmed-up before testing. Using the linear
relationship for fuel consumption rate in equation 8, the values of kl
and k2 were determined for each automobile. The data from the urban
and suburban cycles were combined to approximate the range of speeds
used in the study of Chang. The interstate cycle fuel consumption rates
were outside the range of linearity. The coefficients k1 and k2 computed
for nine automobile weight classes are shown in Table 6.

Atherton and Suhrbier (1979) used the results of the Union 0il study
to develop a fuel consumption rate estimate for a composite vehicle rep-
resenting the average automobile on United States highways in 1976. The

resulting values of kl and k., are shown in equation 13.

2
¢ = 0.0425 + 0.01 t gal/mi. (13)

where
kl is in gal/mi,

k2 is in gal/min, and

t is in min/mi.

This relationship is plotted in Fiqure 18 along with the relationship
used by Peskin and Schofer (1977) in MOD3.

Another technique used to compute the energy consumption of urban
traffic is used in the network simulation model (NETSIM) developed by
Lieberman et. al. (1977). The NETSIM simulation program is one step
higher in level of sophistication for the calculation of fuel consumption

rates in that the procedure incorporates the influence of vehicle accel-

eration directly into the fuel consumption estimate. The fuel
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consumption/speed-acceleration relationship used in NETSIM is shown in
Figure 19.

In two separate reports (Evans and Herman (1978), and Evans (1979))
it has been shown that the simulated fuel consumption rates generated
by NETSIM can be approximated accurately by a relationship of the form
of equation 8. Evans and Herman (1978) calibrated equation 8 to data
generated in a simulation study by the Honeywell Traffic Management Center

(1976) for a network of 34 intersections. The results were:
¢ = 0.047 + 0.0133 t gal/mi (Vv < * 35 mi/hr.) (14)

where

t is in min/mi.

The values of kl and k2 used in equation 14 yielded an r2 (square of the
correlation coefficient) value of 0.998 and a root mean square error in
prediction of 2.21 when compared to the Honeywell data.

Evans (1979) also showed that equation 14 closely approximated the
NETSIM fuel consumption statistics reported by Christopherson and Olafson
(1978) . The values of kl and k2 in equation 14 also compare favorably
to the values in equation 13 generated for the 1976 composite vehicle.
The relationship in equation 14 is also plotted in Figure 18.

It can be seen in Figure 18 that the relationship originally used
by Peskin and Schofer (1977) in MOD3 uses slightly higher fuel consumption
rates than either equation 13 or equation 14 for speeds less than 12 mph
and 20 mph respectively. Equation 13 uses a lower fuel consumption rate
than equation 14 for the entire range of speeds. However, it should be
noted that equation 13 represents the fuel consumption relationship.for

a fully warmed-up vehicle. Atherton and Suhrbier (1979) report that cold-

start condition, typical of most urban work trips, reduces fuel economy
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by almost 45 percent for short trips. The percentage reduction in fuel

economy for cold starts compared to the fully-warmed-up condition decreases
with trip length and ambient temperature. Figure 20 represents an example
of this relationship for an ambient temperature of 10 degrees Centigrade.
With the assumption that the majority of urban work trips are made
under cold start conditions, the linear approximation of the fuel effi-
ciency relationship in equation 14 was used in place of the relationship
used by Peskin and Schofer. This relationship satisfied the criterion
for selection in that it appeared to more accurately represent the current
vehicle fleet mix fuel efficiency over the range of speeds tested, and
it considers the effect of congestion on fuel consumption.
Within the MOD3 program, the automobile fuel consumption computa-
tions are expressed in British Thermal Units (BTU's). The conversion
factor used in this research was 125,000 BTU's per gallon of gasoline

consumed (Macy and Paullin (1974), p. 4).

3.2.7 Transit Fuel Consumption

Transit fuel consumption was based on data generated from simulation
tests by the General Motors Corporation (1974) for vehicle speeds ranging
from 5 to 30 miles per hour in increments of five miles per hour. This
relationship is shown in Figure 21. MOD3 requires that the transit bus
fuel economy be expressed in increments of 5 miles per hour of speed from
2.5 to 27.5 miles per hour. The GM data were interpolated to meet these
requirements. The data point for the speed of 2.5 miles per hour came
from Peskin and Schofer (1977).

This relationship neglects the influence of bus age, number of stopé
per mile, season, and the number of bus passengers. It is also for a high-

way of zero grade. The effect of congestion is ignored, and buses are
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Figure 20. Rate of Cold Start to Fully-Warmed-Up Fuel Economy
asoa Function of Trin Length (Ambient Temperature
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Source: Atherton and Suhrbier (1978), p. A-15.
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Figure 21. Diesel Fuel Economy for Transit Buses.

Source: Sanders et. al. (1979) p. III-8. Cited from
General Motors Corporation (1979).
Data are based on Standard GMC 5l1-Seat Passenger Bus
Equipped with Standard Diesel Engine (6Y71N/CS1).

Data point from relationship used by Peskin and
Schofer (1977).
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assumed to travel over each link at an exogenously specified speed.

The conversion of gallons of diesel fuel consumed to BTU's was based

on a factor of 138,800 BTU's per gallon (Macy and Paullin (1974), p. 4).

3.3 Limitations of MOD3 for this Research

MOD3 is an aggregation of several modeling techniques commonly used
in urban transportation planning. The overall structure of MOD3 has only
once been subjected to a validation attempt to replicate a real city (Bow-
man et. al. (1976) study of Amarillo, Texas). The model estimated only
30 percent of the total vehicle miles traveled and only 37 percent of
the total gasoline consumption for all trip types. Recognizing that some
trips are not generated by MOD3, and that gasoline sales data were impre-
cise, Bowman et. al. concluded that the model was doing a reasonable job
of simulating energy consumption since some of the aggregate measures
of travel, such as link flows and travel time distributions, were close
to those observed in the real city. The estimated work trip component
of fuel consumption generated by MOD3 has never been separately validated
with respect to real world data, however it is assumed to be more accurate
than the total fuel consumption estimate since work trips can be more
accurately modeled than other trip types.

The individual components of MOD3 have an accepted theoretical founda-
tion, and have had application in many transportation studies. However,
many simplifying assumptions have been built into the model theory and
structure. Some of these assumptions could have an important adverse
impact on the experimental results, while others may not affect the results
to a significant extent. In many cases, the degree to which these assump-
tions affect the results cannot be quantified.

The adaptation of the MOD3 program to evaluate short-term as opposed
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to long=-term transportation impacts eliminates the important model limita-

tions that are an outgrowth of the future projections. Whether or not
the model produced realistic future land use or transportation patterns
was not an issue in this research. It was only important that the model
generate a reasonable land use pattern, reflecting the influence of the
exogenously specified data, to be used as a basis for analysis. However,
several types of trips usually encountered in daily urban traffic are

not simulated by MOD3. These include trips from outside the urban area
as well as commercial, recreational, dual mode and taxi trips. This did
not represent a significant problem for this research in that the impact
of these trips on traffic congestion was accounted for through adjust-
ments in the highway link capacity available for work trips. Voorhees
and Morris (1959) have indicated that urban work trips often account for
60 to 70 percent of all trips during peak hours. Only work trips are
assigned to the network by MOD3; other trips were accounted for through
adjustments in the free-flow link capacity. Neglecting work trips that
enter from outside the boundaries of the urban area would certainly force
the model to underestimate fuel consumption. The magnitude of this impact
is directly proportional to the number of trips which might be expected
to enter the urban area for a city of the size simulated.

The network congestion levels generated by MOD3 are a direct result
of the specified capacity for each link, the number of links available,
and the network assignment technique used. The link capacity values,
although subjective, were based on the information contained in the High-
way Capacity Manual (1965) for arterial highways. Clearly, the specifica-
tion or adjustment of link capacity would have a profound impact on fuel
consumption. The congestion levels generated by MOD3 may be unrealistic

due to the user specified capacity levels, in which case the fuel
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consumption levels would certainly be biased in the direction opposite
to the error of the specified link capacity values.

The number of available highway links would also restrict available
highway capacity. The program limitations on the number of links that
can be specified, and the network configuration, may have restricted avail-
able highway capacity in such a manner as to generate unrealistically
high congestion levels. Unrealistically high congestion levels used as
a basis for analysis could result in an overestimate of policy effective-
ness on energy consumption as congestion levels are relaxed.

Two important factors must be mentioned regarding the traffic assign-
ment technique used by MOD3. First, the capacity-restrained equilibrium
assignment attempts to minimize total travel costs on the network. This
represents a system—optimization as opposed to a user-optimization algor-
ithm. User-optimization is generally regarded as the more realistic route
selection criteria, since it is unlikely that individual drivers recognize -
the effect of their decisions on total system travel costs, or value system
efficiency above their own time savings (Hatfiéld (1979)). Unfortunately,
it is difficult to model the route selection process of individual drivers
subject to congestion delays. The general result of a system-optimization
algorithm would be a lower total congestion level than would be expected
with a user-optimization approach. This, in turn, would result in a lower
fuel consumption level.

The second factor pertaining to the assignment technique concerns
the iterative nature of the optimization algorithm. The algorithm oscil-
lates higher and lower than the optimum, while approaching closer to the
optimum after each iteration. It is possible that after the specified
number of iterations have been performed, that the optimum set of flows

has not been reached. This may result in the values of total fuel consumption
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in some experiments being less than optimum, while others are greater,
thus affecting the accuracy of the comparisons. Experiments during this
research indicated that the number of iterations required to dampen the
magnitude of the oscillations increased with an increased level of over-
all congestion, but the total effect of this is unknown.

The limited number of zones and highway links in the city structure
may also have biased the results. The small size of the city may have
resulted in work trips that are unrealistically short. This would cause
an underestimate of the magnitude of the total fuel consumption, but should
not severely alter the relative results measured between experiments.

The limited number of zones and highway links in the CBD of the simulated
city may have resulted in a degree of congestion in the central business
district that is unrealistically low. This would also cause an underes-
timate of the fuel consumption, and could also have caused an underesti-
mate of the effectiveness of the policies tested.

MOD3 does not consider the congestion impact of transit vehicles
in the traffic stream. To facilitate the estimation of the impact of
transit on congestion or vice versa would necessitate the simulation of
transit vehicle stops and passenger boarding and alighting. This could
become an important factor if the frequency of transit trips on a selected
route is increased to encourage transit travel or if the estimated number
of transit trips increased beyond the transit system capacity. More trans-
sit vehicles and longer stops would decrease the capacity of the highway
link. For this research, the small city size and the limited number of
transit vehicles simulated on each route were such that this was.not con-
sidered to have a significant impact on link congestion.

MOD3 does not assign transit trips to the transit network. Where

multiple transit routes exist between zones it would be difficult to trace
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variations in transit ridership to changes in transit service character-
istics. However, MOD3 does generate a mode split origin-destination matrix
"which can be utilized to chart variations in transit ridership. 1In this
research the hypothetical city was served by only one transit path between
zone pairs. Multiple routes existed only in the central business district
(CBD) of the test city, but work travel between CBD zones was virtually
nonexistant in the simulation. |

The constant and coefficient values in the logit mode split values
are assumed to remain constant over time. The degree to which this assump-
tion remains valid as the policy parameters in this research change is
subject to question. The extent of this effect on the experimental results
is unknown.

Another exogenously specified constant is the automobile occupancy
rate. A more realistic approach would be to'specify automobile occupancy
as a function of the level of service of automobile and transit travel,
and as a function of energy availability. These considerations were not
made in MOD3 because of the complex nature of the relationship. It is
thus possible that an unrealistic description of travel resulted from

the fixed value of automobile occupany.

3.4 Modifications of MOD3 for this Reasearch

There are two facets of MOD3 which restricted its application in
this research. These limitations were such that modification of the MOD3
procedure was required. The first modification concerned the adaptation
of MOD3 to the evaluation of short-term, rather than long-~term, policy
impacts. As originally written, the model automatically applied an incre-
mental layer of growth to the urban area for a projected twenty year time

horizon. Changing the values of data supplied for various transportation
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parameters would cause a change in the living, working, and travel pat-
terns of the incremental growth layer such that short-term changes in
travel due to policy alternatives could not be tested. It was necessary
to add the option of maintaining a fixed pattern of urban dgvelopment by
surpressing the incremental growth layer. This resulted in a fixed origin-
destination matrix for work travel, and allowed the simulation of short-
term policy alternatives.

The second severe limitation in MOD3 encountered in this research
is the static network assignment technique used by this simulation package.
The temporal distribution of the work trips entering the network is uni-
form for the time period implied by the specified free—flow‘link capacity.
This is unrealistic, and hampers the effective simulation of a variable
work hour program. The model was modified to allow only a specified por-
tion of the total work trip matrix to be loaded in the network for a speci-
fied time period. Further flexibility was gained by assigning only a
portion of the work trips to be-loaded from different zones. This permits
the simulation of traffic entering the network in specific time increments
and yields a more realistic representation of the temporal distribution
of traffic flow during the peak period. Even so, the assignment techni-
que is static in that vehicles from different time increments do not inter-
act on the network. The impact of this interaction on energy consumption
is unknown. However, given the relatively short average work trip lengths
(approximately 3 miles) it is doubtful that trips originating in different
time elements would interact significantly provided the time elements
simulated are longer than about 10 minutes. Therefore, the effect of
this interaction on energy consumption was assumed negligable. The details
of these changes to the computer program are contained in Appendix A.

Overall, the degree to which the limitations and assumptions within
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MOD3 affect the realism of the results is unknown. Clearly, the inter-
pretation of the results should be made with an understanding that the
assumptions could be unrealistic. This discussion has attempted to iden-

tify some of the potential problems in interpreting the research results.



CHAPTER IV

The Simulation Process

4.1 Introduction

The simulation process and the evaluation of the work trip transpor-
tation energy requirements were performed using an adapted version of
the MOD3 modeling package (Peskin and Schofer (1977)). The analysis in-
volved the simulation of the activity distribution and travel patterns
for a hypothetical city of 100,000 people. The analysis was composed
of a base case representing the existing conditions of the city and several
test cases consisting of alternative variable work hour configurations
and transit bus scheduling policies. Both the variable work hour and
the transit scheduling programs were tested alone and in combination to
judge the impact of the individual action and the combined effect of both
types of policies.

As originally written, the MOD3 program was designed as a tool to
evaluate the longer-term impacts of transportation and land use policies
on future urban development and travel patterns. For this research, the
program was modified to maintain a fixed work trip pattern irrespective
of the policy alternatives tested. This allowed for the evaluation of
TSM policies without alteration of the work trip travel demand patterns.
The results can be interpreted as reflecting the short-term impacts that
might be experienced in a situation where changes in living patterns were
not immediately possible. The impacts on work trip travel were confined
to mode and route selection.

The overall evaluation procedure used is shown schematically in
Figure 22. The procedure consisted of the generation and evaluation
of a base case and the valuation of several variable work hour programs and

80
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alternative transit policies. The dashed line in Figure 22 represents

the feedback from policy evaluation to alternative policy selection.

4.2 The City Structure

The city structure was selected and the travel patterns and energy
consumption determined to supply the infrastructure of a generalized urban
area through which the policy analysis could proceed. The city structure,
shown in Figure 23, differs from that used by Peskin and Schofer in that
it is slightly elongated along two of the major travel corridors rather
than having an overall square configuration. It was felt that this was
a better representation of urban development along major travel corridors.

The four central zones represent the central business district (CBD)
having a total area of one square mile. The CBD was surrounded by four
concentric rings of development with progressively increasing zone sizes
toward the periphery. The total land area was approximately 100 square
miles. The distribution of basic employment (shown in Figure 24) was con-
centrated most heavily in the CBD and the adjacent ring of zones. Lower
levels of basic employment were specified for the zones in ring 3. This
configuration is characteristic of urban areas of the size simulated.

The highway network used in the simulation is shown in Figure 25.

The network was a grid pattern and consisted solely of arterial streets
connecting zone centroids. Local streets were assumed to handle intra-
zonal trips, and therefore are not depicted. The vast majority of the
highway network consisted of two-way links except those one-way links
connecting the CBD zones. Freeway links were omitted from the city struc-
ture, since for cities of the size simulated, there are usually few, if
any, freeway links used for intraurban travel.

The transit network, as shown in Figure 26, was also similar to that
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used by Peskin and Schofer (1977), and is representative of urban bus

routes in United States cities in terms of route spacing and average link
speeds. The focal point of the network was the CBD, and the network was
designed such that each zone had access to transit. All routes began

and ended at the city periphery. Where possible, the use of multiple routes
serving any single zone was avoided to enhance the capability of monitor-
ing changes in transit ridership that resulted from changes in route

frequency.

4.3 The Base Case

The base case, used as the control to compare the effectiveness of
alternative TSM policies, was generated using the MOD3 program first in
the base run mode, and then with one run in the incremental run mode with
the model constrained by a "no-growth" situation (see Chapter III for
model description). The difference between the base run mode and incre-
mental run mode is that, in the former, travel time was used to compute
the interzonal friction factors and define the minimum paths in the high-
way network while in the latter, the generalized cost of travel was used.
This resulted in a slightly different activity paﬁtern when the base run
output was used in the incremental run mode even though a no-growth situa-
tion was specified. All policy test runs were made in the incremental
run mode (no-growth) to avoid the redistribution of urban activities from
the policy alternative.

Table 7 and Figures 27 and 28 give the values of some of the input
data required to describe the base activity pattern of the study area.

A complete listing of the data set for the base case is shown in Appendix
B. With this information as input, the resultant population and employment

distributions are shown in Figures 29 and 30.
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Table 7. Input Data for the Generation of the
. Base Case Activity Pattern

Percentage of persons working at home = 2.3%
Value of travel time for work trips = §5.00
Price of gasoline per gallon = §1.00
Automobile Occupancy rate for work trips = 1.3
Automobile Ownership per household = 1.3
Parking cost - CBD: Work trips = $2.50
Per day Non Work trips = $1.00
Ring 1: Work trips = §$1.25
Non Work trips = § .50
Elsewhere: = Free
Number of transit routes = 12
Peak period transit frequency of service
(buses per hour) = 3
Transit bus trips per day on each route = 43
Transit fare = § .35
Transit transfer fare = $0.00

Labor force participation rate
(persons per employee) = 2.5

Base travel time distributions - Supplied by Peskin and Schofer (1977),
originally taken from a Texas Department of Highways (1964), study of
Amarillo, Texas.

Acres of land available for development in each zone (see Figure 27).

Maximum Residential Density, in persons per acre per zone (see Figure 28).
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4.3.1 Base Case Work Trip Simulation

To facilitate the testing of staggered and flexible work hour pro-
grams, the total PM peak travel period was segmented into five discrete
time elements. The work trip travel for each time element was then simu-
lated using the adaptations made to MOD3 for this purpose. The sum of
the energy consumed during these five time elements represented the total
for the entire peak period.

The peak travel period was specified to have a length of 2.5 hours
and was divided into the five half hour periods. Half hour time periods were
selected for three basic reasons. First, it was felt that half hour periods
were adequate to describe the peaking characteristics of urban work travel.
Simulating more time periods of a smaller duration would have resulted
in only a small increase in descriptive capability at a substantial in-
crease in computer costs. Second; the work by O'Malley and Selinger (1973)
stressed that a travel time period shift of at least 30 minutes was neces-
sary with a variable work hour program to require a definite change in
commuting habits. Third, the use of half hour time periods eliminated
the potential problem of vehicles from different time periods interacting
on the network. Which was a condition the simulation process was incapable
of accounting for. The mean work trip travel time for a city of the
size simulated is about 8 to 10 minutes (Péskin-and Schofer (1977)).

The base case temporal distribution of evening work travel is shown
in Figure 31. The general shape of the distribution is similar to the
distributions found in studies of urban work trips (Port Authority of
New York and New Jersey (1977), Santerre (1966)), although the peaking
characteristic of the base case is slightly less exaggerated than than
found in the literature. It was found that loading the simulated network

with more than 50 percent of the total work trips during a half hour
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period resulted in unrealistically high levels of congestions. Each half

hour time period was simulated to determine the levels of network conges-
tions, transit ridership and energy consumption for the work trips.

The highway congestion index (HCI) reported by MOD3 was used as a
measure of average congestion on the entire network. The HCI is the mean
of all the congestion indices computed for each link of the network.

The congestion index for each link is defined as the ratio of the link
free flow travel speed to the link travel speed when adjusted by the link
volume of traffic. As the level of congestion increases, so does the

HCI.

4.3.2 Results of the Base Case Simulation

The results of the base case simulation for each time period, and
for the entire peak period are shown in Table 8. The last column in Table
8 contains the weighted mean values of the travel and congestion indices
for the peak period. The mean values for the entire peak period were
computed by summing the weighted mean values for each time element. For
example, the mean highway congestion index reported for each time element
was combined into a mean for the entire peak period based on the number

of automobile trips occuring in each time element. That is,

n wti
= *
HCI =) & he, (15)
i=1
where
HCI = the mean highway congestion index for the entire peak period,

mean

n = the number of time elements in the peak period,

wt. = the number of automobile work trips occuring in time period i,

P

n
WT = the total number of automobile work trips = Z wt., and
=1

hci mean highway congestion index for the time period i.

]
4
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This was done for all of the summary statistics, except for the auto-

mobile and transit energy consumption. The total automobile energy con-
sumption is simply the summation over all time periods, and the transit

energy consumption is a daily total.

4.4 Description of Alternative Policies

The policy alternatives tested by this research were divided into
three basic categories:

1. Variable work hour policy only,

2. transit policies only, and

3. combined variable work hour and transit policies.

The work hour and transit policies were tested individually and in com-
bination to determine whether or not the combined policy alternatives
could further improve the savings in energy consumption of the individual
policies.

Within each policy category, individual policy alternatives were
grouped based on the underlying structure of the policies. These groups
are summarized in Table 9. Each group was designed to test specific para-
meters relating to policy effectiveness. Detailed descriptions of each

group are contained in the sections that follow.

4.4.1 Variable Work Hour Policies (Groups A, B and C)

The simulation of variable work hour programs was accomplished by
changiﬁg the temporal distribution of work trips entering the network.
Several variations were simulated to test the impact of both the number
of participants in the program and the location of the participants. The
variations tested represented the potential impact of both staggered and
flexible work hour programs for a five-day work week. For all the policies

tested, workers were assumed to remain on a five-day work schedule.
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Table 9. Summary of Policy Alternatives

Variable
Work Hour
Alternatives

Group A

Basic Policy
Structure: Shift
travelers away from
the peak half hour.
Vary magnitude of
shift by 10, 30, 50
and 60 percent of
peak half hour.
Vary zones involved.

GIOUE B

Apply total temporal
distribution of work
travel resulting
from Group A policies
to all zones in the
study area.

Group C

Apply 10 percent
shift to zones
along east-west
and north-south
transit corridors
for different time
periods.

Transit
Alternatives

Group D

Transit Bus Redistri-
bution with base
Temporal Distribution
of work trips.

Group E

Addition of 6 transit
buses to network,
with base temporal
distribution of work
trips.

Combined
Variable Work
Hour and
Transit

.Alternatives

Group F

Combine Group A with
Group D policies

Group G

Combine Group C with
Group D policies.

- Group H

Combine Group C with
Group E policies.
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The basic structure for testing the staggered work hour programs

was to shift work travelers away from the peak half hour to each adja-
cent half hour period. This was continued (incrementally) until the adja-
cent half hour periods each contained approximately 20 percent of the

work travel for the zones under study. Additional travelers were then
shifted to time periods on both sides of the peak, until a uniform distri-
bution was established (that is, 20 percent of travel during each time
period).

The shifts were made in increments of 10, 30, 50 and 60 percent of
the peak period travelers. The 60 percent participation rate for the
peak period travelers equaled a uniform distribution for the zones in-
volved in the travel time shift.

To test the impact of the location of the participants, as well as
the overall number of travelers, the simulation began with only the CBD
zones participating, and progressed outward from the CBD adding adjacent
rings of zones in successive program runs. In all, seventeen variations
of the basic staggered work hour programs were tested while maintaining
the base transit frequency (runs Al-Al7). Table 8 shows the zones in-
volved in the staggered work hour program along with the temporal distri-
bution of all travelers from all zones. These alternatives are described
in tabular form in Table Cl in Appendix C.

For five cases (runs B1-B5) the overall temporal distribution of
work travel that resulted from the staggered work hour simulations for
selected zones (runs A4, A5, A8, A9 and Al2) were applied to all zones.
This was done to test the impact of concentrating the staggered work hour
program in selected zones as opposed to generating the same overall tem-
poral distribution of travelers over all zones. These runs are also des-

cribed in Table C1.



100

A variation of the staggered work hour policy was designed to coor-
dinate the staggered work hour shift along selected transit corridors.
In run Cl, 10 percent of the travelers originating in the zones along
the transit routes which traverse a general east-west direction were shift-
ed from time period 3 (the peak period) to time period 2. The same per-
centage of travelers originating in zones along transit routes traversing
a general north-south direction were shifted from time period 3 to time
period 4. The purpose of this variation was to attempt to enhance the
influence of the transit system on work travelers involved in the variable
work hour program. This run is also described in Table Cl. The policy
structure described for run Cl was also used as a basis for testing com-

bined staggered work hour and transit policies.

4.4.2 Alternative Transit Policies (Groups D aﬁd E)

The base case transit frequency of service was set at 4.5 vehicles
per hour (13.33 minute headways) for the peak period. An analysis of
the total travel time on each route revealed that this frequency could
be maintained utilizing 3 buses per route, yielding a total fleet require-
ment of 36 buses. The total number of trips per day per route, which
was used in the computation of the daily transit energy consumption, was
set at 43 for the base case.

Two groups of transit policies were tested in this research. The
first group assumed that the fleet size was fixed and that any increases
in frequency requiring the addition of buses to a route would necessitate
a decrease in frequency on one or more routes. Analysis of the automobile
network assignment and subsequent congestion patterns suggested ways in
which the transit fleet could be redistributed to reduce congestion and

energy consumption during specific time periods. Several combinations
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of fleet redistribution were simulated using the base case temporal dis-

tribution of work trips. These alternatives are described in Table C2
(Appendix C), where, for example, in run Dl one bus was added to each

of routes 2, 3, 8 and 9 during the peak half hour, increasing the bus
frequency on these routes to 6 buses per hour for that half hour period.
These buses were taken from routes 1, 4, 7 and 10, reducing the bus fre-
quency to 3 buses per hour for the period. The purpose of this exercise
was to determine if it was possible to reduce energy consumption through
a redistribution of the transit fleet. .Each redistribution of the fleet
also resulted in a change in the total number of daily transit trips made
on each route.

Evaluation of the impact of each alternative on energy consumption
and congestion was used as feedback to suggest a means of gaining further
improvement (see Chapter V). In all, five such policy alternatives were
tested (runs D1-D5). The manual evaluation of the congestion patterns
and interpretation of possible improvements was to illustrate the impact
of.these changes, and was not meant to produce an optimum distribution
of the fleet.

In terms of a reduction in energy consumption, the transit redistri-
bution policies provided only a slight improvement (see Chapter V). The
redistribution policies severely penalized those routes where bus frequency
was reduced with a loss in ridership, and therefore restricted the total
benefit realized by the redistribution policies. As a result, a second
type of transit policy was designed. This policy consisted of using 6
additional buses on the transit network. Only one bus addition policy

was tested. This alternative is described in Table C2 as run El.



102

4.4.3 Combining Variable Work Hours with Transit Policies
(Groups F, G and H) )

To evaluate the combined impact of the transit policies and the var-
iable work hour programs, several alternatives were designed that included
both a transit redistribution (or addition of vehicles), and a variable
work hour alternative. 1In all, nine combined alternatives were simulated:
six combined transit redistribution with the basic variable work hour
policies (Group F), two combined transit redistribution policies with
the transit corridor oriented variable work hour policy specificaily de-
signed to enhance transit ridership during the time periods adjacent to
the peak half hour (Group G), and one combined the addition of transit
vehicles with the transit corridor variable work hour policy (Group H).

The policy combinations in Group F were an attempt to determine the
reduction in energy consumption of the basic variable work hour policies
by combining them with the most successful transit redistribution poli-
cies. For example, run Fl combines the temporal distribution of work
travel from run A2 with the transit bus distribution of run D5. However,
feedback from the evaluation of these simulations indicated that changes
in the bus redistribution strategies might further improve the energy
conservation potential of an alternative. Therefore, slight deviations
from the transit policies tested with the base travel distribution were
made. These policies are described in detail in Table C3 in Appendix C.

The variable work hour policies used in combination in Group F were
for both the 10 and 30 percent participation rates for the peak half hour.
The location of the zones involved varied from strictly the CBD zones
to all zones from the CBD to ring 3 of the urban area. The variation
of the zone location for those zones involved in the variable work hour

program resulted in a shift of traffic congestion on the network, and
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precipitated the re-evaluation of the transit distribution strategies

tested‘in Group D (see Chapter V).

The policy combinations simulated in Groups G and H had, in effect,
a common goal. These policies attempted to enhance the attractiveness
of transit for work trips by shifting some of the Qork trips along the
east-west and north-south travel corridors away from the peak half hour,
and then improving transit fréquency along the routes where the shifts
were made. For example, Figure 32 shows the zones that experienced a
5 or 10 percent variable work hour shift to time period 2, and also
shows the transit routes with an increased frequency of service during
this time period. Figure 33 shows the same information for time period
4. The alternatives in Group G combine the corridor staggered work hour
policies with transit redistribution policies. Group H combined the
corridor staggered work hour policy with the transit addition policy.
The results of all policies tested are described in detail in Chapter

v.

4.5 Two Alternative Fuel Environments (Policy Groups I and J)

The 1973-1974 Arab oil embargo of the United States caused signifi-
cant changes in work trip travel habits in many urban areas as a direct
result of limited fuel availability and higher fuel prices. It has been
estimated that these changes could include a potential 40 percent increase
in daily transit ridership (Office of Technology Assessment (1975)), the
majority of which would occur during peak hours due to work travelers
changing mode. It is likely that the effect of TSM policies would be
significantly different in an environment exhibiting rapidly increasing
fuel prices and/or a limitation on fuel availability. Two alternative

fuel environments and several policies were formulated to test this theory
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using the MOD3 program.

The energy environment of the simulated urban area was altered
drastically through two measures. The first was to raise the price of
gasoline from $1.00 per gallon to $3.00 to represent a possible price
reaction to another oil embargo (Group I policies). A second change was
simulated by reducing by 50 percent the coefficient of the automobile/
bus travel time differential in the work trip mode split relationship
in combination with the increased gasoline price (Group J policies).
Hence, the relative importance of travel time in mode chbice was reduced
by half. This represent a possible user reaction to a severe limitation
on fuel availability.

These changes were tested initially using the base case temporal
distribution of work travelers. Combinations of policies were then
tested beginning with the corridor staggered work hour policy (identical
to that described for run Cl) and including a bus addition policy similar
to that described for run H1l. The bus addition policy was nearly identical
to that described for run Hl in that during time periods 2 and 4 one bus
was added to each route that was coordinated with the corridor staggered
work hour policy. A slightly different distribution of the additional
buses was indicated for time period 3 by the analysis of the individual
link congestion indices as described earlier. These policies and the

prevailing fuel environments are summarized in Tables 10 and 11.



Table 10.

Number

I1
I2
I3
Jl
J2

J3

Fuel
Environment

Gas $3.00/gal.
Unlimited Avail-
ability

Gas $3.00/gal.
Unlimited Avail-
ability

Gas $3.00/gal.
Unlimited Avail-
ability

Gas $3.00/gal.
Limited
Availability*

Gas $3.00/gal.
Limited
Availability¥*

Gas $3.00/gal.
Limited
Availability*

107

Temporal
Distribution of
Work Travelers

Base Case

Corridor Staggered
work hours
(See run Cl)

Corridor Staggered
work hours
(See run C1)

Base Case

Corridor Staggered
work hours
(See run C1)

Corridor Staggered
work hours
(See run C1)

Description of Alternative Fuel Environments and
-Policies Selected for Testing

Bus
Policy

Base Case

Base Case

Bus Addition

(See Table 11)

Base Case

Base Case

Bus Addition
(See Table 11)

* The impact of limited fuel availability on work trip mode choice was
simulated by reducing the coefficient of the automobile/bus differen-
tial travel time by 50 percent in the mode split relationship.



Table 11.

Run

Numbers

I3 and J3

Summary of Bus Policies Tested

Fuel Environments

Routes

Receiving
Buses

7
11
12

12
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in the Alternative

Number of
Buses Added
Per Route

1

Time

Period

2



CHAPTER V

Policy Effects on Fuel Consumption .

5.1 Introduction

Each of the policy alternatives described in Chapter IV was tested
using the MOD3 program in the incremental mode with a no-growth situation
specified. The primary measure of effectivenss was thé relative change
in work trip energy consumption with respect to the base case. Other
evaluations were made with specific alternatives as the basis for compa-
rison, for example, where a combination of policies was evaluated against
each individual policy comprising the combination.

The total work trip energy calculation contains both the automobile
and transit consumption data for an entire day's travel. Transit energy
consumption is computed by MOD3 as a daily total and as such the contri-
bution of transit energy consumption from each individual time element
cannot be specified. However, this is not a major drawback in the analysis.
Automobile energy consumption was reported for each individual time.element
and was a useful tool for the analysis of policy impacts.

For the base case, the total daily transit energy consumption was
only 3 percent of the combined transit and automobile work trip energy
consumption. For non-transit policies, the inclusion of the daily transit
energy consumption resulted in a maximum difference of only 0.3 percent
when evaluating the policy impacts on energy use. This occurred in con-
junction with the staggered work hour policy that resulted in the largest
percentage decrease in energy consumption. The difference was much smaller
(approximately 0.1 percent) for non-transit policies, resulting in a lesser
decrease in total energy consumption. Combining transit and automobile

work trip energy consumption facilitated the direct comparison of transit
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and non-transit policies.

5.2 Staggered Work Hour Programs

The results of the staggered work hour alternatives simulated in
this research can be interpreted to represent the potential of such alter-
natives to relieve congestion and reduce energy consumption for the city
simulated. The variable work hour policies can be interpreted to repre-
sent either a staggered or a flexible work hour program, or a combination
of both. The importance of the results resides in the magnitude of the
shift obtained, not in the mechanism for obtaining the shift. For con-
venience, the policies are referred to as staggered work hours. The total
energy consumption resulting from the staggered work hour policies was
influenced by two primary parameters -- the total percent of the work
force involved in the program and the location of the zones participating
in the shift with respect to the CBD and the transit network.

5.2.1 Groups A and B: Impacts of the Number of Travelers, and
Location of Zones Involved in Staggered Work Hour Programs

The results of the simulation of the staggered work hour programs
on automobile work trip and daily transit energy consumption (hereafter
referred to as total energy consumption) are shown in Figure 34. The
results show that there is a strong relationship between the percentage
of work travelers shifting away from the peak half hour period and the
percentage decrease in total energy consumption. The smooth curve shown
was manually fitted to the data, and represents the approximate relation-
ship between work trip travel time shift and the potential energy savings.
This relationship asymptotically approaches a 12.2 percent energy savings
for work travel at the point where the temporal distribution of work travel

is uniform over the length of the peak period.
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The curve in Figure 34 indicates that the potential for energy sav-

ings from staggered work hour programs is much higher, for a city of the
size simulated, than is indicated by the estimate made by Voorhees (1974),
which was less than one percent. A 10 percent shift of work travelers
away from the peak half hour resulted in a 4 percent savings in energy.
A 10 percent shift can be considered a realistic goal for such a program
based on the program results reported by O'Mally and Selinger (1973).
In their study of the impacts of staggered work hours in downtown Manhattan
it was reported that approximately 10 percent (46,000 employees) of the
total CBD work force participated in a coordinated program from 113 dif-
ferent firms. Safavian and Mclean (1975) reported a 50 percent partici-
pation rate (35,000 employees) in a program in Ottawa, Ontario. However,
all of these were feéeral government employees.
The data from this research also indicated that it is better from
an energy standpoint to implement programs that have a dispersed area
of influence rather than concentrating the effort in a small area. For
example, simulation runs Bl and BS5 resulted in a larger energy savings
than runs A5 and A4 respectively. Runs Bl and B5 had the same total work
trip shift from the peak periods as runs A5 and A4 but the shift was ap-
plied to the entire urban area rather than concentrating it in the CﬁD.
This difference dissipates as the total base area of influence becomes
larger as shown by the data points marked by the symbol "+" when compared
to the other data points with the identical total percent traveler shift.
The influence of a dispersed program when compared to a more concen-
trated effort is more clearly shown in Figure 35. Here, the curves repre-
sent the trend of energy consumption versus percentage traveler shift
for each successive ring of zones added to the program. As successive

rings of zones were included in the work hour stagger, the general trend
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was for a greater reduction in energy use for a given percentage shift

in travelers from the peak half hour. This difference became less pro-
nounced as a larger percentage.of travelers participate in the program.
However, there was virtually no change in enérgy consumption with increased
participation in the staggered work hours when the program was concentrated
in the CBD (ring 1).

The anomaly of the relationship between staggered work hour partici-
pation and energy use for the CBD can best be explained by the fact that
the majority of the simulated work trips to these zones were relatively
short in length (generally only to the 2nd or 3rd ring) and were routed
over only a few highway links. Also, the highway links within the CBD
were generally uncongested. The combinat;on of short trips and uncongested
links resulted in no change in the energy consumption. However, this
result is consistent with the literature which suggests that the effect
of a concentrated program on congestion is lost within aéproximately two
miles of the program location.

The variable work hour programs tested had a direct impact on high-
way congestion except when the policies were concentrated in the CBD zones,
as shown in Figure 36. The percentage reduction in congestion resulting
from the variable work hour policies increases as the program became
more dispersed and included more zones. The maximum decrease in the mean
network congestion, based on the HCI, was approximately 44 percent.

The relationship between high&ay congestion and energy consumption
is shown in Figure 37. The relationship exhibits a strong linear tendency
with an r2 (the square of the correlation coefficient) value of 0.97 for

the equation

¥ = 0.20 + 0.27x (16)
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14 + Indicates policy applied
to entire urban area

A Indicates policy concentrated
along transit routes

O Indicates uniform temporal
10~ distribution

12

¥

¢ = 0.20 + 0.27x

r2 = 0.97

'l ' 'l . 1 'l 1

1
0] 5 10 15 20 25 30 35 40 45 50

Percent Decrease in the Weighted Mean
Highway Congestion Index (HCI)

Figure 37. Relationship between the Highway Congestion Index
and Total Energy Consumption for the Variable

Work Hour Policies.
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where

§ = the estimate of the percent reduction total energy consumption,
and

x = the percent decrease in the weighted mean highway congestion
index (HCI).

The maximum reduction in energy consumption was approximately 12 percent
for a reduction of 44 percent in the HCI.

The reduction in the HCI would have resulted in an even greater de-
crease in energy consumption had a mode shift not occurred as a result
of the decrease in network congestion. This phenomena is shown in Figure
38 were the percentage change in work trip transit ridership is expres-
sed as a function of the percentage reduction in the HCI for the peak
period. ?he work trip bus ridership was reduced an average of 4 percent
by an average reduction in the HCI of 22 percent. At this point, the
elasticity of bus ridership to the highway congestion index is 0.18.

The relationshié between the percentage change in bus ridership and

the percentage change in the HCI can be expressed by the equation:
¥ = -0.65 + 0.21x (17)

where

the percent change in bus ridership, and

=D
]

the percent change in the weighted mean highway congestion
index.

b
]

This relationship was generated using simple linear regression with
all the data points shown in Fiqure 38. The regression resulted in a
r2 value of 0.91 indicating good linear correlation. This result indi-
cates that a decrease in congestion due to the implementation of a stag-
gered work hour program would have a negative impact on work trip bus

ridership unless steps were taken to deter the mode shift. The possibility
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<4 Indicates policy applied

4r to entire urban area
d Indicates policy concentrated
12p along transit routes
(O 1ndicates uniform temporal
distribution
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= -0.65 + 0.21x
2

'
r- = 0.91
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Figure 38.

'l 'l J
10 15 20 25 30 35 40 45

Percent Decrease in the Weighted Mean
Highway Congestion Index (HCI)

Relationship between the change in the Highway
Congestion Index and Bus Ridership Resulting
from the Variable Work Hour Policies.
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still exists that during an energy sﬁortage transit ridership would in-
crease even with the implementation of a staggered work hour program.
Under conditions of normal fuel availability this does not appear likely.

The impact of the staggered work hour programs on work trip length,
time, and travel speed is described in part by Table 12 for both the auto-
mobile and transit modes. The variable work hour policies had no apparent
affect on transit trips, except perhaps for trip length. The data shows
that the average transit trip length was reduced by 2.2 percent, indicat-
ing that the reduction in congestion may have eliminated more of thé longer
transit trips.

Automobile work trips were affected by the reduction in congestion
resulting from the staggered work hours. The parameters most affected
by the staggered work hour policies were automobile work trip time and
speed. Figure 39 shows the relationship between the percent of work
traveier shift during the peak half hour period and the decrease in auto-
mobile work trip travel time. The family of curves again suggests that
concentrating these programs in a small area (the CBD) is less effective
than a more dispersed approach. There is a distinct advantage in reduced
work trip travel time through the implementation of variable work hour
programs. The amount of the travel time decrease is dependent on both
the location of the program and the number of participants.

The decrease in highway congestion and the improvement in automobile
work trip travel time are related as shown in Figure 40. As would be
expected, the relationship shows nearly a perfect linear correlation with
an r2 value of 0.996 for the data shown. The relationship can be expressed

as:

¥ = 0.217 + 0.370x (18)



Table 12.

Impact of Variable Work Hour Programs on Work
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Trip Characteristics

% Change

-0.23

-8.73

7.87

Standard

Deviation

1.68

6.08

Mean
% Change

-2.20
-1.48

-0.72

BUS

Standard

Deviation

1.74
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=~ Indicates policy applied

18 to entire urban area

A 1Indicates policy concentrated
16p along transit routes

c> Indicates uniform temporal

distribution
14p
12p
10p
¢ = 0.217 + 0.370x

8 r2 = 0.996

10 15 20 25 30 35 40 45
Percent Decrease in the Weighted Mean
Highway Congestion Index (HCI)

Fiqure 40. Relationship between Highway Congestion and
Automobile Work Trip Travel Time.

50



123

where

percent decrease in automobile work trip travel time, and

o <P
n

»
]

percent decrease in the weighted mean highway congestion
index.

The decrease in automobile work trip time results in an energy savings
as shown in Figure 41.

Automobile work trip length showed only a slight decrease on the
average. However, in some individual cases large changes were realized.
This resulted from a redistribution of the traffic on the network (a change

in the network assignment) resulting from the decreased congestion.

5.2.2 Group C: Staggering Work Hours Along Transit Corridors

Only one simulation run was performed with a staggered work hour
program constructed to conform to the shape of the transit network while
maintaining the base level of transit service. The results of the simu-
lation are plotted in Figures 34 through 41 and are indicated by the symbol
"A" for run number Cl. This singular policy was not particularly different
from the other staggered work hour pdlicies in terms of its effect on
energy consumption, highway congestion, or transit ridership and waé de-
signed as a basis for comparison to similar policies that combined stag-

gered work hours with bus redistribution measures.

5.3 Groups D and E: The Transit Alternatives

Several attempts were made to reduce total energy consumption through
a redistribution of the transit fleet during the peak period. The base
distribution of vehicles was three per route (4.5 buses per hour). The
basis for the redistribution was an evaluation of the highway network
congestion patterns produced by MOD3. Initally an analysis was performed

on the mean link congestion index (LCI). The LCI is defined as the ratio
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Figure 41. Relationship between Automobile Work Trip
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of the actual link travel time to the free flow link travel time. The

average LCI was computed for each transit route pair which taverse the
same links in opposite directions. Since the mean values showed a rela-
tively small difference (approximately 4.0 percent) between route pairs,
an alternative selection procedure was used. This procedure redistributed
buses to route pairs with the highest LCI on individual links. For example,
for run D2 route pairs 2-8, 3-9 and 6-12 (with maximum LCI on each route
ranging from 6.000 to 8.999) were assigned additional buses while route
pairs 1-7, 4-10 and 4-11 (with the maximum LCI on each route ranging from
4.000 to 5.999) were assigned fewer buses during the peak period.

The overall policy structure for these runs is described in detail
in Chapter IV for runs D1 through D5. In each case, the base temporal
distribution of work travel was used.

The base distribution of congestion is shown as a histogram in Figure
42 for the peak half hour period with the links grouped according to fheir
individual link congestion index. Only those links with an LCI greater
than or equal to 1.5 are shown. Also shown in Figure 42 is the transit
route that contains each link. This arrangement facilitates the tracing
of changes in the congestion patterns as a result of the transit policies.

The results of the redistribution of transit vehicles is shown as
a network summary in Table 13. The link congestion analyses similar to
Figure 42 are contained in Appendix D for these runs. The histograms
in Appendix D for runs D2, D3 and D5 are the same because the travel and
transit distribution during the peak half hour period were identical.

The results indicate that although these policies were instrumental
in reducing congestion on several of the most heavily congested links,
the overall effect on network congestion was minimal, averaging only a

1.0 percent reduction in the mean highway network congestion index (HCI).
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These policies resulted in a very small reduction in automobile work trips

‘and increased bus ridership by only 0.90 percent on the average. Total
energy consumption was reduced by less than one percent.

Further evaluation of the link congestion patterns suggest at least
one reason for the disappointing outcome of these policies. In most cases,
the links that showed an increase in congestion were links on bus routes
which lost buses to the redistribution. This indicates that transit rider-
ship had decreased on those routes having a reduced frequency of service
offsetting the increased ridership on the other routes. This hypothesis
was tested by the addition of more buses to the routes that were most
heavily congested without reducing the frequency on other routes.

The effect on individual link congestion of adding one vehicle to
each of six of the transit routes is shown in Figure D6 (see Appendix
D). The effect on fuel consumption is shown in Table 13 for run El. The
addition of these buses represents a 37.5 percent increase in bus fre-
quency on the affected routes. Tﬁis policy produced the best results of
the transit-only policies. Bus work trips increased by 3.3 percent, while
automobile work trips and network congestion were reduced by 4.4 percent
and 2.9 percent respectively, and total energy consumption was reduced
by 1.5 percent. This result indicated that the earlier redistribution
policies failed to increase total transit ridership due to the lost rider-
ship on those routes with fewer assigned bus trips. Overall, the transit
policies realized considerably less improvemeht in energy consumption
than the variable work hour programs.

The modeling structure used to determine the work travel mode choice
for this research was calibrated for an environment of "normal" energy
availability. Under these conditions, it would be difficult to reduce

energy consumption through improvements in transit frequency alone. However,
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this does not rule out the possibility that a greater savings in fuel

could be accomplished through transit improvements in an environment with

restricted fuel availability.

5.4 Groups F, G and H: Combined Staggered Work Hour and Transit Policies

Several policy alternatives were tested in an effort to determine
tﬁe combined impact of variable work hour programs and transit scheduling
policies. These alternatives were in three distinct groups and included »
policies which combined staggered work hours with transit rediétribution,
policigs which combined corridor transit redistribution with the corridor
application of staggered work hours, and a policy which combined the cor-
ridor application for staggered work hours with the coordinated addition

of buses.

5.4.1 Group F: Staggered Work Hours with Transit Redistribution

Six alternatives were tested to determine the combined impact of
the staggered work hour programs and the transit redistribution policies.
In each case a staggered work hour policy from Group A was selected such
that 10 and 30 percent of the peak half hour travelers were staggered
for each of rings 1, 2 and 3 of the urban area (runs A2-A3, A6-A7 and
Al0-All). The congestion patterns for runs A2, A3 and A6 (see Appendix
D) were similar to that of the base case and therefore the transit redis-
tribution policy used in run D5 was also used with these staggered work
hour policies. This formed the basis for runs F1l, F2 and F3. These poli-
cies are summarized in Table 14. The congestion patterns for runs A7,
Al0 and All (see Appendix D) indicated that slightly different transit
redistributions would be more suitable for cases F4, F5 and F6. These
distributions were based on the maximum LCI described earlier, and the

policies are summarized in Table 14.
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Table 14. Summary of Staggered Work Hour and Transit
Redistribution Policies (Group F)

Percent Change

Routes Routes Number of in Travelers
Run Receiving Losing Buses Shifted Time During Peak
Number Buses Buses Per Route Periods Half Hour Period
(D5) * 2, 8 1, 7 1 2, 3, 4 0.0
3, 9 4, 10
6, 12 5, 11
F1 2, 8 1, 7 1 2, 3, 4 -1.2
3, 9 4, 10
6, 12 5, 11
F2 2, 8 1, 7 1 2, 3, 4 -3.6
3, 9 4, 10
6, 12 5, 11
F3 2, 8 1, 7 1 2, 3, 4 -4.4
3, 9 4, 10
6, 12 5, 11
F4 3, 9 1, 2 1 2, 3, 4 -13.2
4, 10 5, 11
12 6
F5 3, 9 1, 7 1 2, 3, 4 -8.0
6, 12 5, 11
F6 3, 9 1, 7 1 2, 3, 4 -24.0
6, 12 4, 10

* Run D5 is a transit redistribution policy related to runs F1l, F2 and F3.
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The results of the runs for Group F are shown in Table 15 along with
the related staggered work hour and fransit policy runs. In general,
the results indicate that the combined policies of transit redistribution
and staggered work hours were no more effective at reducing total energy
than the individual policies. Runs F1l and F2 produced combined results
that were less effective than both of the related individual policy simu-
lations. This could be due in part to the fact that both runs F1 and
F2 concentrated the staggered work hour program in the CBD. The work
triés originating in the CBD were of a relatibely short length and there-
fore contributed only a small portion of the total energy use. The transit
policy appeared to have a negative impact because the decrease in ridership
on the routes that lost buses was not counterbalanced by an increased
in ridership on the routes that experienced an increase in frequency.

Run F3 showed a greater impact on energy than its related staggered
work hour policy run A6. However, it also showed a slightly lower over-
all impact on energy than its related transit policy run D5. The results
are similar for runs F4 and F6 where in each case there was a slightly
lower energy impact than for the related staggered work hour policy. 1In
only one other case (run FS5) was the combined impact on energy consump-
tion greater than the individual impact of the staggered work hour program.

Table 16 shows the effect of these combined policies on the work
trip characteristics of length, travel time, and speed along with the
same information for the related variable work-hour-only or transit-only
policy. A comparison of the combined policy runs to their related indi-
vidual policy runs showed no improvement in these trip characteristics

as a result of the combined policy.
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Table 15. Effectiveness of Staggered Work Hours Combined
with Transit Redistribution (Group F)

Percent Change from Base Case

Travelers Highway

Run During Peak Auto Work Congestion Bus Work Total
Number Half Hour Period Trips Index Trips Enerqgy
Fl - 1.2 0.0 0.2 0.6 -0.3
(a2)* - 1.2 0.0 0.6 0.0 -0.7
(D5) ** 0.0 -0.1 - 2.0 1.6 -1.0
F2 - 3.6 -0.1 - 3.6 0.5 -0.4
(a6) - 3.6 -0.2 - 2.4 0.7 -0.5
F3 - 4.4 0.2 - 6.2 -0.8 -0.9
(A6) - 4.4 0.2 - 5.0 -1.1 -0.1
F4 -13.2 0.9 -11.0 -3.6 -3.4
(a7) -13.2 0.9 -14.1 -3.9 -4.8
F5 - 8.0 0.6 -14.0 -2.5 -3.3
(A10) - 8.0 0.5 -14.5 -2.0 -2.6
F6 -24.0 1.5 -32.8 -6.9 -7.9
(al1) -24.0 1.5 -33.1 -7.0 -8.2

* Number in parenthesis indicates related staggered work hour pdlicy.

** Run D5 is a transit redistribution policy related to runs F1l, F2 and F3.
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Table 16. Impact of Variable Work Hour and Transit Redistributions
on Work Trip Characteristics (Group F)

Percent Change from Base Case

Mean Auto Work Trip Mean Transit Work Trip
Run
Number Length Time Speed Length Time Speed
Fl 0.5 0.3 -0.2 -0.8 0.0 -0.8
(a2)* 0.0 - 0.6 0.4 0.2 0.1 0.1
(DS) ** 0.3 - 0.7 3.4 -0.4 0.2 -0.1
F2 -0.1 - 0.9 0.6 -0.5 0.2 -0.5
(A3) 0.0 - 0.9 0.6 0.6 0.3 0.2
F3 0.1 - 2.0 1.5 -0.5 -0.2 -0.6
(a6) 0.6 - 1.7 1.9 0.1 -0.2 0.1
F4 -0.1 - 4.3 3.2 -1.2 -1.5 0.4
(a7) -5.8 - 5.4 3.4 -1.4 -1.1 -0.5
F5 0.4 - 5.0 4.2 -2.1 -1.1 -0.8
(A10) 0.5 - 6.0 4.6 -1.1 -1.0 -0.4
F6 1.6 -12.2 11.6 -3.4 -2.1 -1.4
(Al1l) 0.8 -12.3 11.5 -3.3 -2.2 -1.2

* Number in parenthesis indicates related staggered work hour policy.

** Run D5 is a transit redistribution policy related to runs F1, F2 and F3.
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5.4.2 Group G: Corridor Staggered Work Hours and Bus
Redistribution Policies

Group G policies considered the combined effect of a staggered work
hour policy oriented along the north-south and east-west transit corridors
and a éoordinated transit redistribution policyl In this group, travelers
originating from zones along the east-west transit corridor were staggered
from time period 3 to time period 2 (see Figure 32) and peak half hour
travelers from zones along the north-south transit corridor were staggered
to time period 4 (see Figure 33). The transit vehicles were redistributed
to service the altered temporal travel distribution. These policies are
summarized in Table 17.

The results for these policy alternatives are shown in Table 18 along
with the results for the related staggered work-hour-only alternative
(run Cl1l). Here again, the combined policies showed no measurable improve-
ment in bus ridership even when travel was shifted to match the increase
in bus frequency. The decrease in ridership in the corridor with a lower
frequency of service appeared to have offset any ridership increases in
the increased service corridor.

Table 19 reveals that the combined policy alternatives caused a neg-
ligible improvement in the transit work trip travel time, while resulting
in a slight improvement over the individual policy alternative for auto-
mobile work trip travel time.

5.4.3 Group H: Corridor Staggered Work Hours and Bus
Addition Policies

To more fully examine the relationship between transit supply, stag-
gered work hours, and energy consumption a combined policy of corridor
staggered work hours and the addition of transit vehicles was tested.

This policy employed the work trip stagger of run Cl and added 6 buses
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Table 17. Summary of Corridor Staggered Work Hour and
Transit Redistribution Policies (Group G)

Percent Change

Routes Routes Number of in Travelers
Run Receiving Losing Bus Shifted Time During Peak
Number Buses Buses Per Route Period Half Hour Period
(Cl)* -10.0
Gl 1, 7 2, 8 2 2 -10.0
5, 11 3, 9
6l 12 4’ 10
2, 8 1, 7 2 4
3, 9 5, 11
4, 10 6, 12
. G2 1, 7 2, 8 1 2 -10.0
5, 11 3, 9
6, 12 4, 10
2, 8 1, 7 1 4
3,9 5, 11
4, 10 6, 12

* Run Cl is a corridor staggered work hour policy related to runs Gl
and G2.
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Table 18. Effectiveness of Corridor Staggered Work Hour
and Transit Redistribution Policies (Group G)

Percent Change from Base Case

Travelers
During Peak Highway
Run Half Hour Auto Work Congestion Bus Work
Number . Period Trips Index Trip
(C1)* -10.0 0.6 -17.3 -2.6
Gl -10.0 0.7 - -17.1 -2.9
G2 -10.0 0.6 -17.3 -2.3

* Run Cl is a corridor staggered work hour policy related to runs Gl and

G2.



Table 19.

Number

(C1)*
Gl

G2

* Run Cl1l is the corridor staggered work hour policy related to runs
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Impact of Corridor Variable Work Hour and Transit

Redistributions on Work Trip Characteristics (Group G)

Percent Change from Base Case

Mean Auto Work Trip

Mean Transit Work Trip

Travel
Length Time Speed
0.1 -5.2 3.6
0.2 -6.1 5.0
0.2 -6.3 4,8

Gl and G2.

Travel

Length Time
-1.7 -1.1
-0.9 -0.2
-1.6 -0.9

Speed
-0.7
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during tipe periods 2 and 4 to the corridor containing the staggered work
trips. The additional buses were shifted during the peak half hour (time
period 3) to match the distribution used in run El. In essence, six buses
were added to the fleet during time periods 2, 3 and 4 and distributed
such that they would appear to contribute the most benefit to energy re-
duction. This policy is summarized in Table 20.

The results for run H1l are shown in Table 21 along with the results
of related staggered work hour policy run Cl and transit bus addition
policy run E1. In this case, the transit supply policy did not change
the total energy requirements from the related run Cl even though there
was a slight improvement in transit ridership. When compared to run C1,
the transit ridership in run H1 had fallen off sharply as a result of
the stagger of travelers away from the peak half hour period. Under the
conditions simulated, the decrease in transit ridership resulting from
the staggered work hour program could not be offset by the simulated
change in transit supply.

The information in Table 22 suggests that the combined policy alter-
native (run Hl) showed only a slight improvement over the related transit
alternative (run El) in transit work trip travel time, and was less effec-
tive in reducing automobile trip travel time. Overall, the combined policy
showed more potential to reduce total energy consumption, based on the
reduction in congestion and travel time, than the related staggered work

hour alternative (run Cl). However, the results were nearly identical.

5.5 Policy Effectiveness in the Alternative Fuel Environments

The alternative fuel environments, as described in section 4.5, were
used to determine if the fuel environment could affect the impact of the

policies tested. This was accomplished by increasing the price of gasoline
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Table 20. Summary of Corridor Staggered Work Hour
and Transit Addition Policy (Group H)

Percent Change

Routes Number of in Travelers
Run Receiving Buses Added Time During Peak
Number Buses Per Route Period(s) Half Hour Period
(C1)* -10.0
(E1) ** 2, 8 1 2, 3, 4 0.0

3, 9

6, 12
H1l 1, 7 1 2

5, 11

6, 12

2, 8 1 3 -10.0

3, 9

6, 12

2, 8 1 4

3, 9

4, 10

* Run Cl is the corridor staggered work hour policy related to run H1.

** Run E1 is the corridor transit addition policy related to run Hl.
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Table 21. Effectiveness of Corridor Staggered Work
Hour and Transit Addition Policy (Group H)

Percent Change from Base Case

Travelers
During Peak Highway
Run Half Hour Auto Work Congestion Bus Work Total
Number Period Trips Index Trips Enerqy
(Cl1)* -10.0 0.6 -17.3 -2.6 -4.2
(E1) ** 0.0 -4.4 - 2.9 3.3 -1.5
H1 -10.0 0.3 -18.3 -0.8 -4.1

* Run Cl is the corridor staggered work hour policy related to run H1.

** Run El1 is the corridor transit addition policy related to run H1l.



Table 22.

Run
Number

(C1)*
(E1) **

H1

* Run Cl is the corridor staggered work

141

Impact of Corridor Variable Work Hour and Transit
Addition on Work Trip Characteristics (Group H)

Percent Change from Base Case

Mean Auto Work Trip

Travel
Length Time Speed
0.1 - 5.2 3.6
0.2 -14.8 11.7
0.2 - 6.7 5.5

Mean Transit Work Trip

Travel
Length Time Speed
-1.7 -1.1 -0.7
1.2 -1.6 3.1
-0.9 -2.7 4.3

hour policy related to run Hl.

** Run E1 is the transit addition policy related to run H1l.
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to $3.00 per gallon (Group I), and then, in addition, decreasing the auto-

mobile/transit differential travel time coefficient by 50 percent in the
mode choice relationship. Complete policy descriptions are found in Tables
10 and 11. Corridor staggered work hours, and a combined corridor stag-
gered work hour and bus addition policy were tested using MOD3. The results
are shown in Tables 23 and 24.

The results indicated that the effectiveness of a staggered work hour
policy, or the combined staggered work hour and bus addition policy, may
be dependent on the existing transportation/fuel environment. The total
fuel savings resulting from these policies was clearly greater in the en-
vironment of higher fuel prices than in the base case. However, the fuel
savings resulting from the policies tested was less in the higher cost/
limited availability environment than in the fuel environment of the base
case. The additional energy savings resulting from the work trip stagger
was only 2.9 percent and 1.0 percent for Group I and Group J respectively,
while the energy savings amounted to 4.2 percent in the base fuel environ-
ment (see run C1l Table 23). The addition of buses with the staggered
work hour policy resulted in an energy savings of 3.0 percent and 0.8
percent for Group I and Group J respectively, while bus addition reduced
energy consumption by 4.1 percent in the base energy environment (see
run H1l Table 23). This indicated that the majority of the fuel savings
was a result of the fuel environment and not the TSM policies tested. 1If
large numbers of travelers were diverted to transit because of higher fuel
costs or limited fuel availability, the TSM policies tested would appear
to be of little additional benefit in reducing energy consumption.

However, an important point remains to be considered when interpret-
ing these results. That is, the analysis assumes that all of the addi-

tional transit passengers could be carried by the transit system. The
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Table 23. Summary of Policy Impacts in the Alternative Fuel Environments

Percent Change from Base Case

Travelers TSM Policy
During Peak Auto Highway Bus % Increase
Run Half Hour Work Congestion Work Total in Energy
Number Period Trips Index Trips Energy Savings
(Cl)* -10.0 0.6 -17.3 -2.6 - 4.2 4.2
Il 0.0 -12.9 -21.5 60.0 - 5.2
12 -10.0 -12.1 -31.8 59.6 - 8.1 2.9
I3 -10.0 -12.6 -32.2 62.6 - 8.2 3.0
(H1)* -10.0 0.3 -18.3 '-0.8 - 4.1 4.1
Jl 0.0 -15.8 -25.7 78.0 -10.1
J2 -10.0 -14.7 -32.0 72.7 -11.1 1.0
J3 -10.0 -15.1 -32.3 74.7 -10.9 0.8

* Run C1 and H1l are the related corridor staggered work hour and combined
transit addition runs with the base case fuel environment.
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Table 24. Summary of Policy Impacts on Trip Characteristics
in the Alternative Fuel Environments

Percent Change from Base Case

Run Mean Auto Work Trip Mean Bus Work Trip
Number Length Time Speed Length Time Speed
Il -1.9 9.9 -13.1 41.4 18.8 19.1
I2 -1.5 6.8 -10.6 39.8 18.0 18.6
I3 -1.7 6.0 -10.2 39.5 15.6 20.9
Jl -1.9 7.0 -10.9 47.7 22.6 20.6
J2 -1.9 5.2 - 9.8 46.6 21.9 20.5

J3 -1.6 5.1 - 9.2 45.7 19.1 22.6
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existing modeling system was not capable of evaluating transit passenger
demand and route capacity. Under the extreme conditions simulated, it

is unlikely that.the large increase in transit passenger demand could

be accommodated by the existing transit system. Actual demand would be
detered by limited capacity. Under these conditions, spreading peak period
travel demand would improve the effectiveness of transit supply. Variable
work hours may be a necessity under such conditions along with an increase
in transit system capacity. The overall effect would be to divert fewer
riders back to the automobile than was indicated by the results and hence

the TSM policies would have a larger incremental effect than shown.



CHAPTER VI

Summary and Conclusions

6.1 The Policy Alternatives

For the activity pattern simulated by this research it has been shown
that variable work hour programs (staggered and flexible) could reduce
network congestion and hence reduce automobile work trip energy consump-
tion. The reduction in total energy consumption (automobile work trip
plus daily transit) could be a maximum of approximately 12 percent with
a uniform temporal distribution of work trips. A more real;stic goal
of a 4 percent reduction in total energy could be achieved with only a
10 percent shift in work travelers away from the peak period.

However, the effectiveness of a variable work hour program was also
dependent on the location of the program. It has been shown that con-
centrating the program in a small area, such as the CBD, was less effec-
tive (approximately 85 percent) in reducing energy consumption than a
program involving the same number of travelers who work at locations that
were evenly dispersed over the urban area. This result is consistent
with other research efforts (Tannir (1977), Safavian and Mclean (1975))
which indicated that the effectiveness of a staggered work hour program
was lost within approximately two miles of the work place.

Under the conditions simulated, variable work hour programs have
been shown to have a negative impact on work trip transit ridership. The
decrease in congestion during the peak half hour period resulted in a
proportional decrease in automobile travel time, which in turn resulted
in a mode shift to the automobile. A 10 percent shift in travelers from
the peak half hour has been shown to result in a 12 to 17 percent change

in the highway congestion index, depending on the location of the variable
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work hour program. This resulted in a 2 to 3 percent decrease in work

trip bus ridership. The maximum decrease in transit ridership was approxi-
mately 9 percent resulting from the uniform temporal distribution of work
travel. Staggered work policies acted against transit incentives under
conditions of "normal" fuel availability.

Transit redistribution policies did not significantly reduce energy
consumption. Increased transit ridership on routes given supply priority
failed to offset ridership losses on routes sacrificing buses for transit
redistribution. .

The addition of six buses to the transit fleet (one bus allocated
to each of six routes yielding a transit frequency increase in service
from 4.5 to 6.0 buses per hour) resulted in a modest 3.3 percent increase
in transit ridership and a 1.5 percent reduction in total energy consump-
tion. However, when this policy was coordinated with a staggered work
hour program, bus ridership decreased slightly compared to the base case,
and energy consumption was not improved beyond that of the staggered work-
ﬁour-only alternative.

The combined effects of variable work hours and transit scheduling
did not generally improve the energy consumption beyond the level of the
variable work-hour-only policy. The policies tested did not appear to
coordinate well under the conditions simulated. The total energy consump-
tion was influenced only by changes in the demand patterns. Increased
transit ridership on routes given supply priority failed to offset losses
on routes sacrificing buses for transit redistribution.

One reason for the absence of response to changes in the supply
paraﬁeters may be the design of the base case. The urban area, the travel
patterns, and the structure of the transit and highway systems were all

nearly symmetric. Although some transit routes did exhibit higher 1levels
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of link congestion than others, there were no clearly dominant congestion
patterns or. transit demand patterns that could be influenced by a redis-
tribution of the transit fleet.

The conditions simulated resulted in a mean transit work trip travel
time approximately three times longer than that for automobile work trips.
This large differential between transit and automobile travel time would
certainly result in only minor changes in mode choice unless major reduc-
tions in transit travel time resulted from the supply changes. ‘This did
not occur for the transit policies tested.

The possibility exists that extraneous environmental changes could
result in a mode shift to transit regardless of the travel time differ-
ential. This appears to have been the case during the oil embargo of
1973-1974 when limited fuel availability caused a substantial, but teméo-
rary, mode shift in many urban areas. Under a simulated condition of
higher fuel price and limited availability, transit ridership was shown
to increase dramatically. With this prevailing fuel environment, the
transit supply and staggered work hour policies were found to be less
effective in reducing total fuel consumption than they were in the base
case fuel environment. A large fuel savings was evident as a result of
the increased cost (direct and indirect) of obtaining gasoline. However,
the large increase in transit ridership could only be accomodated through
increased transit supply and a coordinated system of demand management
such as a staggered work hour system. This would result in a greater
reduction in fuel consumption from the policies tested than was indicated
by this research. Limitations in the modeling technique prevented the
proper evaluation of the policy impacts in the alternative fuel environ-

ments.
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6.2 Research Limitations

| This research study had several limitations which may restrict the
application of the results. The limitations stem primarily from the simu-
lation technique and its scope of application.

Transit trips were not assigned to routes, nor was route capacity a
consideration in determining transit ridership. This becomes a factor
when simulating a conditioh where unusually large numbers of transit trips
are generated. The transit fuel consumption algorithm did not explicitly
consider the number of transit stops per mile, nor the effect of highway
congestion on transit speed. These considerations could alter the work
trip mode choice, although the direction of this impact is unknown.

Overall limitations of this research resulted from the scope of its
application. A hypothetical urban structure was utilized for the simula-
tion. The modeling system has not as yet been sufficiently tested on
an actual urban area, and it remains to be determined whether or not the
modeling system generates a reasonable picture of a real city. The shape
and size of the area simulated may also‘have had an impact on the policy
effectiveness. This possibility was not investigated by this research.
Whether or not the policies tested would be more or less effective for
a larger urban area, or in an area with a different spatial distribution
of population and employment, is unknown.

The relationship between the policy effectiveness and alternative
transportation infrastructures also remains to be investigated. Changes
in the highway network structure or the addition of expressways may alter
policy effectiveness. This may also be true for alterations in the transit
network structure, such as changes in route configuration or the addition
of a rapid transit system.

Planning for energy contingencies is a complex process. The evaluation
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of many policy alternatives is necessary for each individual urban area.
The results of this research indicated that staggered or flexible work
hour programs could be a valuable tool in reducing work trip energy de-
mand, and should be given strong considération as an operationally inex-
pensive method of reducing gasoline consumption.

The high potential for energy savings through implementation of vari-
able work hours indicated by this study suggests that further research
be done to expand on these results. This should be done with the objec-
tive of answering the questions raised by the limitatigns of the research,
to further expand the modeling system, and to test other TSM policy alter-

natives individually and in combination.
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APPENDIX A

Documentation of MOD3 Program Changes for this Research

A.1l Program Changes and Documentation

A complete program listing and user's manual for MOD3 are contained
in the work by Peskin (1977). The documentation given here indicates
the changes to MOD3 required to duplicate this research effort. All of
the line numbers indicated with Fortran statements refer to the program
listing given by Peskin (1977). Every effort has been made to insure
that the documentation of the program revisions is consistent with the
user's manual supplied by Peskin.

Table Al shows the revised input data sequence required to execute
the modified version of MOD3. Only those variables added to the input
sequence through modifications for this research will be detailed here.
The description of the additional input variables is given in Table A2.

The following additions to the Fortran coding for MOD3 should be
made where indicated by the line numbers specified. These statements
allow the program to operate while surpressing the incremental layer of

growth. This allows for "short-term" policy analysis.

Fortran Statement Line No.
Read 10, IRUN, BASERN, NOGROW 250

BE(J) = BASIC(J)*ESUB 9350

IF (NOGROW.EQ.YES) BE(J) = 0.0 9350.1
1250 CONTINUE 9350.2
IF (NOGROW.EQ.YES) Y(I) = 0.0 10440.1
IF (XPOP2.EQ.0.0) GO TO 1675 12700.1
GO TO 1679 . 12710.1
1675 CONTINUE 12710.2
PERC = 1.0 12710.3
1679 CONTINUE 12710.4

In addition to these changes the variable NOGROW must be added to
COMMON block in the program MAIN and all subroutines.
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Table Al. Revised Data Input Sequence
Run Type
hot
]

— ]

R

e~ 5

o

885w

)
0893
433 Number
aH<a DESCRIPTION of Cards
XXXX IRUN, BASERN, NOGROW 1
XXXX KOMMNT 1
XXXX CODE, N, NARC, NIT2, IFIB, FLAG, NDUM, FLAG4 1
X X X VAR1, VAR2, VAR3, VAR4, VARS 1
X X X VAR6, VAR7, VARS8, VAR9, VAR1O 1
X X X VAR1l1l, VAR12, VAR13, VAR14, VAR1S5 1
XXXX WKINZN(30,5) 20 .
XX XX HMWRK 1
XXXX VALUE(5) 1
XXXX AUTO(40) 5
XXXX BTUPER 1
X XXX PRICE, OCC(5), OWNRSH 1
XXXX TRAFIK 1
X XXX I, J, AA(i), BB(i), CC(i), Zz (Highway Network) NARC
XX XX FIXD, FIXSP 1
X XXX PARK (N) N/8
XXXX PRKTM 1
XXXX WLKTM 1
XX XX PKRATE 1
XXXX NR 1
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Table Al. (continued)
Run Type
&
Ll
1]
— <
Ny
Rl
g8 w
0
5533
g 33 Number
mH Q< DESCRIPTION of Cards
X X X FR(NR) NR/8
X X X FRDAY (NR) NR/8
X X X TRANST (6) 1
XX X WALK (N) N/8
XX X WAITWT, WALKWT, WPLS 1
XX X RANDOM (N) N/8
X X X FARE, TFARE 1
X X X I, J, TIME, DIST, IRTE, Z (Transit Network) varies
X X X F(200,5) 125
X XXX ICOST, BASE 1
XXXX ALPH 1
XXXX BASIC(N) N/8
X XXX INCR(6) 1
XX XX CAPX 1l
X XXX BETA(2) 1
XX XX GAM(N, 4) 4 x N/8
X XX LA(N) N/8
X X X X DEN (N) N/8
XXXX S(N,2) 2 x N/8
XX XX FS(N,2) 2 x N/8
XX XX FSPOP (N) N/8
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Table Al. (continued)
Run Type
P
]
n
~- =
LNy
ks
268w
)
2HSS
W o33 Number
mH & DESCRIPTION of Cards
X XXX FG(N) N/8
XXXX G(N,3) 3 x N/8
X XXX XCOORD(N), YCOORD(N) N
XXX F (200,5) 125
XXX LA (N) N/8
XXX BASESV(N,20) 2 x N/8
XXX BASEPO (N) N/8
XXX BASEBE (N) N/8
XXX BASERT (N) N/8
X XX B(N,N) (Base work trip matrix) N x N/8
XXX NOFACTS 1
* Note: These seven data variables are transferred to the

incremental run from the base run as a PUNCH file.
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Table A2. Description of Additional Input Variables
for the Adapted Version of MOD3.

FACT (NOFACTS) (10F6.4) A vector of factors between 0 and 1 applied to

the origin zone of the work trip matrix. Up to five different factors

are possible, i.e., NOFACTS can be any value between 2 and 5. These factors
are used to proportion the total work trips entering the highway network
from a specified zone during a specified time element (used only for sh<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>