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ABSTRACT

DEVELOPMENT OF A MODELING APPROACH TO ANALYZE
INTERSECTION TRAFFIC DELAY UNDER THE CONTROL OF A
REAL-TIME ADAPTIVE TRAFFIC SIGNAL SYSTEM

By

P. Brian Wolshon

The United States Department of Transportation has recently begun implementation of the
national demonstration project for suburban Advanced Traffic Management (ATMS) and
Advanced Traveler Information Systems (ATIS) in Oakland County, Michigan. As part of
this project, the City of South Lyon has recently converted the control of its signalized traffic
network from optimized fixed-time control to the Sydney Coordinated Adaptive Traffic
System (SCATS). SCATS is an automated, real time, traffic responsive signal control
strategy. Under SCATS, the timing of the signals is governed by a computer-based control
logic. The system has the ability to modify signal timings on a cycle-by-cycle basis using

traffic flow information collected at the intersection approach stop lines.

The expected benefit from such a system comes from its ability to constantly modify signal
timing patterns to most effectively accommodate changing traffic conditions. While the
potential benefits from this control structure may be significant, few research studies have
used computer simulation modeling to document the effect of implementing this method of
signal control. The objectives of this research study are to analyze and document the changes

to certain traffic flow and delay parameters which have occurred in South Lyon as a result



of implementing SCATS signal control.

The study will make use of the “before/after” analysis technique to measure certain aspects
of the traffic delay conditions in periods prior to and following the implementation of
SCATS control. The research will be structured within a framework of several component
segments including data collection, reduction, analysis, simulation model construction, and

statistical testing.



Dedicated to my wife Kelly,

my parents Paul and Susanne, and my brother Jeff



ACKNOWLEDGMENTS

I would like to express my appreciation and gratitude to my advisor and committee chairman
Dr. William C. Taylor, for his invaluable advice and guidance throughout my studies at
Michigan State University and during the completion of this research. His patience, kindness,

and insights will never be forgotten.

My appreciation and gratitude are also extended to Dr. Thomas Maleck, Dr. Richard Lyles,
and Dr. Joseph Gardiner for serving as members of the guidance committee and for their
assistance. My gratitude is also extended to current and former graduate students Dr.
Sorowit Narupiti, Mr. Mohammed Saif, and Mr. Ahmed Abdel-Rachman in the Department
of Civil and Environmental Engineering at Michigan State University. Their assistance,

suggestions, and encouragement were also key to the completion of this research.

Words can not express my most sincere love and gratitude to my wife Kelly. Without her
constant support, and patience I could not have completed this project. I wish to thank my
brother Jeffrey to whose heights of creativity and intelligence I have always aspired. To my
father, I wish convey my gratitude for his love, support, and constant encouragement
throughout my life. Through his example of hard work and a sense of humor, I have learned
that the most important achievements in life are happiness and the knowledge that I have
always tried my best. Finally, I would like to express a debt of gratitude to my mother
Susanne. Iknow that the completion of my Doctoral Degree means more to her than it could
ever mean to me. It has been because of her continuous love, support, sacrifice, and
unending devotion to her children that my brother and I have the confidence to strive for

greatness.



TABLE OF CONTENTS

LIST OF TABLES ...ttt sttt e ix
LIST OF FIGURES ...ttt ettt s te s e e sae e e s e Xii
CHAPTER 1: Introduction 1
1.1 FAST-TRAC and SCATS ...ttt e e e 2

1.2 The South Lyon Traffic Network ..........cccoiriiimiiiiiiiiiiiiiiiicirecevacene 4
CHAPTER 2: Literature Review 9
2.1  Adaptive Traffic COntrol SYSIEMS .........cccoeerurrerrrrerrererererssesesesesesesesesenens 10

2.2 Traffic Simulation and Modeling ToOIS .......cccccoceeienervinerieciieeecec e 15

2.3  FAST-TRAC and Related Intelligent Highway Projects ........cccuuuueennns 20

2.4  Comparative Studies of Adaptive Traffic Signal Systems ...................... 22

241 SCATS ettt ettt s e e e s 22

242 SCOOT ...ttt e s s s s s s s ss s s e s e s s as e e e e aansnn 25

2.5 Literature Review Conclusions ..........cceeeeeeiiiiiieiriieinmnireeeieieeeeennnnnnens 26
CHAPTER 3: Research Objectives and Approach 28
3.1 ODBJECHIVES ...ttt st st ae e s 30

3.1.1 Total Intersection Delay ..........ccccceceririiiriniiceenneetiieeeeeneneeeenees 31

3.1.2  Approach Delay ..........ccocoevireciiinineniiiniiircetrce e e s e e eeceaanaeaes 32

3.2  Experimental Approach ...........cceoviviniiciiiniciinicniiciicneeecseseeeeenes 33

3.2.1 Data CollECHON ......cccovevrviiriiiiiiiiciicirciiicner e e s s eee 34

3.2.2 The “After”Traffic Analysis .........cccocvevvinniiiniinnnnnicrenneeerennenns 36

3.2.3 The “Before Traffic Analysis .........coevcrivinciiniiniecsecennnnnnncnens 37

3.2.4 Comparison of Results and Conclusion ............ccceeeevrriiinniiennnnns 38

vi



vii

CHAPTER 4: South Lyon Traffic Analysis 40

4.1  Data ColIECHiON ........covvruiueiiiriieinicnienececcseeeeetesee ettt et saannes 4]

4.1.1 “Before” Data ........ccccovieuiiiininiiicieicicitniecceteee et 42

4.1.2  “After” Data .......ccooeviiivceiiineiitieinetnetseeeesteetssare e e s e e s s anane 47

4.1.3 Related Data .........c.cocoevirureccnirenrncninineeecncsisreeeetsesessesesennnnnnaans 50

4.2  Development of the Traffic Analysis Models ..........ccccceeveneninnnicennnnnnnee 51

42.1 The SOAP Program and Its Limitations ..........cc.cccceeeevunneenrnennnnnnns 51

4.2.2 *“After’Delay Calculation Model ..........ccoooeeveiniriineennennee 57

4.2.3 “Before”Delay Calculation Model .............ccccovninviirrirrnennieerennne. 60

4.3 Model LIMItations ........cccceceeeceerintnieninneinincneieneicssssessesesssessssesessesesssenne 62

4.4  Delay Model Output Data ..........ccccovenimniiininineniincnceeenie et 67

CHAPTER 5: Comparison and Interpretation of Modeled Delay ............ 81

5.1 Total Intersection Delay ..........cccocoeiirereciinincreeee e 82

52 Approach Delay ... 90

5.3  Delay Data Comparison CONCIUSION ........ccccceueeruririirininrecenecenesienesssaens 97

CHAPTER 6: Summary and Conclusion 100

6.1 Summary of Research Study ............cccoevcemmiencinninniinicccnecencsrceee e 100

6.2 CONCIUSIONS ....uerveircniirireicciiiineecctt ettt ettt ne s 102

6.2.1 “Direct” CONCIUSIONS .......ccecemruiiriiiiiiiciiiiicincne e cceereaae s 103

6.2.2 “Indirect” ConClUSIONS............cccceueirirereneirireceeee e s e eeaee s eeenas 105

6.3  Future Research Needs ..........ccccoevneiniiiiniiccinincncccccceaes 107

6.3.1 Advanced Simulation Systems...........cccooeceriiniiriiiiicreriiieennennneen. 107

6.3.2 Improved Methods of Analysis .......c.cccoccceeeeniiriinnueeneeneeeenennennas 108

6.3.3 Cost/Benefit ASSESSINENLS .........ccccuvuiriiueririiniinnrsnrsseeeeseseeeerenens 108
APPENDICES

A. Delay Analysis Model Source Code ...........ccocevrreiriiniiinininciniiieiccnes 110

B. Delay Analysis Model Quput ..........c.cococeviiinininininnininiccieenenees 119



viii

LIST OF REFERENCES 126




Table 4.1
Table 4.2a

Table 4.2b

Table 4.2¢

Table 4.2d

Table 4.3a
Table 4.3b
Table 4.3c
Table 4.3d
Table 4.3e
Table 4.3f
Table 4.4a
Table 4.4b
Table 4.4c
Table 4.4d
Table 4.4e
Table 4.4f
Table 4.5a
Table 4.5b

LIST OF TABLES

Field Recorded Traffic Data ..........ccccocovmueninininienieeeceeceeer e 52
Green Phase Split in Optimized Fixed Time Operation - Pontiac Trail and Ten
Mile Road INErSECHION .......ccceueeririnireeeecteeeeneeeenssissessesssessetesesesesesensens 63
Green Phase Split in Optimized Fixed Time Operation - Pontiac Trail and
Nine Mile Road INtErSECtion ..........ccceeeeeeurueenerreeentenecnteeentesesessesessseesnes 63
Green Phase Split in Optimized Fixed Time Operation - Pontiac Trail and
Eleven Mile Road INtErsection ...........coevceereeencnennencreenscneneencsesesessesesssnenes 64

Green Phase Split in Optimized Fixed Time Operation - Reynold Sweet

Parkway and Ten Mile Road Intersection ..........c.cccccceveevevereeveneneecenrerecsenenes 64
Delay Model Output - Pontiac Trail and Ten Mile Road, Monday ............ 70
Delay Model Output - Pontiac Trail and Ten Mile Road, Tuesday ............ 70

Delay Model Output - Pontiac Trail and Ten Mile Road, Wednesday ....... 71
Delay Model Output - Pontiac Trail and Ten Mile Road, Thursday .......... 71
Delay Model Output - Pontiac Trail and Ten Mile Road, Friday ................ 72
Delay Model Output - Pontiac Trail and Ten Mile Road, Daily Average ... 72
Delay Model Output - Pontiac Trail and Nine Mile Road, Monday ........... 73
Delay Model Output - Pontiac Trail and Nine Mile Road, Tuesday .......... 73
Delay Model Output - Pontiac Trail and Nine Mile Road, Wednesday ..... 74
Delay Model Output - Pontiac Trail and Nine Mile Road, Thursday ......... 74
Delay Model Output - Pontiac Trail and Nine Mile Road, Friday ............... 75
Delay Model Output - Pontiac Trail and Nine Mile Road, Daily Average .. 75
Delay Model Output - Pontiac Trail and Eleven Mile Road, Monday ....... 76
Delay Model Output - Pontiac Trail and Eleven Mile Road, Tuesday ....... 76

X



Table 4.5¢
Table 4.5d

Table 4.5¢
Table 4.5f

Table 4.6a

Table 4.6b

Table 4.6¢

Table 4.6d

Table 4.6e

Table 4.6f

Table 5.1
Table 5.2
Table 5.3

Table 5.4a

Table 5.4b

Table 5.4c

Table 5.4d

X

Delay Model Output - Pontiac Trail and Eleven Mile Road, Wednesday .. 77

Delay Model Output - Pontiac Trail and Eleven Mile Road, Thursday ...... 77
Delay Model Output - Pontiac Trail and Eleven Mile Road, Friday ........... 78
Delay Model Output - Pontiac Trail and Eleven Mile Road, Daily

AVETAZE ...ttt tssstsss ettt st s a st ne s sb et 78
Delay Model Output - Ten Mile Road and Reynold Sweet Parkway,
MONAAY ..ottt ettt st e ra e e aae e 79
Delay Model Output - Ten Mile Road and Reynold Sweet Parkway,
TUESAAY ....ucoviriririiiiiciiitrcr e 79
Delay Model Output - Ten Mile Road and Reynold Sweet Parkway,
WEANESAAY .....cccoveeueerierirtiirenreteeeetesee e sresteses et s e s e sesaesnaesnnassnasneenns 79
Delay Model Output - Ten Mile Road and Reynold Sweet Parkway,
ThUrSAAY ....c.coiruiiiiiiiiiii e 80
Delay Model Output - Ten Mile Road and Reynold Sweet Parkway,

FridAy ....cooiiicciniictctnctcttcteet et sr e 80
Delay Model Output - Ten Mile Road and Reynold Sweet Parkway,

Daily AVETAZE .....ooveeeeieierieiriiteieecreretseeteseeee st et essesae st e st e e e sseeesseaaseaaes 80
Statistical Comparison of Total Intersection Delay .............cccceeeeirunuennne. 84
Percentage Comparison of Total Intersection Delay ...........ccccccoevvrvnurne. 87
Statistical Comparison of Approach Delay ...........c.cccceevvvriinrienrenciinnnenne. 91

Percentage Comparison of Total Intersection Delay - Pontiac Trail and Ten

Percentage Comparison of Total Intersection Delay - Pontiac Trail and Nine
Mile Road ...t 94
Percentage Comparison of Total Intersection Delay - Pontiac Trail and Eleven
Mile Road ......ooveiiieetectccctcre 95
Percentage Comparison of Total Intersection Delay - Reynold Sweet Parkway
and Ten Mile Road ...........ccccviierccniniccctccc 95



Figure 1.1
Figure 1.2
Figure 4.1a
Figure 4.1b
Figure 4.1c
Figure 4.2
Figure 4.3

LIST OF FIGURES

ATEA MAD ..ttt st an 5
South Lyon Vicinity Map .......ccccoeveiviviiininienenceetcieee e 6
Signal Phasing Diagrams and Lane Use Configurations ..............cc.ccceueuuee.. 43
Signal Phasing Diagrams and Lane Use Configurations ...............ccccoeueue.... 44
Signal Phasing Diagrams and Lane Use Configurations ..............cccccueueuenee. 45
Sample Segment of SCATS Output File ........cccccoevvviiiininiiiiinnenen. 48
Sample Segment of Delay Model Output ...........cccceeveirivnnncncrnencceennenee. 68

Xi



Chapter 1.

Introduction

The United States Department of Transportation has recently begun implementation of the
national demonstration project for suburban Advanced Traffic Management (ATMS) and
Advanced Traveler Information Systems (ATIS) in Oakland County, Michigan. As part of
this project, the City of South Lyon has recently converted the control of its signalized traffic
network from optimized fixed-time control to the Sydney Coordinated Adaptive Traffic
System (SCATS). SCATS is an automated, real time, traffic responsive signal control
strategy. Under SCATS, the timing of the signals is governed by a computer-based control
logic. The system has the ability to modify signal timings on a cycle-by-cycle basis using

traffic flow information collected at the intersection approach stop lines.

The expected benefit from such a system comes from its ability to constantly modify signal
timing patterns to most effectively accommodate changing traffic conditions. While the
potential benefits from this control structure may be significant, few research studies have
documented the effect of implementing this method of signal control. The objectives of this

research study are to analyze and document the changes to certain delay parameters which
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have occurred in South Lyon as a result of implementing SCATS signal control.

This study will make use of the “before/after” analysis technique to measure certain aspects
of the delay conditions in periods prior to and following the implementation of SCATS
control. The research will be structured within a framework of several component segments
including data collection, reduction, and analysis; simulation model construction; and

statistical testing.

1.1 FAST-TRAC and SCATS

The South Lyon signal improvement project is a small segment of the FAST-TRAC (Faster
and Safer Travel - Traffic Routing and Advanced Controls) project.” FAST-TRAC has
involved the conversion of more than 1,000 pretimed and actuated signalized intersections
in Oakland County to SCATS control and has established a county-wide, real-time route
navigation system.*¥ While FAST-TRAC has been managed primarily by the Road
Commission for Oakland County (RCOC), it has been a cooperative effort between many
federal, state, county, and local government agencies; as well as private corporations and

universities.

The SCATS system was developed in the 1970's by the Roads and Traffic Authority of New
South Wales, Australia. The operational aspect of SCATS has been compared to the type
of control “provided by a traffic control officer stationed at the intersection controlling traffic
to insure that congestion is reasonably equal among the various approaches. The primary
difference is that today’s real time adaptive control systems can anticipate the arrival of
vehicles from preceding intersections and respond accordingly.”® It functions by making
constant modifications to traffic signal timings in real-time in response to the variations in
traffic demand and system capacity. It has advantages over the police officer by evaluating
and controlling the signal system on a system wide basis rather than on an isolated

intersection by intersection basis. It operates by using traffic sensors to monitor flow
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conditions and thus coordinate signal timings in order to minimize stops and delay time when
the system is at or near capacity. SCATS attempts to maximize the system capacity and
minimize the possibility of traffic jams by controlling the formation of queues. One of the
ways that SCATS can accomplish this is by providing a progression of green signal phases
to reduce stopped vehicle queues, thereby reducing delay and decreasing the network travel

times.®

Input data for the SCATS system is collected via a system of traffic sensors. The sensors
may be inductive loop detectors imbedded in the pavement or, as in the case of the South
Lyon system, video image devices mounted overhead on the signal strain poles or attached
on mast arms. The traffic information collected in the field involves the discharge
characteristics (i.e., flow and occupancy during the green phase) on each intersection
approach. This data is transmitted to a regional control center where the SCATS control
program attempts to most effectively maintain the highest degree of saturation on the

intersection downstream of the collected traffic data.

SCATS divides the network into systems and subsystems. Each subsystem contains a single
“critical* intersection, usually where two high volume roadways intersect. SCATS control
logic incorporates a dynamic process whereby intersection signal phasing is coordinated.
This system is known as “marriage” and “divorce.” Married intersections coordinate timings
to allow platoons of traffic to pass through. A divorce occurs when two intersections no
longer require coordination to maximize traffic flow through the network. The divorce is
implemented after three consecutive cycles warrant a divorce, insuring additional stability

within the system.

Other differences that separates SCATS from conventional fixed timed systems is its ability
to modify timing strategies to fit various control philosophies and to collect, process, and
maintain a history of traffic statistics for an area. Signal phases can be set to equalize

saturation on all approaches or they can be arranged to give priority to a particular direction
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of importance. Since the SCATS system requires the use of certain traffic data information
it has the ability to record and store these statistics to monitor the strategic performance of
the system, detect signal faults, and allow manual overrides of the signals under special

operating circumstances.

1.2 The South Lyon Traffic Network

Oakland County is located in the southeastern corner of Michigan, immediately north of the
City of Detroit. Throughout the past 15 to 20 years Oakland County has experienced an
explosion in commercial and residential development. Accompanying the growth in
development was an equally significant increase in traffic congestion.”” The City of South
Lyon is located in the southwest corner of Oakland County, approximately 40 miles
northwest of the City of Detroit. Figure 1.1 illustrates the location of South Lyon relative to
the Detroit metropolitan area. It is presently a small, semi-rural/suburban community of
approximately 25,000 people. The traffic congestion problems are comparatively minor
compared to many cities in Oakland County. However, like the rest of Oakland County, the
land within the City and surrounding Township is experiencing considerable commercial and
residential development and increases in the amount of traffic congestion are expected to
follow. It was expected that the introduction of the SCATS system of advanced traffic
management will allow the community of South Lyon to accommodate the anticipated

increases in traffic in a cost effective and efficient manner.

The layout of South Lyon road network is arranged in a perpendicular grid system of primary
roadways. The major roads are spaced at approximately one mile intervals. The lone
exception to the grid layout is Reynold Sweet Parkway. The Parkway serves as a bypass
route for through traffic around the central business district. The layout of the South Lyon
street system can be seen in more detail in Figure 1.2 The majority of the South Lyon traffic
load is carried on Pontiac Trail and Ten Mile Road. Pontiac Trail is the main north-south

arterial roadway in South Lyon, providing access to Interstate 96 which is located
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approximately four miles north of town. The overwhelming majority of commercially
developed land within South Lyon is located directly adjacent to Pontiac Trail. Ten Mile
Road is the prime east-west arterial serving the traffic demand to the commercial centers

located to the east.

The local street network is also arranged in an approximate grid layout. Its density is
considerably greater than the primary road system. The area of greatest density is located
within the vicinity of the central business district, surrounding the intersection of Ten Mile
Road and Pontiac Trail. As a result of the dense commercial development, two minor street
intersections with Pontiac Trail have been signalized. The South Lyon road network under
study also incorporates two at-grade railroad intersections. One of these, to be described in
detail later, forms an awkward triple intersection at a point where two roads and the railroad

tracks all coincide.

There were six signalized intersections in operation within the South Lyon traffic network
during the study period of 1995-1996. The installation, operation, and maintenance of these
signals are under the jurisdiction of the Road Commission for Oakland County. The closest
traffic signal outside of the study network is located approximately five miles away.
Originally, all of these signals operated on a well coordinated, pre-timed basis. No traffic
adaptive control measures, like actuated signal timing, were initially at work within South
Lyon. The Oakland County ATMS project involved the conversion of all six signals to
SCATS control. It was thought that the relative isolation of South Lyon and its small signal
network would make it an ideal “laboratory” for an evaluation study of the SCATS system

of advanced traffic management.

It has been hypothesized that the ATMS proposed for South Lyon will result in
improvements to the traffic flow conditions within the controlled network. With the
resources allocated for the design, implementation, testing, and research of FAST-TRAC and

the potential worldwide implementation of adaptive traffic signal control systems, like
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SCATS, there is a need to assess its benefits. The following research study has documented
performance measures before and after the installation of the SCATS system, to address such

questions.



Chapter 2.

Literature Review

To establish the current state of the art a literature review was completed. The literature
search was performed to accomplish four primary goals. First, the current limits of
knowledge in the field of traffic engineering research relative to SCATS signal control were
explored. Second, the literature search lead to an understanding of the "gaps" resulting from
past research. The research gaps included the absence of studies performed specifically on
the comparative benefits gained from adaptive signal control. The literature review also
established a base of knowledge from which to launch the proposed study and demonstrated
certain techniques which have been successful in past research. Some of these were applied
to the South Lyon evaluation study to aid in the accuracy and efficiency of the experiment.
Finally, the review of past published literature gave insights into the way in which current
theories, technology, and implementation of adaptive traffic signal systems have developed
over the years. The search has shown how theories have been built from prior experiments
and how and why some ideas of twenty and thirty years ago have now come into practice

while others were unsuccessful in field applications.
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The following sections of the literature review have been divided into the main areas of
traffic research that relate to this study. They include the historical development of adaptive
traffic signal control, the state of current and future practice of advanced traffic management
systems, the development and use of computer simulation and analysis tools to model traffic
related events, and an investigation into the experiments and theories which are under study
in Intelligent Transportation Systems (ITS). The last two sections of this chapter will
provide documentation of the results of recent comparative studies of adaptive signal control
systems and a demonstration of the need for research into more advanced measurement and

analysis techniques in this field.

2.1 Adaptive Traffic Control Systems

The majority of travel delay experienced on arterial roadways is governed by the
intersections along the route. Reductions in stop delay at intersections can enhance the
efficiency of a road and reduce the amount of time required to travel through a particular
corridor or network. One of the best ways to achieve a reduction in delay is to provide an
efficient progression of signals. A method of providing effective signal progression is to
anticipate the arrival of vehicles and modify signal timings to match the arrival pattern. The
Sydney Coordinated Adaptive Traffic System is one of several forms of advanced traffic
management which are in operation or under development that use anticipatory and adaptive

techniques to increase the efficiency of a road network.

Adaptive traffic control systems are traffic signal systems which have the ability to change
the phasing and timing strategies and coordination of signals within a network to meet the
demands placed upon them. These types of systems may take on many forms and levels of
complexity and automation. Their primary purpose is to increase the efficiency of a system

by maximizing the way traffic is managed.
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The concept of traffic signal systems which could be modified to more efficiently move
traffic has been studied for many years. The practice of traffic signal optimization began in
the 1920's.® As signal control technology became more advanced, signal systems began to
use pretimed coordination plans. The original "traffic responsive" signal systems were
merely pretimed signal control systems which could be modified to fit the anticipated traffic
demand patterns.” Such systems, still prevalent today, are designed to optimize traffic based
on average time-of-day and day-of-week conditions. These types of control work well and
are considerably less expensive to install, operate, and maintain than more complex computer

controlled systems.

Real-time adaptive control is a fairly recent development. Past research publications have
shown ongoing testing and development was underway in the early sixties. For real-time
systems to be possible, accurate detection, rapid data processing, and effective and speedy
transmission of data are necessary. One of the initial studies performed to evaluate the use
of computer and video technology was published in 1967.® The study was one of the first
attempts to evaluate the feasibility of using video detection and recording equipment to
chronicle traffic activities near roadway intersections, detect the occurrence of accidents, then
record and store this data for further use. The system was not very sophisticated and required
a technician to watch the video feed and look for incidents. The technology of the day did
not make it possible to automatically search and record events for use on a real-time basis.
However, the study was able to demonstrate the utility of incorporating automated

technology to search for and record certain elements of the traffic stream.

Another advance toward today’s advanced traffic management systems was made in 1967
with the development of a computer program and methodology to gather and process data
from loop detectors placed near intersections to determine certain traffic flow parameters.
This research and development project® also demonstrated how such data could be used to
determine queue lengths and delay at signalized intersections. By today’s standards this

model was primitive. However, the technology demonstrated in this project has evolved into
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one of the integral elements which allow real-time adaptive control systems to function
today.

The development and implementation of adaptive control systems have become possible over
the past five to ten years due to a number of very important factors. Two of the most
important are concerns about the increased levels of congestion and advancements in
computer technology and data processing efficiency. The number of annual vehicle miles
traveled is increasing at a steady rate and it is not economically, environmentally, nor
spatially possible to construct new roads or expand existing ones to meet the anticipated
traffic. Therefore, the answer to improving transportation efficiency lies in the effective
management of existing systems. Real-time adaptive traffic management systems allow

traffic professionals to more effectively manage the existing transportation infrastructure.

Several types of advanced control systems are currently in operation, serving in experimental
traffic control management roles. Two such systems, the Sydney Co-Ordinated Adaptive
Traffic System (SCATS) and the Split, Cycle and Offset Optimising Technique (SCOOT),
have developed into the most prevalent real time adaptive traffic signal control systems and

are poised to become the automated traffic management systems for the next century.

The SCOOT system was developed in Great Britain in the mid 1970's.” The main idea of
the SCOOT system was to take an "off-line" model, like the fixed time signal optimization
program TRANSYT, and have it operate "on-line." Specifically, the system uses traffic data
measurements collected from the existing stream and makes short and long term decisions
regarding the traffic signal settings. The great advantage to a real time, on-line system like
SCOOT is that it can respond to the current traffic conditions with almost no lag time and
it greatly reduces the need for constant human interaction in adjusting the signal timings.
Traffic stream measurements are collected automatically and adjustments to the timing plans
are made automatically. This is in contrast to fixed time, non-automated systems where there

is a need for traffic engineers and field technicians to study the traffic conditions and
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implement the changes.

SCOOT is currently in operation throughout Great Britain as well as in Thailand, Hong
Kong, China, the Phillippines, and Canada. The first SCOOT implementation project in the
United States occurred in Oxnard, California in 1992."® Studies performed by the
Transportation Road Research Laboratory in London, England found that, under certain
conditions, the SCOOT system provided a 20% improvement over a standard fixed time

signal system.®

While the SCOOT system represented a major advance in the management of signal timing,
it had some shortcomings (especially in its earlier forms) that made the parallel development
and implementation of another real time adaptive traffic control system even more desirable.
The SCATS system was developed in Australia during the same time as the SCOOT system.
SCATS, like SCOOT, is an automated traffic control system whereby traffic signal timings
are adjusted in response to variations in traffic demand. The SCATS system operates on a
real-time basis, using the current traffic flow information to modify and coordinate signal
timing. To minimize stops and delay time when the system is at or near capacity, SCATS
attempts to maximize the system capacity and minimize the possibility of traffic jams by
controlling the formation of queues.**'"  SCATS accomplishes this by providing a
progression of green signal phases to reduce stopped vehicle queues, thereby reducing delay

and decreasing the network travel times.?

The SCATS system also offered some distinct advantages over SCOOT. Primary among
these was its ability to omit individual signal phases from the signal cycle if the traffic
demand did not warrant them. For example, a protected left turn phase could be eliminated
from the cycle if no vehicles were present; as detected by the sensors. The other advantage
of the SCATS system was its ability to readjust the phase sequence pattern to best take
advantage of the traffic conditions. This feature requires drivers to be more vigilant because

one cycle may start with a leading protected left turn phase, while the next cycle might
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feature a lagging protected left turn phase.

Development of yet another advanced traffic control project is currently underway in Europe.
The research and development associated with the HERMES (High Efficiency Roads with
Rerouting Methods) project has taken place in parallel with the testing, development, and
implementation of SCATS in Australia and North America. The HERMES project relies on
the origin-destination characteristics of the network and automatic incident detection
information to execute the advanced traffic management process.'? The HERMES system
utilizes origin-destination algorithms to determine traffic flows within the control system.
The origin-destination information is used to set strategies for arterial signal control and
freeway ramp metering. One of the primary advantages of the HERMES system is that it
seeks to go a step further than SCATS or SCOOT by searching the network for the
occurrence of disruptions or incidents which can restrict the flow of traffic. Then it
implements new routing strategies, based on the location and severity of the incidents, to

most efficiently route vehicles around the effected area.

The automatic incident detection element of the HERMES system is contained in the
MONICA (Monitoring Incidents and Congestion Automatically) algorithm."*'¥ Once an
incident is detected in the system, a process of rerouting the traffic is enacted. The
difficulties of implementing a fully integrated system like HERMES mean that some aspects
of the project remain in the simulation and development stage. However, work continues
since the integration of an automatic incident detection and traffic rerouting system within

an advanced traffic signal control system remains a desirable goal.

Another form of advanced traffic control under study and development is the OPAC
(Optimization Policies for Adaptive Control) demand-responsive traffic signal control for
individual intersections."">'® This ATMS structure uses a dynamic programming approach
to determine an optimal signal control strategy. It then compares the optimized timing to a

more conventional optimized signal timing pattern, based on volumes and past experience.
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The research study indicated that the OPAC strategy demonstrated a significant improvement
over fixed time control. The conclusions were drawn from simulation trials and analyses
using Highway Capacity Manual""” criteria. The study did not include field verification of
the simulation trials. The obvious limitation of the OPAC system is that it optimizes
signalized intersections in isolation, in contrast to SCATS and SCOOT, which seek system

optimization.

2.2 Traffic Simulation and Model Tools

As the volume of traffic increased and individual signals were coordinated into signal
networks, the need to measure the effect of signals on the efficient movement of traffic
within networks became more important. Advanced technologies have allowed more
sophisticated analysis techniques for the study of traffic control. The advanced methods to
study traffic control have been researched and developed concurrent with the advanced
controls themselves. Studies to measure the performance of traffic signals have been

underway, in one form or another, since the invention of the signalized traffic control.

Research into the principles of how signals contribute to delays began to take shape in the
1940's and 50's. Many of the early studies of signal control analyzed intersections in
isolation. They focused on the effect of signals on the approach traffic arriving at an
intersection. One of the earliest available studies used mathematical equations to evaluate

starting delay and how it could impact the capacity of an intersection.!'®

As technology levels increased and the need to study and understand the effects of signalized
traffic control became more apparent, more complex study methods were employed. During
the 1960's, efforts were made to test mathematical models of various timing controls with
the assistance of computers. One of the earliest published studies to investigate the use of
computer simulation, lauded the anticipated results that it could bring to the field of traffic

engineering research."'” It was hoped that the use of computer simulation would also help
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spur the development of more complex mathematical models constructed to describe the
behavior of traffic flow. This study attempted to describe the physical characteristics of the
intersection, the generation of vehicles, and the acceptance of left turning gaps, in terms of
mathematical models. It was correctly assumed at the time that computer simulation models
could be used to study hours of traffic conditions without effecting actual operating
conditions in the streets. The procedures of these models were coded and simulation trials
executed by a computer to determine the accuracy of the model predictions. The early
research also demonstrated how the state of computer technology at that time did not allow
this study to be completed. The lack of research computers and the frequent breakdown of

existing equipment hampered many early efforts.

A study published in 1963 that continued the initial computer simulation project was more
successful in gaining some output results. The research study was one of the first to use the
results of computer simulation to evaluate various patterns of signalized control.*® The
project involved the simulation of some 60,000 hours of traffic behavior to compare some
of the basic relationships between traffic volumes and vehicular delay under various traffic

control and volume conditions.

The lessons learned from early computer simulation studies remain valid today. For
example, the occurance of rare events such as accidents, especially if they were not
recognized, could effect studies involving field observed data. Computer simulation allowed
such events to be included by the use of probability distributions. Experiments that
contained rare events could be tested over and over to focus on different aspects of traffic
behavior. The study pointed out that computer simulation could also prove to be an
extremely valuable tool for the completion of “before” and “after” studies because of the

extreme difficulty in obtaining similar conditions to evaluate a change in control.

Later research studies continued to advance the knowledge base and complexity of computer

simulation applications to traffic engineering. A simulation study completed in England in



17

the 1960's attempted to assess the implementation of certain signal control improvements to
an area before it went into operation.?" The study was also one of the first to make use of
simulation to model an area wide network rather than just an isolated intersection. Another
interesting research technique documented in this study involved the use of events which
were observed in the field but not reflected in the original simulation output. The events
were used to reprogram the model to allow it to more realistically simulate the observed
behavior. ’

The use of computerized traffic simulation and analysis programs have developed from use
as strictly a research device, to very valuable tools in modemn traffic engineering practice.
Two programs, SOAP and TRANSYT-7F, were developed independently during the 1970's.
After years of separate use the two programs are often used together for the evaluation and
analysis of traffic signal plans. TRANSYT was developed in England to analyze
coordinated progression of traffic signals on arterial roadways. It helps a users to evaluate
various signal cycle lengths which will promote the movement of traffic through a particular
corridor. The system attempts to promote the formation of traffic platoons and minimize the
number of stops at red lights. The program will also produce space-time diagrams which are
also helpful in the analysis of traffic flow. The Signal Operation and Analysis Package
(SOAP) was developed for the analysis of single isolated signalized intersections. It was
originally coded at the University of Florida in the 1970's and, like TRANSYT, has
undergone numerous modifications to upgrade it accuracy and usefulness. It can be used to
evaluate traffic signal design alternatives at four-legged intersections with or without
protected left turning phase intervals in the signal sequence, including fixed time, semi-
actuated, and fully actuated control. One of the benefits of the SOAP program is that it
allows the operating characteristics of an individual intersection to be expressed in terms of
specific measures of effectiveness (MOE). SOAP MOE's include the calculation of various
vehicle approach delays, number of stopped vehicles, fuel consumption, queue lengths, and
other flow characteristics.?? Its primary limitation, however, is the lack of a mechanism to

adjust vehicle arrival distributions. The SOAP delay analysis algorithms assume a random
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arrival pattern in all analyses.

Development of increasingly more detailed and sophisticated traffic simulation continued
through the 1970's and 80's. Simulation has developed into a standard application tool for
the modern traffic engineer. One of the most widely used traffic simulation programs today
is the NETSIM computer model.*” NETSIM, as its name suggests, is a microscopic road
network simulation program. It was initially developed by the Federal Highway
Administration in the mid-1970's as a method of modeling traffic events on arterial road
networks. It is extensively used by transportation engineers and planners to analyze various
highway design and traffic planning scenarios. The NETSIM program has continued to
evolve and add more complex features to keep pace with advancements in traffic control
technology. More advanced versions of NETSIM, currently under development, will also
include features to assist in the modeling of adaptive signal control. Unfortunately, these

systems were not available to assist in the completion of this study.

Recently, NETSIM has been incorporated into the TRAF family of traffic simulation
programs. The TRAF modeling family encompasses a variety of independent freeway,
arterial, and rural road simulation programs. The programs within TRAF are ROADSIM,
a two lane roadway simulation model, FREFLO, a macroscopic freeway simulation model,
NETFLO 1 and 2, macroscopic urban network simulation models, and FRESIM, a
microscopic freeway simulation model. The central concept of the TRAF system is a
compatible format of data exchange which allows them to be compatible with one another.
This compatibility allows the various programs to be linked together to form broad-based
multi-level traffic simulation models. These multi-program TRAF models allow the
simulation of large scale traffic networks that may include both freeways and arterial

roadways.

While the TRAF system allows a compatible format for the simulation of separate arterial

roadway and freeway sub-networks, the most advanced simulation tool for the coordinated
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modeling of arterial and freeway traffic systems is the INTEGRATION simulation
program.?” The INTEGRATION model was developed in Canada in the 1980's and
incorporates many concepts which are very useful for the analysis of urbanized traffic flow.
Primary among these is a strategy to model various forms of traffic assignment. The
INTEGRATION program allows users to assign traffic volumes to a road network based on
various conditions. These could include shortest travel distance, shortest travel time, or
special conditions such as traffic rerouting due to incidents and congestion. Research is also
underway to investigate the addition of dynamic route guidance in the INTEGRATION
model.”> A dynamic route guidance simulation model would be a very valuable tool to

advance research in the area of intelligent traveler information systems.

The continued development of more advanced methods of computer simulation has played
a key role in the study and cultivation of many traffic engineering theories. Current
simulation models are able to very accurately predict detailed traffic stream parameters such
as delay at signalized intersections, if the appropriate traffic flow data are known.!">?® A
detailed assessment of current traffic simulation modeling was documented in research
papers by Wang and Hsin® and Wang and Niedringhaus?” These papers documented
some of the needs and requirements necessary in the next generation of traffic management
simulation programs. The later presented the development process of the THOREAU
(Traffic and Highway Objects for Research, Analysis, and Understanding) program. The
THOREAU model appears to present a promising platform for the construction of complex
traffic simulation models. It makes use of many innovative concepts in the field of computer
programming and data processing, including object oriented programming and parallel
processing. These allow for more detailed simulations of real world events and allow for
faster construction and execution of the simulation models. THOREAU can also be used to

model adaptive traffic signal control.®®

The recent interest and funding dedicated to Intelligent Transportation Systems has also

allowed new simulation models to be developed at a more rapid pace. A recent study
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sponsored by the United States Department of Energy identified some of the best available
traffic simulation models.®” These include freeway and arterial simulation models like
INTEGRATION and the TRAF family of simulation programs. The study also pointed out
the importance of the development of more sophisticated simulation models and some of the
critical requirements that future generations of traffic simulation models should include.
These ranged from the simulation of traffic flow, to the modeling of driver route selection
behavior, to the environmental impacts of traffic activities. The authors indicated that future
models will need to be more “user friendly” and allow users to quickly and accurately model
complex systems which may involve very sophisticated traffic control and guidance
activities. The text stressed the need and importance for such models and the need for further

research into these and related computer simulation programs.

2.3 FAST-TRAC and Related Intelligent Highway Projects

SCATS hardware and computer technology have been implemented on the road network
within Oakland County, Michigan.®®*" The signal improvements are part of the FAST-
TRAC (Faster and Safer Travel - Traffic Routing and Advanced Controls)" system, the
national demonstration project for Advanced Traffic Management Systems
(ATMS)/Advanced Traveler Information Systems (ATIS). The project involves the
conversion of over 1,000 pretimed and actuated signalized intersections to SCATS control.
In 1995, there were about 200 SCATS controlled intersections operating within the Oakland
County system. Traffic flow data are gathered at each intersection and transmitted to a
central control center. This center serves as the heart of the traffic management system. It
houses the SCATS computer program and the various control systems required to execute

the modifications to the signal controllers.

An evaluation study is currently underway of the Troy FAST-TRAC network.””  One of the
primary goals is to document the impact of SCATS control on intersection delay. While the

study is not complete, some preliminary data have been compiled. It appears that the SCATS
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method of ATMS has some tangible benefits over fixed time signals, under certain traffic
conditions. The Troy evaluation study, involved a “before” and “after” technique to evaluate
the system performance. The measure of effectiveness used to compare the “before” and
“after” periods was average stop delay per vehicle at the intersections. Autoscope video

image detectors®?

were used to record traffic volumes and video taped data were used to
record the stopped vehicle queues on the approach legs. Various recording and simulation
methods were employed to determine the delay. One method involved the use of video
camera data to calculate an average delay per vehicle by timing the stop delay experienced

by the first, last, and “middle” vehicles in the stopped queues on each of the approaches.

The FAST-TRAC project is only one of several ITS projects which are in operation or under
development in the State of Michigan.®” The SCANDI (Surveillance Control And Driver
Information) project is another ATMS project which has been in operation since the 1960's.
It is comprised of a system of loop detectors, closed circuit cameras, and changeable message
signs located at various positions on three major freeways within the City of Detroit. The
system was installed to assist drivers in anticipating congestion and give information on
events such as road construction. An extension of the existing system is currently under
contract. The upgrade will involve the addition of systems for automatic incident detection
and motorist aid. Other Michigan ITS projects include DIRECT (Driver Information Radio
using Experimental Communication Technologies) and MACS (Mainline Automated
Clearance System). These projects involve the implementation of systems for advanced

traveler information and commercial vehicle operations.

Although the primary application of advanced technology for the improvement of highway
transportation has been focused on congested urban settings, the use of emerging ITS
technology has also been proposed for rural areas. One such project is currently under
development in Minnesota. It involves the use of advanced traveler information systems and
advanced transit information services.™ The deployment of ATIS systems are of particular

value to tourist traffic. Visiting drivers are in greater need of travel information services
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because they are often unfamiliar with the local road system. They are also in frequent need
of special interest information like the location of specific points of interest, gas stations, and
road construction zones. Recent studies have also stressed the need for intelligent
transportation systems in rural areas to assist with advanced warning for unexpected road
hazards, speed enforcement, and commercial vehicle navigation and safety.®® The 1992
Intelligent Vehicle Highway System (IVHS) Strategic Plan prepared by the United States
Department of Transportation outlined the application of advanced technologies in rural
areas for the identification of hazardous weather conditions on roadways and the

coordination of public transportation services for lower mobility individuals.

2.4 Comparative Studies of Adaptive Traffic Signal Systems

Many studies have been completed which claim to have evaluated adaptive signal traffic
signal systems. Several of the more recent studies have involved the two most widely used
real-time traffic responsive signal systems, SCATS and SCOOT. Past studies have
completed comparisons of these systems against various forms of less sophisticated forms
of signal control like coordinated fixed time actuated control. The depth and level of detail
incorporated into these comparative studies has varied, although none of the previous studies

has used simulation nor stopped delay as a performance measure.

24.1 SCATS

Many studies of adaptive control have been carried out by the creators of SCATS, the
Australian Road Research Board (ARRB) and the Department of Main Roads in New South
Wales. One study evaluated SCATS against various forms of non-adaptive forms of signal
traffic control(‘js’/\ The study measured the performance of SCATS against the control
characteristics a\lfforded by systems with isolated fixed time signal phasing and TRANSYT
optimized fixed time control with and without local vehicle actuation. The study, however,
documented solely the results of the performance comparison of SCATS and TRANSYT

optimized timings.
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The ARRB study made their comparison using the floating car travel time estimation
technique to record the “journey” or travel time on each link, the number of stops in each
link, the stopped time in each link, and the amount of fuel used in each trip. The recorded
stopped times were later found to be unreliable, so they could not be used in the analysis.
The accuracy and reliability of the fuel meters also prevented a valid analysis of fuel
consumption data. The study was able to compare the different signal systems in terms of
travel time, number of stops, and a derived *“Performance Index.” The Performance Index
was a weighted measure of travel time incorporating the number of stops during the trip. The
study found that on one arterial highway, SCATS resulted in a 23% reduction in travel time
and a 46% reduction in stops over isolated fixed time signals. In the central business district
(CBD) study area, the travel time was not effected and the reduction in stops was 8%. When
compared to Linked Vehicle Actuated (LVA) control, SCATS showed some benefits and
some degradations in the recorded performance measures on the arterial and in the CBD
areas. The comparison of SCATS and TRANSYT optimized fixed times concluded that
SCATS can improve travel time and number of stops from 3% to 18%. The actual
improvement depends upon the type of road system (CBD network, arterial corridor, etc.)

under study.

A similar comparative study carried out by the authors of the previous study evaluated a
precursor to SCATS.*” The paper documented a performance study of the Department of
Motor Transport (DMT) signal system against optimized fixed time networks of isolated and
coordinated signals. The study also analyzed bus priority signal preemption under different
forms of control. Using travel time as its measure of effectiveness, the research study
demonstrated that the DMT control strategy showed an improvement of 35% to 39% over
optimized fixed time control during morning and evening peak hours. However, the DMT
system increased the minor cross street delay. The bus priority system under DMT control
showed an improvement of 11% to 26% in bus travel times over the optimized fixed time

Operation.
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A comparative study of SCATS versus SCOOT was conducted by the Australian Road
Research Board.®® It detailed the similarities and differences in the data requirements,
hardware, and operation of the two systems. Unfortunately, a direct field comparison of the
operational differences between SCATS and SCOOT was not possible. Direct comparisons
using simulated or actual data are very difficult, due to the different locations where traffic
flow data is gathered. In SCATS, traffic information is collected at the approach stop lines.
The required traffic flow information for SCOOT is collected upstream of the stop lines. The
two systems also differ in their operating requirements for computer processing. The paper
stated that SCATS is better in some applications because it has the capacity to estimate
congestion better than SCOOT. By contrast, SCOOT can be more effective in certain heavy
flow situations because it incorporates an automatic double-cycling mechanism which

SCATS does not have.

The study indicated that the two systems are also similar in many respects. They both
implement frequent but small changes in cycle time, phase splits and offset to accommodate
rapid fluctuations in traffic demand. Past field trials have shown that during certain time
periods, fixed time signal control can out perform both of these two systems.“’*® The study
concluded by stating that neither system is perfect and that both systems could benefit from

additional improvements.

Another comparison of SCATS to other forms of advanced signal control was completed
prior to the installation of the Oakland County FAST-TRAC project.“”? The study was
conducted to compare four different types of advanced traffic management systems; SCATS,
SCOOT, UTCS, and OPAC. The comparison study was completed to select the type of real-
time adaptive signal control that would be used in the County. The study did not incorporate
field experiments to support the selection decision. Each system were compared on the
merits of certain criteria that was of particular value to the Road Commission for Oakland

County.
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24.2 SCOOT

The amount of available published research on comparative studies involving SCOOT
appeared to be greater than that of SCATS. This is the result of SCOOT’s greater level of
use in North America. A study was recently completed as part of the Metropolitan Toronto
SCOOT demonstration project. The initial size of the Toronto SCOOT network was 75
signalized intersections. A report of preliminary findings was prepared and presented in
1994.%% The report claimed that the Toronto SCOOT project resulted in a decrease of 6% to
11% in travel time along the study corridor during peak periods of traffic demand. The study
also documented travel time improvements that measured as high as 34% on certain arterial
roadways after major sporting events. The preliminary report showed that benefits were also
apparent in vehicular and pedestrian safety. The study did acknowledge that under certain
flow conditions in Toronto, some SCOOT controlled intersections could be out performed
by fixed time control. The study did not, however, document the details of the experimental
design, the analysis techniques, nor all of the data collection methods and performance

measures.

Another recent SCOOT evaluation study in North America was completed in Oxnard,
California."® The Oxnard project involved the first installation of SCOOT in the United
States. The reportdocumented an observed improvement in total system delay and number
of stops. Unfortunately, the study was only a cursory report of observed traffic conditions.
The study conclusions were based on the SCOOT data collection statistics for recorded stops
and delay. Therefore, the author stated that the amount of data collected for analysis did not

allow the results to be scientifically corroborated.

Other studies of SCOOT have examined traffic operating conditions under off-peak traffic
flow conditions. One assessed the change in certain performance measures during low flow
conditions.“"” The study used the number of stops that were experienced by vehicles
traveling through both a corridor and grid network of SCOOT governed intersections. The

study was conducted in suburban London, England and used data collected during off-peak
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times. The study found that in the corridor study area, the number of stops was reduced by
17% compared to fixed time control. In the grid network the study found that SCOOT
control also resulted in a 17% savings when compared to fixed time signal control.
However, the study also showed that during very low flow periods (1:30am to 2:00am)
SCOOT was out performed by vehicle actuated (VA) signal control. This was reasonable
to expect since VA control can eliminate signal phases on the cross-street and SCOOT

cannot.

2.5 Literature Review Conclusions

The review of past published literature into the various areas related to the study has
demonstrated the interest in and importance of advanced traffic control systems, computer-
aided traffic modeling, and comparative studies of the various forms of traffic signal control.
A review of the literature has shown the important role that ATMS will play in more
efficiently utilizing our transportation infrastructure. Today, real-time adaptive signal control
systems like SCATS and SCOOT are available for mainstream use in the United States. As
a result, studies which can assist current and future users of such systems to determine their

expected benefits are extremely valuable.

Unfortunately, the existing published research literature has also indicated the need for
further research into more detailed measures and newer methods to assess the changes which
can be expected from adding SCATS control to a signalized network. Some of the past
studies have conducted comparative studies using route travel time and the stop frequency
field measurements and have shown the benefits of SCATS and SCOOT over optimized
fixed timed systems. However, the study authors have used travel time or the number of
stops as their only performance measures. While these performance indicators are very
helpful, they cannot reveal all of the details of what is occurring in the system. They only
present the “big picture.” The South Lyon evaluation study was proposed to overcome this

existing lack of information.
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The primary reason for the lack of detailed analysis has been the lack of sophisticated data
collection and analysis methods and tools. Now, traffic flow databases can be compiled
using automatic collection and storage techniques. Traffic flow data can be collected
continuously; at any time and under any flow condition. This is possible because of systems
like Autoscope sensing technology and complex and high-speed computer systems. As a
result of commercially available computer simulation modeling and analysis tools like
SOAP, NETSIM and THOREAU, traffic flow analyses can be completed quickly and

inexpensively under repeatable and controlled conditions.

The South Lyon evaluation study will take advantage of these more sophisticated analysis
tools to complete a comparative study of certain detailed aspects of real-time adaptive signal
control. The research project will use some recent methods of data collection and computer
simulation to model and test the effect of the change to SCATS signal control in South Lyon

using intersection approach delay performance measures.



Chapter 3.
Research Objectives and Approach

It has been hypothesized that the use of advanced traffic management systems, like SCATS,
will result in significant improvements to traffic flow performance within a controlled
network. Prior studies'*!"**" have demonstrated that SCATS and SCOOT can reduce
route travel times and intersection delay when compared to conventional fixed time systems.
Other studies have shown how adaptive control systems can be used to improve the
operation of transit bus systems or flow conditions during special event situations, like
sporting events. However, the published research literature has also demonstrated a lack of
significant in-depth research into some of the specific ways that these flow improvements

are attained.

One of the primary reasons for the lack of information about certain flow performance details
is that they are difficult to measure, calculate, and analyze. For example, intersection stop
delay is one of the prime contributors to travel time changes during the day. It is also a
useful measure of system performance because it can indicate the efficiency of signal phase

splits and is used to rate the Level of Service of signalized intersection approaches in the

28
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Highway Capacity Manual."” Two comparative studies ***” that were reviewed in the
preceding chapter documented how the use of SCATS resulted in reduced travel time and
number of stops at red lights. However, neither of these studies used stopped delay as a
measure of effectiveness. The use of travel time and number of stops is valuable in assessing
certain aspects of system performance. However, they do not provide a level of detail
necessary to analyze certain aspects of urban traffic operations. The use of intersection delay
statistics give details about signal efficiency and can better explain the changes which are

brought about by SCATS signal control.

One of the past studies”® attempted to use stopped delay as a measure of effectiveness,
however, it was not possible because the recorded stopped times were found to be
“unreliable.” Delay statistics are often difficult to field measure. Timing information for
stops, starts, and turning movements must be collected for all vehicles on an approach.
Reduction of the data is also complicated. Recently developed techniques like video image
sensing and recording have made it possible to collect data in a more simplified fashion.

Unfortunately, even with these advances, data reduction remains a long and tedious process.

For some time it has appeared that the most promising method to overcome some of the
shortcomings of the past research was the use of simulation. Simulation programs like
NETSIM and SOAP provide a very useful means to assess certain traffic parameters under
highly controlled and repeatable experiments. To their disappointment, past researchers have
also found these programs to be limited in their ability to simulate adaptive traffic signal
control. The Federal Highway Administration has recently contracted to upgrade the
NETSIM program to incorporate an adaptive signal control interface mechanism. Within
this new system, traffic flow information can be relayed to an external program which can
affect signal phase timing changes within the NETSIM simulation run. The process involves

a continuous feedback loop between the movement of traffic and modification of signals.
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Due to the proprietary nature of most adaptive signal control systems and the inherent
difficulties involved in making modifications to the existing NETSIM code, the realization
of a NETSIM based real-time control simulator remains in the developmental stage. Until
this new system is perfected, the simulation of real-time adaptive traffic signals remains a
cumbersome process. However, the simulation of real-time traffic signal control can be
accomplished by using a series of incremental step models which modify signal cycle and

phase splits on a cycle-by-cycle basis.

This study will take advantage of the incremental simulation process to model a network of
real-time adaptive traffic signals. This research will advance the understanding of adaptive
signal control by completing an evaluation of delay time characteristics within the South
Lyon ATMS project area. The results of the study will provide new evidence to evaluate the
claim that improvements to certain traffic delay parameters can be expected when SCATS
is introduced to an area. The study will test the hypothesis that significant and measurable
changes (improvements) to certain delay characteristics are likely after the implementation

of SCATS. To attain this goal, several research objectives will be met.

3.1 Objectives

The prime objectives of the South Lyon ATMS evaluation project are to record, document,
and analyze the changes which occurred to the traffic flow conditions within the South Lyon
signalized road network as a result of the addition of the SCATS signal control management
system. To accomplish this objective, this study will incorporate a detailed process of data
collection, simulation model construction, and statistical analysis. Data collection will be
carried out using various means, including field observation, and video image sensing. The
analysis of the data will be completed with the assistance of the SOAP isolated signalized
intersection simulation and analysis program. Several SOAP models will be constructed for
each intersection during the “before” and “after” analysis periods to calculate certain

measures of operational performance recorded during the separate analysis periods of the
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study. After the performance measures for each period are calculated, a comparative analysis
of the two intervals will be carried out using suitable statistical testing procedures. The
analysis will indicate whether the measured change in operating conditions after the

implementation of SCATS was statistically significant.

To determine the extent of the change in quantifiable terms and document the results, the

study will address the specific questions shown below.

1) What is the difference in the total intersection delay time in the South Lyon road
network for the existing non-adaptive, pretimed, signal scheme and the SCATS
adaptive control mode? Is the measured difference in the total intersection delay time
statistically significant or is it a result of random changes which occur within the
traffic stream?

2) What is the difference in the average approach delay times at selected intersections
within the South Lyon road network between the existing non-adaptive, pretimed,
signal scheme and the SCATS adaptive control mode? Is the measured difference
in intersection approach delay time statistically significant or is it as a result of

random changes which occur within the traffic stream?

The research questions will establish the measures of performance to compare the two
different signal control strategies during the “before” and “after” periods of the study. The
improvement brought about by changes in traffic control can be assessed using many
different measures (i.e., safety, delay, travel time, etc.). The two measures selected for this
study were based on their relevance to the goal of reducing traffic delays in the community

of South Lyon. Each is described in detail in the following sections.

3.1.1 Total Intersection Delay
The total delay at an intersection is defined as the difference in travel time experienced by

a vehicle as it is affected and unaffected by the traffic control at an intersection. It includes
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the “lost” time due to deceleration and stopped delay.“? It is also the composite of other
delay sources, including queue delay at over-saturated intersections and “unnecessary”
stopped delay. Information acquired from a recently completed study of a SCATS
implementation project in Troy, Michigan has shown that the unnecessary stopped delay
could be of particular significance to the South Lyon study. Unnecessary stopped delay is
defined as “the portion of the stopped delay which occurs when there is no vehicle entering
an approach on the opposing legs of the intersection.”“” During the SCATS implementation
project in Troy, many intersections received exclusive left turn lane signal control where
none had previously existed. As a result, left turns could be completed only under a
protected left turn phase. Status reports performed after the change demonstrated the
existence of added delay and user dissatisfaction at locations where permissive left turns
were no longer allowed. There are two intersections with protected/permissive left turn
phasing in South Lyon. It is expected that the total delay statistic will measure the

unnecessary delay at these intersections.

Many different analysis techniques for the calculation of total intersection delay have been
developed.*? The most widely used employ mathematical models to calculate various
aspects of total delay which are the result of vehicle arrival patterns. The comparison of total
delay during the “before” and “after” periods of this study will be accomplished through the

use of the SOAP simulation model.

3.1.2 Approach Delay

The research study will also assess the change to the specific portion of intersection delay
known as approach delay. The approach delay is measured separately at each approach. It
is defined as the length of time that vehicles approaching the intersection from a particular
direction are delayed due to a red signal phase and/or a stopped queue in front of them which
prohibits their travel through the intersection.“4 To express approach delay in more useful

terms it is often converted to average stopped delay per vehicle on a given approach during

a specified time interval. This is the measure by which the Highway Capacity Manual"”
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assigns a Level of Service rating to signal controlled intersections.

The average approach delay per vehicle can be measured in various ways, using various
means. One method is to record the delay experienced by vehicles located at three positions
within the stopped queue. Delay measurements are taken from the first vehicle arriving after
the start of the red phase, the last vehicle to join the stopped queue, and that of a vehicle
lying somewhere in the middle of the queue. The three delay times are averaged and
assigned to each of the total number of vehicles in the queue. To study an hour long period
this process of delay measurement and assignment would need to be completed for each
approach during all signal cycles within the hour to determine the average delay during that
time period. The average approach delay times during the “before” and “after” periods of

this study, will be accomplished automatically using SOAP traffic simulation models.

3.2 Approach

The experimental approach used to determine the extent of the changes after the
implementation of SCATS, will involve a modified “before/after” analysis. A typical
“before/after” analysis technique requires the collection and study of like data elements
during time periods both before and after a change is made to a system. The premise of this
type of study states that when all other factors involved in the system are controlled for, any

differences which are recorded are attributable solely to the changed variable.

For reasons that will be detailed later in this chapter, the research methodology of this study
will require a modification of the traditional “before/after” design. The analysis of the
“after”” condition will take place prior to the analysis of the “before” condition. The “after”
study will analyze traffic conditions in South Lyon after the implementation of SCATS
traffic signal control. The “before” analysis will evaluate the same traffic conditions under
optimized fixed time traffic control. The same measures of operational effectiveness; total

intersection delay and average intersection approach delay will be used to assess both
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“before” and “after” periods.

As is often the case with many research methodologies, the “before/after” technique of
analysis contains some inherent weaknesses. Some of the shortcomings of this technique
stem from the lack of total control over the fixed factors involved in the experiment. The
experimental assumption is that all factors remain constant and all recorded changes would
be the result of the change to SCATS signal control. Unfortunately, traffic volumes, turning
movements, and incident occurrences can vary significantly from hour to hour, day to day,
and week to week. Therefore, it would be impossible to hold all of the factors constant in
the field. To restrict the amount of variability in these elements during the separate periods
of the analysis, computer simulation will be used. Simulation will allow controlled and
repeatable experiments to be performed on the traffic stream. With the use of the SOAP
intersection simulation and analysis program, it is also possible to calculate and present
detailed information about the performance of a signal at an intersection. To accomplish the

same level of detailed analysis in a field setting would be nearly impossible.

The research strategy will incorporate four primary steps of data collection, ’before” and
“after” simulation experimentation, and a comparative statistical analysis. Each of the four
steps will build upon the results gained from its predecessor. The first step will involve the
collection and sorting of all data elements required to construct and execute the comparative
traffic simulation models. The second and third steps will include the assembly of the
models to conduct the “after” and “before” analyses. The final step of the study framework
will complete the statistical comparison of the “before” and “after” measures of
effectiveness. Detailed descriptions of each of these steps is presented in the following

sections.

3.2.1 Data Collection
The data collection phase of the study will involve the collection of both physical elements

and traffic flow parameters of the South Lyon traffic network. The physical elements of the
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system include features of the South Lyon road network such as the number of road
segments, intersections, approach lanes and use configurations, as well as traffic control
items such as posted speed limits. The original fixed time signal timing information will also
be recorded during this time and subsequently verified against Road Commission signal log
records. All of these data elements will be collected manually, primarily through visual

inspection.

The collection of traffic volumes will not be completed in the field, rather they will be
computed from SCATS data files. These files are created by the SCATS control software
and are stored at the Road Commission for Oakland County traffic operations center in Troy,
Michigan. Traffic flow information is collected at the intersections in South Lyon by the
Autoscope video image detection system. The Autoscope detection architecture allows the
presence of vehicles to be acknowledged at each approach to the SCATS intersections.
Traffic information is collected primarily for the purpose of selecting an appropriate timing

plan for the intersection. However, this information can also be stored for later analysis.

A typical SCATS data file contains several important pieces of data which can be used to
analyze the operation of the signal and traffic conditions. It is made up of a stream of data
records that include a cycle-by-cycle history of signal phase splits, cycle length, and approach
degree of saturation. Using relatively simple computer programs, the files can be sorted and

the pertinent traffic volume and signal timing information extracted for use.

The collection of traffic volume and signal timing data for the “after” analyses will not be
conducted immediately after the change to SCATS signal control in South Lyon. The
collection of the data will begin after an “acquaintance and adjustment” period has taken
place. The adjustment period will be required for several reasons. Most important, it will
allow drivers to adjust to the new signal phasing strategies. SCATS is not only real-time
adaptive, it may also adjust, rearrange, or eliminate certain phases from the signal cycle.

Thus, drivers who were familiar with the fixed time signal operation will be allowed to adjust
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their driving habits to fit the new SCATS control plans. The adjustment period will also
allow the Road Commission for Oakland County time to correct and “fine tune” the

operation of the SCATS system.

(13 9

The second step of the experimental approach strategy will be to complete the “after”
analysis study. The “after” analyses will be conducted using the stored signal and traffic data
and physical features of the South Lyon collected in the first step. A SOAP simulation
model of the traffic conditions for a one hour interval will be coded with this information.
Separate models will be constructed for each of the six SCATS controlled intersections with

the network.

Unfortunately, the SOAP modeling environment, nor any other currently commercially
available traffic modeling software, allow modifications of traffic signal timings in response

to traffic volume to be made during program execution.

To overcome this lack of sophistication, the “after” analyses will be conducted using a series
of incremental SOAP simulation runs. Each SOAP model series will correspond to a time
interval as it was recorded in South Lyon. Each increment in the series will represent a
single signal cycle time “slice.” The SCATS implemented signal phase split plan, offset, and
cycle length for each one cycle increment recorded in the data file will be used to code the
model. The length of each time slice will depend on the length of signal cycle length which
was selected by the SCATS control program. The output data from this sequence of

simulation runs will be compiled to analyze the full one hour period.

The approach traffic volumes used in the “after” simulation models will be augmented by
turning movement volumes as they occurred in the field. This is useful since the SCATS
control structure implements signal timing plans based on a “saturation equalization”

concept. Some of the intersections have phase splits that are modified based on the degree
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of saturation for critical movements on the constituent approaches. Additionally, SCATS
implements cycle length and phase splits changes based on the efficiency of the preceding
cycle. If one particular movement was below saturation during a cycle, it will in theory,

receive less green time during the next cycle.

The final phase of the “after” analysis will be to use the “after” traffic model output to
calculate the various measures of effectiveness (MOE). These measures will include the
total intersection delay, average intersection stopped delay, and the average travel time for
selected routes within the network and will serve as the basis for comparison against the

“before” simulation results.

[ ”

Step three will encompass the “before” traffic analysis. The “before” simulation model will
represent the traffic flow conditions in South Lyon prior to the implementation of the SCATS
control system. Instead of using field traffic volume data collected in South Lyon under the
fixed time signal settings, the “before”analysis will use the same traffic volumes as the
“after” study. This arrangement will insure a direct comparison of conditions. The traffic
signal timings will be modified from the “after” models. An optimized version of the RCOC
fixed time signal phase split, cycle, and offset timing plans will be used to process the traffic
demand. Separate “before” models for each intersection will be executed to calculate the
signal MOE’s. However, each run will model a full one hour period instead of the multi-step

approach used in the “after” analysis.

An optimized version of the original RCOC fixed timing plan will be used so that an
objective comparison can be made between SCATS and fixed time control. The original
Road Commission pretimed signal phase split, cycle, and offset timing plans were developed
to efficiently accommodate peak and off-peak traffic demand using a system of historical
traffic volume and flow monitoring. The original RCOC signal timing plans may not

represent the time settings for the greatest reduction in delay for traffic volume recorded
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during the study time periods. The fixed signal timings will be optimized using the SOAP
phase split optimizer before being used to calculate the output MOE’s. The use of these
optimized timings will help to demonstrate the difference in delay conditions between
SCATS and optimized fixed time control. Any improvement which is gained from SCATS
will represent the result of its utility rather than the result of a comparison to a poorly timed

fixed time system.

Separate simulation models representing each of the six SCATS controlled intersections will
be constructed and executed during the “before” analyses. In contrast to the segmented
“after” models, each of the “before” simulation models will be executed as a single
continuous model. The one hour approach traffic volumes will be the same as “after” study
and turning movement percentages will use the same distribution as the “after” analysis.
Since the signals timing plans are fixed they will not be influenced by the level of traffic.

The sole difference between the two analyses will be the traffic signal timings.

The final phase of the “before ” analysis will be to determine the SOAP “before” traffic
model output measures of effectiveness. As in the “after” analysis, the measures will include
the total intersection delay, average intersection stopped delay, and the average travel time
for selected routes within the network. After these figures are calculated they will be

compared in the final phase of the study.

324 C . f Resul i Conclusi
The final step of the project will be to compare and document the observed differences in the
measures of effectiveness between the “before” and “after” periods. The comparison will
be performed using statistical testing procedures which have been developed specifically for

evaluating the results of experiments identical to that which has been proposed in this study.

The primary statistical testing procedure that will be used to compare the “before” and

“after” simulation output data will be the t-test. The t-test incorporates a procedure which is
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ideal for making paired comparisons of two data sets, especially “before/after” studies. A
comparison of the mean total delay, stopped delay, and average travel time in the “before”
period will be made against the mean total delay, stopped delay, and average travel time in
the “after” period. The t-test allows a statistical determination of the degree of difference
between the two study times to be calculated. It will also allow the significance of the

difference to be determined to a specified level of confidence.

The t-test will be used to evaluate the hypothesis of the study; that SCATS control will result
in a significant change to the average values of the performance measures in the South Lyon
system. The test procedure will be based on the mean and standard deviation of the delay
and travel times determined for the “before” and “after” analyses. The t-testing method
makes it possible to determine if the change is attributable to SCATS or if it is due to random

variations in operating conditions of the traffic.“*4



Chapter 4.
South Lyon Traffic Analysis

The analysis of traffic flow conditions before and after the implementation of SCATS traffic
signal control was conducted using mathematical and computerized modeling and analysis
techniques. Currently, there are several computer based analysis packages which can be used
for the evaluation of traffic signal performance. The levels of input and output data
complexity found in these packages vary significantly. One commercially available traffic
signal analysis tool is the Arterial Analysis Package (AAP). The AAP incorporates several
different computer modeling and analysis programs that can evaluate different aspects of
signalized traffic flow. The intent of the AAP system is to coordinate the use of these
component programs to permit the simulation, analysis, and comparative evaluation of
different signal timing strategies for a network of traffic signals. One of the constituent
programs is TRANSYT-7F. TRANSYT-7F is used for the analysis of arterial traffic flow.
It assists in the selection and evaluation of traffic signal offsets and cycle lengths. Another
component of the AAP is the Signal Operations Analysis Package (SOAP). SOAP focuses

on individual intersections. It allows automated comparisons and evaluations of various

40
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intersection signal timing strategies.

Currently, neither the AAP, NETSIM, nor any other existing traffic modeling system permit
a detailed analysis of real time adaptive traffic control systems like SCATS. To overcome
the current lack of analysis tools, a new technique was developed to model the “before’ and
“after” delay conditions of the South Lyon traffic network. This new technique uses a
combination of the SOAP signalized intersection traffic analysis package, existing
mathematical models, and a new computational computer program developed specifically

for the processing SCATS output data files.

The goal of this methodology was to use it to construct a set of traffic analysis models
capable of simulating the intersection approach delay conditions of the South Lyon system
before and after the implementation of SCATS. While the SOAP program could not be used
directly for this purpose, the new analysis procedure was developed based on the SOAP
delay computational methodology. A number of steps were required to create and make use
of this analysis procedure. The following sections of this chapter describe the process and

assumptions that were used to create the various models and present the results.

4.1 Data Collection

The first phase of the model development involved the collection and reduction of all
elements necessary to describe the conditions at the South Lyon intersections. The SOAP
program and its constituent equations are fairly detailed in their analysis of traffic conditions
resulting from various signal timing strategies. By contrast, the input data requirements are
not nearly as detailed. As a result, the data required to code and execute the models were
relatively easily obtained. The acquisition of additional data to compare the model results

to actual traffic conditional was also required.
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The collection of data fell into three primary categories. The first category included the
SCATS traffic signal timing and the traffic volume information. These data were collected
remotely and stored automatically by the FAST-TRAC SCATS system. The second category
of data were collected by more traditional methods of direct observation. This data included
elements such as intersection approach geometries and the fixed time signal plans. The last
set of data collected for use in this study were collected as part of related SCATS evaluation
studies in South Lyon. This information was used primarily for the comparison and

verification of the model output data.

The collection of the "before" traffic volume and traffic signal timing data took place during
the spring, summer and fall of 1995; prior to the implementation of the SCATS signal
control and Autoscope video imaging system. The fixed time signal timing data was
collected during a field visit on April 22, 1995 and verified against Road Commission for
Oakland County signal log records. There were six signalized intersections within the South
Lyon street network. They are the intersections of: Pontiac Trail with Nine Mile Road,
Reynold Sweet Parkway, McHattie Street, Ten Mile Road, and Eleven Mile Road. The only
signalized intersection not in the Pontiac Trail corridor was the Ten Mile Road/Reynold
Sweet Parkway intersection, located approximately 1,000 feet east of Pontiac Trail. As part
of the FAST-TRAC project, the control of all six of these intersections were converted to
SCATS control. A street map showing the locations of each of the study intersection was

presented earlier in Figure 1.2

The “before” signal cycle lengths, phase patterns, and intersection approach lane geometry
are illustrated in Figures 4.1a, 4.1b, and 4.1c. The cycle lengths at all intersections, except
for the Pontiac Trail/Eleven Mile Road signal, were 80 seconds. At this location the traffic
signal was set to a cycle length of 70 seconds. Thus, there was no coordinated progression
on Pontiac Trail between Ten Mile and Eleven Mile Roads. All signals operated under a six

phase operation except for the signals at the Ten Mile Road intersections with Pontiac Trail
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and Reynold Sweet Parkway. At these two intersections the signal timing configurations
allowed for separate left turn phases on each of the approach legs. The road geometry of the
link segments and intersection approaches was measured at the same time as the traffic signal
timings. All of the approaches to the study intersections featured an exclusive left turn lane.
With the exception of the south approach to the Pontiac Trail/Eleven Mile Road intersection,
all approaches to the study intersections also featured shared through/right turn lanes. None
of these approach geometries were altered during or between the "before” and "after" phases
of the study. Originally, there was no exclusive left turn phasing at the Pontiac Trail
intersection at Nine and Eleven Mile Roads. After the completion of the FAST-TRAC
project the north and southbound left turn movements at each of these locations were given

permissive/protected left turn phasing.

Most of the road segments, or links, between the intersections featured two lane cross
sections. The exceptions to the two lane cross section were segments of Pontiac Trail and
Reynold Sweet Parkway. A continuous center lane for left turns exists on Pontiac Trail
between Ten Mile Road and Reynold Sweet Parkway. The common center left turn lane also
extended north of Ten Mile Road for 500 feet. A continuous center lane for left turns existed
on Pontiac Trail for a distance of approximately one half mile north of Nine Mile Road. The
center turn lane also extended south of Nine Mile Road for a distance of approximately 700
feet. At the intersection approaches, the standard two-lane cross sections increase to more
than two lanes. Wider approaches are able to accommodate exclusive and shared

through/turn lanes.

A schematic diagram of the Reynold Sweet Parkway and Ten Mile Road intersection is
shown in Figure 4.1b. The position of the railroad track at this location required the
construction of a "double signal" at the westbound approach to the intersection. Westbound
traffic is controlled by a multi-phase signal allowing a pre-emptive red for train crossings or

permissive/protective left turn when no trains are expected.
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The posted speed limits varied in the South Lyon network. In the central business district
vicinity of the Ten Mile Road/Pontiac Trail intersection, speeds were restricted to 25 miles
per hour. Posted speed limits on Pontiac Trail are 35 miles per hour immediately outside the
core commercial district and 45 miles per hour in the vicinity of Nine and Eleven Mile

Roads. The posted speed limit on Reynold Sweet Parkway was 35 miles per hour.

The collection of the "after" traffic volume and signal timing information took place during
the week of May 6th through May 10th, 1996. The "after" data elements of the system were
composed primarily of the traffic volume and traffic signal timing features of the system.
Both of these key statistics were collected automatically by the SCATS data processing
system. In addition to adaptive signal control, the SCATS system has the capability to
collect and store a number of important details relating to the flow of traffic and control of

signals at the intersection.

Each of the signals controlled by SCATS incorporates a system of video imaging cameras
which are positioned to record the presence of vehicles for critical movements at the stop line
locations. A "critical movement" is a left turn, right turn, or through movement which is
allotted green time during the signal cycle. At a minimum, through movements must be
recorded to allot green time to the approaches. At locations where a separate left turn
phasing is used, Autoscope cameras are added to record the left turn traffic volumes. No
right turn traffic volume information is collected in South Lyon. The right turn and through

traffic both use the through lane and are unopposed by conflicting traffic movements.

A typical SCATS output file contains a wealth of information. A segment of the Ten Mile
Road/Pontiac Trail intersection SCATS output data file is shown in Figure 4.2. The SCATS
output file consists of a stream of cycle-by-cycle information containing key performance
statistics for each critical movement on the constituent approaches. The first line of each

record shows basic information such as the date, time, region, and location of the
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intersection. It also contains signal control information like the current mode of operation,
tactical or strategic, the primary split plan and cycle length, the controlling strategic
approach, and the intersection degree of saturation. The third through tenth lines reveal the
important statistics for each of the eight strategic approaches. Strategic approach one and
three represent the through and left turn movements for northbound Pontiac Trail. The
through and left turn information for south, east, and westbound approaches are shown as

lines 2 and 4, 5 and 7, and 6 and 8, respectively.

The first column showing *“35" is the code number for the Pontiac Trail /Ten Mile Road
intersection. The second column, beginning with the letter “S,” indicates the strategic
approach number and vehicle group. The next column, under the heading “PT,” indicates the
length of the green phase dedicated to each movement. The following column, under “DS,”
indicates the degree of saturation for the critical approach during that cycle. The next
column, under the heading "VO, " shows the actual volume of traffic which was recorded at
the approach location by the Autoscope sensor. The next column in the group, designated
with the heading "VK" indicates the number of vehicles estimated by the SCATS control
program when the algorithm selected the appropriate green phase length. The final column
for each of the critical movement lines indicates the average degree of saturation for the
movement. The average is calculated from the degrees of saturation recorded for the current
and previous two signal cycles. This process is then repeated for each successive signal

cycle.

Since all six of the signalized intersections were converted to SCATS control, all of the
necessary traffic volume information was collected remotely, using the SCATS/Autoscope
data processing system. Unfortunately, not all of the intersections were equipped to collect
all of the data that was required for analysis in this study. The SCATS configuration at the
intersections of Pontiac Trail at McHattie Street and Reynold Sweet Parkway did not allow
for the collection of left turn movement data. The traffic volumes collected by the SCATS

system at these locations are limited solely to the through movements. Using this
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information signal timings are interpreted by SCATS in the local controller. The
coordination of the cycle length and offset between adjacent intersections is computed at the
Troy traffic operations center. The lack of recorded traffic signal output files for these two
intersections made the delay parameter assessment impossible in this study. Delay
parameters were calculated only at the four intersections of Pontiac Trail and Nine Mile
Road, Pontiac Trail and Ten Mile Road, Pontiac Trail and Eleven Mile Road, and Reynold
Sweet Parkway and Ten Mile Road.

4.1.3 Related Data

Interest in the performance of the FAST-TRAC system has resulted in the completion of a
number of concurrent studies. As a result, many different types of traffic data have been
collected by the Road Commission for Oakland County and other research teams conducting
performance evaluation studies in South Lyon. One particular study“” involved the
collection and analysis of empirically recorded approach traffic volume and delay data. This

information was particularly useful in this study.

The collection of this intersection approach directional turning movement and delay data
took place prior to the activation of SCATS in December, 1995 and later after the activation
of SCATS in May, 1996. The data were collected with the use of video cameras positioned
to record the arrival characteristics of oncoming traffic. Specific approach movements at the
intersections of Nine Mile and Eleven Mile Roads with Pontiac Trail were video taped on
Wednesday, December 6th, Thursday, December 7th, and Friday, December 8th 1995. The
delay data was recorded during the hours of noon to five o’clock p.m. Taping during the
usual peak hour of 5:00 p.m. to 6:00 p.m. was not possible due to the low visibility
conditions after 5:00 p.m.

Two cameras were positioned at the southeast corner of the Nine Mile Road/Pontiac Trail
intersection. The cameras were aimed to record oncoming traffic on the north and west

approaches to the intersection. Two different cameras were positioned on the southwest
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corner of the Eleven Mile Road/Pontiac Trail intersection. These cameras were aimed to
record oncoming traffic on the north and east approaches to the intersection. Data reduction
took place when the video tapes were reviewed using a television, video cassette recorder,
and stop watch. Although time consuming, this method of data collection and reduction
resulted in accurate and detailed time measurements of individual vehicles. Tapes could be
played, rewound, and replayed to record the arrival and delay time characteristics for
simultaneously arriving vehicles. To accomplish the same results in a field setting would
have required up to eight people per approach. Summarized results showing the “before”

and “after” volume, delay, and signal information is presented in Table 4.1.

4.2 Development of the Traffic Analysis Models

The original intent of this study was to use the SOAP traffic signal analysis software to
directly model the "after" delay conditions in South Lyon on an incremental, cycle-by-cycle,
basis. Unfortunately, certain aspects of the SOAP program make the use of this approach
impossible. To complete an affective comparison, a new computerized methodology was
developed. After further data analysis it was determined that this system would also have
to be used to analyze the “before” conditions. This section details the methodology of the
SOAP delay calculation procedure as well as highlighting some of the limitations that
prohibited the use of the SOAP program for the completion of this study. The development

of the new analysis methodology will also be described in this chapter.

+2.1 The SOAP P | Its Limitati
SOAP was developed for the analysis of traffic signal design alternatives at four-legged

intersections with or without protected left turning phase intervals in the signal sequence,
including fixed time, semi-actuated, and fully actuated control. One of the benefits of the
SOAP program is that it allows the operating characteristics of an individual intersection to

be expressed in terms of specific measures of effectiveness (MOE). SOAP MOE:s include
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various vehicle approach delays, number of stopped vehicles, fuel consumption, queue
lengths, and other flow characteristics.”? A further benefit to the system is that it allows
these MOE to be calculated for relatively short time intervals. Its design allows a user the
ability to analyze up to 48 separate time increments in a single program execution. Thus, it
was originally hoped that a series of forty five 80 second time increments could be used to

evaluate one hour of delay at intersection with an 80 second signal cycle length.

Unfortunately, it was discovered that this approach would not be possible with SOAP. The
initial plan was to use SOAP to model the “before” South Lyon intersections based on the
RCOC fixed traffic signal timings and the traffic volumes recorded in the SCATS output
files. The “after” conditions would be modeled on a cycle-by-cycle basis using the same
traffic volumes and modifying the signal timings after each signal cycle. The minimum
allowable SOAP analysis time interval is five minutes. SCATS control makes modifications
to the traffic signal phasing plan every signal cycle. As a result, some of the cycle length

settings for intersections in South Lyon were as short as 50 seconds.

It was also recognized that the SOAP approach delay calculation procedure uses a
deterministic modeling approach that would be very useful in this study. The deterministic
approach lends itself to a situation like a fixed time/SCATS comparison because it has the
ability to make a delay calculations for any length analysis period. The SOAP computational
strategy calculates the critical movement delay for a specified time period of signal operation.
The amount of delay is a function of the conditions which exist during the analysis interval,
independent of the time period length. For example, SOAP calculates identical average
delays for a volume of 50 vehicles arriving during a five minute interval and 600 vehicles
arriving during an hour long interval. The SOAP procedure does not differentiate between
the two as long as the traffic proportions, Qignal timing, saturation flow, vehicle headway,
and lost time were the same. The total intersection delay is calculated by using the sum of
the average incremental delays throughout the full analysis period. While this delay

calculation methodology is quite useful, it is not as comprehensive as some of the more
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sophisticated traffic simulation systems. Some of these shortcomings are addressed later in

this chapter.

The delay calculation procedure that is used by SOAP employs a modified version of the
Webster and TRANSYT-7F delay calculation algorithms. The Webster algorithm was
developed during the 1950's and 1960's for calculating delay at signalized intersections.“®

The Webster equation, shown below, contains three separate delay terms.

d, = [C1-1)¥2(1-Ax)] + [x*/2q(1-x)] - [0.65(C/q*)'® * x***}]

where,

d, = average delay per vehicle on the particular approach of the intersection (sec/veh)

C = cycle time (seconds)

A = proportion of the cycle that is effectively green for the phase under consideration (i.e.,
g/C)

q = flow (vehicles per hour)

s = saturation flow (vehicles per second of green)

x = degree of saturation (i.e., X = q/As)

The equation calculates the average delay per vehicle on an intersection approach, heretofore
classified as “approach delay.” It includes both stopped delay as well as lost time due to
accelerating from a stop and decelerating from the free flow travel speed. Each of the three
terms ir; the Webster equation represent the contribution of a different delay component
apparent at signalized intersections. The first term represents the average delay for an
approach assuming uniform arrivals at a fixed-time signal controlled intersection. It was
derived from deterministic queuing theory equations. The second delay term is added to the
first to account for random arrivals. The third term is subtracted from the first two and can
vary from zero (in the case of purely random arrivals) to the value of the second term (in the
case of purely uniform arrivals). The third term was empirically derived from simulation and

field measurement.“®
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To calculate approach delay, SOAP has made a modification to the original Webster
equation. The change involves the elimination and replacement of the second and third terms
of the algorithm. The replacement term comes from an algorithm developed in England in
the late 1970's by Robertson for use in the TRANSYT signal design and analysis program.“”
Robertson retained Webster’s first term for uniform vehicle arrivals but replaced the last two
terms with a single term to give more accurate predictions of approach delay during higher

degrees of saturation. The Robertson equation is in the form:

D, + D, = [(B/B,)? + x*/B,]"* - B,/B,

where,
B,=2(1-x)+xz
Bd= 4Z‘ Zz

z = (2x/v) * (60/T)
v = approach volume (veh/hr)

T = period length (min)

The Robertson modification to the Webster equation was incorporated to more accurately
assess delay for traffic volumes which approach or exceed the design capacity of the
intersection. The Webster equation, by itself, is useful when analyzing approaches with a
degree of saturation between approximately 15 and 97 percent. When the degree of
saturation exceeds 97 percent, the Webster equation produces delay values which are
negative and do not become positive until a degree of saturation in excess of 130 percent is
attained. To illustrate this concept the following example is presented. When the volume
of a particular approach with a saturation flow of 1,600 vehicles per hour is increased from
1,300 to 1,400 vehicles per hour, the average delay predicted by the TRANSYT model
increases form 20.6 to 27.3 seconds per vehicle. The same average delay value calculated
with the unmodified Webster equation shows an increase from 23.9 to 74.5 seconds per

vehicle.®
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The SOAP delay calculation procedure for left turn traffic involved a more complicated
version of the through movement calculation methodology. The left turn delay calculation
strategy expands the basic through movement calculation procedure by employing a delay
prediction based on a calculated left turn capacity. The SOAP methodology assumes the left
turn capacity for a permissive/protected left turn phase during the signal cycle is the result
of three separate capacity and delay calculations. The first regime determines the delay
resulting from the protected phase of the signal plan. The capacity and delay for this interval
are relatively simple to calculate. The delay can be calculated using the basic
Webster/TRANSYT equation where the input parameters are those assumed or recorded for
the left turn movement. The second delay regime comes from the number of left turns
which can be completed during the permissive phase. This delay is calculated by first
determining the portion of permissive left turn green time in which there is no through traffic
opposing the left turn movement. This is found by subtracting the actual opposing through
volume from its theoretical saturation flow volume. The “unsaturated” or remaining green
time can be used to accommodate left turns unopposed by through traffic. The third regime
of left turn clearance capacity is determined from the number of turns that can complete the
left turn maneuver during the "all red" clearance interval. In the SOAP documentation these
clearance interval left turners are referred to as "sneakers.” In South Lyon, it was assumed

that one sneaker vehicle would be able to complete a left turn during the clearance interval.

The calculation of left turn delay in South Lyon was completed only for permissive/protected
left turn conditions. No "permissive only" left turn delay could be analyzed since the SCATS
data collection and analysis architecture collects left turn volume and phasing statistics only

for protected left turn movements.

After understanding the internal procedure of the SOAP program’s delay calculation
methodology, it became possible to duplicate the procedure and incorporate additional
features for use in this study. The new procedure would also incorporate a mechanism to

shorten the allowable analysis window from the SOAP imposed minimum of five minutes,
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to a time interval of 50 seconds. Thus, it would be possible to calculate average approach
vehicle delays and total intersection delays for the intersections in South Lyon directly from
the SCATS output file data.

(13 99

Recognizing the merits of this type of deterministic delay calculation procedure, a computer
program incorporating a similar approach was developed to calculate the delay of critical
movements within the South Lyon under SCATS control. The program used the SOAP
calculation methodology as well as a data extraction system to read traffic and signal timing
information from a SCATS output data file. To analyze the “after” traffic conditions, the
program used the Autoscope recorded volumes and SCATS signal phase timings to calculate
average approach delay for each signal cycle. Total delay was calculated using the product
of hourly vehicular volume and average approach delay. The same program configuration
was used to complete the “before” analysis. Instead of using the SCATS signal timings, an
optimized fixed time signal plan, in which the signal timings did not vary from cycle to cycle

was used.

The analysis models were divided into two separate groups. The first set of models were
developed to analyze the “after” conditions of South Lyon. The “after” analysis was
completed prior to the “before” analysis because of the manner in which the traffic volume
and traffic signal data were collected. The “before” models also required the completion of
a SOAP signal timing optimization analysis to determine the most effective signal phase
split arrangement to accommodate the hourly traffic volumes. The same analysis technique
and cyclical traffic volume data were used for both the “before” and “after” periods. The

sole variant between the two groups was the traffic signal timing.

Four separate computer programs, one for each of the four intersections analyzed in South
Lyon, were coded using the Fortran programming language. Each intersection required a

separate program to accommodate various SCATS output data file formats. Each
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intersection had a different number and order of the critical approaches within each data set.
The intersection of Ten Mile Road and Pontiac Trail incorporated eight critical approaches.
Each of the four intersection approach legs included a single shared through/right turn lane
and a single exclusive left turn lane. The intersections of Nine and Eleven Mile Roads with
Pontiac Trail included through lane information only for two of the four approach legs.
Separate left turn data were recorded for the north and southbound approaches at both
intersections. The Ten Mile Road/Reynold Sweet Parkway intersection data set included
through and left turn data for the westbound approach, through data for the eastbound
approach, and a single unopposed left turn approach volume and signal data on the
northbound approach. The data collection configuration at the Ten Mile Road/Reynold
Sweet Parkway location was different from the other three because it has only three approach

directions.

An output listing of the program source code for the program written to analyze the
intersection of Pontiac Trail and Ten Mile Road is included in Appendix A of this report.
The program is composed of three separate components of data retrieval, delay calculation,
and delay output information. The program was designed to read the SCATS output data file
and extract the traffic volume detected and the green time dedicated to each of the eight
critical intersection approach movements. This information was used to “feed” the modified
Webster/TRANSYT delay equation. The average approach delay was calculated separately
for each movement during each cycle. The hourly average of this delay as well as the total
of all delay for the intersection experienced during the full hour were calculated and written
to an output file. A sample segment of this output file has been included as Appendix B of
this report. As shown in the sample output, the program structure allowed the data to be
extracted, delay to be calculated, and statistics to be written continuously until the end of the
SCATS file was encountered. While the length of the output file was the same for each
intersection, the number of SCATS data records that were extracted and used in the
calculation process to determine the delay times under SCATS controlled conditions varied

from approximately 30,000 to over 45,000 records.
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Three input parameters used in the “after” models were not taken directly from the SCATS
output data files. These were the vehicle start-up lost time, headway, and critical movement
saturation flows. Each of these parameters is critical to determining the delay at signalized
intersections. The headway and saturation flow rates determine the capacity that a particular
lane group has to service the traffic demand. A traffic demand in excess of the capacity of
the approach will experience greater delay. The lost time value reflects the amount of time
that a green signal phase can not service the approach traffic demand. The lost time
parameter is also critical because its effects are felt during each signal phase. A few seconds
of lost time for a four phase signal with a one minute cycle can result in over nine hours of
wasted green time every day. The values for lost time, headway, and saturation flow for each
of the intersection approach locations were collected from Road Commission for Oakland

County Traffic Operations Center records.

SCATS data files were recorded for the South Lyon intersections during a one week time
period starting at midnight Monday May 5, 1996 and ending at midnight Saturday May 10,
1996. From the recorded data it was possible to analyze twenty separate periods for each
critical intersection approach movement as part of this study. As a result the total size of the
comparison sample data set included 480 records for the “before” condition and 480 records

for the “after” condition.

The analysis program calculated the average approach delay and total intersection delay for
each hour of the day. To analyze a varying sample of traffic conditions, four separate daily
analysis periods were selected. The first was the hour between 12:00am and 1:00am. This
hour represents one of the low traffic demand periods of the day. Often, several traffic signal
cycles would occur before a single vehicle was detected on a particular approach. Under
these conditions it was thought that SCATS would function at its best. Only the minimum
green time would be allocated to the low volume movements. Correspondingly, it was

expected that delays for the remaining approaches would also be minimized.
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Two peak traffic demand periods, 7:00am to 8:00am and 5:00pm to 6:00pm, were also
analyzed. These intervals were selected for the opposite reason. The comparison of SCATS
to fixed time signal control would help to illustrate the differences in operation during high
demand periods in which SCATS could implement a longer cycle length and better allocate
green time to the high demand movements in an effort to minimize delay. The final analysis
period was the hour from 12:00pm to 1:00pm. During this hour the demand was between
the high demand volume of the morning and evening peak hours, and the midnight low level

volume.

4 « »
The second phase of the South Lyon traffic analysis involved the completion of the “before”
portion of the “before/after” study. The “before”delay analysis incorporated a two step
approach. Rather than using the actual RCOC signal timings for South Lyon, a set of
“optimized” fixed time settings were used to determine the “before” delay conditions. The
decision to use optimized fixed time was made to assess the benefit of real time adaptive
signal control against a well timed fixed system. A comparison against the original timing
plans may have showed a benefit based on a poorly timed fixed system. Therefore, the
benefit would be from improving a bad condition instead of comparing two different, though

equally good, systems.

The SOAP program was also used to determine an “optimized” fixed timing plan to compare
the adaptive and fixed control strategies. The explicit SOAP optimization strategy attempts
to minimize delay by using a cycle length, green split, and dial assignment optimization
process. All of these parameters can be calculated automatically by the program. SOAP
also allows an implicit optimization method. The implicit method requires some judgement
on the part of the user with regard to the use of permissive versus protected left turn control,
actuated control, and phase sequence selection. All of the implicit optimization methods and
some of the explicit ones were based on some of the SCATS minimum parameters to assure

a fair comparison.
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The SOAP optimization process works by attempting to minimize the total intersection delay
for the time period under analysis. Earlier it was shown that SCATS minimizes the delay by
equalizing the degree of saturation for each of the constituent intersection approaches. By
contrast, SOAP attempts to reduce stops and delay on a “global” scale. This philosophy is
best illustrated by a major street/minor cross street intersection situation. In this situation
the major street volumes are significantly higher than the minor street traffic. SOAP would
minimize the intersection delay by allocating a proportionately higher percentage of green
time to the major street approaches. However, the benefit realized by the heavier movement
delay reductions would be gained at the expense of the minor street traffic. In extreme cases
the minor street approach traffic could experience average delay greatly in excess of those
experienced by the major street approaches. The total delay is minimized because the

inordinately average high delays are experienced by a relatively low number of vehicles.

As noted in the SOAP manual*? this method results in an unfair allocation of green time,
especially in situations where one of the minor street approach volumes is relatively high.
However, this method can result in substantial savings in vehicle emissions and operating

costs because the total amount of stops and delay at the intersection in minimized.

The optimization procedure used to determine the “before” fixed time signal plan did not
take full advantage of the SOAP optimization process. The signal cycle lengths used for the
fixed plans were the same as the SCATS average in each of the four analysis periods. The
similar cycle lengths were used to account for the need for coordinated progression between
the signals. SOAP analyzes each intersection in isolation. In reality SCATS could have been
limited in its selection of a more suitable cycle length by the need to maintain coordination
with adjacent signals. Minimum green time restrictions were also placed on the SOAP
system. In several instances SOAP attempted to allocate very low green times to minor street
movements. However, these green times would not allow adequate time for pedestrian
clearance and could result in safety problems with drivers attempting turning movements into

a traffic stream with inadequate gaps.
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Two other restrictions were placed on the SOAP selection process. The same
permissive/protected left turn phasing was maintained between both of the test groups. Once
again, this decision was based on real-world safety considerations in which protected left turn
phasing would be warranted by the lack of acceptable left turn gaps. The final restriction
was the forced use of the same phase sequence pattern. It was felt that this would result in
a more balanced comparison without significantly effecting the signal performance

parameters.

Separate optimization trials were completed for each time period at each of the four
intersections. These signal timings were based on the average traffic volume recorded during
the week of data collection. The fixed time plan did not vary from day to day. The traffic
volumes and delay calculation procedure used during the “before” analysis periods did not
change. The program was modified so that the timing plan was fixed throughout the analysis
while the same SCATS traffic volumes were read for each cycle. It is recognized that a
direct one to one correspondence may not have existed during each fixed signal phase and
the volumes from each SCATS phase period. However, it was felt that the total number of
SCATS signal cycles would be approximately equal to the number of fixed time signal
phases for each separate analysis hour. The signal timing plans used to analyze each of the

various analysis periods are shown in Tables 4.2a through 4.2d.

4.3 Model Limitations
Like all traffic models, the modeling technique used to calculate delay conditions in South
Lyon had some inherent weaknesses. These weakness were the result of two primary

sources. The first came from the SOAP program and delay calculation procedures. The
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second main area of limitation came from the architecture of the SCATS system. The
SCATS/Autoscope architecture is designed to collect and process the data required to most
efficiently implement signal timings. Unfortunately, the data necessary for the operation of
the system is not perfectly designed for the completion of comprehensive and detailed delay

studies.

The SOAP analysis package was developed specifically for the analysis of isolated
intersections. It also allows the calculation of a number of signalized intersection measures
of performance. The program is limited, however, in some aspects which were important to
this study. The most important limitation of the SOAP environment is that it lacks a
mechanism to adjust the approach traffic arrival distribution. SOAP considers distribution
of vehicle arrivals to be uniform with respect to any cycle. No attempt is made to model
coordinated progression and the arrival of vehicles is assumed not to be influenced by
upstream signals. As a result a direct assessment of the benefits of coordinated progression

that SCATS can demonstrate was not possible in this study.

Another limitation of the SOAP program was the lack of ability to assess the conditions on
a stochastic basis. Unlike analysis packages like NETSIM, SOAP does not differentiate
between drivers and their various driving habits. Differences in these parameters would
primarily impact the start-up lost time and vehicle headway. While the impact of variability
of these parameters was not accounted for in this study, the large sample size helped to

minimize the effect of variation on the average values.

Another feature that is available in systems like NETSIM are detailed descriptions of
geometric features and their relationship to traffic operations. For example, the methodology
used for this analysis assumed that there were no "over saturated" left turn or right turn lanes.
This condition would result in through lane blockages and increased delays due to traffic
unable to move. The analysis methodology employed in this study assumed an infinite

length of turn lanes and no potential for "spill-back" queues from downstream intersections
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or through lane blockages. In reality, there were a limited number of occurrences of through
lane blockages on the east and westbound approaches to the intersection of Pontiac Trail and

Ten Mile Road.

The operational configuration of the Autoscope/SCATS system in South Lyon also presented
some limitations in this study. Most notable was the lack of the ability to calculate of delay
for all movements at the intersections. The system was configured to detect vehicles and
modify signal timings for only the critical approach movements. Left turning traffic was
detected only in locations where an exclusive left turn phase was present. In all cases the
right turning was combined with the through traffic movement. Therefore, no delay
parameters were calculated exclusively for right turning traffic at any of the intersections.
However, the impact of the lack of this data was not critical since the right turn traffic shared
the through traffic lane with the through traffic. Therefore, the SOAP delay calculation
procedure remained useful for all of these locations. The only exclusive right turn lane in
the South Lyon system was located on the northbound approach of Reynold Sweet Parkway

to Ten Mile Road. No delay data was calculated for this movement.

While the utility of using the SCATS output data files was obvious, the use of these files also
presented other limitations in the study. The original plan was to assess the delay conditions
at all six of the South Lyon SCATS controlled intersections. Due to the data collection
configuration of the system the intersections of Pontiac Trail at Reynold Sweet Parkway and
MCcHattie Street could not be analyzed. The SCATS data input requirements at these two
intersection was such that the approach through volumes were all that were necessary to
control the timing of the signals. The cycle lengths at these two locations is coordinated at
the RCOC Traffic Operations Management Center. The phase splits, however, are controlled
locally at the intersection signal controller. No volume or timing data is transmitted or stored

at the control center. As a result, there were no data files to analyze in this study.
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An additional factor which limited the model somewhat did not become apparent until after
the first attempts at delay modeling were completed. It was found that the
Webster/TRANSYT delay equation within the model predicted inordinately high delay
values for approach traffic levels in excess of the saturation flow. This phenomenon
occurred despite the SOAP correction of adding the Robertson model terms to the Webster
formula to limit such conditions. While over saturated conditions occurred infrequently in
South Lyon, this condition did present a problem at several locations. The most noticeable
events were observed during the low volume conditions when vehicles on the minor street
approaches were delayed in excess of one signal cycle although the approach volumes could
not have resulted in a loaded cycle. To correct this problem the maximum value for the
degree of saturation in the delay calculation equation was limited to 100%. This limitation
resulted in predictions of delay which were more realistic compared to the field observed

values.

4.4 Delay Model Output Data

After all of the programs were debugged and fully operational they were executed to produce
the output statistics required to compare the delay conditions in South Lyon with and without
SCATS signal control. A sample segment of data output produced by the model is illustrated
in Figure 4.3. The comparative MOE for average approach delay and total intersection delay
are presented in Tables 4.3a through 4.6f. The first set of tables, 4.3a through 4.3f, are for
the intersection of Pontiac Trail and Ten Mile Road. Tables 4.4a through 4.4f, 4.5a through
4.5f, 4.6a through 4.6f, illustrate the same statistics for the intersection Pontiac Trail and
Nine Mile Road, Pontiac Trail and Eleven Mile Road, and Ten Mile Road and Reynold

Sweet Parkway, respectively.

The tables are structured to illustrate the hourly volume and delay statistics for each of the
critical approach movements. The tables are further divided into four sets of columns, one

for each of the analysis intervals. Below each of the hourly approach delay values is the total
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Figure 4.3  Sample Segment of Delay Model Output
Pontiac Trail/Ten Mile Road Intersection

Period begins at 7:00
Movement #1 hrly vol. =447.000 ave. delay = 43.215
Movement #2 hrly vol. =401.000 ave. delay = 38.613
Movement #3 hrly vol. = 17.000 ave. delay = 24.958
Movement #4 hrly vol. = 16.000 ave. delay = 37.307
Movement #5 hrly vol. =194.000 ave. delay = 31.360
Movement #6 hrly vol. =336.000 ave. delay = 52.589
Movement #7 hrly vol. = 50.000 ave. delay = 34.943
Movement #8 hrly vol. = 67.000 ave. delay = 30.712
Intersection total delay= 17.606 veh-hrs

ave. cycle length = 85.810sec

Period begins at 8:00

Movement #1 hrly vol. =353.000 ave. delay = 29.904
Movement #2 hrly vol. =324.000 ave. delay = 32.991
Movement #3 hrly vol. = 16.000 ave. delay = 30.338
Movement #4 hrly vol. = 42.000 ave. delay = 23.932
Movement #5 hrly vol. =193.000 ave. delay = 37.659
Movement #6 hrly vol. =265.000 ave. delay = 34.587
Movement #7 hrly vol. = 22.000 ave. delay = 25.188
Movement #8 hrly vol. = 22.000 ave. delay = 26.563
Intersection total delay= 11.197 veh-hrs

ave. cycle length = 80.955sec

Period begins at 9:00

Movement #1 hrly vol. =369.000 ave. delay = 29.272
Movement #2 hrly vol. =389.000 ave. delay = 32.122
Movement #3 hrly vol. = 17.000 ave. delay = 65.652
Movement #4 hrly vol. = 14.000 ave. delay = 23.884
Movement #5 hrly vol. =186.000 ave. delay = 29.813
Movement #6 hrly vol. =228.000 ave. delay = 31.621
Movement #7 hrly vol. = 23.000 ave. delay = 24.237
Movement #8 hrly vol. = 27.000 ave. delay = 25.658
Intersection total delay= 10.765 veh-hrs

ave. cycle length = 80.733sec
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intersection delay statistics for both the fixed time and SCATS adjusted signal control delay
groups. Under the total intersection delay, the average cycle length for the analysis interval

is also shown.

The first five tables for each location, designated “a” through “e,” illustrate the delay
statistics for the days of Monday through Friday. The final table for each location, labeled
“f,” shows the weekly average for all of the volume, delay, and cycle length statistics for the
week. In the following chapter these statistics will be more closely analyzed and compared

in an effort to assess their significance and relevance to one another.
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Chapter 5.
Comparison and Interpretation of Modeled Delay

In the preceding chapter, intersection approach delay was calculated for the four South Lyon
intersections when they were under the control of both SCATS and fixed time traffic control.
The delay for the critical approach movements was presented in Tables 4.3a through 4.6f.
Each of these tables contained information for the four daily time intervals of 12:00am to
1:00am, 7:00am to 8:00am, 12:00pm to 1:00pm, and 5:00pm to 6:00pm. The goal of this
chapter will be to analyze these data to assess the differences in delay resulting from the two
control strategies. The significance of these differences will be determined by using various
methods of comparison, including direct and indirect statistical tests. The comparisons will
also assess the change in delay both within and between the various time and location data
groups. It is expected that the analysis of these differences will allow interpretations to be
made relative to the change of signal control in South Lyon. Taken together, these
comparisons will also demonstrate how the control philosophy of SCATS impacted the delay

parameters of intersections in South Lyon.
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5.1 Total Intersection Delay

The analysis of intersection delay was accomplished through various comparisons of the total
intersection delay in the two data sets. The definition of total intersection delay is the sum
of the delay experienced by all vehicles at all approaches to an intersection. It is usually
calculated from the product of the average vehicle delay and the total number of vehicles
during a particular analysis interval. In this study, an average delay value was calculated for
each approach movement during each signal cycle. The total delay came from the
summation of these cycle-by-cycle delays recorded during the full analysis period. The use
of total delay as a measure of effectiveness is helpful because it illustrates the overall impact
of SCATS control on the operation of an intersection. The comparison of the total delay
statistics also helps to illustrate some of the philosophical differences between fixed and

adaptive signal control.

The underlying philosophy of SCATS is to balance the degree of saturation on all of the
approach legs to the intersection. The goal is not necessarily to minimize total intersection
delay. SCATS manages the signal cycle by strategically distributing green time to each of
the approaches. This green time allocation does not, however, guarantee shorter delays to
major and minor street traffic. The benefits of this strategy are numerous, including a more
effective use of available green time, shorter minor street delays, and reduced driver
frustration. The obvious drawback to this approach is the potential for increases in total
intersection delay and decreases in signal efficiency on a system wide basis. Since SCATS
does not minimize total delay, traffic delay may increase resulting in additional wasted fuel

and increased exhaust emissions.

The fixed time phase split plans for each intersection and each analysis period were
determined with the SOAP software package and were shown in Tables 4.3a through 4.6f.
The SOAP optimization structure attempts to minimize total intersection delay by

distributing a higher percentage of green time to the highest volume movements. The SOAP
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delay minimization often comes at the cost of inordinately high delays to minor street
movements. The underlying philosophy of SOAP is to inconvenience a relatively small
number of drivers for the overall benefit of the whole intersection. The comparison of
SCATS to an optimized fixed time system will ensure that if a performance improvement
is documented, it will result from a comparison of two efficient systems rather than a good
one to a bad one. In addition to analyzing the delay difference, the comparison of total delay
in SCATS and an optimized fixed time operation will help to contrast the objective function

of the two systems.

The comparison of total intersection delay used both a percentage comparison and specific
statistical testing. The tests, detailed in the following paragraphs, resulted in many expected
and unexpected outcomes. To assess the intersection delay differences on a system wide and
hourly basis, a statistical comparison of total intersection delay was conducted. The delay
data at the four intersections, for the four separate time intervals, during the five days of data
recording, resulted in a sample size of 80 records for each “before” and “after” period. The
two samples were contrasted using a paired comparison t-test. In a paired comparison the
difference between the two separate samples is assessed. The computed means, variances,
and standard deviations for total intersection delay in the entire South Lyon system as well

as each separate time period are shown in Table 5.1.

The mean difference in total delay for the total population was +1.46 vehicle hours. The
positive value indicates that mean total intersection delay parameter increased after the
implementation of SCATS when compared to fixed time operation. A paired comparison
t-test was conducted to determine the statistical significance of this result. First, a 95%
confidence interval was calculated to determine the upper and lower bound of the statistical
mean. Using the standard deviation of 2.67 vehicle hours, it was determined with 95%
confidence that the average change in total delay was between +2.05 and +0.87 vehicle
hours. To test the hypothesis that SCATS caused the observed change in delay, an inference

test was also completed.
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A statistical inference test uses the data to determine whether a change between two data
groups is the result of an applied treatment (SCATS) or if is the result of random variation
within the data. A rejection region at a 95% level of significance was used to test the “no
change” null hypothesis. The critical value of the t-distribution and the t value for the
observed delay data for the full data set are shown near the bottom of Table 5.1. A
comparison of the t values shows that the value for the observed data (3.70) is greater than
the critical t value (1.98). An observed t value which is greater than the critical value of the
t distribution provides evidence that the observed difference in the two data sets is outside
of the range of random data variation. Therefore, the null hypothesis of “no significant
change” is not accepted and it can be concluded that the observed increase in total delay is
statistically significant and is not merely the result of normal fluctuations in total intersection

delay conditions during the week.

Additional paired comparison t-tests were conducted to analyze the hourly differences in
total intersection delay. Values for the mean, variance, and standard deviation for each of
these groups were calculated for each of the four analysis periods. Table 5.1 shows that after
SCATS, the mean value of intersection delay increased during each of the analysis periods.
To test the statistical significance of these findings 95% confidence intervals and hypothesis
tests were conducted for each of the four analysis periods. The confidence intervals showed
that during the 12:00am to 1:00am period the mean difference in total delay could reside
within a range of performance improvement or degradation. The confidence interval for the
mean difference in delay for the other three periods were all greater than zero, or within the
region of delay increase. To test the statistical significance of these values inference tests

were conducted for each.

As shown in each column at the bottom of Table 5.1 the hypothesis tests conducted for the
morning, midday, and evening periods all showed that the observed difference between the

two data sets to be outside of the range of random variation. Thus, like the conclusion for
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the overall data set, it was possible to reject the “no change” null hypothesis for each. The
conclusion that can be drawn from these tests is that there is evidence to support the claim
that SCATS signal control increased the total intersection delay over that of fixed time

during these intervals.

The inference test for the midnight period showed an inconclusive result for the effect of
SCATS on the total intersection delay from 12:00pm to 1:00pm in South Lyon. The increase
was 0.02 vehicle hours at all intersections, or an average increase of approximately 0.30
seconds per vehicle during this period. The primary reason for the inconclusive finding in
analysis of total delay during this period was the combination of a very small delay change
and a comparatively high degree of variability within the data set. The variation resulted in
wide confidence interval and a low observed value of t at which the null hypothesis could

not be rejected.

The data were also analyzed using non-statistical methods to identify trends within and
between the data sets. These analyses included comparisons of the percentage difference
between the two data sets and the calculation of various weekly averages for the groups of
the modeled delay output. A tabular comparison of average intersection delay statistics is
shown in Table 5.2. The delay difference in the two systems is shown in terms of a percent
change in the right column for each time period. This value represents the optimized delay
minus the SCATS delay, divided by the optimized delay. Thus, a negative percent change
value indicates a delay savings in the “after” SCATS period and a positive value represents
a delay increase. The composite hourly difference for all locations are shown at the bottom
of each column group. The daily average difference is shown at the far right side of the table.
This table is particularly useful because it illustrates some of the general trends within and

between the two sets of modeled delay data.
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The percentage comparison of the data shows a trend toward increased total delay during
periods of increased traffic demand. This trend is evident both in the time of day and
location of comparison. The values of total delay difference shown at the bottom of Table
5.2 show an increase in total delay as the time interval moves to periods of increasing traffic
demand. The delay difference in the midnight period is +2.6%. However, the delay
difference in the morning, noon, and evening peak traffic periods increases to +20 to +27
percent. Overall, SCATS control showed a system-wide increase of 23.7% in the average
value of total intersection delay. The last column of the table shows the overall average
percentage change in total delay by location. In this column it can be seen that the greatest
increase in total delay occurred at the highest volume intersections of Pontiac Trail and Nine
Mile Road and Pontiac Trail and Ten Mile Road. The delay increase is considerably lower
at the intersection of Pontiac Trail and Eleven Mile Road, an intersection with considerably

lower volumes than the Nine and Ten Mile Road intersections with Pontiac Trail.

While the predominant trend is toward a total delay increase under SCATS, the percentage
comparison table shows that total delay also decreased during several of the analysis periods
and at several of the study locations. In total, intersection delay decreased during 7 of the 16
sample periods. Given the control strategy of SCATS, this reduction in total intersection
delay is somewhat surprising, especially since the optimized signal timing plans were based

on known volumes.

The most notable of the decreases occurred at the intersection of Ten Mile Road and Reynold
Sweet Parkway. At this location total intersection delay decreased during all four of the
analysis periods and showed an overall average decrease of 47.7%. Total intersection delay
also decreased during the morning and evening peak periods at the intersection of Pontiac
Trail and Eleven Mile Road, 2.0% and 0.5% respectively, and during the midnight period
at Pontiac Trail and Ten Mile Road when total delay decreased by 40.0% after SCATS.
When taken in combination with the areas of notable total delay increase, the areas delay

reduction appear to illustrate a relationship between volume and total delay.



89

The comparison table shows that the locations and time intervals with the highest volume
also exhibited the highest total delay increase percentage. Table 5.2 presents the
intersections in descending order in terms of total intersection volume. The last column
under the “Daily Average” heading shows a direct correlation to the decreasing difference
in delay. The same correlation can be seen across the bottom of the table, although the

correlation is not directly one to one as in the case of location.

A review of the daily output statistics shows a likely reason for the apparent connection
between volume and total delay. Tables 4.3a through 4.6f presented the daily delay statistics
for each location and analysis interval. These tables also illustrate a classic example of the
difference between the effect of fixed and SCATS signal control. Under SCATS, the delays
for the critical approach movements decrease in nearly every case, except for the highest
volume approach movements in which the average delay per vehicle increased measurably.
This is consistent with the objective function of SCATS which is to equalize the degree of

saturation.

An example of this concept is illustrated in Table 4.4c, the delay comparison table for the
intersection Pontiac Trail and Nine Mile Road on Wednesday, May 8th. In 4 out of the 6
approach movements the average vehicular delay decreased. The two exceptions to this
trend are the north and southbound through movements of Pontiac Trail, not coincidentally
the two heaviest volume movements. The northbound through movement experienced an
average delay increase of 3.6 seconds per vehicle for 356 vehicles. The 727 vehicles in the
southbound through movement experience an increase of 12.1 seconds per vehicle. While
the additional delays experienced by these drivers would barely be noticed in a 30 minute
commute, the cumulative effect of this delay totals approximately 2 hours and 48 minutes.
This is the effect of SCATS. This point will be become more evident in the approach delay

analysis section of this chapter.
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5.2 Approach Delay

The strategy used to conduct the analysis of approach delay was similar to that used for the
analysis of total intersection delay. They both incorporated statistical and non-statistical
procedures to analyze the differences between the various locations and time periods, as well
as the internal differences within an individual location and time period. The primary
difference between the two was the increase in the amount of data in the approach delay
sample. Since the approach delay data set was larger, additional comparative analyses were

required to assess the interrelationships between the various data sub-groups.

The first set of analyses were conducted to determine if, from a statistical standpoint, SCATS
was able to lower approach delay. Other comparisons were completed using data averaging
techniques. The following sections detail the methods used to conduct the analyses, the

outcomes of the comparisons, and their interpretations and conclusions.

Paired t-tests were used to determine the difference between the fixed time and SCATS
approach delay data sets. The difference in approach delay was calculated at each location,
during each analysis period for the week of data collection, including all critical turning
movements at the intersections. These resulted in a comparison sample set of 480 trials.
Values for the mean, variance, and standard deviation for each data group were calculated
for each of the four analysis periods. To test the statistical significance of these findings 95%
confidence intervals and hypothesis tests were conducted for each of the four analysis

periods. The results of the paired t-tests are shown in Table 5.3.

Overall, the mean decrease in approach delay for all turning movements was 1.59 seconds
per vehicle. The 95% confidence interval for all approach delay observations was between
-0.33 and -2.85 seconds per vehicle. From this confidence interval it appeared that the
decrease in the modeled average approach delay was statistically significant. To test this
theory, a hypothesis test was conducted using a t-test. A rejection region at a 95% level of

significance was used to test the “no change” null hypothesis. The values for the critical
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value of the t distribution (-1.98) and observed value of t for the overall approach delay data
set (-2.49) are shown in Table 5.3. The table shows that the calculated value of t for the
observed data was significantly larger than the value of the test statistic taken from the t-
distribution table. Based on these values the null hypothesis can be rejected and we can
conclude the observed decrease in approach delay resulting from the implementation of

SCATS in South Lyon is statistically significant.

To determine the difference in approach delay values for the four separate analysis periods
four additional t-tests were conducted. The mean values for the difference in delay for each
of the four analysis periods are also shown in Table 5.3. A set of 95% confidence intervals
for the mean values were computed. The mean difference and confidence interval data give
evidence that the difference in the delay was due to chance during three of the four data
analysis periods. The midnight hour analysis period was the only time segment where both
boundaries of the confidence interval were below zero. The average decrease in delay
between the fixed and adaptive control modes from 12:00am to 1:00am was 1.34 seconds
and the confidence interval range spanned from a decrease of 0.30 seconds to a decrease 2.38
seconds of delay per vehicle. The morning, noon, and evening periods all showed a
confidence interval ranges that spanned mean values of average approach delay increases and

decreases.

Hypothesis tests were completed to further analyze the differences in intersection approach
delay. The hypothesis tests were consistent with the results of the confidence interval
calculations. They showed that during three of the four analysis periods; moming, noon, and
evening, the decreases in average intersection approach delay were not statistically
significant. The calculated t statistic for the observed data were under the critical value of
the t distribution. Therefore, the “no change” hypothesis could not be rejected nor was it was
possible to conclude that SCATS was successful at reducing the intersection approach delay
during these periods. The only period which passed the hypothesis test was the hour from

12:00am to 1:00am in South Lyon. The calculated value of the t statistic for this hour (-2.56)
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fell below the level of the critical value of the t distribution (-1.98). Thus, it was concluded
the average approach delay decrease of 1.34 seconds per vehicle was not the result of chance
variation within the data sample, rather it was likely related to the implementation of SCATS

control.

As an additional measure of comparison, the percentage change in the weekly average
approach delay statistics for each critical movement was also determined. Tables 5.4a, 5.4b,
5.4c, and 5.4d present the results of this comparison. Similar to the percentage change
comparison of total delay, the delay difference was computed by subtracting the SCATS
delay value from the fixed delay value and dividing that difference by the fixed delay.
Overall, the tables show that the use of SCATS control resulted in a lower average approach
delay at all four intersection locations. Once again, the greatest improvement occurred at the
two lowest volume locations. The improvement was an average of 14.6% at the intersection
of Pontiac Trail and Eleven Mile Road and 12.0% at the intersection of Ten Mile Road and
Reynold Sweet Parkway. The average approach delay decrease at the Ten and Nine Mile

Road intersections with Pontiac Trail were 2.5% and 6.3%, respectively.

The comparative results also illustrate the contrast in delay change which occurred between
the low and high volume approach movements. Under SCATS control, low volume
movements are less likely to experience prolonged delay compared to the heavy volume
through movements. This condition is best illustrated once again by the morning peak hour
approach delay differences at the intersection of Pontiac Trail and Nine Mile Road. Table
4.4f showed the average daily traffic volumes and modeled approach delay information for
the week of May 6th through the 10th. During the hour between the 7:00am and 8:00am the
total intersection delay were fairly similar for the optimized fixed time and SCATS control
conditions. However, the individual critical approach movement delays that precipitated
these similar total delay values were very different. This condition is illustrated in Table

5.4b.



0TS D

MO 4

5 SFeesg ars o

94

aBeiany pouad

WS

ApmS uonEnIEAT A¥19Q SLYOS U0KT Inos.

TRRORT 967975 10 157

s oleL



95

wamaro yorosddy
W00 Tl

SR TR 960TS GO 060 10 TN

T R RS —
Apnis uofieniend Aelaq SLYOS U0K] winos

TR
T
viz | wwer v | woer €91 iz 5L vor o0z BLY | en aeiany pouag
| |
Tor | Bee T o7 B33 T
ws9 | sowe 88 669 | w66l [
I €6 621 13 BOET
s BYow 9 | v BE18 |
vs 61 |z | I3 5055 505L ) _o¢
i > oS ovig & g 5w
pazmundo,| oFuweyy S1vOs |.pozmundg,| odueqy pazmundo, | ddueqy paznundo, | a8ueyy S1vDs | pazmundo,,
Wwoiddy | woswg | (39%) Keppa wororddy | wooisg | (35%) Kepp peorddy | waniag wovoiddy | woving | (3% AP oROlidy | wwawasom gorosddy.
Fey wWoos-wdoos | wdoor-wdooer W 00R - WE 00L W00 - R 00TT
S A 9507 o7

PEOY N USND[ PUE [IEI. NIV JO BONIIIINU]
Apmis uopEn[EAT P3G SLYOS U0S] inos

T v J0 GoSea0 ) STETII %S SIEL




96

At the Pontiac Trail/Nine Mile Road intersection the primary through volume movements
are northbound and southbound. Table 4.4f shows that the weekly average total of the east
and westbound through volumes are a quarter of the averaged north-south through movement
total. As such, the SOAP optimization strategy allocated a shorter green phase length to the
east-west movements. Table 4.2b in chapter four showed that the fixed time model used a
green phase length of 58 seconds for the north-south through movement and 20 seconds for
the east-west through movements. This difference, approximately 35%, is roughly
proportional to the difference in volume ratios. The resulting average delays were very

different.

As shown in Table 5.4b, the approach delay under fixed time control ranged from a
minimum average of 8.1 seconds for the northbound through movement to 75.1 seconds for
the westbound through movement. The approach delay for the same movements under
SCATS control were 18.1 seconds and 53.7 seconds. While a sizeable difference between
the two delay was apparent under both control strategies, the difference in SCATS was only
53% as much as optimized fixed time operation. Table 5.4 shows that the average approach
delay for the six critical approach movements averaged 67.0 seconds per vehicle in optimized
fixed time mode and only 35.6 seconds per vehicle in SCATS mode. From this we see that

the modeled approach delays in SCATS are more equally distributed.

The advantage to the optimized fixed strategy was that it resulted in a reduction to the level
of overall intersection delay. However, the significance of the a more equalized distribution
of delay is substantial. The delay for the morning northbound through movement at Nine
Mile Road and Pontiac Trail approximately doubled in the adaptive control mode. While the
increase sounds substantial, it was only an average 10 seconds per vehicle. During a morning
commute trip of fifteen or twenty minutes, the additional 10 seconds of delay would be
barely perceptible. By contrast the delay savings for the westbound through movement was
almost 21 seconds per vehicle. While this savings appears small, a greater savings would

be realized if the trip were to traverse a series of SCATS adaptive controlled intersections.
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The same effect, with varying levels of success, can be seen at the other intersections within

South Lyon.

Another less tangible advantage to the SCATS strategy for green time allocation is the
possible reduction of driver frustration on minor cross streets. The study results showed
some minor street approach delays in excess of one minute. Many of these delays were
experienced in moderate flow situations. In an operational situation such delays would be
unacceptable. Delay times in excess of multiple signal cycles could lead to both safety and
operation complications. Safety concerns would be most apparent in left turn situations.
Drivers waiting in lengthy queues would become more likely to accept dangerously small gap
sizes in the opposing traffic stream. Such a condition could lead to angle and rear end
collisions at an intersection. The equalization of degrees of saturation in SCATS could
lessen the possibility of forced left turns because left turning traffic would not be allocated

a short left turn phase.

5.3 Delay Data Comparison Conclusion

In this chapter the delay resulting from SCATS real-time adaptive control and fixed time
traffic control in South Lyon were compared. The two types of delay that were analyzed
were the total intersection delay and the average approach delay. While these two methods
of delay measurement are similar in some respects, they are quite different in the manner in
which they assess delay. It is because of these similarities and differences that an apparent

contradiction exists in the experimental outcome.

The fundamental conclusion of the study was that approach delay decreased in South Lyon
while total intersection delay increased. The overall increase in total delay after the
implementation of SCATS was 1.46 vehicle hours. However, the overall decrease in
approach delay under SCATS control was 1.59 seconds per vehicle. The conflict arises when

it is recognized that total delay of an intersection is the sum of its constituent approach
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delays. The experimental results showed that while total delay increased, the approach delay
decreased. After careful analysis of the data it becomes apparent that this conflict is not
unreasonable. It is logical based on the approach traffic volumes and the objective functions

of the two control strategies.

The objective of SCATS is to balance the degree of saturation on the approach legs of an
intersection. Its goal is not to minimize total intersection delay; although this often occurs.
It is also possible to increase one while decreasing the other. The data showed this to have
been the case in South Lyon. The data also showed that in many cases both total and
approach delay reduced under SCATS control. During several time intervals at a small
number of locations the increase in delay was substantial enough to raise the overall level of

change in a negative direction.

Table 5.1 shows an overall increase in mean total intersection delay. However, it also
illustrates that total delay decreased during the midnight and morning hours, although
through inference testing these were shown not to be statistically significant. Table 5.2
shows that total intersection delay decreased during 7 of the 16 sample periods. The
percentage comparison table also shows that on an averaged daily basis, total delay increased

at 1 of the 4 study intersections.

The delay reduction results shown in both of these comparison tables were, however, heavily
influenced by the poor performance of SCATS at the Pontiac Trail/Nine and Ten Mile Road
intersections. At these locations total delay increased substantially when compared to fixed
time operation. The primary reason for the significant increase in delay can be seen in Table
5.4b. At this intersection the heavy northbound and southbound Pontiac Trail through traffic
experienced an substantial increase in approach delay under SCATS control. It is also
apparent that the lower volume traffic movements on Nine Mile Road experienced an
improvement in delay conditions. However, the actual number of vehicles on Nine Mile

Road was very small in comparison to the Pontiac Trail volume. Therefore, the sum of the
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delay and volume resulted in a significant decrease in overall performance for the

intersection.

The apparent conflict of a total delay increase with an approach delay decrease is further
clarified with an understanding of the comparison procedure. The approach delays were
calculated based on the number of vehicles using the approach during the analysis period.
No consideration was given to contrasting levels of demand at an intersection. For example,
Table 4.4f shows that Nine Mile Road services 323 through vehicles while Pontiac Trail
services 1,520 through vehicles during the same evening peak hour. In the comparative
analyses no additional consideration was given to the Pontiac Trail approaches based on
traffic demand. Approach delay values were compared on an equal terms rather than on a
relative basis. In this way, the impact of SCATS on the approach delay could be measured

and compared on a direct basis.



Chapter 6.

Summary and Conclusion

The purpose of this study was to document the change in traffic delay in the South Lyon,
Michigan traffic network resulting from the installation of a SCATS traffic control system.
One of the primary goals was to demonstrate how computer modeling and analysis
techniques could be used to model and evaluate the effect of real-time adaptive traffic
control. The other primary goal was to determine whether the introduction of SCATS control
would result in a change to the traffic delay characteristics of the system. Both of these goals
have been achieved. The study has also demonstrated some of the limitations in the existing
delay models and the need for the development of more sophisticated modeling techniques

to more effectively assess the merits of real-time adaptive traffic signal control.

6.1 Summary of the Research Study
The study involved a four step approach to evaluate the effect of real time adaptive control
using traffic simulation models. First, a literature review was conducted to determine the

existing level of knowledge in the field of adaptive signal control system modeling and

100
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evaluation. The review of existing literature on subjects related to traffic modeling and the
use of real time adaptive traffic signal control demonstrated that a substantial amount of
work had been done to investigate the development of traffic models as well as the
operational effect of adaptive traffic control. Past field studies showed that systems like
SCATS and SCOOT demonstrated significantly improved performance over fixed time
systems. The benefits were realized in traffic flow parameters like travel time, stopped delay,
and the number of stops. These comparative evaluation studies were conducted using strictly
empirical field observation and numeric data analysis. No computer models were available
to evaluate these real-time adaptive traffic signal systems. This lack of effective tools
demonstrates the need for the development of traffic modeling methods which could be used

to more effectively evaluate existing and proposed traffic signal systems .

From the literature it appeared that the deficiency of traffic modeling methods and the
shortage of experimental data comparing adaptive and fixed time control systems was due,
in part, to a lack of appropriate tools to affect a two-way movement of computer data
required for simulation of real-time adaptive control strategies. To overcome this deficiency
this study used a approach that took advantage of output data from an operational SCATS
system. From this data an analytical computer modeling routine capable of predicting delay

parameters for specified operating conditions was developed.

The predictive delay model was developed using a combination of the Webster and
TRANSYT delay equation to assess the delay conditions after SCATS was operational in
South Lyon. The added dimension of this new model was its ability to read a SCATS output
file and compute the resulting approach delay on a cycle-by-cycle basis. Separate models
were coded to represent delay conditions at four South Lyon intersections during four
different time periods of the day. The modeled delay output data was also compared to field
data recorded in South Lyon after the activation of the SCATS control system. The
comparison of modeled and field data showed that the “after” model represented a reasonably

close match to the field conditions.
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Next, a “before” model was constructed to simulate traffic flow conditions in South Lyon
prior to the introduction of SCATS control. To make an assessment of the true benefit of the
real time adaptive aspects of SCATS, the original South Lyon fixed time signal plans were
adjusted to minimize intersection delay. Identical cycle-by-cycle traffic volumes were used
for the analysis of both “before” and “after” conditions. The computer generated values of
total intersection delay and approach delay were then used to make a comparison of delay

under the two different control strategies.

Various statistical comparisons of the “before” and “after” data sets highlighted the changes
which resulted from the implementation of SCATS in South Lyon. These comparisons
showed that adaptive control resulted in an improvement to the performance measures under
certain conditions. The comparison showed that the SCATS controlled signals resulted in
a 1.56 second per vehicle decrease in the average value of approach delay for the 24 critical
approaches in the South Lyon road network. The most significant improvement was shown
to occur at the Ten Mile Road Reynold Sweet Parkway intersection. The comparative
analysis also showed that SCATS was out performed by fixed time control in several
instances. The comparison showed a 1.46 vehicle hour increase between the “before” and
“after” values of total intersection delay. However, this difference was not statistically
significant. The total intersection delay change was not statistically significant during all of

the analysis time periods.

6.2 Conclusions

There are two main conclusions which can be drawn from this research study. First, it can
be concluded that existing traffic delay models can be used to successfully model delay
conditions at intersections controlled by real time adaptive traffic signals. Second, it was
concluded that under certain demand conditions the implementation of SCATS control in

South Lyon can result in improvements to traffic delay at the network intersections.
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The level of success demonstrated in this study are encouraging. However, the next logical
step is to extend this knowledge to other areas and to different systems. The application of
this new traffic model or the realization of significant delay reductions compared to fixed
time signal control may not always be possible. The following paragraphs address some of
the factors which relate to these two issues. This section will also summarize some of the
various benefits and costs associated with the FAST-TRAC system and SCATS in particular

which have been learned during the completion of this study.

13 M t )

The most obvious and direct conclusion which can be drawn from this study is that the use
of SCATS resulted in an improvement to the modeled delay in South Lyon. However, the
improvement was not universal. The amount of improvement varied and it was more
apparent during some traffic volume situations than others. The location and the degree to
which improvements were realized was also relative to the other time periods and

intersection locations within the data set.

Three main conclusions were drawn from the various analyses conducted in the previous
chapter. The first was that the average total intersection delay, on a system wide basis, was
increased. This is not surprising since the objective of SCATS is to equalize saturation flows
rather than to minimize total intersection delay. This increase, as indicated by the statistical
tests, was not universal. The conclusion of an overall increase in total delay is somewhat
misleading since one of the four intersections experienced a reduction in delay. However,
the significant increase in delay at the Pontiac Trail/Nine Mile and Ten Mile Road

intersections lowered the overall system performance.

The second primary conclusion was that SCATS more equally distributes average approach
delays to the various approach movements. This is consistent with the SCATS control
objective in which the approach degrees of saturation are equalized. The third and final

primary conclusion was that SCATS appeared to be more effective at reducing delay during
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low volume periods compared to high volume periods. This was disappointing because a
reduction of delay during high volume periods is more critical to the overall efficiency of a
traffic signal network and is considerably more difficult to obtain through adjustments in

signal operation.

The primary questions of “if” and “by how much” SCATS improved delay in South Lyon
have been addressed in this study. However, the question of whether or not similar outcomes
could be expected in other networks is difficult to answer. The traffic volumes within the
South Lyon road system are relatively low compared to those found in the other more
congested suburbs in Oakland County. The results of the study indicate that SCATS
improved total intersection delay most significantly during lower flow periods. Thus, in
areas where the traffic volumes approach or operate above capacity, real time adjustment to
signal timings may not necessarily enhance the operation of the network to measurable
degrees. The delay experienced in these situations is not the result of poor signal timings,
rather, it results from a lack of capacity provided by the approach geometry or the network
road segments. Flow improvement and delay reduction could be more economically realized

through the implementation of approach geometry and roadway capacity improvements.

The contribution of SCATS can not be discounted during all high demand periods. In high
volume situations where heavy traffic volumes are moving primarily in one direction, a real
time adaptive control system has some definite advantages. Among other features, systems
like SCATS allow the implementation of coordinated progression on the major arterial
street. The major street green phases are interrupted only when minor street traffic is
present. This has been used in traffic networks in Australia and Toronto, Canada with

measurable success.

The questions of applicability for the procedure developed in the study are not as difficult
to answer. The procedure used to complete this study was developed specifically for use on

SCATS output data files and the experiments and analysis conducted were completed after
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the SCATS system was operational. The primary difficulty of employing this procedure at
another location or another traffic control system is that the “after” data file containing both
traffic volume and signal data must be available to conduct the study. Predictive simulations,
in which a variety of traffic conditions are tested prior to field installations, are not possible
with this approach. To conduct a predictive study, the SCATS control algorithms for
determining phase splits, cycle length determination, and coordinated operation must be
known. Due to the proprietary nature of the SCATS control software the algorithms can only

be approximated and not used directly at this time.

The delay calculation models within the data processing routine are universal and can be
applied to nearly any intersection or system of intersections. The Webster/TRANSYT model
does contain some inherent weakness that could be improved through additional work. The
most obvious limitation of the equation is that it does not allow for the adjustment of vehicle
arrival patterns. The equation assumes that vehicle arrivals are always uniform. As a result
it can be difficult to accurately assess the delay reduction benefit that SCATS can bring about

through coordinated signal progression.

13 M "

The general conclusion of “system improvement” afforded by real-time adaptive signal
control systems must also be contrasted with the significant costs which are involved in the
implementation, operation, and maintenance of such systems. Recent studies have shown
that the implementation the FAST-TRAC system architecture in various locations within
Oakland County has resulted in measurable benefits to the motorists driving within the
SCATS networks. It has also brought the expenditure of over $70 million in combined
public and private resources into the road system of Oakland County. However, given the
limited availability of public resources dedicated to transportation enhancement projects, the
question of whether the benefits gained from the FAST-TRAC project are worth the price

must also be addressed.
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The cost of FACT-TRAC can not be measured solely in terms of the difference in installation
cost between it and a fixed time system. Other more indirect and difficult to measure costs
must also be evaluated. For example, the traffic safety aspects of the system should also be
factored in the cost-benefit equation. Recent studies of the Troy FAST-TRAC system
showed that the frequency and rate of traffic accidents increased after the implementation of
SCATS, although the severity of injuries decreased.*” The benefits derived from SCATS
should also be compared to the cost for the engineering, design, operation, maintenance,

research, and training required to keep the FAST-TRAC system operating.

The benefits and costs of FAST-TRAC systems can be debated. However, it is difficult to
dispute the need to take advantage of advanced technologies to deal with the problems of
urban congestion. Real-time adaptive signal control allows signal to respond to constantly
changing conditions in a predetermined manner. Since urban traffic flow is a variable
process, flow conditions can change quickly based on the occurrence of accidents,
fluctuations in volume, and travel patterns. In the past, traffic engineers have been able to
meet the challenges of arterial street mobility reasonably well with optimization tools which
were available. In the future, it will be necessary to take advantage of advancements in the
fields of traffic engineering, computer science, and electrical engineering to better utilize the

existing transportation resources.

Projects such as the Oakland County FAST-TRAC program may be expensive and
complicated. However, they are a necessary and integral part of the development of
transportation engineering knowledge in the United States. The successes and failure or
costs and benefits of this and future advanced traffic systems can and should be debated.
However, there should be no debating the need for the development of new technologies and

creative solutions to maintain and increase the state of traffic mobility.
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6.3 Future Research Needs

This study has taken another step toward the use of more comprehensive and sophisticated
simulation techniques to model adaptive signal control systems. While useful by itself, this
study has also identified a number of needs and questions relating to the modeling of larger
and more complex systems and the comparative assessment of alternative traffic control

strategies; including real-time adaptive, actuated, and fixed time.

3.1 Ad | Simulation S
The most obvious area of need to forward the knowledge into the analysis of adaptive control
systems is currently under development. The TRAF-NETSIM simulation system is the most
widely used network simulation package. Unfortunately, it does not yet permit the
simulation of adaptive control systems. The Federal Highway Administration has recently
awarded contracts to incorporate a communication architecture into NETSIM that permits
the simulation of adaptive traffic control. The goal of this research will be the creation of
a modeling system capable of relaying traffic information to an external traffic control
routine on a real time basis. The control routine could be modified to permit the use of any
signal control algorithm, including SCATS. All currently available NETSIM output statistics
and MOE information including delay, travel time, and stops could be collected for a
proposed system. In contrast to the procedure used in this study, the proposed NETSIM
system would also be able to model the effect of varying driver behavior, lane blockages,
transit systems, on-street parking and pedestrian movements. Unfortunately, the operational

version of this system remains years away.

The simulation of various types of traffic control is helpful in a number of respects. On the
application level it allows traffic professionals the luxury of comparing and evaluating
benefits and costs of alternative systems without the time and expense of field trials. In
theoretical applications it can be used for the experimentation, testing, and refinement of
existing and proposed control strategies. Future research studies could take advantage of the

procedure detailed in this study to compare different strategies like SCATS, SCOQOT, and
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OPAC against fixed time. Such comparisons can be used to determine the merits of each and
the ways in which one system may be better suited to accomplish certain delay reduction

objectives than another.

6.3.2 Improved Methods of Analysis

The results of this study could also be used to make improvements to the existing SCATS
control algorithms. The study showed that under SCATS the intersection delay parameters
were increased up to 1.6 vehicle hours during certain time intervals when compared to fixed
time. Further refinements of the cycle, phasing, and coordination selection algorithms,
coupled with this testing procedure could be used to analyze methods to increase signal

efficiency.

Another logical extension of using the real-time adaptive signal control modeling techniques
is their incorporation into combined models of adaptive signal control with real-time incident
detection and route guidance structures. Truly effective traffic responsive traffic systems
need to include the ability to adapt to normal fluctuations in travel demand conditions as well
as special event situations. Systems with the ability to detect an incident, then implement
signal control changes and route guidance in response to the incident would be very useful.
The use of advanced simulation modeling techniques accompanied by the incident producing
capability of NETSIM or route guidance algorithms could be used to test proposed ITS

systems prior to full scale field trials.

6.3.3 Cost/Benefit Assessments

Future research also needs to address the economic impacts of technically sophisticated
systems like FAST-TRAC. FAST-TRAC has been shown to increase the efficiency of
certain performance measures. Future research will need to include assessments of the
economics of these benefits through comprehensive cost/benefit studies. This study and
others have made steps in this direction. However, more factors need to be understood

before the engineering community encourages large-scale and wide-spread implementation
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of these systems.

One final area of future research concerning the use of adaptive signal control strategies
would be to assess the safety impacts of their use. Information gained from empirical
observation and law enforcement personnel during the completion of this study has shown
that systems like SCATS require increased driver awareness. SCATS, as explained earlier,
has the ability to shorten, lengthen, add, remove, and rearrange signal phases to better
accommodate the traffic flow through a single or group of intersections. Drivers who are
familiar with only fixed signal timings are required to go through a “learning curve” to
acquaint themselves with the new strategy. Undoubtably, this can lead to safety problems.
Research to determine the length of time or amount of advanced warning and education that
is required for drivers to become aware of the operation of these signals and their varying

operation would also be important.



APPENDIX A
DELAY CALCULATION PROGRAM FOR THE
INTERSECTION OF PONTIAC TRAIL AND TEN MILE ROAD
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South Lyon SCATS Signal Delay Evaluation Project

P. Brian Wolshon
Department of Civil and Environmental Engineering
Michigan State University Fall, 1996
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Pontiac Trail/Ten Mile Road Intersection

RCOC Traffic Operations Center SCATS Output File
May 6th - May 19th 1996

SCATS SIgnal Timing Control
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Variable List:
Gfaz = "green" phase for a particular movement per cycle (sec)
vol = recorded traffic volume per cycle (veh)
C = signal cycle length (sec)
q = critical approach volume (veh)
h = discharge headway (sec)
s = saturation flow (veh/lane/hour of green time)
lam = proportion of green time available to a movement
g = effective green time
Itime = "lost" time -> 3.0 sec
X = degree of saturation -> g/lamda*s
V = hourly approach volume (veh/hr)

INTEGER hr,min,Gfaz(8),vol(8),faztot,g(8),ltime,icount,hri
REAL q(8),h,s,X(8),D1(8),z(8),Bn(8),Bd(8),term(8),D2D3(8),delay(8)
REAL avedelay(8),totdelay(8),avecyc,totvol(8),bigdelay(8),intdelay
REAL lam(8),term1(8),term2(8),V(8),aaa(8),bbb(8),C,totcyc
REAL Gsat(8),Gunsat(8),adjvol(8)
CHARACTER DUMMY*25
OPEN (1,FILE="pt10-aft.txt,STATUS='OLD")
OPEN (2,FILE='pt10-aft.out ,STATUS='NEW")

intdelay=0

hri=100

totcyc=0

faztot =0

h=22

s = 1600

Itime = 3
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READ (1,101) hr, min

C  Main Loop
DO 60 ii = 1,21000

C When the hour has been completed print out hourly volume,
C average movement delay and average cycle length for that hour.
C
IF (hr .GE. hri) THEN
WRITE (2,201) hri-1
DO80ia=1,8
IF (totvol(ia) .NE. 0) THEN
avedelay(ia)=bigdelay(ia)/totvol(ia)
ELSE
avedelay(ia)=0
ENDIF
WRITE (2,202) ia,totvol(ia),avedelay(ia)
totintdelay = totintdelay + (totvol(ia) * avedelay(ia))
totvol(ia) =0
bigdelay(ia) =0
80 CONTINUE
avecyc=totcyc/(icount*8)
totcyc =0
intdelay = totintdelay / 3600
WRITE (2,204) intdelay
WRITE (2,203) avecyc
intdelay=0
totintdelay = 0
icount=0
hri=hr+1
icount = icount + 1
READ (1,102) dummy
DO1lia=1.8
READ (1,103) Gfaz(ia), vol(ia)
faztot = faztot + Gfaz(ia)
11 CONTINUE
C = faztot/2
If (C .eq. 0) then
Write (2,888)
C=120
endif
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Use the SCATS outfile data to determine delays with the use of
the first term of Webster's delay equation and the TRANSYT delay
model.

First determine the critical hourly volume. Reducing the left turn
volume by 1 "sneaker" vehicle.
DO2lia=1,8
IF ((ia .EQ. 3) .OR. (ia .EQ. 4)) THEN
adjvol(ia) = vol(ia) - 1
IF (adjvol(ia) .LE. 0) THEN
q(ia)=0
ELSE
q(ia) = adjvol(ia)*(3600/C)
ENDIF
ELSEIF ((ia .EQ. 7) .OR. (ia .EQ. 8)) THEN
adjvol(ia) = vol(ia) - 1
IF (adjvol(ia) .LE. 0) THEN
q(ia)=0
ELSE
q(ia) = adjvol(ia)*(3600/C)
ENDIF
ELSE
q(ia) = vol(ia)*(3600/C)
ENDIF

The volume of left turn traffic that can be accomodated during a
particular cycle is a function of the permissive period and the
protected period. Therefore, the effective green time for the

left turn phase must be computed from both time intervals.

The Gsat variable is the time segment of the permissive left period
which is saturated by the opposing through traffic. The Gunsat
variable is the remaining time of permissive turn period in which
the left turning traffic is unopposed.
IF ((ia .EQ. 3) .OR. (ia .EQ. 7)) THEN
Gsat(ia) = Gfaz(ia-1) * X(ia-1)
Gunsat(ia) = Gfaz(ia-1) - Gsat(ia)
IF (Gunsat(ia) .LE. 0) THEN
g(ia) = GFaz(ia) -ltime
ELSE
g(ia)= Gfaz(ia)+Gunsat(ia)-ltime
ENDIF
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ELSEIF ((ia .EQ. 4) .OR. (ia .EQ. 8)) THEN
Gsat(ia) = Gfaz(ia-3) * X(ia-3)
Gunsat(ia) = Gfaz(ia-3) - Gsat(ia)
IF (Gunsat(ia) .LE. 0) THEN

g(ia) = GFaz(ia) -ltime
ELSE

g(ia)= Gfaz(ia)+Gunsat(ia)-ltime
ENDIF

ELSE
g(ia) = Gfaz(ia)-Itime

ENDIF

if (g(ia) .Eq. 0) then
g(ia)=7
Write(2,999)

endif

lam(ia) = g(ia)/C

X(ia)=q(ia)/(lam(ia)*s)

21 CONTINUE

C Calculate 1st term of the Webster delay model (D1) for each
C  critical movement.
DO3lia=1,8
D1(ia)=(C*(1-lam(ia))**2)/(2*(1-lam(ia)*X(ia)))

—

CONTINUE
Calculate 2nd and 3rd terms of the Webster delay model (D2 & D3)
using the coverted TRANSYT delay model single term for each
critical movement.
DO4lia=1,8
IF (q(ia) .GT. 0) THEN
z(ia) = ((2*X(ia))/q(ia))*(60/C)
Bn(ia) = (2*(1-X(ia)))+(X(ia)*z(ia))
Bd(ia) = (4*z(ia))-z(ia)**2
aaa(ia) = (Bn(ia)/Bd(ia))**2
bbb(ia) = (X(ia)**2)/Bd(ia)
term1(ia) = SQRT(aaa(ia)+bbb(ia))
term2(ia) = (Bn(ia)/Bd(ia))
term(ia) = term1(ia)-term2(ia)
D2D3(ia) = (term(ia)*3600)/q(ia)
delay(ia) = D1(ia)+D2D3(ia)
totvol(ia) = totvol(ia) + vol(ia)
totdelay(ia) = vol(ia) * delay(ia)
bigdelay(ia)=bigdelay(ia)+totdelay(ia)

oNoNe R
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ELSE
totvol(ia) = totvol(ia) + vol(ia)
delay(ia) =0
ENDIF
totcyc = totcyc + C
faztot =0
CONTINUE

C If the hour is not complete continue to process the statistics
C on acycle by cycle basis

C

10

oNoNoNoNOoNe!

ELSE
hri=hr+1
icount = icount + 1
READ (1,102) dummy
DO 10ia=1,8
READ (1,103) Gfaz(ia), vol(ia)
faztot = faztot + Gfaz(ia)
CONTINUE
C = faztot/2
If (C .eq. 0) then
Write (2,888)
C=120
endif

Use the SCATS outfile data to determine delays with the use of
the first term of Webster's delay equation and the TRANSYT delay
model.

First determine the critical hourly volume. Reducing the left turn
volume by 1 "sneaker” vehicle.
DO 20ia=1,8
IF ((ia .EQ. 3) .OR. (ia .EQ. 4)) THEN
adjvol(ia) = vol(ia) - 1
IF (adjvol(ia) .LE. 0) THEN
q(ia)=0
ELSE
q(ia) = adjvol(ia)*(3600/C)
ENDIF
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ELSEIF ((ia .EQ. 7) .OR. (ia .EQ. 8)) THEN
adjvol(ia) = vol(ia) - 1
IF (adjvol(ia) .LE. 0) THEN
q(ia)=0
ELSE
q(ia) = adjvol(ia)*(3600/C)
ENDIF
ELSE
q(ia) = vol(ia)*(3600/C)
ENDIF
The volume of left turn traffic that can be accomodated during a
particular cycle is a function of the permissive period and the
protected period. Therefore, the effective green time for the
left turn phase must be computed from both time intervals.

The Gsat variable is the time segment of the permissive left period
which is saturated by the opposing through traffic. The Gunsat
variable is the remaining time of permissive turn period in which
the left turning traffic is unopposed.
IF ((ia .EQ. 3) .OR. (ia .EQ. 7)) THEN
Gsat(ia) = Gfaz(ia-1) * X(ia-1)
Gunsat(ia) = Gfaz(ia-1) - Gsat(ia)
IF (Gunsat(ia) .LE. 0) THEN
g(ia) = GFaz(ia) -ltime
ELSE
g(ia)= Gfaz(ia)+Gunsat(ia)-1time
ENDIF
ELSEIF ((ia .EQ. 4) .OR. (ia .EQ. 8)) THEN
Gsat(ia) = Gfaz(ia-3) * X(ia-3)
Gunsat(ia) = Gfaz(ia-3) - Gsat(ia)
IF (Gunsat(ia) .LE. 0) THEN
g(ia) = GFaz(ia) -Itime
ELSE
g(ia)= Gfaz(ia)+Gunsat(ia)-ltime
ENDIF
ELSE
g(ia) = Gfaz(ia)-Itime
ENDIF
if (g(ia) .Eq. 0) then
g(ia)=7
Write(2,999)
ENDIF
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lam(ia) = g(ia)/C
X(1a)=q(ia)/(lam(ia)*s)
20 CONTINUE
C  Calculate 1st term of the Webster delay model (D1) for each
C  critical movement.
DO30ia=1,8
D1(ia)=(C*(1-lam(ia))**2)/(2*(1-lam(ia)*X(ia)))
CONTINUE
Calculate 2nd and 3rd terms of the Webster delay model (D2 & D3)
using the coverted TRANSYT delay model single term for each
critical movement.
DO40ia=1,8
IF (q(ia) .GT. 0) THEN
z(ia) = ((2*X(ia))/q(ia))*(60/C)
Bn(ia) = (2*(1-X(ia)))+(X(ia)*z(ia))
Bd(ia) = (4*z(ia))-z(ia)**2
aaa(ia) = (Bn(ia)/Bd(ia))**2
bbb(ia) = (X(ia)**2)/Bd(ia)
term1(ia) = SQRT(aaa(ia)+bbb(ia))
term2(ia) = (Bn(ia)/Bd(ia))
term(ia) = terml(ia)-term2(ia)
D2D3(ia) = (term(ia)*3600)/q(ia)
delay(ia) = D1(ia)+D2D3(ia)
totvol(ia) = totvol(ia) + vol(ia)
totdelay(ia) = vol(ia)*delay(ia)
bigdelay(ia)=bigdelay(ia)+totdelay(ia)
ELSE
totvol(ia) = totvol(ia) + vol(ia)
delay(ia) =0
ENDIF
totcyc = totcyc + C
faztot =0
40 CONTINUE
ENDIF
READ (1,101) hr, min
60 CONTINUE

nnay
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101 FORMAT (14X,13,1X,12)
102 FORMAT (A25)
103 FORMAT (22X,12,5X,12)
201 FORMAT ('Period begins at ',12,":00")
202 FORMAT (‘Movement #.I1," hrly vol. =',F7.3, ave. delay =',F7.3)
203 FORMAT (' ave. cycle length =', F7.3,'sec")
204 FORMAT ('Intersection total delay=', F7.3,' veh-hrs')
CLOSE (1)
CLOSE (2)
STOP
END
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Period begins at 0:00

Movement #1 hrly vol. = 62.000 ave. delay = 9.091
Movement #2 hrly vol. = 67.000 ave. delay = 7.693
Movement #3 hrly vol. = 4.000 ave. delay = 7.767

Movement #4 hrly vol. = 9.000 ave. delay = 8.656
Movement #5 hrly vol. = 13.000 ave. delay = 26.661
Movement #6 hrly vol. = 10.000 ave. delay = 24.947

Movement #7 hrly vol. = 2.000 ave. delay = 17.002
Movement #8 hrly vol. = .000 ave. delay = .000
Intersection total delay= .505 veh-hrs

ave. cycle length = 52.970sec
Period begins at 1:00
Movement #1 hrly vol. = 20.000 ave. delay = 1.444
Movement #2 hrly vol. = 41.000 ave. delay = 1.341
Movement #3 hrly vol. = .000 ave. delay = .000
Movement #4 hrly vol. = .000 ave. delay = .000
Movement #5 hrly vol. = 2.000 ave. delay = 21.489
Movement #6 hrly vol. = .000 ave. delay = .000
Movement #7 hrly vol. = .000 ave. delay = .000
Movement #8 hrly vol. = .000 ave. delay = .000
Intersection total delay= .035 veh-hrs

ave. cycle length = 50.118sec
Period begins at 2:00
Movement #1 hrly vol. = 28.000 ave. delay = 11.382

Movement #7 hrly vol. = .000 ave. delay = .000
Movement #8 hrly vol. = .000 ave. delay = .000
Intersection total delay= .100 veh-hrs

ave. cycle length = 50.985sec
Period begins at 3:00
Movement #1 hrly vol. = 18.000 ave. delay = 2.170
Movement #2 hrly vol. = 22.000 ave. delay = 2.278
Movement #3 hrly vol. = .000 ave. delay = .000
Movement #4 hrly vol. = .000 ave. delay = .000
Movement #5 hrly vol. = 2.000 ave. delay = 23.749
Movement #6 hrly vol. = 4.000 ave. delay = 22.839
Movement #7 hrly vol. = .000 ave. delay = .000
Movement #8 hrly vol. = .000 ave. delay = .000
Intersection total delay= .063 veh-hrs

Movement #2 hrly vol. = 10.000 ave. delay = .187
Movement #3 hrly vol. = .000 ave. delay = .000
Movement #4 hrly vol. = 2.000 ave. delay = 19.136
Movement #5 hrly vol. = .000 ave. delay = .000
Movement #6 hrly vol. = .000 ave. delay = .000
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ave. cycle length = 53.206sec
Period begins at 4:00
Movement #1 hrly vol.
Movement #2 hrly vol.
Movement #3 hrly vol.
Movement #4 hrly vol.
Movement #5 hrly vol.
Movement #6 hrly vol.

17.000 ave. delay = .166
20.000 ave. delay = 2.312
.000 ave. delay = .000
.000 ave. delay = .000
7.000 ave. delay = 23.921
5.000 ave. delay = 25.968

Movement #7 hrly vol. = .000 ave. delay = .000
Movement #8 hrly vol. = .000 ave. delay = .000
Intersection total delay= .096 veh-hrs

ave. cycle length = 53.597sec
Period begins at 5:00
Movement #1 hrly vol. =115.000 ave. delay = 15.315

Movement #2 hrly vol. = 88.000 ave. delay = 12.940
Movement #3 hrly vol. = .000 ave. delay = .000
Movement #4 hrly vol. = .000 ave. delay = .000

Movement #5 hrly vol. = 26.000 ave. delay = 27.359
Movement #6 hrly vol. = 93.000 ave. delay = 25.413
Movement #7 hrly vol. = 5.000 ave. delay = 15.010
Movement #8 hrly vol. = 6.000 ave. delay = 15.554
Intersection total delay= 1.706 veh-hrs

ave. cycle length = 62.186sec
Period begins at 6:00
Movement #1 hrly vol. =210.000 ave. delay = 20.428
Movement #2 hrly vol. =183.000 ave. delay = 19.559
Movement #3 hrly vol. = 6.000 ave. delay = 16.015
Movement #4 hrly vol. = 2.000 ave. delay = 21.873
Movement #5 hrly vol. = 62.000 ave. delay = 23.186
Movement #6 hrly vol. =231.000 ave. delay = 33.126
Movement #7 hrly vol. = 6.000 ave. delay = 21.226
Movement #8 hrly vol. = 16.000 ave. delay = 16.828
Intersection total delay= 4.860 veh-hrs

ave. cycle length = 79.889sec
Period begins at 7:00
Movement #1 hrly vol. =447.000 ave. delay =43.215
Movement #2 hrly vol. =401.000 ave. delay = 38.613
Movement #3 hrly vol. = 17.000 ave. delay = 24.958
Movement #4 hrly vol. = 16.000 ave. delay = 37.307
Movement #5 hrly vol. =194.000 ave. delay = 31.360
Movement #6 hrly vol. =336.000 ave. delay = 52.589
Movement #7 hrly vol. = 50.000 ave. delay = 34.943
Movement #8 hrly vol. = 67.000 ave. delay = 30.712
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Intersection total delay= 17.606 veh-hrs
ave. cycle length = 85.810sec

Period begins at 8:00

Movement #1 hrly vol.
Movement #2 hrly vol.
Movement #3 hrly vol.
Movement #4 hrly vol.
Movement #5 hrly vol.
Movement #6 hrly vol.
Movement #7 hrly vol.
Movement #8 hrly vol.

=353.000 ave. delay = 29.904
=324.000 ave. delay = 32.991
= 16.000 ave. delay = 30.338
=42.000 ave. delay = 23.932
=193.000 ave. delay = 37.659
=265.000 ave. delay = 34.587
= 22.000 ave. delay = 25.188
= 22.000 ave. delay = 26.563

Intersection total delay= 11.197 veh-hrs
ave. cycle length = 80.955sec

Period begins at 9:00

Movement #1 hrly vol.
Movement #2 hrly vol.
Movement #3 hrly vol.
Movement #4 hrly vol.
Movement #5 hrly vol.
Movement #6 hrly vol.
Movement #7 hrly vol.
Movement #8 hrly vol.

=369.000 ave. delay = 29.272
=389.000 ave. delay = 32.122
= 17.000 ave. delay = 65.652
= 14.000 ave. delay = 23.884
=186.000 ave. delay = 29.813
=228.000 ave. delay = 31.621
= 23.000 ave. delay = 24.237
= 27.000 ave. delay = 25.658

Intersection total delay= 10.765 veh-hrs
ave. cycle length = 80.733sec

Period begins at 10:00
Movement #1 hrly vol.
Movement #2 hrly vol.
Movement #3 hrly vol
Movement #4 hrly vol

Movement #5 hrly vol.

Movement #6 hrly vol
Movement #7 hrly vol
Movement #8 hrly vol

=358.000 ave. delay = 28.185
=373.000 ave. delay = 26.923
.= 25.000 ave. delay = 24.269
.=42.000 ave. delay = 31.461
=188.000 ave. delay = 27.691
.=199.000 ave. delay = 30.695
.=21.000 ave. delay = 30.972
.= 26.000 ave. delay = 20.148

Intersection total delay= 9.597 veh-hrs
ave. cycle length = 80.000sec

Period begins at 11:00
Movement #1 hrly vol.
Movement #2 hrly vol.
Movement #3 hrly vol.
Movement #4 hrly vol.
Movement #5 hrly vol.
Movement #6 hrly vol.
Movement #7 hrly vol.

=419.000 ave. delay = 34.509
=433.000 ave. delay = 34.664
= 26.000 ave. delay = 29.684
= 34.000 ave. delay = 30.437
=218.000 ave. delay = 29.341
=200.000 ave. delay = 29.852
= 35.000 ave. delay = 22.239
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= 22.000 ave. delay = 21.156

Intersection total delay= 12.468 veh-hrs
ave. cycle length = 80.044sec

Period begins at 12:00
Movement #1 hrly vol.
Movement #2 hrly vol.
Movement #3 hrly vol.
Movement #4 hrly vol.
Movement #5 hrly vol.
Movement #6 hrly vol.
Movement #7 hrly vol.
Movement #8 hrly vol.

=400.000 ave. delay = 29.585
=441.000 ave. delay = 37.316
= 21.000 ave. delay = 53.181
= 34.000 ave. delay = 30.289
=250.000 ave. delay = 33.341
=187.000 ave. delay = 28.290
= 18.000 ave. delay = 23.549
= 28.000 ave. delay = 34.599

Intersection total delay= 12.626 veh-hrs
ave. cycle length = 81.000sec

Period begins at 13:00
Movement #1 hrly vol.
Movement #2 hrly vol.
Movement #3 hrly vol.
Movement #4 hrly vol.
Movement #5 hrly vol.
Movement #6 hrly vol
Movement #7 hrly vol
Movement #8 hrly vol

=372.000 ave. delay = 28.793
=495.000 ave. delay = 40.429
= 37.000 ave. delay = 29.607
= 22.000 ave. delay = 26.577
=246.000 ave. delay = 40.649
.=192.000 ave. delay = 28.375
.= 36.000 ave. delay = 23.206
. = 38.000 ave. delay = 32.366

Intersection total delay= 13.866 veh-hrs
ave. cycle length = 80.200sec

Period begins at 14:00
Movement #1 hrly vol.
Movement #2 hrly vol.
Movement #3 hrly vol.
Movement #4 hrly vol.
Movement #5 hrly vol.
Movement #6 hrly vol.
Movement #7 hrly vol.
Movement #8 hrly vol.

=445.000 ave. delay = 47.543
=524.000 ave. delay = 54.310
= 30.000 ave. delay = 38.908
= 63.000 ave. delay = 37.799
=298.000 ave. delay = 62.220
=211.000 ave. delay = 36.153
= 35.000 ave. delay = 28.293
= 55.000 ave. delay = 55.973

Intersection total delay= 23.167 veh-hrs
ave. cycle length = 85.881sec

Period begins at 15:00
Movement #1 hrly vol.
Movement #2 hrly vol.
Movement #3 hrly vol.
Movement #4 hrly vol.
Movement #5 hrly vol.
Movement #6 hrly vol.

=477.000 ave. delay = 43.850
=518.000 ave. delay = 44.285
=44.000 ave. delay = 35.484
= 53.000 ave. delay = 38.420
=360.000 ave. delay = 64.899
=212.000 ave. delay = 32.064
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Movement #7 hrly vol. = 29.000 ave. delay = 27.762
Movement #8 hrly vol. = 73.000 ave. delay = 54.948
Intersection total delay= 22.897 veh-hrs

ave. cycle length = 89.050sec
Period begins at 16:00

Movement #1 hrly vol.
Movement #2 hrly vol.
Movement #3 hrly vol.
Movement #4 hrly vol.
Movement #5 hrly vol.
Movement #6 hrly vol.

Movement #7 hrly vol
Movement #8 hrly vol

=462.000 ave. delay = 46.145
=582.000 ave. delay = 68.489
= 37.000 ave. delay = 37.811
= 88.000 ave. delay = 40.612
=378.000 ave. delay = 69.939
=267.000 ave. delay = 42.614
.= 56.000 ave. delay = 33.641
.= 85.000 ave. delay = 55.856

Intersection total delay= 30.722 veh-hrs
ave. cycle length = 89.293sec

Period begins at 17:00
Movement #1 hrly vol.
Movement #2 hrly vol.
Movement #3 hrly vol.
Movement #4 hrly vol.
Movement #5 hrly vol.
Movement #6 hrly vol.
Movement #7 hrly vol.
Movement #8 hrly vol.

=463.000 ave. delay = 45.301
=589.000 ave. delay = 78.856
= 44.000 ave. delay = 37.980
=90.000 ave. delay = 45.328

=445.000 ave. delay = 75.455
=218.000 ave. delay = 33.171
= 37.000 ave. delay = 43.064
= 65.000 ave. delay = 43.181

Intersection total delay= 32.883 veh-hrs
ave. cycle length = 89.625sec

Period begins at 18:00
Movement #1 hrly vol.
Movement #2 hrly vol.
Movement #3 hrly vol.
Movement #4 hrly vol.
Movement #5 hrly vol.

=531.000 ave. delay = 53.251
=545.000 ave. delay = 58.467
= 34.000 ave. delay = 36.424
= 87.000 ave. delay = 53.181

=331.000 ave. delay = 56.870

Movement #6 hrly vol. =176.000 ave. delay = 29.846
Movement #7 hrly vol. = 32.000 ave. delay = 25.568
Movement #8 hrly vol. = 55.000 ave. delay = 57.128
Intersection total delay= 26.123 veh-hrs

ave. cycle length = 88.975sec
Period begins at 19:00

Movement #1 hrly vol.
Movement #2 hrly vol.

Movement #3 hrly vol.

Movement #4 hrly vol.
Movement #5 hrly vol.

=421.000 ave. delay = 29.229
=482.000 ave. delay = 42.888
= 16.000 ave. delay = 28.417
= 35.000 ave. delay = 31.973
=270.000 ave. delay = 41.660
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Movement #6 hrly vol. =164.000 ave. delay = 27.242
Movement #7 hrly vol. = 16.000 ave. delay = 19.648
Movement #8 hrly vol. = 37.000 ave. delay = 31.990
Intersection total delay= 14.379 veh-hrs

ave. cycle length = 82.068sec
Period begins at 20:00
Movement #1 hrly vol. =370.000 ave. delay = 28.586
Movement #2 hrly vol. =425.000 ave. delay = 32.464
Movement #3 hrly vol. = 18.000 ave. delay = 28.846
Movement #4 hrly vol. = 16.000 ave. delay = 34.437
Movement #5 hrly vol. =185.000 ave. delay = 28.492
Movement #6 hrly vol. =115.000 ave. delay = 25.698
Movement #7 hrly vol. = 17.000 ave. delay = 19.991
Movement #8 hrly vol. = 10.000 ave. delay = 25.838
Intersection total delay= 9.519 veh-hrs

ave. cycle length = 80.156sec
Period begins at 21:00
Movement #1 hrly vol. =322.000 ave. delay = 26.303
Movement #2 hrly vol. =316.000 ave. delay = 22.297
Movement #3 hrly vol. = 11.000 ave. delay = 20.424
Movement #4 hrly vol. = 7.000 ave. delay = 29.026
Movement #5 hrly vol. =198.000 ave. delay = 38.874
Movement #6 hrly vol. = 71.000 ave. delay = 23.412
Movement #7 hrly vol. = 16.000 ave. delay = 18.221
Movement #8 hrly vol. = 12.000 ave. delay = 23.243
Intersection total delay= 7.187 veh-hrs

ave. cycle length = 79.733sec
Period begins at 22:00
Movement #1 hrly vol. =186.000 ave. delay = 17.841
Movement #2 hrly vol. =158.000 ave. delay = 16.188
Movement #3 hrly vol. = 9.000 ave. delay = 13.807
Movement #4 hrly vol. = 8.000 ave. delay = 19.803
Movement #5 hrly vol. =100.000 ave. delay = 33.852
Movement #6 hrly vol. = 47.000 ave. delay = 26.175
Movement #7 hrly vol. = 15.000 ave. delay = 17.628
Movement #8 hrly vol. = 10.000 ave. delay = 18.234
Intersection total delay= 3.117 veh-hrs

ave. cycle length = 75.917sec
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