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Foreword 

Urban congestion is a matter of current concern in many metropolitan areas. Where physical 
increases in capacity are nul feasible, or else cannot be accomplished in the short run, other 
solutions must be found. Improvements in signal systems and applications of transportation 
system management (TSM) measures are examples of such solutions. 

This group of papers, sponsored by the Committee on Traffic Signal Systems and the 
Committee on Transportation System Management, provides information on improved analyti
cal tools that can be used in developing solutions. The first, by Lee and Machemehl, describes 
improvements to the IBXAS model. With this user-friendly version, alternatives can be tested 
not only with greater cost-effectiveness but also with graphic display outputs that facilitate 
descriptions of the analysis for public meetings. In the next paper, Johnson and Cohen present a 
method for analyzing the penalties that might accrue on a single arterial when networkwide 
signal timing is optimized. The third paper, by van Vuren et al., also deals with signal timing, 
specifically a study of the interaction between signal-timing strategies and traffic assignment in 
which a new policy shows promising results in a test comparison of stability and delays with 
Webster method. 

The second group of four papers deals with broader issues than traffic signal system analysis. 
Levinson et al. look at the benefits and impacts of TSM measures, suggesting that the evaluation 
process for these be conducted on a commensurate scale. Wellander et al. describe a new process 
drawn from existing models that can be used to assess the traffic effects in a central business 
district affected by major transportation facility construction. This model was developed for an 
application in Seattle, and the next paper, on regional traffic analysis, also relates to Seattle. 
Bernstein focuses on an approach to analyze the impacts of different regional transit-investment 
alternatives. The approach that was followed was useful for presentations to lay groups and 
elected officials. In the last paper, Leggett reports on a planning process to develop and evaluate 
packages of TSM actions that will enable agencies to maximize the combined effects of TSM 
measures. 

iv 
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The TEXAS Model for Intersection Traffic
A User-Friendly Microcomputer Version 
with Animated Graphics Screen Display 

CLYDE E. LEE AND RANDY B. MACHEMEHL 

1\vo interactive data-entry programs have been Incorporated 
Into the TEXAS Model for Intersection Traffic to produce the 
user-friendly TEXAS model. With these programs, a user, by 
working through an alphanumeric terminal connected In an 
interactive time-sharing mode to a mainframe computer or 
through the keyboard of a microcomputer, can respond to 
screen-displayed prompts and Instructions and enter all the 
data needed for a simulation run In about one-tenth the time 
previously required. The actual simulation can then be ex
ecuted either on a mainframe computer or on an IBM personal 
computer. During simulation, the progress of each Individually 
characterized vehicle moving through a simulated Intersection 
is recorded and subsequently displayed in real time or In stop 
action on a microcomputer-driven graphics screen. This ani
mated graphics display allows the user to study the overall 
traffic performance at an Intersection or to ex.amine the be
havior of any selected vehicle or vehicles in great detail. It also 
offers an effective way of describing alternative intersection 
traffic flow conditions at public meetings and technical work 
sessions. Tabular summary statistics may be produced for each 
simulation run If requested by the user. With the user -friendly 
version of the TEXAS model, alternative Intersection designs 
and traffic-control schemes can be evaluated quickly and accu
rately in a timely and cost-effective manner. 

The Traffic EXperimental, Analytical, Simulation (TEXAS) 
Model for Intersection Traffic (1-3) is a powerful computer 
simulation tool that allows the user to evaluate in detail the 
complex interaction among individually characterized driver
vehicle units as they operate in a defined intersection environ
ment under a specified type of traffic control. In the original 
version of the model, the user was required to input an exten
sive amount of highly detailed descriptive data in order to 
characterize a simulated geometric, traffic, and traffic-control 
situation. A series of data-coding forms was developed to aid 
the user in the tedious data-input process, but use of the forms 
proved to be cumbersome at best and coding errors occurred 
rather frequently. Some potential users of the TEXAS model 
were discouraged by the amount of effort needed for data entry. 
Several hours of work were frequently required in preparation 
for a single run of the model. 

Output from the model, which includes several pages of 
tabular data concerning the behavior of traffic and traffic
control devices during the simulated time period, also lacked 
user appeal. These data summarize exactly many different 
measures of intersection performance, but they are rather diffi
cult to interpret, even for an experienced traffic engineer. The 

Department of Civil Engineering, ECJ Hall, Room 4.2, University of 
Texas at Austin, Austin, Tex. 78712. 

need for a more efficient means of communication between the 
user and the TEXAS model became evident. 

The results of a major effort to make the TEXAS model 
more user-friendly and more accessible are described. In the 
new version of the model, the user builds compatible data files 
through alphanumeric terminals networked to the mainframe 
computer in an interactive time-sharing mode or through mi
crocomputers, which may stand alone or be networked to the 
mainframe. Two interactive data-entry programs guide the user 
in entering data via a series of prompts (questions and instruc
tions) displayed on the screen of the terminal or the microcom
puter. The results of data entry can be echoed on the screen and 
also printed on a hard-copy device. The TEXAS model can 
then utilize these data files when running either on the main
frame or on an IBM personal computer. Running time on the 
microcomputer is considerably longer than that on the main
frame, but is quite practical in view of the relative availability 
of time on the two classes of computers. Output data files, 
which include the instantaneous speed, location, and time rela
tionship for every simulated vehicle, provide the basis for an 
animated graphics display on a screen driven by the microcom
puter. With this display the user can study the overall traffic 
performance at a particular intersection or examine in great 
detail the behavior of an individual vehicle in the traffic stream. 
The tabular summary data from the model are also available for 
quantitative analysis. 

STRUCTURE OF THE TEXAS MODEL FOR 
INTERSECTION TRAFFIC 

The TEXAS Model for Intersection Traffic includes four data 
processors-GEOPRO (geometry), DVPRO (driver-vehicle), 
SIMPRO (simulation), and EMPRO (emissions)-for describ
ing, respectively, the geometric configurations, the arriving 
traffic, the behavior of traffic in response to the applicable 
traffic controls, and the emissions generated by the traffic. The 
structural relationship among these data processors is shown in 
Figure 1. 

GEOPRO defines the geometric intersection characteristics 
needed for simulation. The user specifies the lengths of in
bound and outbound lanes on the approaches, and GEOPRO 
calculates vehicle paths along the approaches and within the 
intersection. The number of intersection legs together with 
their associated number of lanes and lane widths define the 
intersection size and the location of any special lanes. The 
azimuths of the legs define the intersection shape. The 
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FIGURE 1 Flowchart of structure of user-friendly TEXAS 
model. 

allowed directional movements of traffic on the inbound lanes 
and the allowed movements on outbound lanes define the 
directional use of the intersection. 

DVPRO utilizes certain assigned characteristics for each 
class of driver and vehicle and generates attributes for each 
individual driver-vehicle unit; thus, each unit is characterized 
by inputs concerning driver class, vehicle class, desired speed, 
desired outbound intersection leg, and lateral inbound lane 
position. All these attributes are generated by a uniform proba
bility distribution, exc.ept for the desired speed, which is de
fined by a normal distribution. Units are sequentially ordered 
by log-in time (the time of entry into an inbound lane) as 
defined by the input of a selected headway distribution. The 
total number of driver-vehicle units that must be generated by 
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DVPRO is determined by the product of the input traffic 
volume and the time to be simulated. 

SIMPRO simulates the traffic behavior of each unit accord
ing to the surrounding conditions of the moment, including any 
traffic-control device indicatiqns that might be applicable. 
When the unit enters the inbound approach lane, its entry 
velocity is set so that the vehicle will neither exceed a selected 
desired speed nor collide with the unit immediately ahead of it. 
If the unit ahead is accelerating or is traveling at its desired 
speed, the entering unit will enter the approach at its own 
desired speed. If the unit ahead is decelerating, the speed of the 
entering unit is set to a value that is less than its own desired 
speed. If there is no leading unit on the inbound lane, the unit 
enters with its desired speed. 

After entry, the unit is checked from moment to moment 
within SIMPRO to see whether it is in a car-following situa
tion. If it is not, the magnitude of required acceleration or 
deceleration applicable at any given instant is calculated by 
linear interpolation between extreme values set for each vehicle 
class with respect to the desired speed and to zero speed. 
Maximum required acceleration and deceleration occur at or 
near zero speed, and zero acceleration occurs at the maximum 
speed that each type of vehicle can attain. If the unit is in a car
following situation, the speed and acceleration of the unit 
interact with the speed and position of the unit ahead. A unit is 
allowed to change into an adjacent lane and follow a path 
described by a cosine curve if less delay can be expected. 
Current and relative speeds and positions of all adjacent vehi
cles are thus utilized in detennining the behavior of each 
driver-vehicle unit in the simulation model. 

When car following or traffic control makes it necessary for 
a unit to accelerate or decelerate, the logic in SIMPRO 
provides for accelerating to the desired speed, accelerating to 
the speed of the unit ahead, decelerating to follow the unit 
ahead, or decelerating to the desired speed within the available 
distance. As the unit proceeds along the inbound approach lane, 
the location and the status of traffic-control devices are checked 
moment by moment. The indication of the traffic-control de
vices will apply to the unit as soon as it comes into the 
influence area of the device. 

If stop signs control the intersection, SIMPRO lists the units 
stopped before the sign according to their arrival times and then 
releases them in a first-arrived-first-served sequence. If there 
are simultaneous arrivals on adjacent intersection legs, the unit 
to the right gets priority for earliest release. 

If pretimed signals control, each unit responds to the signal 
indications, which appear in a defined sequence and are of a 
specified duration for each phase. Each unit will attempt to go 
on a green indication after checking for intersection conflicts. If 
the unit is in the leading position and has cleared conflicts, it 
will enter the intersection. If a leading unit has stopped before 
the unit being examined, or if the leading unit is decelerating, 
the unit being examined will begin to stop. When the signal 
indication is red, each arriving unit will stop; however, a right
tum-on-red option is provided. 

If control is by an actuated signal controller, the sequence 
and duration of each indication are selected in response to the 
information received by the controller from the detectors. The 
logic for driver response to signal indications is, of course, the 
same as that described for the pretimed signal. A detector 
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actuation is defined by the time interval during which the front 
bwnper of a unit has crossed the start of the detector but the 
rear bwnper has not crossed the end of the detector. Actuations 
may cause the controller to continue the phase or allow the 
phase to change when a maximum time interval for that phase 
has elapsed or a sufficiently large gap occurs. 

Statistics about delays and queue lengths are also gathered 
by the TEXAS model for evaluating the performance of traffic 
at the intersection. Delay statistics include the average of total 
delay and the average of stop delay incurred by each vehicle 
processed. Each delay is summarized by left-tum, right-tum, 
and straight movements and by the total of these three permit
ted directional movements on each inbound approach. Total 
delay is the difference between travel time for a vehicle 
through the system and the time it would have taken the vehicle 
at its desired speed. Stop delay is the time spent by a vehicle 
that has a velocity less than 3 ft/sec. Delay statistics show the 
overall influence of the intersection environment on traffic 
passing through the intersection. Comparison of the delays 
expected by traffic making various directional movements indi
cates the interaction among traffic flows on the intersecting 
streets. Queue-length statistics include average queue length 
and maximwn queue length. Both are measured in units of 
vehicles, not feet. Average queue length and maximum queue 
length are taken for each inbound lane over any selected time 
interval. 

EMPRO, the emissions processor, incorporates models to 
predict the instantaneous vehicle emissions of carbon monox-

NOMINAL 
LANE-TERMINAL 

LOCATION 

--OUTBOUND LANES-----1 

!--------!-
-INBOUND LANES I 

I.BONO. 4 
I.BO ANGLE • 270 

2 

CURB-RETIJRN 
RADIUS 

3 

ide (CO), hydrocarbons (HC), oxides of nitrogen (NOx), and 
fuel flow (FF) for both light-duty and heavy-duty vehicles. 
EMPRO utilizes information from SIMPRO about the in
stantaneous location, speed, and acceleration of each vehicle to 
compute instantaneous vehicle emissions and fuel conswnption 
at points along the vehicle path. 

USER-FRIENDLY TEXAS MODEL 

Data Entry 

As shown in Figure l, data that are required for running the 
TEXAS model are entered by the user through two computer 
data-entry programs called GDVDATA (geometry, driver, vehi
cle) and SIMDATA (simulation). These are unique features of 
the user-friendly version of the model. 

A new technique is incorporated into GDVDATA for enter
ing the data needed for defining the geometric features of the 
intersection area in terms that are acceptable to the geometry 
processor (GEOPRO) of the TEXAS model. Previously the 
coordinates of all lines and circular arcs had to be calculated 
and coded individually, but the new technique uses a modular 
con8truction concept to build the intersection geometry from 
sets of properly configured and oriented lanes, legs, and curb 
returns. Now all geometric features are specified by lengths and 
angles, which can be more easily defined by the user. The 
nomenclature and arrangement of various geometric intersec
tion features are shown in Figure 2. 

LANE-TERMINAL 
OFFSET 

FIGURE 2 Nomenclature and arrangement of intersection geometric features. 
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In addition to the geometric data needed by the model, the 
user must enter data to characterize the drivers and vehicles 
that make up the traffic stream passing through a simulated 
intersection. GDVDATA includes user aids for entering the 
data needed by the driver-vehicle processor (DVPRO), which 
then arranges all data that are needed by the model to character
ize driver and vehicle behavior into a format that is suitable for 
use in the actual simulation process. The driver-vehicle data 
items that can be defined by the user through GDVDATA are 
listed in Table 1 along with the default values that will be 
supplied aulomalically by Lhe program unless the user requests 
otherwise. 

For efficiency and for the convenience of the user, a series of 
20 typical geometric arrangements and traffic patterns have 
been configured and stored in GDVDATA. These files, which 
can serve as the basis for many practical cases of interest to the 
user, are called the "permanent library." Each file in the per
manent library contains all Lhe geometric and traffic data that 
are needed for running the model. The contents of each perma
nent library file, including a simplified diagram that can be 
displayed on the screen of an alphanumeric terminal, are de
scribed elsewhere (4). The user can study the permanent library 
files to determine whether one of them contains data that define 
an intersection situation of interest. If one of the files describes 
the situation exactly and the user wants to utilize the data 
contained in the permanent library file without modification, 
data entry proceeds directly to SIMDATA. 

A user-group library is also provided through GDVDATA to 
allow users to develop, store, index, and retrieve their own data 
files conveniently for modification or for repeated use without 
modification. This feature is particularly efficient when the 
same intersection geometry and traffic are to be used repeatedly 
in several simulation runs, because it will not be necessary to 
rerun the geometry and driver-vehicle processors each time. 

TRANSPORTATION RESEARCH RECORD 1142 

The user-group library consists of the names of up to 16 data 
files that have been (a) saved on a permanent file and (b) 
entered into the user-group library. This library serves as a 
cross reference, or an index, to data files that have been pre
viously prepared and saved by users on the same computer 
system. 

Data that are needed by the simulation processor, SIMPRO, 
are entered through the data-entry program called SIMDATA. 
This program pairs the entered data required by SIMPRO with 
data previously defined by using GDVDATA or with data 
contained in a permanent library tne within GDVDATA. A 
series of prompts and instructions is utilized in SIMDATA, as 
in GDVDATA, to guide the user through this part of the data
entry process. 

Animated Graphics Display 

Output from the TEXAS model includes the instantaneous 
speed, location, and time relationship for every simulated vehi
cle. These data are routinely written onto an external file for 
use by the emissions processor, EMPRO, or for other applica
tions. The user-friendly TEXAS model provides a feature 
whereby this information can be displayed graphically in real 
time or in stop action on a screen driven by an IBM PC. 
Intersection geometry is extracted from the files created by 
GDVDATA and displayed on the screen first. Then the position 
of each simulated vehicle with respect to time is represented on 
the screen by an outline of the vehicle, scaled to size and color 
coded according to performance capability. 

With this animated graphics display the user can study the 
overall traffic performance at an intersection or examine in 
great detail the behavior of an individual vehicle in the traffic 
stream. This is a unique capability that permits the user to 

TABLE 1 PROGRAM SUPPLIED (DEFAULT) VALUES FOR DRIVER AND VEHICLE CLASS DATA 

~ 
1RUCKS 

PASSENGER CARS Single· Unit Tractor Semi-Trailer 

Gasoline Diesel Gasoline Diesel 
c 

TYPE 

Sports Compact Medium Large PL• R# PL FL PL FL PL FL 

Class 1 2 3 4 5 6 7 8 9 10 11 12 
Operating Characteristics Factor 115 90 100 110 85 80 80 75 70 65 75 70 

~··-·-- .. --..... ••-••-•••••H•-•••000000 ... •M••--••••••-•••--•-•• 
Maximum Deceleration, ft/sec/sec 14 13 13 8 7 5 7 5 6 4 6 4 
Maximum Acceleration, ft/sec/sec 14 8 9 11 7 6 6 5 4 3 5 4 

Maximum Velocity, ft/sec 205 120 135 150 100 85 100 85 95 75 100 80 
Minimum Turning Radius , ft 20 20 22 24 42 42 42 42 45 45 45 45 
~-··-.. ·-···---···· 

Length, ft 14 15 16 18 32 32 32 32 60 60 60 60 
Percentage in Traffic Stream, % 1.5 22.5 23.3 44.7 2.6 2.6 0.2 0.2 0.2 0.2 1.0 1.0 

DRIVER 

Type Class 
P-R Factor PERCENT AGE OF DRIVER CLASS IN EACH VEHICLE TYPE 

Time 

Aggressive 1 o.s 110 so 30 35 25 40 40 40 40 40 40 40 40 

Average 2 1.0 100 40 40 35 45 40 40 40 40 40 40 40 40 

Slow 3 1.5 85 10 30 30 30 20 20 20 20 20 20 20 20 

• Partially-Loaded Truck # Fully-Loaded Truck 
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examine easily several alternative solutions to a problem by 
simulation without the time and expense of cut-and-try experi
mentation in the field A wide range of conditions can be 
defined and evaluated visually on the screen as well as in the 
form of tabular summaries of statistics about traffic and signal
control performance. 

Microcomputer Requirements 

Development of the microcomputer version of the TEXAS 
model was significantly aided by grants of hardware and soft
ware from IBM through ~e QUEST Project at the University 
of Texas. The current microcomputer version of the model is 
configured to run on IBM PC-XT's or PC-AT's with at least 
512K ofrandom-access memory (RAM), a math coprocessor, a 
color graphics adapter and color graphics monitor, or an en
hanced graphics adapter and monochrome, color, or enhanced 
graphics monitor. DOS 3.1 or the equivalent and a printer are 
also required by the current configuration. 

Because the basic processors are written totally in ANSI 
Standard FORTRAN 77, implementation on other machines 
will only require modification of the language used by other 
operating systems to access and store files. The animation 
processor contains assembly language routines that enable 
faster execution of the graphics display. Implementation of 
these routines on other machines would obviously require addi
tional modification. All other processors, however, can be quite 
readily implemented on other machines, essentially without 
modification. 

Execution time for a normal intersection simulation run on 
an IBM PC-XT is slightly longer than the real time that is 
simulated. This includes writing the data file that is required for 
the subsequent animated graphics display of intersection geom
etry, traffic signal indications, and vehicles. The same simula
tion run requires somewhat less than real time for execution on 
the University of Texas at Austin's CYBER time-shared 
mainframe. 
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Single-Arterial Versus Networkwide 
Optimization in Signal Network 
Optimization Programs 

VERETTA JOHNSON AND STEPHEN L. COHEN 

The optimization of signal timing In a traffic network Involves 
finding the timing plan that optimizes the overall performance 
In the network. In theory, the network closure constraints limit 
the performance on Individual arteries of the network. Thus 
networkwide optimization has the potential of imposing some 
cost or penalty, or both, to Individual arterials In the network. 
The objective of this study was to determine how or If the 
network closure constraint affects or limits arterial perfor
mance In the program for maximum-bandwidth, MAXBAND, 
and In the program for minimum stops, delay, and fuel con
sumption, TRANSYT-7F. The results of this study show that 
for smali and medium-sized closed networks, optimization of 
an entire network using MAXBAND or TRANSYT-7F costs 
very little In terms of stops, delay, and green bandwidth on the 
arteries within the network. The added cost associated with the 
additional stops and delays resulting from networkwlde opti
mization can be expected to Impose approximately a 5 percent 
penalty on Individual arteries within the network. 

The optimization of signal timing in a traffic network requires 
finding the timing plan that optimizes the overall performance 
in the network. In a closed network, the timing plan must 
satisfy a network closure constraint not required for arterials. 
Thus, it may be the case that individual arteries in the network 
are sacrificed for the good of the whole. The purpose of this 
study is to determine the cost or penalty (if any) that network
wide optimization would impose on the individual arteries of 
the network. 

NETWORK CLOSURE CONSTRAINT 

For fixed cycle length and splits at each intersection of a 
network, the network closure constraint simply requires the 
sum of the offsets around any loop of the network to be a 
multiple of the cycle time. This can be stated as follows: 

Let C be the cycle length, Oij be the offset between signals i 
and j, and I be a set of links that form a closed loop. 

Define L = {l:l is a loop}. 
Then the network closure constraint is Oij = nC, where n is 

an integer and the sum is taken over all links (i, J) in the loop I. 
For the network shown in Figure l, the constraint requires 

that 012 + 023 + 034 + 041 = nC for some integer n. 
Closure constraints have the effect, at least in theory, of 

degrading traffic performance on individual arteries within the 

V. Johnson, 4329 S.W. 67th Terrace, Gainesville, Fla. 32608. S. L. 
Cohen, Federal Highway Administration, Turner-Fairbank Highway 
Research Center, 6300 Georgetown Pike, McLean, Va. 22101. 

A N•twork with 1 Loop: 1-2-s- 4-1 

LiDb of loop : (1,2),(2,8),(8,4),(4,1) 

Loop COD.traiDt: o,, + o., + o •• + o •. - .c 
for 10•• aataral aaabn D. 

FIGURE 1 The network loop c!onstralnt. 

network in order to optimize overall performance. For instance, 
in the case of bandwidth optimization, these constraints would 
prevent individual arteries from obtaining the maximum band
widths that they could obtain if optimized separately. 

PROBLEM DISCUSSION 

Some computerized signal network optimization programs 
such as TRANS YT-7F and MAXBAND can be used both on 
single arteries and on networks (1, 2). 

MAXBAND simultaneously optimizes cycle length, phase 
sequences, and offsets to maximize a weighted sum of all 
bandwidths on all arteries of the network. Thus for single
artery optimization this reduces to the maximization of the 
bandwidths in each direction of the artery. Also, for the single
artery case there are no loops, so there are fewer restrictions on 
the choice of offsets at each intersection. Hence, one objective 
of the study is to determine how the additional restrictions of 
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the network closure constraint on the offsets limit arterial 
performance in the maximal bandwidth program MAXBAND. 

TRANSYT-7F adjusts offsets and green time separately to 
minimize a weighted sum of stops and delay. Again the offset 
selection is limited by the network closure constraint in the 
networkwide optimization. In this study the objective is to 
determine how this constraint affects the individual arteries of 
the network. 

STUDY OBJECTIVE 

Network closure constraints impose additional restrictions on 
the arterial settings within a network, which might result in less 
than absolute optimal settings for individual arteries of a net
work. The objective of this study is to determine how or 
whether the additional network constraint affects or limits 
arterial performance, or both, in the signal optimization pro
grams TRANSYT-7F and MAXBAND, that is, to determine 
(a) the loss (if any) of bandwidth to individual arteries of a 
network that results from networkwide optimization rather than 
individual-artery optimization and (b) the increase in cost (if 
any) associated with delay and stops to the individual arteries 
of a network that results from networkwide optimization. 

DESCRIPTION OF PROGRAMS 

MAXBAND 

The MAXBAND programs find traffic signal settings on ar
teries and general grid networks by using optimization of green 
bandwidths as the criterion. The optimization problem can be 
stated as follows: Compute offsets, cycle length, and left-tum 
phase sequence so as to maximize a weighted sum of all 
bandwidths on all arteries of the network. This problem is 
formulated as a mixed-integer linear programming problem. 
User inputs to the program include the usual volume, capacity, 
minimum green time, and link length as well as left-tum 
patterns to be considered and inter- and intraartery weighting. 

MAXBAND 86 is the name of the new network version of 
MAXBAND. For the new program, algorithms were developed 
that convert network loop characteristics into equivalent 
mixed-integer linear programming formulations. It was found 
that large or complex network problems, or both, pushed the 
optimization technique beyond its capability to produce opti
mal solutions within reasonable computation time. Networks 
optimized by using MAXBAND 86 must be completely con
nected, and no more than two arterials may compose an 
intersection. 

TRANSYT·7F 

The TRANSYT program finds the traffic signal settings on 
networks that minimize a weighted sum of stops and delay. A 
hill-climbing optimization procedure adjusts offsets and green 
time separately to minimize a weighted sum of stops and delay 
called the performance index. User inputs to the program 
include volume, capacity, minimum green time, link lengths, 
flow patterns, cycle length, and initial offsets and splits. A 
TRANSYT optimization run may be of five types: (a) optimi
zation of offsets, cycle length, and splits; (b) optimization of 
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offsets only, (c) simulation only, (d) cycle-length selection 
only, or (e) optimization of offsets and splits. 

EXPERIMENTAL DESIGN 

A three-phase experimental plan was used to accomplish the 
objectives of the study. For the first phase of the study MAX
BAND was used to optimize four small closed networks. Each 
entire network and each artery was optimized individually. A 
total of 37 MAXBAND optimization runs were made during 
this phase. A comparison was made between the bandwidths 
obtained on each artery within the network and those obtained 
when a single artery was optimized. 

The second phase of the study consisted of TRANSYT-7F 
optimizations of the same four networks used in Phase 1. Each 
artery of each network was optimized individually and within 
its network by using TRANSYT-7F. The costs associated with 
delay and stops were compared for each artery under individual 
optimization and networkwide optimization. 

Phase 3 of the study was essentially a repeat of Phase 2 
except that three larger networks were optimized. 

TEST DATA SETS 

This research concentrated on small closed networks. Pretimed, 
common-cycle, coordinated traffic signals with primarily two
phase operation were emphasized. 

Seven data sets were used. Five of the data sets-Daytona 
Beach; Washington, D.C., Section 3; Lexington; Chicago; and 
Washington, D.C., west central business district (CBD)-were 
obtained from FHW A files. The remaining two-Ann Arbor 
and Battle Creek-were provided by the University of Flor
ida's Transportation Research Center. 

Smaller Networks 

Washington, D.C., Section 3 

Eight arteries from the Washington, D.C., UTCS-1 network 
system were used. The network includes three east-west ar
teries, two of which are one-way streets, and five north-south 
arteries, two of which are also one-way streets. This network, 
which is located in the downtown area of the District, is shown 
in Figure 2. 

FIGURE 2 Washington, D.C., Section 3 network. 
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Lexington 

The test network is part of the Lexington, Kentucky, downtown 
signal system. There are five east-west arteries and four north
south arteries. All the east-west arteries and two north-south 
arteries are one-way streets. The Lexington network is shown 
in Figure 3. 

ii! E 

FIGURE 3 Lexington, Kentucky, network. 

Daytona Beach 

The test network is located in downtown Daytona Beach, 
Florida. There are three east-west arteries and four north-south 
arteries, all of which are two-way streets. Included in this 
network are two major arterials, Ridgewood Avenue and Volu
sia Avenue. This is the network system example included in the 
TRANSYT-7F User's Manual. Figure 4 shows this network. 

Chicago 

The test network is a nine-artery system centered around two 
major arterials (Michigan Avenue and NS2) in Chicago, 11-

FIGURE 4 Daytona Beach, Florida, network. 
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FIGURE 5 Chicago, 
Illinois, network. 

linois. The two major arterials are two-way, north-south streets 
and the remaining seven arteries are east-west streets, two of 
which are two-way streets. Figure 5 shows this network. 

Larger Networks 

Ann Arbor 

The 15-artery test network is located in the Ann Arbor, Michi
gan, CBD. Two of the seven east-west streets and one of the 
nine north-south streets are one way. The Ann Arbor network is 
shown in Figure 6. 

Battle Creek 

The test network is part of the Battle Creek, Michigan, CBD. 
Included are four major north-south arteries and several shorter 
east-west arteries. This network is shown in Figure 7. 

Washington, D.C., West CBD 

The largest of the test networks is located in the Washington, 
D.C., CBD. All six east-west arteries are one-way streets as are 
all but three of the north-south arteries. 

EXPERIMENTAL PLAN 

A series of experiments was performed to accomplish the goals 
of the study. 

Experiment 1: 

1. Individual arteries of the small networks (Daytona Beach, 
Florida; Lexington, Kentucky; Chicago, Illinois; and Wash
ington, D.C., Section 3) optimized with MAXBAND; cycle 
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FIGURE 6 Ann Arbor, Michigan, network. 

FIGURE 7 Battle Creek, Michigan, 
network. 
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lengths and phase sequences fixed for each artery; none of the 
arteries provided directional weighting. 

2. Each of the four small networks network-optimized with 
MAXBAND; cycle lengths and phase sequences fixed; no 
directional or between-artery weighting coded. 

Experiment 2: 

1. Small networks offset-only optimized with 
TRANSYT-7F; MAXBAND solution of each network used as 
the starting solution for the TRANSYT-7F runs. 

2. Each artery of each small network offset-only optimized 
with TRANSYT-7F; MAXBAND solution of each artery used 
as the starting solution for the TRANSYT-7F optimizations. 

Experiment 3: 

1. Each of the three larger networks (Ann Arbor, Battle 
Creek, and Washington, D.C., west CBD) optimized normally 
with TRANSYT-7F; existing conditions of each network used 
as the starting TRANSYT-7F solution. 

2. Larger networks offset-only optimized with 
TRANSYT-7F; existing timing used as the starting solution; all 
east-west links of the networks delinked, that is, no nodes 
connected by east-west links (equivalent to optimizing the 
north-south arteries separately). 

3. Three larger networks offset-only optimized with 
TRANSYT-7F; existing timing used as the starting solution 
with all north-south links delinked (equivalent to optimizing 
the east-west arteries separately). 

Comparisons were made between the bandwidths obtained 
in Parts 1 and 2 of Experiment 1, the cost of uniform stops and 
of delay obtained in Parts 1 and 2 of Experiment 2, and the cost 
of stops and delay obtained in Parts 1 and 2 or 1 and 3 (as 
appropriate) of Experiment 3. 

To study the cost of networkwide optimization to the indi
vidual arteries of a network, the cost of stops was computed as 
$0.04 per stop and the cost of delay as $0.50 per vehicle hour of 
delay. These values were taken from the National Signal Tim
ing Optimization Project final report (3). 

The detailed comparison of the results was made with a 
spreadsheet program. 

RESULTS 

The results of Phase 1 of the study are shown in Tables 1 
through 4. The results indicate that, most of the time, under 
network optimization individual arteries achieve bandwidths 
that approach or equal the bandwidths that could be achieved if 
the arteries were optimized separately. Only Connecticut Ave
nue in the Washington, D.C., Section 3 network and the EWl 
artery in the Chicago network showed any substantial degrada
tion in performance. Thus the primary effect of using the 
network optimization is to provide a means for taking individ
ual arteries, optimized separately, and adjusting the offset of 
the first intersections of each artery so that the offsets for the 
network are consistent. 



TABLE 1 BANDWIDTH COMPARISONS OF DAYTONA 
BEACH ARTERIES 

=== ========== ==========;; :===================== 

ARTERY 

RIDGEWOOD 
PALMETTO 
BEACH 
ORANGE 
MAGNOLIA 
VOLUSIA 
BAY 

TOTAL 

SINGLE 
BANDWIDTH 

28.2 
6.6 

31 
25.7 
l 0 .1 
26 .9 

2.5 

131 

NETWORK WI DE 
J;lANDWIDTH 

27 
6.6 

31 
25.7 
10.l 
26. \j 

2.5 

129.8 

DIFFERENCE 

l. 2 
0 
0 
0 
0 
0 
0 

l. 2 

TABLE 2 BANDWIDTH COMPARISONS OF CHICAGO 
ARTERIES 
=== = ========= = = === ===::;::=========::: :::::;::=~ 

ARTERY 

MICHIGAN 
NS2 
EWl 
EW2 
EW3 
EW4 
EW5 
EW6 
EW7 

TOTAL 

SINGLE 
BANDWIDTH 

26.l 
18.6 
30.l 
9.6 

28.9 
27.2 
19.7 
17.5 
44.4 

2 2 2 .1 

NETWORKWIDE 
BANDWIDTH 

24.4 
17.8 

20 
9.6 

28.9 
27.2 

16 
l7. 5 
44.4 

205.8 

DIFFERENCE 

1. 7 
0.8 

10. 1 
0 
0 
0 

3. 7 
0 
0 

16.3 

TABLE 3 BANDWIDTH COMPARISONS OF LEXINGTON 
ARTERIES 
=====:=====:======== : = ==== == = =====~====~===~==~ 

ARTERY 

EWl 
EW2 
EW3 
EW4 
EW5 
NSl 
NS2 
NS3 
NS4 

TOTAL 

SINGLE 
BANDWIDTH 

26.l 
23.9 

27 
30.2 
22.3 
38.5 

3.9 
17.5 
28.5 

217. 9 

NETWORK WIDE 
BANDWIDTH 

23.4 
23.9 

27 
30.2 
22.3 
38.5 

2.0 
17.5 
28.5 

214.1 

DIFFERENCE 

2.7 
0 
0 
0 
0 
0 

1.1 
0 
0 

3.8 

TABLE 4 BANDWIDTH COMPARISONS OF WASHINGTON, 
D.C., SECTION 3, ARTERIES 

ARTERY 

L STREET 
K STREET 
I STREET 
l9TH ST 
l8TH ST 
CONN AV 
l 7TH ST 
16TH ST 

TOTAL 

SINGLE 
BANDWIDTH 

25.3 
12.5 

2 
3 5. 1 
30.2 
50.2 
8. 3 

24. 3 

187.9 

NETWORKWIDE 
BANDWIDTH 

24.1 
11. 5 

2 
3 5 .1 
30.2 
31. 4 

7 
24.3 

16 5. 6 

DIFFERENCE 

1.2 
1 
0 
0 
0 

18.8 
1. 3 

0 

22.3 

TABLE 5 COST COMPARISONS FOR DAYTONA BEACH 

:az2==========•===========~==============================================•========•••••••• 

ARTERY 
SINGLE 
DELAY STOPS COST 

NE'IWORKWI DE 
DELAY STOPS COST COST DIFP' \ DIP'P 

------------------------------------------------------------------------------------------RIDGEt«)()D 25.63 26 51. 9 118.891 25.01 2637 117.985 -0.906 -0.00762 

PALMETTO 8 .97 800.49 36.5046 10 1105.3 49.212 12. 7074 0.348104 

BEACH 24 2212.6 100.504 23 .46 2126 .1 96 . 774 -l.7l -o.o:n1u 

ORANGE 14.4 1365.7 61.828 14. 3 2 1339. 5 60. 74 -1.088 -0.017597 

MAGNOLIA 12.88 908.7 42.788 13 .44 903. 9 42.876 0.088 0.002057 

VOLUSIA 31.17 2729.1 124.749 30.94 2724.3 124.442 -0·. 307 -0.002461 

BAY 10.l 835 38.55 9.95 824.2 37. 94 3 -0.607 -0.015746 
----------------------------------------------------------------------- -------------------
TOTAL COST 523.8146 529.972 

DIFFERENCE 6.1574 

' DIFF 0.0117549 
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TABLE 6 COST COMPARISONS FOR CHICAGO 
:::zaz==========================================================z==============•••======== 

SINGLE NETWORKWIDE 
ARTERY DELAY STOPS COST DELAY STOPS COST COST DIFI!' ' DIFl" 
------------------------------------------------------------------------------------------MICHIGAN 127. 3 2 4912.6 260 .164 128.94 5488.9 284.026 23.862 0.091719 

NS2 6.6 9 1109 .6 4 7. 729 9 .12 1343.9 58.316 10.587 0.221814 

EWl 5.22 502.8 22. 722 5 . 27 596.7 26.503 3. 7 81 0.166403 

EW2 6.38 712 31.67 5.84 668.6 29.664 -2.006 -0.063341 

EW3 4.28 161.1 8 .584 4.88 394.3 18.212 9.628 1.121622 

EW5 3.06 338 .1 15.054 3. 71 392.9 17.571 2.517 0.167198 

EW6 3.93 475 20.965 3. 3 2 392.9 17. 37 6 -3.589 -o .17119 

EW7 104.21 1209. 5 100.485 105.12 392.9 68.276 -32.209 -0.320535 

TOTAL COST 533.971 551. 395 

DIFFERENCE 17.424 

\ DIFF 0.032631 

TABLE 7 COST COMPARISONS FOR LEXINGTON 
===========================================================================z============zz 

SINGLE NETWORKWIDE 
ARTERY DELAY STOPS COST DELAY STOPS COST COST DIFF \ Dil"l" 
---------------------------------------------------------------------·---------------------
EWl 3.33 488.5 21.205 4.39 577.9 25.311 4.106 0.1936336 

EW2 135.23 1787.8 139.127 162.64 2075.1 164.324 25.197 0.1811079 

EWJ 3.4 631. 2 26.948 3.01 608.4 25.841 -1.107 -0.041079 

EW4 2.87 484 20.795 2. 79 517.9 22.111 1. 316 0.0632844 

EW5 3.38 53 5. 4 2 3 .106 4 .6 9 668 29.065 5.959 0.2578984 

NSl 122.04 2088.1 144.544 127.1 2390.5 159.17 14.626 0.1011872 

NS2 7.69 887.9 39. 3 61 8.52 1065.5 4 6.8 8 7.519 0.1910267 

NS3 5. 33 704.4 30.841 6.13 74 2. 7 32.773 1.932 0.0626439 

NS4 4 .OJ 600.1 26.019 5 660.2 28.908 2.889 0.1110342 
-------------------------------------------------------------------------------------------
TOTAL COST 471.946 534.383 

DIFFERENCE 62.437 

\ DIFF 0.1322969 

Comparisons of the cost of stops and delay for individual 
arteries of each network under arterial and networkwide opti
mization were made in Phase 2. Each network contained some 
arteries for which the cost associated with stops and delay 
when the artery was optimized separately was greater and some 
for which it was lower. The Lexington network showed the 
greatest increase in overall cost under networkwide optimiza
tion. The Daytona Beach; Washington, D.C., Section 3; and 
Chicago networks showed very small increases in cost of 0.4, 
1.2, and 3.3 percent, respectively. The results of this phase of 
the study are shown in Tables 5 through 8. 

Phase. 3 of the study focused on the larger networks-Ann 
Arbor, Battle Creek, and Washington, D.C., west CBD. The 
results were similar to those found in Phase 2, with overall 

increases in the cost associated with stops and delay of 3.9, 4, 
and 4.8 percent, respectively. Each network had some arteries 
for which the cost was lower under individual-artery optimiza
tion and some for which it was lower under networkwide 
optimization. In most cases, as in Phase 2, the arteries that 
showed increased cost under networkwide optimization were 
offset by others that showed lower cost. The nwnber of stops, 
the delay, and the cost associated with stops and delay found in 
this phase of the study are shown in Tables 9 through 11. 

In Phases 2 and 3 it was found that the network that was the 
least rectangular (Lexington) and the ones that had predomi
nantly one-way streets (Lexington and Washington, D.C., west 
CBD) showed greater degradation with networkwide optimiza
tion than did the other networks of the study. 



TABLE 8 COST COMPARISONS FOR WASIIlNGTON, D.C., SECTION 3 

====a=a•============~====~====-=~====== =============== = = = ======= ===================~=•~==•==== 
SINGLE NETWORKWIDE 

ARTERY DELAY STOPS COST DELAY STOPS COST COST DH' ' Dil!'F 

--------------------------------------------------------------------------------------------·· L STREET 613.58 3723.9 455. 746 6 06. 5 8 2539.3 404.862 -50.884 -0.11165 

K STREET 35.63 4107.6 182.119 40. 49 5279. 3 231.417 49.298 0.2706911 

I STREET 4.67 358.7 16 .683 9.36 379.6 19.864 3.181 0.1906731 

19TH ST 18.3 1389.8 64. 742 18.32 1394. 2 64.928 0.186 0.0028729 

le'!' ft ST 8.29 1029.9 45.341 9.13 1062.S 47.065 1.724 0.038023 

OONN AV 170.87 2413 .1 181.959 170.81 2480. 6 184.629 2.6 7 0.0146736 

17TH ST 64.54 1681. 3 99.522 64.62 1655.3 98,522 -1 -0.010048 

16TH ST 13 ,14 1550.7 68.598 13 .02 1549. 7 68.498 -0.l -0.001458 

---------------------------------------------------------------------------------------------
TOTAL COST 1114.71 1119.785 

DIFFERENCE 5.075 

\ DIFF 0.0045528 

TABLE 9 COST COMPARISONS FOR ANN ARBOR 
============================================================================================ 

SINGLE NETWORKWIDE 
ARTERY DELAY STOPS COST DELAY STOPS COST COST DIFF ' DIFF 
--------------------------------------------------------------------------------------------
CATHERINE 10.2 1472. 8 64.012 10.07 1458.9 63.391 -0.621 -0.009701 

ANN 7.42 918.7 40.458 7.15 960. 3 41.987 1.529 0 .o 37792 3 

HURON 14.32 128 0 .1 5 8. 3 64 13.83 1307 59.195 0. 831 0.0142382 

WASHINGTON 6.83 880.3 38.627 6.97 905. 6 39.709 1.082 0.0280115 

LIBERTY 3 .86 494.4 21. 706 5.12 667.6 29.264 7.558 0.3481987 

WILLIA!'! 10.1 1328.7 58.198 11.02 1493.1 65.234 7.036 0.1208976 

PACKARD 17. 7 5 2 361. l 103.319 17.84 2478.8 108.072 4. 753 0.0460032 

ASHLEY 4 .45 810 34.625 4 .41 831. 8 35.477 0.852 0.0246065 

MAIN 15.46 1736.8 77.202 15.9 1811.8 80.422 3. 2 2 0.0417088 

FOURTH 4 . 83 704 . 5 J0 . 595 4 . 0!! 645.2 27.848 -2.H7 -0.089786 

FIFTH 4 .4 3 64 2.8 27.927 5.27 7 57. 3 32.927 5 0.1790382 

DIVISION 8.68 1637.9 69.856 8.3 1434 .6 61. 534 -8.322 -0.119131 

NNl 6.46 825.1 3 6. 2 34 6.53 887.5 38.765 2.531 0.0698515 

NN2 6.93 829.7 36.653 7 .03 917.2 40.203 3.55 0.0968543 

THOMPSON 2. 5 3 621.7 26.133 3.11 667.1 28. 2 39 2.106 0.0805878 
--------------------------------------------------------------------------------------------
TOTAL COST 723.909 752.267 

DIFFERENCE 28.358 

' DIFF 0.0391734 



TABLE 10 COST COMPARISONS FOR BATTLE CREEK 

SINGLE NETWORKWIDE 
ARTERY DELAY STOPS COST DELAY STOPS COST COST DIPF ' Dil"l" 

-----------------------------------------------------------------~-----------------------~ 
WASHINGTON 

McCAMLY 

CAPITAL 

CAPITAL2 

CALHOUN 

VAN BUREN 

MICHIGAN 

STATE 

JACKSON 

HAMBLIN 

DICKMAN 

SPECIAL 

TOTAL COST 

12. 6 5 

10.58 

12. 7 

11.42 

3.92 

9.84 

3.46 

3 .46 

6.08 

2.28 

10. 46 

3.99 

227 9. 9 

1993.5 

2291 

1573 

608.1 

1452.4 

506. 7 

591.1 

885. 2 

502.5 

2009.4 

499.7 

97.521 

85.03 

97.99 

68.63 

26.284 

63.016 

21.998 

25.374 

38.448 

21.24 

8 5. 6 06 

21.983 

653.12 

12.4 

10. 78 

12.44 

42 .31 

3.95 

10.14 

3.71 

3.98 

6.59 

2.53 

1o.4 7 

3.85 

2359.8 100.592 

2027 86.47 

2303 98.34 

1343.4 74.891 

623.6 26.919 

1625.8 70.102 

510.8 22.287 

640.4 27.606 

1018.4 44.031 

498.4 21.201 

1998.6 85.179 

502.7 22.033 

679.651 

DIFFERENCE 26.531 

\ DIFF 0.0406219 

3.071 0.0314907 

1.44 0.0169352 

0.35 0.0035718 

6.261 0.0912283 

0.635 0.0241592 

7.086 0.1124476 

0.289 0.0131376 

2.232 0.0879641 

5.583 0.1452091 

-0.039 -0.001836 

-0.427 -0.004988 

0.05 0.0022745 

TABLE 11 COST COMPARISONS FOR WASHINGTON, D.C., WEST CBD 

z========================================================================================== 
ARTERY 

K STREET 

L STREET 

M STREET 

N STREET 

0 STREET 

P STREET 

0 STREET 

9TH ST 

lOTH ST 

l lTH ST 

l 2TH ST 

l JTH ST 

14TH ST 

15TH ST 

TOTAL COST 

DELAY 

8.27 

8.47 

11.62 

9.57 

14.51 

10.53 

9.44 

11. 28 

11. 51 

10.06 

12.72 

12 .66 

13.67 

4.48 

SINGLE 
STOPS COST 

1079.9 47.331 

1057.5 46.535 

2170.4 92.626 

194 6 82. 625 

1559.5 69.635 

1751.B 75.337 

1549.5 66.7 

141B.9 62.396 

1546 67.595 

1763.7 75.57B 

2108 90.6B 

2043.7 BB.07B 

2B06.5 119.095 

1109.2 46.60B 

1030.819 

NETWORK WIDE 
DELAY STOPS COST COST DIFF ' DIFP 

7.03 

7.08 

11.66 

11.07 

11. 01 

11.09 

9.12 

8.83 

9.53 

B.09 

10.19 

11.24 

15.51 

4.Bl 

1340.4 

1233 

2229 

1B04.7 

2014.9 

1669.4 

1579.9 

lB BJ. 5 

15 B2. 9 

1910.4 

2330.1 

2065.4 

2600.4 

1068.9 

DIFFERENCE 49.B27 

\ DIFF 0.04B3373 

57.131 

52.B6 

94.99 

7 7. 72 3 

B6.101 

72.321 

67.756 

79.755 

6 B. 0 Bl 

80.461 

9B.299 

BB.236 

111.771 

4 5 .161 

lOB0.646 

9.8 0.2070525 

6.325 0.1359192 

2.364 0.025522 

-4.902 -0.059328 

16.466 0.2364615 

-3.016 -0.040033 

1.056 0.0158321 

17.359 0.2782069 

0.4B6 0.0071899 

4.B83 0.0646087 

7.619 O.OB40207 

0.158 0.0017939 

-7.324 -0.061497 

-1.447 -0.031046 
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CONCLUSIONS 

The first phase of the study shows that optimization of arteries 
within networks using MAXBAND involves no cost other than 
that of computer time. About the only effect of imposing the 
network closure constraint is to take the individual timing plans 
for each artery in the network and put them together in a 
consistent network timing plan. That is, in small closed net
works the bandwidths obtained with networkwide optimization 
are not significantly different from those obtained with single
artery optimizatiun. 

Phases 2 and 3 show that for small and medium-sized closed 
networks, optimization of the arteries by using TRANSYT-7F 
results in some cost increases to the networks but not neces
sarily to individual arteries. In fact, some arteries operate more 
efficiently when optimized as a part of a network. 

RECOMMENDATIONS 

Because network MAXBAND is relatively expensive to run, 
the traffic engineer might be wise to simply optimize each 
artery of small closed networks individually and adjust offsets 
manually to achieve near-optimal networkwide performance. 

For small and medium-sized closed networks, optimizing an 
entire network by using TRANSYT-7F results in very little 
increased cost of stops and delay to the network as a whole. 
Lower cost associated with stops and delay can be expected for 
some arteries when optimized as a part of a network. Therefore 
it is recommended that networkwide optimization rather than 
individual-artery optimization be done on networks of this sort. 
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Several computerized signal timing optimization programs, 
such as TRANSYT-7F and MAXBAND 86, are currently 
available to optimize signal timing plans for linear arterials and 
grid signal networks. The maximal bandwidth program, MAX
BAND, was enhanced by the Texas Transportation Institute in 
1986 to maximize simultaneously the weighted sum of all 
progression bandwidths on all arteries of the signalized net
work. In addition to individual arterial progression constraints, 
an independent loop identification algorithm and a network 
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closure constraint were added to describe the interconnected 
network topology in a closed signal network. This added condi
tion requires that the sum of the relative signal offsets arowid 
any independent loop of the signal network be equal to a 
multiple of the common background cycle length. Therefore, it 
provides a progression-based network approach to optimize the 
overall traffic system performance of all the arterials within the 
signal network. 

This study was to determine whether the network closure 
constraint in MAXBAND 86 would limit individual arterial 
performance in network runs. It essentially evaluated how the 
network closure constraint put additional restrictions on the 
coordinated progression offsets. A parallel effort was made to 
investigate the performance evaluation of minimal stops, delay, 
and fuel consumption as evaluated by the TRANSYT-7F pro
gram. Experimental designs were conducted by running MAX
BAND 86 on both small and large closed signal networks. The 
bandwidths obtained from both the single arterials and sig
nalized networks were compared. Then TRANSYT-7F optimi
zation runs were executed for the same signalized networks. 
Individual runs of MAXBAND 86, TRANSYT-7F, and com
bined MAXBAND 86-TRANSYT-7F programs were later 
made to study the effects of different offset optimization 
schemes. Finally, the equivalent costs were used to compare the 
delay and stop measurements as recommended in the National 
Signal Timing Optimization Project. 

When individual arteries were optimized separately, the re
sults indicated that they could achieve approximately the same 
bandwidths as they would under network optimization. This 
implies that the signal timing optimization for a small network 
can be best improved by first optimizing individual arteries 
separately using MAXBAND 86. Then the offsets can be 
adjusted for each artery to obtain the needed signal timing plan. 
The comparisons of stops and delay measurements in small 
networks demonstrate that network progression can be better 
optimized when the network contains arteries with greater cost 
penalties for stops and delay. Large networks with arteries 
having lower penalty costs would provide better solutions 
when they are optimized as a network. Overall, the study 
demonstrated that the progression solution obtained from net
work optimization in small networks is not significantly dif
ferent from those obtained with single-artery optimization. In 
effect, network closure constraints prevent individual arteries 
from obtaining the maximum bandwidths possible if these 
arterials were optimized separately. On the other hand, the 
potential gains in progression optimization are significant for 
large signal networks. 

The major criticism of this study is that the full capacity of 
MAXBAND 86 network optimization may not have been prop
erly evaluated. Two of the most important network optimiza
tion features of MAXBAND 86, phase sequence optimization 
and bandwidth weighting, were not considered. This was be
cause of the computer resource available in the evaluation. One 
unique advantage of using MAXBAND 86 for optimizing 
network signal timing plans is that it provides network phase 
sequence optimization among all other signal timing programs. 
Because this particular study used only two-phase settings in 
all cases, it in fact did not examine the full phase sequence 
optimization capacity of MAXBAND 86. Furthermore, the 
study specifically stated that the network MAXBAND 86 runs 
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did not provide more arterial progression bandwidths than the 
separated MAXBAND 86 arterial runs. Examination of the 
data sets and the signal timing plans may reveal that most 
signalized intersections have already reached their available 
maximum green times for progression optimization under cur
rent phase sequences. Therefore, MAXBAND 86 would not 
provide further improvement in network optimization over the 
use of single-arterial runs. 

The other valuable feature of MAXBAND 86 is its ca
pability of providing both intra- and interartery bandwidth 
weighting options. The intraartery bandwidth weighting, also 
called "within-artery" or "directional" bandwidth weighting, 
provides a method to split progression bandwidths within one 
artery for inbound and outbound travel. In contrast, the interar
tery or "cross-artery" bandwidth weighting option provides 
another technique to supply more weights or emphasis on 
certain arteries than the others. This new feature in MAX
BAND 86 can intentionally constrain or enlarge the pro
gression bandwidths in part of the network. Therefore, priority 
treatments can be made for a particular part of the overall 
signal network. In this way, the congested part of the signalized 
network can be emphasized dynamically in the signal timing 
optimization process. This new capability in MAXBAND 86 
can supply a more flexible progression-based network signal 
timing optimization scheme for urban traffic management. 

In summary, it is relatively easy to modify MAXBAND 86 
for handling different network sizes and examining various 
levels of bandwidths weighting. The optimized timing plan in 
MAXBAND 86 can later be used as the initial starting solution 
for TRANSYT-7F after all the possible signal phase sequences 
for optimized network operations have been investigated. The 
current deficiency of MAXBAND 86 is neither the capability 
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of problem formulation nor the flexibility of the program to 
model different traffic signal network configurations. Instead, 
the deficiency lies mainly in its relatively inefficient execution 
as a result of using the 1973 version of the Mixed-Integer 
Linear Programming (MILP) code for solving complicated 
network optimization problems. Significant improvements 
have been developed in MILP optimization in the past decade. 
Therefore, it is highly recommended that 

1. Heuristic algorithms be implemented in MAXBAND 86 
for developing interartery bandwidth weighting in addition to 
the available intraartery bandwidth weighting approach in the 
model, and 

2. Significant investigations and revisions replace the exist
ing MILP code with another updated MILP code for more 
efficient optimization execution in MAXBAND 86 in order to 
benefit from the unique feature of this progression-based net
work signal timing model. 

AUTHORS' CLOSURE 
The discussant points out that the scope of the study reported in 
this paper was limited by the computational resources, which 
are consumed by the current MAXBAND 86 optimization 
algorithms. The authors concur in the recommendation to im
prove the efficiency of these algorithms. We appreciate the 
discussant's interest in this paper. 

Publication of this paper sponsored by Committee on Traffic SigMl 
Systems. 
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The Interaction Between Signal-Setting 
Optimization and Reassignment: 
Background and Preliminary Results 

ToM VAN VuREN, MICHAEL J. SMITH, AND DIRCK VAN VLIET 

It is well known that signal-setting policies and traffic assign
ment mutually Influence each other. It ls not always certain 
that an equilibrium can be established between both. With the 
two most commonly used policies, Webster's and a delay
mlnimizlng one, there may be many such equilibria, some of 
them unstable. A third policy~ P0, bas been designed to have 
substantially better equilibrium behavior. The characteristics 
or these three policies are discussed as far as their Influence on 
assignment ls concerned. An empirlcal comparison of the be
havior of Webster's policy and that of P0, especially with 
regard to stability and delays, ls presented for a small network. 
The results for the P0-pollcy appear to be promisl8'. 

Traffic signals are useful tools in urban traffic control systems. 
Over the years several signal-setting policies have been de
veloped for isolated junctions, for example, those of Webster 
(1), Miller (2), and Allsop (3). Usually these policies try to 
minimize some measure of delay at each junction for the 
vehicles in the network. 

If it is assumed that drivers choose their routes to minimize 
their own travel time or cost, so that a Wardrop equilibrium 
results, this kind of signal-setting policy will obviously influ
ence the assignment of traffic over the network, because 
changes in green times will change costs for the various routes. 
On the other hand, changes in assigned flows will influence the 
delays experienced and thus change the optimal signal settings. 

This interaction is the basic theme of this paper. The task is 
to detennine a point at which signal settings and assignment are 
in equilibrium. 

NOTATION 

aij = 1 if turning movement i runs during state j, 0 
otherwise; 

c = cycle time; 
d; = delay at traffic signals for movement i; 
f; = flow on movement i; 
8; = signal green time for movement i; 
l; = link travel times for movement i; 
S; = saturation flow for movement i; 
T = time period considered; and 
A; = green-time proportion for movement i = g/C. 

T. van Vuren and D. Van Vliet, Institute for Transport Studies, Univer
sity of Leeds, Leeds LS2 9JT, United Kingdom. M. J. Smith, Depart
ment of Mathematics, University of York, Heslington, York YOl 5DD, 
United Kingdom. 

TWO WELL-KNOWN POLICIES 

Two commonly used signal-setting policies are introduced, 
both aiming to minimize some measure of delay explicitly. 

Webster's Policy 

The essence of Webster's policy is 

(1) 

or, in words, minimize the maximum fl.ow-to-capacity ratio for 
a movement over all stages by adjusting green times. Unless a 
boundary is reached (minimum green time, etc.) this policy will 
try to equalize the flow-to-capacity ratios for the maximally 
loaded movements in each stage. The effectiveness of this 
policy lies in the fact that delays increase more than linearly 
with increasing//As-values (flow-to-capacity ratios). Therefore 
it is beneficial to keep the maximum values as low as possible. 

Delay-Minimizing Polley 

The objective of the delay-minimizing policy is straightfor
ward: minimize the total delay that is experienced at the ob
served junction (3): 

Min~ f;d; (2) 
I 

PROBLEMS 

It has been shown theoretically (4) that when Webster's policy 
is used, there may be many equilibria for assignment and signal 
settings, some of them unstable. Others [Allsop and 
Charlesworth (5)] found empirically that indeed for a certain 
network there was no unique equilibrium for the delay-mini
mizing policy: results strongly depend on the initial settings or 
assignment. 

It can easily be explained why these policies do not behave 
well. Because the policies try to minimize total delay, the most 
heavily loaded arms of the junction will be awarded the most 
green time. This, however, will increase delays on other arms, 
thus "pulling" more traffic to the already heavily loaded arms 
that received more green. This in turn requires the signal 
setting to be changed in favor of these same arms, and so forth. 
So a self-enforcing process results. In this way the objective of 
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the policy (to minimize delay) will not always be met because, 
in effect, rerouting may even cause the average delays to 
increase. 

This now is the basic deficiency of the traditional delay
minimizing policies: because they do not take into account 
changes in assignment as a result of the signal-setting policy, 
their green-time settings are based on outdated flows and as a 
result are not optimal. 

ANOTHER POLICY 

Braess's paradox (6) shows that, if possible, roads with high 
marginal costs should be avoided. In this light the signal-setting 
policy P0 that Smith (7) proposes is very appealing. In essence 
the objective is 

Equalize ~ a;isA V stage j (3) 
' 

For each stage the sum of the experienced delays for all the 
movements that run during that stage, weighted by their satura
tion flows, is equalized. Because of this weighting, green time 
is assigned to the wider roads, even if currently these roads are 
little used, so that traffic is pushed toward these wider roads. It 
is proved that under natural but rather severe conditions there 
will be a single stable equilibrium (4, 8). 

The actual goal of this policy is a maximization of the 
capacity of the network. It is hoped that as a side effect a 
decrease in delays and travel times will appear, especially at 
higher levels of congestion. The advantage of P 0 over the 
traditional delay-minimizing policies is that instead of adjust
ment of the signals to the current flow situation (without con
sideration of rerouting) the aim is a future goal, namely, to 
maximize network capacity by steering drivers toward the 
wider roads. So rerouting is actually an explicit objective of the 
policy. 

OBJECTIVES OF THE STUDY 

Until now, policy P0 has only been analyzed theoretically, 
usually with emphasis on stability characteristics. However, 
another important feature is its influence on the quality of the 
network; in other words, will it actually cause a decrease in 
delays? 

The aim of this study is to test the various characteristics of 
policy P 0 by applying it and comparing its results with those. of 
familiar policies. These tests have been made with the simula
tion and assignment model SATURN (9). The strength of this 
model lies in the detailed simulation of junctions, which gives 
more accurate flow and delay curves, together with a Wardrop 
equilibrium assignment model, as shown in Figure 1. 

NETllORK 

~ DATA 
nev flow/delay 
link curves 

fl~s r--f . / 

~ 

FIGURE 1 Basic structure of SATURN. 

ULTIMATE 
FLOWS 

17 

The method of testing the various signal-setting policies 
used here follows naturally from the way in which signals and 
assigned flows influence each other in reality. After Dickson 
(10) and others, the method is called the iterative optimization 
reassignment procedure; signal settings and flows are changed 
alternately until an equilibrium between both is reached (Figure 
2). 

SIMULATION NEW SIGNAL 

f 
-

J FLOWS SETTING 

ASSIGNMENT NEW OP'l'IMIZATION 

·-SIGNAL SETTINGS 

FIGURE 2 Iterative optimization 
reassignment procedure. 

The first tests were carried out on a small network, so the 
influence of certain network characteristics, such as route 
lengths, congestion level, and initial signal settings, could be 
readily distinguished. The effects of policy P0 compared with 
the effects of Webster's policy are presented here for the first 
time, in terms of both the uniqueness and stability of the 
attained equilibrium and the influence on network delays. The 
ultimate tests on real-life larger-scale networks are being car
ried out and will be published later. 

RESULTS 

The test network (Figure 3) consists of a short, quick route 
(e.g., through a city center) and a longer but wider route (e.g., a 

52 = 2000 vph 

FIGURE 3 Test network. 

bypass). The main results presented for this network will 
concern 

• Green times at equilibrium, 
• Assigned flows at equilibrium, and 
• Delays and travel times at equilibrium. 

The major assumptions that were made are as follows: 

• Cycle time of 60 sec; 
• No intergreen times, so the green times add up to the cycle 

time; 
• Two stages, one for each road; 
• Minimum and maximum green times of 0.5 and 59.5 sec, 

respectively; 
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• Observed time period T of 30 min or 1,800 sec; 
• Delays calculated by a three-term so-called sheared delay 

formula consisting of geometrical delays, random delays, and 
queueing delays (above capacity). 

Note that for this simple network the two policies tested reduce 
to 

f1l('A..s1) = '1/('>vi,s2) (Webster) 

s1d1 • s2dz (P0) 

Green Times at Equilibrium 

Figure 4 shows the resulting green times at equilibrium for the 
two policies tested. It is obvious that with the Webster policy 
the iterative optimization reassignment procedure always 
causes the signal settings to reach one of the two extremes (i.e., 
minimum or maximum green times), but more important is the 
fact that the actual boundary reached is determined by the 
initial signal settings. There tum out to be three equilibria for 
the signal settings when Webster's signal-setting policy is ap
plied-the two extremes and an intermediate, which is unsta
ble. Figure 5 shows these equilibria for the various flow levels. 
Evidently the two equilibria at the boundaries will lead to 
totally different delays and flows. The two boundary signal 
settings will be called Upper Webster and Lower Webster. 

The P0-policy gives rise to an equilibrium at a 35/25 setting 
for low total flows, changing to a 24/36 setting at a flow of 
1,073 vph. At that point, green times for the wider route 
increase until at a 3,910-vph flow level all green time is 
assigned to this route. 
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Flows at Equlllbrlum 

The distribution of green times is strongly related to the dis
tribution of flows over the two routes. Figure 6 shows this 
distribution of flows and again the Webster policy reaches a 
boundary, which depends on the initial signal settings. 

The flows tend naturally to follow the green times: Upper 
Webster distributes all traffic to the long, wide route until 
capacity is reached; then some traffic (about 1 percent) is also 
distributed to the shorter route according to the Wardrop as
signment. Lower Webster distributes all traffic to tho shorter 
route until capacity is reached, which in this case is about 2,000 
vph; then some redistribution to the longer route also takes 
place. 

Up to 1,073 vph the P0-policy distributes all traffic to the 
narrower and shorter route, although at least 40 percent of the 
green time is given to the other route. This of course causes 
nonoptimal travel times, as will be seen subsequently. 

Beyond 1,073 vph a redistribution to the longer route takes 
place and as soon as this occurs, the amount of green time for 
this route also increases (see Figure 4). 

From 1,073 to 3,190 vph, traffic uses both routes, following 
the assignment of green times; at 3,190 vph all traffic is as
signed to the wider route. However, not all the green time is 
shifted to this route until capacity is nearly reached This is 
because of the equality condition for the s · d values and so in 
this range the P0-policy is inefficient. Above 4,000 vph (the 
maximum capacity of the network) a small amount of traffic is 
again assigned to the shorter route to satisfy the Wardrop 
conditions. 

Summarizing, it is seen that although the P0-policy does not 
behave efficiently at all flow levels, at least the structure of 
green time and flow changes is correct. At low levels all traffic 
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FIGURE 4 Green times at equilibrium. 
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is assigned to the shorter route, but as flow levels increase 
toward capacity, a redistribution to the wider route takes place 
together with a corresponding shift of green time. This is 
exactly the behavior one would expect from a sound signal
setting policy. 
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Averaae Delay and Average Travel Times at Equilibrium 

The ultimate test for the performance of the policies is by 
comparison of their influence on delays experienced and total 
travel times (the sum of link travel times Ii and delays di). It can 
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TOTAL FLOW (v. p .h.) 

FIGURE 5 Stable and unstable equlllbria for the Webster policy. 
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be seen that the Lower Webster settings give both minimwn 
delays and minimwn travel times up to near capacity of the 
short route (2,000 vph). However, above this (when the fiow
to-capacity ratio exceeds 1), queueing increases delays sub
stantially. From a flow of 

f = ~IX ' S = (59.5/60) X 2,000 = 1,983 vph 

The addition of one extra vehicle per hour will cause an 
increase in delays of 

0.5Tlf = 0.5 x 1,800/1,983 = 0.45 sec 

Extra average delay equals half the observed time period 
(which is the average time a vehicle has to wait if queueing) 
divided by the total fl.ow. So this lower branch of Webster's 
policy becomes rapidly worse than either the upper branch or 
P0• The high-initiated Upper Webster setting gives all traffic to 
the wider and longer route and causes minimal delays up to f = 
3,967 vph. Delays then also increase rapidly but only at about 
0.23 sec per extra vehicle, which is half the rate calculated 
earlier for the lower branch. Because the wide route is 10.8 sec 
longer, average travel times will be lz + 10.8 sec higher than 
average delays, as shown in Figures 7 and 8. 

Finally, the P 0-policy again shows the most interesting 
graph. It is no surprise that break points appear at the same 
places as they do in Figures 4 and 6. Average travel time and 
average delay are increasing (via the same curve) up to 1,073 
vph. Up to about 200 vph average travel times are lower than 
for the Upper Webster settings because all traffic is assigned to 
the shorter route (lz). Above 200 vph delays for the P0-policy 
(induced by the "unfavorable" signal settings) are higher than 
10.8 sec (which is the extra travel time via the longer route) so 
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that average travel times for the P 0-policy are higher than those 
for the Webster policy. 

At 1,073 vph a redistribution of traffic over boili routes takes 
place, thus decreasing average delays, but because of a re
distribution to the longer route, average travel times keep 
increasing. The gap between delays and travel times keeps 
widening until at 3,190 vph all traffic is assigned to the longer 
route (11), and the gap is lz + 10.8 sec. 

To describe the behavior of the P 0-policy at varying flow 
levels, it can be said that at low flow levels (below 2,000 vph) 
the policy does not behave eniciently because of a nonoptimal 
combination of flows and green times. However, the dif
ferences with the other policy are limited to some 10 to 20 sec. 
Above about 2,000 vph the policy perfonns better than the 
Lower Webster settings, although still average travel times are 
some 10 sec higher than those for the Upper Webster settings. 

Above capacity (about 4,000 vph) delays increase rapidly. At 
this stage both the Upper Webster and the P 0-policy perform 
alike and optimally. 

DISCUSSION AND CONCLUSIONS 

Conclusions that can be deduced from the test runs on this 
simple network are as follows: 

1. The P0-policy indeed gives a unique and stable equi
librium for the combined signal-setting optimization and reas
signment process. 

2. The Webster policy has more than one equilibriwn solu
tion; final signal settings and the corresponding flows and 
delays depend strongly on initial settings. 

3. The P 0-policy perfonns tolerably well with respect to 
delays and travel times at low flow levels. With increasing flow 
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F1GURE 8 Average travel times at equilibrium. 

levels, the policy performs better. The policy performs very 
well, especially above capacity, a confirmation of expectations. 

The less-than-efficient performance of the policy at low flow 
levels is not that disastrous, because delays are small then. 
Good performance at high flow levels is more important, to
gether with a unique and stable equilibrium. The multiple 
equilibria that arise with the Webster policy mean that unfavor
able initial settings can give very poor results. 

The promising results for this simple network may not ap
pear in general. Further tests on larger and more complex 
networks, to show all the characteristics of the P 0-policy, are 
being carried out. Some of the first results of these tests were 
detailed by Smith et al. (11). They appear to show that also on 
larger networks P 0 performs favorably in comparison with 
more traditional policies at higher congestion levels. More 
information can be obtained from the authors. 
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Transportation System Management-How 
Effective? Some Perspectives on Benefits 
and Impacts 

HERBERT S. LEVINSON, MARVIN GOLENBERG, AND KONSTANTINOS ZOGRAFOS 

The process of transportation system management (TSM), the 
nature of its impacts, Impact measures, and analysis tech
niques are described. The use of basic measures such as capac
ity, travel time, vehicle occupancy, accidents, transit ridership, 
and costs is emphasized, and It is shown how each can be 
estimated on the basis of analogy, published relationships, or 
analytical models. Impact measures are relatively few for any 
project, not universally required, and have specific interrela
tionships. Once the primary measures are computed, the sec
ondary ones can be derived as necessary. Most TSM actions 
deal with localized improvements whose impacts are small in 
scale and difficult to estimate. Therefore impact assessment 
techniques should be direct, simple, and in scale with the 
problems involved, degree of accuracy required, and resources 
of the community. Impact assessment is a means, not an end. 
The main goal of TSM is improvement, not analysis. 

Transportation system management (TSM) is in transition. 
Conceived in the mid-1970s as a way of making better use of 
existing transportation resources, its initial focus was on man
aging demand-more specifically, reducing automobile trips. 
Many analytical models were developed to estimate the likely 
reductions in travel due to demand management, and a broad 
range of performance measures was identified. 

As TSM became more pragmatically oriented in ensuing 
years, the need to simplify analysis procedures and impact 
assessments became more apparent. This led to a "problem" 
focus of TSM, with solutions keyed to problems and use of 
simple, direct approaches to impact assessment (1). Impact 
assessment became part of an iterative process that deals with 
problems, analysis, proposals, and programs. 

The nature and scale of TSM impacts are reviewed, impact 
(performance) measures are suggested, and impact analysis 
techniques that can be used to assess potential problem solu
tions are described. The suggested approaches generally are 
easy to use, produce reasonable results, and focus on specific 
problems. They are consistent with the scale and needs of 
short-range actions and the resources of most transportation 
agencies. 

THE TSM PROCESS 

The key steps in the TSM planning process flow out of the 
problems and objectives for any given situation. They include 

H. S. Levinson, Department of Engineering, Polytechnic Unlve.rsity of 
New York, 333 Jay S1rcc1, Brooklyn, N. Y. 11201. M. Golcnberg, SG 
Associates. 4200 Daniels Avenue, Anna.ndale, Ya. 22003. K. 
Zografos, University of Miami, P.O. Box 248294, Coral Gables, Fla. 
33124. 

analyzing the problem, identifying likely solutions, screening 
candidate actions, assessing performance (benefits and im
pacts), refining or combining actions or both, and developing 
improvement programs. 

Analyze the Problem and Its Setting 

The first step is to clearly identify the specific transportation or 
environmental problems, or both, to be addressed. Is it arterial 
street congestion along the main artery leading to the city 
center? Is it inadequate transit service within a growing resi
dential area? Is it ineffective control of driveways along a 
suburban highway? 

A field reconnaissance or "base conditions analysis" will 
prove useful in answering these questions and in pinpointing 
problemi. 

Identify Likely Solutions 

Once the problems have been defined, possible solutions 
should be identified. The solutions should be consistent with 
the size and nature of the problems, for example, single inter
section, entire street, major employment center, or entire re
gion. This also makes it possible to bring appropriate agencies 
into the planning process and to assess the likely range of 
impacts. 

Screen Actions 

The candidate actions should be screened to see whether they 
are realistic in terms of actual land use, transportation system 
characteristics, and transportation needs. This may call for 
reviewing similar situations in the same town or in other 
communities to screen out obviously inappropriate measures. 
For example, a bus lane is not appropriate along a section of 
road that has neither buses nor congestion. 

Assess Performance 

Actions that survive the screening should be further analyzed in 
terms of how well they solve the problems. Analysis should 
focus on primary performance measures that influence trans
portation service and in tum affect energy consumption and air 
quality. The choice of primary measures will vary according to 
specific circumstances and actions, but normally will include 
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• System use: number of vehicle and person trips by mode 
of travel [i.e., transit ridership, car occupancy, traffic volumes, 
vehicle miles of travel (VMT)] 

• System capacity (vehicle and person) 
• Service quality (travel times, delays, level of service or 

VMT) 
• Accidents 
• Costs (capital, operating, and maintenance) 

These measures usually are computed directly. Fuel con
sumption and emissions can then be derived. Costs should be 
compared with benefits to see how effective the measures are. 

Other relevant factors should be analyzed. Is the solution 
really workable? Does it reflect community preferences? Will it 
benefit or adversely affect surrounding shops and activities? 
What are its political implications? 

Combine Actions 

In many cases it will be necessary to combine related actions 
into groups to avoid transferring problems or to attain percepti
ble time and safety savings. The various impacts of these 
groups of actions should be reassessed as necessary. 

Develop Improvement Program 

The last step is to develop a staged improvement program that 
brings together recommended actions for each time period in a 
coordinated manner. This program should include schedules 
for implementation, including costs, responsibilities, and rec
ommendations for supportive actions by various agencies. As
signing priorities should reflect 

• Degree of problem and need 
• Likely benefits 
• Geographic equity 
• Coordination with other projects 
• Costs 

THE NATURE OF TSM IMPACTS 

There are important differences between the impact analysis 
for short-range low-cost improvements and that for long-range 
transportation improvements. The costs, extent of benefits, and 
likelihood of generating secondary impacts usually are less for 
TSM actions. 

Impact Scale 

Differences in travel time savings illustrate how TSM measures 
usually vary from major new construction. A new rail transit 
line might save 2 to 3 min of travel time per mile when it 
traverses an area that was previously without service. Thus, if it 
extends for 3 or 4 mi, the total time savings might exceed 10 
min. (Chicago's Milwaukee Avenue subway, a diagonal line 
replacing two legs of a triangle, cut travel times from 22 to 10 
min over a 3.5-mi run, a saving of more than 3 min/mi.) But 
TSM actions normally generate smaller unit time savings and 
extend for shorter distances. Thus, their total impacts are less. 
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FIGURE 1 Example of Impacts and costs. 
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A traffic signal system improvement that raises speeds from 20 
to 30 mph saves l min/mi; if it extends for 2.5 mi, the aggre
gate saving is 2.5 min. 

The differences between short- and long-range improve
ments are apparent from the conceptual relationships shown in 
Figure 1. 

• A 1-mi central business district (CBD) bus lane may save 
up to 2 min. But this passenger time savings would be too small 
to modify fleet requirements or to induce changes in travel 
mode. 

• A 4-mi arterial bus lane may save up to 4 min (e.g., l min/ 
mi). This time savings might reduce fleet requirements and 
operating costs. But it is not likely to be perceived as signifi
cant on a 30-min trip, and therefore it would not affect ridership 
or mode-choice decisions. 

• A new busway may save 8 min per trip. This time savings 
generally is sufficient to affect choice of mode. But such a 
facility normally lies outside the domain of low-cost TSM 
actions. 

Thus, the impact analysis can be simplified once the scale of 
the primary impact is quantified. This is readily identified from 
the arterial street bus-lane analysis shown in Figure 2. 

• A bus lane will have the primary effects of reducing bus 
passenger delay and possibly increasing automobile passenger 
delay. The primary measure becomes net reduction of person 
delay. This delay reduction is achieved for a certain cost, a 
second primary measure. (These primary measures are repre
sented by solid lines.) 

• If the bus lanes are implemented over an extended dis
tance and the time savings are increased, bus fleet requirements 
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and operating costs would reduce. Ridership may or may not 
increase. 

• Introducing service changes along with an extended bus
lane operation might increase ridership. The increased bus 
ridership conceivable could lead to reduced VMT and energy 
conswnption, but in most cases it would not create measurable 
impacts in these areas. 

hnpact·Chaln Concept 

The choice of specific performance or impact assessment mea
sures to use is simplified when the relationships between the 
primary measures and auxiliary measures are clarified. This is 
becau~e :..~y given action produces a se.quence C'! chAiTl of 
impacts. A few of these impacts are basic ones from which the 
other impacts can readily be calculated. 

Consequently, most TSM analysis requires that only the few 
primary impacts on which the others depend be considered. 
Table 1 gives examples of impact chains. The numbers in the 
table denote, in ascending order, the sequence and relative 
dependency of impacts for each action. 

For example, in assessing the effectiveness of widening an 
intersection (i.e., adding a left-tum storage lane), the basic 
impacts are increasing capacity and reducing accidents. Re
duced delay (or better level of setvice) and hence reduced 
vehicle hours of travel (VHT) are a direct consequence of 
increasing capacity (and lowering the volume-to-capacity 
ratio). Finally, air quality and energy gains can be computed 
from the basic impacts. 

The impact estimation chain provides a useful guide in 
planning and analysis. It enables the evaluation procedure to 
focus on measuring the one or two basic impacts for any given 
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problem solution. This will vastly simplify the analysis, es
pecially when resources are limited. The other measures in the 
chain can be derived where relevant, treated qualitatively, or 
otherwise ignored. 

SELECTING PERFORMANCE MEASURES 

Specific measures of impacts were selected from a review of 
existing TSM classification schemes, an analysis of candidate 
actiollll, a look at how measures relate to commonly encoun
tered problems, and an appraisal of the capabilities of local 
transit, traffic, and planning staff. Emphasis was placed on the 
few significant performance measures that 'address goal 
achievement or problem solution with respect to the key issues 
of congestion, mobility, environment, energy, and safety. 

A further simplification of the choice of measures is possible 
when the distinction is made among the three types of 
measures: 

1. Basic measures can be directly estimated or obtained 
through data collection. These include such measures as capac
ity, travel time, number of accidents, car occupancy, and cost. 

2. Derived measures depend on a basic measure for their 
calculation. Air quality and energy impacts are commonly 
derived from values for VMT or VHT. Level of service is 
derived from traffic signal timing and volume-to-capacity 
ratios. 

3. Intermeasures show relationships between measures, that 
is, cost per person or minute saved or cost per VMT reduced. 
The intermeasures. are useful in comparing the relative merits 
of different types of actions. 
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TABLE 1 IMPACT-CHAIN CONCEPT: EXAMPLES 

Reduced 
Staggered CBD Park- Coordinated Metered Arterial Bus- Expanded 

Carpool Work Parking and-Ride Widened Traffic Freeway Bus Only Busway 
Goal or Impact Program Hours Supply Lot Intersection Signals Ramp Lane Street Service 

Increase capacity 10 
Reduce delay 

1b 1c (save time) 3 2? 2 1 1 
Reduce VHT 3d 3 2 2 2 2 3? 
Reduce car trips 2 2 1 1 3? 3? 3? 
Reduce VMT 3 -id 3 2 3? 3? 3? 
Increase vehicle 

occupancy 1 3? 
Reduce accidents 1 2 2 
Improve transit 

access/service 
quality 2 2 

Increase transit 
ridership - 2 2 2? 2? 2 

Reduce emissions 4 4d 4 3 3 3 3 4? 4? 4? 
Reduce energy 

4d 4? used 4 4 3 3 3 3 4? 4? 
Change operating/ 

maintenance 
costs 3 3 3 2 

Change net 
subsidy 3 4 4 3 

Other 
Reduce peak 

demand 2 
Reduce transit 

equipment 
needs 2 

Reduce 
equipment 
requirements 2 

Improve CBD 
environment ? 

Nom: Numbers denote sequence of impacts. Impact l is basic. Impact 2 depends on l, 3 on 2, and so on. Question mark denotes possible impact. 
Dashes indicate data not applicable. 
0 Turough-lane capacity. 
bPerson. 
2us. 

Peak. 
SoURCB: H. S. Levinson, unpublished data. 

Measures in each category are listed in Table 2. These 
measures are generally applicable, easily understood, readily 
quantified, and adaptable to statistical analysis. 

The basic measures require data collection or direct estima
tion. They include the following: 

Traffic volume or person flow, from which VMT or person
miles of travel (PMT) can be derived. 

Capacity, expressed as persons or vehicles per hour or vehi
cles per mile (freeway), from which level of service can be 
derived. 

Travel time, expressed as minutes per mile or average speed, 
from which vehicle or person-hours of travel (PHT) can be 
derived. Vehicle-hours of delay is a related measure. 

Average vehicle occupancy (persons/vehicle). 
Safety, expressed as total accidents, from which accident 

rates can be derived (i.e., accidents per 100 million VMT). 
Transit service quality, expressed in terms of service 

provided and load factors. 

Transit ridership, total daily or annual riders by line or 
system, which can be correlated with the transit hours or miles 
provided or with the population in the service area. 

Capital cost, total and annualized. 
Operating and maintenance costs (cost per bus hour or bus 

mile). 

The derived measures depend on the basic measures, such as 
traffic volumes and speeds: 

Level of service is derived from volume-to-capacity ratios, 
traffic flow densities, or traffic signal timing, or from all three. 

Air quality, expressed in terms of the amount of pollutants 
emitted, depends on traffic volumes and speeds. 

Energy consumption, expressed in gallons of gasoline or 
British thermal units (BTUs) per person or vehicle mile, also 
depends on traffic flow conditions. 

The intermeasures reflect the cost per unit of attainment: 
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Annual cost per person-minute saved or per VMT reduced. 
Gallons of fuel saved per dollar spent or per VMT reduced. 

Qualitative factors should also be considered in assessing 
improvement effectiveness. Will the improvement work? Will 
it enhance the environment? Will the conununity accept it? Can 
it be maintained and enforced? Is it politically feasible? These 
qualitative factors are commonly viewed as secondary mea
sures, but sometimes they may dominate the decision. They 
underlie TSM actions such as pedestrian malls or residential 
street enhancement. 

Finally it should be realized that these measures will not 
apply to every specific problem. The relevance of each will 
depend on the nature of the problem, goal, or action. A pedes
trian mall may improve retail sales, bui ii will not improve 
on-time bus performance. Reducing overcrowding on transit 
vehicles will have little impact on VMT or VHT. A carpool 
program probably will not affect existing road capacity. The 
average vehicle occupancy is not meaningful in assessing im
pact of traffic signal timing changes or intersection improve
ments. It is necessary to choose the appropriate primary and 
secondary measures and to discard those that do not apply. 

SELECTING IMPACT ASSESSMENT TECHNIQUES 

Discussions with public agencies and reviews of the literature 
produced a broad range of impact assessment techniques. The 

TABLE 2 PRINCIPAL PERFORMANCE MEASURES 

Measure Parameter 
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following criteria should influence selecting and evaluating 
techniques: 

Does the technique provide accurate, reliable, and, above all, 
reasonable estimates? 

Are the estimates consistent with the definition and level of 
detail needed for the desired impact? 

Is the technique sensitive to the scale of the TSM action? 
Does the technique account for interactions among different 

TSM actions that might be implemented as a group or package? 
Can the estimates be used directly to assess the effectiveness 

of TSM actions, or must the estimates be transformed? 
Are the data requirements of the technique within the exist

ing resources of identified classes of users, or are special 
collection efforts required? 

Does application of the technique by many users require the 
assistance of other agencies? 

Does the staff of most public agencies have the time and 
skills necessary to learn and understand the technique? 

Is an application of the technique easy to document, allow
ing the quick assessment by other staff of changes and refine
ments of proposed TSM actions? 

Can the technique be applied (including any necessary cal
ibration steps) within the time limitations imposed by meeting, 
hearing, and documentation schedules? 

In S11•'1, estimation methods should be easy to use, produce 

Remarks 

Basic 
Capacity Persons/hour, vehicles/hour or passengers/car unit/hom, 

vehicles/mile (freeways) 
Base on peak 15-min flow rat.e 

Travel time 

Vehicle miles of 
travel (VMT) 

Average vehicle 
occupancy 

Safety 

Transit service 
quality 

Transit ridership 

Capital cost 
Operating and 

maintenance 
cost 

Net cost of 
service 

Derived 
Air quality 
Energy 

Level of service 
Intermeasures 

Annual cost/unit 
of attainment 

Benefit-cost ratio 

Minutes/mile, vehicle homs of travel (VlIT), person-hours 
of travel (Plff), delay (sec/person or vehicle), average 
speed 

Volume (i.e., car trips), volume times distance 

Persons/car, persons/transit vehicle 

Accidents/year, accidents/1Cl0 million VMT, accidents/ 
vehicle entering, intersection or volume product 

Coverage (percentage of population within 1 /• or 1/2 mi), 
passengers/seat or fi2/passengcr, peak and off-peak; bus 
miles/1,000 residents 

Daily or annual riden (annual rides/capita in service area, 
daily riders/bus mile or bus hour) 

Annualized capital cost in dollars 
Annual cost in dollars (cost/bus or car mile, cost/bus or car 

hour) 

Annual transit subsidy in dollars, percentage of operating 
costs covered by fares (subsidy per passenger in cents) 

Emissions in grams of HC, CO, N02 (emissions/mile) 
Gallons of gasoline, BTUs (megajoules), BTUs/vehicle 

mile (BTUs/person mile) 
Avg stopped delay or vehicles per mile 

Cost/increase in vehicle or person capacity, cost/penon or 
vehicle minute saved, cost/increase in transit ridership 
(i.e., cost per additional rider), cost/accident reduced, 
cost/VMT reduced, cost/gallon saved 

Discounted ratio of benefits to costs 

SoURce: H. S. Levinson, unpublished data. 

Applies to cars and transit 

Volume is a basic input or surrogate 

May refine by type or severity of accident or both 

Transit travel time is a complementary measure 

Employees/transit vehicle is surrogate 

Similar measures apply for parking facilities; key factor is 
coverage ratio: net annual income to annual debt service 

Volume/speed or volume x (min/mi) is a good surrogate 
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TABLE 3 PRINCIPAL IMPACT TECHNIQUES 
KEYED TO PERFORMANCE MEASURES 

Perfonnance Measure 

Capacity 
Travel time 
Vehicle volumeNMT 
Avg vehicle occupancy 
Safety 
Transit service quality 
Transit ridership (mode share) 
Air quality (emissions) 
Energy 
Capital cost 
Operating and maintenance cost 
Net cost of service 
Level of service 

Impact 
Techniques 

2,3 
1, 2, 3, 4, 11 
5,6 
1, 11 
1, 2, 11 
2, 3, 6, 7 
1, 5, 6, 11 
9 
10 
1, 12 
8 
2, 6, 8 
3,4 

NoTB: Impact techniques are as follows: (1) analogy 
and experience, (2) design specification, (3) capacity 
analysis, (4) speed-flow analysis, (5) mode-choice mod
els, (6) elasticity factors, (1) transit performance anal
ysis, (8) transit operating and maintenance cost analysis, 
(9) speed versus emissions, (10) speed versus fuel con
sumption, (11) before-and-after statistical comparison, 
and (12) engineering cost estimates. 

reasonable results, and provide reliable answers (estimates) to 
specific problems. 

The major impact assessment techniques can be grouped into 
three overall categories that reflect the amount of information 
available. 

1. For situations in which detailed local data are available, 
equations or analytical models can be applied to predict im
pacts directly. Procedures in this category include modal
choice analysis, pivot-point procedures, and selective disaggre
gate behavioral demand modeling. These techniques are most 
accurate where they directly relate impacts to system charac
teristics or to changes in these characteristics. Yet, for many 
TSM actions, the cost of application is not justified by the low
cost nature of the action itself. 

2. Where less local information is available but statistically 
valid information on observed results has been synthesized, 
tabular values or graphs showing a range of experience can be 
applied. Care must be taken in using these techniques to be sure 
that the local conditions are comparable with those reported. 

3. For TSM actions that have not been extensively applied 
(as is often the case), the existing data base is insufficient for 
the calibration of models or relationships to directly predict 
their impacts. For such actions or impacts, therefore, an "anal
ogy" approach can be used, transferring data from a limited 
number of case studies to illustrate general impacts. The anal
ogy method is useful in many cases either to predict general 
impacts or to verify the impacts obtained from analytical 
methods. 

The principal impact techniques can be grouped into the 
following categories: analogy and experience, design specifica
tion (i.e., specifying future performance), capacity analysis, 
speed-flow relationships, mode-choice models, elasticity fac
tors, transit performance analysis, transit operating and mainte
nance cost analysis, speed-emission-energy relationships, sta-
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tistical tests that compare before-and-after conditions, and en
gineering cost estimates. Table 3 shows how these techniques 
relate to the various performance measures. 

Analogy and Experience 

Available experience provides a powerful tool for assessing 
impacts of most improvements. This method includes a broad 
array of look-up tables and charts that summarize and synthe
size the state of the art. Site-specific parameters can transfer 
one community's impacts to an analogous situation. Analogy is 
the most practical method for assessing changes in accident 
rates, that is, accident reduction factors. It is also valuable in 
providing first-order estimates of installation costs. Typical 
examples include reported time savings for a one-way street 
system, likely market penetration of a staggered-hours pro
gram, and the increased vehicle occupancy resulting from a 
high-occupancy-vehicle (HOV) lane. An example is given in 
Table 4, which shows costs of freeway priority-lane projects. 

Design Specification 

Jn the design approach, the impacts are inherent in the solution; 
that is, standards desired for a particular improvement are 
based on design or simulation. Net benefit or change is then 
estimated by comparison with existing conditions. This ap
proach is commonly applied to actions that involve transit or 
traffic improvements. 

For example, average travel times along an arterial street 
might approximate 3.5 min/mi. A time-space diagram analysis 
of a coordinated traffic signal system would yield progressive 
speeds of 30 mph, or 2 min/mi. The anticipated savings would 
amount to 1.5 min/mi. 

Capacity Analysis 

Values, relationships, and adjustment factors for highways, 
transit and pedestrian capacities, and service levels are set forth 
in the 1985 Highway Capacity Manual (3). Techniques for 
signalized intersections include both capacity computations 
and level-of-service analysis. 

• The capacity of any lane group at a signalized intersection 
depends on the number of effective moving lanes, traffic signal 
timing, and saturation flows (or vehicle headways). 

• The level of service is defined by the average stopped 
delay in seconds per vehicle. The delay depends on the vol
ume-to-capacity ratio, traffic signal cycle length, green time, 
and the quality of the traffic signal progression. 

• Changes in intersection capacity can be approximated by 
comparing the lane-seconds of green available before and after 
an improvement. 

Speed-Flow Relationships 

Speed-flow relationships based on the 1985 Highway Capacity 
Manual and earlier editions of this manual show how speeds 
decrease as the volume-to-capacity ratios increase. They can be 
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TABLE 4 COSTS OF FREEWAY PRIORITY-LANE PROJECTS (2, p. 45) 

Project 

With-flow lanes 
Boston, Southeast Expressway 
Los Angeles, Santa Monica Freeway 

San Francisco, US-101 
Miami, 1-95 
Honolulu, Moanalua Freeway 
San Francisco, Oakland Bay Bridge 

Portland, Banfield Freeway 
Contraflow lanes 

Boston, Southeast Expressway 
New York, 1-495 Lincoln Tunnel Approach 
New York, Long Island Expressway 
San Francisco, US-101 

Separated HOV express lanes 
Washington, D.~ .• Shirley Highway 

San Bernardino busway 

asigning and marlcing. 
bMarketing. 

Capital Cost ($) 

91,500 
163,ooo,a 
358,ooob 

25,oooa 
18,500,()()()C 

10,oooa 
50,000'1 

350,000" 
2,100,oooe 

40,000 
700,000 

44,000 
180,000 

28,000,000-
43,000,ooof 
56,000,()()()8 

J:.cluding freeway widening but excluding park-and-ride loL 
Special signal system. 
~eludes freeway widening and other roadway improvements. 
!Depending on asswnpLions. 
HJncluding park-and-ride loL 

Cost per 
Mile($) 

11,400 
13.000 

7,000 
2,500,000 

3,700 

780,000 

5,000 
280,000 

22,000 
45,000 

2,500,000-
4,000,000 
5,000,000 

Annual 
Operations 
and 
Maintenance 
Cost($) 

194,000 

Unknown 
Negligible 
88,000 
Negligible 

'lll fVVI 
-"'•""" 
Unknown 

137,500 
200,000 
150,000 
60,000 

Unknown 
Unknown 

used to estimate the changes in travel time (minutes per mile) 
resulting from expanding capacity or reducing demand. They 
also provide input for energy and air quality impact analysis. 

are expected to produce major changes in existing services or 
when major new services are introduced. 

Table 5 shows how the travel time on freeways increases as 
the volume (or volume-to-capacity ratio) increases for 50, 60, 
and 70 mph average design speeds. An example is as follows: 
For a design speed of 70 mph and a VIC ratio of 0.60, the 
average travel time is 1.05 min/mi. If the VIC ratio increases to 
0.80, the average travel time rises to 1.15 min/mi. 

Mode-Choice Estimates 

The choice of travel mode can be estimated by a variety of 
methods. These include full mode-choice models, direct-de-

Mock-Choice Models 

The mode-choice models normally require detailed origin-des
tination information and detailed descriptions of travel times, 
costs, and utilities for each trip interchange. They are best 
suited for long-range demand forecasting, although they may 
be useful in testing areawide transportation system policies. 
However, from the perspective of obtaining quick, meaningful, 
and realistic assessments of localized, fine-grained changes, 
they do not appear practical. The many assumptions and 
weights associated with estimating disutilities, as well as the 
cost and complexity of their application, further limit their 
usefulness for early action, low-cost service changes. Thus, the 
use of full mode-choice models is warranted only when actions 

Direct-Demand Estimates 

Direct demand is estimated when new service is introduced to a 
corridor or area and when transit ridership is expected to have 
minimum impact on automobile trips. The method calls for 

TABLE 5 FREEWAY SPEED-FLOW RELATIONSHIPS: 
TRAVEL TIME VERSUS VOLUME-CAPACITY RATIO 
(3, Table 2-5) 

Estimated Minutes per Mile by 

Passenger Volume-to- Design Speed 
,.. ___ ,. - - - , 

Capaciiy \...iU':i/LiUIV/ 

Hour Ratio 70 mph 60mph 

800 0.40 0.97 1.16 
900 0.45 0.99 1.18 

1,000 0.50 1.07 1.20 
1,100 0.55 1.03 1.22 
1,200 0.60 1.05 1.24 
1,300 0.65 1.07 1.26 
1,400 0.70 1.()CJ 1.29 
1,500 0.75 1.11 1.34 
1,600 0.80 1.15 1.39 
1,700 0.85 1.20 1.45 
1,800 0.90 1.27 1.62 
1,900 0.95 1.42 1.79 
2,000 1.00 2.00 2.00 
2,000+a >1.00 3.00 

a Asswned for breakdown conditions or future demand 
conditions. 

50 
mph 

1.29 
1.31 
1.33 
1.35 
1.37 
1.39 
1.42 
1.45 
1.48 
1.56 
1.71 
1.90 
2.14 
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estimating the number of people in the proposed service area 
and their likelihood of riding transit (4). Market and employer 
surveys and analogy methods will prove useful in estimating 
the market penetration of the new transit service. 

Elasticity Factors 

Elasticity factors can be used to assess the impact of changes in 
transit service, fares, or parking costs. The factors are easy to 
understand and use and provide a quick response to particular 
transportation changes in which minor to moderate impacts are 
expected. Care should be exercised in their use because of the 
wide range of particular factors from place to place and. in 
some cases, the limited data base. A 100 percent increase in 
fares, headways, population coverage, or bus miles is likely to 
produce the following changes in transit ridership based on 
current experience: 

Type of 
Increase 

Fares 
Headway 
Coverage 
Bus miles 

Change in 
Ridership (%) 

-40 
-40 to-60 
+60 to +90 
+70 to +100 

Transit Performance Analysis 

Existing transit performance can be based on field observations 
of speeds and delays, running-time checks, and passenger 
counts at maximum load points. Future performance can be 
estimated by assuming changes in key variables. The values 
shown in Table 6 can be used to estimate the effects of reduced 
traffic congestion or frequency of stops. 

Transit Operating and Maintenance Cost Analysis 

Operating and maintenance costs are specific to a given com
munity at a given point in time. Transit operating costs, in 
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particular, must be kept current to reflect changes in wage rates 
and fuel prices. Transit costs can be estimated by two basic 
methods or models: 

1. Costs can be allocated to bus (or rail car) hours, bus or car 
miles, or peak vehicles, or all three. One-, two-, or three
variable equations can be derived of the form Cost = A (bus 
hours) + B (bus miles)+ C (peak vehicles). This is the most 
common method, although it may not accurately estimate the 
costs of small-scale system changes. 

2. Costs can be allocated to drivers (trainmen) and bus or 
car miles. This approach provides relatively precise cost esti
mates whenever service changes require extra drivers and 
vehicles: 

Cost= (drivers) x (wage rate/driver) +bus miles x [nondriver 
costs/bus (car) mile] 

Operating and maintenance costs for bus priority facilities, 
reversible-lane operations, carpooling programs, and other ac
tions can be estimated from current experience. 

Speed-Emission-Energy Relationships 

Air quality and energy benefits are realized whenever the 
amount of travel, travel times, or traffic densities decrease. This 
calls for estimating the travel-time savings of specific improve
ments. Such estimates can be based on (a) direct before-and
after studies of actual conditions, (b) expected benefits of 
specific actions, or (c) VIC-travel-time relationships. 

Illustrative relationships among average speed. fuel con
sumption, and emissions are shown in Table 7. Tables such as 
this can be used to estimate the energy and air quality savings 
from improvements in street system efficiency. Table 7 shows 
that an increase in speed from 15 to 20 mph would 

• Save 1.0 min/mi. 
• Reduce fuel consumption from 0.0825 to 0.0725 gal/mi, a 

savings of 0.0100 gaVmi. 

TABLE 6 BUS TRAVEL TIMES AND SPEEDS AS A FUNCTION OF STOP SPACING AND TRAFFIC CONGESTION 

With Traffic Delays (peak conditions) 

Central Business District: Central City: 0.9 min/mi Suburban: 0.7 min/mi 
Without Traffic Delays 3.0 min/mi delay delay delay 

Time per Stops per Travel Time Speed Travel Time Speed Travel Time Speed Travel Time Speed 
Stop (sec) Mile (min/mi) (mph) (min/mi) (mph) (min/mi) (mph) (min/mi) (mph) 

10 2 2.40 25.0 5.40 1q 33.30 18.2 3.10 19.4 
4 3.27 18.3 6.27 9.6 4.17 14.4 3.97 15.1 
6 4.30 14.0 7.30 8.2 5.20 11.5 5.00 12.0 
8 5.33 11.3 8.33 7.2 6.23 9.6 6.03 10.0 

10 7.00 8.6 10.00 6.0 7.90 7.6 7.70 7.8 
20 2 2.73 22.0 5.73 10.5 3.63 16.5 3.43 17.5 

4 3.93 15.3 6.93 8.8 4.83 12.4 4.63 13.0 
6 5.30 11.3 8.30 7.2 6.20 9.7 6.00 10.0 
8 6.67 9.0 9.97 6.0 7.57 7.9 7.37 8.1 

10 8.67 6.9 11.67 5.1 9.57 6.3 9.37 6.4 
30 2 3.07 19.5 6.07 9.9 3.97 15.1 3.77 15.9 

4 4.60 13.0 7.60 7.9 5.50 10.9 5.30 11.3 
6 6.30 4.5 9.30 6.5 7.20 8.3 7.00 8.6 
8 8.00 7.5 11.00 5.5 8.90 6.7 8.70 6.9 

10 10.33 5.8 13.33 4.5 11.23 5.3 11.03 5.4 

Souaca: H. S. Levinson, unpublished data. 
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TABLE 7 EFFECT OF SPEED ON ENERGY AND AIR QUALITY (5, 6) 

Avg Avg Travel- Fuel a Fuel 1977 Emissions (g/mi) 
Speed Time Rate Economy Consumption 
(mph) (min/mi) (mpg) Rate (gal/mi) NMHC co NOx 

10 6 9.76 0.1025 6.8 95.6 20.5 
12 5 10.8 0.0925 5.8 80.0 2.5 
15 4 12.1 0.0825 4.7 63.9 2.6 
20 3 13.8 0.0725 3.8 49.4 2.8 
25 2.4 15.0 0.0665 3.2 40.3 3.0 
30 2 16.0 0.0625 2.7 33.4 3.2 
3S 1.7 16.7 0.0060 2.4 28.3 3.3 
40 1.5 17.4 0.0575 2.1 24.8 3.4 

aBased on composite VMI'-weighted mix of automobile weights in the 1976 U.S. fleet. Not 
conected for cold starts. 

• Reduce HC emissions from 4.7 to 3.8 g/mi, a savings of 
0.9 g/mi. 

• Reduce CO emissions from 63.9 to 49.4 g/mi, a savings of 
14.5 g/mi. 

• Increase NOx from 2.6 to 2.8 g/mi, a gain of 0.2 g/mi. 

This table is straightforward to use and provides a good order
of-magnitude assessment of impacts. Detailed emission and 
fuel consumption factors by vehicle type, speed, and tempera
ture are available and should be used when greater accuracy is 
desired. Methods are also available for estimation of impacts of 
starts and stops. In assessing impacts, it is important to use the 
most recent data on the highway and bus fleets. 

Before-and-After Statistical Comparisons 

Before-and-after comparisons are important to show com
munity leaders and the general public the benefits of improve
ments and thereby attain support for improvement programs 
and to assess the statistical significance of specific improve
ments or improvement programs. Published before-and-after 
studies, such as those distributed through UMTA's Service and 
Methods Demonstration Program, provide a good basis for 
analogy models. 

Engineering Cost Estimates 

Initial estimates of capital and operating costs can be obtained 
from previous estimates for similar projects or from infonna
tion contained in Characteristics of Urban Transportation Sys
tems (7) or similar documents. However, because costs vary 
with each specific project, care should be exercised in ttansfer
ring cost data. Ideally, cost estimates should be site specific. 

APPLYING ANALYSIS TECHNIQUES 

The choice of methods and application procedures will depend 
on the intended use of the results and on the information base 
and other resources available for estimating the performance 
and impact measures required for design and evaluation. Lim
ited data, planning budgets, time, staff availability, skills and 
experience, and access to computers all place restrictions on 
the methods and procedures that can be applied. The restric-

tions are usually apparent, although the best approaches to 
dealing with them may not be. 

A general guide is to quantify as few impacts as necessary. 
However, relevant qualitative factors should be carefully 
considered. 

The level of detail and desired accuracy will be influenced 
by factors such as these: 

1. Size of likely impact: Small changes in performance and 
other measures are difficult to predict with confidence; they are 
often smaller than the errors inherent in both the estimation 
procedure and the observed data. 

2. Sensitivity of design features: Capacity measures vary in 
sensitivity to estimated values as a result of their nature. A 
crude estimate of patronage, for example, might indicate that 
two buses were required for a suburban feeder service. If that 
service design does not change with a 40 percent lower or 
higher estimate of pattonage, the crude estimate is adequate for 
the analysis. 

3. Scale of action: More accurate estimates are generally 
required for expensive actions or actions with relatively long 
service lives, because mistakes in changing these actions are 
likely to be costly or difficult to remedy. 

4. Ability to fine tune: Many TSM actions can be modified 
after implementation when direct measurements of perfor
mance can be made. 

5. Trade-offs among impacts: Changes in transportation per
formance may create adverse impacts that should also be iden
tified. One example is removing curb parking to create a bus 
lane along a street that has many small shops and no off-street 
parking. Conversely, a pedesttian street will improve the 
amenity, but it may affect goods delivery and parking garage 
access. 

EFFECTIVENESS OF TSM 

The effectiveness of TSM actions has varied widely. The po
tential time savings generally depends on the amount of con
gestion experienced before an improvement has been imple
mented. The greater the congestion, the greater the benefits. 
Coordinating traffic signals for a 30-mph progression will save 
4 min/mi if the initial speed was 10 mph, but only 1 min/mi 
when the initial speed was 20 mph. 

Examples of impacts estimated from a literature review, 
ongoing studies, and actual experience are the following: 
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1. Person and vehicle capacity gains 
On-street parking controls, 50 to 100 percent; 
General traffic improvements (typical), 10 to 20 percent; 

and 
Express transit service, 0 to 20 percent 

2. Travel-time savings 
Bus malls, 2 to 5 min/mi; 
Bus lanes on city streets, 1 to 5 min/mi; 
On-street parking controls, 0.2 to 2.4 min/mi; 
Traffic signal improvements, 0.4 to 1.6 min/mi; 
Bus lanes on freeways, 0 to 1.2 min/mi; 
General traffic improvements, 10 to 20 percent; 
Bus lane around major queue, 3 to 5 min; 
One-way toll collection, 2 to 3 min/car; 
HOV ramp bypass, 1 to 3 min/vehicle; 
Transit service coordination, 0 to 12 min/trip; and 
Express transit service, 2 to 5 min/trip. 

3. VMT reductions (estimates) 
Automobile-free zone, up to 20 percent reduction across 

screenline; 
Bridge tunnel tolls, 2 to 5 percent reduction per affected 

crossing; 
Gas tax (+$0.10), 2 percent areawide reduction; and 
Areawide surcharge of $0.50 on licenses, 0.7 to 1.3 per

cent reduction (Manhattan). 
4. Cost-effectiveness 

Carpools, $20 to $51/pool; 
Traffic signals, 2¢/VHT reduced; 
Staggered work periods, 25¢/VHT reduced (suburbs); 
Ramp metering, $1.00NHT reduced; and 
Park-and-ride, 2 to 3.5¢NMT reduced. 

These examples provide a guide for making initial estimates 
and checking detailed calculations for reasonableness. Signifi
cant findings are as follows: 

• Many actions have major impacts over a very localized 
area. It is hard to derive areawide impacts from the application 
of these actions, although site-specific impacts can be readily 
quantified. 

• Traffic engineering improvements can increase capacity 
up to 100 percent, with 10 to 20 percent gains common. Travel
time reductions of 20 percent can translate into energy and air 
quality benefits. 

• Demand management measures can achieve reductions in 
VMT up to 5 percent at specific locations on the basis of 
theoretical studies of travel elasticities and carpool formation. 
An effective ridesharing program, for example, would reduce 
VMT an estimated 0.2 percent in suburban areas and 0.1 
percent in a large city like New York or Chicago; costs would 
average about 2¢/VNIT reduced and about $20 to $50 per 
capita. 

• Bus lanes can save bus passengers from 1 to 5 min/mi, 
depending on the amount of congestion. 

• Bus bypass lanes at multilane freeway ramps will save bus 
passengers from 1 to 3 min per ramp, depending on the amount 
of congestion. 

• Transit improvements will increase ridership, but at a rate 
less than the amount of additional service provided. A 2 per
cent gain in bus mileage would result in a 1 to 1.5 percent gain 
in riders, of which up to about one-half might be former 
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motorists. Express transit extensions could increase corridor 
passenger capacity up to 20 percent and save passengers 2 to 5 
min per trip. 

IMPACTS IN PERSPECTIVE 

In the preceding sections key impacts to be assessed have been 
identified and the commonly used methods for assessing bene
fits and impacts have been reviewed. The approaches provide a 
realistic basis for screening and evaluating options and, in a 
broader sense, formulating coordinated improvement 
programs. 

The suggested impacts focus on basic factors such as capac
ity, travel time, accidents, transit ridership, and costs. The use 
of as few measures as possible is desirable to simplify rather 
than to complicate the evaluation process. The impact-<:hain 
concept supports this approach and provides one means to 
identify the few primary impacts that should be measured. 

Impact measures are relatively few in number for any proj
ect, are not universally required for all problems, have a se
quence of importance that varies according to the problem, and 
have specific interactions that enable a large subset to be 
derived from a few basic measures. 

The effects of traffic engineering actions on speed, delay, and 
accidents are well documented in terms of both experience and 
analytical approaches. Transit ridership estimates can be de
rived from elasticity data, although there may be variations in 
the results. Actions that involve restraining or reducing motor 
vehicle travel have not been implemented in most cities, and 
the models used to predict their impacts give widely varying 
results. The data base for assessing impacts by analogy or by 
comparison with similar situations is limited. 

There is need to expand the existing data base in three 
important ways: (a) better compilation of before-and-after ex
perience of various improvements, (b) improved stratification 
of accidents by type and road or traffic condition, and (c) good 
capital cost data. More information of this type is needed to 
promote the benefits of specific actions. 

Most TSM actions deal with localized improvements thaL 
involve fine-grained changes to the transportation system. 
Their impacts are small in scale and may be difficult to estimate 
in practice, and their statistical significance cannot be detected. 

Impact assessment techniques, therefore, should be in scale 
with both the problems and the resources of the community. 
Simplicity and responsiveness are the underlying themes. Im
pact assessment is a means, not an end 

This implies adopting pragmatic approaches to identifying 
and assessing actions and formulating coordinated improve
ment programs. It calls for translating concepts and analysis 
into productive improvements, for viewing TSM as an action 
program, not merely as a planning process. It calls for stream
lining the impact analysis by using methods that are consistent 
with the degree of accuracy required and the capabilities of 
communities. 
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Development of a Traffic Modeling System 
for Detour Planning on the Downtown 
Seattle Transit Project 

CHRIS A. WELLANDER, CATHY J. STROMBOM, GLEN J. FROMM, RAYMOND G. 

DEARDORF, BRIAN T. BONNER, AND ROBERT J. BERG 

A major transit subway project is being constructed In down
town Seattle, Washington. A 1.3-ml electric-bus tunnel and 
associated surface-street Improvements are In the final design 
phases and Initial tunnel construction bas begun; the expected 
completion date is 1990. The Downtown Seattle Transit Project 
(DSTP) was Initiated by Metro Transit, the city of Seattle, and 
UMT A to help relieve existing traffic congestion In downtown 
Seattle and to provide capacity for growth. The tunnel will 
have three underground stations as well as combined station 
and staging areas at each end of the alignment. Both cnt-and
cover and tunnel boring construction techniques will be uti
lized on the project. One of the greatest consequences of such a 
major construction project In a central business district (CBD) 
can be the adverse impacts on CBD traffic. An Important task 
for project planners bas thus been to assess the likely Impacts 
of construction on traffic and to develop traffic maintenance 
plans that will best facilitate the tunnel construction and keep 
traffic Impacts to a minimum. An Innovative and complex 
traffic modeling system has been developed to aid In this task. 
Based on three existing traffic planning software programs 
(LINKOD, MINUTP, and TRANSYT-7F), a modeling chain 
bas been developed that provides a systematic means for as
sessing the Impacts of street closures, detours, and other traffic 
restrictions; identifies potential "hot spots"; and facllltates the 
development of traffic control plans to mitigate these Impacts. 
The development and calibration of this modeling system, 
which has several Innovative features likely to be of Interest to 
other traffic modelers, are described. The modeling system 
organizes the analysis of traffic maintenance schemes as well as 
provides an ongoing tool for helping to design the longer-range 
(design-years) traffic Improvements. Also Included In the pa
per is a discussion of the effort involved In developing the 
modeling system and some suggestions for further research to 
Improve the system for future applications. 

In an effort to relieve existing traffic congestion in downtown 
Seattle, to stimulate and meet projected transit ridership de
mand, and to ensure that the transportation system will have the 
capacity to accommodate future growth, Metro, the city of 
Seattle, and UMTA initiated the Downtown Seattle Transit 
Project (DSTP). DSTP consists primarily of a 1.3-mi electric
bus tunnel and associated surface-street improvements. The 
tunnel alignment and station locations are shown in Figure 1. 
The tunnel route generally follows Pine Street west from Inter
state 5 in a cut-and-cover structure to Westlake Station in the 

Parsons Brinckerhoff Quade & Douglas, Inc., 710 Second Avenue, 
Suite 960, Seattle, Wash. 98104. 

retail district. The route then runs under Third Avenue in twin
bore tunnels through two additional stations to its southern 
terminus at the old Union Railroad Station. At either end of the 
alignment, combined station and staging areas will connect 
with surface streets and the Interstate highway system via 
exclusive ramps. 

An inevitable consequence of a central business district 
(CBD) construction project as large as DSTP is the adverse 
impact on CBD traffic. An important task of DSTP is to assess 
these expected impacts and to develop traffic maintenance 
plans that would facilitate the tunnel construction and minimize 
traffic impacts. A benefit of the project is to provide the city of 
Seattle with a microcomputer-based assignment package of the 
downtown area. 

OVERVIEW OF MODELING SYSTEM 

In order to identify a.m. and p.m. peak-hour traffic manage
ment plans, three different transportation and traffic 

• N 

LEGEND 
- Station Platform Locations 

1111111 Third and Pine transit tunnel 

FIGURE 1 DSTP tunnel alignment and 
station location. 
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PERFORMANCE 
EVALUATION 

FIGURE 2 DSTP traffic modeling system. 

engineering software packages were used sequentially to assess 
the traffic impacts of construction-related street closures: 
LINKOD, MINUTP, and TRANSYT-7F. The overall modeling 
system structure is outlined in the flowchart in Figure 2. The 
first program, LINKOD, was used to synthesize a trip table for 
downtown Seattle by using an initial estimate of trips generated 
and attracted to 253 centers of activity (e.g., parking facilities), 
along with traffic count information and street network charac
teristics. The LINKOD/MINUTP network area (Figure 3) con
sists of the primary CBD plus a fringe area to act as a buffer 
zone between points of traffic loading and the CBD streets of 
interest. 

To validate the LINKOD trip table and the a.m. and p.m. 
base-case assignments, the trip tables created by LINKOD 
were assigned to the downtown street network and the assigned 
volumes were compared with a.m. and p.m. ground counts. 
Adjustments to link travel times were made in order to reduce 
differences between estimated and observed volumes. 

Once the trip tables for downtown had been created and 
validated, evaluation of the impact of street closures on traffic 
patterns could be done with either LINKOD or MINUTP. Both 
programs were tested for this step. MINUTP is a general 
tran_Sportation plarmmg package that includes subprogra_T!l.s for 
trip generation, trip distribution, modal choice, and traffic as
signment. Only the traffic assignment routines were used for 
DSTP. Both LINKOD and MINUTP contain traffic assignment 
subroutines that take into account capacity restraints, and al
though LINKOD's assignments were found to be somewhat 
more accurate, both models were deemed capable of producing 
acceptable assignment results. MINUTP operates locally on a 
microcomputer, whereas LINKOD operates on a mainframe 
computer. 

With either LINKOD or MINUTP, the process of assessing 
the impacts of street closures on traffic volumes was the same. 
The network was modified to reflect street closures or restric
tions during various phases of construction, and the trip table 
was assigned to the modified network. The resulting volumes 
were then compared with the base assignment (with no 
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EJ LINKOD & MINUTP BUFFER 
NETWORK AREA 

0 TRANSYT -7F NETWORK AREA 

FIGURE 3 DSTP traffic model network area and 
screenllne locations. 

closures), which thus provided an estimate of traffic diverted to 
other streets. 

The last step in the modeling process was the use of the 
TRANSYT-7F simulation model, which allows analysis of 
traffic flow through a street network by producing output and 
comparing results with measures of effectiveness (MOEs). 
These measures-of-effectiveness are used to summarize inter
section and network performance in terms of delay, travel time, 
queue length, and fuel consumption. Inputs to the model in
clude volumes, intersection and street geometry, signal timing, 
and saturation flow rates. Additional parameters such as free
flow speed, platoon dispersion factors (PDFs), bus dwell times, 
stop penalties, and delay weighting allow manipulation and 
calibration of a given network. Included in the TRANSYT-7F 
program are optimization routines for refinement of existing 
signal timing plans .. The volumes that are input into 
TRANS YT-7F are taken from the traffic assignment step. 

The TRANSYT-7F model area (see Figure 3) comprises 119 
signalized intersections located in Seattle's CBD. The network 
is bounded on the north by Stewart Street, on the south by 
Jackson Street, on the east by Interstate 5, and on the west by 
First Avenue. 

METHODOLOGY 

The two most common methods for developing a trip table 
involve either conducting an origin-destination (0-D) survey or 
using the transportation planning process of trip generation 
(based on population and employment figures), trip distribu
tion, modal split, and model calibration. Both of these methods 
are time consuming and expensive. An alternative to these 
methods is the use of LINK OD, which utilizes traffic counts to 
synthesize a trip table, thereby obviating the need for an exten
sive 0-D survey. 

Trip-Table Creation Using LINKOD 

LINKOD is a FORTRAN program written to run on a main
frame computer and is the result of a 1980 FHWA study (1). To 
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create a trip table, LINKOD requires traffic count infonnation, 
including (passenger-car) volumes on streets and turning vol
umes at intersections; parking infonnation, including location 
and characteristics (numbers of productions and attractions); 
and physical and geometric information about streets and inter
sections, including length, direction, number of lanes, and type 
of facility. 

The LINKOD software package program logic is shown in 
Figure 4. LINKOD includes program modules to develop and 
edit a network, build paths and skims, distribute trips for small 
areas on micronetworks, and make assignments by using an 
equilibrium assignment process. nus last step is iterative, as
signing and correcting the trip table to best replicate observed 
traffic flows. 

EXTERNAL 
TARGET TRIP 

TABLE 

REAL WORLD NETWORK _ 

NETWORK 
CODING 

PROCEDURE 

CODED NETWORK 
NOOE, LINK & 

INTERSECTION FILES 

SMALL AREA TRIP 
DISTRIBUTION 

MODEL 

INTERNAL 
TARGET TRIP 

TABLE 

TRIP TABLE 
~--tt"ORRECTION 

MODEL 

FINAL TRIP 
TABLE 

FIGURE 4 LINKOD model logic How. 

Traffic Assignment Using LINKOD or MINUTP 

To simulate traffic disruptions caused by construction activities 
in downtown Seattle, a capacity-restrained equilibrium-based 
assignment algorithm was used to assign the trip tables gener
ated by LINKOD to networks representing various con
struction scenarios. Each scenario consisted of sets of street 
closures, capacity restrictions, and other disruptions, represent
ing effects of ongoing, although disparate, construction ac
tivities during specific phases of DSTP. 

The two computer programs employed to perform the as
signments were LINKOD and MlNUTP. The process by which 
the LINKOD trip table is corrected so as to produce volumes 
similar to input volumes is bypassed in this case. nus standard 
equilibrium assignment aspect of LINKOD was used several 
times and produced highly satisfactory results. 

MINUTP is a privately developed library of microcomputer 
programs that performs the usual functions of traditional trans
portation planning with regard to trip generation, distribution, 
and network assignment (2). For the case described here, only 
the network assignment module was used. MINUTP has three 
different assignment methods: all or nothing, all shortest paths, 
and stochastic. Any one or a combination of these methods can 

35 

be used in the iterative assignment process. MINUTP was 
designed primarily for regional transportation forecasting. The 
input data describing a MINUTP network are less detailed than 
those describing a LINKOD network-the primary difference 
is the detailed intersection description file, which is an input to 
LINKOD but has no counterpart in MINUTP. However, with 
creative use of the tum-penalty capabilities of MINUTP, a 
limited level of intersection control is possible. The updated 
version (May 1986) of MINUTP allows application of turn 
penalties for individual intersections, thereby providing some 
degree of fine-tuning of traffic assignments. In addition, pre
loading of traffic volumes assists in defining through-travel 
patterns more definitely. 

Assessment of Impacts Using TRANSYT·7F 

TRANSIT-7F is the most recent version of the computer 
program TRANSYT (Traffic Network Study Tool), a traffic 
signal optimization model originally written in England by the 
Transport and Road Research Laboratory. TRANSYT-7F was 
developed under FHWA's National Signal Timing Optimization 
Project. Modifications to the program developed in England 
included reorganized inputs, U.S. signal timing conventions, 
improved output fonnats, estimates of fuel consumption, and 
the provision of time-space diagrams (3, 4). 

Results of the traffic assignments, representing estimates of 
the magnitude and extent of traffic disruptions, were input to 
TRANSYT-7F, which has two computational modes: simula
tion and optimization. For the assignments, the simulation 
mode was used, allowing the comparison of MOEs to a base 
case. The base case was a carefully calibrated simulation of 
conditions existing before major construction activities. Re
sults of TRANSYT-7F simulation were expected to provide a 
logical and consistent framework for comparing the degree of 
traffic disruption between phases of construction. In addition, 
the effects of modifications (to signal timing, for instance) on a 
local basis could be estimated. 

MODEL CALIBRATION AND VALIDATION 

Data Collection and Organization 

To the extent possible, required data were obtained from exist
ing documents. The Seattle Engineering Department (SED) 
provided traffic counts, signal timing, and on- and off-street 
parking information. Printed bus schedules were used for bus 
volumes, and maps provided network information. On-street 
surveys by project personnel were needed for travel-time stud
ies, special intersection approach and geometric data, turn 
restrictions, bus zones, and missing or inconsistent traffic 
counts. Data were stored and manipulated with a microcompu
ter spreadsheet program. In all, the data base contained more 
than 15,000 input entries and 11,000 calculated values. 

Network Creation 

Because of data input requirements unique to each computer 
program and because of differences in purpose between pro
grams, a total of six networks (three for each of the a.m. and 
p.m peak hours) were created. 
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The LINK.OD networks were very detailed abstractions of 
the existing street and highway system in the Seattle downtown 
area; the level of accuracy generally decreased with distance 
from the CBD. A total of 255 intersections (nodes) and 650 
links were included in the network. Productions and attractions 
(such as parking information) were similarly detailed reflec
tions of existing conditions, because individual parking lots and 
garages were included in the network. 

The network for MINUTP was similar to the network de
veloped for LINK.OD, within the constraints imposed by pro
gram differences. The primary difference between the networks 
for the two models was that LINK.OD enabled a very detailed 
description of intersections and associated delays, whereas 
MINUTP allowed only the input of turning penalties at 
intersections. 

A total of 119 intersections were included in the 
TRANSYT-7F network. The network also included both auto
mobile and transit links because of the congestion caused by 
CBD bus operations. However, because of limitations in the 
network size allowed by the microcomputer version of 
TRANSYT-7F, two subnetworks were created with enough 
overlap to allow the combination of the two in a consistent 
manner. The TRANSYT-7F network differed from the 
LINK.OD network in that a fringe area was not required and 
intersections having more than four legs required special 
treatment. 

Data Input and Output Considerations 

UNKOD Input 

LINK.OD has three input files: the link file, the node file, and 
the intersection file. Although the intersection file is optional, 
its inclusion leads not only to a more accurate trip table, but 
also to a better matching of existing turning volumes, which is 
very important because turning-movement volumes are input 
into TRANS YT-7F. All the data were entered by using a data 
preprocessing program written in dBASE III, which allowed 
data to be input by technicians and performed the sorting and 
file-writing routines required by LINK.OD. 

MINUTP Input and Output 

MINUTP requires only one input file, which is basically a link 
file. The input requirements for this file are similar to those for 
the LINK.OD link file but are in an entirely different format. 
MINUTP is capable of modeling networks of up to 8, 190 links 
and 4,095 two-way links. Because the LINK.OD network was 
created before MINUTP, it was possible to manipulate 
LINK.OD data and match the format requirements of MINUTP 
by using programs developed by the project team. PREMUTP, 
MUTPT, and CARDIT are utility programs for transfer of data 
among LINK.OD, MINUTP, and TRANSYT-7F that were de
veloped for DSTP (May 1986). MUTPT also extracts MINUTP 
assigned volumes and inputs them into the TRANSYT-7F 
preprocessor programs. 

TRANSYT-7F Input 

Whereas LINK.OD and MINUTP require data in a link format, 
TRANSYT-7F requires data in a node format. Because of the 
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extensiveness of TRANSYT-7F input data, two data pre
processors were used, SIGNAL (5) and PRETRANSYT (4). 
Both assist in the creation of TRANSYT-7F input data. 
SIGNAL requires geometric and physical information and per
forms individual intersection analyses that are used subse
quently in PRETRANSYT. PRETRANSYT uses the informa
tion base established by SIGNAL and, with additional signal 
timing connectivity and control card information, generates the 
input files required for TRANSYT-7F. 

LINKOD Calibration 

Methodology 

The ultimate calibration objective was to generate a trip table 
that, when assigned to the network, would replicate the input 
(or ground count) volumes within reasonable limits. The initial 
aim was to generate a trip table that produced assigned volumes 
of which 80 percent were within ±20 percent of the input 
volumes. A secondary calibration objective was to generate a 
trip table that generally appeared to reflect known trip patterns. 
In the initial runs the resulting trip table indicated a large 
number of trips from one internal load node to another (e.g., 
trips from one parking garage to another, which is an unlikely 
pattern for peak-hour traffic). The assignment of this "initial 
run" trip table also resulted in accurately assigned link vol
umes but relatively inaccurate turning-movement volumes. The 
calibration effort focused primarily on rectifying the pattern of 
trips between internal load nodes and increasing the assigned 
volume accuracy for turning movements. Manipulation of the 
intersection input data file helped increase the accuracy of 
turning-movement volumes, but additional efforts were neces
sary to refine the model's accuracy. 

The two basic methods of calibrating LINK.OD involved 
manipulating either the program's control-card parameters or 
its input data. Each of the program modules required control
card input. Every control-card parameter had default values; 
however, several values were changed in an effort to encourage 
more trips between internal and external zones. Details of 
control card parameters used are contained in related 
documentation. 

Further calibration involved the manipulation of the input 
data, particularly link and intersection impedances and input 
link volumes. Initial model runs produced a trip table with an 
unusually large number of trips from one internal load node to 
another. The assignment of the resulting trip table also tended 
to underassign link volumes. After some trial runs, the follow
ing steps were taken in an attempt to resolve these problems: 

1. In the few instances in which the model had calculated 
abnormally high intersection delay, a more reasonable intersec
tion delay based on field studies and typical delays for other 
intersections was input. 

2. The original coded link impedances included impedance 
for the link as well as the intersection delay. For links con
nected to coded intersections (i.e., intersections coded in the 
intersection file) link impedances were reduced by an amount 
equivalent to the estimated intersection delay to avoid double
counting of intersection impedance. Reducing these and un
usually high intersection impedances encouraged less under
assignment on network links. 



Wel/ander et al. 

3. To promote fewer trips between internal load nodes, the 
impedances on the internal load-node approach links were 
adjusted. In the p.m. period, trips were encouraged to flow from 
internal to external load nodes by placing a high impedance (5 
min) on approach links coming into internal load nodes and a 
lower penalty (2 min) on approach links out of the internal load 
nodes. The reverse of this was done for the a.m. period 

4. Another significant calibration effort involved a 
"smoothing" of the original input (i.e., observed) link vol
umes. LINKOD requires volwnes in and out of an intersection 
to be balanced within certain limits. The modelers accom
plished this originally by manually adjusting the incoming and 
outgoing observed aggregate link volumes until they balanced. 
In this initial effort, however, turning movements were not 
taken into consideration and hence the balancing process was 
not as accurate as it could have been. After initial runs of the 
model, it was determined that rebalancing-or smoothing-the 
link volwnes by taking into account turning-movement vol
umes was necessary. 

Results 

In general, it was found that changes in the input data caused 
more dramatic changes in the model results than did changes in 
the control-card parameters. However, it was also determined 
that an appropriate combination of control-card parameters was 
necessary as a base from which to further calibrate with input 
data changes. To check the accuracy of the calibrated LINK OD 
model results, a comparison of input smoothed (observed) 
volumes with the output assigned volwnes was made. The 
comparison is shown for both macro and micro links. Macro 
links represent the total directional link volwne between two 
intersections, whereas micro links represent the individual 
turning movements within each intersection. In general, the 
a.m. base-case run of LINKOD produced results that were 
generally superior to those obtained from the p.m. base case. 

Macro-Link Comparison Table 1 is a summary comparison 
of the LINKOD assigned volwnes with the macro-link input 
volumes for both a.m. and p.m. cases. The percentage of links 
within a given volwne range for which assigned volwnes fell 
within 10 and 20 percent of input volumes is shown. 

For both the a.m. and p.m. cases, the larger volwnes had less 
error than the smaller volwnes. In general, for the macro links, 
the a.m. LINKOD trip table and assignment process produced 
better results than did the p.m. table. 

TABLE 1 LINKOD MACRO-LINK ERROR SUMMARY BY 
VOLUME RANGE 

Percentage of Assigned Volumes 

Within 10 percent of Within 20 Percent of 
Input Volumes Input Volumes 

Input Volume A.M. P.M. A.M. P.M 
Range (N = 51) (N= 40) (N= 74) (N = 55) 

Less than 100 31 19 52 32 
100-250 45 18 70 43 
250-500 56 36 78 65 
500-750 76 54 92 81 
Greater than 750 63 51 90 78 
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Micro-Link Comparison Figure 5 shows the average per
cent error by volwne for all the micro links (individual turning 
and through movements at intersections) in the network. Ac
curacy in turning-movement volwnes is important because 
these volwnes are used in TRANSYT-7F. The percent error in 
Figure 5 represents the percent difference between the volwnes 
assigned using the calibrated LINKOD trip table and the base 
input (observed) volwnes. The results show that the model has 
a high degree of accuracy in replicating volwnes or links that 
had more than 100 vehicles per hour (vph). Although the low
volwne links were assigned with a high percentage error, the 
absolute errors were typically small. For instance, a particular 
turning movement may have an observed volwne of 25 vph and 
the model may have assigned it 45 vph. In this case even 
though the percentage error ( +80 percent) is high, the absolute 
error (20 vph difference) is relatively low. 

Another finding was that the accuracy of the micro links 
within any given intersection was significantly increased when 
that intersection was coded in the LINKOD intersection file. 
This was tested and confirmed by comparing the results from 
model runs both without and with the intersection file as part of 
the input. In the final LINKOD run, the intersections coded in 
the intersection file included only those in the core CBD net
work area. Intersections in the fringe or buffer area were not 
included It was asswned that the model's level of accuracy 
was higher in the core area-the area of interest. The results in 
Figure 5, however, are aggregated across both the core and 
fringe areas and hence are less accurate than if they included 
the core area only. 

In comparing the p.m. results with the a.m. results in Figure 
5, a significant improvement is seen in the a.m. results. One 
reason for this may be that the p.m. network was calibrated first 
and the lessons learned and experience gained in the process 
enabled calibration of the a.m. network in half the time and 



38 

..... v 
~ 

~ 0.11 

~ 0.8 

ffi 0.7 

~ 0.8 

~ 0.5 

~ 0.4 

~ 0.3 

5 0.2 

~ 0.1 
u 0 

AM TRI NS~ tr - FC "11'PlrT 

0 

~ 0.11 

~ 0.8 

ffi 0.7 

~ 0.8 

~ 0.5 

~ 0.4 

~ 0.3 

5 0.2 

~ 0.1 
u 

0 

20 40 80 80 

DIFFERENCE FROM INPUT (81iC) 

• MINUTP 
a LINKOD 

I,..)"'" 

I v ...... 

J 

PM TR~ INSY Ir - FC µTP 

100 

ff 

0 20 40 80 80 100 

DIFFERENCE FROM INPUT (SEC) 

FIGURE 6 DSTP modei cailbratlon: 
difference In TRANSYT-7F calculated 
average delay using LINKOD and MINUTP 
output volumes compared with smoothed 
ground counts. 

with better results. Another contributing factor may be that the 
p.m. case is simply more difficult to model because of the 
higher degree of diverse trip patterns as compared with the a.m. 
case. 

The purpose of using LINKOD was to generate a trip table 
that, when assigned, would produce turning volumes with a 
level of accuracy that, when input into TRANSYT-7F, would 
produce results similar to TRANSYT-7F results produced 
when observed volumes were input. A key output from the 
TRANSYT-7F model is average vehicle delay for each inter-
section. To test the accuracy of the calibrated LINKOD as-
signed (output) volumes, they were input to TRANSYT-7F and 
the resulting average vehicle delays for all the intersections in 
the core network area were compared with the corresponding 
TRANS YT-7F average delays generated with observed 
(LINKOD input) volumes. The results of this comparison are 
shown in Figure 6, in which the frequency of coded intersec-
tions is plotted against the difference in TRANSYT-7F calcu-
lated average delay. The plots indicate that for the a.m. case, 95 
percent of the intersections had less than a 10-sec difference in 
calculated average delay using the LINKOD assigned (output) 
volumes versus that using the LINKOD input (observed} vol-
umes. The results for the p.m. case were slightly more disparate 
in that 90 percent of the intersections had less than a 10-sec 
difference in calculated average delay. However, this still re-
presented a relatively high degree of accuracy. 
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Screenllne Comparison One other basic measure used in the 
calibration process was screenline comparisons of assigned 
versus observed volumes. In all, volumes across nine 
screenlines and for each of the downtown freeway ramps were 
compared. In general, the LINKOD assignment volumes were 
consistently less than the observed volumes. The percentage 
differences between observed and assigned volumes ranged 
from 0.2 to 27.0 percent, but fell primarily between LO and 
16.0 percent. Table 2 gives a more detailed breakdown of 

TABLE 2 LINKOD AND MINUTP SCREENLINE 
COMPARISONS 

Observed Percentage Difference 

Volume, LINK OD 
1985 Assigned MINUI'P 
Smoothed over over 
Ground Ground Ground 

Screenline Street Counts Counts Counts 

A.M. Network 

A-A northbound University 5 1.20 1.20 
6th 1,260 0.80 0.90 
4th 835 0.94 1.03 
3rd 225 0.68 1.17 
1st 690 0.91 0.61 

Total 3,015 0.86 0.89 

A-A southbound 1st 215 0.86 0.73 
2nd 890 1.00 1.08 
3rd 230 1.16 1.13 
5th 1,230 0.98 1.01 
University 135 0.63 0.73 

Total 2,700 0.98 1.01 

B-B northbound 1st 210 1.00 1.70 
3rd 190 0.93 1.53 
4th 155 0.99 1.12 

Total 1,155 0.98 1.29 

B-B southbound 1st 165 1.02 0.92 
2nd 570 1.00 1.01 
3rd 185 0.90 0.81 
5th 485 1.04 0.88 
6th 1,280 1.00 0.91 

Total 2,685 1.00 0.92 

C-C eastbound Virginia 375 0.83 0.77 
Westlake 185 0.77 0.95 
Olive 330 0.92 1.47 
Pike 475 0.75 0.60 

Total 1,365 0.82 0.90 

C-C westbound Union 965 0.93 0.99 
Pine 775 1.03 0.62 
Stewart 990 0.75 1.19 
Westlake 155 0.96 0.94 
Lenora 165 1.02 0.73 

Total 3,050 0.90 0.94 

P.M. Network 

A-A northbound University 20 1.05 0.75 
6th 1,080 0.84 0.83 
4th 1,250 1.02 0.95 
3rd 330 0.84 0.80 
1st 852 0.93 1.09 

Total 3,532 0.93 0.83 
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TABLE 2 conlinued 

Observed 
Percentage Difference 

Volume, LINK OD 
1985 Assigned MINUTP 
Smoothed over over 
Ground Ground Ground 

Screenline Street Counts Counts Counts 

P.M. Network 

A-A southbound 1st 450 0.96 0.83 
2nd 1,530 0.96 0.94 
3rd 385 0.79 0.75 
5th 1,260 0.98 1.01 
University 150 0.51 0.79 

Total 3,775 0.93 0.92 

B-B northbound 1st 450 0.94 0.96 
3rd 209 1.()6 1.06 
4th 1,200 0.83 0.74 

Total 1,940 0.89 0.84 

B-B southbound 1st 400 0.87 0.89 
2nd 1,225 0.94 0.97 
3rd 360 0.85 0.86 
5th 950 0.92 0.87 
6th 880 0.81 0.81 

Total 3,815 0.89 0.89 

C-C eastbound Virginia 925 0.77 0.72 
Westlake 100 1.53 1.89 
Olive 925 0.78 0.77 
Pike 1,105 0.79 0.99 

Total 3,055 0.81 0.87 

C-C westbound Union 750 0.91 0.85 
Pine 690 0.90 0.87 
Stewart 645 0.83 0.85 
Westlake 230 0.86 0.84 
Lenora 200 0.89 1.43 

Total 2,515 0.88 0.90 

screenline comparisons for three selected screenlines by show
ing a.m. and p.m. peak-hour volumes and percentage dif
ferences for each screenline link. 

Summary and Conclusions 

LINKOD was found to be a complex, data-intensive, expensive 
program to run. Becoming familiar with and calibrating the 
program was very time consuming. However, once the critical 
lessons had been learned and calibration was complete, the 
model produced highly satisfactory results. 

MINUTP Calibration 

In calibrating the MINUTP base-case network, adjustments 
were made in order to minimize the difference between the 
assigned link volumes and the original input volumes to 
LINKOD (smoothed volumes). Different assignment combina
tions were tested and various calibration techniques experi
mented with. 

Assignment Methodology 

MINUTP provides three methods of assignment, as mentioned 
previously. Based on the experience with various assignment 
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method combinations and discussions with the developer of the 
model, the combination of one stochastic iteration followed by 
two all-or-nothing iterations was found to yield the best results. 
This is also the combination used most frequently by the 
developer of the software. 

Calibration Techniques 

Five calibration techniques were identified: changing speed 
(which changes travel time of a link), changing capacity in 
vehicles per hour per lane, changing the number of lanes, using 
turning penalties, and using turning prohibitions. The most 
effective methods found for modifying the assignment were to 
modify the link speeds and to impose turning penalties and 
prohibitions. 

Initial calibration work consisted of changing lane capacities 
and link travel speeds. Initial runs showed that the MINUTP 
assignments were very close to the input smoothed volumes on 
the screenline level but varied significantly at the individual 
street or link level. 

The p.m. network was calibrated first. The assignments did 
not vary significantly with gradual changes in lane capacities. 
They were excessively sensitive, however, to gradual changes 
in link speed. This excessiveness was curbed in two ways, first, 
to make fewer and more gradual changes in speed and second, 
to establish turning penalties at the locations where traffic was 
diverting to the parallel route. Turning prohibitions were also 
set at those locations in the network where turns are actually 
prohibited during the peak hours. 

Generally, fewer than five changes to speeds or turning 
penalties, or both, were modified from run to run. Many runs 
were made with only one or two changes. After each run, 
volumes were posted on a screenline spreadsheet. New as
signed volumes were checked to see whether they more closely 
matched the smoothed input volumes that the previous 
MINUTP run had assigned. If most screenline link volumes 
were worse than before, the changes were undone and a new 
approach was tried. 

The MINUTP assigned volumes were then run through 
TRANSYT-7F to compare the delay time in seconds for all 
intersection movements (including left, right, and through) 
with the delay times that had resulted from inputting both the 
smoothed volumes (LINKOD input) and the LINKOD base
case assigned volumes (LINK OD output). The TRANSYT-7F 
run for the p.m. case showed that there were more instances of 
excessive movement delays from the MINUTP assignment 
than from LINKOD's base assignment. This can be seen in 
Figure 6, where for the p.m. case, 90 percent of the average 
delays calculated using the LINKOD assigned volumes fell 
within 10 sec of those calculated using the LINKOD input 
(smoothed) volumes, whereas only 78 percent of the calculated 
delays using the MINUTP assigned volumes fell within 10 sec 
of those calculated by using the smoothed volumes. Further 
calibration of the p.m. case focused on the intersections for 
which the TRANSYT-7F run calculated unreasonably high 
delays because of excessive turning-movement volumes. These 
turning volumes were reduced by placing tum penalties on the 
movements in question. 

Calibrating the a.m. network began by using two different 
base networks. One was the same as the LINKOD a.m. net
work. The other was the p.m. calibrated network modified to 
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account for the a.m. changes in the reversible freeway express 
lanes. The reason for two base networks was to see whether the 
changes made to the p.m. network would benefit the a.m. 
network also. As it turned out, the assignment using the origi
nal a.m. LINKOD network provided better results at the 
screenline level than that using the modified p.m. MINUTP 
network. 

As seen in Figure 6, the a.m. network when calibrated 
provided better results than the p.m. TRANSYT-7F run. This 
was due in part to having a better trip table (produced by the 
a.m. LINKOD runs), to being more experienced in calibration 
techniques, and to generally having fewer vehicle trips in the 
network. 

Swnmary and Conclusions 

In general, it was found that the advantages of using MINUTP 
instead of LINKOD for assignment purposes outweighed the 
lower level of accuracy that MINUTP provides. MINUTP 
provided the necessary accuracy in identifying "hot spots" 
when run through TRANSYT-7F and allowed application on a 
microcomputer to proceed easily and inexpensively when com
pared with the mainframe utilization of LINKOD. 

MINUTP does not provide quite as good an assignment as 
does LINKOD; however, it provides an assignment that is 
acceptable in terms of identifying hot spots when nm through 
TRANSYT-7F, especially when the updated version of MIN
UTP, which allowed more detailed control of intersection turn
ing movements and preloading of through trips, is used. 

The primary advantages of MINUTP are that it is an easy 
microcomputer program to use, the turnaround time between 
runs is short, and the computer costs are relatively low (es
pecially when compared with those using LINKOD on a main
frame computer in a remote office). 

In addition, MINUTP has several features that enable a more 
thorough analysis of the traffic assignment, such as select link 
analysis capabilities, path tracing, convenient trip table manip
ulation, and preloading of volumes onto certain links. 

TRANSYT·7F Calibration 

The TRANSYT-7F network included both transit and auto
mobile links. These links are modeled as either shared stoplines 
(automobile and transit share lanes) or exclusive links (transit
only lanes). In general, it was difficult to model transit opera
tions accurately in the networks. TRANSYT-7F is limited in its 
ability to account for the delays caused by passenger loading, 
skip-stop operation, and other elements of transit operations. 
Despite these problems, it was decided that including transit in 
the model was necessary because congestion due to transit 
operations would be a controlling factor in the development of 
mitigating measures via use of the TRANS YT-7F model. 

The process of calibrating the TRANSYT-7F model to 
match existing conditions required extensive data collection, 
including travel-time studies, flow-profile analyses, maximum 
queue data, manual counts, and spot speed studies. Five north
south avenues and nine east-west streets were selected for 
these data collection activities on the basis of their classifica
tion as major CBD surface routes. The five data collection 

TRANSPORTATION RESEARCH RECORD 1142 

activities were performed concurrently on a given route to 
obtain a peak-hour "snapshot" of traffic flow on the route. 
Thirty-five intersections were included during both a.m. and 
p.m. peak hours. 

Sensitivity Analysis 

Before use of the calibration data, a sensitivity analysis was 
performed on the coded TRANSYT-7F network. Four coding 
variables were tested for sensitivity: the platoon dispersion 
factor (PDF), which adjusts the rate at which platoons of 
vehicles disperse as they leave a queue; bus dwell time, which 
places an impedance on a bus link to simulate passenger load
ing activities; saturation flow. which quantifies the maximum 
number of vehicles that can travel on a link during a 1-hr period 
(continuous green time); and speed, which represents free flow 
or the unconstrained travel speed along a link. In the test for 
sensitivity, input values were varied incrementally. The sen
sitivity of the model to these changes was evaluated by posting 
average delay on the link to which the changes were made. In 
general it was found that the average delay calculated for a 
given link was not sensitive to changes in PDF and bus dwell 
time. Average delay was found to be sensitive to changes in 
free-flow speed and saturation flow. Spot speed studies were 
performed under uncongested conditions to approximate the 
i.niti!!l free-flow speed estimate. Though changes in the input 
speed would assist in replicating existing delay, it was decided 
not to change input developed from field studies. For saturation 
flow, however, initial estimates were made by using the 1985 
Highway Capacity Manual (6). Though this provided a sound 
initial estimate, it was not able to fully account for the com
plexity of congested urban traffic conditions. TRANS YT-7F is 
reasonably sensitive to changes in the saturation flow input. 
Because it was believed that the initial estimate of saturation 
flow did not fully account for existing conditions, manipulation 
of this input was selected for calibration of the networks. 

Travel-Time Comparisons 

Calibration was performed by comparing travel times output by 
the model with those observed in the field. An iterative process 
of changing the saturation flow on individual links was per
formed until comparable travel times were achieved. The ex
tent of change to the initial saturation-flow value was limited to 
maintain reasonable estimates of this input. In addition, an 
attempt was made to maintain comparable saturation-flow in
put along streets and avenues that had similar or identical 
characteristics. 

A comparison of TRANSYT-7F travel-time output versus 
observed travel time along major arterials for the final cali
brated versions of the a.m. and p.m. networks showed that 
travel times for both networks were matched within a range of 
±18 percent, with many of these within 5 percent. Figure 7 
shows this comparison for both the a.m. and the p.m. case. In 
general, comparative travel times on the longer north-south 
routes matched better than those on the shorter east-west 
routes. This is due largely to the difficulty in performing a 
random travel-time study on the shorter routes. Third Avenue 
was difficult to calibrate because of large peak-hour transit 
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volumes. Third Avenue was modeled with separate transit and 
automobile links. In order to simulate the extensive congestion 
on Third Avenue, automobile links were given a low saturation 
flow. In many cases, even these low saturation flows did not 
result in delays comparable with those experienced in the field. 
Calibration was also difficult where sizable pedestrian volumes 
significantly inhibited traffic flow and with the steeply graded 
east-west streets. Overall, though, a very reasonable represen
tation of existing traffic conditions in the CBD was attained. 
Delay and saturation-flow analyses performed since calibration 
have correlated closely with the input and output of the original 
calibrated models. 

PROJECT APPLICATIONS AND RESOURCE 
CONSIDERATIONS 

The modeling chain described in this paper can best be applied 
in large construction projects in complex urban settings, such 
as major downtown freeways or transit systems, or in the 
evaluation of complex signal networks. The utilization of 
LINKOD, a very detailed network-based model, was found to 
be moderately time consuming but necessary as opposed to 
developing a detailed micro trip table from a traditional re
gional model base. Once the project team became familiar with 
the intricacies of the LINK.OD model, development of the data 
base input file and application became more straightforward 
and less time consuming for the MINUTP portion. 

The models were developed by two teams of analysts work
ing in parallel over a 6-month period. During that span, a.m. 
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and p.m. networks were developed for each of the three sepa
rate models. 

The LINKOD and MINUTP models were developed by one 
team of analysts for 255 intersections, an area that included 
major CBD approach arterials and freeways (Figure 3). This 
team used LINKOD to formulate a.m. and p.m. trip tables and, 
using the MINUTP assignment package, applied that trip table 
to the 255-intersection network. The effort required to do this is 
estimated at approximately 7 hr per intersection for developing 
the a.m. and p.m. trip tables using LINKOD and another 4 hr 
per intersection to extract, code, and calibrate the two MINUTP 
networks using LINKOD as a basis. 

The TRANSYT-7F model was developed for a CBD core 
study area of 119 intersections by the second team of traffic 
analysts (Figure 3). The level of effort per intersection for the 
TRANSYT-7F model is estimated at approximately 20 hr per 
intersection for combined a.m. and p.m. conditions . 

The total effort is estimated at about 2.4 person-years. The 
distribution of time, for planning purposes, that was needed to 
define, develop, calibrate, and validate the models is estimated 
as follows: 

Percent 
Project Activity of Total 

Data collection 9 
Model definition and software development 14 
P.M. model development and calibration 43 
A.M. model development and calibration 30 
Model documentation 4 

The teams developed the p.m. model configuration initially and 
modified the coded p.m. network to replicate the a.m. network, 
thereby reducing effort and time considerably in completing 
the second network. 

Model definition efforts included the research and evaluation 
of available software for application to a microcomputer en
vironment. The development of software to link the three 
models together represents a major element of this task. The 
mainframe LINKOD network files were reformatted into 
MINUTP microcomputer files to develop a microcomputer
based network. A more efficient translation of MINUTP as
signment output to TRANSYT-7F input files was also 
provided. Following this major investment of time and effort, 
about 40 hr is required to define and code network changes to 
MINUTP and produce TRANSYT-7F output for evaluation of 
street closures in the core CBD area during given construction 
phases. 

CONCLUSIONS 

The DSTP traffic modeling system represents a systematic 
approach for detour planning during major construction proj
ects. The modeling chain is appropriate when the transportation 
engineer needs to develop a trip table independent of regional 
models for a complex signal network. Because of the level of 
effort entailed, the most cost-effective application for the 
model chain is for large projects or those with complex signal 
networks. It has several advantages over the traditional, more 
ad hoc detour-planning procedures in that it has the capability 
to test numerous "what if" situations and to objectively quan
tify associated impacts. On the basis of the projected impacts, 
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traffic control plans can be developed and then tested with this 
approach. The investment in the modeling system during plan
ning phases of the project has benefits in later phases in that it 
is a tool that can be used for preliminary engineering and final 
design as well as for input into traffic operations both during 
and after construction. 

Calibration results of the modeling system, as described in 
this paper, have proven highly satisfactory. Application of the 
system for facilitating detour planning during the DSTP con
struction is still in the initial stages. As application of the 
system and the DSTP construction progress, several oppor
tunities will exist to compare actual field results with predic
tions by the modeling system. The city of Seattle has proposed 
a traffic counting program scheduled to run throughout the 
DSTP construction that will provide valuable input toward this 
end. Throughout its use, the system will be evaluated as it is 
currently structured in order to refine and improve any steps 
that appear to reduce its effectiveness in practical applications. 
Further research will focus on streamlining and documenting 
the procedure so as to generalize the process for application to 
other projects. Areas for improvement will become clearer as 
current application of the system progresses; however, some 
specific areas have already been identified: 

• A lack of consistency of level of detail exists among the 
three software packages. Although LINKOD and 
TP~lSYT-7F are extremely detailed in their coding conven
tions and output content, MINUTP is not as suitable for de
tailed analysis. Other software packages with similar functions 
to MINUTP should be examined for their potential use as the 
intermediate package between LINK OD and TRANSYT-7F. 
Alternatively, a microcomputer version of LINK OD would be 
beneficial. 
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• The data acquisition and model calibration procedures 
need to be streamlined, well defined, and documented in order 
to facilitate a more cost-effective model development phase on 
future projects. 

• In order to facilitate more effective analysis and presenta
tion of the modeling system results, an analysis and priority 
ranking of the system's various outputs needs to be conducted 
and templates summarizing the desired outputs need to be 
developed. 

Research on these and other areas identified will be ongoing 
during 1988. 
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Multicorridor Project Traffic Analysis 

ROBERT BERNSTEIN 

An approach used by the Puget Sound Council of Govern
ments to analyze the regional traffic Impacts of alternative 
major regional transit Investments Is described and evaluated. 
Because the transit system capacity Increases resulting from 
each alternative were roughly equivalent and the proportion of 
overall regional travel carried by transit was relatively small, 
the traffic Impacts of the alternatives did not differ signifi
cantly on a regional scale. The technical analysis was of a 
general nature and was aimed at elected officials and the 
public, who often do not have a comfortable grasp of the 
meaning and Implications of vie data as they relate to traffic 
congestion. The problem Is more easily understood when pre
sented in terms of length of the peak period or the number of 
hours of congestion. One of the key elements of the regional 
traffic analysis was to determine the length of the peak period 
on various segments of the highway system. For the purposes 
of this analysis, length of peak was defined to be the number of 
hours during which level-of-service E conditions exist (vie 
greater than 0.90). Peak-period length was estimated em
pirically on the basis of the average vie for a longer time 
period. A linear regression equation was developed to repre
sent the relationship between 12-hr average vie and the num
ber of hours of vie greater than 0.90 for a set of actual freeway 
counts. Traffic assignments were plugged Into the regression 
equation to generate estimates of future congestion. The anal
ysis results provided a good sense, not only of relative conges
tion problems, but also of the magnitude of those problems In 
absolute terms. The analysis approach proved to be useful 
educationally as well as simple and straightforward 
computationally. 

An approach used by the Puget Sound Council of Govenunents 
(PSCOG) to analyze the regional traffic impacts of alternative 
major regional transit investments is described and evaluated. 
First, however, it is important to understand the context in 
which it was applied. 

The bottom line to the various growth and travel forecasts 
for the central Puget Sound region (Seattle-Tacoma-Everett) is 
much the same as that in other expanding urban-suburban 
areas: growth in regional travel demand resulting from continu
ing increases in population and employment will lead to in
creasingly severe congestion in major transportation corridors 
unless (or even if) additional capacity is provided. 

Policies adopted in the Regional Transportation Plan (RTP) 
recognize that additional capacity will be required in the major 
transportation corridors to implement urban development and 
activity center policies. The RTP policies further state that most 
new capacity in major corridors should be provided by invest
ment in transit and high-occupancy-vehicle (HOV) facilities 
and services. 

Puget Sound Council of Governments, 216 First Avenue South, Seat
tle, Wash. 98104. 

MULTICORRIDOR PROJECT 

In response to these policies, the PSCOG Executive Board and 
the Municipality of Metropolitan Seattle (Metro) Council in 
1984 initiated a 2-year effort called the Multicorridor Project to 
analyze alternative major transit and HOV investments in the 
region's three highest-priority corridors (see Figure 1). 

The purpose of the Multicorridor Project was to identify the 
best long-range transit or HOV alternatives for the three cor
ridors in terms of (a) corridor utilization trade-offs (among 
transit, HOVs, and other users), (b) cost-effectiveness, (c) sup
port for regional and local land use plans, (d) user benefits, and 
(e) impacts. The main purpose of the traffic analysis conducted 
for the Multicorridor Project, then, was to compare the traffic 
impacts of the major transit investment alternatives in order to 
identify impacts that would make a difference in the selection 
of a preferred alternative. 

After a screening process and preliminary cost, ridership, 
and impact analyses, three basic regional transit system alterna
tives were selected for detailed analysis. These included the 
baseline-bus alternative, the trunk-feeder-bus alternative, and 
the bus-LRT alternative. The baseline-bus alternative included 
a major expansion of the existing transit-HOV system, includ
ing more local bus service, more express bus service, more 

FIGURE 1 Transit corridors. 
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park-and-ride lots, more HOV lanes, more transit centers, and 
so on. The trunk-feeder-bus alternative was based on a funda
mental change in the route structure of the existing bus system 
that would introduce an extensive system of line-haul bus 
service on major highway facilities (trunks), with local bus 
service feeding it (feeders). Finally, the bus-LRT alternative 
included an LRT line in each of the three highest-priority 
corridors. The rail lines were to be fed by local bus service, 
with supplementary bus service connecting activity centers not 
served by LRT. Two variations of the LRT alignments in each 
corridor were assessed. 

Given the rough equivalence of the transit system capacity 
increases included in each alternative and the relatively small 
proportion of overall regional travel that is carried by transit, it 
was recognized from the outset that the traffic impacts of the 
alternatives would not be fundamentally different on a regional 
scale. Nevertheless, differences worth noting or crucial flaws 
might exist at specific locations or along specific highway 
segments. The traffic analysis was designed on these premises. 
A general assessment of the overall regional highway system 
was made, with more detailed analyses focusing on specific 
screenlines and small areas of interest. 

CONCEPTUAL APPROACH FOR REGIONAL 
TRAFFIC ANALYSIS 

Despite the expected similarity among future regional traffic 
conditions under the various alternatives, the regional portion 
of the traffic analysis was not considered to be an unnecessary 
exercise. The regional traffic analysis was useful in that it 
painted a general picture of future conditions on the regional 
highway system. This provided an important context for the 
Multicorridor Project decisionmakers (local elected officials) 
and for the public. 

Rather than a more technical analysis geared solely toward 
technical staff, then, the regional traffic analysis was of a 
general nature and was aimed at a lay audience. For this 
audience, the typical means of presenting traffic congestion 
information-peak-hour or peak-period volume-to-capacity 
ratios (vle)-was deemed inappropriate. Elected officials and 
the public often do not have a comfortable grasp of the mean
ing and implications of vie data, and transportation planning 
and engineering professionals themselves have argued over 
how to interpret traffic forecasts that result in computed peak 
vle's greater than 1.0. In addition, the accuracy of the future 
vle's was suspect, because the ratios were computed by simply 
taking assignments of daily traffic and applying a rule-of
thumb 8, 9, or 10 percent factor to compute the peak-hour 
traffic volumes (peak-period assignments were not used for 
lack of a good peak-period trip table). Finally-and most 
important-peak vie information does not adequately describe 
future congestion in a way that elected officials and the public 
can easily comprehend. It would be more understandable if 
expressed in terms of the length of the peak period or the 
number of hours of congestion. 

For the foregoing reasons, one of the key elements of the 
regional traffic analysis was to determine the length of the peak 
on various segments of the highway system. For the purposes 
of this analysis, length of peak was defined as the number of 
hours during which level-of-service E conditions exist (vie 
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greater than 0.90). The analysis focused on the afternoon and 
evening hours, because in most cases the p.m. peak is longer 
than the a.m. peak. 

PEAK-PERIOD LENGTH 

Peak-period length was estimated empirically by using an ap
proach based on the thesis that the number of hours of conges
tion on a given freeway segment varies with the average vie for 
a longer time period (e.g., 12 or 24 hr, the time period for 
which traffic assignments are available). In other words, the 
higher the daily or 12-hr traffic volume relative to capacity, the 
longer the peak period. (A corollary to this thesis suggests that 
the peaking characteristics on currently congested freeway seg
ments elsewhere in the country provide a more realistic model 
of future local peaking characteristics than would an extrapola
tion of current, less-congested local conditions.) 

In order to test the thesis as well as to actually estimate peak
period length at various points on the regional highway system, 
traffic count data were obtained from a number of U.S. cities. 
Hourly counts were obtained for 50 directional freeway seg
ments in Seattle; Portland, Oregon; Chicago; suburban north
ern Virginia; and San Francisco-Oakland. (The amount of data 
collected was dictated by the Multicorridor Project schedule, 
not by statistical requirements.) In each case, the hourly counts 
included a composite of 1 to 2 weeks' worth of weekday 
counts. The data set contained four downtown freeway seg
ments, 20 central city radial segments, 24 suburban radial 
segments, and two suburban circumferential segments. Several 
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of the radial segments had peak flows in both directions, 
whereas others were highly directional (i.e., inbowtd in the 
morning and outbowtd in the evening). 

The analysis of the traffic counts and assignments focused on 
the 12-hr period from noon to midnight in order to avoid 
inconsistencies created by differing directional splits and peak
ing characteristics on different freeway segments. Because 
some segments experience peaking in both directions in both 
the morning and the afternoon whereas others only experience 
the typical peaking (inbound in the morning and outbowtd in 
the afternoon), two segments with similar afternoon peaks 
could have very different 24-hr average vle's. It would have 
been useful to further separate the data and analysis by freeway 
type--radial versus circumferential or urban versus suburban, 
or both-but there were insufficient data to do so. Focusing on 
the 12-hr p.m. period (and thereby accowiting for directional 
split and peaking) accounts for much of the difference between 
different freeway types. 

The relationship between p.m. peak length and the p.m. 12-
hr average vie for the freeway counts was assessed by com
paring several characteristics of the individual cowits, in
cluding the peak-hour vie, the vle's for each of the 12 hr 
between noon and midnight, the proportional distribution of 
traffic volume over the 12 hr, and the number of hours during 
which vie exceeded 0.90. 

Three of these comparisons are shown in Figures 2 through 
4. Figure 2 shows the peak-hour vle's for the various freeway 
counts plotted against their corresponding p.m. 12-hr average 
vie. Not surprisingly, peak-hour vie increases with increasing 
12-hr average vie. In addition, the rate of increase of peak-hour 
vie decreases with increasing 12-hr average vie, indicating that 
at higher 12-hr volumes the peak is more spread out. This 
information supports the thesis that the number of hours of 
congestion (i.e., length of peak period) increases with increas
ing 12-hr average vie. 

Grouping the cowits by 12-hr average vie yielded some 
interesting insights into the different traffic demarid patterns on 
congested and free-flowing freeways. The cowits were divided 
into five groups on the basis of 12-hr average vie: 12-hr vie 
greater than 0.8, 0.7 to 0.8, 0.6 to 0.7, 0.4 to 0.6, and less than 
0.4. Proportion of 12-hr volume and vie were computed for 
each count for each p.m hour. These proportions and vle's 
were then averaged within each group. Figure 3 shows the 
group average hourly vle's for the five groups. Here again, the 
results were not surprising: the group average vle's in any given 
hour were higher for the groups with higher 12-hr average vie. 

Figure 4 shows the hourly proportions of total 12-hr volume 
averaged for each group of counts. The proportion of 12-hour 
traffic occurring in the early afternoon is somewhat higher 
for the groups with the lower 12-hr average vle's. This differ
ence is much more pronounced in the afternoon peak period, 
when the groups with the higher 12-hr vle's have a much 
smaller average proportion of 12-hr traffic than do the groups 
with lower 12-hr vle's. This progressive flattening of the peaks 
with increasing 12-hr vie is further evidence that the congested 
period on freeways increases in length with increasing 12-hr 
average vie. The proportions reverse in the evening and night 
hours; the groups with low 12-hr vie have the lowest hourly 
proportions. 
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METHODOLOGY 

Two methods of computing the number of hours of congestion 
were developed. The first used the hourly proportions of the 
12-hr volume averaged for each group of counts. Applying the 
proportions to forecast freeway volumes yielded hourly vol
umes from which hourly vle's were computed. The number of 
hourly v/e's exceeding 0.90 was then counted. The second 
method developed a linear regression equation to represent the 
relationship between 12-hr average v/ e and the number of hours 
of vie greater than 0.90 for the full set of individual counts. 

Both of these methods require as input directional traffic 
volume for the 12 p.m. hr. Because the traffic assignments 
available were two-way daily assignments, the directional 12-
hr voiumes had to be estimated. Tne first step was to estimate 
the two-way traffic volume in the 12 p.m. hr. Based on the p.m. 
percentages computed from the available freeway counts, p.m. 
volwne was assumed to be 60 percent of the 24-hr total. (The 
25 or so freeway segments carried an average of 59.7 percent 
of daily traffic between noon and midnight; standard deviation 
of this data was only 2.6 percent.) Next, the directional p.m. 
volumes were determined by estimating the directional splits of 
two components of p.m traffic. One component was the 20 
percent of daily traffic represented by the difference between 
a.m. and p.m volumes (60 percent minus 40 percent). This was 
assumed to be traffic making a round trip entirely during p.m. 
hours, and it was assumed to have a 50-50 directional split. A 
peak-period traffic assignment was run, and the directional 
splits were used to estimate the directional split of the re
mainder of the p.m. volume (40 percent of daily). 

For each link analyzed, then, p.m. 12-hr directional traffic 
volume was computed by multiplying the two-way daily vol
ume by the following factor: 

Factor= (0.1) + (0.4 x peak-period directional split) (1) 
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employed for the Multicorridor Project because of its computa
tional simplicity and the consistency of its results. 

APPLICATION 

The methodology just described was applied to the Multicor
ridor Project traffic forecasts. Estimated hours of congestion 
were computed for each freeway link in the Multicorridor 
Project study area. For all but a handful of the most congested 
links in the system, the computation of hours of congestion 
involved interpolation of the traffic count data; that is, the 
forecasted average vle's for Seattle area freeways were within 
the range of average vle's that actually occurred on the freeway 
segments foi which counts were available. Tr.J.s made t..'ie 
results of the analysis more credible, because it was not neces
sary to extrapolate the worst freeway conditions experienced 
elsewhere and claim that the Seattle area should expect worse. 

The results of the Multicorridor Project traffic analysis as 
they were presented to local elected officials and the public are 
shown in Figures 6 through 8, which show the number of hours 
of congestion on the freeway system computed from daily 
traffic assignments for 1980, 2000, and 2020. The first thing to 
note is that even though the number of hours of congestion 
were computed with some superficial precision, they were 
presented in very broad terms, as befits their actual range of 
accuracy. 

The 1980, 2000, and 2020 congestion analysis results 
provided the same basic information that the more traditional 
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The following linear regression equation, derived from the 
freeway count data shown in Figure 5, was then used to 6 
estimate the number of p.m. hours in which volume would 
exceed 90 percent of capacity on each link: 

No. of hours with vie > 0.9 = [13.92 

x (12-hr average v/e)] - 6.25 (2) 

Using a spreadsheet, it was a fairly simple task to compute 
for the various freeway links the directional p.m. 12-hr vol
umes, the p.m. 12-hr average vie, and finally, the hours of 
congestion. Lotus 1-2-3 was used for this project, but the 
computations are so straightforward that virtually any 
spreadsheet program could be used. Computations are done 
individually for each link, so the spreadsheet contained one 
row for each link. Vertically, in addition to link identification 
columns (e.g., road name, A Node, B Node), the spreadsheet 
should have five input data columns: daily traffic; capacity; 
peak-period traffic, A-B; peak-period traffic, B-A; and peak
period directional split (computed from the directional peak 
volumes). A final column is used to compute the number of 
hours of congestion using Equations 1 and 2. 

Using the hourly proportions of 12-hr volumes and linear 
regression-the two methods of computing hours of conges
tion-yielded similar results. The linear regression method was 
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analysis of peak-hour vie ratios provides, for example, geo
graphical distribution of congestion problems, growth of con
gestion over time, and identification of freeway segments with 
significant congestion problems. Figures 6 through 8 clearly 
show the increasing congestion to be expected in the future and 
the extent to which that increasing congestion spreads out into 
the suburbs. Also evident is the outward migration of the 
bottlenecks and constraints that control the overall capacity of 
the freeway system as a whole. For example, the main capacity 
constraint on I-5 in the North Corridor (the region's most 
heavily traveled corridor, extending from downtown Seattle to 
south Snohomish County) is currently the section just to the 
north of the downtown. In the future, however, I-5 congestion 
at the King-Snohomish County line will have more of an effect 
on who the corridor serves and how it operates than will the 
closer-in segments. 

In addition, however, this congestion analysis provides some 
things that the more traditional analyses do not. Most impor
tant, this analysis gives transportation professionals, as well as 
elected officials and the public, a good sense not just of relative 
congestion problems (alternative a versus alternative b, or 2000 
versus 2020), but also of the magnitude of those problems in 
absolute terms. It is easier to relate to, understand, and project 
what is meant by "5-hr peak period" than "peak hour vie= 
1.21." As a result, the traffic analysis for the Multicorridor 
Project was more infonnative a.'1.d less distracting (from the 
major transit investment decision at hand) than it would have 
been otherwise. 

By analyzing length of peak directly, the multicorridor traffic 
analysis also anticipated several questions that invariably arise 
when peak-hour vie information is presented. When vle's in 
excess of 1.0 show up, professionals and lay persons want to 
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know how much of the excess traffic will actually materialize, 
how much will be diverted, and how much will divert to 
traveling at a less congested time. This analysis addressed these 
concerns before they had to be voiced. 

CONCLUSIONS 

The traffic analysis approach described in this paper proved to 
be useful in educational terms. It was also simple and straight
forward computationally. The methodology for freeways could 
be refined by basing the relationship between average vie and 
hours of congestion on more actual data and possibly using a 
curve-fitting technique more sophisticated than linear regres
sion. With adequate traffic count data, the analysis could also 
be applied to arterials. And finally, this methodology can be 
used to forecast the number of hours at level-of-service F, or 
the so-called levels-of-service F-1, F-2, and so on, that are now 
gaining acceptance in traffic engineering circles. 
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Economic Analysis and Potential Cost 
Savings Associated with Systemwide 
Transportation System Management 
Analysis of Winston-Salem 
Urbanized Area 

EDDIED. LEGGETI 

A systemwlde transportation system management (TSM) pro
gram ls based on a comprehensive TSM planning analysis of 
an urbanb:ed area that develops TSM alternatives to major 
construction projects. It consists of nine phases, four of which 
are programmed and applicable for use on the IBM personal 
computer. Five of the nine phases as they were applied to the 
urbanized area of Winston-Salem are discussed: (a) elimina
tion of those capacity-deficient corridors or segments that are 
readily Identified as requiring construction or programmed as 
near-future construction; (b) review and analysis of the pre
liminary TSM alternatives associated with those remaining 
corridors or segments to determine whether they are feasible 
TSM candidates; (c) determination of cost estimates (capital, 
maintenance, operational) associated with each element of the 
TSM alternatives, as well as the costs associated with compara
ble construction alternatives; (d) determination of the benefit. 
cost (B/C) ratio associated with each TSM alternative and 
comparative construction alternatives (programmed); and (e) 
determination of annual capital-cost programs for ridesbaring 
(programmed), staggered work hours (programmed), transit 
mode split (programmed), traffic engineering, and compara
tive construction alternatives. With this planning tool, agencies 
are in a better position to maximize the combined effect of 
TSM, as well as to formulate the necessary policy directives 
required for Implementation. A prospective TSM management 
program ls also discussed, which presents the author's views 
on bow current TSM programs could be Improved. 

Since 1985, a local team of transportation managers has been 
applying a transportation system management (TSM) planning 
methodology to the urbanized area of Winston-Salem. Their 
efforts have been based on earlier work and methodology 
developed by Leggett, which have been documented elsewhere 
(1, 2). 

The urbanized area of Wmston-Salem has a population of 
approximately 147,200 and is located in the western Piedmont 
region of North Carolina. It is served by an excellent transpor
tation system that facilitates north-south and east-west travel. 
Although its urban transportation system experiences traffic 
congestion problems during the peak periods, it is considered 
to serve the population's travel needs adequately. This urban 

Transportation Planning Division, North Carolina Department of 
Transportation, South Wilmington Street, Raleigh, N.C. 27601. 

system has a well-integrated network of streets, some 1,107 mi, 
which facilitates approximately 5,256,000 daily vehicle miles 
of travel. It is also supported by excellent transit and rideshar
ing programs, which carry approximately 11,800 and 15,863 
daily person-trips, respectively. 

The systemwide TSM analysis consists of the following nine 
phases, four of which are programmed and applicable for use 
on the IBM personal computer: 

1. Division of urbanized area into districts that radiate from 
the central business district (CBD) and consist of complement
ing corridors and their associated employment centers; 

2. Collection of existing and future traffic data associated 
with major collectors and thoroughfares, as well as existing and 
future employment data; 

3. Determination of existing and future capacity-deficient 
corridors or segments (programmed) ( 1 ); 

4. Development of preliminary TSM alternatives for capac
ity-deficient corridors designed to enable facilities to operate at 
a desired level of service (programmed) ( 1, 3, 4 ); 

5. Elimination of those capacity-deficient corridors or seg
ments that are readily identified as requiring construction or 
programmed as near-future construction; 

6. Reviewing and analyzing the preliminary TSM alterna
tives associated with those remaining corridors or segments to 
determine whether they are feasible TSM candidates; 

7. Determination of cost estimates (capital, maintenance, 
operational) associated with each element of the TSM alterna
tives, as well as the costs associated with comparable con
struction alternatives (2, 4); 

8. Determination of the benefit-cost (B/C) ratio associated 
with each TSM alternative and comparative construction alter
native (Table 1) (programmed) (2, 4, 5); and 

9. Determination of annual capital-cost programs (see Table 
5) for (a) ridesharing (programmed), (b) staggered-work-hour 
(programmed), (c) transit-mode-split (programmed), (d) traffic
engineering, and (e) comparative construction alternatives. 

The discussion in this paper focuses on the coordinated 
planning effort used during Phases 5 and 6, the methodology 
used to develop the cost estimates of Phase 7, the methodology 
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TABLE 1 BENEFIT-COST ANALYSIS: WINSTON-SALEM 

Project : Do Nothing : Incremental I 
·-- -- -- - - - - - - - - - - - -- - ------- ------- -- - -- - --- --- --- ........ -- - - - I 

: : B/C I B/C : B/C : B/C I 
Best 

Alternative 
Dist i Seg I TSM-Null : Cst-Null : TSM-Cst I Cst-TSM l 

1 
l 
2 
3 
3 
3 
3 
3 
4 
4 
4 
4 
4 
4 
4 
4 
4 
5 
s 
5 
5 
5 
5 
s 
5 
6 
6 
6 
6 
6 
6 
6 
6 
7 
7 
7 
7 
7 
7 
7 
8 
8 
8 

1 
2 
1 
1 
2 
3 
4 
5 
1 
2 
3 
4 
s 
6 
7 

8 
9 
1 
2 
3 
4 
5 
6 
7 
8 
1 
2 
3 
5 
6 
7 
8 
9 
1 
2 
3 
4 
5 
6 
7 
l 
2 
J 

90. 6 
194. 2 
297 . J. 
75. 8 
86. 5 

640. 9 
16. 2 

268. 3 
52. 6 
82. 5 

199. l 
47. 9 

129. 2 
100. 3 

74 . 0 
318 .9 
117. 4 

40. 6 
91. 8 

435 . 3 
264. 0 
129 .2 
565 .7 
161. 2 
207. 2 
210. 4 
98. ) 
20. 9 

902. 5 
58. 1 

153. l 
198. 0 
157.7 

57. 9 
105. 3 
155. 6 

50. 8 
19. 6 

183. 3 
88. 9 

194. 9 
477.1 
110. J 

15. S 
98. l 
98. 2 
17. 5 

5. 2 
35. 8 
o.o 

80. 8 
10. 5 
14. 6 
30. 5 
4.9 .• 5 
35.0 
57. 2 
23. 9 
29.4 
14. 2 
o. o 

100. 8 
1. 6 

28. 2 
57. 4 
73.7 
47. 6 
0.0 

93.0 
16.4 
18. S 

0. 0 
8. 3 

22. 9 
20. 7 
1. B 
l. 9 
8.4 
0. 9 
4. 2 

10.4 
66. 7 

6. 9 
110. 9 

64. 6 
31. 8 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
o.o 

23.2 
o.o 
0.0 
0.0 
0.0 
0.0 
0.0 

19.8 
0.0 
0.0 
o.o 
0.0 
0.0 
0.0 
o.o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
o.o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
o.o 
o.o 
0.0 
o.o 

I 
I 
I 

I 
I 
I 
I 
I 
I 

I 
I 

I 

I 
I 
I 
' I 
' I 
I 

I 

I 
I 
I 
I 
I 

I 
I 
I 

i 
I 

I 
I 
I 

-0.8 
-9.8 
-3.2 
-1. 0 
-0.3 
-a.a 

0.0 
-3.6 
-0.3 
-0.5 
-0.2 

0. 0 
.-3. 2 
-4.4 
-0.9 
-0.2 
-0.2 

0.0 
0.0 

-0.1 
-0.7 
-2.5 
-0.8 
-1. 7 
0.0 

-3.0 
-0.7 
-7.9 

0.0 
-0.5 
-0.6 
-0.6 
-0.1 
-0.l 
-0.2 
o.o 

-0.1 
-0.2 
-0.3 
-0.3 
-1. 4 
-0.3 
-0.7 

TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSL•l 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 
TSM 

Note: Under Do Nothing, when B/C (Cst-Null)=O.O indicates construction 
was not considered as an alternative and only B/C (TSM-Null) was 
evaluated. 

Under Incremental, a 0.0 indicates this alternative was not 
evaluated because its comparable alternative under Do Nothing 
produced a greater B/C ratio which makes it the defender. 

used to determine the B/C ratios of Phase 8, the methodology 
used to determine the annual capital-cost estimates of Phase 9, 
and the prospective TSM management process. 

The comprehensive TSM analysis has been designed to 
determine TSM alternatives that can be used to defer or replace 
construction altematives. Once the urbanized area has been 
divided into districts, the analysis proceeds with the determina
tion of existing (1983 =base year) and forecast (2000 =design 
year) transportation demands for the area's major collectors 
and thoroughfares, as well as the existing effects of TSM on 
such corridors (i.e., ridesharing; staggered work hours, if 
known; and transit mode split). 

For each of the major collectors and thoroughfares, the local 
thoroughfare plan was used to determine 

• Vehicle capacity at level-of-service E during the base 
year: 

n 
EVC = '!; [(segment's distance/total distance) x (segment's 

=1 capacity,)] or most restricting capacity 

• Existing average daily traffic (ADD volume during the 
base year: 

n 
EADT = L [(segment's distance,/total distance) x (segment's 

S=l ADT,)] or segment's highest ADT 

• Existing peak-hour directional flow factor (PHDF). 
• Existing peak-hour traffic volume factor during the base 

year (PHF). 
• Forecast ADT for the design-year volume (ADTd;). 

The local ridcsharing and transit programs provided the follow
ing TSM elements for each of the designated corridors: 

• Peak-hour vehicle occupancy rat~ during the base year 
(VO Rb;). 

• Peak-hour percent transit mode split during the base year 
(TM Sb;). 

• Peak-hour percent staggered work hours during the base 
year (SWHb;) (this was not evaluated for Winston-Salem). 

Of the 180+ corridors or segments evaluated in Winston
Salem, 100 proved to have an existing or future capacity 
problem. However, only 43 of these were determined to be 
feasible TSM candidates, whereas the remaining 57 problem 
areas were judged definitely to require a construction solution. 
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COORDINATED TSM PLANNING PROCESS 

During this phase of the study, the management-level transpor
tation professionals responsible for each of the TSM elements 
(i.e., Uie transportation planner, ridesharing coordinator, transit 
director, and traffic engineering manager) collectively re
viewed and evaluated the potential for the preliminary TSM 
alternatives associated with each of the 100 capacity-deficient 
corridors or segments. Each alternative consisted of at least one 
and in most cases a combination of the following TSM options: 

• Vehicle occupancy rate (VOR) 
• Staggered work hours (SWH) 
• Transit mode split (TMS) 
• Traffic engineering (TE) 

These alternatives were developed from a computer model on 
the basis of operational characteristics of a particular corridor 
or segment [i.e., base-year capacity (EVCb;). estimated ADT 
volumes during base year and design year (EADTbi and 
EADT di), vehicle occupancy rate during base year (VORbi), and 
transit mode split during base year (TMSb;)]. 

For a given corridor, the designated magnitude of each TSM 
alternative (i.e., which one is designated to accommodate the 
percent of peak-hour person or vehicle trip demand in excess of 
the facilities' peak-hour vehicle capacity at level-of-service D) 
is directly associated with the existing effects of TSM. For 
example, if the corridor or segment has no transit, transit is not 
considered as an option, and if it has lower-than-average par
ticipation from ridesharing and staggered work hours, these 
options are weighted accordingly. Therefore, corridors of this 
nature place greater emphasis on traffic engineering, which 
makes them easy to eliminate when the traffic-engineering 
option requires extensive construction. 

This element of the planning process is considered a valu
able planning tool. The professionals are provided with a po
tential alternative based on a corridor's operational characteris
tics without having to perform the cumbersome calculations 
associated with TSM evaluations. For each alternative, the 
number of additional person-trips required to be accommo
dated was given for the non-traffic-engineering options, and the 
number of vehicles was given for traffic-engineering options. 
With these values the professionals had the necessary compo
nents to evaluate the potential for their programs to effectively 
manage a particular traffic congestion problem. 

Criteria used by each of the non-traffic-engineering profes
sionals to determine whether their individual program could 
accommodate the additional number of person-trips associated 
with each option were based on the concentration of employ
ment centers, past employee-employer participation, nature of 
employment base, available land resources for park-and-ride 
facilities, and available transit service within the particular area 
of interest. 

For each of the traffic-engineering options, traffic engineers 
evaluated the ability of the existing corridor or segment to 
accommodate additional vehicles on the basis of improving 
intersection geometrics, re-marking existing pavement, im
proving signal optimization, minor widening of shoulders, and 
making reversible lanes to enhance the existing roadway 
capacity. 

This coordinated planning process consisted of ap
proximately five meetings. Initially the group eliminated the 
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following types of projects: those projects programmed and 
budgeted as immediate Transportation Improvement Program 
(TIP) construction needs that were scheduled to be built in the 
near future, those that could not be mitigated by TSM because 
of severe capacity problems or their nonsupporting TSM crite
ria, and those being complemented by ongoing or near-future 
construction projects. 

On completion of the elimination process, the professionals 
examined the details of each TSM option and the associated 
operational characteristics of each corridor or segment to deter
mine the feasibility of the TSM alternative. As with the forego
ing case, a number of these projects were also dropped and 
designated as construction projects. 

Throughout the evaluation of each preliminary TSM option, 
the various options were altered, if necessary, to produce a 
TSM package more applicable to a particular corridor or seg
ment. For example, if an individual indicated that his program 
could not adequately accommodate the required persons or 
vehicles, an informal dialogue would begin. One person might 
remind the transit manager of a transit route that could be 
extended to the particular project area. The transit manager 
might respond by acknowledging the fact that the particular 
route extension was possible and that the idea had great poten
tial. Therefore, the demand of one or all of the other TSM 
options would be reduced to make the TSM alternative feasi
ble. This type of dialogue would continue throughout the meet
ing and produce an invaluable exchange of ideas. 

This multimodal planning process enabled the professionals 
to maximize the combined effects of their programs, thereby 
enabling them to identify a greater number of projects that 
might be significantly affected by TSM. 

BENEFIT-COST ANALYSIS AND PROJECT 
COST DETERMINATION 

In order to assess the economic benefits associated with the 43 
TSM projects, each TSM alternative and a comparative con
struction alternative were subjected to an economic analysis by 
using the traditional benefit-cost ratio (B/C) method (5). This 
method determines the ratio of benefits to costs after each 
project or alternative has been discounted with respect to its 
expected life at a minimal attractive rate of return [i.'e., all 
projects or alternatives were discounted to an equivalent uni
form annual cost (EUAC) on the basis of their expected life, 
which was judged to be the difference between the design year 
and the year the problem occurs plus l, and a minimal attrac
tive rate of return of 10 percent]. In other words, both TSM and 
construction alternatives were designed to accommodate the 
capacity problem from the year of inception through the design 
year 2000. Projects with B/C ratios greater than 1.0 are consid
ered economically attractive and those with B/C ratios less than 
1.0 are considered not to be economically efficient. 

When projects with different benefits and costs are com
pared, it is necessary to conduct an incremental benefit-cost 
analysis. First the B/C ratio for each project alternative is 
compared with the null alternative. If the B/C ratios of both 
alternatives are greater than 1.0, incremental benefit-cost anal
ysis is used to determine which alternative is more econom
ically advantageous. The process is a repeat of the direct B/C 
ratio approach, with the exception of replacing the null alterna
tive with the alternative (TSM or construction) that has the 
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highest B/C ratio. This alternative then becomes the "de
fender" and the benefits and costs of the other alternative are 
compared with those of the defender. If the B/C ratio in this 
comparison is less than 1.0, the costs associated with the 
defender produce a greater rate of return; however, if the B/C 
ratio is greater than 1.0, the costs associated with the other 
alternative produce a greater rate of return. To illustrate the 
procedure of the incremental benefit-cost analysis, an actual 
project has been evaluated as follows (Table 2). 

The basis alternative (null) is taken as the defender: 

R - R ........ B/C = null , .,,., 

(CTSM +MTS,.,;) - MIU.Ill 

- (12,590,765 - 9,680,800) 
- (15,253 + 6,453) - 2,700 

- 2,909,965 
- 19,006 

= 153.1 

Rnu" Rconsr B/C = ----~~,___ 
(Ccomt + RconsJ - M null 

- (12,590,765 - 9,741,766) 
- (121,930 + 5,401) - 2,700 

- 2,848,999 
- 124,631 

= 22.9 

Because both the TSM and construction alternatives produce 
B/C ratios greater than 1, which implies that they are econom
ically advantageous at the same minimum attractive rate of 
return, it is necessary to conduct an incremental benefit-cost 
analysis to determine which investment should be pursued. The 
TSM alternative has a greater B/C ratio than the construction 
alternative, so it is regarded as the defender against the con
struction alternative in the incremental benefit-cost analysis, as 
follows: 

B/C = incremental benefits 
incremental costs 

Rnull - Rconst 
(Cconst + MconsJ - (CTSM + MTSM) 

9,680,800 - 9,741,776 
(121,930 + 5,401) - (15,253 + 6,453) 

- -60,976 
- 105,625 

=-0.6 

As can be seen, the construction alternative produces a 
negative B/C ratio when compared with the TSM alternative, 

TABLE 2 PROJECTS, DISTRICT 6, SEGMENT 7 

Capital Costs (C) 
Alternative Investment ($) ($) 

Null 
TSM 125,099 15,253 
Construction 1,000,000 121,930 

Norn: Annual items: i = 10 percent; n = (YRdi - YRp;) + 1. 
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suggesting that the TSM alternative is the more attractive 
investment. In both cases, the TSM costs are less than the 
construction costs. In other words, the total of implementation 
and maintenance costs as well as the user costs incurred by the 
TSM alternative is less, implying that the TSM alternative 
provides greater benefits for less cost. 

The results of this analysis (Table 1) identify each project by 
a particular district and segment number. For each of the TSM 
alternatives, with the exception of the two projects designated 
4, 4 and 5, 2, the investment costs and the road user costs were 
less than those costs associated with the comparative con
struction alternative. In most cases, as reflected by the B/C 
ratios, these costs were considerably less because their im
provements do not extend beyond the peak hours, as do the 
construction improvements. 

In the case of Projects 4, 4 and 5, 2, the TSM investments 
over the life of the projects were greater than the construction 
investments. But estimated TSM user costs were less as a result 
of the reduced number of vehicles to be operating on the 
facility by the design year, which explains why the construction 
alternatives proved to be less cost-efficient in the incremental 
analysis. In other words, the TSM investments provide a 
greater rate of return per dollar investment to the extent that 
their benefits accruing to the public outweigh the benefits of the 
less expensive construction alternatives. Projects of this nature 
would be considered the least desirable TSM candidates and 
would most likely be better served by construction. 

Table 3 presents two examples of the proposed TSM and 
comparative construction alternatives. Table 3 is designed to 
provide a general overall description of the specific actions and 
cost requirements of, as well as economic benefits associated 
with, each TSM project and its comparative construction alter
native. With this generalization, decision makers can quickly 
view the potential merits associated with each project 
recommendation. 

To simplify the analysis, the project costs for the con
struction capital program and the project costs for the transit 
and traffic engineering portion of the TSM capital program are 
programmed for the year in which the capacity problem occurs. 
It is realized that this is not always the case because of the time 
required for completion of preliminary engineering and con
struction, which take at least a year or more for construction 
projects. For the ridesharing and staggered-work-hour options 
of the TSM capital program, project costs are prorated and 
spread out over the life of the project. 

The two elements of the economic analysis used to deter
mine the BIG ratio for the construction and TSM alternatives, 
as set by AASHTO, are road user costs and highway costs. The 
calculation of these costs has been based on urban arterial 
highway sections, which are assumed to have homogeneous 
operational characteristics. 

Operating and 
Maintenance Costs User Costs (R) B/C 
(M) ($) ($) Ratio 

2,700 12,590,765 
6,453 9,680,800 153.1 
5,401 9,741,776 22.9 



TABLE 3 PROJECT ALTERNATIVES AND ECONOMIC VALUES USED TO DETERMINE RECOMMENDED ACTION: WINSTON-SALEM 

Description of Improvementsa Costs ($) B/C Ratio 

Corridor 
Construe-

District Segment Miles Lanes Problem TSM ti on 

6 7: Country Club 0.8 2 1983 RST = 57 (CP); +2 lanes 
Road between SWHT=30 
Silas Creek and (B&A); 
Lindburgh TMST=79; 

TET=F 

6 8: Country Club 1.3 2 1984 RST = 55(CP); +2 lanes 
Road between SWHT= 28(B) 
Old Vineyard and 29(A); 
and TMST = 72; 
Peace haven TET=F 

aDescription of improvements is as follows: 

TSM 

Capital M&O 

RST = 17,820; TMST = 30,773; 
SWHT = 10,680; TET = 22,147; 
TMST = 81,599; TOT= 52,921 
TET = 15,000; 
TOT = 125,099 

RST = 16,200; TMST = 28,047; 
SWHT = 9,600; TET = 33,990; 
TMST = 74,369; TOT= 62,036 
TET = 15,000; 
TOT= 115,169 

Construction 

Capital M&O TSM 

1 million 44,292 153.1 

1.3 million 67,980 198.0 

Recom
Construc- mended 
ti on Action 

22.9 TSM 

20.7 TSM 

RST (Ridesharing Task)= nwnber of carpools required (CP); CP =number of person-trips to be acol!Ilmodated/[pe.rsons per carpool minus existing vehicle occupancy rate (VOR) of specific corridor] (i.e., 
Project 6,7 above was based on 98 person-trips to be accommodated, 3 persons per carpool, and 1.28 existing VOR). 

SWHT (Staggered-Work-Hour Task)= number of additional person-trips to be diverted before (B) and after (A) the peak periods (Le., Project 6,7 above was based on 60 additional person-trips to be diverted 
by design year 2000). 

TMST (Transit Mode-Split Task) = nwnber of additional person-trips to be accommodated by design year 2000. 
TET (Traffic Engineering Task)= repave and restripe to add an additional lane (F) (i.e., Project 6,7 was based on 161 vehicles to be accommodated by design year 2000). 
Construction = roadway widening to add an additional lane in each direction (i.e., Project 6,7 above was based on 332 vehicles to be accommodated). 
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Road user costs (RUC) are basically those incurred by the 
traveling public that result from the operational characteristic
sof both highway and vehicle. The three factors that were used 
to calculate those costs are vehicle operating costs (VOC) 
travel-time costs (ITC), and accident costs (,1C) (i.e., RUG= 
voe + ITC +AC). 

The computational procedures used to determine the various 
road user costs are detailed elsewhere (5, 6). However, the 
procedure used to estimate these costs for the TSM alternative 
has been altered (2). 

TSM alternatives are designed to manage the peak-hour 
traffic volumes, and the cost reductions and costs incurred by 
these alternatives reflect the resulting improvements to peak
hour traffic congestion. To account for the improvements oc
curring during the peak hours, it is necessary to evaluate the 
peak-hour traffic volumes. The design-year estimated ADT 
(EADT '") and the desired estimated ADTs required to maintain 
level-of-service D (EADT di), or vehicle capacity at level-of
service D, are converted to peak-hour volumes. 

The difference between 'these peak-hour volumes 
(PHEADT di - PHEADTdi) is the number of vehicles required to 
be reduced, diverted, or accommodated by the TSM alternative 
to allow the existing facility to operate at level-of-service D. 
Therefore, the only difference in the process used to compute 
the road user costs for TSM alternatives is the procedure used 
to determine Lhe reduction in the design-yeiu· ADTs that result 
from the TSM improvement. 

The process used to estimate the capital-cost and mainte
nance-and-operating-cost elements of the highway costs for the 
construction alternative differs somewhat from that for the 
TSM alternative. The highway costs for the construction alter
native were provided by the Thoroughfare Planning Unit of the 
North Carolina Department of Transportation (NCDOT), 
Winston-Salem's Traffic Engineering Section, and the NCDOT 
Maintenance and Equipment Branch. The capital costs consist
ed primarily of drainage, pavement, right-of-way acquisition, 
and signalization costs, and maintenance and operating costs 
included equipment, materials, labor, and administration. Proj
ect-specific detailed engineering estimates prepared for each 
alternative construction project were used for capital cost esti
mates. Maintenance and operating costs ($769.00/lane-mile) 
were average and were derived by dividing the total annual 
urban highway maintenance and operating costs of the state's 
urban system by the total lane miles for the state's urban 
system. 

When the costs are developed for a TSM alternative, which 
acts to defer the need for construction, it is necessary to 
determine or estimate the costs associated with implementing 
and continuing the TSM alternative during the peak hour. 
These costs are somewhat subjective and very sensitive to an 
area's political, social, and economic environment. 

The TSM alternatives consisted of various combinations of 
the TSM actions identified earlier: increasing the vehicle occu
pancy rate, the effects of staggered work hours, and the transit 
mode split and improving operational characteristics through 
traffic engineering. For each of these options, the estimated 
capital costs and maintenance and operating costs associated 
with their initial implementation and continuation were deter
mined from ongoing TSM activities both within the state and in 
Winston-Salem. 
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The capital costs for the traffic engineering options were 
determined by the Winston-Salem traffic engineering staff. Any 
roadway improvements (e.g., intersections, paving, widening) 
were based on the same criteria as was the construction alterna
tive, and any signalization or signing was based on purchase 
price and installment costs. 

Before the capital costs associated with the non-traffic-engi
neering TSM options are estimated, it is necessary to determine 
the number of additional peak-hour person-trips that each of 
these options is to accommodate or divert by the design year. 
As discussed earlier, these person-trips are determined during 
Phase 4 of the analysis, when the preliminary TSM alternatives 
are developed. These alternatives are designed to accommodate 
a portion of the estimated design-year peak-hour person-trip 
demand as required to enable the facility to operate at level-of
service D. 

For the vehicle-occupancy-rate and staggered-work-hour 
TSM improvements, a cost of $20 a person to divert an individ
ual from a single-occupancy vehicle (SOV) to a high-occu
pancy vehicle (HOV) was used to estimate the capital costs. 
This figure was derived by evaluating the annual average costs 
and participation of the state's various ridesharing programs 
(i.e., cost per person = state's total annual ridesharing costs 
divided by estimated total ridesharing participation). Although 
this cost is subjective and sensitive to an area's environment, it 
was believed to be representative of Winston-Salem's rideshar
ing program. However, this cost was believed to be higher than 
the actual costs of diverting individual travel from the peak 
hour, but it was used in order to preclude the probability of 
underestimating the cost of the staggered-work-hour option. 
Also, the estimate. is believed to be ambitious in light of 
existing transportation policy, which is based on support for 
construction alternatives. 

In order to estimate the capital costs associated with im
provements in the vehicle occupancy rate (VORC;) and in 
staggered work hours (SWHC;), it is necessary to determine the 
cumulative effect associated with the number of person-trips to 
be accommodated by these improvements. The cost of $20 a 
person is considered to be a continuing cost and each trip 
accommodated by these options requires this expenditure to be 
maintained from the date that an individual begins participating 
through the design year. Therefore, the annual costs associated 
with the person-trips of these options, which are prorated from 
the inception of the capacity problem through the design year, 
have to be incurred each year during this period. 

The methodology used to estimate the capital costs associ
ated with the TSM transit mode-split option (TSMCTSMi) was 
based on the purchase price of a bus ($135,000) with an 
expected life of 15 years; the capacity of each route, deter
mined by the number of buses operating, frequency of opera
tion, number of seats per bus (40), and number of standees 
allowed per bus during the peak hour (15); the existing rider
ship for each route during the peak hour; and the number of 
additional person-trips that each route was designated to ac
commodate during the planning period by the TSM analysis. 

For the planning period, the TSM transit mode split option 
was designated to accommodate 1,307 additional person-trips 
during the peak hour, requiring an additional 10 buses to be 
added to the area's existing peak-hour fleet of 40 buses. 

In order to associate a capital cost with each of the TSM 
transit mode split options, a transit mode split person-trip ratio 
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was determined for each option. This ratio was derived by 
dividing the number of additional person-trips to be accommo
dated by each transit mode split option (PTfSMTSMth.) by the 
total number of additional person-trips to be accommodated by 
transit for the entire urban area (TP1TMSrSM»· The result was 
multiplied by the total transit capital costs (Sl.35 million). 

The transit and traffic engineering options were the only 
ones considered to have costs that could be adequately termed 
maintenance and operating costs as compared with the con
struction alternative. However, the cost of $20 a person associ
ated with the ridesharing and staggered-work-hour program 
was judged adequate to cover administrative and operating 
costs. 

The maintenance and operating costs associated with the 
traffic engineering option (TETSMi) were determined by the 
Winston-Salem traffic engineering staff. These costs were neg
ligible in most cases, with only those projects requiring road
way widening and major intersection improvements being con
sidered to have increased maintenance and operating costs. 
Also, the maintenance and operating costs of the null alterna
tive (i.e., $769/lane-mile) are included as part of these costs. 

The methodology used to estimate the transit maintenance 
and operating costs was based on the number of additional 
buses to be added during the planning period (10), the number 
of years that the additional buses would be operational during 
the planning period (44), and the estimated annual peak-hour 
maintenance and operating cost associated with each bus 
($11,571). In order to associate a maintenance and operating 
cost with each of the TSM transit mode split options, the transit 
mode split person-trip ratio (PITMSTSMdi/TPITMSTSM)• as 
used to estimate the capital costs, was multiplied by the total 
operation subsidy ($509,124). 

CAPITAL-COST PROGRAMS 

The development of the capital-cost program for the system
wide TSM analysis was not based on Winston-Salem's avail
able transportation revenues. Instead, the program was based 
on the funding needed to finance the TSM needs package in its 
entirety, as well as an alternative construction needs package. 
This approach was taken in order to properly document the 
potential cost saving associated with the implementation of the 
systemwide TSM program, as well as to document the required 
expenditures needed to finance an ongoing long-range TSM 
program responsive to the area's multimodal transportation 
needs. 

The annual financial requirements (i.e., capital-cost portion, 
as discussed earlier) were determined by associating a cost with 
each element of the TSM alternatives and a cost with each of 
the comparative construction alternatives. These costs were 
then totaled to develop the TSM and construction capital-cost 
programs shown in Table 5 (discussed later). 

As stated earlier, the capital costs for the ridesharing and 
staggered-work-hour options include both administrative and 
operational costs, whereas the capital costs for the other TSM 
options and construction alternatives do not. However, because 
of the variable nature of these costs, no effort was taken to 
separate them, and no appreciable error in capital-cost esti
mates is believed to be associated with these additional costs. 
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Table 4 gives the annual capital costs and the total capital 
costs associated with each of the TSM improvements for the 
project discussed earlier (District 6, Segment 7: Country Club 
Road between Silas Creek and Lindburgh), as well as the 
annual capital costs and total capital costs associated with the 
entire TSM improvement. 

Based on the design level-of-service D vie ratio of 0.85, this 
project's v/c ratio of 0.88 (ADT/EVC = 14,000/16,000) sug
gests that this facility has an existing capacity problem. More
over, by the design year 2000 it is estimated that it will have an 
ADT of 19,180 (EADT di), which produces a v/c ratio of 1.20. 

In order for capacity problems that occur most often during 
the peak hour to be evaluated by TSM, the existing vehicle 
capacity or ADT based on level-of-service D (EADTo; = 
16,000), the base-year ADT (EADTb; = 14,000), and the de
sign-year ADT (EADT di = 19,180) were converted to peak
hour volumes as follows: 

PHEADTv; = 816 

PHEADTb; = 840 

PHEADTdi = 1,151 

These volumes indicate that the facility's existing peak-hour 
capacity at level-of-service D (PHEADTo; = 816) at present 
cannot adequately accommodate 24 vehicles (24 = 840 - 816), 
and will not be able to adequately accommodate 335 vehicles 
(335 = 1,151 - 816) by the design year. 

On the basis of this capacity deficiency, it was estimated that 
an additional lane in each direction costing $1 million would be 
required if this deficiency were to be accommodated by a 
construction alternative. 

Alternatively, it was estimated the capacity deficiency could 
be mitigated by TSM for a capital cost of $125,099, which 
consisted of the following peak-hour improvements: 

• Increase the existing VOR of 1.28 to 1.38 by the design 
year through a ridesharing program (VORTSMdi-= 1.38), which 
would enable the facility to accommodate an additional 98 
person-trips at a cost of $17,820; 

• Divert 4 percent of the person-trip demand by design year 
through a staggered-work-hour program (SWHTSMi = 0.04), 
which would enable the facility to divert 60 person-trips from 
the peak hour at a cost of $10,680; 

• Increase the transit mode split of 1 percent to 6 percent by 
design year (TMSTSMdi = 0.06), which would enable the facility 
to accommodate 79 additional person-trips at a cost of $81,599; 
and 

• Increase existing capacity by 19.82 percent, which was 
scheduled during the base year (TETSMdi = 0.1982) and would 
enable the facility to accommodate an additional 161 vehicles 
at a cost of $15,000. -

The non-traffic-engineering improvements were designed to 
reduce or divert a portion of the peak-hour vehicle demand, 
whereas the traffic-engineering improvement was designed to 
increase the peak-hour level-of-service D roadway capacity. 

A composite of these annual improvements and costs, as 
shown in Table 4, is the method used to develop the TSM 
capital-cost program. For the ridesharing and staggered-work
hour improvements, the scheduling of annual costs is based on 
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TABLE4 TSM ANNUAL CAPITAL COSTS AND ASSOCIATED PERSON OR 
VEHICLE TRIPS TO BE ACCOMMODATED: WINSTON-SALEM 
·-----------------------------------------------------------------------

Staggered Traffic 
Ridesharing Work Hours Transit Engineering Total 

Year --------------- -------------- ------------ -------------- Costs 
NAPT/Y Costs NAPT/Y Costs NAPT/Y Costs NAVT/Y Costs 
--------------- -------------- ------------ -------------

1983 5 $ 100 3 $ 60 4 $ 0 15 $15' 000 $ 15,600 

1984 5 200 3 120 4 0 0 320 

1985 5 300 180 4 0 0 480 

1986 5 400 240 4 0 0 640 

1987 5 500 300 4 0 0 800 

1988 5 600 3 360 4 8,159 0 9, 119 

1989 5 ?DD 3 420 4 Q 0 1,120 

1990 5 800 3 480 4 0 0 1,280 

1991 5 900 3 540 4 0 0 1,440 

1992 5 1,000 3 600 4 0 0 1,600 

1993 6 1,120 660 4 0 0 1,780 

1994 6 1,240 720 5 16,320 0 18,280 

1995 6 1,360 4 800 5 0 0 2,160 

1996 6 1,480 4 880 5 8,160 0 10,500 

1997 6 1,600 4 960 5 0 0 2,560 

1998 6 1,720 4 1,040 5 8,160 0 10,920 

1999 6 1,840 4 1,120 5 32,640 0 35,600 

2000 6 1,960 4 1,200 5 8,160 161 0 11, 320 ... __ ____________ _._ ____________ 
------------ --------------

Totals 98 $17,820 60 $10' 680 79 $81,599 161 $15,000 $125,099 
===-======---- ----------------------- ----=::====::=-===== 

NAPT/Y = Number of Additional Person-Trips per year required to be 
accommodated during the peak hour. 

NAVT/Y = Number of Additional Vehicle-Trips per year required to be 
accommodated during the peak hour. 

an armually prorated portion of the costs associated with their 
design-year improvements, beginning with the year that the 
facility is expected to exceed capacity through the design year. 
Although the transit improvement is prorated in the same 
manner as the foregoing two options, the scheduling of capital 
cost is treated somewhat differently as a result of the manner in 
which expenditures are required to purchase the additional 
transit stock. For example, the cost to purchase the 10 buses 
required to meet design-year transit demand during the plan
ning period (one during 1988, two during 1994, one during 
1996, one during 1998, four during 1999, and one during 2000) 
is shown in Table 4 for these years, which is when additional 
transit capacity is needed. During those years, the costs of each 
transit improvement include a weighted portion of the capital 
expenditure required to purchase additional transit stock. 

Unlike the foregoing TSM options, the traffic engineering 
costs are scheduled for the year in which the capacity problem 
has been estimated to occur, as are the construction costs. 

Figure 1 presents a comparison of the capital costs required 
to fund the 15-year capital improvement programs for both the 
construction and TSM scenarios detailed in Table 5. These 
scenarios are based on 1983 base data. As shown in Figure l, 
because the needs associated with the 1983 and 1984 costs 
have not yet been met, these costs have been carried forward to 
1985. 

Not surprisingly, the construction scenario would require a 
capital layout many times larger than the TSM scenario, with 
1985 requiring the largest initial capital expenditure for both 
scenarios. The capital layout of $2.90 million for TSM during 
1985 comprises 48.01 percent of total TSM program costs 
($6.04 million), whereas the capital layout of $16.60 million 
for construction during 1985 comprises 50.61 percent of total 
construction program costs ($32.08 million). These initial costs 
associated with both scenarios represent a substantial portion of 
the program needs that have not yet been met, indicating that 
Winston-Salem's transportation funding requirements have not 
kept pace with its transportation demands. 

The potential capital-cost savings associated with the imple
mentation of the systemwide TSM program are overwhelming 
when compared with those for the construction program. A 
comparison of the TSM and construction cumulative capital 
costs associated with the 15-year capital improvement program 
(1985 to 2000) costs as shown in Figure 1 reveals the 
following: 

1. TSM cumulative capital costs for 1985 ($2.90 million) 
comprise 19.52 percent of comparable construction capital 
costs ($16.60 million); that is, the construction program is 4.72 
times more costly than the TSM program, thus indicating a 
potential cumulative capital-cost savings of $13.70 million 
associated with the TSM program. 
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TABLE S COMPARISON OF ANNUAL CAPITAL COSTS BETWEEN TSM AND 
CONSTRUCTION ALTERNATIVES: WINSTON-SALEM 

I Transportation System Management (TSM) I 
Year ' ----------------------------------------------------------- : Construct i I I I I ~ 

' I I I I I 
' Rideshare : stg. Wr. Hr l Transit I Traf. Eng. ' Total I 

------l .----------- :- ---------- 1 --~--------:----------- l ----------- 1 ----------
1983 $ 1680 $ 400 $ 0 s 2754800 $ 2756880 14493200 

1984 3940 960 0 117000 121900 1700000 

1985 6440 1560 0 10600 18600 405000 

1986 9100 2200 0 77400 88700 1165000 

1987 12040 2920 0 309600 324560 1942100 

1988 15760 3760 135000 75000 229520 1330000 

1989 19600 4660 0 205000 229260 1042200 

1990 ' 24720 5840 0 215300 245860 4293000 

1991 29940 7020 0 0 36960 0 

1992 35420 8260 0 21800 65480 1400000 

1993 41720 9600 0 0 51320 1539000 

1994 48140 11020 270000 20300 349460 2100000 

1995 54800 12520 0 13200 80520 80000 

1996 61640 14140 13 5000 0 210780 534600 

1997 68520 15820 0 0 84340 0 

1998 75640 17740 135000 31000 259380 55000 

1999 82800 19740 540000 0 642540 0 

2000 90080 21780 135000 0 246860 0 
t======l===========:===========i===========:===========J===========:==========: 
Totals: 

$ 681980 $ 159940 $ 1350000 $ 3851000 $ 6042920 $ 32079100 

2. TSM cumulative capital costs for 1990 ($4.02 million) 
comprise 15.24 percent of the comparable construction capital 
costs ($26.37 million); that is, the construction program is 5.60 
times more costly than the TSM program, thus indicating a 
potential cumulative capital-cost savings of $22.35 million 
associated with the TSM program. 

3. TSM cumulative capital costs for 1995 ($4.60 million) 
comprise 14.60 percent of the comparable construction capital 
costs ($31.50 million); that is, the construction program is 5.85 
times more costly than the TSM program, thus indicating a 
potential cumulative capital-cost savings of $26.90 million 
associated with the TSM program. 

4. TSM cumulative capital costs for 2000 ($6.04 million) 
comprise 18.87 percent of the comparable construction capital 
costs ($32.08 million); that is, the construction program is 4.31 
times more costly than the TSM program, thus indicating a 
potential cumulative capital-cost savings of $26.04 million 
associated with the TSM program. 

As shown by both Table 5 and Figure 1, the successful 
implementation of the systemwide TSM program (recognizing 
the need for innovative TSM policy changes and separate TSM 
funding sources) would have the ability to generate substantial 
cost savings and at the same time provide an acceptable level of 
service comparable to the construction program. The potential 
cumulative cost savings ($26.04 million) associated with the 
15-year TSM capital program suggest that every dollar invest
ed in TSM would have the ability to defer or replace $5.31 in 

construction costs or generate $4.31 in savings. The potential to 
increase the purchasing power of scarce tax dollars would be 
great. However, in the real world, it is obvious that neither of 
these programs would be implemented in its entirety. 

The primary advantage of such an analysis is that it identifies 
the potential cost savings that could be realized from TSM. 
Also, it establishes a comprehensive approach designed to 
estimate TSM program needs based on future transportation 
demand, comparable to the highway construction program. 
This process also enables TSM professionals to document the 
economic advantages of modal trade-offs in their efforts to 
justify specific budget requirements. 

For example, consider the recurring political implications 
associated with the highway construction program when it 
needs additional tax dollars. Without supporting documentation 
based on a comprehensive long-range planning approach de
signed to forecast transportation needs, the justification for 
public tax dollars would become even more burdensome. Not 
only does this urban highway planning approach help to justify 
revenue needs, it also aids in the documentation of needed 
policy changes required to generate such revenues. Similarly, 
the TSM capital-cost program provides an analogous approach 
in documenting revenue needs and the necessary lead time 
required to implement the difficult policy changes needed to 
generate public acceptance of innovative TSM measures. In 
other words, if TSM is to be more successful in improving 
urban transportation systems, its planning process has to be at 
least as comprehensive as, and an integral part of, the urban 
highway planning and construction program. 
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FIGURE 1 Comparison of TSM and construction cumulative capital-cost program. 

PROSPECTIVE TSM MANAGEMENT PROGRAM 

Although the demands on the urban transportation system con
tinue to grow, elected officials and professionals continue to be 
pressured to plan for an even larger urban highway infrastruc
ture with only limited concern for any financial constraints. 
The compounding effect of inflation, coupled with project 
overplanning that exceeds available funding many times over, 
accelerates urban demand for funds at an unmanageable rate. 

Perhaps an analogy can be drawn to the business community, 
where one key to any successful business is the development 
and implementation of an effective management plan. Such a 
plan is designed to maximize profits by ensuring that invest
ments are made in an effort to produce the greatest rate of 
return. When the TSM input costs (TSM capital-costs program 
= $6,042,920) are compared with the construction input costs 
(construction capital-costs program = $32,079,100), both of 
which could produce the same output (operation of the facility 

at level-of-service D), it is evident that TSM maximizes the 
benefits of its available revenue potential. Of course, few busi
nesses have a board of directors as large and diverse in opinion 
as the general motoring public. 

Another attribute of the business approach is the provision of 
a marketable product in response to consumer demand. In U.S. 
government context, that product, of course, typically would be 
additional urban highway access and expansion, with TSM 
relegated to a much less frequently demanded commodity. 

Although the concept of TSM is well understood, it con
tinues to 'be treated as a short-term demand-responsive mea
sure. Unlike the planning and development of the urban high
way system, TSM has not grown or developed as an integral 
part of the transportation system. As a result, many profes
sionals, guided largely by public pressure, remain reluctant to 
consider TSM as a workable alternative to construction. 

It is judged that this systemwide TSM planning methodology 
can help provide officials and professionals with a necessary 
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tool to better consider TSM options, resulting effects, and 
necessary steps to bring about the results. 

The effective management of urban transportation systems 
requires that TSM planning encompass both short- and long
term horizons, as does the development of the urban highway 
system. The TSM requirements (i.e., designated actions to 
accommodate a targeted portion of the transportation demand) 
ideally should be conceived well in advance of their need (i.e., 
before a system begins to operate at an undesired level of 
service) in order to be given the opportunity to grow and 
develop as an integral part of the urban transportation system. 

If TSM were to be planned in this manner, it is the author's 
perception that policy initiatives designed to support TSM 
could be considered and developed in advance of a corridor's 
congestion problem and before commuting habits were well 
established. Before the year of the estimated congestion prob
lem, a portion of the number of person-trips estimated to be 
accommodated or diverted from the peak hour to maintain 
level-of-service D could be targeted by the various TSM pro
grams. This gradual process of implementation over time 
would likely produce the necessary modal changes. 

As is the case with any new product perceived to be of lesser 
quality and designed to capture a portion of an existing prod
uct's market that has been proven and accepted by the con
sumer, precise timing and adequate exposure are required to 
gradually introduce the attributes of the new product to an 
otherwise reluctant consumer if the desired market share is to 
be obtained. In the same context, TSM should be introduced at 
an appropriate time before a corridor develops a congestion 
problem in order to provide the necessary lead time to capture a 
designated portion of the traffic demand. 

Of course, current transportation policy, or lack thereof, 
generally supports the use of the SOV for the daily work trip 
until the highway system becomes congested. Then the public 
may be requested to consider alternative transportation modes, 
which consist of both voluntary and mandatory measures. 
These measures are sometimes designed to persuade the public 
to instantly shift to a higher-occupancy vehicle, which restricts 
the freedom of movement they enjoy by using their own vehi
cle. Consequently, the introduction of TSM measures at this 
time (i.e., when a corridor exceeds its desired vehicle capacity) 
is often viewed as undesirable and the public's resentment of 
sporadic changes often precludes the ability of TSM to extend 
the economic life of a corridor. 

In the majority of urban areas, major congestion problems 
currently exist and the introduction of TSM measures on such 
corridors is not provided the luxury of being gradual. There
fore, the effective implementation of TSM requires a strong 
commitment from both an urban area's political leaders and 
those responsible for the management of sizable employment 
centers (say, those with 50+ employees) in order to mitigate the 
congestion to an acceptable level of service. With the com
prehensive systemwide TSM planning approach, which esti
mates the number of person-trips required to be accommodated 
or diverted during the peak hour from the inception of the 
capacity problem through the design year, as done in the 
Winston-Salem study, it is possible to determine the percent of 
congestion generated by each employment center. The number 
of person-trips to be accommodated can be equally distributed 
among the area's employment centers on the basis of the 
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percent of each center's employment of the total area's 
employment. 

Collectively, this concept acts to place an equal burden and 
responsibility on each employment center, which is a much 
more systematic approach than merely contacting only those 
few with, say, 200+ employees. In tum, the employers have 
well-established annual goals (i.e., based on the number of 
persons), which can be used to measure their effectiveness, 
instead of vague, nondescriptive goals that are not directly 
associated with transportation demand. Moreover, if a few 
major employers are not singled out as those contributing to the 
congestion, a unified approach will most likely generate a 
greater level of participation among them. In addition, this 
amount of congestion associated with each employment center 
could be converted into a "congestion tax" to develop corpo
rate tax incentives designed to bring about greater 
participation. 

It is essential to inform employers of the urban congestion 
problem and to make it apparent that their business-related 
activities are the source of the problem during the peak hours. 
The business community bases their decisions on facts and not 
good will, so it is important that they see the supporting 
documentation showing where they fit into the overall picture. 
To appeal to them, a more factual approach detailing the 
congestion problem and benefits of TSM is needed, that is, 

1. The magnitude of the existing and future urban conges
tion problems, 

2. The source of the existing and future urban congestion 
problems as they relate to each employment center, 

3. The economic impact these problems may potentially 
have on business activities (i.e., deterioration of the economic 
base caused by businesses relocating or new business locating 
in fringe areas, which could result in loss of employees or 
shoppers), and 

4. The economic advantages of extending the life of existing 
highway facilities through effective transportation management 
techniques (i.e., tax-dollar savings). 

This approach, coupled with the traditional approach, which 
relies heavily on TSM marketing techniques designed to in
form the employer and employee of personal benefits of TSM, 
should produce far greater results than either approach alone. 

Also, the transportation professionals responsible for these 
various programs need to better coordinate their planning func
tion in an effort to develop a qualitative and comprehensive 
plan that parallels the urban highway planning process. Appro
priately, this plan should provide the factual data necessary to 
justify program goals and budget requirements. Moreover, the 
alternatives of this plan should complement the construction 
alternatives. 

To best achieve this objective, the scheduling and timing of 
program needs should be designed to extend the economic life 
of the existing system before it is enlarged. This does not imply 
that new roadways needed to induce economic growth should 
not be built. Instead, the scheduling and timing of TSM alterna
tives should be based on their potential and directed toward 
managing the existing system in an effort to minimize capital 
expenditures. As with the case with most urban areas, the 
existing congestion problems preclude this process and, as 
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stated earlier, a strong commitment from the political and 
business community is required. 

This commitment is essential to obtain the required policy 
changes and without quantitative documentation supporting 
TSM benefits, it is highly unlikely that such support will be 
pledged. Such an initiative has to be undertaken by an area's 
transportation professionals and adopted as part of the urban 
planning process. Policy initiatives detailing the implementa
tion of this planning process have to be supported by top 
elected and appointed officials (mayors, council members, 
planning board members, etc.). In turn, these officials have to 
effectively communicate to the public and business leaders the 
source of the congestion problems and the advantages of man
aging the urban transportation system. 

As a result of the potential economic benefits to be derived 
from the deferment or replacement of construction alternatives, 
TSM planning demands a well-conceived comprehensive ap
proach coupled with an effective implementation mechanism 
designed to exhaust its potential. 

SUMMARY AND CONCLUSIONS 

The traditional reality that TSM has a minimal effect at best 
suggests that it generally is a less desired product or is not 
properly structured to penetrate the market. Regardless of 
which may be the case, financial implications of TSM make it 
necessary to revise the existing structure in an effort to better 
identify its market share as well as the strategies necessary for 
it to effectively penetrate the market. 

The systemwide TSM program described here is offered as a 
tool and a step toward this end. It can provide the data neces
sary to determine an employment center's contribution to the 
capacity problem and thus its corresponding responsibility to 
help mitigate this problem. It can detail the effect that higher 
vehicle occupancy rates, increased transit frequencies, and traf
fic engineering improvements would have on an urban corridor. 
In short, it can provide the technical base from which public 
implementation policies could be developed in order to better 
incorporate TSM into solutions to the urban transportation 
dilemma. 
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The urbanized area of Winston-Salem is considered to have 
one of the state's more progressive and successful TSM pro
grams. Over the years, its ridesharing and transit efforts have 
received national attention as a result of their effective imple
mentation and management. With the area's strong TSM com
mitment and successful TSM track record, it is believed that 
the systemwide TSM planning approach will further enhance 
the area's ability to continue effective transportation manage
ment techniques. 

The systemwide TSM analysis has been well received by the 
engineering, planning, and transit staff of the Winston-Salem 
urbanized area and is planned to be updated in the fall of 1988. 
To date, a portion of the traffic engineering capital costs (from 
1985 to 1992) has be.en subwitte.d as pa.rt of the area's Capital 
Improvements Program. Portions of the remaining TSM capital 
costs are planned to be included as part of an urban needs 
package that will be submitted to the public as justification for 
a bond referendum. Also, the project designated District 5, 
Segment 6, of this analysis together with other TSM improve
ments have been submitted as a TSM demonstration project to 
the Board of Transportation for funding. 
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