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Abstract

This paper presents results of a study utilizing computer simulation of vekicular traffic in the
downtown area of Garland, Texas. A general discrete digitai:simulation model, the Vehicle Traffic
Simulator (VETRAS), developed by IBM Corporation, was sed for the simulation. Using data
supplied by the City of Garland, traffic patterns for three peak periods of daily operation—A.M.,
Noon, P.M.—were simulated. Two simulations were run for each period. Ir the first, intersections
were controlled with signai settings currently in use in Garland. In the s.cond, intersections were
controlled by signal settings derived via a pattern optimization aigorithm. A minimum interference
technique was used to compute coordinated signal settings and offsets to maximize arterial and
network performance.

The results show that arterial and network performance improves in each of the peak periods using
the computed signal settings. Further, there is a direct relationship between volume and relative

improvement. Estiraated cost benefits for these improvements are also presented.

THE PROBLEM

The city of Garland, Texas is considering the implementaticn
of a rea! time computer system for control of its vehicular
traffic. Traffic signal patterns corresponding to peak periods,
weekends, special events, etc., would be generated, using a
traffic responsive cptimizatior technique. The system would
select and apply the appropriate pattern for a given situation
in response to actual traffic demand. Data gathcred by the
system from online traffic detectors would be used to update
the pattemns. In addition, the system would monitor and
report traffic network performance.
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A means was sought to quantify the expected improvements
from such a system since actual installation of the necessary
hardware and software, even for a limited trial area, would be
expensive. It was decided to use digital simulation for
evaluation of the improvements possible from the proposed
system. The simulation would provide the data necessary for
a comparison of the performance of Garland’s currert traffic
signal settings with settings representative of optimized
patiemns that would be used for computer control during AM,
NOON, and PM peak periods.



THE MODEL

The simulations were perfornted using IBM’s Vehicle Traffic
Simulator (VETRAS), a general parpose discrete simulation
model. VETRAS is written in IBM's General Purpose System
Simulrtor language, GPSS/360, chosen for its ease of
programming and timekeeping and statistics gathering
featuzes.

VETRAS simulates vzhicie traffic moving throcugh a network
of streets and intersections. It is designed to be an aid in
analysis of traffic control techniques. Some of the statistics
gathered by the model are:

a. Average time cars spent in queues

b. | Trip times

¢. Percentage of cars that did not have tc stop for
traffic lights

d. Lane utilization.

The user can specify network, vehicle, and control
parameters. The main elemenis of the VETRAS structure
are:

a. Geometry
b. Signal control
“¢.  Vehicles.
GEOMETRY

The network geometry consists of lanes and intersections
into which the lanes empty. Lanes are grouped into segments
composed of adjacent lanes carrying traffic in one direction
between i(wo intersections. Intersections are the regions
common to two or more intersecting lanes where there is

usually some competition for the right of way. The

intersection of any two lanes determines a cell. Thus, each
intersection is divided into a number of cells equal to the
product of the number of intersecting Ianes. Routes through
the intersection for each approach lane are given as sequences
of cells.

All lanes, segments intersections, and cells used to describe a

network mus: be uniguely numbered. Figure 1 shows a

sample network and Figure 2 shows a sample intersection.

CONTROL

The movement of vehicles into an intersection is controlled
by signal light phases, with one or more phases controlling
traffic streams that have simultaneous right of way. VETRAS
permits two types of phase control for an intersection--fixed
and acutatcd, A fixed phase is defined by a cycle length, spiit
and offset:
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a. Cycle length is the total time fora smgle sequence ‘
of red and green,
b.  Split is the percentage of the cycle ngen to green
time.
C

" Offset is a percentage of the cycle used for initial
synchronization of related phases. - -

Intersection 1 in Figure 1 is a simple two-phase intersection.
Phase one controls the East/West lanes, whlle phase two
conirols the North/South lanes. ‘

For intersections under actuated control, one or two
sequences of phiases (calied step cequences) are used. A phase
regulator is generated for each sequence. It steps through
each phase in turn, setting it green and the others red: The
amount of time a given phase remains green may vary, -
depending on traffic demand. :
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Actuated phases are of three types:

a.  Main fixed time ofY

b, Main demand off

¢.  True actuated. .
Main type phases will always turn green when encouniared in
a step sequence. Fixed time off phases will remain green for a
constant time, then tum red. Demand off phases will be
green for some minimum time and then remain green until a
demand is presenied at an intersection access controlled by
another phase.

A true actuated phase wiil tum green when encountered in
the step sequence only if a vehicle demand is sensed, and it
will stay green some minimum time. If additional demand is
detected within some given deiect interval at the end of the
minimum greea tine, the phase wiil remain green for some
given additional time. This process is repeated up te some
nmaximum allowable green time,

VEHICLES

Vehicles are input to the network on peripheral lanes. In
Figure 1, Lanes i, 2. 8, 9, 14, 15, etc. represent possible
input lanes. Special internal sources and sinks of traffic, such
as parking lots, can also be introduced by specifying them as
additional input and output locations. For each specified
input lane a mean time betwzen arrivals, ty, and a standard
deviation, u,, must be supplied. Vehicles are generated at the
lane entry points every ty + koy, vhere K is a random variable
such thai -.999< k < + .999. Wheu a vehir " is generated, a
number of operating characteristics are assigned by the
model. These include length, speed, intervehicle gap, and
route through the intersection ahead. Routes are assigned on
a percentage basis whers the percentages of right and leit
turns are input for each segment.

Each vehicle moves down the lane until it reaches either an
intersection or a queue of other vehicles. Vehicles in a queue
move up toward an intersection until they are first in the
queue, whereupon the vehicle will move inte, the intersection
only if the appropriate phase is green. Figure 3 is ar overview
of VETRAS.

SIMULATED NETWORK

Tne city of Garand supplied data describing network
geometry, traffic flow and traffic signal settings for
twenty-four intersections in the central business district
during three peak periods of traffic flow - AM, NOON, PM.

Bandwidth optimization techniques described in a later
section were applied to the flow data provided by Garland to
develop synchronous signal settings for cach of the three
peak periods. The signal settings supplied by Gzrland will te
called the current signal settings, and the bandwidth
optimization-derivag settings the computed signa: settings.
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The latter are of the type used for computer control and are
designed (o maximize the flow of a traffic network in
response to traffic demands.

Two simulations for each of the peak periods were
conducted. Current signal settings were used to controf
traffic in the first simulation while computed signal settings
were used in the second. The traffic flow rates input to cach
pair of peak periods simulations were identical and were
derived fiom the data supplied by the city of Garland.

The portion of Garland, Texas included in this simulation has
the fohiowing invtusive boundaries:

a.  East-First Strect

b. West--Garland North Star
¢. North- Walnut Streec

d. South-Avenue D.

The major artenies in the network included tite border streets
mentioned above, as well as the following:

a. Norsth-South—Glenbrook Drive and Fifth Street
b. East-West—Svate Street and West Garland #venue,
outet SIWRATOR ey
. now: Lene No
i kgl SURIISIS o Heen Tom Betosren
Artreoh
O;M:!VM
Loasindited ® Lorgeh Drtedut
ot i. Ve Ot amtion
® Gep o Tuwn Pmoontopm
® Lane Un ® Ag s
L ] WI
@ Tumpn Lone
\N
® (i va Dota
T [T e o e G
® Purcentage ot S
© Tww n Oaww
ow tnte at ©® how N
weron Dot — o @ Cate Longh
. :u:.-- Aol s ‘?—M ® Sekt Percantop
8 %6 Vo Theough — ¢ Ottwt Pecontep
\ & Sore homuoncos
NG
\ Wove ! oug
v 1 on
Tatinn Goom __J—-

Figure 3. VETRAS Ovetview



The network is shown in Figure 4. There are 24 signalized
intersections currently controlled either by fixed cvcle
phases, traffic actuated phases, or flashing signals. A single
contro] policy is in force for the entire day, and no arterial
progresston scheme is cnrrently in use.

For intersections curcently under actuated control, phase
time given to an arterial approacit may be distributed among
straight and turn phases. The turn phases are actuated and
will not be given green if there is no demand. For straight
phases, the A flow is a main demand o1f type phase, and the
B flow is a main fixed time off phase. These A and B phase
typ - assignraenis also hold for intersections under two-phase
actuvated control.

In the simulations using computed signal sets, all main type
phases are fixed time off. Any green time not used from the
maximum allocated green time of an assuciated actuated tum
phase is given to the main phase during any cycle. In this
fashion, total green time allocaled to a giver direction will be
used according {o the demand. However, the green time will
always terminate after some (ixed time intecsal o preserve
the computed offset relationships among phases on an arterv.

In addition to the signalized intersections, “‘dummy”
intersections have been included in the network., Dummy
infev actions have no signal coniro! and serve several purposes
in the stmulation:

a.  Realistic modeling of lefi turn space
b. Model non-sipraized intersections

Provide for traffic gains and losses along an artery
due to non-modeled intersections.

[

DERIVATION OF COMPUTED SIGNAL SETTINGS

The current mcthod usea for signa! contrel in Garland is
based upon one set of fixed time and vehicle-actuated contiol
settings. This inethod of signal control is not responsive to
changing network states. Furthermore, there are no
synchronized traffic signals along heavily traveled arteries. As
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Figure 4. Portion of Map of Garland Showing Network Simulated
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a consequence, when this control discipline was imposed on
the simuiation of the Garland traific network, large queues
were seen (o form at intersections along heavily traveled
arteries during peak traffic penioas.

To demonstrate possible improvements, a traffic pattern
optimization algorithm was used to develop new control
strategies. This algorithm is based on the concept of adaptive
computer control of traffic signa! settings. it providss for
optimization of traffic fiows withi% 2 network based on
maximized bandwidth.

Figure 5 shows a time-space diagram i1or traffic movement
along an artery. The horizontal line segments indicate the red
times at euach intersection and the gaps beiween them
correspond to green times for each signal cycle. The sioping
bands represert the bandwidth up and down the artery for a
given velocity. A vehicie whose travel trajectory is confined
to one of these bands can travel unimpeded the length of the
artery in the direction of the band.

The procedure used for bandwidth optimization along an
artery can be briefly described as follows: given a base cy:le
and green times for each intersection, the algorithm
determines a maximum bandwidth for a given range of
velocities and computes the offsets necessary to coordinate
the signals.

I this study, the maximum through-band for each artery was
computed by the above procedure for a fixed cycle lengih of
fifty seconds. This was representative of currently used cycle
lengths, and analysis of traffic flow data supported its use.
The allocation of green splits for all phases of each
intersection was computed proportional to direztional traffic
flows.

The computations for each artery were performed over a
velocity range of 30- 50 mph. The intersections that were
inciuded for each artery were seivcted based on a criteria of
major flow coatributions in both a North-South or East-West
direction. Those interseciions which did not provide linkage
between myjor crossing arteiies were not used in the
bandwidth calcBlation. Consequently, these intersections
Intame

1

D’—

t'l, -

0y

.'W«T

Figure 5. Space-Time Diagram Showing Bandwidth for Artenal
Progression in Twu Directions



were included as flashers in the traffic simulation for both
current and computed signal settings.

Once the maximum bandwidths were computed for each
ariy, a performance index was calculaied to determine the
best combination of a North-South or Fast-West artery and
all opposing arteries for optimization of network tlows.

The arteries chosen for optimization for each of the peak

flow periods were as follows:
a. AM-Walnut Street and all No. th-South
b. Noon-—-Garland/North Star and all East-West
c. PM-Garlend/North Star and all East-West.

Once the arteries for optimization were selected, the offsets
computed via the bandwidth calculation were synchronized
on a network basis by selecting a reference intersection and
adjusting cach offs2t relative 1o that inters2ction.

OPERATIONA: CONSIDERATIONS

Data supplied by Garland and computed signal settings were
translated to punched cards in a form acceptable to VETRAS
and put in a daia base on a direct access storage device.
VETEAS itself, and 2 GPSS Output Edit report generator
were also resident on direct access data sets. The simulation
output wa, written to a direct access device, later archived to
tape. The report generator was used with the simulation
output as its data base to produce output reports for analysis
and inclusion in the report made to the City of Garland.

- No modifications to the VETRAS code were necessary. The
majority of presimulation effort was in preparing the Garland
data--geometry, traffic, signal control—for input to VETRAS
and building the data base. The analysis, input formatting,
and the construction and checking of the data base required
approximately | month.

A total of 10 simulation runs were conducted, The first four
simulation runs did not contain signai control. One run was
made to check the Gariand geometry as described to
VETRAS, 2nd thzee runs were made to check the AM, Noon,
and PM peak traffic pattems. Two runs of 15 minutes
simulation time were then conducted for each peak period
(one with the current signal settings and another with the
computed signaf settings).

All simulations were run on an ‘BM System/360 Model 65,
using one 2314 disk pack ‘or direct access storage.
Simulation of 15 minutes of trafic iime required an average
of & minutes central processer, or CPU time. Figure 6 gives
an overalt view of the operational process.

SIMULATION RESULTS

Flow volumes into the network and turn percentages at eacn
intersection corresponding tc each of the three peak periods,

as supplied by Garland, were input. For each peak period,
runs were made with the current signal settings and with the
computed signal scitings derived for that peak period.
Simulation runs of {$ minut:s were considered sufficient, as
data sampling showed the model stabilizing. This is
reasonable since the distributions of trip times show mean
times of 2 minutes or iess.

The histograms of Appendix A show comparisons of certain
system pertormance criteria. For each peak period,
distributions of queue waits, qucue lengths, and trip times are
graphed. The light bars give the distributions under curreni
signal sets, while the dark bars represent distributions under
computed signal sets.

Figure 7 shows an example of arterial flow performance
comparisons that were plotted for each of the three peak
periods. The results of 15 minutes of simulation under
current signal settiugs are plotted against the results of 15
minutes of simulation ur jer computed signa? settings. Four
quantities are plotted for each artery. They ave:
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a. Peicent Queus Zercs—~The percent of cars that did
not have to stop before entering an intersection.

b. Average Cueue Wait—-The average time, in seconds,
that stopped cars had to wait before entering an
intersaction.

c. Number of Entries in Queue-The number of cars
that have approached un intersection.

d. Number of Stops—The number of cars that had (o
stop before entering an intersection.

A study of similar statistics gathered for all arteries indicates
queue weits and number of stops are generally lower afong an |
ariery under the computed signal sets than under current
signal! sets. Throughput, as measured by number of entries in
the queue, is generally somewhat higher under computed
signal sets. The percent of queue zerces is aiso higher for
computed signai sets. '

As might be expected, the computed signal sets also resulted '
in better overall netwotk performance. Table ! shows a'
comparison of severai general network statistics taken after’
15 minutes of simulation. Note that two queue waiis are '
given. The average queue wait includes cars that did not stop .
before entering an intersection. The average queue wait‘
includes only cars that had to stop. ‘

A direct reiationship between traf{fic volume and relative
improvement i1 network performance can be seen in Table 1.
For the NOON, AM, and PM peaks, which have successively
heavicr flows, the improvements in each of the measured
quantities are successively greater.

Table 1. Network Performance Comparison

The improvements discussed above resuit from application of
the bandwidth optimization algorithm to compute cohecent
srterial offsels, cycle lengths, and splits as a function of
demand. Improvements over current control would also be
possible using non-opdmizing procedures to compute arterial
oftsets for current cycle lengths and splits. Altering cycle
lengths and splits as a function of tiine of day would aiso
bring improvements over crarrent performance.

The grestest improvements are, howvever, expected by using a
computer in a traffic responsive mode. The bandwidth
optimization algorithm is used to compute offsets and signal
sets based on demand, wherz the demand is automatically
sensed and reported to the monitoring computer. The
demands are uszd to update the signal patterns and to se’ect
appropriate patterns for use when needed. The
demand-monitoring, signal pattern optimization and pattern
selection functions performed by the control computer
provide a responsive and flexible control system.

Expected improvements for Garland compare favorabiy with
the results of similar analyses conducted for other cities as
shown in Table 2.

COST ANALYSIS

The cost to the motoring public during each of the peak
periods under control of the currcri and computed signai
settings can be estimated. Figures for the cost computations
are taken from the American Association of State Highway
Officials report entitled Road User Benefit Analysis for
Highway Improvement. This report determines the cost for
stopping a vehicle from various speeds, plus thie cost of a
standing delay.

AM Noon PM Improvement (%)

Item

Current [Computed [Current | Computed |Current |Computed |AM  |[Noon PM
Throughput
(Number or Cers) 1298 1354 1146  [1i80 1366 1523 43 3.0 jILS
Queue Zeros (%) 589 . 669 65.8 67.3 57.0 70.4 13.6 20 |23.0
Average Queue \
Wait (Seconds) 9.0 5.5 6.9 8 119 49 39.0 133.0 |63.6
SAverage Queue
Wait (Seconds) .9 16.6 20.2 14.7 21.7 16.6 24.0 |27.0 1400
Average Queue
Length {Number
of Cars) 2.3 1.9 1.8 l.e 2.7 218 17.0 {11.0 220
Average Trip Time
(Minutes) 2.0 1.6 1.6 1.3 2.2 1.6 20.0 185 (270
Number of Stops 2940 2433 1832 1744 3456 2473 i7.0 5.6 |28.0
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Table 2. Improvements Comparison

Item Garland San Jose | Wichita Falis
Intersections 26 32 80
Estimated

Savings/year (§) 118,830 250,000 | 4,200.000
Stop Probuability

Reduction (%) 17 17.8 8

The elements of cost used in the report are based on national
averages and are Jelineated as follows:

Gesoline = $0.32 per gallon
Qil = $0.45 per quart
Tires = 3100 per set ipitial cost
Time = $1.55 per hour.

For a speed of 30 miles per hour, which is the posted speed
in the network simuiated, the following figures are given:

0.74 ¢ = Cost of a vehicle stop

0.008¢ = Cost per second of idling

0.043¢ = Cost per second of waiting.
Using these figures, a formula for cost per stop is:

0.74¢ + stop time (0.008 + 0.043) = ¢ per stop

. Where stop time is in zsconds. The average queue wait for

stopped cars can be used for this figure.

Table 3 presenits a surmnary of estimated costs and savings
for each of the peak periods. The formulas used are:

Cost/hour

Costi/stop x Number of stops/!5 min x 4
100

= $§ Cost/hour

Saving/year

Saving/hour x 2 x 200 = $ Saving/year

In the cost per hour formula, tiie number of stops observed
in 15 minutes of simulation is exirapolated linearly to obtain
rnumber of stops per hour by muitiplying by four. In the
saving per year formula a 2-hour peak period is assumed and
a 260-day work year (365 - 2x52) is used.

For each of the peak periods, the average tim - per stop is less
under the computed signal sets than under the current signal
sets. This results in a lower cost per stop. This difference is
most noticeable in the PM peak figures, where the cost per
stop is 26 percent less under computed signal settings. In
addition, the number of stops during each of thz peak
periods is less under the computed signal sets. This, combined
with the lower cost per stop produces a lewer cost per hour.
For the PM peak period. thiere are 28 peicent fewer stops
under computed seitings. There is, however, a 48 percent
difference in the cost per hour. Table 4 summarizes the
differences in costs for each of the peak periods.

Table 3. Cost Comparison of Current and Computed Cignal Settings

AM Noon PM

item

Current | Computed [Current jComputed |Current |Computed
Stoos per 15 min 2940 2433 1832 1744 3456 2472
Average Queue
Wait {Seconds) 21.9 16.6 20.2 14.7 21.7 16.6
Cost per Stop ($) 1.86 1.49 1.77 1.49 215 1.59
Cost per Hour ($) 218 154 130 104 300 157
Saving per Hour ($) 64 26 143
Saving per Yeur (3) 32,64C 13,260 72,930
Total Saving per Year ($) 118,830
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Table 4. Relative Cost Benefits of Computed Signal Settings

NOON, AM, and PM peik periods which have successively
heavier traffic volumes. The larger volumes of traffic in the
PM period realize greater relative improvement.

linprovenients in network performance also can be transiated
into estimated costs savings to the motoring public. Using
cost figures for stops and delays and potential improvements
obtained frem the simulation study, yearly cost savings for
the three peak periods (i.e.,six hours for five days or 25
- percent of weekday operation) were estimated as follows:
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Table S. Improvement Factor for Current vs
Computed Signal Settings

Difference (%)
Item Improvement (%)
AM Noon PM Item
- Noon AM PM

Stops per 15 min 17.0 5.0 28.0

Throughput (Cars) 3.0 43 115
Cost per Stop 14.0 16.0 26.0

Queue wait 2.0 13.6 23.0

. Cost per Hour 29.0 20.0 48.C ,
- | Average queue

wait 33.0 39.0 64.0
A study of Tables 2 and 3 indicates a relationship between
cost and traffic volume. As volume, indicated by stops per 15 Average queue
minutes, increases, so does the saving per hour. The length 11.0 17.0 220
relationship between volume and improvement is supported
by Tablc 1, where relative improvement in each of the Average trip time 18.0 200 27.0
measured statistics increases with an increase in volume, or
throughput. Stops 5.0 17.0 28.0
CONCLUSIONS Period Saving per Year (3)
Simulation results of current versus computed signal control AM 36,640
for each of the peak periods demonstrates that use of
computer-generated signal settings can significantly improve Noon 13,260
the performance of Garand’s traffic network. This
performance improvement is measured in terms of PM 72,930
throughput, number of stops, wait times, trip times, and
queue statistics. Table 5 shows thc improvements for the Total 118,830

This estimate does unot take into account weekends, which
constitute 28 percent of the year, and special events which
couid present very high traffic volumes. Zven more
importantly, this estimate does not consider the growing
nature of Gurand’s traffic volume.

In addition to the direct dollar benefits, othr: community
benefits would be accrued in the environmental aseas of air
and noise pullution and in the enhanced safety, convenience.
and comfort of daily travel. |
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