
no .233 

N A T I O N A L C O O P E R A T I V E 
H I G H W A Y R E S E A R C H P R O G R A M REPORT 

SELECTING TRAFFIC SIGNAL CONTROL AT 
INDIVIDUAL INTERSECTIONS 

T R A N S P O R T A T I O N R E S E A R C H B O A R D 
N A T r O N A L R E S E A R C H C O U N C I L 



TRANSPORTATION R E S E A R C H BOARD 1981 

Officers 

THOMAS D. L A R S O N , Chairman D A R R E L L V MANNING, Vice Chairman 

T H O M A S B. D E E N , Executive Director 

Executive Committee 

A D M I N I S T R A T O R , Federal Aviation Administration, U.S. Department of Transportation (ex officio) 
R A Y A. B A R N H A R T , Federal Highway Administrator, U.S. Department of Transportation (ex officio) 
R O B E R T W. B L A N C H E T T E , Federal Railroad Administrator, UJS. Department of Transportation (ex officio) 
F R A N C I S B. F R A N C O I S , Executive Director, American Assn. of State Highway and Transportation Officials (ex officio) 
W I L L I A M J . HARRIS , JR., Vice President (Res. and Test Dept.), Association of American Railroads (ex officio) 
P E T E R G. K.OLTNOW, President, Highway Users Federation fdr Safety and Mobility (ex officio. Past Chairman 1979) 
E L L I O T T W. M O N T R O L L , Chairman, Commission on Sociotechnical Systems, National Research Council (ex officio) 
R A Y M O N D A . P E C K , JR., National Highway Traffic Safety Administrator, U.S. Department of Transportation (ex officio) 
A R T H U R T E E L E , JR., Urban Mass Transportation Administrator, U.S. Department of Transportation (ex officio) 
JOHN F . WING, Senior Vice President, Booz, Allen & Hamilton, Inc. (ex officio, M T R B liaison) 
C H A R L E Y V. WOOTAN, Director, Texas Transportation Institute, Texas A&M University (ex officio, Past Chairman 1980) 
G E O R G E J. B E A N , Director of Aviation, Hillsborough County (Florida) Aviation Authority 
T H O M A S W. BRADSHAW, JR., Secretary, Ndrth Carolina Department of Transportation 
R I C H A R D P. B R A U N , Commissioner, Minnesota Department of Transportation 
A R T H U R J . B R U E N , J R . , Vice President, Continental Illinois National Bank and Trust Company of Chicago 
L A W R E N C E D. DAHMS, Executive Director, Metropolitan Transportation Commission, San Francisco Bay Area 
A D R I A N A G I A N T U R C O , Director, California Department of Transportation 
J A C K R. G I L S T R A P , Executive Vice President, American Public Transit Association 
M A R K G. G O O D E , Engineer-Director, Texas State Dept. of Hwys. and Public Transp. 
W I L L I A M C. H E N N E S S Y , Commissioner, New York Slate Department of Transportation 
A R T H U R J . H O L L A N D , Mayor, City of Trenton, N.J. 
J A C K K I N S T L I N G E R , Executive Director, Colorado Department of Highways 
T H O M A S D. L A R S O N , Secretary, Pennsylvania Department of Transportation 
M A R V I N L . M A N H E I M , Professor of Civil Engineering, Massachusetts Institute of Technology 
D A R R E L L V M A N N I N G , Director, Idaho Transportation Department 
D A N I E L T. M U R P H Y , County Executive, Oakland County Courthouse, Michigan 
R I C H A R D S. P A G E , General Manager, Washington (D.C.) Metropolitan Area Transit Authority 
P H I L I P J . R I N G O , Chairman of the Board, ATE Management & Service Co., Inc. 
M A R K D. R O B E S O N , Chairman, Finance Committee, Yellow Freight Systems, Inc. 
G U E R D O N S. SINES, Vice President (Information and Control Systems) Missouri Pacific Railroad 
JOHN E . S T E I N E R , Vice President, Corporate Product Development, The Boeing Company 

NATIONAL COOPERATIVE HIGHWAY R E S E A R C H PROGRAM 

Transportation Research Board Executive Committee Subcommittee for the NCHRP 

T H O M A S D. L A R S O N , Pennsylvania Dept. of Transp. (Chairman) R A Y A . B A R N H A R T , U.S. Dept. of Transp. 
D A R R E L L V MANNING, Idaho Transportation Dept. E L L I O T T W. M O N T R O L L , National Research Coimcil 
F R A N C I S B. F R A N C O I S , Amer. Assn. of State Hwy. and Transp. Officials C H A R L E Y V . WOOTAN, Texas A&M University 

T H O M A S B. D E E N , Transportation Research Board 

Field of Traffic 
Area of Operations and Control 
Project Panel, G3-27 
K E N N E T H F . K O B E T S K Y , West Virginia Dept. of Highways (Chairman) Z O L T A N A . N E M E T H , The Ohio State University 
R I C H A R D L . B L O S T , Michigan Department of Transportation J O H N G . R O T H R O C K , City Traffic Engineer, Topeka, Kansas 
R. M. G A R D E S K I , New York State Dept. of Transportation A . K E I T H S T O N E C I P H E R , Pennsylvania Dept. of Transportation 
H A R O L D P. G A R F I E L D , California Dept. of Transportation C . J O H N M a c G O W A N , Federal Highway Administration 
H. M I L T O N H E Y W O O D , Federal Highway Administration D A V I D K . W I T H E F O R D , Transportation Research Board 
JOSEPH M. M c D E R M O T T , Illinois Dept. of Transportation 

Program Staff 

K R I E G E R W. H E N D E R S O N , J R . , Director, Cooperative Research Programs R O B E R T J . R E I L L Y , Projects Engineer 
L O U I S M. M a c G R E G O R , Administrative Engineer H A R R Y A. S M I T H , Projects Engineer 
C R A W F O R D F . J E N C K S , Projects Engineer R O B E R T E . S P I C H E R , Projects Engineer 
R. I A N K I N G H A M , Projects Engineer H E L E N M A C K , Editor 



N A T I O N A L C O O P E R A T I V E H I G H W A Y R E S E A R C H P R O G R A M 
R E P O R T 

SELECTING TRAFFIC SIGNAL CONTROL AT 
INDIVIDUAL INTERSECTIONS 

p. J . TARNOFF 
Alan M. Voorhees & Associates 

McLean, Va. 
and 

P. S. PARSONSON 
Georgia Institute of Technology 

Atlanta, Georgia 

R E S E A R C H S P O N S O R E D B Y T H E A M E R I C A N 
A S S O C I A T I O N O F S T A T E H I G H W A Y A N D 
T R A N S P O R T A T I O N O F F I C I A L S I N C O O P E R A T I O N 
W I T H T H E F E D E R A L H I G H W A Y A D M I N I S T R A T I O N 

AREAS OF INTEREST 

OPERATIONS AND TRAFF IC CONTROL M fl O 
TRAFFIC FLOW, CAPACITY, AND MEASUREMENTS , | i lAS"llAE 
(HIGHWAY TRANSPORTATION) 

S E P 2 11981 

i T R A N S P O R T A T I O N R E S E A R C H B O A R D 
NATIONAL RESEARCH COUNCIL 

, WASHINGTON, D C JUNE 1981 



r t i 

NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM NCHRP Report 233 

Systematic, well-designed research provides the most ef
fective approach to the solution of many problems facing 
highway administrators and engineers. Often, highway 
problems are of local interest and can best be studied by 
highway departments individually or in cooperation with 
their state universities and others. However, the accelerat
ing growth of highway transportation develops increasingly 
complex problems of wide interest to highway authorities. 
These problems are best studied through a coordinated 
program of cooperative research 
In recognition of these needs, the highway administrators 
of the American Association of State Highway and Trans
portation Officials initiated in 1962 an objective national 
highway research prograni employing modern scientific 
techniques. This program is supported on a continuing 
basis by funds from participating member states of the 
Association and it receives the full cooperation and support 
of the Federal Highway , Administration, United States 
Department of Transportation. 
The Transportation Research Board of the National Re
search Council was requested by the Association to admin
ister the lesearch program' because of the Board's recog
nized objectivity and understanding of modern research 
practices The Board is uniquely suited for this purpose 
as- I t maintains an extensive committee structure from 
which authorities on any {highway transportation subject 
may be drawn, it possesses avenues of communications and 
coopeiation with federal, state, and local governmental 
agencies, universities, and Industry; its relationship to its 
parent organization, the National Academy of Sciences, a 
piivale, nonprofit institution, is an insurance of objectivity; 
I t maintains a full-time reseaich correlation staff of special
ists in highway transportation matters to bring the findings 
of lesearch directly to those who are In a position to use 
them 
The progiam is developed.on the basis of reseaich needs 
identified by chief administrators of the highway and trans
portation departments and by committees of AASHTO. 
Each year, specific areas of research needs to be included 
In the progiam are proposed to the Academy and the Board 
by the American Association of State Highway and Trans-
poitation Officials. Research projects to fulfi l l these needs 
are defined by the Board, and qualified research agencies 
are selected from those that have submitted proposals. Ad
ministration and surveillance of research contracts are 
responsibilities of the Academy and Its Transportation 
Research Board. , - ' . 
The needs for highway research are many, and the National 
Cooperative Highway Research Program can make signifi
cant contributions to the solution of highway transportation 
problems of mutual concern to many responsible groups 
The program, however, is intended to complement rather 
than to substitute for or duplicate other highway research 
programs. 
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FOREWORD 
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Research Board 

This report wi l l be of particular interest to state, county, and local traffic engi
neers who are responsible for selecting traffic signal equipment. Operational char
acteristics and relative costs are described for pretimed, semi-actuated, full-actuated, 
and volume density controls. Individual intersection controls and coordination con
siderations between adjacent intersections are covered. Data from a nationwide 
survey of traffic engineering organizations, f rom field studies, and f rom traffic simu
lation analyses provide the basis for the research findings; this information wil l assist 
the traffic engineer in determining the most appropriate form of control for a par
ticular location. Because of the wide selection of control equipment currently avail
able and the different conditions existing at individual sites, this report provides 
basic information that can be used in the selection process and does not attempt to 
specify a rigid procedure. 

Selection of the most appropriate form of traffic signal control for an individual 
intersection is a complicated process because of the many types of control that are 
available, the wide range of control equipment, and the varying site conditions. Each 
type of control (pretimed, semi-actuated, full-actuated, and volume-density) offers 
varying performance and cost characteristics depending upon the nature of the 
installation and existing traffic conditions. The proper choice of vehicle detector 
configuration and controller settings further complicates the selection and design 
process. 

The available literature on this subject is extensive but provides little guidance 
on the complete set of costs and benefits associated with the" selection of alternative 
forms of signal control at a specific site. Although traffic engineers recognize that 
each type of control has its appropriate use, selection of control type is generally 
determined without a comprehensive analysis because of the lack of specific guid
ance and supporting reference data. To assist in the evaluation of the best type of 
traffic signal control to use at an intersection, this report describes ( 1 ) maintenance 
requirements, (2 ) vehicle delays on the major and minor streets, (3 ) overall traffic 
safety, ( 4 ) coordination adaptability, and (5 ) cost effectiveness. 

Controller performance was evaluated in terms of delay per vehicle ( i n sec
onds/vehicle) and percent stops per vehicle. These measures of effectiveness were 
selected because they are frequently used in traffic engineering studies and can be 
directly related to traffic flow at individual intersections. The approach used was to 
perform detailed analysis of controller effectiveness expressed in terms of stops and 
delays and then to develop additional relationships for vehicle emissions, fuel 
consumption, and accidents as a function of stops and delay. 

Three complementary approaches were used to evaluate controller effective
ness: ( 1 ) field data collection using observers to manually measure vehicle vol
umes and vehicle stops and delay; (2 ) simulation using the NETSIM model, devel
oped under the sponsorship of F H W A , to evaluate control system performance; and 
(3) analytical techniques developed by the research team and other agencies. 

The research results demonstrated that the form of control which minimizes 
the vehicle stops and delays at an intersection also minimizes fuel consumption and 
emissions. Furthermore, the differences in the annualized costs for equipment acqui
sition, installation, operation, and maintenance between the control alternatives 
were significantly less than the differences between the benefits. For this reason, 
the control alternative that minimized stops and delays also proved to be the most 
cost-effective installation. Therefore, it is not considered necessary to develop indi-



vidual estimates for all of the measures of system effectiveness and costs in order 
to select the best form of control. 

Graphs are used to define regions in which each type of control is most effec
tive; the regions defined are for pretimed, semi-actuated and basic full-actuated 
control. The applicability of volume-density control and detectorization require
ments are also defined. 

Although this report significantly advances the state of knowledge on this sub
ject, the reader should understand that both the field data and simulation data used 
to develop the relationships were somewhat limited. Further refinement of these 
relationships through other research, as well as by traffic engineers for their specific 
situations, is desirable. Nonetheless, the comprehensive information, presented 
herein should prove useful until the desired refinements are accomplished. 
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SELECTING TRAFFIC SIGNAL CONTROL AT 
INDIVIDUAL INTERSECTIONS 

SUMMARY Because of the complexity of modern traffic signal control equipment, the 
^ selection of the most appropriate form of control for an individual intersection can 

be a difficult and confusing process. Four basic types of control are available: pre
timed, semi-actuated, basic full-actuated, and volume-density. Each type of con
trol offers varying performance and cost characteristics depending on the nature of 
the installation and existing traffic conditions. The performance of these control 
alternatives is further influenced by the configuration of vehicle detectors employed 
and the controller settings. NCHRP Project 3-27 was undertaken for the purpose 
of developing information that would permit the local traffic engineer to evaluate 
costs and benefits of the various control alternatives while taking roadway and traffic 
conditions into account. 

A review of the extensive literature related to this subject revealed that much 
of the work performed to date either is of a theoretical nature or considers the 
operation of a specific intersection. In spite of these limitations, it was possible to 
arrive at some general conclusions: 

1. Pretimed controllers operate most effectively when the shortest possible 
cycle length is used subject to the constraints of providing adequate intersection 
capacity and minimum green times for pedestrians and vehicle clearance intervals. 

2. The delays produced by full-actuated controllers are extremely sensitive to 
the value of the extension that is used. In general, the shorter extensions reduce 
vehicle delays. 

3. A t low and moderate volumes when extensions of 2 or 3 sec are employed, 
and use of the full-actuated controller wi l l produce reduced delays and stops over 
those which can be achieved using pretimed controllers. When high traffic volumes 
occur both on the main street and on the side street causing the controller to extend 
the green time to the maximum on all phases, the full-actuated controller wi l l per
form as a pretimed controller, producing comparable measures of vehicle flow. 

4. The relative effectiveness of the various control alternatives depend on the 
quality of the signal timing employed. A poorly timed actuated controller wi l l 
degrade traffic performance to as great an extent as a poorly timed pretimed 
controller. 

The detailed evaluation of controller performance conducted on this project 
employed simulation techniques validated f rom field data collected at five inter
sections. In addition, the evaluation of both pretimed and full-actuated controller 
performance generally confirmed the relationships defined by the available literature. 

I t was also concluded that volume-density controllers provide the greatest 
benefit at intersections with high approach speeds where detector setbacks f rom the 
intersection in excess of 125 f t require a variable initial green time. The time-
waiting extension-reduction option of the volume-density controller wi l l not im
prove the controller's performance over that of a basic full-actuated controller 



unless the option is used to reduce the vehicle extension to a value that is less than 
would be used with the full-actuated controller. 

Evaluation of semi-actuated controller performance at individual intersections 
demonstrated that these controllers produce a higher level of stops and delays for 
all traflBc conditions than do either the full-actuated or pretimed controllers. How
ever, for side street traffic volumes that are less than 20 percent of main street 
volumes, there is an insignificant difference between semi-actuated and full-actuated 
controller effectiveness. 

Basic full-actuated controller performance was evaluated for a variety of sig
nal phasing and detectorization schemes. On the basis of these evaluations i t was 
concluded that full-actuated controllers produce significant benefits when used in an 
8-phase dual ring configuration. The 8-phase configuration also produces signifi
cant benefits in terms of both stops and delays, as well as capacity, over that which 
would be possible with a 4-phase pretimed controller. Further modest gains in 
performance are possible with the use of long loops and short (or zero) initial and 
extension settings using the basic full-actuated controller. This application was 
found to produce a performance similar to a 2-sec extension with a short loop. 

Extensive cost data were also accumulated for each type of control. These 
were found to vary significantly with type of control. The variations in these costs 
were also sensitive to the number of phases, primarily because of the need for 
increased detectorization with additional phases. In addition, it was found that the 
microprocessors used in the newer controller designs tend to reduce annual con
troller maintenance costs. 

The controller performance data and cost data were applied to the develop
ment of benefit-cost analysis procedures. The application of representative data to 
these procedures demonstrated that the annual benefits (expressed in terms of 
motorists costs) were five to ten times greater than the annualized controller costs. 
For this reason, it was concluded that the formalized benefit-cost procedure would 
be insensitive to the alternative controller costs. A more appropriate procedure 
would begin with the analysis of alternative forms of control to identify the one that 
provides the most effective operation. As a second step, the controller acquisition, 
installation, and maintenance costs of the selected control should be evaluated to 
ensure that local agency budgetary constraints are not violated. I f the available 
budget is adequate to support the selected form of control, it should be implemented 
because the magnitude of the benefits wi l l outweigh the cost differential to be borne 
by the local agency. 

CHAPTER ONE 

INTRODUCTION AND RESEARCH APPROACH 

Traffic signals have been used for the allocation of right- schedule. More recently a variety of sophisticated equip-
of-way at intersections for almost as long as the motor ment has become available for modifying signal timing 
vehicle has been in existence. The original traffic signals based on time-of-day or vehicle arrivals at the intersection, 
were manually controlled. Subsequently a simple timer With increased-equipment complexity has come a re-
mechanism was used to allocate right-of-way on a regular quirement for a development of engineering procedures 



that will permit a selection based on the characteristics of 
the intersection being controlled. A comprehensive set of 
procedures must consider operational effectiveness, equip
ment reliability, and costs associated with installation, op
eration, and maintenance. 

PROBLEM STATEMENT AND RESEARCH OBJECTIVE 

A review of the procedures currently being used in the 
traffic control equipment selection process reveals an ab
sence of uniformity and only a limited availability of ana
lytical techniques to support the process. Surprisingly, the 
available traffic signal control literature (including the 
Transportation Engineering Handbook (7 ) ) , although vo
luminous, provides little guidance related to the complete 
set of costs and benefits associated with the selection of 
alternative forms of signal control at a specific site. 

Without more comprehensive assistance, the traffic en
gineer's problems can be expected to increase as a result 
of the rapidly changing state of the art. These changes will 
probably result in reduced acquisition costs for micro
processor-based equipment and increased costs for other 
solid state and electromechanical equipment. Salaries for 
maintenance personnel could increase significantly as more 
sophisticated procedures are required to trouble shoot and 
repair the more complex equipment. In some cases, the 
need for higher maintenance salaries can be offset by the 
use of automated diagnosuc hardware. However, it is likely 
that these equipment costs will also increase. Cost of spares 
is increasing with the use of large-scale integrated (LSI) 
circuits, but the possibility of decreased failure rates (in
creased mean times between failure—MTBF) should offset 
this increased cost These rapidly changing conditions serve 
to emphasize the current absence of any guidelines for 
selection of traffic control alternatives. 

The absence of guidelines can be attributed to the com
plexity of the problem. This issue was discussed by Jacks 
(2), who commented on the relative complexity of estab
lishing warrants for various types of interconnected signal 
control systems because of the wide variations in the con
ditions under which they must operate. He concluded that 
the ". . state-of-the-art of traffic signal system operations 

IS such that establishment of warrants for utilization of 
specific types of signal systems is not presently feasible. 
However, for a given situation, an analysis which con
siders all qualitative factors, costs, and capabilities of vari
ous systems can provide a logical basis for system deter
mination." These conclusions are directly related to the 
problems of individual intersection control. 

The objective of NCHRP Project 3-27 was to develop 
information needed for selecting the most appropriate type 
of traffic signal control for an individual intersection in 
both urban and rural areas. Although the emphasis of this 
project was on traffic control at isolated intersections, ad
jacent intersections were considered insofar as the identifi
cation of the need for coordinated operation is concerned. 

SCOPE OF STUDY 

This research developed procedures for the computation 
of benefits and costs as a function of the following three 
dimensions: (1) roadway characteristics, (2) traffic char
acteristics, and (3) control characteristics. 

The relationship among these three dimensions is shown 
schematically in Figure 1. As indicated by this figure, the 
final selection of a particular form of control is based on 
the comparison of the costs and benefits of the alternative 
control techniques. 

The benefits used to compare the alternative forms of 
control include traffic flow, fuel consumption, vehicle emis
sions, and safety. The traffic flow variables are those as
sociated with an individual intersection—stops and delays. 
They do not include the system measures of speed and 
travel time because these measures have no meaning for an 
individual intersection. 

The costs used in the procedures are those associated 
with the design, installation, operation, and maintenance of 
the basic control equipment. These costs include both 
equipment and labor costs; they include both controller 
equipment and associated detectors. The cost of equip
ment that is common to all forms of control, such as signal 
displays and cabinets, is not included in the procedures. 
Differences in equipment reliability are accounted for 
through the maintenance costs. 

CHARACTERISTICS 

Roadway 
Traffic 

Control 

Local Labor Costs 

Performance 

Acquisition, 
Installation, 
Operating & 
IMalntenance 

Costs 

Compute 
Benefits 

Benefits 

Compute 
Costs 

Compare 
Costs and 
Benefits 

S E L E C T E D 
SYSTEM 

Costs 

Figure 1. Control system selection process. 



RESEARCH APPROACH 

In order to accomplish the objective of NCHRP Project 
3-27, activities were organized into the following four 
tasks: 

• Task 1—Review and summarize relevant literature and 
research findings The purpose of this task is to review and 
summarize all publications and research related to the proj
ect This information is to serve as a reference for all future 
project activities. 

• Task 2—Identify and define the study variables. The 
purpose of this task is to define roadway and traffic charac
teristics for which the various types of signal control are to 

be compared. During this task, alternative forms of signal 
control are also identified. One important element is the 
study of variables that may be used as surrogates for the 
roadway and traffic characteristics. 

• Task 3—Develop cost effectiveness methodology. The 
purpose of this task is to define the measures of effective
ness, costs, and analytical techniques to be used for the 
comparison of alternative types of control. 

• Task 4—Obtain the data required to determine the 
relative effectiveness of each control type. The purpose of 
this task is to combine the analytical framework developed 
in Tasks 2 and 3 with the available data identified in Task 1 
and to collect any supplementary data needed. 

CHAPTER TWO 

FINDINGS 

This chapter presents the findings from each of the re
search tasks. In several cases, detailed appendixes were 
prepared to provide a more comprehensive discussion of 
these findings. Specifically, the annotated bibliography pre
pared during Task 1 is contained in Appendix A. The 
detailed results of the study of traffic platoon behavior and 
the relationship between controller effectiveness and inter
connection with upstream intersections are covered in Ap
pendix B. Results of the validation of the simulation model 
is contained in Appendix C. The derivation of actuated 
controller characteristics used to calculate regions of con
troller effectiveness is presented in Appendix D. 

STATE-OF-THE-ART SUMMARY 

The state-of-the-art review conducted during Task 1 
served the dual purpose of providing a general definition 
of the state of the art in signal control as well as identifying 
sources of data that might be used for the remainder of this 
project. Appendix A contains the annotated bibliography 
developed as a result of this review. References contained 
in this appendix are listed in alphabetical order. 

Numerous references are available in the area of signal 
control. In order to keep the state-of-the-art review within 
reasonable proportions, it was restricted to those dealing 
with the installation, operations, maintenance, or perfor
mance of signals at individual intersections. Systems of 
coordinated signals have not been included. 

During the state-of-the-art review over 100 references 
were reviewed and the following was concluded: 

1. The vast majority of the available literature deals with 
performance characteristics of controllers at isolated inter
sections Within these references, vehicle delay is used al
most exclusively as the measure of controller effectiveness. 

2. A limited number of references offer criteria for the 
selection of control alternatives at individual intersections. 

These criteria are generally based on capacity considera
tions and do not include costs. 

3. With the exception of manufacturers' literature, there 
are few documents identified that discuss installation, op
erations, or maintenance issues. Al l of the documents iden
tified deal exclusively with procedures. None contain any 
data that would allow cost comparisons to be performed 
between alternative forms of control. 

4. Numerous analytical studies have been performed that 
develop statistical relationships for various types of con
trol. These studies often provide insight into operation of 
signal control alternatives. However, they have always 
been conducted under assumptions too restrictive to per
mit their application to a specific set of guidelines. 

The following discussion summarizes some of the more 
significant references identified during the state-of-the-art 
review. This discussion is divided into two sections: Per
formance Characteristics and Theoretical Considerations. 
No attempt has been made to summarize the design, instal
lation, operations, and maintenance information reviewed 
because the references reviewed failed to produce any in
formation directly applicable to the project. The informa
tion required to support this aspect of the project activities 
was developed from information supplied directly by users 
and manufacturers. 

Performance Characteristics 

In 1975 Orcutt (5) mentioned three basic forms of con
trol—pretimed, actuated, and semi-actuated. He indicated 
that pretimed control is "used primarily in CBD areas, es
pecially where a network of signals must be coordinated. 
This is not a good strategy where more than three phases 
are required." 

Orcutt (J) defines actuated signals as equipment that 
"responds to actual traffic demand of one or more move-



ments as registered by detectors. I f all movements are 
detected, the control is called fully actuated." He states 
that: "Fully actuated control should normally be used at 
isolated intersections." 

These statements reflect the conventional wisdom of the 
ttaffic control community. They are a result of the well-
known fact that an actuated controller will provide a more 
effective operation at individual intersections provided it is 
installed and timed properly, at least one phase is serviced 
by the controller, and the equipment is properly maintained 
such that a high degree of reliability is achieved for the 
duration of the installation and the cost of providing such 
maintenance is not a major concern to the local agency. 

The NEMA standards (4) were used to define the basic 
controller types examined during this project. The four 
types considered include pretimed, semi-traffic-actuated, 
fuU-traflic-actuated without volume-density, and full-traffic-
actuated with volume-density. For the remainder of this 
report, the latter three types of control will be designated 
semi-actuated, full-actuated, and volume-density control, 
respectively. NEMA provides the following definitions for 
the four types of control: 

Pretimed Controller Assembly—A controller assembly 
for the operation of traffic signals with predetermined: 
1. Fixed cycle length(s). 
2. Fixed internal duration(s) 
3 Internal sequence(s) 
Semi-Traffic-Actuated Controller Assembly—A type of 
traffic-actuated controller assembly in which means are 
provided for traffic actuation on one or more but not all 
approaches to the intersection. [For the purpose of this 
definition, traffic actuation is defined as the supervision 
of] the operation of traffic control signals in accordance 
with the varying demands of traffic as registered with the 
controller by detectors 
Full-Traffic-Actuated Without Volume-Density Control
ler Assembly—A type of traffic-actuated controller as
sembly in which means are provided for traffic actuation 
on all approaches to the intersection Where traffic ac
tuation is defined as before, the full-actuated controller 
without volume-density has three settings [for the deter
mination of green timing on an actuated phase]. 
1. Initial—The first timed portion of the green interval 

which is set in consideration of the storage vehicles 
waiting between the sensing zone of the approach 
vehicle detector and the stopline. 

2. Extension (gap) (vehicle interval, preset gap, pas
sage time)—^The timing of this portion of the green 
interval shall be reset with each vehicle actuation and 
shall not commence to time again until the vehicle 
actuation signal is removed from the input to the 
controller unit. 

3 Maximum (extension limit)—This time setting shall 
determine the length of time that this phase may be 
held green in the presence of an opposing serviceable 
call. 

Full-Traffic-Actuated With Volume-Density—The vol
ume-density operation shall include a form of variable 
initial timing and gap reduction timing. The effect on the 
initial timing shall be to increase the timing in a manner 
which IS dependent upon the number of vehicle actua
tions stored on this phase while its signal is displaying the 
yellow or red. The effect on the extensible portion shall 
be to reduce the allowable gap between successive vehi
cle actuations in a manner which is related to the delay 
of the first vehicle arriving on a conflicting phase. 

Although in the past, controllers such as the Automatic 

Signal Model 1022 and the Eagle Signal ET150 have em
ployed additional extension reduction features that are a 
function of the number of cars waiting on the conflicting 
phase and density on the street currentiy being served, the 
NEMA specifications restrict the volume-density extension 
reduction feature exclusively to the vehicle delay on the 
conflicting phase. 

Staunton (5), who has summarized the work of numer
ous signal control researchers, presents comparisons of the 
delays produced by fixed-time and actuated control as a 
function of vehicle volumes (see Figs. 2(a) and 2(b). 
Figure 2(a), which Staunton reproduced from Webster's 
early work at the Road Research Laboratory in Great Brit
ain, is significant in that it demonstrates that full-actuated 
control with 2.5-sec extension will always be better than the 
best form of pretimed operation; that is, with optimum set
tings for all volumes. Also significant in this figure is the 
fact that longer values for the extension can easily degrade 
actuated controller performance to the point where it is 
significanriy worse than pretimed conti-ol. It should be 
noted that these are simulation results. In actual practice 
2.5-sec extensions can lead to the premature termination of 
an actuated phase due to fluctuations in queue discharge 
headways A final factor demonstrated by this figure is that 
heavier traffic flows on all approaches tend to cause the 
performance of these two types of control to be nearly 
equivalent. 

These performance estimates are supported by Bang (6), 
who developed a new form of control for individual inter
sections. Designated Traffic Optimization Logic (TOL) 
control IS based on the concept of calculating a control 
function that represents the net gain (or loss) in vehicle 
delays for vehicles on all phases of the intersection ap
proach resulting from terminating the current phase In 
comparing TOL with other forms of control. Bang used 
a simulation along with field tests which produced compari
sons between pretimed and full-actuated control. These 
comparisons, reproduced in Figures 3(a) and 3(b), show 
the results of the simulation and field experiments at a 
2-phase urban intersection. Bang does not distinguish be
tween the two forms of pretimed control (PT 1 and PT 3) 
shown in the figure However, it is significant that these 
curves generally agree with the data shown in Figure 2 and 
demonstrate that it is possible for full-actuated control to 
produce higher delays than the pretimed control alternative 
when the approach volumes are close to saturation. 

It IS interesting that these curves also demonstrate the 
potential of the TOL performance. However, in Bang's 
words, this form of control, which is not commercially 
available, "is among other things dependent on the ac
curacy of the detector information." For this reason, it did 
not receive further consideration in this project. 

Gerlough and Wagner (7) compared pretimed controller 
effectiveness against the more complex volume-density con
trol. Here again, degraded performance resulted for the 
actuated form of control at higher intersection volumes. 
The basic queue control refers to an actuated-control con
cept developed in Ref. 7. In this form of control, the dura
tion of green for each phase is dependent on directiy sensed 
queue lengths at the beginning of the phase. Subsequent 
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research (8) has demonstrated the difficulty of measuring 
queue lengths accurately, with the result that this form of 
control IS usually extremely difficult to implement. It 
should be emphasized that for all the results presented here, 
the authors did not provide a detailed description of the 
controller settings used. It is shown later m this report that 
controller performance is very sensitive to these settings. 

Studies of delay at actuated signals have also been made 
for the purpose of evaluatmg warrants for this type of con
trol on the basis of the information in the 1961 edition of 
the MUTCD. This information has been expanded by the 
Texas Highway Department into the series of curves shown 
in Figures 4 through 7. Figure 4 is plotted from the war
rants contained in the 1961 edition of the MUTCD. 
Volume levels for fixed-time control, warrant 1 from the 
1971 edition, are also indicated in this figure to show their 

"similarity to the actuated warrant. Figures 5 through 7 
represent 1.25, 1.50, and 1.75 times the levels shown in 
Figure 4. These factors are based on a study conducted 
by Texas which developed the relationship between the 
eight high hours, four high hours, and two high hours, re
spectively. Figure 8 was developed by extrapolating these 
data for the one high-hour case. These curves have been 
studied by Vodrazka, Lee, and Haenel (9) who concluded 
that they provide "good guidelmes for selecting actuated 
equipment for locations where traffic volumes do not war
rant pretimed signals. Delay studies at three locations that 
meet the suggested warrants for actuated control, but not 
for pretimed control, showed that actuated control con
sistently resulted in less delay than pretimed equipment up 
to total volumes of about 450 vehicles per 15 minutes." 
This conclusion implies that actuated control produces 
higher delays than pretimed equipment under high-volume 
conditions corresponding to approximately 2500 vph for 
a 4-legged 2-phase intersection with two lanes per ap
proach. These volume levels correspond to a level of ser
vice of E or F. Here again, it must be emphasized that 
these conclusions will be sensitive to the controller settings 
employed 

Theoretical Considerations 

Numerous theoretical studies of pretimed control have 
been conducted. Two examples are the work of Miller (10) 
and Webster (11). This theoretical work has been applied 
to the computation of optimum cycle lengths as a function 
of vehicle arrival rates It has also been used for evaluating 
vehicle delays, intersection capacity, probability of stops, 
and so on. These results are also well validated through 
comparison with field data. However, the pretimed com
putations are of limited value for the development of guide
lines because they do not provide an equivalent theoretical 
development for actuated control that will permit a com
parison of the two. 

More recently, Newell (72) and Newell and Osuma (13) 
have expanded the body of theory by developing relation
ships for mean vehicle delay with both pretimed and ac
tuated control at the intersection of two 1-way streets and 
two 2-way streets, respectively. In Ref. 12, Newell demon
strates that the average delay per vehicle for an actuated 
signal is less than that of a pretimed signal by a factor of 
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Figure 3(a). Comparison between different control methods; 
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about 3. However, it must be emphasized that this result 
applies to the restricted case of intersecting 1-way streets. 

Reference 13 considers a second situation—the inter
section of 2-way streets at which there was no turning 
traffic. The main conclusion of this work is that the high 
efficiency indicated for vehicle-actuated control at the inter
section of 1-way streets does not necessarily exist for 2-way 
streets. For the particular vehicle-actuated policy examined 
—that of holding the green until the queue has been dis
charged—the vehicle-actuated control will not perform as 
well as pretimed control when (1) flows are nearly equal 
on both approaches of a [given phase, and (2) the inter
section is nearly saturated. 

This work confirms Bang's results, previously described, 
that for high levels of vehicle flows, vehicle-actuated con
trol can degrade perforihance when compared with pre
timed control. The degree to which this degradation oc
curs will be a result of the degree to which flows are 
balanced, the value of the extension, and the setting of die 
maximum green time. 

CURRENT PRACTICES AND PROCEDURES 

As part of the state-of-the-art survey, numerous traffic 
engineering organizations were contacted to identify cur
rent practices. The purpose of these contacts was to iden
tify existing procedures that might be used in the compari
son of controller effectiveness. 

Approach 

Contacts were made with a sample of 43 state, county, 
and city traffic engineering agencies selected to provide in
formation for all regions of the United States. The 43 
interviews are stratified as follows: 

Governmental Unit 

Region State County City Total 

Northeast 4 1 2 7 
Midwest and Mountain 5 0 8 13 
South 4 2 7 13 
West 3 4 3 10 

y 20 43 

Summary of Survey 

These findings indicate that in some jurisdictions, par
ticularly in the northeast^ there are ceruin barriers to the 
use of full-actuated control with large-area detection at iso
lated mtersections. These barriers are the difficulties in 
maintaining the controllers and the detectors. 

Controller maintenance has become difficult for many 
agencies throughout the countiy because of the multiplicity 
of makes and models that tend to be purchased under low-
bid policies. Also, the continuing increase in sophistication 
of design of solid-state equipment dictates a transition in 
bench-repair staff from electrician to electronics technician. 
Limited budgets make this transition difficult. However, 
the controller industry is currently experiencing the same 

conversion to microprocessor technology that has revolu
tionized the calculator and wristwatch industries. The low 
cost and high reliability of microprocessors, coupled with 
their simple procedures for field troubleshooting, suggest 
that maintenance requirements may be eased in the future. 
There is a feeling in the traffic-signal industi^ that detection 
may be the next beneficiary of advances in microprocessor 
technology. 

Detection at an intersection approach must often cover 
a large area (typically a length of 50 to 70 f t in the vicinity 
of the stopline) so that the green time allocated to each 
phase can be closely tailored to actual traffic demand. A l 
though this can be done with magnetometer detectors, loop 
detection is generally less expensive and is the detection of 
choice for most agencies. 

The early crystal-controlled loop-detector electronics of 
the late 1960's have been replaced with excellent units 
capable of tracking environmental drift and detecting small 
vehicles adequately. Several manufacturers produce high 
quality, reasonably priced loop detectors that are satisfac
tory to traffic engineers. Problems appear to exist only 
within those agencies with inadequate specifications. 

Loop configuration has evolved over the years as a result 
of research performed by detector manufacturers and traf
fic engineering agencies throughout the world. Today, 
large-scale detection is frequently implemented, using tech
niques such as the "quadrupole" configurtion (Fig. 8) or by 
groups of interconnected, small-area loops. 

EVALUATION OF CONTROLLER EFFECTIVENESS 

A key element in the selection between signal control 
alternatives is the evaluation of their effectiveness under a 
variety of operational conditions. 

In the following discussion controller performance will 
be consistently expressed in terms of delay per vehicle (in 
seconds/vehicle) and percent stops per vehicle. These 
variables (measures of effectiveness) were selected because 
they are frequently used by the traffic engineering com
munity and can be directiy related to traffic flow at indi
vidual intersections. Subsequent sections discuss the rela
tionships between the stops and delay and emissions, fuel 
consumption, and accident rate. Thus, the approach used 
herein has been to perform detailed analysis of controller 
effectiveness expressed in terms of stops and delays and to 
develop additional relationships from which the stops and 
delays can be translated into vehicle emissions, fuel con
sumption, and accidents. 

Three complementary approaches have been used to 
evaluate controller effectiveness: 

1. Field data collection using observers to measure ve
hicle volumes and to measure vehicle stops and delay. 

2. Simulation using the NETSIM model (U) developed 
under the sponsorship of FHWA to evaluate control system 
performance. 

3. Analytical techniques developed by the research team 
and other agencies. 

It was originally intended that the field data collection 
would form the baseline data to provide a starting point 
from which future simulation studies would be performed. 
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Then, in effect, the simulation would-be used to both ex
trapolate and interpolate the field data base. This approach 
was subsequently modified to mclude a greater reliance on 
simulation for the following reasons: 

1. Experience with the application of simulation for 
evaluation of the operational effectiveness of control de
vices showed that they >yould provide a highly reliable 
evaluation of changes in traffic flow behavior resulting from 
modifications in control or roadway characteristics. Thus, 
although the simulation results might not always be pre
cisely accurate in absolute terms, the changes in flow re
sulting from an operational change would be very reliable. 

2. Other research activities showed that simulation could 
not be used for a direct extrapolation of field data. The 
assumptions inherent in the simulation model were such 
that the use of two fundamentally different sources of data 
for the development of relationships between dependent 
and independent variables would result in serious incon
sistencies and discontinuities in these relationships. There
fore, although the simulation provided an excellent basis 
for comparative studies, it should not be used in conjunc
tion with a field data collection activity. 

3. Problems were experienced early in the project In the 
identification of individual (isolated) intersections with the 
desired range of characteristics. In many cases, controller 
timing changes might be needed for the reevaluation of a 
particular set of conditions. This required the approval and 
assistance of local agency personnel on a continuing basis. 

4. The large number of different conditions to be ex
amined precluded the collection of a sample of data that 
was adequate for interpolation or extrapolation using the 
simulation. 

Thus the basic approach on this project was to use the 
simulation to examine the performance of pretimed, semi-
actuated, actuated, and volume-density controllers over a 
broad range of traffic and roadway conditions. 

However, because excessive reliance on simulation can 
lead to unrealistic conclusions, the simulation activity was 
preceded by a field comparison with data measures at five 
intersections; and the simulation results were cross-checked 
with the results of other studies to ensure their validity. 
The results of the field comparison of data are presented 
in Appendix C; they indicate that the field measurements 
of delay and the simulation estimates for delay were con
sistently within 15 percent of each other. The agreement 
between percent stops was not as close, probably a result 
of small differences in the definition of stops within the 
simulation as opposed to the definitions used by the field 
observers. NETSIM did not count a slowly rolling vehicle 
as having stopped, whereas the field observers considered 
such a vehicle to be stopped. Thus, the field data produce 
a consistently higher value for this measure of effectiveness. 
However, inasmuch as performance comparisons are being 
made, the bias in the stops data should tend to be elimi
nated. On the basis of these field validation tests, it was 
concluded that the accuracy of the simulation results was 
better than 15 percent. 

Unless otherwise indicated, the simulation results pre
sented here were developed under the following conditions 
for the individual intersection: 

1. Four 2-lane right-angle approaches. 
2. Two-phase signals. 
3. Approach speeds of 35 mph. 
4. Traffic volume for each approach evenly divided be

tween the approach lanes. 

Results are presented for the change in traffic delays and 
stops that result from varying each of these conditions ex
cept for speed. The effects of variations in speed are pre
sented only for a full-actuated controller with long-loop 
presence detection. No change in controller operations 
with vehicle speed was found for other types of control. 

The following discussion of controller effectiveness con
siders the operation of individual controllers as a function 
of timing, roadway, and traffic conditions. The final sec
tion compares the effectiveness of these various controllers 
and contains the basic data for use in comparing their 
operation. 

The results discussed throughout this section are pre
sented in terms of the critical lane volume at the inter
section. This volume is defined as the sum of the critical 
lane volume for each controller phase. The critical lane 
volume for a controller phase is the lane of traffic carrying 
the heaviest volume for all approaches serviced by that 
phase. Where turning movements are serviced concurrently 
with through movements, the critical lane volume is the 
largest volume represented by the through plus opposing 
left-turn volume. 
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Pretifnecl Control 

As previously defined, a pretimed controller operates us
ing a fixed cycle length and split dunng a predefined time 
period. Thus, the analysis of pretimed controller perfor
mance focused on the relationship between controller per
formance, cycle length, and split for a variety of roadway 
and traffic conditions. The basic intersection for which 
these relationships were examined has four right-angle 
2-lane approaches. Where turning movements are studied, 
protected left-turn pockets are provided. Traffic volumes 
referred to in the discussion are the volume for both lanes 
of a single approach. 

The relationship between delay, stops, and cycle lengths 
for equal volumes on all approaches at a 2-phase pretimed 
intersection was examined using simulation. These results 
are shown in Figure 9. Figure 9(a) indicates that for total 
critical lane volumes below approximately 1,200 vph the 
cycle length that produces the minimum delay is 50 sec or 
less. However, as volume increases beyond this level, the 
cycle length that produces the minimum delay becomes suc

cessively longer. These results are replotted in Figure 10 to 
demonstrate better the relationship between cycle length 
and delay. Also shown in this figure is a comparison with 
similar data developed by Webster (11) in his classic study 
of traffic signal settings at isolated intersections. The close 
agreement shown inPigure 10 with Webster's results, which 
have been validated in the field on numerous occasions, 
lends credence to the validity of the pretmied simulation 
results. 

The relationship between stops and approach volume for 
a range of cycle lengths can be seen in Figure 9(b) . A l 
though stops increase with approach volume, they are in
sensitive to cycle length. This msensitivity can be explained 
on the basis that for random vehicle arrivals the percentage 
of vehicles stopped is related to the split, and not to the 
cycle length. Because a constant percent split has been 
mamtained, stops will not be affected by cycle length. 
From this information it can be concluded that the most 
efficient signal operation for approach volumes of 600 ve
hicles per lane per hour or less will occur for signal cycles 
of less than 50 sec. 
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results. 

Other relationships examined for pretimed controllers in
clude the relationship between stops, delay, and the error 
in split computation. These results are shown in Figure 11. 
Also examined was the relationship between controller op
eration, timing percentages, and phasing. These results are 
discussed in a subsequent section. 

In general, it has been found that Webster's equations 
for computation of delay and the percent split can be used 
for determining delay and stops respectively. 

Full-Actuated Controllers 

The actuated controller has three basic timing adjust
ments that can be set for each approach: initial interval, 
extension, and maximum green. The analysis of the opera
tion of actuated controllers considered the effect of the 
extension and maximum green times on controller perfor
mance. From the results presented here, it is possible to 
anive at some conclusions regarding the use of the initial 
interval. 

Staunton (5) presents the results of Webster and Pak-
Poy, which consistentiy show that the longer the vehicle 
extension, the higher the delay. The data from this ref

erence demonstrate tiiat the percentage of vehicles stopped 
is reduced as the vehicle extension increases. (See Figs. 
12(a) and 12(b).) 

Unfortunately, this reference did not specifically define 
the conditions under which data were obtained. As a re
sult, it was necessary to use NETSIM to obtain a defini
tive set of baseline performance data. The results of the 
simulation were derived using the same conditions as those 
applied to the fixed-time controller tests previously de
scribed; that is, 2-phase control with two 2-lane approaches 
per phase. The results of the simulation runs are shown in 
Figure 13(a) and 13(b). From these figures it can be seen 
that for the ranges of variables studied, the shorter vehicle 
extensions produce consistently lower values of both stops 
and delay up to an approach volume of approximately 
1,050 vph. As the volume increases past this point, the 
number of stops is minimized using longer vehicle inter
vals. This effect is caused by the maximum green times of 
60 sec per phase, which causes the controller to behave like 
a fixed-time controller with a 50/50 split at the higher traf
fic volumes. I t should be noted that these simulation results 
do not properly account for the problem of premature ter
mination of green resulting from the variations in queue 
discharge headways that occur under normal operating con
ditions. For this reason, extensions greater than 3 sec are 
often used. 

The effect of the controller reaching the maximum green 
times is also shown in Figure 13. The longer extensions are 
shown to be approaching a curve corresponding to the case 
of the 120-sec pretimed controller. 

Thus from this analysis two significant conclusions were 
developed: 

1. Shorter vehicle extensions provide better performance 
at low-to-moderate vehicle volumes. 

2. The maximum green times cause the full-actuated 
controller to behave as a pretimed controller under heavy 
traffic conditions. The point at which this behavior occurs 
is dependent on the value of extension used. I f the con
troller is to be operated under these conditions, the maxi
mum green times should be selected to correspond to the 
desired split and cycle at the intersection rather than the 
maximum green time generally selected which would cor
respond to the tolerance of the motorists waiting at the 
cross street red. 

The conclusion that shorter vehicle intervals provide bet
ter performance is to be interpreted as a recommendation 
that such short intervals should always be used. The appli
cation of short intervals can lead to premature termination 
of the green during queue discharge because of variations 
in discharge headways. 

Semi-Actuated Controllers 

The semi-actuated controller is often applied to inter
sections with extremely light or variable cross traffic and 
moderate-to-heavy main street traffic. A typical installation 
controls traffic on a major arterial containing entrances to 
shopping centers or relatively minor cross streets. Because 
of their application to this type of installation, emphasis 
was placed on analyzing the effectiveness of semi-actuated 
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conUollers as a function of the ratio of main street to side 
street traffic volumes. 

Figures 14(a) and 14(b) demonstrate the effecUveness 
of the semi-actuated controller as a function of the rela
tive level of side street volume as a percent of main street 
volume. Al l of these curves were developed assunung a 
2-phase 4-Iegged intersection with a total critical lane 
volume of 900 vph. 

From Figure 14(a) it can be seen that the intersection 
delay generally increases as the relative volume on the side 
street increases. As the fixed main street green time is 
reduced, the delay decreases. This effect is caused by the 
fact that reduced main street green is equivalent to provid
ing the controller with increased flexibility to allocate green 
time to the side street. It is interesting to note that the ful l -
actuated conuoller produces lower delays for the complete 
range of side street volumes. 

Comparison of stops for various side street volumes is 
shown in Figure 14(b). ' This curve is insensitive to the 
main street green time and shows only a slight reduction 
in stops through the use of the actuated controller. 

A detailed analysis of the relationship between the full-
actuated and semi-actuated controllers revealed that for side 
street volumes that are less than 20 percent of mam street 

volumes there is no significant difference between the two 
forms of control. However, at higher percent side street 
volumes, the full-actuated control is significantly better. 

Volume-Density Controllers 

The volume-density controller is a form of actuated con
trol in which the initial green time and the extension inter
val are varied as a function of traffic conditions and time. 
The NEMA standards recognize three types of variation of 
the initial interval: 

1. Added mitial in which there is a minimum value as
signed to the initial interval. Subsequent vehicle arrivals 
during red past some minimum number cause additional 
time to be added to the initial interval for each vehicle 
arrival. 

2. Computed initial in which a maximum and minimum 
initial interval value are set on the controller along with 
the number of actuations required to reach maximum 
initial. 

3. Extensible initial in which minimum and maximum 
initial mterval values are set on the controller along with 
the added initial time per actuation. 
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Figure 14. (a) Relationship between side street traffic and delay—semi-actuated controller, and (b) relationship between side street 
traffic and stops—semi-actuated controller. 

Controllers currently being manufactured offer only a 
single form of initial interval variation. For example, the 
Multisonics 901 uses the extensible initial feature and has 
a maximum initial that is programmable from 0 to 63 sec, 
while the^ Automatic Signal Division Series 118 controller 
uses the added initial features and has a maximum initial 
interval that is fixed at 30 sec. Al l three types of initial 
interval variation are designed to accomplish the same pur
pose of adjusting initial green to ensure that the waitmg 
queue is discharged prior to terminating a given phase. This 
difficulty IS overcome by a feature used in the State of 
California Type 170 traffic signal equipment. When more 
than one detector is used for a phase, this controller calcu
lates the variable initial based on the detector with the 
highest count. 

Errors may also be introduced into the calculation of 
initial interval if a significant number of vehicles are turn
ing right on red. 

Variation of the extension on controllers manufactured 
to the NEMA standards can be implemented using a variety 
of techniques. The starting value of the extension is estab
lished by the passage time setting on the controller. The 

final value of the extension is defined by the minimum ex
tension setting. The rate at which the extension will be re
duced is established using one of three possible approaches: 

1. Providing a time to reduce to minimum extension. 
This setting will provide a rate of extension reduction 
defined by the equation: 

_ Passage time — Minimum extension 
~ Time to reduce 

2. Reduce extension every second by—this setting speci
fies the rate of extension reduction by , defining the incre
ment of extension reduction that will occur for every sec
ond of green time past the end of the imtial interval. The 
time to reduce is related to the "Reduce gap every second 
by" (RGES) by the equation: 

^ . ^ . Passage time — Minimum extension 
Time to reduce = ^ ^ ^ ^ 

RGES 
3. Reduce extension every/Reduce extension by—this 

combination of settings specifies the interval between ex
tension reductions and the amount by which it is to be 
reduced each interval. In effect, the two settings combined 
are equivalent to the specification of the extension reduc
tion rate. This is: 
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„ , • ^ Reduce extension by 
Reduce extension every second by — : 

Reduce extension every 
As with the computation of initial interval, the alterna

tive forms of implementation for the reduction in exten
sion (or gap) all provide the equivalent effect. 

The combination of features that have been described for 
the volume-density controller is shown in Figure 15. This 
figure IS representative of the Automatic Signal Model 114 
and 118 controllers that use the added initial and time to 
reduce features. 

In studying the effectiveness of volume-density control
lers, two aspects of this operation must be considered: the 
effect of varying the initial interval time, and the effect of 
varying the extension Figure 16 shows the relationship 
between the delay and stops produced by the extensible 
initial as a function of the distance between the detector 
and the stop line In these runs, the passage time was 6 sec 
and the minimum extension was 2 sec with a time to reduce 
of 40 sec. From these results it can be seen that slight 
increases in delay result as the detector is moved further 
from the stop line, while stops remain relatively constant. 

The following section compares the operation of the 
volume-density controller using the extensible initial with 
a fixed initial interval of 8 sec This comparison shows that 
the extensible initial produces a reduction in stops and de
lay for detector setbacks in excess of 60 f t . This feature is 
therefore of value when the detector is located at a distance 
from the stop line. 

The second aspect of volume-density controller perfor
mance studied was the effect of time to reduce and passage 
time. (A constant value of 2 sec was used for the mini
mum extension time.) The results, shown in Figures 
16(a) and 16(b), indicate that delay increases as the time 
to reduce and passage time values are increased, while stops 
are relatively insensitive to the value of these parameters. 
These results are consistent with the results previously pre
sented for the full-actuated controller which indicate that 
delay and stops will be minimized when shorter values of 
extension are employed. For comparison purpose. Figures 
16(a) and 16(b) present the values of delay and stops for 
the full-actuated controller evaluated under the same con
ditions. These delays appear as a straight line, because the 
time to reduce has no impact on the constant value of ex
tension employed with full-actuated control. The stops and 
delays resulting from volume-density control can always be 
made less than, or equal to, those produced by a ful l -
actuated controller providing the passage time and mini
mum extension are less than, or equal to, the extension 
interval of the full-actuated controller. The intent of 
Figure 16(a) is to demonstrate the sensitivity of controller 
performance to the passage time setting and to indicate that 
long values of passage time will cause the volume-density 
controller performance to approximate the less efficient 
operation of a full-actuated controller with longer exten
sion intervals. 

Although the volume-density controller does not neces
sarily improve traffic flow, its extension reduction features 
permit the use of a shorter minimum extension than would 
be possible with the full-actuated controller. In other 
words, it is usually impractical to use a 2-sec extension 

on a full-actuated controller, because a rapid response to 
short extensions will frequently lead to premature termina
tion of green during queue discharge because of fluctua
tions in discharge headways. Thus, if the volume density 
controller is timed to provide a 3-sec passage time and a 
2-sec minimum extension, its performance will be superior 
to that of a full-actuated controller with a constant 3-sec 
extension. 

On the basis of the results presented in this section, it 
can be concluded that the volume-density controller pro
vides improved performance for circumstances in which 
the variation of the initial interval and a short extension 
interval are required. The volume density controller also 
has application at intersections with high vehicle approach 
speeds at which the detectors can be set back far enough 
to provide dilemma zone protection. 

Detector Location 

I t is not possible to perform a comprehensive evaluation 
of controller effectiveness without also considering its re
lationship to detector location. As indicated in the state-
of-the-art review contained in Appendix A, numerous re
searchers have studied this relationship. Unfortunately, as 
with evaluations of overall controller effectiveness, the pa
rameters of their investigations are not adequately de
scribed, nor do their studies investigate an adequately 
varied set of conditions to arrive at any general conclu
sions. Thus, it was necessary to perform a comprehensive 
investigation of the relationship between detector location 
and controller effecUveness relying upon the existing litera
ture for verification of the results. 

Detectorization can be classified into three basic types: 

1. LocaUon of small area detectors for basic actuated 
controllers (full-actuated controllers according to the ter
minology of this report). 

2. Location of small area detectors for actuated con
trollers of advanced design. (Volume-density contirollers 
according to the terminology of this report.) This cate
gory of detectorization includes location of detectors to 
minimize dilemma zone problems. 

3. Use of long-loop presence detectors. This latter cate
gory of operation has become known as either lane-
occupancy control or loop-occupancy control which will be 
referred to as LOC in the following discussion. 

Each of these three types of detectorization has been 
examined using the simulation model to develop an under
standing of Its relationship to varying traffic conditions. 
The results of this investigation are presented in the 
following. 

Location of Small Area Detectors for 
Full-Actuated Controllers • 

References 15 and 16 emphasize the importance of set
ting the vehicle interval on the full-actuated controller 
equal to the travel time from the detector to the stop line. 
Placing the detector nearer to the intersection results in an 
exension of the green time past that which is required by 
the detected vehicle. Locating the detector at a greater 
distance from the intersection can cause the green to ter-
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Figure 15. Typical volume-density timing diagram. 

minate before the detected vehicle can reach the inter
section. Reference 15 also contains a table that relates 
detector location to approach speed for various values of 
vehicle interval. This table is reproduced as Table 1. 

References IS and 16 emphasize that the location of the 
detector should determine the values of the initial interval. 
In order to reduce the possibility of vehicles being trapped 
between the detector and stop line, this setting should be 
computed such that the minimum green time permits dis
charging all of the vehicles in the longest queue that can 
potentially form between the detector and the stop line. 
Assuming a start-up delay of 4 sec and an average headway 
between discharging vehicles of 2 sec, the minimum green 
time must be at least (4 - f 2n) where n is the number of 
vehicles between the detector and the stop line. Usually n 
is computed by dividing this distance by 20. For detectors 
located in excess of approximately 120 f t (36.6 m) from 
the stop line, the minimum green time will be 18 sec or 
longer. This length of minimum green time will reduce the 
controller's ability to respond to changes in traffic demand 
resulting in a sluggish operation. Therefore, 120 f t is often 
selected as an upper limit for the location of the detector. 
The minimum green time may be equal to the initial inter

val or the initial interval plus one vehicle extension, depend
ing on the controller model being timed. 

For a vehicle interval of 3 sec, the 150-ft restriction cor
responds to an upper limit on approach speed of 35 mph 
(56 km/hr) . For higher approach speeds, it is necessary 
to employ a volume-density controller with the capability 
of varying the initial interval in proportion to the actual 
number of vehicles waiting. 

These concepts were evaluated using the simulation both 
m order to verify their reliability and to develop adjustment 
factors for the guidelmes that could be used for cases of 
imperfect detector location. Figures 17(a) and 17(b) show 
the relationship between detector location and controller 
effectiveness for distances of 0, 50, and 150 f t from the 
stop line. A detector location of 100 f t was also evaluated, 
but is not shown because it closely resembles the 50-ft case. 
From these figures, it is clear that the correct location (in 
view of the approach speeds of 35 mph) of 150 f t produces 
a level of performance far superior to that of the closer 
detectors. These results are for basic full-actuated control. 

These figures contrast the effectiveness of a basic ful l -
actuated controller with detectors located at 0, 50, and 
150 f t with a volume-density controller using the added 
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Figure 16. (a) Relationship between extension time to reduce and delay—volume-density controller, and (b) relationship between 
extension time to reduce and stops—volume-density controller 

initial feature and no extension reduction From these 
figures. I t can be seen that controller performance is rela
tively insensitive to detector location for light traffic vol
umes. In actual practice, detectors are located close to the 
intersection because of a possible actuation during the yel
low change interval that may cause the controller to return 
to service an approach on which there is no demand. Con
troller performance is most sensitive to detector location at 
moderate volumes. At liigh volumes, the worst perfor
mance is registered by the full-actuated controller. 

On the basis of these results, it is concluded that it is 
appropriate to locate the detector such that the travel time 
is equal to the extension. It is also concluded that for 
volumes in excess of 450 veh per lane (900 vph) addi
tional improvement can be realized through the use of the 
added initial feature of the volume-density controller for 
approach speeds of 35 mph or higher. 

Location of Small Area Detectors for 
Volume-Density Controllers 

The ability of volume-density controllers to adjust their 
initial interval in response to the number of vehicles wait

ing gives them a significant advantage over the basic ful l -
actuated controller. This is parucularly true for approach 
speeds in excess of 35 mph for which great distances exist 
between the detector and the intersection. This relation
ship was discussed in the previous section. 

In order to determine the change in performance with 
the addition of extension reduction, the tests performed to 
obtain the data for Figures 18(a) and 18(b) were repeated 
with a passage time of 6 sec, a time to reduce of 40 sec, 
and an extension of 2 sec. The results of this study are 
shown in Figures 18(a) and 18(b). From these figures, it 
can be seen that the addition of extension reduction again 
degrades the performance of the volume-density controller 
as I t did for the results presented in the comparison of 
volume-density and full-actuated controllers. 

Thus, it can be concluded that the primary benefit de
rived from the use of the volume-density controller is in the 
variability of the initial interval The use of the extension-
reduction features degrades operation for all conditions ex
amined. This result can be explained by the previously 
observed characteristic that actuated controllers operate 
most effectively when a short (2 sec) extension is used. 
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DETECTOR LOCATION FOR SMALL-AREA OR "POINT" DETECTORS 
SUCH AS A 6' X 6' LOOP FOR ACTUATED CONTROLLERS 
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Passage Time i n Seconds from Detector to Stop Bar 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

20 29 58 87 116 145 174 196 232 261 290 319 348 377 406 435 

25 36 78 108 144 180 216 252 288 324 360 396 438 468 504 540 

30 44 88 132 176 220 264 308 352 396 440 484 528 572 616 660 

35 51 102 153 204 255 306 357 408 459 510 561 612 663 714 765 

40 59 118 177 236 295 354 413 472 531 590 649 708 767 826 885 

45 66 132 198 264 330 396 462 528 594 660 726 792 858 924 990 

50 73 146 219 292 365 438 511 584 657 730 803 876 949 1022 1095 

55 81 162 243 324 405 486 567 648 729 810 891 972 1053 1134 1215 

60 88 176 264 352 440 528 616 704 792 880 968 1056 1144 1232 1320 
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Figure 17. (a) Relationship between detector location and delay—basic full-actuated controller, and (b), relationship between detector 
location and stops—basic full-actuated controller. 
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Figure 18. (a) Relationship between detector location and delay—volume-density controller, and (b) relationship between detector loca
tion and slops—volume-density controller. 

The increased flexibility provided by the volume-density 
controller can permit detector setbacks of several hundred 
feet. These setbacks can result in the presence of a di
lemma zone for high-speed vehicles using the intersection 
approach. A dilemma zone is that region of an intersec
tion approach in which a driver will be forced to make a 
quick decision either to stop or to proceed through the 
intersection if the light changes to yellow. I f he stops, the 
speed-distance relationship is such that his decision to stop 
can at worst result in a rear-end accident; at best, it will 
result in an uncomfortable rate of deceleration. I f the 
driver proceeds through the intersection, he will have diffi
culty clearing the intersection before the end of the clear
ance interval 

The procedure generajly followed to minimize the prob
ability of a vehicle being {caught in the dilemma zone at the 
onset of the yellow change interval is to place the detector 
further from the intersection than will be required if only 
vehicle delays are considered. When this is done, the longer 
passage times of the volume-density controller are used to 
maintain compatibility with the increased detector setback. 

There is evidence from field experience that properly 
designed installations offering dilemma zone protection will 

significantly improve the safety of intersection operation. 
However, it should be noted that the preceding discussion 
indicated that the use of volume-density controllers with 
extension reduction can increase the number of vehicle 
stops at the intersection, which can degrade intersection 
safety. 

For this reason, it can be concluded that volume-density 
control should be used at intersections with high-speed ap
proaches at which accident experience or physical design 
indicates the need for dilemma zone protection and the 
variable initial interval. 

Long-Loop Presence Detection 

Long-loop presence detection operates by producing a 
vehicle call for the duration of time that the vehicle is over 
the detector. This is as opposed to the modes of detector 
operation previously discussed in which the detector out
puts a pulse (of less than 0.1 sec) when the vehicle is first 
detected. This latter mode of operation is known as either 
pulse or count detection. 

When presence detection is used, the duration of the 
pulse produced is proportional to the sum of the vehicle 
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length and the detector length. Thus, the detector length 
plays an important role in the operation of the combination 
of the detector and controller. 

The expression that defines this relationship is: 

PD = 
(LL Lv) K 

120 

100 

where: 

PD = 

LL = 
Lv = 
K = 

S = 

^ 80 
the duration of the vehicle presence indication 
from the detector; | 
loop length, f t ; 
vehicle length, f t ; 
an adjustment constant to compensate for the fact 
that the sensitivity of the loop does not cause the 
detector to trigger as soon as the front bumper AO 
crosses the loop; and « 
vehicle speed (ft/sec) which equals vehicle speed 
(mph) X 1.47. 

§ 60 

Q 
o 

The significance of this equation is that when presence 
detection is used with a full-actuated controller, the effec
tive extension is equal to the sum bf the presence duration 
plus the extension setting on the controller. This relation
ship is plotted in Figure 19. 

The long-loop presence detector is currently being used 
with full-actuated controllers in a mode known as lane-
occupancy control or loop-occupancy control (LOC) (17). 
LOC operation occurs when the controller is programmed 
for initial green interval of zero. Extensions are set either 
to zero or to a very low value. There is no need for a non
zero initial interval or minimum green time because the 
long loops continuously register the presence of any ve
hicles that are waiting, causing the controller to extend the 
green until the entire queue is discharged. The result is a 
signal operation that responds rapidly to changes in traffic 
flow. 

Pedestrian W A L K and pedestrian clearance intervals must 
be considered m the timing of all types of controllers. This 
aspect of signal timing becomes even more important with 
LOC because the minimum green time for vehicles is the 
sum of time for the vehicles to leave the loop area plus the 
extension time (if any) setting on the controller. There
fore, the minimum green time with LOC and light traffic 
conditions may be very short. 

A second possible disadvantage is the expense and con
straints represented by the longer loop. Because loop in
stallation costs are based on the linear feet of sawcut and 
wire used, the longer loops will be more expensive to main
tain and result in a less reliable operation. As previously 
indicated, the extension is partially determined by the 
length of the loop Thus, the vehicle interval cannot always 
be easily reduced unless the loop is physically shortened; in 
other words, replaced. 

In spite of these disadvantages, LOC has received popu
lar acceptance in areas of light pedestrian traffic because of 
its responsive operation. In order to quantify the benefits 
of LOC, a review of the literature was conducted followed 
by a series of simulation tests. 

References 17 and 18 each compared small area detec
tion with presence detection under real-life conditions. 
Bang and Nilsson (17) compared LOC operation with 
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pulse detector operation in March 1970. They concluded 
that delay was reduced 10 percent and stops by 6 percent 
under the same traffic conditions with LOC. 

Cribbins and Meyer (18) compared pulse and presence 
detectors. They concluded that the longer the length of the 
presence detector on the major approach to the intersec
tion, the longer the delay. They also concluded that the 
highest intersection travel time values occurred when either 
long-loop presence or pulse detectors were used on both 
major and minor approaches. 

It IS difficult to interpret these results because the vehicle 
speeds and controller settings used were not specified by 
either reference. I t is likely that the improved operation 
with presence detectors over pulse detectors in both refer
ences was the result of the extensions used with the pulse 
mode. 

In an effort to further test these theories, simulation runs 
were made for LOC using zero initial intervals and exten
sions. These runs were made to detector lengths of 30, 60, 
and 90 ft . These detector lengths correspond to extensions 
of 0.6, 1.2, and 1.8 sec for the 35-mph approach speeds 
simulated. Here again, it must be emphasized that the 
simulation results do not properly account for premature 
termination of the phase because of variations in queue 
discharge headways For this reason extensions shorter 
than 3 sec are not commonly used. These results were com
pared with a controller operated under the same conditions 
but a pulse detector with a 2-sec extension. The results of 
these comparisons are shown in Figures 20(a) and 20(b). 
From these figures it can be seen that as the effective ex
tension approaches the 2-sec (optimum) vehicle interval of 
the pulse detector, the stops and delay are equivalent. 
However, at high vehicle volumes, the performance of the 
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Figure 20 (a) Relationship between detector length and delay—LOC control, and (b) relationship between detector length and stops— 
LOC control. 

LOC is somewhat degraded. This degradation in perfor
mance IS a result of the slower vehicle speeds that occur in 
the presence of heavy traffic. 

These results indicate* that LOC wil l be more effective 
than pulse detection over a wide range of traffic volumes. 
It offers the further advantage not reflected by the simula
tion results of screening,out false calls caused by vehicles 
approaching but not traveling through the intersection. 

Comparison of Controller Effectiveness 

On the basis of the discussion of the preceding sections. 
It is clear that unless long detector setbacks are used at 
relatively high-speed approaches, only pretimed or ful l -
actuated controllers with either short loops or wide area 
loops (LOC) should receive serious consideration for in
stallation at an individual intersection. In comparing the 
effectiveness of these forms of control, it is useful to com
bine the information presented in Figures 9 and 13 into the 
single curve of Figures 21(a) and 21(b). 

From these figures it is clear that the relative benefits of 
full-actuated and pretimed control are heavily dependent 
on the signal timing to be used and the existing approach 

volumes. Therefore, the final selection of a particular type 
of control cannot be based on a .particular rule of thumb, 
but must be developed usmg the specific circumstances of 
the installation. 

In order to determine the effect of various sets of road
way and traffic conditions, a number of different relation
ships were examined. Figures 22(a) and 22(b) show the 
delay and stops for both pretimed and actuated controllers 
as a function of the percent of left-turning vehicles on the 
main street. Side street traffic was assumed to equal main 
street traffic and to have no turning movements. These 
figures show that for the 2-phase control, the actuated con
troller becomes less effective than the pretimed controller 
at an approach volume of 900 vph. This is a somewhat 
lower crossover in effectiveness than the case of Figure 21 
(which has a crossover of 1,100 vph) because the turning 
vehicles degraded the operation of the actuated controller 
which tended to give a higher percent of green time to the 
left-turning vehicles than the pretimed controller which 
penalized the heavier cross-street volumes. The actuated 
controller operation could have been improved by reducing 
the extension for the left-turn movement. 

The improvement in performance with the 8-phase dual-
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Figure 21. (a) Comparison of pretimed and full-actuated controller delay, and (b) comparison of pretimed and full-actuated controller 
stops 

ring controller demonstrates the value of employing flexible 
turning phases when significant turning traffic is present. A 
dual-ring controller is a controller containing two inter
locked rings that are arranged to time in a preferred se
quence and to allow concurrent timing of both rings, sub
ject to the restraint of the barrier (compatibility line). The 
phases within the two timing rings are numbered as i l 
lustrated in the following. 

• BAR8SR 

#2 

4t #7 4B 

PHASES IN BMG 1 
iSES IN SING 2 

^PHAS UNIT 

The advantages of multiple phases become even more 
evident in the presence of both cross street and main street 
left-turning traffic, as shown in Figures 23(a) and 23(b) 
for 10 percent left turns and in Figures 24(a) and 24(b) 
for 20 percent left turns. These figures compare both 
4-phase and 8-phase (dual-ring) actuated controllers with 
a 4-phase pretimed controller. They show that reductions 
in delay as high as 50 percent are possible when the 8-phase 
controller is employed in favor of the preUmed controller 

It is interesting to note that the benefits of 8-phase ac
tuated control are not as great in comparison with the 
4-phase actuated control for the case of 20 percent left 
turns as they are for the 10 percent left turns. This is be
cause the high turning percentages restrict the dual-ring 
controller's flexibility of concurrently timing various non-
conflicting phases. Thus, the controller's performance tends 
to resemble closely the performance of the 4-phase 
controller. 

Figures 24(a) and 24(b) also show the effect of operat
ing the intersection with left turns permitted during green 
through movements (permissive instead of exclusive left 
turns). As might be expected, the permissive operation 
provides its greatest benefits at the lowest traffic volumes. 
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However, even these benefits are not great (approximately 
7 percent at 500 vph) As a result, permissive operation 
has not received additional consideration 

In addition to studying the relationship between stops 
and delay, the ratio of main street to side street volume was 
studied for both pretimed and full-actuated controllers 
Stops and delay for pretimed controllers were found to be 
relatively constant as long as the degree of saturation for 
each phase is held constant, where the degree of saturation 
IS the ratio of demand volume to effective green time 
That IS -

D O S = ^ 
G,,; 

where 

Vd = lane volume of lane with greatest demand, and 
Gj; = (Green -)- yellow time) — (loss time due to start 

up delay, and portion of yellow not used by 
vehicles). 

The actuated controller performance as a function of 
changing ratios of side street traffic has been shown in an 
eariier section in Figure 14 

In concluding this section, it must be emphasized that the 
comparisons presented consider only vehicle stops and de
lays The relationship between these measures and other 
benefits involves several additional factors that are dis
cussed in the following sections 

Analytic Expressions for Comparing Controller Effectiveness 

The preceding data demonstrate the importance of con
sidering signal timing and roadway and traffic conditions 
when comparing alternative forms of control. The com
plex interaction of these variables precludes the develop
ment of a procedure for comparing control alternatives in 
a step-by-step nomograph form. For this reason, an ana
lytical procedure was developed that permits a direct com
parison of control alternatives taking all of these variables 
into account 

The analytical relationship was developed using the re
sults of simulation runs made to compare pretimed, semi-
actuated, and full-actuated controller performance as a 
function of total critical lane volume and percent side street 
volume The relationship between delay and percent mam 
street volume produced by the simulation is shown in 
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Fi!;iire 22 (a) Relationship between percent mam street turns, type of control, and delay, and (b) relationship between percent main 
street turns, type of control, and stops 
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Figure 25. This figure assumes that the pretimed con
troller split has been adjusted to equal the relative critical 
lane demand on each phase. It further assumes that the 
pretimed controller is constrained to a minimum green 
time required by pedestrian walking speeds of 4.0 fps. De
tailed analysis of these results indicated that for side street 
volumes that are less than 20 percent of the total critical 
lane approach volume, there is an insignificant difference 
in controller performance between the semi-actuated and 
full-actuated alternatives. At higher percentages of side 
street volume, the semi-actuated controller delay is con
sistently higher than those produced by the full-actuated 
and pretimed alternatives. 

These curves also indicated that for higher volumes the 
full-actuated controller effectiveness will be degraded at the 
volume levels for which one of the full-actuated controller 
phases is extended to the maximum green. When this oc
curs, the delay becomes significantly higher because the 
split IS inappropriate for the existing approach demand. 

As the percent side street traffic increases, the delay pro
duced by the full-actuated controller is reduced because the 
split determined by the effects of actuation and the maxi
mum green times more nearly approximate the split re

quired by the relative traffic demands on each approach. 
The curves shown in Figure 25 are representative of the 
delays produced by a full-actuated controller with equal 
maximum green times for both approaches. If the maxi
mum green times were not equal, the full-actuated con
troller operaUon would approximate pretimed operation at 
different percent side street traffic. 

To develop the mathematical relationship that defines the 
boundary between full-actuated and pretimed controller 
performance indicated in Figure 25, it is necessary to iden
tify the side street and mam street volumes for which the 
full actuated controller is operating at the optimum pre
timed cycle length and the correct split, for a given set of 
maximum green times. At volumes that are lower than the 
calculated values, the full-actuated controller will be op
erating more effectively than the pretimed controller. At 
higher volumes, the pretimed controller will operate more 
effectively. These relationships can be derived using the 
equations for a pretimed controller that have been devel
oped by Webster (11). 

The relationships derived are based on the equations for 
the optimum cycle length, C , and the optimum green time, 
5„, in seconds for approach n-
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Figure 23. (a) Relationship between number of phases, type of control, and delay, 10% left turns, and (b) relationship between 
number of phases, type of control, and stops, 10% left turns 
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Figure 24 (a) Relationship between number of phases, type ofcontrol, and delay, 20% left turns, and (b) relationship between 
number of phases, type of control, and stops, 20% left turns. 

where: 

C = 

I 

l . S L + 5 
1 - Y (1) 

y = the sum of the ratios of actual flow to saturation 
flow, y„, over all intersection approaches; 

L = the lost time for each cycle due to startup delays and 
red clearance interval times; and 

S„ = ^ X ( C - L ) (2) 

in which 

y„ = the ratio of the actual flow to the saturation flow on 
the approach n. Where the saturation flow rate 
is the capacity of the approach, a value of 1,200 
vehicles per lane per hour is frequently used. 

For actuated controller with given maximum green times, 
the maximum cycle length has already been determined as 
the sum of the maximum greens plus change intervals plus 
the red clearance intervals. The problem is then to deter
mine the approach volumes corresponding to the pre
determined cycle length., This can be calculated by solving 
for Y in E q . 1 giving the results: 

y = 1 
1 .5L-I-5 

(3) 

The flow ratio, >>„, for each approach can be calculated 
from E q 2 using the value of Y calculated in E q . 3: 

G„XY 
( C - L ) 

(4) 

where G„ is the maximum green time for approach n. 
The approach volumes corresponding to the boundary 

between full-actuated and pretimed control can be deter
mined for each approach, n, by solving E q 4 for each 
approach and multiplying the calculated value of y„ by the 
saturation flow rate for that approach. This calculation 
produces a unique set of approach volumes corresponding 
to the case for which all controller phases are extended to 
their maximum values. If only two phases are being con
sidered, the result will be plotted as a single data point on 
the curve of main street and side street volumes (see 
Fig. 26) . 

A more complex procedure must be used to calculate the 
boundaries of pretimed and full-actuated control for the 
case when only one phase has reached its maximum time. 
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Figure 25. Relationship between control alternatives as a function of traffic volume. 

It IS necessary to calculate the volume on the phases that 
have not reached the maximum which will cause the ve
hicle delays at the intersection to exceed those produced by 
a well-timed pretimed controller. This will occur when the 
green time on the phases that have not been extended to 
the maximum do not leave adequate green time for the 
phase that has already reached the maximum. 

Equations 1 and 2 can also be used as the basis for this 
computation. To simplify the derivation of the equations 
and subsequent calculations, the notation has been changed 
to indicate that two volumes are being considered—a main 
street volume, and a side street volume, Each of 
these volumes has a ratio of actual flow to saturation flow 
designated y„ and y,, respectively. In addiUon, there is a 
maximum green time for each appropriate designated G „ 
and G,. For controllers with more than two phases, the 
side street volumes, ratios, and maximum green times be
come the sum of these times for all phases other than the 
main street phase. 

Using this notation, Eqs. 2 and 3 can be rewritten as 
Eqs. 5 and 6, respectively: 

m 

1.5L + 5 

(5) 

(6) 
( G . + G „ -1- L ) 

In E q . 6, L is much less than G, + G„,. For this reason, 
E q . 6 is simplified as: 

y , -t- y „ = 1 -
1.5L + 5 

(7) 
G , + G „ 

Solving E q . 5 for G , and substituting the result in E q . 7 
gives: 

y . 4 - y „ = i -
1 .5L4-5 

G„, + G„, 

(8) 
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Figure 26. Sample graph of control boundaries. 

Equation 8 can be expanded into a quadratic fonn for 

_5_ 1.5L 
y.^ + ( 2 y „ - i ) y , + y „ ( -

(9) 

The value of Y, produced^ by E q . 9 is determined by solv
ing for the positive root of the quadratic which gives: 

-0 = 0 

y , = ( o . 5 - y „ ) + 0. 25- -(5 + 1.5L) 
•V4 

For a saturation flow rate of 1500 vph, 

1500 

1500 

Substituting V„ and V, for.y^ and Y, in E q . 10 gives: 

= ( 7 5 0 + 1 5 0 0 

0. 25- -(0.0033 + O.OOIL) 

(10) 

(11) 

(12) 

(13) Plotting V , as a function of V„ for E q . 13 produces the 
boundary conditions shown in Figure 26. 

This curve is sensitive to the value of saturation flow rate 
used in E q . 13. Changing ,values of saturation flow tend to 
shift the curve of Figure 26 upward and downward in the 
same direction as the change in the value of saturation flow. 

The value lost time, L, in E q . 13 will also affect the 
values calculated for the boundaries between actuated and 
pretimed control. Lost time is a function of the vehicle 
startup and stopping delays at the beginning and end of 
green. It is also a function of time lost during the actuated 
portion of the cycle because of an extension time that is 
longer than 2 sec. An expression for the relationship be
tween the lost time and the extension is derived in Ap
pendix D . The results of this calculation were also found 
to vary with approach volume. The effect of this variation 
on the side street volume was within the accuracy of the 
calculation ^nd, as a result, the effects of volume were 
ignored. 

RELATIONSHIP BETWEEN ACCIDENT RATE 
AND TYPE OF CONTROL 

Numerous investigators have found that the installation 
of a traffic signal at a given intersection can have a sig
nificant impact on its accident rate. For this reason, it is 
logical to expect that the accident rate at an intersection is 
related to the type of signal control employed. In an at
tempt to determine whether such a relationship might exist, 
an analysis was conducted of questionnaire data collected 
by K L D and Associates, Inc., as a part of N C H R P Proj
ect 3-20, 'Traffic Signal Warrants." In parallel with this 
analysis an extensive review was conducted of the existing 
literature to develop supplementary information. 

Analysis of Questionnaire Data 

The data collected by K L D and Associates, Inc., in
cluded 262 study intersections with the following attributes: 

1. Type of control—unsignalized, pretimed, semi-
actuated, full-actuated, or volume-density. 

2. The yearly average of accidents per intersection based 
on a 2-year period. 

3. Adjacent land use. 
4. Average speed on the facility. 
5. State in which each intersection is located. 

The data were stratified in a number of ways in an attempt 
to negate the influence of variations in roadway and traffic 
characteristics on the analysis. The stratification produced 
two acceptable sample sets on which statistical tests were 
performed. The results of the tests are described in the 
following. 

The first test was an analysis of variance using the com
plete set of yearly accidents per intersection sb'atified by 
control type only and ignoring the conditions existing at the 
intersection. The data satisfied the requirements of an 
analysis of variance ( A N O V A ) ; namely, normal distiibu-
tion and homogeneity of variances. Table 2 gives the 
results of tiie A N O V A . 

As can be seen from Table 2, there is a significant dif
ference in the sample means between control types. Table 3 
indicates that there is a significant difference between un
signalized and signalized intersections. Table 3 also shows 
the high variability of the data with the standard deviations 
equaling approximately 90 percent of the respective sam
ple means for unsignalized, pretimed, semi-actuated, and 
full-actuated control types. This high variability suggests 
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that inferences based on accidents stratified solely by con
trol type will be questionable. However, a general trend 
can be observed in the sample means shown in Table 3. 
Pretimed and volume-density controllers tend to have lower 
accident occurrences than the actuated types. This un
expected result may be explained by the variations in con
ditions existing at these various types of control. For ex
ample, it is possible that actuated controllers may be more 
frequently installed at higher volume intersections with 
higher speed approaches than the fixed-time controllers. 
Therefore, they will be more likely to exhibit a higher 
accident rate. 

The accidents per intersection for volume-density con-

T A B L E 2 

ANALYSIS O F V A R I A N C E FOR A C C I D E N T D A T A 
S T R A T I F I E D BY CONTROL T Y P E O N L Y 

Source of 
Variation 

Control 
Types 

d.f. S.I 

4 6411.84 160Z.96 F=7.12 

Duplication 257 57,854.80 225.12 F, „ . . „ , , = 2 . 4 0 
within Control (.05,4,257) 
ISESS. 

Total 261 64,266.64 

Since 7.12 > F(o.05,4,257) hypothesis of equal sample mean is rejected. 

T A B L E 3 

SAMPLE STATISTICS FOR D A T A S T R A T I F I E D BY CONTROL T Y P E 

Type of 
Control 

Number of 
Intersections 

Number of 
Accidents/yr 

Mean Accidents/yr 
per Intersection' 

Percent 
Rear End 

Percent 
Right Angle 

Standard 
Deviation 

Confidence 
Interval 
ata=0.05 

Not Signalized 65 571 8.78 26 74 7.78 6.85, 10.71 

Pretimed 126 2,054 16.30 54 46 14.27 13.81, 18.79 

Semi-Actuated 37 862 23.30 62 . 38 21.46 16.15, 30.45 

Full-Actuated 29 638 22.00 69 31 19.28 14.68, 29.32 

Volume-Density 5 84 16.80 66 24 4.44 11.70, 21.90 

Total 262 4,209 16.06 

1. Inferences about certain control types having better or worse accident rates should not be made from this table 
because of the large variability in the data (standard deviations equaling approximately 90 percent of the sample 
means). 

trollers are lower than for any of the other forms of con
trol. This result supports the conclusion of the earlier dis
cussion of volume^ensity controllers which indicated that 
the dilemma zone protection and variable initial features 
offered by this equipment can potentially improve inter
section safety. However, these data are of only limited 
reliability because of the extremely small number of inter
sections that make up the sample for this type of control. 
Perhaps the most significant information contained in 
Table 3 is the change in the type of accidents between 
signalized and nonsignalized intersections with the per
centage of rear-end accidents significantly increasing when 
a signal is present. 

In an attempt to reduce the effects of roadway and traffic 
characteristics on the sampling error accident rate per 1,000 
A D T was stratified by adjacent land use and average inter
section speed. Various levels of stratification were identi
fied; however, mixed commercial and residential adjacent 
land use together with average speed ranging from 25 to 
35 mph (40 to 56 km/hr) were the only levels providing 
sufficient sample sizes for statistical analyses. 

The resulting cell sizes from the foregoing stratification 
were sufficient only for the pretimed and full-actuated con
trol types. The sample sizes were 60 and 14 for the pre
timed and full-actuated cases, respectively. Because only 
two samples were available for statistical analysis, a t-test 
was performed. Table 4 gives the results of diis test. As 
can be seen, the means of these two sample sets were not 
significantly different at a 90 percent level of confidence. 
In fact, a significant difference was first shown at the un
acceptable low level of confidence of 63 percent ( a = 
0.37). 

A comparison of Tables 3 and 4 confirms the sensitivity 
of accident rate to traffic volume, land use, and approach 
speed. Table 3 indicates that the pretimed controller has 
a lower accident rate per intersection than does the full-
actuated. Table 4 indicates that the opposite is true for 
accident rate when the traffic volume, land use, and ap
proach speeds are held constant. Table 4 takes roadway 
and traffic conditions into account, while the Table 3 
analysis does not. 

Table 5 defines the data required to obtam a more defini-
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T A B L E 4 

STATISTICS AND T-TEST R E S U L T S FOR 
A C C I D E N T P E R 1,000 A D T S T R A T I F I E D BY 
C O M M E R C L U , / R E S I D E N T L \ L L A N D USE 
AND A V E R A G E SPEEDS OF 25-35 MPH 

signal Type Number of 
Interaectlons 

Mean Yearly 
Accidents 
1,000 AOT 

Standard 
Deviation 

Confidence 
Interval ata=.05 

Pretimed 60 0.66 0.50 (.53, .79) 

Full-
Actuated 

14 0.S2 0.26 (.38, .66) 

" F " .144 

d.f.=: 60+14-2=: 72 

'(.05,72) = 1.993 

'(.10,72) = 1.667 

*. difference significant at trs.37 level 

tive relationship between accident rate and type of control. 
Sample sizes of between 140 and 290 intersections are 
needed for each particular set of roadway and traflic con-
aitions being examined. For example, if it is desired to 
examine these relationships for two types of land use, two 
traffic speeds, and three levels of traffic volumes ( 2 X 2 X 3 
or 12 sets of characteristics), it will be necessary to collect 

data at between 1,680 and 3,480 intersections. This level 
of data collection was not feasible within the limitations of 
the project. 

Review of Existing Literature 

To supplement the conclusions of the data analysis, a 
review of the literature dealing with accident rates at sig
nalized intersections was undertaken. The results from this 
review generally confirm the results of the data analysis. 

From the data analysis, it was shown that approach vol
ume and roadway characteristics would have an impact on 
accident rate. Yet, when these variables were controlled, 
the type of signal control producing the fewest stops was 
shown to have a slightly lower accident rate. Thus, it can 
be deduced that the number of rear-end accidents are 
proportional to the number of intersection stops. 

The literature corroborated this finding with the Auto
motive Safety Foundation reporting "several studies have 
shown that rear-end accidents are proportional to the num
ber of vehicles required to stop" (19). The following il
lustrate the relationship of the number of rear-end acci
dent occurrences to both signal controller and number of 
vehicle stops. 

1. Schoene (20, p. 142) has shown that 11 out of 12 
Indiana intersections converted from two-way stop to 
traffic-actuated control had significant increases in rear-end 
accidents. Also, 8 of 20 intersections upgraded from two-
way stop to pretimed signal control had significant increases 
in rear-end accidents. 

2. Texas A&M University (21) has indicated that there 
is some relationship between the number of involuntary 
stops and signal type based on coordinated signal systems 
in Toronto. Though an intersection in a coordinated sys
tem may have different flow characteristics from an isolated 
intersection, the trends in the Toronto experience are 

T A B L E 5 

D A T A REQUIREMENTS FOR A C C I D E N T ANALYSIS 

Significance 
Level, 
Type! 
Error 
M° 

Significance 
Level, 
Type n 
Error 
(liY' 

Sample Size Significance 
Level, 
Type! 
Error 
M° 

Significance 
Level, 
Type n 
Error 
(liY' 

«'= 0.09 0.14 0.19 0.24 0.28 0.33 0.38 0.42 0.47 

Significance 
Level, 
Type! 
Error 
M° 

Significance 
Level, 
Type n 
Error 
(liY' d^= 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 

0.05 0.05 
0.10 
0.20 

651 
526 
396 

290 
235 
177 

164 
133 
100 

106 
86 
64 

74 
60 
45 

55 
44 
34 

42 
34 
26 

34 
27 
21 

27 
22 
17 

0.10 0.05 541 241 136 88 61 45 35 28 23 
0.10 431 192 108 78 49 36 28 22 18 
0.20 311 139 78 51 36 26 21 16 14 

Case most likely to represent accident data. .t 

' a= significance level of accepting an insignificant difference 
in the means when actually the difference is significant. 

' ^= significance level of rejecting a significant difference 
in the means when actually the difference is insignificant. 

' i = difference in sample means. 

' D= proportion of difference m means to the pooled standard 
deviation of the samples. 
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worthy of note. Pretimed, full-actuated, and semi-actuated 
systems had rates of 0.9, 1.0, and 1.1 involuntary stops per 
mile of coordinated facility. 

' 3. Shindler (19) has reported that there may be a rela
tionship between volume-density and semi-actuated control 
types in regard to the number of rear-end accidents. This 
IS based on the 62 percent reduction in rear-end accidents 
due to the change from semi-actuated to volume density 
control at an Oregon intersection. 

4. The work of Schoene and Michael (20, p. 146) in 
Indiana has determined that 66 percent of the study inter
sections experienced a significant increase in rear-end col
lisions from before signal installation to after. Of signifi
cance is the conclusion that installation of a signal at low-
volume intersections will usually not result in increased 
accidents. This conclusion was based on volume con
sideration. 

From the foregoing reports, the following can be 
concluded-

1. There is a definite positive trend between rear-end 
accidents and volume at signalized intersections. Going 
one step further, increased volume produces increased stop
ping and, thus, vehicle stops are positively correlated with 
rear-end accidents. 

2. There is some relation between pretimed, semi-
actuated, full-actuated, and volume-density signals and 
stops. It IS expected that there will also be a relation 
between type of control and accident rate., 

3. It is apparent that the most significant contributing 
factor to the increase in accidents following the installa
tion of a signal is the signal itself. Presence of other fac
tors may have a far more significant influence on accident 
rates than the type of signal installed. These factors are 
discussed in the following. 

Type and Extent of Accidents 

Installation of a signal tends to have the effect of de
creasing right-angle accidents and increasing other type 
accidents such as rear-end. This is not always the case, par
ticularly in situations where there are few right-angle acci
dents or many other type accidents. The work of Schoene 
and Michael (20, p. 146) indicates that right-angle acci
dents can be expected to decrease after installing a signal 
if five or more right-angle accidents per year occurred pre
viously. The Automotive Safety Foundation (19, p. 57) 
has determmed that intersections with few accidents before 
installaUon can be expected to have increased rates follow
ing installation, and intersection accidents' involving ve
hicles on the same street (head-on, rear-end, sideswipe) 
can be expected to increase after mstallabon. It has also 
been determined that these type of "same street" accidents 
can be reduced with such measures as turn prohibitions, 
channelization, and special phasing. 

Volume 

There appears to be a definite trend between increased 
accidents with increased intersection volume. This was re
ported true in both Skokie, 111. (22, p. 14) and Los Angeles 

(see Tables 6 and 7) . Schoene and Michael suggest that 
intersections with large disparities in volumes between the 
major and minor approaches will have higher accident rates 
than those intersections without. It was reported (20, 
p. 145) that increased accidents could be expected at sig
nalized intersections meeting the signal warrants with ratios 
of major approach volume to maximum mmor approach 
volume greater than 4-1. This was also true at those sig
nalized intersections not meeting the warrants and with 
ratios greater than 6:1. 

Previous Control 

The literature shows a difference in accident rates at sig
nalized intersections previously controlled by 2- and 4-way 
stops. Box and Alroth (22) suggest that accidents can be 
expected to decrease at signalized intersections previously 
controlled by 4-way stop signs; also, intersections previ
ously controlled by 2-way stop signs can be expected to 
experience an increase in accidents. 

It is doubtful whether these tendencies are significantly 
related to the difference in volumes at 2- and 4-way stop 
intersections, although it may have an effect. It is more 
probable that they are related to the differences in opera
tional characteristics of these two sign control types. 

Conclusions of Accident Analysis 

Analysis of the available accident reveals that there is 
little consistency in the relationships between type of inter
section control and accident rate. It is likely that the in-

T A B L E 6 

ACX;iDENT R A T E S P E R Y E A R FOR SIGNALIZED 
INTERSECTIONS IN S K O K I E , I L L . 

Entering ADT 

11,000-
16,000 

16,000-
21,000 

21,000-, 
26,000 

26,000-
31,000 

31,000-
36,000 

36,000-
41,000 

Average 
Accidents/year 

7.S 10.3 18.1 20.6 30.6 33.8 

Number of 
btersections 

8 13 35 41 41 10 ' 

Range of 3-13 3-18 5-30 3-73 12-60 14-61 
Frquencies 

Source: Reference (27). 

T A B L E 7 

A C C I D E N T RATES FOR SIGNALIZED INTERSECTIONS 
IN LOS A N G E L E S , C A L I F . 

ADT Number of Average Annual Standard 

Major Minor 
Intersections Accident Rate 

per Intersection 
Deviation 

0-32,000 0-6,000 170 0.55 0.38 

6,000-32,000 6,000-10,000 56 0.74 0.39 

10,000-32,000 10,000-14,000 25 0.95 0.44 

14,000-32,000 14,000-26,000 17 1.20 0.31 

Source: Reference (27). 
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ability to arrive at specific conclusions regarding these re
lationships is a result of the effect of numerous external 
influences on intersection safety, such as intersection de
sign, signal installation design, vehicle volumes and speeds, 
land use, and signal operation. The development of de
finitive conclusions in this area would require an extensive 
nationwide survey to accumulate a large enough data base 
to isolate the effects of signal control on intersection safety. 

ESTIMATE OF VEHICLE EMISSIONS AND 
FUEL CONSUMPTION 

The derivation of vehicle emissions , and fuel consump
tion for this project was to be based originally on the 
models contained in N E T S I M . However, this approach 
was abandoned in favor of. the use of equivalent data avail
able from the Environmental Protection Agency ( E P A ) 
(23) for the following reasons: 

1. The estimate of emissions and fuel consumption pro
duced by the simulation is dependent on vehicle speeds and 
travel distances on the approach link to the signal. As such, 
it will not produce estimates for these data that are related 
solely to the effect of signal performance on traffic flow. 

2 . The simulation results cannot be readily updated as 
more current vehicle emissions and fuel consumption data 
become available. This will be especially true during the 
next 5 years as the automobile manufacturers strive to meet 
new government requirements. 

The relationships developed here are based on emissions 
and fuel consumption resulting from vehicle stops and de
lays caused by the traffic signal. The methodology for esti
mating stops and delay has' been presented elsewhere in this 
report. Thus the data presented for each of the factors 
developed m this section are related to those previously 
computed quantities. 

Al l data developed by Ref. 2 3 have been represented as 
a function of model year for the years 1 9 6 7 through 1 9 7 4 . 
Data are also presented in this reference that provide for 
an estimate of the percentage of vehicles from each model 
year existing at the time these studies were performed (24). 
This percentage, as given in Table 8, and the subsequent 
data presented in this section must be updated as more 
up-to-date data become available from E P A . 

By using this percentage {of vehicles for each model year, 
it is possible to develop the relationship between each of 
these factors: delay and stops. The approach used in de
veloping this relationship is based on the concept of speed 
change and stop cycles and is described by Winfrey (25) . 
The application of this concept depends on the assumption 
that the cost of a vehicle stop and delay, and a resumption 
of normal travel speed, can be estimated as the sum of the 
cost of two independent costs. The first of these is the 
incremental cost of the deceleration from the initial travel 
speed to zero and acceleration back to the initial travel 
speed. This is the incremental cost over and above the cost 
of traveling the same distance at a constant speed. This 
cost is designated a speed change cycle and is incurred for 
each vehicle. The second cost is the idling cost that is di-
rectiy proportional to the idling time or delay. Using this 

Year 

T A B L E 8 

S U M M A R Y O F V E H I C L E S B Y M O D E L Y E A R 

Percentage of Vehicles, 
9.4 

10.0 
11.7 
12.2 
15.0 
16.7 
19.4 
5.6 

1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 

100.0 

approach, the cost per vehicle, CTV, for a particular type 
of signal control is: 

CTV = NBV X Csc + Toy X C, 

where: 

Nsv = number of stops per vehicle; 
Cgo = cost of a speed change cycle; 
TDV = average time delay per vehicle, sec; and 

Cj = cost of idling, units of cost/sec. 

The total cost, Cj., for a particular intersection is computed 
using the total approach volume, V, as: 

I n these equations, cost is expressed in pounds (grams) of 
pollutants and gallons (liters) of gasoline. 

The data required to implement these equations were de
rived from the data of Ref. 2 4 , and are shown in Figures 
2 7 and 2 8 and Table 9 . 

Thus, for example, if, for an intersection with a total 
approach volume of 1 ,800 vph and an approach speed of 
3 0 mph, the delay and stops have been determined to be 
1 5 sec/veh and 0 . 3 stops/veh, respectively, the average 
emissions and fuel consumption costs per vehicle would be: 

C h c = 0.3 stops/veh ( 0 . 1 8 gm/stop) - I - 15 sec/veh 
( 0 . 0 1 5 gm/sec) = 0 . 2 8 gm/veh 

Total H C = ( 0 . 2 8 gm/veh) X ( 1 0 0 0 vph) = 2 8 0 gm/hr 
Ceo = 0.3 stops/veh ( 3 . 2 gm/stop) - I - 1 5 sec/veh 

( 0 . 2 6 2 gm/sec) = 4 . 8 9 gm/veh 
Total C O = ( 4 . 8 9 gm/veh) X ( 1 0 0 0 vph) = 

4 , 8 9 0 gm/hr 
C c o , = 0.3 stops/veh ( 1 1 . 1 gm/stop) - I - 15 sec/veh 

( 1 . 5 7 gm/sec) = 2 6 . 9 1 gm/veh 
Total = ( 2 6 . 9 1 gm/veh) X ( 1 0 0 0 vph) = 

2 6 , 9 1 0 gm/hr 
C n O x = stops/veh ( 1 . 0 gm/stop) + 15 sec/veh 

( 0 . 0 0 4 gm/sec) = 0 . 3 6 gm/veh 
Total = ( 0 . 3 6 gm/veh) X ( 1 0 0 0 veh/hr) = 

3 6 0 gm/hr 
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Emissions 

H C & N O 

(om/stop) 

IS 30 45 

Initial and Final Speeds 

48 3 72 4 24 1 48 3 72 4 96 5 

Figure 27. Emissions resulting from speed change cycle. 

(mph) 

(km/hr) 

Excess 
Fuel 

Consumed 
(gal/stop) 

03 

025 

020 

015 

010 

005 

15 

24 1 

30 45 60 
Initial and Final Speeds (mph) 

483 72 4 
(km/hr) 

665 

Figure 28. Fuel consumption resulting from speed change cycle. 

C p „ e , = 0.3 stops/veh (0.0045 gal/stop) + 15 sec/ 
veh (0.00022 gal/sec) = 0.0047 gal/veh 

Total = (0.0047 gal/veh) X (1000 vph) = 
4.7 gal/hr 

In this manner the stops and delays estimated for a par
ticular type of control can be translated directly into mea
sures of emissions and fuel consumption. 

As previously indicated, these parameters change with 
future vehicle model years. Therefore, there is a need to 
update these data on a continuing basis if they are to 
remain current. 

From this discussion it is clear that both fuel consump
tion and emissions can be derived directly from vehicle 
stops and delays. It can further be concluded that minimiz
ing stops and delays will mmimize these measures as well. 

REQUIREMENTS FOR COORDINATION 

The potential benefits to be derived from coordinated 
operation at an intersection are directly related to the pla
toon characteristics of vehicle arrivals at that intersection. 
If a well-defined compact platoon of vehicles exists, co

ordinated operation can provide a significant reduction in 
the stops and delays experienced by the vehicles being ser
viced at the intersection. One popular rule of thumb is that 
signals spaced more than V^-mile apart should be operated 
independently because the cohesion of the platoon cannot 
be maintained for such a long distance (26). However, 

T A B L E 9 

EMISSIONS AND F U E L CONSUMED PER SECOND 
O F I D L E T I M E 

Parameter 
HC 
CO 

Fuel Consumed 

Rate 
.015 gr/sec 
.262 gr/sec 

1.570 gr/sec 
.004 gr/sec 
.00022 gal/sec 
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although this guideline may be applicable to average con
ditions, it is of little value 'for specific installations because 
the characteristics of a platoon can be affected by a variety 
of factors. Traffic flowing on a well-designed facility with
out driveways with opportunities for passing and provisions 
for left turns can maintain; a cohesive platoon structure for 
distances in excess of '/i mile. Conversely, if the design of 
a facility is such that traffic cannot flow in an unimpeded 
manner, it will not be possible to identify a platoon at the 
downstream intersection for signal spacings that are sig
nificantly less than Vi mile. This latter case will be desig
nated uniform flow conditions in the following discussion 
because there is an equal (uniform) probability of vehicles 
arriving at the intersection at any point in the signal cycle. 

Because of the high correlation between the platooning 
characteristics of traffic flow and the need for a coordinated 
signal system, a decision was made to develop a model of 
the characteristics as a function of traffic and roadway con
ditions. This model is based on an extended version of the 
approach used by Robertson (27) in the T R A N S Y T com
puter program used for the off-line optimization of traffic 
signal timing. 

Robertson's model assumes that traffic platoons are 
created when a queue is discharged from an upstream 
traffic signal at the start,of green. The queue discharge 

rateJs assumed to occur at a constant saturation flow rate 
that IS defined as the maximum rate of flow that will occur 
on the facility being analyzed. As the platoon of vehicles 
progresses along the link, the flow rate becomes modified 
by the dispersion effects of driver car-following behavior, 
midblock impedances to the traffic flow, and differences in 
desired travel speeds. This effect is shown in Figure 29. 
Note in this figure that, in addition to the slope of the 
platoon changing, its position m time changes which cor
responds to the travel time of the vehicles along the street. 

More complex platoon structures are produced when ad
ditional effects are taken into account. In his model, 
Robertson accounted for secondary flows produced by 
turning vehicles from the side street when the upstream 
signal displays main street red and additional platoon flows 
on the main street from the next signal upstream. He does 
not, however, consider the case of a major midblock source 
of vehicles from an unsignalized intersection such as a 
shopping center driveway or the equivalent effect of right-
turning vehicles at a location where right turn on red is 
permitted. 

During this phase of the research, a manual method for 
estimating the platooned arrival pattern at the downstream 
intersection was developed by adapting Robertson's model 
to a manual computational procedure. The additional ef-

STREET 
SEGMENT 

Distance 
from % 

Upstream Saturation 
Intersection 

Oft 

Direction of 
Traffic Flow 

100 

SO 

0 
start 

of Green 

100 

Assumed Average 
Platoon Speed = 50 ft /Sec 
Platoon Length = 20 Sec 

500 ft 

Delay = 20 Sec 

100 

1,000ft 50-^ 

Time 
(seconds) 

Figure 29. Platoon dispersion patterns. 
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fects of midblock sources of vehicles and right-turn-on-red 
were considered but were found to have a negligible effect' 
on the overall platoon characteristics. This procedure was 
further developed to permit the estimation of the incremen
tal benefit in terms of stops and delays that would be real
ized from coordinating the signal installation. The results 
presented here have been validated at three sites in North
ern Virginia They are also based in part on the work of 
Lam (28) and Gartner (29). 

Estimation of Platooned Arrivals 

As previously indicated, the estimation of the arrivmg 
platoon pattern relies on the use of a model developed by 
Robertson for computing platoon dispersion as it travels 
from an upstream intersection. The implementation of this 
model as a manual procedure requires extensive computa
tions for the user. Therefore, the model was simplified by 
decomposing vehicle flow from the upstream mtersection 
into three components: 

1 Discharge of the waiting queue from the upstream 
intersection. 

2. Processing of through-vehicles passing through the 
upstream intersection during green but following the queue 
discharge. 

3. Turning-vehicles arriving from the upstream inter
section during main street red at that intersection. 

Each of these three components of traffic flow is assumed 
to occur at a constant average rate. The queue discharge 
occurs at a likely rate of 2.4 veh/sec, and the remaining two 
sources of vehicles have flow rates equal to the number of 
vehicles divided by the duration of their flow. For exam
ple, if an average of 12 through-vehicles arrived at the 
upstream intersection during a main street green time of 
24 sec, an average through-vehicle rate of 0.5 veh/sec 
would be assumed (see Fig. 30). 

Appendix B demonstrates that each of these three sources 
of vehicles can be considered an independent platoon that 
disperses as it travels along the link. At the downstream 
intersection (being considered for potential coordination) 

T A B L E 10 

RELATIONSHIP B E T W E E N ROADWAY 
C H A R A C T E R I S T I C S AND K FACTORS 

K 

.5 

.37 

.24 

Roadway 
Characteristics 

Heavy fr ic t ion 

Moderate 
fnc t ion 

Low fr ic t ion 

Description of Conditions 

Combination of parking, moderate 
to heavy turns, moderate to heavy 
pedestrian t r a f f i c , narrow lane 
width. Tra f f i c f low typical of 
urban CBD. 

Light turning t r a f f i c , light pedes
trian t r a f f i c , 11- to 12-foot (3.4-
to 3.6-meter) lanes, possibly d i 
vided. Typical of well-designed 
CBD arterial. 

No parking, divided, turning provisions, 
12-foot (3.6-meter) lane width. 
Suburban high-type arterial. 

a composite platoon arrival pattern can be constructed 
from the sum of the individual patterns. Thus, once the 
three vehicle flows from the upstream intersection are 
known, it is possible to estimate the arrival pattern at the 
downstream mtersection for each approach. 

The computation of arrival patterns for the simple case 
of a uniform upstream discharge rate is still a difficult task, 
because it employs a recursion equauon that requires ex
tensive arithmetic manipulation. To simplify this task, 
tables can be developed of arrival patterns as a function 
of a platoon dispersion factor, K, travel time, TT, and the 
initial platoon duration PD. Recommended K factors are 
given in Table 10. A sample is given in Table 11. 

Thus the platoon arrival patterns are computed and 
aggregated in the following manner: 

1. For upstream signalized intersections, compute the 
three discharge rates and determine their arrival patterns 
using Table 11. 

2. Aggregate the three arriving platoons from each 
upstream intersection. 

3. Determine the arrival rate for approaches that do not 
leave a signalized upstream intersection assuming a con
stant flow rate. 

4. Develop the platoon arrival patterns for each signal 
phase by adding all arrival patterns occurring during the 
same phase. 

Estimating Benefits of Coordinated Operation 

Once the arrival patterns have been determined for each 
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SAMPLE PLATOON DISPERSION T A B L E 

12. 
16 . 
2 0 . 
24 . 
2 8 . 
32. 
36 . 
4 0 . 
44. 
4 3 , 
5 2 . 
56 . 
6 0 . 
6 4 . 
6 9 . 
7 2 . 
76. 
SO. 
3 4 . 
SB. 
12, 
<)6. 

100 . 
1 0 4 . 
108. 
1 1 2 . 
1 1 6 . 
120. 
124 . 
128. 
132. 
1 3 6 , 
140. 
144 , 
1 4 8 . 
152, 
1 5 6 . 
160, 

0 . 3 ? 
0 . 5 6 
C . 3 7 
0 . 2 5 
0 . 1 6 
C. 11 
0 . 0 7 
0 . 0 5 
0 . 0 3 
0 . 0 2 
C . O l 
3 .01 
0.01 
C.CO 
0 . 0 0 
0 . 0 0 
o.oc 
0 , 0 0 
c c c 
o,cc 
0 . 0 0 
coo 
0 . 0 0 
0 . 0 0 
o.oc 
0 , 0 0 
o.co 
0 . 0 0 
0 , 0 0 
c c c 
0 . 0 0 
0 . 0 0 
o.oc 
0 , 0 0 
o.oc 
C.CO 
0 . 0 0 
coc 
0 . 0 0 
o.oc 

16 74 

0 , 3 3 : . 33 
0 . 5 6 0 . 5 6 
C . 7 0 C ,70 
0 , 8 0 0 , 8 0 
0 . 5 3 0 . 8 7 
0 . 3 6 C. SI 
0 . 2 4 0 .61 
0 ,16 0,41 
0. U 0 . 2 7 
0 . 0 7 0 , 1 8 
0 . 0 5 0 , 1 2 
0 . 0 3 0 , 0 8 
0 . 0 2 0 , 0 5 
O . O l 0. 04 
0 . 0 1 
0.01 
O.OC 
0 . 0 0 
0 , 0 0 
0 . 0 0 
0 , 0 0 

0 . 0 2 
0 ,02 
C. CI 
0 . 0 1 
0 . 0 0 
0 . 0 0 
0 , 0 0 

0, 00 0. 00 
0 . 0 0 0 , 0 0 
0 ,00 0 , 0 0 
O.CO 0 . 0 0 
0 . 0 0 0 . 0 0 
0 . 0 0 0 . 0 0 
0 . 0 0 0 . 0 0 
0 . 0 0 0 . 0 0 
0 . CC O.CO 
0 . 0 0 0 . 0 0 
0 . 0 0 0 . 0 0 
0 . 0 0 coo 
0 , 0 0 0 . 0 0 
0 . 0 0 0 , 0 0 
0 , 0 0 0 . 0 0 
0 ,00 0 .00 
0 . 0 0 C.CO 
0 , 0 0 0 . 0 0 
0 . 0 0 0 . 0 0 

32 

C , 3 3 
0 , 5 6 
0 , 7 0 
C . 8 0 
0 . 3 7 
C. 91 
C . 9 4 
0 . 1 6 
C . 6 4 
0 . 4 3 
0 . 2 8 
C 19 
0 , 1 3 
C.OB 
C . 0 6 
C .04 
r . 0 2 
0 . 0 2 
0,01 
0 , 0 1 
0 , 0 0 
C O O 
coo 
0 , 0 0 
coc 
0 . 0 0 
0 . 0 0 
coo 
0 , 0 0 
0 , 0 0 
coo 
0 . 0 0 
coo 
0 . 0 0 
0 , 0 0 
coo 
0 . 0 0 
coo 
coo 
0 , 0 0 

F U T C C N LE^r,TH 

40 48 56 44 ee 96 

33 0 . 3 3 
56 0 , 56 
70 0 , 7 0 
CC C , 8 C 
87 0 , 8 7 
91 0,91 
94 C 9 4 
96 0 . 9 6 
97 0 , 9 7 
98 0 . 9 e 
99 0 . 9 9 
99 C, 99 
66 C , 9 9 
44 1 , 0 0 
29 0 . 6 6 
20 0 . 4 4 
13 0 , 3 0 
09 0 , 2 0 
06 0 . 1 3 

C. C9 
0 . 0 6 
0 .04 
C C3 
0 . 0 2 
0.01 
0 , 0 1 

00 0 . 0 1 
CC C, CC 
00 O.CC 
00 0 . 0 0 
00 coc 
00 0 . 0 0 
00 0 . 0 0 
00 o.oc 
00 0 . 0 0 
CC c c c 
00 0 . 0 0 
OC 0 . 0 0 
CO o.oc 
00 0 . 0 0 

0 . 3 3 
0 . 5 6 
0 , 7 0 
c e c 
0 , E 1 
0 .91 
C . ' 4 
0 , 9 6 
0 . 9 7 
0 . 9 6 
0 . 99 
C , 9 9 
C.<^S 
1 ,00 
1 , CC 
1 ,00 
0 , 6 7 
0 , 4 4 
0 .30 
C . 2 C 
0 . 1 3 
0 . 0 9 
0 . C 6 
0 . 0 4 
0 , 0 3 
0 . C 2 
0 . 0 1 
O . C l 
O . C l 
0 .00 
C C C 
0 , 0 0 
0 , 0 0 
o,cc 
0 . 0 0 
O.CC 
O.CC 
0 , 0 0 
0 , C C 
0 . 0 0 

0 , 3 3 
C 5 6 
0 . 7 3 
C . 5 0 
c .e7 
0.91 
C 5 4 
0 . 9 6 
0.97 
C 9 e 
0 . 99 
C .99 
C .99 
I ,30 
1.00 
1 ,00 
1 , 0 J 
1. CO 
0 . 6 7 
0 .44 
C . 3 0 
0 . 2 0 
C 13 
0 . 0 9 
0 .06 
C . 0 4 
0 . 0 3 
C.02 
O . C l 
O .O l 
C . C l 
0 . 0 0 
0 . 0 0 
C.CO 
0 . 0 0 
C.CO 
coo 
0 . 0 0 
C.CO 
0 . 0 0 

0 . 3 3 
C . 5 6 
0 . 7 0 
C . 3 0 
C . 8 7 
O .Ol 
C , 9 4 
C . 9 6 
0 . 0 7 
C 9 e 
C.99 
C . 9 9 
C , 9 9 
1 ,00 
1.00 
I . 0 0 
I ,00 
1. CC 
I .00 
1 ,00 
C , 6 7 
0 ,44 
0 . 30 
C . 2 0 
0 . 1 3 
C . 0 9 
0 . 0 6 
0 .04 
0 . C 3 
0 . 3 2 
0 .31 
0 . 0 1 
0 .01 
C.CO 
0 . 0 0 
0 . 0 0 
C O O 
0 . 3 0 
0 . 0 0 
0 . 0 0 

0 . 3 3 0.33 
C. 56 0 , 5 6 
0 . 7 0 0 . 7 3 
0 . 8 0 3 . 8 0 
C . E 7 0 . 6 7 
0 .91 O.Cl 
C . S 4 C 9 4 
C . 9 t C « 6 
3 ,97 0 , 9 7 
C . 9 e C 9 8 
1 , 9 9 0 , 0 9 
C . 9 9 3 ,99 
0 . 99 0 . 9 9 
1,00 1.03 
1. CC l . C O 
l . C C l . C C 
I . 0 0 1 ,03 
I. CC i , c : 
1,03 1.03 
I , 0 0 I . 0 0 
l . C C l . C C 
1.00 1,0 3 
C . t 7 l . C C 
C . 4 4 l . C C 
0 . 3 0 3 . 0 7 
C . 2 C 0 . 4 4 
0 . 1 3 0 . 3 1 
0 . 0 9 0 . 2 3 
0 . C 6 0 , I J 
0 ,04 3 . 0 9 
C . C 3 0 . C 6 
0 . C 2 0 . C 4 
O.Ol 0 . 3 3 
C CI 0 . C 2 
3 .31 3 .01 
0 . 0 0 3.01 
O.CC O . C l 
3 . 0 0 0 . 0 3 
C C C 0 . c : 
O.CC c c c 
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Figure 30. Traffic flow components 

H -

phase. It is possible to estimate the relative benefits asso
ciated with coordinated operation. These benefits are es
timated in terms of vehicle stops and delays existing both 
with and without coordination. The resulting delay and 
stops can be translated iinto pollution and fuel consump
tion benefits using the methodology presented in previous 
sections. 

Appendix B develops the expressions for delay, d, and 
stops, S, resulting from a' given arrival pattern, qa, as: 

o I o 

where: 

= Z E - - 2 ^ ^ ^ ^ 
m=r m=n 

T = the resolution of the flow pattern (4 sec); 

9g(m) = the arriving flow pattern at 4-sec increments; 
= saturation flow rate (2.4 sec recommended); 

and 
fo = the time from start of green until the queue is 

completely discharged. 

The equation for stops represents the cumulative number 
of vehicle arrivals from start of red, r, until the queue is 
completely discharged, This formulation assumes both 
a constant arrival pattern and a coordinated operation. The 
equation for delay uses a double summation to account for 
the accumulation of vehicle arrivals. In other words, these 
arrivals are summed a second time in order to account for 
the time they must wait until the queue is discharged. The 
second term in the equation for delay represents the de
crease in delay that results from vehicles being discharged 
from the queue prior to the overall queue discharge. 
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These equations have been developed as summations to 
simplify the computations that must be performed. The 
traffic arrival pattern, q^^ computed according to the pro
cedures described in the previous section is plotted on 
graph paper. The signal timing is also plotted on this paper. 

' The cumulative vehicle arrivals at start of red are then 
plotted by summing the profiles from previous points in 
time. Then /<, can be determined by subtracting vehicles 
discharged at start of green from the cumulative vehicle 
arrivals. The point at which this difference equals zero is 

Stops can be directiy computed by summing the area 
under the <ia curve and multiplying by T (4 sec). The 
process of summation, is as simple as counting the number 
of squares under the curve on graph paper. Delay can be 
directly computed by summing the area under the cumula
tive vehicle arrival curve and multiplying by T. It should 
be noted that in the process of developing the cumulative 
curve, the remaining terms in this equation have been taken 
into account. 

The manner in which these calculations are performed is 
shown in Figures 31(a) and 31(b). In the figures, the 
units of flow h^ve been selected to eliminate the need 
for the factor T in the delay expression. 

The computations described assume a constant relation
ship between the signal timing and the pattern of arriving 
vehicles, q^. The consistency of this operation is equiva
lent to coordinated signal operation. As the next step in the 
comparison process, it is necessary to estimate the stops and 
delays resulting from uncoordinated operation. Because it 
can be assumed that for this type of operation the platoons 
of vehicles can arrive at any point in the signal cycle, un
coordinated operation has been assumed equivalent to the 
case of uniform vehicle arrivals at the intersection. That is: 

, , ( « ) = Vol (vph) (16) 

Then the expressions for delays and stops become: 

d = ^ q ; ( t „ + r)(t„ + r)^-l-t. 

where 

s=q^(to + r) 

to=W/(s,-q-a) 

(17) 

(18) 

(19) 

These relationships are shown graphically in Figure 32. 
Thus the computation of delay and stops for the un

coordinated case requires the solution of Eqs. 17, 18, and 
19. Once these equations have been solved, these results 
can be compared with the results obtained for the coordi
nated case to determine the benefits that will be realized 
from implementation of a coordinated system. 

Summary of Analysis Procedure 

The procedure developed is applicable to any number of 
signalized intersections upstream from the intersection be
ing considered for coordination. Obviously the fewer num
ber of upstream intersections, the easier the procedure is to 
implement. However, as review of the manual procedure 

will reveal, the case of two upstream intersections does not 
pose any computational difficulties. 

The following steps should be followed: 

1. Develop signal timing. 
a. Compute the optimum intersection cycle length 

using data previously presented for a fixed-time 
signal. If upstream signal cycle length has al
ready been determined, use the same cycle length 
for the signal being studied. 

b. Compute the split proportional to the critical ap
proach volumes on each phase. 

c. Determine the offset using time-space diagrams 
or other, similar techniques. 

2 Collect field data. 
a. Determine street lengths and travel times for all 

upstream signalized intersections. 
b. Count vehicle volumes on all approaches from 

unsignalized intersections. Counts should be 
made for at least 15 min. 

c. Count queue length at signalized intersections, 
through-vehicles not included in queue, and turn
ing vehicles. Counts should be made for at least 
15 signal cycles. 

d. Record upstream signal timing. 
3. Compute flow profiles. 

a. Determine flow rate and platoon length for all 
upstream vehicle sources including three sources 
from each signalized intersection. 

b. Use tabular data to compute arriving platoon 
characteristics for each of the platoons arriving 
from upstream intersections. 

c. Combine arriving platoons into a single platoon 
pattern for each approach. 

d. Combine platoons on all approaches served by a 
single phase into a single platoon for each phase. 

4. Compute stops and delays 
a. Compute stops and delays for each phase using 

signal timing from (1) and platoon pattern from 
(3) . For phases with constant arrival rates (no 
upstream intersections), Eqs. 14, 15, and 16 can 
be used. For phases with at least one upstream 
intersection it is necessary to use the graphical 
procedure outiined by Figure 31. 

b. Recompute stops and delays for uncoordinated 
case using Eqs. 17, 18, and 19. 

c. Compare the results of the previous steps to de
termine the lengths (in terms of stops and delays) 
resulting from implementation of coordination. 

The foregoing steps will provide a relatively reliable es
timate of the lengths of coordination taking both traffic flow 
and roadway characteristics into account. The procedure 
eliminates the need for reliance on the relatively arbitrary 
threshold of mile for the implementation of coordinated 
operation. 

SYSTEM COSTS 

Two types of costs were investigated: one-time costs 
(cost of acquisition and installation) and recurring costs 
(cost of operations and maintenance). The findings of an 
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Figure 31. Computation of stops and delay from arrival pattern- (a) vehicle arrival pattern, and (b) cumulative 
arrival pattern. 

extensive data collection activity undertaken to determine 
these costs are presented in the following sections. 

Acquisition and instaiiation Costs 

This section compares the initial costs of pretimed, semi-
actuated, basic full-actuated, and volume-density control at 
individual intersections. These are the costs to acquire and 

install the controller and any detection used by that type of 
control. Costs common to all types, such as the expense 
of signal heads and poles, are omitted as irrelevant to the 
comparison. The total initial cost for each type of control 
is converted at the end of the section to an equivalent uni
form annual cost to permit the addition of annual main
tenance costs discussed in the following section. 
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Figure 32. Computation of stops and delays for constant arrival pattern 

The following typical controller/detector configurations 
were selected as representative of current practice: 

1. Pretimed—A 2-phase 3-dial electromechanical con
troller with two tune switches. 

2. Semi-Actuated—^A minimum design and a high-type 
design were identified as follows: 

Minimum design: A 2-phase electromechanical 
semi-actuated controller, with a 6' x 30' loop at 
the stopline of each of the two cross-street 
approaches. 
High-type design. A 2-phase solid-state semi-
actuated controller, with a 6' x 70' quadrupole 
loop at the stopline of each of the two cross-street 
approaches. 
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3. Basic Full-Actuated—^A minimum design and a high-
type design were identified as follows: 

a. Minimum design: A 2-phase electromechanical 
full-actuated controller, with a 6' x 6' loop in
stalled 120 ft from the stopline of each approach. 

b High-type design: A 2-phase solid-state full-
actuated controller, with a 6' x 70' quadrupole 
loop installed at the stopline of each approach. 
The controller costs associated with this design 
could be either microprocessor or conventional 
solid state. 

4. Volume-Density Full-Actuated—A 2-phase solid-state 
controller with density modules. A 6' x 6' loop is installed 
on each approach, 400 ft from the intersection. A 6' x 6' 
loop IS installed near each; stopline as a calling detector. 

Many engineers would elect to use a 4-phase (or even an 
8-phase) controller mainframe for the 2-phase full-actuated 
designs described above. The larger frames anticipate the 
future addition of phases and are, of course, more expen
sive than 2-phase frames. Inasmuch as pretimed control is 
inappropriate for multiphase control, the larger frames 
were not used for this cost comparison. Al l of the fore
going designs adhere strictly to 2-phase control. 

Cost data were obtained in May 1978 from the low bids 
most recently submitted to the DOT's of North Carolina 
and Georgia and from the records of the Gwinnett County, 
Georgia, Traffic Engineering Department. 

Table 12 gives the dollar cost of the six selected designs, 
broken down into components. For all of the actuated de
signs, the labor to install the loop detectors was calculated 
at $9 per hour, which includes fnnge benefits and overhead. 
For example, the minimum semi-actuated design was cal
culated using Vi day for a four-man crew at $9 per hour, 
or $144. The X H H W loop wire and the Belden 8720 
lead-in were estimated at $0.04 and $0.12 per foot, re
spectively The V4-m. messenger cable and the 1-in. P V C 
conduit, both for running the Belden, were calculated using 
$0.08 and $0.18 per foot. 

For the semi-actuated designs, the detector unit for the 
high-type design is $45 more than that of the minimum 
design because it is of delayed-call design. In the case of 
the basic full-actuated designs, the $90 extra cost of the 
detector units of the high-type design is due to the selection 

I 
T A B L E 12 

I N I T I A L COST COMPARISON O F VARIOUS 
T Y P E S OF CONTROL 

Semi-
Actuated 

Basic Full-
Actuated 

Pretimed 
Mini-
mum 

,High 
Type 

i2,060 

Mini
mum 

High 
Type 

Density Full-
Actuated 

Controller 1,360 1,275 

,High 
Type 

i2,060 1,275 2,060 2,520 

Detectors 0 80 125 160 270 320 

Labor 0 144 . 288 216 432 432 

Loop wire 0 14 32 24 64 48 

Lead-in 0 34 34 91 67 226 

Messenger 0 0 0 60 0 160 

Conduit 0 10 10 80 20 80 

Sealant 0 10 20 10 40 20 

Saw, blade 0 , 25 . 25 25 50 25 

TOTAL 1,360 1,592 2,594 1,941 3,003 3,831 

of a two-channel digital detector rather than two analog 
detectors. The density design uses one 4-channel digital 
detector. 

The total costs of Table 12 can be converted to equiva
lent uniform annual costs by multiplying them by the ap
propriate capital recovery factor, or C R F . The C R F is 
obtained from tables of compound interest found in all 
texts on engineering economy. For a 10-year analysis pe
riod and an interest rate of 8 percent, the C R F is obtained 
by table lookup as 0.149. Therefore, the equivalent uni
form annual costs to acquire and install the six control 
types are as follows: 

Pretimed $1,360 X 0.149 = $203 
Semi-Actuated, Minimum 

Design $1,592 X 0.149 = $237 
Semi-Actuated, High-Type 

Design $2,594 X 0.149 = $386 
Basic Full-Actuated, Mini

mum Design $1,941 X 0.149 = $290 
Basic Full-Actuated, High-

Type Design $3,003 X 0.149 = $447 
Density Full-Actuated $3,831 X 0.149 = $570 

Maintenance Costs 

This research project places special emphasis on the 
incremental maintenance requirements associated with the 
more sophisticated types of traffic signal control. To ob
tain the needed data, telephone contacts were made with 
many state and local traffic engineering agencies through
out the United States in an effort to obtain maintenance 
data. Most of the agencies responded that their data were 
in raw form—handwritten malfunction reports—^which 
could not be summarized at reasonable cost. However, a 
few were found to have manual tabulation, computerized 
summaries, or raw data in a form susceptible to tabulation 
at reasonable expense. These were as follows: 

1. State of California DOT—The C A L T R A N S Mainte
nance Management System ( M M S ) includes data for 16 
recent months on the total cost to maintain 121 actuated 
controllers of various designs. 

2. New York State DOT—^New York maintains a com
puterized file of the man-hours required for the field main
tenance of the approximately 2,500 pretimed and actuated 
traffic signals in its jurisdiction. Two years of data were 
obtained. 

3. Ohio DOT—Ohio furnished approximate data for 
1976 on the frequency of repair of their 558 actuated con
trollers, divided into three levels of sophistication. 

4. State of Minnesota Department of Highways—^The 
Minneapolis District furnished data covering several years 
for the frequency of repair of 135 actuated controllers and 
several hundred detectors of various types. 

5. Cify of Cincinnati, Ohio—^Two and one-half years of 
computerized maintenance summaries were obtained for 
the frequency of repair of over 700 controllers and their 
detectors of various types and ages. 

6. City of Tampa, Florida—A computerized record of 
frequency of repair was obtained for almost 400 control
lers of various types and ages for the year 1974. 
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7. City of Charlotte, North Carolina—In 1977, Char
lotte purchased 72 microprocessor controllers of Type 190 
design. Therefore, the project staff felt it would be cost 
effective to summarize and tabulate the frequency of repair 
of their total of 414 controllers of various types for the 
6 months the microprocessors had been in service. 

8. City of Springfield, Illinois—Data on the frequency 
of repair of Springfield's 144 pretimed and actuated con
trollers were obtained for 1976. 

9. City of Winston-Salem, North Carolina—Four years 
of detailed maintenance cost data were obtained for one 
example each of pretimed and full-actuated controllers. 

10. Washington, D.C.—A total of 497 loop detectors 
were installed in connection with the UTCS Research Proj
ect. One year of maintenance data was obtained. 

11. City of Grand Rapids, Michigan—Maintenance data 
for 1976-1977 are scheduled to be put on the City's com
puter by consultants by the end of 1978. 

12. City of Seattle, Washington—Consultants to the City 
have hand-tabulated recent maintenance records. 

Adequacy of Data 

The data were gathered to assist in the future selection 
of type of control—pretimed, semi-actuated, basic full-
actuated, and density full-actuated. As such, data on micro
processor controllers were needed to be included. In this 
context, there are two fundamental inadequacies in the 
available data. One is that none of the data sets provides 
the total mamtenance costs for each of the four types of 
control. The California data quote total cost—field and 
bench labor, travel and materials—but do not include pre
timed control or the new Type 170 microprocessor. The 
New York data include pretimed equipment, but the cost 
of only the field man-hours can be obtained; bench labor, 
travel, and materials are not covered. Most of the other 
sources quote only frequency of repair, not dollar cost. 

Another difficulty with these data is that future consid
eration of actuated control—at least for the future as can 
be seen now—focus on the microprocessor controller and 
the digital loop detector. Almost all of the available main
tenance data predate microprocessor designs. 

Respondents in California, New York State, and Char
lotte, N.C., for example, make it clear that microprocessor 
designs of Type 170 (user programmed) and Type 190 
(factory programmed) are showing a longer mean time 
between failure (MTBF) and a shorter mean time to re
pair (MTTR) than have the controllers reported herein. 
(However, hard data on this superiority are skimpy as of 
this writing.) Presumably other designs of microprocessors 
will show similar benefits when their records are tabulated 

Moreover, the digital loop detector is proving to be much 
more eflFective than its analog counterpart. New York State, 
for example, found in 1978 that digital loop electronics 
operated loops in such poor condition that the locations 
had been scheduled for reinstallation of new loops. A num
ber of other respondents indicated that they are extremely 
impressed with the digital unit's sensitivity and ability to 
operate under adverse conditions of loop condition, tem
perature, and the like. 

It should be noted that the present research project was 

conceived at a point in time when some states—particu
larly those in the northeast and upper midwest—were ex
periencing great difficulty m maintaining actuated con
trollers and loop detectors of conventional design. In 1977 
and 1978, the microprocessor and the digital loop detector 
began to change this situation completely for some agen
cies. New York State, for example, now is able to look 
much more positively toward the selection of full-actuated 
control at individual intersections. It seems clear that this 
research project has been overtaken by technological break
throughs that greatly diminish the potential attracUon of 
pretimed or semi-actuated control at individual intersec
tions. This reality needs to be kept in mind by the reader 
of the following maintenance data, which for the most part 
predate these breakthroughs. 

State of California DOT Data 

Traffic signal maintenance expense records for 121 se
lected locations are stored on the CALTRANS computer. 
These costs include the dollar expense of all scheduled and 
nonscheduled, field and bench maintenance of all electrical 
equipment at the location, including lampouts, detector 
malfunctions, knockdowns, and so on. (California has a 
group relamping program, therefore lampouts should be 
negligible in these statistics.) Table 13 gives data for the 
16 months from July 1, 1976, to October 30, 1977, ad
justed to 12 months by multiplying the raw data by 
12/16 = 0.75. 

For 2-phase controllers. Table 13 suggests an average 
annual maintenance cost of $516. Three- and four-phase 
machines average $717 for solid-state designs and some
what more for the electromechanical models. The micro
processor controller is lowest, at $488 (although only one 
location is included). Controllers of five to eight phases 
vary widely in maintenance ocst, with an average of $1,300 
for solid-state models. Electromechanical models are com
parable. Again, the microprocessor controllers are well 
below average, at $749. 

TABLE 13 
CALIFORNIA DOT ANNUAL MAINTENANCE COSTS 
FOR SELECTED LOCATIONS 

Control ler Type 
Cost ($) Per Signal for Various Pha»log» 

Electro-Mechanical, Actuated 

Ful l Volume-Density 
Three Phase, Non-Density 

Solid State, Actuated 

$1,16Z( 1) 
746( 6) 

tl,SOU 5) 
1,18?, 4) 

« 1 , 4 4 8 
923 

Analog Timiag , Transistors ~ 664 ( 4) 2,061( 8) 1,595 
Digi ta l T iming , Non-Computer 

Brand A » 359(1) 776( 4) 852( 9) 795 
Brand B — 1,070( 5) 3,136( 5) 2,103 
Brand C, Zfi 503(6) — — 503 
Brand C , l - * t 1,549(3) 575(11) — 784 
Brand C, 5 - 80 296 — 1,509(10) 1,399 

Dig i t a l , Minicomputer — — 964(33) 964 
Dig i t a l , Microprocessor — 488( 1) 749( 4) 696 

(Not the Type 170) 

NOTE The number of controllers of each type is shown in parentheses 

^ s i n g two minor movement controllers 
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CALTRANS presently (1978) has a program underway 
to replace all 800 of its electromechanical traflfic-actuated 
controllers over a 3-year period. During that time, the 
State plans to install nearly 3,000 microprocessor control
lers of Type 170 design. ( These are purchased without fac
tory software and the programs are loaded by the State.) 
As of early 1978, 50 Type 170 controllers had been in
stalled as CALTRANS' standard unit for intersection or 
ramp metering signal control on all safety or operational 
improvement projects. Inasmuch as the first unit was in
stalled in the field in September 1977, there were no main
tenance data available as of April 1978. However, CAL
TRANS expects that the fewer connection points and the 
lower component parts count, as compared to other con
trollers, will produce an improved MTBF. The Type 170's 
design should also result in a shorter MTTR, because it is 
electrically organized in a more logical manner than earlier 
designs It contains several self-test features intended to 
expedite bench repair. 

Although the available California data do not include the 
pretimed controller data needed for this project, they do 
furnish total cost benchmarks for other types. These bench
marks are incorporated into comprehensive conclusions 
later 

12-month period of October 1, 1976, to September 30, 
1977 (Table 15) Selected data from the printout were 
tabulated by the project staff and are given in Table 16. 
The heading "Mixed E-M and SS" refers to the New York 
practice of combining the data of controllers similar in 
function but perhaps of different electrical design. Table 16' 
is much more detailed in its breakdown of controller type 
than is its counterpart (Table 14) for the previous year. 
Table 17 reduces the data of Table 16 to a dollar cost of 
field maintenance for each type of controller. Table 17 
shows that there is not much difference in the annual field 
maintenance costs of pretimed, semi-actuated, and 2-phase 
full-actuated (nondensity) control. Costs jump for ac
tuated controllers of more than four phases. 

Table 15 showed that full-actuated control is three times 
as costly in field maintenance than is pretimed control. 
Table 17, however, suggests a ratio closer to 2:1. The dif
ference may be that the data of Table 17 were selected 
from the computer output on the basis of number of con
trollers in the State. That is, only those models installed at 
four or more locations in the State were included. It is 
possible that the more widely used models enjoy a better 
maintenance experience than those that are one or two of 
a kind. 

New York State DOT 
New York maintains a computerized inventory of its 

more than 2,500 stop-and-go signals, flashers, and beacons. 
The man-hours for the field portion of the maintenance of 
all of these signals are similarly catalogued. Table 14 is a 
summary furnished by the State for a recent 12-month 
period for all of the regions except one. Table 14 indicates 
that although the man-hours per call are relatively indepen
dent of the type of controller, the man-hours per signal in
crease with greater sophistication of controller Table 15 
reduces the data of Table 14 to a dollar cost of field main
tenance for the three types of controller of interest to this 
project The costs were calculated using rates furnished by 
NYSDOT. (The rate of $5 per hour is an average of the 
$6 paid to the electrician and the $4 paid to the helper who 
accompanies him on the repair truck.) Table 15 indicates 
an increase in dollars per year from $86 to $118 to $258 
for the field maintenance of pretimed, semi-actuated, and 
full-actuated equipment, respectively. 

The NYSDOT furnished a detailed computer pnntout of 
the controller and detector maintenance experience for the 

State of Ohio DOT 

Ohio furnished maintenance data for their 558 control
lers (Table 18). The table shows primarily that electro
mechanical volume-density controllers require significantly 
greater maintenance than do their basic counterparts, and 
much more than modern solid-state controllers. 

State of Minnesota Department of Highways 

One of the goals of this portion of the project was to be 
sure to have sufficient data from the "Snow Belt" of the 
United States. Accordingly, it was considered cost-effective 
to develop from raw data the maintenance experience for 
the Minneapolis District of the Minnesota Department of 
Highways. The frequency of repair of 135 controllers is 
given in Table 19. The table indicates a distinct advantage 
of solid state over electromechanical design in this climate. 
As expected, the greater the number of phases the more 
frequent the repair. The bottom of the table indicates that 
the frequency of repair of solid-state controllers does not 
increase with the age of the unit. 

TABLE 14 
CONTROLLER FIELD MAINTENANCE DATA FOR A PORTION OF 
NYSDOTs lURISDICTION FOR THE PERIOD OF OCT 1, 1975, 
TO SEPT. 30, 1976 

Controller 
Type 

No of 
SiRoals 

No. of 
Calla 

Calls per 
SiRnal 

Regular 
Man-Hours 

Over t ime 
Man-Hours 

Tota l 
Man-Hours 

Man-Hours 
Per Ca l l 

Man-Hours 
Per Signal 

Pretimed 168 479 2.85 704 605 1 309 2 73 7.79 

Semi-Actuated 1,243 5 500 4 42 8,201 5,442 13 643 2.48 10 98 

Ful l -Actuated 557 3 960 7 11 6,577 6,277 12 854 3.25 23 08 

Flashing 506 537 1.06 950 744 1 694 3.15 3 35 

Beacon 4̂3 36 0.84 63 36 99 2.74 2.30 

TOTALS 2,517 10 512 4 18 16,495 13,104 29 599 2 82 11.76 
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The data included the frequency of repau- of the 811 
loop detectors and 12 magnetic detectors with the 112 con
trollers of Table 19. It was found that the loop detectors 
averaged 0.24 failures per detector per year and the mag
netic models averaged 0 26. 

City of Cincinnati, Ohio 

Cincinnati has used a computerized Traffic Control 
Equipment Maintenance Summary for 5 years. These sum
maries have been used to reduce the number of chronically 
malfunctioning intersections from 17 in 1973 to only 2 
today. The City has a total of over 700 traffic signals. 

Table 20 is a summary of 2V2 years of computerized 
record-keeping from March 1975 to August 1977. The 
project staff removed all "normal cycle" reports (indicating 
no malfunction found by the repair crew). The staff also 
removed all failure reports associated with system features, 
such as coordination units, because the emphasis in this 
project IS on individual intersections. 

TABLE 15 
COST OF CONTROLLER 
FIELD MAINTENANCE FOR 
A PORTION OF NYSDOT's 
JURISDICTION FOR THE 
PERIOD OF OCT. 1, 1975, 
TO SEPT. 30, 1976 
(Calculated using wages of $5 00 
per man-hour plus fringe benefits 
and overhead of 80%, for a 
total of $9.00; overtime is time 
and one-half, or $13 50/hr ) 

Controller Typg 

Pretlmed 

S«ml -Ac tua t ed 

FuU-Actuated 

Cost Per Signal, $ 

86 

118 

258 

TABLE 16 
SELECTED CONTROLLER MAINTENANCE DATA FROM NYSDOT's 
JURISDICTION FOR THE PERIOD OCT 1, 1975, TO SEPT. 30, 1976 

Control ler ̂  No. of No. of Calls per Regular Over t ime Tota l Man-Hours Man-Hours 
Type Signals Calls Signal Man-Hours Mair-Hours Man-Hours Per Cal l Per Signal 

Electromechanical 

Signals 

Pret lmed 84 154 1 83 412 234 646 4 19 7.69 
Semi-Actuated S83 1,520 2 61 3,918 1,345 5,263 3.46 9 03 
Ful l -Actuated 251 994 3.96 2,692 1,142 3,834 3 86 15 27 
Volume-Density 24 115 4 79 246 139 385 3.35 16 04 

Mixed E /M and SS 

Semi-Actuated 
Ful l -Actuated 

Solid State. Analog 
Timing 

473 
194 

1,037 
626 

2 19 
3 23 

3,666 
1,772 

1,501 
826 

5,167 
2,598 

4 98 
4 IS 

10 92 
13 39 

Semi-Actuated 28 27 0 96 178 36 214 7 93 7 64 
Ful l -Actuated 

2 - 4P 
5 - 8 1 1 

72 
22 

260 
162 

3 61 
7.36 

713 
305 

376 
274 

1,089 
579 

4 19 
3 57 

15.12 
26.32 

Solid State, Dig i t a l 
T iming 

FuU-Actuated 
2 - 4J 
5 - 8 ( 1 

37 
14 

54 
58 

1.46 
4 14 

155 
145 

154 
155 

309 
300 

5.72 
5.17 

8 35 
21 43 

TABLE 17 
COST OF CONTROLLER FIELD MAINTENANCE FOR 
SELECTED NYSDOT CONTROLLERS FOR THE 
PERIOD OCT. 1, 1976, TO SEPT. 30, 1977 (Calculated 
using $9/hr. for regular time and $13.50/hr. for overtime.) 

ControllCT Type 

Electromechaoical 

Coat (S) Per Slgia l tor Varioua TOaalngs 

TABLE 18 
FREQUENCY OF CONTROLLER REPAIR BY 
OHIO DOT IN 1976 

Control ler Type 

Electromechanical 

Actuated (Basic) 
Volume-Density 

No. of Signals 

296 
84 

412 
169 

Calls/Signal 
Per Year 

1 39 
2 01 

Pretlmed 
Semi-Actuated 
Ful l -Actuated 
Volume-Density 

Mixed E /M and SS 

Semi-Actuated 
FuU-Actuated 

Solid State Analog Timing 

Semi-Actuated 
FuU-Actuated 

92 
134 
208 

113 
113 

75 
166 

197 
109 

82 
92 

158 
170 

113 
140 

75 
191 

Analog Timing 
Dig i t a l T iming 

178 
F e » 

237 
Unlmown 

Solid State. Dig i t a l Timing 

FuU-Actuated 
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TABLE 19 
FREQUENCY OF CONTROLLER REPAIR BY 
THE MINNEAPOLIS DISTRICT, MINNESOTA 
DEPARTMENT OF fflGHWAYS 

Control ler Type 

Elgctromachanleal 

FuU-Actuated. It 
FuU-Aetuated, i-St 
A l l E/M 

Solid State. ABAlog T Iml iw 

Semi-Actuated 
FuU-Actuated 

30 
5» 
it 

Solid State. D l ld t a l T i m l i w 

FuU-Actuated 
3t 

S-8J 

A l l Solid State 

Age, 
Yeare 

0- S 
0- S 
0- 5 

0- 5 
0- 5 
« - 1 0 

Years of 
Data 

5.0 
3 .0 

No. of 
Slunala 

8 
4 

12 

Calla/Slgaal 
Per Year 

2 40 
4.70 
2.92 

4 .9 
5.0 
2.5 

3.45 
3 0 

0- 5 
6-10 

11 
27 
23 

13 
24 

100 
23 

1.84 
3.19 
2 40 

1.34 
2 05 

2.37 
2 .4 

Table 20 does not indicate any significant increase in 
maintenance load with an,increase in sophistication from 
pretimed to semi-actuated to full-actuated. Rather, the 
evidence is that the solid-state actuated equipment is more 
reliable than the pretimedi Table 20 also shows that the 
frequency of repair of electromechanical equipment in
creases with age to approximately the 10th year and then 
decreases with greater age.: This same phenomenon is evi
dent also in the data presented for Tampa, Florida. 

Detector maintenance over 2 years in Cincinnati is given 
in Table 21. The data indicate that the pressure detector is 
significantly more reliable than the other types listed. The 
data for magnetic and loop detectors are strikingly similar 
to the Minneapolis data previously reported. 

City of Tampa, Florida 

A computerized record of frequency of repair was ob
tained for almost 400 controllers for the year 1974. The 
record is summarized in Table 22. Except for the pretimed 
controllers at 2.26 calls per signal per year and the most 
recently purchased solid-state controllers operated semi-
actuated (at 1.75), the maintenance load is extremely 
heavy as compared with the agencies reported previously. 
The well-known reason for this problem is the severe light
ning storms expenenced frequently in Florida. The data 
are so atypical as to be of little use to this project, but are 
nevertheless retained herein for their general interest. 

City of Charlotte, North Carolina 

Charlotte has a variety of actuated equipment of both 
electromechanical and solid-state design. Their total of 414 
controllers includes 72 Type 190 microprocessors received 
in 1977. Table 23 summarizes 6 months of 1977 data, in
cluding their initial experience with the first 24 micro
processors installed. The table shows that the typical solid-
state actuated controller averaging one failure every 2 
years. Initial experience with the microprocessors is at this 
same level. These rates are very low and may reflect the 
fact that Charlotte has for many years provided adequate 
funding for traffic engineering operations. 

TABLE 20 
FREQUENCY OF CONTROLLER REPAIR BY 
THE CITY OF CINCINNATI FOR THE PERIOD 
MARCH 1975 TO AUGUST 1977 

CoBtroUer T rue 

Electromechaiilcal 

PreUmed 

Semi-Actuated 

PuU Operated Semi 

Semi-Actuated 
Ful l Operated Semi 

No. o f 

sie 
CaUs/Slgoal 

Per Year 

0- 5 31 1.81 
6-10 35 2.17 

U - I S — 
16-20 139 1.99 

>20 72 1.74 
AU agea 277 1.92 

0- 5 2 1.50 
6-10 48 2 .58" 

11-15 80 1.70 
16-20 54 1 65 

>20 38 1.68 
A l l ages 222 1.87 

0- 5 16 ] 13 
6-10 45 2 .76* 

A l l agea 61 2.33 

0- 5 
0- 5 
6-10 
A l l 

2 
12 
7 

19 

1.50 
1.00 
1.14 
1.05 

"High because of a single model. 

^ H l ^ because o f 20 units of an early design of phase-modular controller that 
e ^ r i e s c e d 3.85 cal ls /s l ff ta l /yeor . 

TABLE 21 
FREQUENCY OF DETECTOR REPAIR BY THE 
CITY OF CINCINNATI FOR THE PERIOD 
MARCH 1976 TO AUGUST 1977 

Detector Type 

Pressure 

Magnetic 

Loop 

Sonic 

No. of 
Detector 

23 

81 

151 

37 

Fal l ives/Detector 
Per Year 

0.17 

0.26 

0.29 

0.32 

City of Springfield, Illinois 
Springfield furnished maintenance data for a 12-month 

period in 1976-77. These data for 144 signals are sum
marized in Table 24 which shows an unusually high failure 
rate for semi-actuated controllers. The City Traffic Engi
neer explained that the City had had excellent operational 
results with the 2-phase semi-actuated controller for many 
years. Their maintenance problems began in 1975 when 
multiphase full-actuated controllers were purchased and 
operated semi-actuated in an arterial system. 

City of Winston-Salem, North Carolina 
Four years of detailed maintenance cost data were ob

tained for one pretimed and one full-actuated controller. 
These locations were selected by the City as fairly typical. 
The data, summarized in Table 25, show a very low cost to 
maintain the controllers. However, the record of the loop-
detector maintenance shows 33 trips in 4 years to retune, 
replace, and cut new loops. 

Washington, B.C. 
A total of 497 loop detectors were installed as a part of 

the UTCS Research Project sponsored by the Federal High-



45 

TABLE 22 
FREQUENCY OF CONTROLLER REPAIR BY 
THE CITY OF TAMPA, FLA. 
FOR THE YEAR 1974 

ControUer Type 

Electromecbaalcal 

Pret lmed 

Semi-Actuated 

FuU-Actuated 

Semi Operated PUed 

FuU Operated Semi 

A L L ELECTROMECHANICAL 

SoUd State 

Semi-Actuated 

FuU-Actuated 

FuU Operated Semi 

A L L SOLID STATE 

Age, Yea r . 

0- 5 
6-10 

11-15 
16-20 

>20 
A U a g e . 

0- 5 
6-10 

11-15 
16-20 

>20 
AUages 

0- 5 
6-10 

11-15 
16-20 

>20 
Al leges 

0- 5 
11-15 

AUages 

11-15 
16-20 

AUages 

No. of 
Signals" 

0- 5 
6-10 

11-15 
AUages 

0- 5 
6-10 

11-15 
AUages 

0- 5 
6-10 

U - I S 
Al l eges 

29 
4 

33 

35 
33 

2 
70 

8 
8 
2 

18 

TABLE 24 
FREQUENCY OF CONTROLLER 
REPAIR BY THE CITY OF 
SPRINGFIELD, ILL., FOR THE 
PERIOD OF MARCH 1976 
TO FEBRUARY 1977 

Control ler Type 

Pret lmed 

Seml 'Actuated 

Ful l -Actuated 

TABLE 25 

No. of 
SIgnaU 

117 

21 

6 

Calla/Signal 
Per Year 

2.37 

3.95 

1.67 

EXAMPLE COSTS OF CONTROLLER 
MAINTENANCE BY THE CITY OF 
WINSTON-SALEM, N.C., FOR THE 
PERIOD 1973-1977 

C a l l a / S l ^ a l 
Per Year 

1.69 
2.33 
0.40 
1.00 
2 76 
2.26 

0 
6 82 
8.71 
4.45 
9.08 
7.73 

1.00 
4.33 

11.80 
7.50 
5.0 
7.71 

2.00 
11.00 
6.5 

3.0 
5.0 
4.33 

5.48 
6.00 
5.55 

6.17 
9.09 

30.0 
8.23 

1.75 
5 00 

23 0 
5.56 

7.04 

ControUer Type 

FuU-Actuated, 3 h solid state, 
d ig i ta l 

Loop detection fo r above 
ControUer 

CaUs/Year 

8.46 

Maintenance Cost 
Per Year. S 

340 

TABLE 23 
FREQUENCY OF CONTROLLER REPAIR BY 
THE CITY OF CHARLOTTE, N.C., FOR THE 
PERIOD APRIL TO SEPTEMBER 1977 

Control ler Type Age, Years 

Electromechanical 

Semi-Actuated 
Semi-Actuated (PR) 
FuU-Actuated 

MosUy 3P 

>20 
16-20 
0- 5 

n - 1 5 
>20 

AU ages 

No. of 
Signals 

75 
37 

3 
63 
13 
79 

A L L ELECTROMECHANICAL 

Calls/Signal 
Pet Year 

1.95 
2.49 
0.67 
1.43 
0 91 
1.29 

1.83 

Semi-Actuated 

Semi-Actuated (TPR) 

FuU-Actuated 
D i g i t a l , non-computer 
MIcroproceaaor 
D i g i t a l , non-computer 
Analog, non-computer 

A L L SOLID STATE 

0- 5 1 2.00 
6-10 3 0.00 

AU ages 4 0.50 
6-10 11 1.82 

11-15 6 0.00 

0- 5 4 0.00 
0- 5 24 0.42 
6-10 167 0.54 

11-15 7 0.57 

*Pri?Ject s t a f f Increased c i ty costs by 80 percent to actfount f o r f r inge benefits 
and overhead. C i t y costs include labor at $5.00/bour, truck* siqiplies. 

^ S l i of the e l ^ t calls over 3.7 years were fo r preventive maintenance. 

way Administration (30). The installations were made 
only after a thorough study by the contractor of the avail
able (crystal) electronics units and the procedures and 
materials for installing the loop wire and lead-in. In the 
first year, there were 33 failures of the electronics units, for 
a rate of 0.07 failures per detector per year. During that 
period, 26 loops failed because of utility excavabons; if 
these failures are added, the total rate becomes 0.13 failures 
per detector per year. 

Conclusions 

Table 26 gives a summary of the data described in this 
section. The California Maintenance Management System 
offers the only available data base of total maintenance 
costs. For this reason, the summary results are based on 
this data base. Table 26 shows a suffix (C) for those values 
directly from the California data in Table 13. In drawing 
conclusions from Table 13, the Brand B digitally timed 
controller was ignored because this model has to be modi
fied by CALTRANS personnel to keep it running accept
ably. Other values were obtained by weighted averaging; 
for example, the $1,198 for solid-state digitally timed full-
actuated controllers of five to eight phases were obtained by 
averaging Brands A and C according to the number of each 
such controller. 

The data from New York State, Charlotte, Cincinnati, 
and Minneapolis were also referenced to fill in the remain
ing gaps in Table 26. The New York State data (Table 17) 
were given preference because man-hours were available. 

For electromechanical equipment, the coordination point 
between the California and New York State data sets was 
selected to be the full-actuated controllers of three and four 
phases. The raUo of California total cost to NYS field cost 
at that cell in the matrix is 746 — 197 = 3.79. This factor 
was multiplied by the values in the cells of Table 17 to yield 
values for the corresponding cells of Table 26. 

For solid-state equipment with analog timing, the co-
ordmation point between California and New York data 
was again taken at the full-actuated controllers of three and 
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TABLE 26 
PROJECT STAFF CONCLUSIONS FOR THE TOTAL 
ANNUAL COST TO MAINTAIN VARIOUS TYPES 
OF TRAFFIC SIGNAL COiNTROLLERS 

Control ler Type 
Cost ($) Per S i i ^a l for Various Phasings 

Electromechanical 

Pret imed 

Semi-Actuated 

FuU-Actuated 

Volume-Density 

Solid State, Analog Timing 

Semi-Actuated 

FuU-Actuated 

Solid State, D ig i t a l Timing 

FuU-Actuated 

Microprocessor 

349(D) 

508(D) 746(C) 

788(D) 1,162(C) 

5 - 8 ^ A)r 

1,187(C) 

1,506 ( 0 

311(D) 

306(D) 

4 6 1 ( 0 ) 

503(C) 

664{;) 

629(C) 

2 ,061(C) 

Type 190 490(D) 934(D) 

NOTE* The s u f f i x (C) means that this cost was taken d i rec t ly f r o m the Cal i forn ia 
DOT Maintenance Management System data of Table 13. The s u f f i x (D) 
means derived as described in the t ex t . 

1. These data are fo r a few controllers f r o m a single manufacturer Other micro
processor controllers may have d i f f e r en t maintenance requirements. 

four phases. The ratio of the two cells is 629 — 154 = 4.08, 
which is reassuringly close ko the 3.70 calculated for elec
tromechanical equipment This factor of 4.08 was multi
plied by the values in the cells of Table 17 to yield values 
for the corresponding cells of Table 26. However, for two-
phase full-actuated controlj the Table 17 value used was 
$113, not $166. The result in Table 26 is the following cost 
progression- $306 for semii-actuated, $461 for two-phase 
full-actuated, and $664 for three- and four-phase full-
actuated. 

The remaining brands in Table 26 were for the Type 190 
microprocessor The Charlotte data of Table 23 show that 
for the column headed "Calls/Signal Per Year," the ratio 
of "microprocessor" to "digital non-computer" is 0.42 — 
0.54 = 0.78. This factor was multiplied by the California 
cost of $629 for digital controllers of three to four phases 
to give $490 for Type 190 microprocessor controllers. The 
$490 is very close to the $488 below it, and so appears 
reasonable. The same factlar was multiplied by the Cali
fornia cost of $1,198 for digital controllers of five to eight 
phases, to give $934 for the Type 190 microprocessor. 

The resulting Table 26 is an estimate of the incremental 
maintenance requirements associated with the more so
phisticated types of traffic signal control. 

BENEFIT-COST ANALYSIS 

The identification of the, type of control for a particu
lar intersection should be based on the use of a formal 
benefit-cost or utility-cost analysis. The cost comparisons 
of the preceding section indicate that the annual costs of 
the controller installation, ^ operations, and maintenance 
ranged from $1,611 to $4,425 per year, depending on the 
type of control employed.' These costs appear to be sig
nificantly less than the annual benefits at an intersection 

when delay time and vehicle operating costs are taken into 
account. 

To compare the potential annual benefits with annual 
costs, it IS necessary to assume levels of traffic volumes and 
to calculate the dollars of benefits resulting per second of 
reduced delay and per reduced stop. 

Assuming a relatively low level of annual average daily 
traffic (AADT) of 5,000 vehicles per day on each of two 
intersecting roadways, the combined AADT through the 
intersection would be 10,000 vehicles per day. If the road
ways entering the intersection each carried two lanes of 
traffic, this would correspond to a lane volume of only 
125 vph 

Further, assuming approach speeds of 35 mph, the cost 
of stops from Winfrey (25) would be $12.24 per 1,000 
stops in 1969. Assuming inflation has increased these costs 
by 10 percent per year, the cost would be $28.86 per 1,000 
stops in 1979. 

Similarly, the delay cost was estimated to be $1,00 per 
hour in 1970 (9). Assuming the same rate of inflation, this 
cost would be $2.12 per hour in 1979. Adding the fuel con
sumed during idling to the delay cost using the fuel con
sumption rate of 0.00022 gal/sec and an average cost of 
$0.90 per gal yields an idling fuel cost of $0.80 per hour. 
Thus, the total delay cost is $2.92 per hour. 

Using the traffic volumes and stops and delay costs, it is 
then possible to estimate the average hourly benefits for 
each percent reduction in stops per vehicle. These savings 
would correspond to the product of the cost, the saving per 
vehicle, and the number of vehicles, or-

Daily cost per percent stops = ^10,000 - ^ ^ ^ 

X ($0,029 per stop) x ( ^ - ° ^ - ^ ) = 90 per hour 

Daily cost per second delay = ^10,000 - ^ ^ ^ 

X ($2.92 per hour delay) X 

= $8 11 per hour 
( 3600 

sec \ 
hour / 

The annual cost of these savings would be: 
Annual cost per percent stops = $1,059 
Annual cost per second delay = $2,960 
Therefore the annual benefits (expressed as motorist 

costs) far exceed the annualized equipment costs for low 
traffic volumes and for extremely small changes in stops 
and delay. 

More typical changes in stops and delay would be five 
to ten times the values used in these calculations.' For this 
reason, it is concluded that the guidelines should contam 
calculations that directly indicate the traffic conditions for 
which each type of control operates most effectively, and 
should not rely on the use of a formal benefit-cost analysis. 

This discussion is not intended to imply that equipment 
costs are not important In spite of the fact that the annual 
costs are relatively small, they vary by a factor of three 
between the lowest cost and the highest cost. This varia
tion in cost can be significant to an agency that is responsi
ble for the operation of a large number of controllers. 
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CHAPTER THREE 

INTERPRETATION, APPRAISAL, APPLICATIONS 

GENERAL RECOMMENDATIONS 

On the basis of the findings of this research project it is 
concluded that only three types of controllers should re
ceive consideration for installation at the majority of indi
vidual intersections; pretimed, full-actuated, and volume-^ 
density. Semi-actuated control should be considered only 
for cases with light cross-street "traffic. Of these three, the 
volume-density controller should be installed at locations 
where high approach speeds and restricted signal visibility 
impose safety considerations on intersection operation that 
cannot be satisfied by the other two types of control. 

PreUmed or full-actuated control will be the most ap
propriate form of control for the majority of individual 
intersections. Identification of the one best suited to a 
particular intersection requires the computation of the ef
fectiveness of each form of control for the prevailing traf
fic and roadway conditions that exist at the intersection. 
This finding is not a new one. It was supported by 
Gerlough and Wagner (31) when they wrote in 1967-

The findings of the research on signal operation charac
teristics permit a fresh interpretation of some old phi
losophies about traffic-responsive versus fixed-time con
trol. It IS often stated that under traffic conditions of low 
and medium volume, existing forms of actuated control
lers yield substantial improvements in traffic performance 
as compared with fixed-time control. The authors believe 
that this reflects not so much on the value of the existing 
responsive modes as it does on the poor utilization of 
fixed-time controllers Very short fixed cycle lengths (on 
the order of 40 seconds or even shorter) would yield per
formance which would be nearly as effective as that 
possible with traffic-responsive controllers under these 
conditions 

The findings presented in this report demonstrate the im
portance of considering all of the factors associated with 
the operation of a particular controller before arriving at 
a final conclusion. In a number of cases (particularly 
where relatively stable traffic conditions exist), the pre
timed controller performance will equal or exceed the per
formance of the actuated forms of control. Because the 
pretimed controllers will be less expensive to install and 
maintain, the effort associated with the comparison of the 
alternatives is well justified. 

NEED FOR COORDINATION 

The analysis of platoon structures as a function of vari
ous roadway conditions has shown the sensitivity of these 
structures to various roadway conditions. This sensitivity 
demonstrates the importance of considering the factors in
fluencing the platoon characteristics before arriving at a 

final determination regarding the need for coordination. 
The procedure developed is relatively straightforward, al
though it can lead to time-consuming computations if more 
than one approach has a nearby signalized intersection. 
For a detailed analysis of the benefits of coordination in 
the presence of more than two nearby upstream signals, 
a more sophisticated approach is recommended such as the 
use of one of the available computer programs for optimiz
ing and evaluating signal timing 

However, in any case, the current rule of thumb that a 
signal separation of less than V2 mile should be coordi
nated and more than V2 mile does not require coordination 
IS inadequate. Follo\ying this criterion can lead to either 
poor operation or unnecessary expenditures, depending on 
the particular circumstances of the intersection being 
studied. 

FUEL CONSUMPTION AND EMISSIONS 

The data employed in developing the procedures for esti
mation of fuel consumption and emissions from vehicle 
delays and stops is based on a particular distribution of 
vehicle model years. With the annual change in Federal 
regulations regarding these vehicle characteristics, these 
data may become outdated. Therefore, if reliance is to be 
placed on this information, it will be necessary to update it 
as additional information becomes available from the En
vironmental Protection Agency Several research projects 
are currently underway in this area, so it can be anticipated 
that more up-to-date data will become available within the 
next few years. 

EVALUATION OF COSTS 

Although it is possible to conclude from the cost data 
in this report that the cost of a particular type of control 
will have a relatively minor impact on the overall activities 
of that agency's budget, it must be emphasized that, over 
time, these costs can be applied to hundreds of installations 
with a resulting budgetary impact that is significant. 

It should also be emphasized that many agencies expe
rience particularly severe problems associated with detector 
loop failures that may not be reflected in these average 
figures. Most of these problems are due to either poor 
pavement condition or deficient installation procedures. A 
low loop reliability can further increase the cost of actuated 
controller maintenance or degrade traffic performance. 

For these reasons, the costs of alternative forms of con
trol should receive serious consideration in the controller 
selection process. 
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CHAPTER FOUR 

CONCLUSIONS AND SUGGESTED RESEARCH 

CONCLUSIONS 

The effectiveness of alternative types of signal control 
has been studied by numerous agencies throughout the 
world. Most of these studies have examined limited sets 
of traffic and roadway conditions, and have only considered 
relative delay as a measure of effectiveness. 

This study was conducted for the purpose of evaluating 
a wide range of benefits and costs associated with alterna
tive forms of control for a' broad range of conditions. It is 
concluded that in most cases either pretimed or basic full-
actuated will provide the most effective form of traffic con
trol for individual intersections. It is further concluded that 
the selection between these two alternatives requires con
sideration of the specific roadway and traffic characteristics 
of the intersection being considered. 

With agencies currently operating wiih restricted budgets 
and with only limited opplortuniUes for new construction, 
it has become important for the traffic engineering com
munity to operate existing facilities efficiently and eco
nomically. As a result, it is necessary to abandon the old 
rules of thumb and move toward the more sophisticated 
analytical procedures capable of providing more reliable 
results. ' 

SUGGESTED RESEARCH 

The research conducted;under this project has answered 
many questions. However, it has also uncovered several 
areas that warrant additional investigation. These areas 
include: 

I 
1. An analysis of current signal control deficiencies. This 

research would include a survey of existing controller mal

functions, deficient signal timing practices, the reasons for 
those problems, their impact on traffic flow, and possible 
solutions. 

2. Continuing examination of microprocessor controller 
maintenance costs. A revolution is underway in the design 
of modern control equipment. The traditional electro
mechanical and solid state equipment is being replaced 
using a solid state microprocessor implementation. The 
impact of this revolution is a significant improvement in 
controller reliability and changes in maintenance proce
dures and equipment. At the time of this research insuffi
cient data were available to reliably assess the effect of the 
new equipment. 

3. Refinements to the platoon dispersion model. This 
research has demonstrated the utility of the platoon disper
sion model for assessing the benefits of signal coordinaUon. 
It would also be useful in the estimation of intersection 
capacity and traffic flow performance for a variety of other 
applications However, because this aspect of the project 
activities was not within the mainstreain of the project, it 
was not possible to expend the resources required to fully 
validate the parameters of the model for the complete range 
of roadway conditions. Further research in this area could 
produce many benefits for the analysis of traffic flow on 
various types of facilities. 

4. Extensive survey of the relationship between type of 
control and accident rates. It would appear desirable to 
develop a data base of adequate size to determine the re
lationship between accident rate, number of stops, approach 
volumes, approach speeds, and existence of a dilemma 
zone. These data must be based on a single consistent 
approach or a well-defined set of approaches to accident 
reporting. 
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Reference 1 

AUsop, R. E. "A Diagram Showing Practicable Settings for a Fixed-Time Traffic Signal and 
Their Effect on Delay." Trzinsportation Research, April 1971, pp. 59-65. 
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Highway Typas 

_ Ruial 

Urban Arterial 

Urban Network 

_ Other 

Data Typas 

_ Chase Car or Floating Car 
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_ Other 
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Trattic Flow Characteristics 
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Fuel Consumption 
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X . Signal Timing 

Effects ol Geometries 

X . Other 

S/0na/ Typas 
^ F i x e d Time 

Semi Acluatea 

_ Fully Actuated 

_ Other 

Summary/Abstract 

A method is presented for the graphical determination of satisfactory timing values for a two-
phase, fixed-time traffic signal. The method is based on an equilateral triangle. The variation 
with the signal settings of the estimated delay per imit time at the intersection can be illustrated 
by drawing contours of equal delay. Two examples are given. 

Reference z 

AUsop, R. E. "Delay at a Fixed Time Traffic Signal - I: Theoretical Analysis," TVansgortation 
Science,, August 1972, pp. 260-285. 

This Literature Contains information in the Following Categories: 
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_ Rural 

Urban Arterial 

Urban Network 

_ Ot ie r 

Data Typas 

Chase Car o i Floating Car 

Freeway Surveillance System 

Arterial Surveillance System 

_ Photographic 

Simulation 

_ Other 

Factors Analyzed 

Traffic Flow Characteristics 

Vehicle Emissions 

Fuel Consumption 

Maintenance 

Installation 

X Signal Timing 

Effects of Geometries 

X Other 

Signal Types 

X Fixed Time 

Semi Actuated 

Fully Actuated 

_ Other 

Summary/Abstract 

The vEurious theoreticcd smalyses that have been made on delay to traffic at a fixed time traffic 
signal axe critically reviewed. The more practicably applicable expressions for the average 
delay per vehicle, especiedly those derived by Webster, Miller, and Newell, are examined in 
some detaul, and this paper provides an introduction to numerical comparisons to be reported 
by Hutchinson in the sequel. 
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Allsop, R. E. "Sensitivity of Delay at a Fixed-Time Traffic Signal to Small Errors in the Obser
vations Used for Calculating the Signal Settings." Traffic Flow and Trzmsportation, pp. 253-267. 

This Literature Contains Information in the Following Categories: 

Highway Types 
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Urban Arlerial 

Urban Network 

_XOlher 
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Cnase Car or Floating Car 

Freeway Surveillance System 

_ Arterial Surveillance System 
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_ Simulation 
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Fuel Consumption 

Maintenance 

Installation 

_XSignal Timing 

_ Effects o l Geometries 

_ Other 

S/0na/ Types 
_ X Fixed Time 

Semi Actuated 

_ Fully Actuated 

_ Other 

Summary/Abstract 

The cycle time and green times at a road jimction controlled by fixed-time traffic signals can 
be calculated so eis to minimize, subject to certain constraints, Webster's simplified estimate 
of the delay per unit:,time to all traffic posing though the junction. The signal settings are deter
mined by a vector whose components are the proportion of the cycle for which each group of 
approaching traffic streans has right of way and the proportion of the cycle taken up by lost 
time. This paper shows how the vector determining the signal settings is affected by small errors 
in the observed arrival rates and saturation flows. It goes on to obtain an estimate of the dif
ference between delay per unit time that would occur if the signal settings were calculated from 
the true arrival rates and saturation flows. The delay per unit time at the example junction 
is found not to be very sensitive to errors in just one arrival rate or saturation flow, except 
when the function is heavily loaded with traffic, but it is shown that the combined effect of 
several erros can be iquite large. The method developed in this paper should enable engineers 
to identify situations in which particuleurly accurate measurements of arrival rates and saturation 
flows are necessary,: and to estimate the range of conditions for which particular signal settings 
are likely to be suitable. 
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Reference 4 

Australian Road Research Board. Australian Road Capacity Guide - Introduction and Signalized 
btersections. Melbourne: 1968. 

This Literature Contains Information In the Following Categories: 

Highway Types 

_ Rural 

_ X U r b a n Arterial 

Urban Network 

_ Other 

Oats Types 

_ Chase Car or Floating Car 

Freeway Surveillance System 
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Photographic 

Simulation 

_XOther 

Factors Analyzed 
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Maintenance 

Installation 

X . Signal Timing 

X . Elfecls of Geometries 

_ Other 

S(0na/ Types 
_ X Fixed Time 

Semi Actuated 

_ Fully Actuated 

_ Other 

Summary/Abstract 

Methods are given for estimating the capacities and operating characteristics of signalized inter
sections. Calculations are presented for determining vehicle delay and for timing fixed-time 
controllers. 
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Automotive Safety Foimdation. "Chapter VII. Intersections," Traffic Control and Roadway 
Elements - Their Relationship to Highway Safety. (1963) pp. 57-59. 
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This Literature Contains information in the Following Categories: 

Highway Types 

_ Rural 

_ Urban Arterial 

_ Urban Network 

_ Other 

Data Types 

Chase Car or Floating Car 

_ Freeway Surveillance System 

Arterial Surveillance System 

Photographic 

Simulation 

J C Other 

Factors Analyzed 

Traffic Flow Characteristics 

_ Vehicle Emissions 

Fuel Consumption 

_ Maintenance 

Installation 

Signal Timing 

Effects of Geometries 

X _ Other 

S/0na/ Typas 
^ Fixed Time 

_ X S e m i Actuated 

JC Fully Actuated 

Other 

Summary/Abstract 

A comparison of accident rates at intersections using fixed-time, semi-actuated, and fully ac
tuated volume-density controllers. Rear-end accidents were foimd to decrease as controller 
sophistication increased. 

Reference 6 

Baltayan, A. M. "Troubleshooting Solid State Traffic Control Equipment." IMSA Signal Maga
zine. May 1972, pp. 12-13. 

This Literature Contains Information in the Following Categories: 

Highway Types 

_ Rural 

Urban Arterial 

_ Urban Network 

_ Other 

Data Typas 
_ Chase Car or Floating Car 

Freeway Surveillance System 

Arterial Surveillance System 

Photographic 

Simulation 

Other 

Factors Analyzed 
_ Tralfic Flow Characteristics 
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Fuel Consumption 

X _ Maintenance 

Installation 

Signal Timing 

Ellects of Geometries 

_ Other 

S/0na/ Types 
Fixed Time 

Semi Actuated 

Fully Actuated 

Other 

Summary/Abstract 

The author presents a guide to the troubleshooting of solid-state equipment. The most efficient 
way of troubleshooting is by methodically eliminating properly fimctioning sections of equip
ment until the faulty circuit is found. 
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Reference 7 

Beuig, Keurl L. eind Nilsson, Lars E. "Traffic Signal Control With Long-Loop Detectors." Traffic 
Engineering and Control, March 1970, pp. 525-5Z7. 

This Literature Contains Information In the Following Categories: 

Highway Typas 
Ruial 

_2CUfban Arterial 

Urban Network 

_ Other 

Data Types 

. Chase Car or Floating Car 

. Freeway Surveillance System 

. Arterial Surveillance System 

. Photographic 

. Simulation 

. Other 

Factors Analyzed 

X _ Traliic Flow Characteristics 

Vehicle Emissions 

Fuel Consumption 

Maintenance 

Installation 

Signal Timing 

EKects of Geometries 

?L Other 

S/0na/ Types 

Fixed Time 

Semi Actuated 

_? Fully Actuated 

_ Other 

Summary/Abstract 

This paper presents the results of an experiment to test the useftilness of long-loop detectors, 
as opposed to inductive loop passage detectors. The long-loop detectors were installed at an 
ordinary right-angle, four-way crossing between two arterials in a suburban residential area in 
Sweden. Minimum delay and the number of stopped vehicles were used as criteria of optimum 
traffic flow conditions. The results showed that the long-loop detector was very promising. 

Reference 8 

Bang, Karl-Lennart. "Optimal Control of Isolated Traffic Signcds." Traffic Engineering and 
Control., July 1976, pp. 288-292. 

This Literature Contains Informailon in the Following Categories: 

Highway Types 

Rural 

_ X Urban Arterial 

_ Urban Network 

Other 

Data Typas 

Chase Car or Floating Car 

Freeway Surveillance System 

_ Arterial Surveillance System 

Photographic 

JC Simulation 

_ Other 

Factors Analyzed 

S. Traffic Flow Characteristics 

Vehicle Emissions 

Fuel Consumption 

Maintenance 

_ Installation 

X . Signal Timing 

Ellecis of Geometries 

J t Other 

Signal Types 

Fixed Time 

Semi Actuated 

i Fully Actuated 

_ Other 

Summary/Abstract 

The author examinesi the properties of conventional fixed-time and vehicle-actuated control 
of isolated, signalized intersections and develops a self-optimizing control strategy which 
minimizes vehicle delay and gives special consideration to buses and pedestriems. The project 
Wets carried out in five stages: 

1. Signal control criteria 

2. Literature inventory of control strategies 

3. Developinent of control strategies 

4. Simulation 

5. Field tests 

Details of cost/benefit analysis are shown. 
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Bang, Karl L. and Nilsson, Lars E. "Traffic Signal Control Wih Long-Loop Detectors," Traffic 
Enigneering and Control, March 1970, pp. 525-527. 

This Literature Contains Information in the Following Categories: 

Highway Types 

_ Rural 

_ Urban Arterial 

_ Urban Network 

_ X Other 

Data Types 

Chase Car or Floating Car 

JE Freeway Surveillance System 

_ Arterial Surveillance System 

_ Photographic 

Simulation 

_ Other 

Factors Analyzad 

X . Traffic Flow Characteristics 

Vehicle Emissions 

Fuel Consumption 

Maintenance 

Installation 

Signal Timing 

Ellecis o( Geometries 

_ Other 

Signal Types 
Fixed Time 

Semi Actuated 

J t Fully Actuated 

_ Other 

Summary/Abstract 

This paper compares the efficiencies of loop-occupancy control with conventional, smedl-area 
loop detectors. Studies made at a test intersection show that LOC reduces the probability of 
stop, delay per vehicle, and number of stopped vehicles. 

The possibility of using analog signals from a long-loop detector to separate bus calls from passen
ger car calls. 

Reference lo 
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Barney, Alan F. "Communications System Technology and Its Use in Traffic Control Systems. 
Traffic Engineering, August 1971. 

This Literature Contains Information In the Following Categories: 

Highway Types 

_ Rural 

Urban Arterial 

_ Urban Network 

_ Other 

Data Types 

Chase Car or Floating Car 

Freeway Surveillance System 

_ Arterial Surveillance System 

_ Photographic 

Simulation 

X Other 

Factors Analyzed 

_ Traffic Flow Characteristics 

Vehicle Emissions 

Fuel Consumption 

Maintenance 

Installation 

Signal Timing 

Effects of Geometries 

X- other 

Signal Types 

Fixed Time 

X. Semi Actuated 

X Fully Actuated 

_ Other 

Summary/Abstract 

The spectrum of accumulated knowledge in the communications systems field was sampled. 
Information and design concepts favorably related to traffic control techniques and principles 
and singled out and highlighted. These facts, teamed with marketing requirements, provide 
recommendations for the effective utilization of communications knowledge and techniques 
in traffic control. 

This paper provides a good overview of communications information rleated to traffic control 
systems. 
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Reference i \ 

Barrow, B. L. and Beuley, J . A. "Microcomputers Applied to Traffic Control," Traffic Engineering 
Control. August/September 1974, pp. 773-774. 

This Literature Contains Information in the Following Categories: 

Highway Types 

_ Rural 

Urban Arterial 

Urban Network 

_ Other 

Data Typas 

_ Chase Car or Floating Car 

_ Freeway Surveillance System 

_ Arterial Surveillance System 

_ Photographic 

Simulation 

Other 

Factors Analyzed 

Traffic Flow Characteristics 

Vehicle Emissions 

Fuel Consumption 

Maintenance 

Installation 

Signal Timing 

Ellects of Geometries 

X Other 

Signal Types 

Fixed Time 

Semi Actuated 

_ Fully Actuated 

X Other 

Summary/Abstract 
i 

This paper gives a general overview of the uses of microcomputers in traffic control systems. 
It includes a historical summsury of the uses of electronic controllers, the components of micro
computer systems, the types of control strategies, and the communications network. 

Reference 12 

Bauer, C S. "Some Energy Considerations in Tradffic Signal. 
1975, pp. 19, 22-25. 

Traffic Engineering, Februeu-y 

This Literature Contains information in the Following Categories 

Data Typas 

I Chase Car or Floating Car 

Highway Types 

_ Rural 

_ Urban Arterial 

_ Urban Network 

_ Other 

_ Freeway Surveillance System 

Arterial Surveillance System 

_ Photographic 

Simulation 

_ Other 

Factors Analyzed 

_ Traffic Flow Characteristics 

Vehicle Emissions 

X . Fuel Consumption 

Maintenance 

Installation 

Signal Timing 

Effects of Geometries 

_ Other 

S/0fla/ Typas 
Fixed Time 

Semi Actuated 

Fully Actuated 

_ Other 

Summary/Abstract 

An energy-based analysis scheme was studied for isolated pretimed intersections using Webster's 
equations. As with nicmy engineering design activities, increased operating efficiencies in one 
area will often cause, decreased efficiencies in others. This was the case with the minimum energy 
control scheme studied in this paper where it was shown that total vehicle delay must be adlowed 
to increeise in order to reduce the total fuel consumption of vehicles passing through an inter
section. 
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Reference 13 

Bellis, W. R. "Capacity of Traffic Signals and Traffic Signal Timing," 
Bulletin 271. (I960) pp. 45-67. 

Highway Research Board 

This Literature Contains Information in the Following Categories: 

Highway Tjrpas 
_ Rural 

J { Urban Arterial 

_ Urban Network 

_ Otner 

Data Types 
Chase Car or Floating Car 

_ Freeway Surveillance System 

Arterial Surveillance System 

Photographic 

Simulation 

i C Other 

factors Analfzad 

S . Tratlic Flow Cnaracteristics 

Vehicle Emissions 

Fuel Consumption 

Maintenance 

Inslallalion 

Signal Timing 

_ Etiects ol Geometries 

_ Other 

Signal Types 
25. Fixed Time 

Semi Actuated 

Fully Actuated 

Other 

Summary/Abstract 

This report contains the results of a detailed analysis of vehicle arrival rates and discharge head
ways at several isolated intersections. This data was used to determine the capacity of signalized 
intersections as a fimction of cycle length and green time. 

Reference 14 

Berry, D. S. "Field Measurement of Delay at Signalized Intersections. 
Proceedings, Vol. 35, pp. 505-522. 

Highway Research Board 

This Literature Contains Information In the Following Categories: 

Highway Types 

_ Rural 

_3Curban Arterial 

_ Urban Network 

_ Other 

Data Types 
Chase Car or Floating Car 

Freeway Surveillance System 

_XArterial Surveillance System 

_ Photographic 

Simulation 

_ ? O l h e r 

factors Analyzed 

_XTral l ic Flow Characteristics 

Vehicle Emissions 

Fuel Consumption 

Maintenance 

Installation 

_XSignal Timing 

_ Ellects of Geometries 

_ Other 

Signal Types 
_ ? F i x e d Time 

Semi Actuated 

_ ? F u l l y Actuated 

_ ? O l h e r 

Summary/Abstract 

Methods for field meeisurement of intersection delay and the effects of different signal timing 
plans on stopped-time delay during daylight hours at signalized intersections in the San Francisco 
Bay Area were studied. Three methods for measuring stopped-time delay were compared: 
(1) the ITTE Delay Meter, which accumulates vehicle-seconds of stopped time; (2) a sampling 
method for estimating vehicle seconds of stopped time; and (3) use of spaced serial photos to 
obtain stopped time and travel time for each vehicle. All three methods were satisfactory for 
obtaining stopped-time delay at signalized intersections. "Unnecessary" delay weis substemtially 
lower with actuated than with fixed-time control. Stopped-time delays were substantially lower 
for full-actuated control than for semi-actuated control. Stopped-time delay was also studied 
at two signalized intersections 1,185 feet apart to ascertain the effect on delay of coordinating 
the timing of two fixed-time signals. The delay to the Main Street traffic in both peak asid of f -
peak hours was less than half the delay experienced when using actuate traffic signal control 
without coordination of the timing of the two signals. /Author/ 
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Bleyl, R. L . "Speed Profiles Approaching a Traffic Signal," HRR 384. (1972) pp. 17-32. 

This Literature Contains Information In the Following Categories: 

Highway Types 

_ X Rural 
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_ Other 

Data Types 

C t i a s e C a r or F l o a t i n g C a r 
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. M a i n t e n a n c e 

. I ns ta l l a t ion 

. S i g n a l T i m i n g 

. E l l e c i s o l G e o m e t r i e s 

. O t h e r 

Signal Types 

F i x e d T i m e 

_ S e m i A c t u a t e d 

_ F u l l y A c t u a t e d 

_ O t h e r 

Summary/Abstract 
The objective of this study was to examine and compare the speed profiles of traffic approach
ing a traffic signal under six different signal displays. Detector loops were installed along one 
approach to a rural traffic signal installation. Detector actuations, signal indications, and timing 
information were recorded at a remote observation point by using a 20-pen operation recorder. 
Observations were made of lone vehicles approaching the traffic signal location. The speed pro
files observed under each signal display were summarized and compared with the speed profiles 
under the oth^r signal displays. Drivers at the study location entered the intersection more cau
tiously with a green traffic signal indication or a flashing yellow indication than they did with 
no signal installed. They did not speed up when signal control was changed from regular stop-
and-go operation to flashing operation. Approaching a red signed indication, drivers did not begin 
to slow down until they were approximately 500 ft. from the signal. Under all other signal dis
plays, drivers generally maintained their speed as they approached the signal location and entered 
the intersection./Author/ 
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Box, P. C. Intersections. Highway Users Foundation for Safety and Mobility, Washington, D.C. 
(1970). ~ -

This Literature Contains Information In the Following Categories: 

Highway Types Data Types Factors Analyzed 
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_ X O t h e r 

Signal Types 

F i n e d T i m e 

_ S e m i A c t u a t e d 

_ F u l l y A c t u a t e d 

_ O t h e r 

Summary/Abstract 

Statistics show that intersectional accidents are a national problem in highway safety. About 
24 percent of fatal accidents listed in a national tabulation were cleissified as occurring at inter
sections. In urban areas, approximately 41 percent of total accidents, and 39 percent of fatal 
accidents, were reported :is intersectional. In rural areas, the data showed that 27 percent of 
toted accidents, but only 17 percent of fatal accidents, were at intersections. An important 
design element involves provision for vehicles to make left turns off major routes. Left-turn 
channelization was installed at 48 unsignalized urban and rural intersections along California 
highways, and accidents were found to be reduced significantly. The types of intersectional 
controls included in the discussion are yield, two-way stop, four-way stop, and the traffic signal. 
The yield sign is used to regulate traffic flow at low volume intersections and at intersections 
where the accident rate is above the average of other intersections of the same type. Yield 
signs were found to be an effective measure at previously uncontrolled, isolated, urbcm, low-
volume intersections. The fmdings of various researchers indicate that yield signs can be an 
effective control under many low-volume conditions. Several studies are reported on two-way 
stop control. The studies indicate for two-way stops that (1) accident rates increased as cross-
street volume increased, and (2) accident rate decreased as main street volume increased. For 
four-way stops, St. Paul and California studies support a conclusion that accident reduction can 
be effective if the installation is warranted by accident frequency and the volumes are moderate 
and balanced., Many studies are reported on the effect of traffic signals on traffic operations. 
Studies on flashing beacons and directional signing are described. 
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Summary/Abstract 

This paper is the result of a review of the existing signal warrants. Part I covers introduction, 
summary of work performed, and the factors of volume, gap availability, and gap acceptance 
characteristics. Paxt R covers delay and pedestrisms; and Part HI covers accidents, suggested 
warrants, ajid bibliography. 
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Summary/Abstract 

This paper presents a step-by-step procedure for evaluating the economics of upgrading traffic 
signal installations within urban areeis. User benefits resulting from the reduction of stops and 
delays are compared with equipment auid installation costs, and computed as a benefit/cost ratio. 
A case study of the replacement of a pertimed controller with an eight-phase, fully-actuated, 
loop-occupancy controller is presented in detail. 
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Summary/Abstract 

This paper proposes a possible solution to the dilemma-zone problem, based on a "shifting presence 
zone." ' The zone hc^ hypothetical "speed detectors" in the dilemma zone and a 50-foot long pre
sence detector at the stop line. 

(Note: This paper's, proposal has never been implemented.) 
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Summary/Abstract 

This report contains highway user costs that are based on 1975 conditions in the urban areas 
of Texas. The unit; costs reported here are vehi'cle rimning costs, travel time costs, and accident 
costs. Also, data on air and noise pollution, as well as other highway impact data, are included 
in this report. 

The report contains an analysis of the impact of the energy shortage on the relative costs that 
are used in the conventional benefit-cost or cost-effectiveness analyses. 

Finally, the report contains a recommended analytical procedure that uses the benefit-cost or 
cost-effectiveness,approach to determine whether a project is economically feasible or cost-
effective. Also, the procedure can be used to select from among alternative projects the one 
that fulfills a particular goal or set of goals'. 
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Summary/Abstract 

This paper presents the status of Toronto's system amd includes the results of a before-and-after 
study. Topics discussed include a historical summary, reliability, traffic data, performance, 
critical intersection control, turning movement control, accident control, and economic bene
fits . 
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Summary/Abstract 

This chapter presents an overview of the subject of traffic signals covering all facets in some 
detail. Topics discussed include signal warrants and their application; signal equipment includ
ing controllers, signal heads, detectors, and associated hardware; signal timing for isolated and 
network situations; specied signals including lame-use, railroad and beacons; mainteneuice and 
modification of signals. 
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Summary/Abstract 

The RUNCOST computer programs developed by FHWA were used to analyze travel times before 
and after the instcillation of a computerized traffic control system in Charleston, S.C. The pro
grams determine vehicle operating costs and time costs as a result of speed and delays. 
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Summary/Abstract ' 

Measures of effectiveness (MOE's) were developed for the Charleston, S.C. Hybrid Traffic Control 
System (HTCS). The MOE's utilized were network speeds, stops, and delay times. A description 
of the traffic control system and the analyis results are included. 
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Summary/Abstract 

Part I looks at the maintenance of traffic signals from a national point of view. Satisfactory 
madntenance of signals depends not only on the reliability of the equipment and the speed of 
fault clearance, but ailso on the early detection of faults. Factors affecting these requirements 
are discussed and suggestions made for the reorganization of the whole maintenance service 
both for the existing equipment and for equipment likely to be available in the future. Part n 
looks at the maintenemce of traffic signals from the local authority's viewpoint. Faults in signal 
installations are too frequent and the methods of dealing with them are unsatisfactory. A pro
posed new form of maintenemce contract and the possible inspection organization necessary to 
make i t effective in a large urban authority are discussed. 
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Summary/Abstract 

I t was the objective of this study to adapt and validate the UTCS-1 Network Simulation Model 
for use in the anadysis of traffic performance of single urban intersections. Modifica
tions to UTCS-1 in order for i t to be applicable to a single intersection are described. The modifie^ 
model which is hereafter referred to as UTCS-ls, was tested for reasonableness and compared 
to two other single intersection simulation models described in a report from Traffic Research 
Corporation. The model weis then validated by simulaitng isolated intersections in Oakland, 
California, and Arlington, Virginia. As a demonstration of the model, two examples of applica
tions were made. In the first example, the effectiveness of allowing right turns against a red 
signal indication was examined. In the second, a sampling procedure for estimating stopped delay 
at intersections was analyzed. It is concluded that UTCS-ls is an accurate and flexible model 
suitable for use in the analysis of the performance of individual intersections. 
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Summary/Abstract 

The method presently used to estimate CO pollution concentration caused by traffic facilities 
is shown to be inadiequate for urban traffic because i t assumes a constsmt emission profile, 
which is not in fact found in urban traffic. The UTCS-1 traffic simulation model is described 
along with its recently added fuel and vehicle emissions capability. This paper demonstrates, 
by using before and after studies for an arterial in Washington, D.C, the non-constant emissions 
profiles computed by UTCS-1 along the arterial. 
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Summary/Abstract 

A study carried out in Gainesville, Florida examines the tradeoffs between fuel consumption and 
delay at signalized intersections. The results showed that fuel consumption could be lowered 
to 44 gallons/hour i f signals were timed with fuel consumption rather than delay in mind. 
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Summary/Abstract 

This report uses statistical analysis to develop an optimal control policy for an actuated signal 
controller at the intersection of two one-way roads. The control technique is based upon the 
policy that the green phase for a given road is terminated at the earliest time that there had 
been no departures over a given time interval. 
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Summary/Abstract 

This article describes a study undertaken in Raleigh, North Carolina on the locations at signalized 
intersections of the inductive loop detector, classified as either pulse or presence mode. With 
the exception of the detectors directly behind the stop lines, all were installed as pulse detectors. 
All data collected in the study were compiled with the aid of time-lapse photography. Travel 
time through an intersection wais used in determining the optimum detector type and location. 
The article contains a description of the method of analysis employed and a summary of the 
results of the study. 
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Summary/AlMtract 

This reseeirch effort attempts to compare the effectiveness of various combinations of presence 
and pulse-type induction loop detectors in reducing intersection delay at a fully-actuated signa
lized intersection. Various combinations and lengths of detectors were utilized on both the major 
and minor approaches during a peak and off-peak period. Amounts of intersection delay were 
recorded by multiple time-lapse cameras operating simultaneously above the intersection area. 
It was ascertained that the use of presence-type detectors results in significantly lower average 
intersection delays during both peak and off-peak periods. In addition, it was determined that 
the use of presence-type detectors greater than 38 feet in length on the minor approaches to 
the intersection, in conjunction with presence detectors of approximately 38 feet on the major 
approaches, yielded the most favorable average intersection delay values. /FHWA/ 
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Summary/Abstract 

Two specific types of operational improvements—overhead flashers and traffic signals installed 
at low-volume, high-speed rural intersections—were selected for investigation. The effective
ness of the devices in reducing traffic accidents was eumarked as the primiiry objective of the 
analysis. Initially, all flashers and signed devices installed in North Carolina since 1965 v/ere 
considered, but subsequent investigation and a more restrictive definition of a test site reduced 
the original inventory from 72 flashers and 153 signals to 14 flashers and 19 signals. A before-
and-after study was made encompassing minimum time frames of one year prior to and immedi
ately after installation of the device. Accident exposure during the two periods was compared 
on the basis of exposure rates, severity mdexes, and equivalent property damage only accidents 
and rates. It was determined that the equivalent property damage only rate, rather than the 
normally used accident rate, was the most reliable and significant indicator of accident conse
quences. If all other factors were constant, any significant change in rate after installation 
of the control device could be attributed to the presence of the device. The relationship between 
the installation of signals and equivalent property damage only rate reduction was not statistically 
significant except for undivided highway intersections. The relationship between the installa
tion of a flashing beacon and rate reduction was found to be statisticlaly significant at the 1 per
cent confidence level. /Author/ 
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Summary/Abstract 

The object of this research was to establish an estimate of the economic feasibility of modifying 
an intersection traffic control system to incorporate a speed signal funnel. Data on traffic 
volumes, delays, approach speed profiles, and accident experience were gathered for the study 
site so future costs of retaining the present control system could be estimated. Estimates 
specifying equipment costs, maintenance costs, vehicle operating costs, time costs, and accident 
costs were developed for the proposed speed funnel. The economic desirability of the speed 
signal funnel was determined by mesms of an incremental benefit/cost ratio. It was foimd that 
the speed signal funnel yielded benefit/cost ratios ranging from 1.5:1.0 to as high as 12.0:1.0 
depending on the underlying assumptions/Author/ 
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Summary/Abstract 

The objective of this study was to develop a simulation program which would be suitable for 
use in the design of traffic signal systems. In keeping with this, i t was desired to develop, pro
gram, and test a conceptual model that would simulate the flow of vehicles on a street network 
controlled by traffic signals. Secondeury goeils were that the model be general enough to apply 
to any moderate-sized network, and that the final program be such that the inputs emd outputs 
could be easily understood by a non-computer oriented traffic engineer. A simulation model, 
SIGNET, was developed to reproduce traffic under laboratory conditions. The use of the SIGNET 
model is not restricted to signal timing studies. In fact, the effects of many other traffic engi
neering measures may be evaluated by varying the program inputs. Such measures could include 
turning movement prohibitions, parking restrictions, unbalanced lane operation, and one-way 
street operation. 
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Summary/Abstract 

This non-zmnotated bibliography contains nearly 300 references to articles related to urban traffic 
control systems. Of particular interest, to this study are the f i f t y articles identified which deal 
with the characteristics of vehicle and geometric design related to traffic signal operation. 
The papers referenced within this bibliography were published between 1947 and 1969, with most 
of them dating later than I960. 
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Summary/Abstract 

This report contains a detailed analysis of the distribution of vehicle arrivals during the peak 
period. 

The distribution of vehicle arrivals during the peeik period and peak hour were analyzed by the 
x'test under the hypothesis of a Poisson distribution. It Wcis shown that (a) arrivals during the 
peak period did conform to a Poisson distribution, and (b) arrivals throughout the entire peak 
hour did not conform to a Poisson distribution. 

Finally, some of the aspects of the capacity-design analysis of an intersection are considered 
in light of these findings. New design and signalization procedures are developed based on vehicle 
arrivals during the peak period. 
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Summary/Abstract 

The two-phase fully actuated volume controller is capable of moving large volumes of traffic 
with minimum delay. The controller, however, must be properly timed to operate at its peak 
efficiency. The timing of volume density equipment should not be thought of in terms of defi
nite cycle lengths as applied to fixed time controllers. When cycle lengths are considered they 
should be thought of as being elastic, stretching and contracting with traffic demand. 
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Summary/Abstract 

Delay formulas are derived for vehicles at an isolated intersection at which the vehicle arrivals 
are supposed generated by a binomialprocess, the departure rates are assumed constant, the 
the control strategy is to switch the lights when the favored queue empties. The mean delay 
is calculated using a discrete analog of the method used by Darroch, Morris, cind Newell for the 
case of random arrivals. Later a probability generating function for delay is developed yielding, 
in particular, the variance of the delay. /Author/ 
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Reference 39 

Eagle Signal Divisioii, Gulf and Western Industries, Inc. The Subiect of Pretimed Intersection 
Control. No Date. ' 

This Literature Contains liiformatlon In the Following Categories: 

Highway Types Data Types Factora Anelyzed Sfgnaf Types 

Rural 1 
Ctiase Car or Floating Car Traffic Flow Ctiaraclerislics ^ Fixed Time 

Urban Arterral Freeway Surveillance System Vehicle Emissions Semi Actuated 

Urban Network Arterial Surveillance System Fuel Consumption Fully Actuated 

_ Other ' Photographic Maintenance _ Other 

1 Simulation Installation 

_ Other Signal Timing 

Eflecis of Geometries 

_ Other 

Summary/Abstract 

This pamphlet provides basic information about the features and characteristics of electro
mechanical pre-timed controllers. A glossary of terms is included. 

i 

Reference 40 

Econolite, Division of Altec Electronics. Traffic Control Application iiformation Manual #1, 
No Date. 

1 

This Literature Contains Information In the Following Categories: 

Highway Types Data Txpaa Factors Analyzed Sfgnaf Types 
_ Rural Chase Car or Floating Car Traffic Flow Characteristics ^ Fixed Time 

Urban Arterial Freeway Surveillance System Vehicle Emissions Semi Actuated 
Urban Network Arterial Surveillance System Fuel Consumption Fully Actuated 

_ Other 1 Photographic Maintenance Other 
1 Simulation Installation -

_ Othei Signal Timing 

Effects of Geometries 

_ Other 

Summary/Abstract 

This manual, prepared by a signal equipment manufacturer, provides basic information concerning 
pretimed equipment. It also presents the fundamentals of coordination of pretimed signal systems. 
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Reference 41 

Estep, A. C. "A Mini Computer Traffic Signal Controller," American Highways, October 1971, 
p. 8. 

This Literature Contains information In the Following Categories: 

Highway Types 

R u r a l 

Urban Arterial 

Urban Network 

_ Other 

Data Typas 

_ Chase Car or Floating Car 

Freeway Surveillance System 

_ Arterial Surveillance System 

_ Photographic 

Simulation 

_ Olher 

factors Analyzed 

. Traffic Flow Characteristics 

. Vehicle Emissions 

. Fuel Consumption 

. Maintenance 

. Installation 

. Signal Timing 

. Ellecis ol Geometries 

. Other 

S<0naf Typas 
Fixed Time 

Semi Actuated 

X Fully Actuated 

Other 

Summary/Abstract 

This article presents general information concerning the installation of a general-purpose 
minicomputer for use as an intersection signal controller. 

Reference 42 

Evans, Leonard; Herman, R.; and Lam, Tenny. "Multivariate Analysis of Traffic Factors Related 
to Fuel Consumption in Urban Driving," Transportation Science, May 1976, pp. 205-215. 

This Literature Contains information In the Following Categories: 

Highway Types 

_ Rural 

Urban Arterial 

_ Urban Network 

_ Other 

Data Typas 

_ X C h a s e Car or Floating Car 

Freeway Surveillance System 

Arterial Surveillance System 

Photographic 

Simulation 

_ Other 

factors Analyzed 

_Xrraf l ie Flow Characteristics 

_ Vehicle Emissions 

_XFue l Consumption 

Maintenance 

Installation 

Signal Timing 

Effects ol Geometries 

_ Other 

Signal Types 

Fixed Time 

_ Semi Actuated 

_ Fully Actuated 

Olher 

Summary/Abstract 

The influence of various urban driving conditions on automobile fuel consumption was studied 
in an experiment involving 383 km of driving in the Detroit metropolitan area. The detailed 
speed, acceleration, and fuel consumption records were analyzed by multivariate statistical 
techniques. The objective of the study was to identify pertinent measures of traffic-related 
speed-time characteristics that influence fuel consumption in urban driving. The results showed 
that average trip time per unit distamce was the single most importamt factor in explaining the 
variability of fuel.consumption. The results could be explained in terms of the physical properties 
of the engine-vehicle system and the interrelationships among the traffic-related variables. 
/Author/ 
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Reference 43 

Ficklin, N. C. "For and Against Semi-Actuated Traffic Signal Control", Traffic Engineering, 
March 1973, pp. 20-25. 

This Literature Contains Information in the Following Categories: 

Highway Types 

Rural 

. X U r b a n Arterial 

_ Urban Network 

_ Other 

Data Typas 

_ Chase Car or Floating Car 

Freeway Surveillance System 

_ Arterial Surveillance System 

_ Photographic 

Simulation 

Other 

Factors Analyzed 

. Traffic Flow Characteristics 

. Vehicle Emissions 

. Fuel Consumption 

. Maintenance 

. Installation 

. Signal Timing 

. Effects ol Geometries 

, Other 

Signal Types 

Fixed Time 

X Semi Actuated 

_ Fully Actuated 

Other 

Summary/Abstract 

The choice between a semi-actuated type arteried signal control system and other types must 
be made with ful l realization of the advantages axid disadvantages of each. The advantage providec| 
major street traffic flow in maiximum green time by the semi-actuated system must be weighed 
against the resultemtiirregular signal progression and the increased cost of actuated control 
equipment. 

Reference 44 

Gamett, G. B. "L.A* County Study of 24-Hour Operation of Pretimed Signals." Traffic 
Engineering, May 1972, pp. 42-43. 

This Literature Contains Information in the Following Categories: 

Highway Types 

_ Rural 

. X U r b a n Arterial 

Urban Network 

_ Other 

Data Typas 

Chase Car or Floating Car 

JC Freeway Surveillance System 

Arterial Surveillance System 

_ Photographic 

Simulation 

Other 

Factors Analyzed 

Traffic Flow Characteristics 

Vehicle Emissions 

Fuel Consumption 

Maintenance 

Installation 

Signal Timing 

_ Efleets of Geometries 

X Other 

S/0na/ Typas 

_X Fixed Time 

Semi Actuated 

_ Fully Actuated 

_ Other 

Summary/Abstract 

The study demonstrates that operating pretimed signals 24-hours a day, instead of using a flashing 
period during light traffic hours, may reduce accident and injury experience, particularly right-
angle collisions, at locations where a high incidence has been found during the flashing period. 
It also suggests that locations with low accident experience during flashing operation will not 
have increased accident experience during the same time period i f signals are placed on 24-hour 
operation. 
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Reference 45 

Gartner, Nathan, "Microscopic Analysis of T r a f f i c Flow Patterns for Minimizing Delay on Signal 
Controlled Links," Highway Research Record 445, (1973) pp. 12-23. 

This Literature Contains Information In the Following Categories: 

Oats Types 

_ Chase Car or Floating Car 

Freeway Surveillance System 

_ Arterial Surveillance System 

_ Photographic 

Simulation 

Highway Types 

_ Rural 

_2[ Urban Arterial 

Urban Network 

_ Other 

. Other 

Factors Analyzed 

X . Traffic Flow Characteristics 

Vehicte Emissions 

Fuel Consumption 

_ Maintenance 

Installation 

X . Signal Timing 

Effects of Geometries 

_ Other 

Signal Types 
Fixed Time 

Semi Actuated 

Fully Actuated 

_ Other 

Summary/Abstract 

This paper reports results from a microscopic analysis of traf f i c flow patterns of two-way links 
on a major Toronto artery. "Accurate platoon profiles were obtained via the digital computer 
system controlling traf f ic lights throughout the metropolitan area emd its associated vehicle-
detector system. Individual link delay fimctions were calculated subject to the particular 
characterist ics of each signalized traf f ic link. These functions were then combined in parallel 
according to the principles of the British T R R L combination method. The optimal settings derived 
are shown to deviate substantially from those established by conventional coordination methods. 
The resultant improvement in delay to traff ic was confirmed by direct field observations./Author/ 

Reference 46 

Gerlough, D . L . and Wagner, F . A . "Improved Cr i ter ia for T r a f f i c Signals at Individual Intersec
tions." Highway Research N C H R P Report 67. 

This Literature Contains Information In the Following Categories: 

Highway Types 

_ Rural 

_2CUrban Arterial 

Urban Netvi/ork 

_ Other 

Data Types 

_ Chase Car or Floating Car 

_ Freeway Surveillance System 

Arterial Surveillance System 

Photographic 

_S Simulation 

_ Other 

Factors Analyzed 

_XTratfic Flow Characteristics 

Vehicle Emissions 

Fuel Consumption 

Maintenance 

Installation 

_XSignal Timing 

_ Effects of Geometries 

_ Other 

Signal Types 

Fixed Time 

Semi Actuated 

_XFufiy Actuated 

Other 

Summary/Abstract 

The signalized intersection is the cardinal element of a roadway system. To improve the opera
tional quality of the system, it is necessary to develop traf f ic signalization to its highest level 
of eff iciency. A state-of-the-art summary resulted in an extensive bibliography. A multiple 
purpose, microscopic, digital simulation model of traf f ic performance and control at em indi
vidual intersection was successfully formulated, programmed, tested, and refined. By applying 
the intersection simulation model, data were derived that led to an incresised understamding of 
a variety of measures of effectiveness of performance, their dependency on the mode of t r a f f i c -
signal control utilized, and their interdependency. The model was exercised comprehensively 
for fixed-time modes of intersection control in order to derive a controlled data base from which 
to judge objectively the relative effectiveness of experimental traffic-responsive philosophies 
of control. A new philosophy of intersection control, the basic queue-control scheme, appeared 
promising and was selected for pilot field implementation. 
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Reference 47 

Green, D . H . "Control of Oversatiirated Intersections," 
No. 2, (June 1967), pp; 161-173. 

Operational Research Quarterly, Vol. 18, 

This Literature Contains Information In the Following Categories:' 

Highway Types Data Types factors Analyzed Signal Types 

_ Rural _ Chase Car or Floating Car _XTralf ic Flow Characteristics Fixed Time 

_XiJ'ban Arterial Freeway Surveillance System Vehicle Emissions Semi Actuated 

Urban Network Arterial Surveillance System Fuel Consumption Fully Actuated 

Other Photographic 

_XSimulation 

Other 

Maintenance 

Installation 

.XS igna l Timing 

Effects of Geometries 

_ Other 

_ Other 

Summary/Abstract 

Simulation experiments are reported in which the control policies developed in an earlier paper 
for stable regimes are compared with other suggested procedures when employed during over-
saturated periods. It is shown that the policies remain effect ive with respect to mean delay 
per vehicle. The problem of reducing the maximum individual delay may be tackled by meems 
of a tradeoff of mecin delay by imposing a maximum phase duration during extreme congestion. 
/Author/ j 

Reference 4g / 
Green, H . "The E f f e c t on Accidents of Installing T r a f f i c Lights on Trunk Road 4.4 at London 
Road/Upton Court Road, Slough." Road Research Laboratory Notes, Noln/839, (May 1965). 

This Literature Contains Information in the Following Categories: 

Highway Types 

Rural 

Urban Arterial 

Urban Network 

_ Other 

Data Typas 

Chase Car or Floating Car 

Freeway Surveillance System 

Arterial Surveillance System 

_ Photographic 

Simulation 

Other 

factors Analyzed 

Traffic Flow Chaiacleristics 

Vehicle Emissions 

Fuel Consumption 

_ Maintenance 

Installation 

Signal Timing 

Effects of Geometries 

_2fother 

Signal Types 

J?Fixed Time 

_ Semi Actuated 

_ Fully Actuated 

_ Other 

Summary/Abstract 

Casualties at the jimction of A.4 at London Road/Upton Court Road, Slough, for 32 corresponding 
months before and after the installation of traf f ic lights/The junction was modified slightly and 
street lighting improved/ were compared with those in the rest of the Borough of Slough. They 
showed a decrease of 71 per cent and the number of casualties per year went down from 13 to 
4 and it has remained at this figure for 4 years. The economic value of the saving in injury a c c i 
dents neglecting damage-only accidents and the saving of suffering or bereavement/ was est i
mated to be 13,640 British pounds for 32 months, which represented more than 70 per cent of the 
total cost of works and land. 
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Reference 49 

Grimm, R . Paul . "Traff ic Signal Operational Design," Technical Notes, Vol. 1, Institute of T r a f f i c 
Engineers. (1975) pp. 1-4. 

This Literature Contains Information In the Following Categories: 

Highway Types 

_ Rural 

_ Urban Arterral 

_ Urban Network 

_ Oinei 

Data Types 

Chase Car or Floalmg Car 

Freeway Surveillance System 

Arterial Surveillance System 

Photographic 

Simulation 

_ Other 

Factors Analyzad 

_ Trallic Flow Characteristics 

_ Vehicle Emissions 

Fuel Consumption 

_ Maintenance 

Installation 

Signal Timing 

Ellects ol Geometries 

X. Other 

S/0na/ Typss 

Fixed Time 

_ Semi Acluatea 

J t Fully Actuated 

_ Other 

Summary/Abstract 

The application of loop-occupancy-control concepts with density controllers is presented, with 
emphasis on high-speed approaches. Extended cal l ("stretch") detectors for dilemma-zone protecti<|n 
are supplemented by presence detectors near the stop line. The author's designs are based on 
relatively high rates of deceleration; therefore the required detectorization is reduced in cost, 
but at the expense of full dilemma-zone protection. 

Reference 50 

Ham, R . "Area T r a f f i c Control in West London: Vehicle Counting Detectors. " T r a f f i c Engineer-
ing & Control, August 1969, pp. 172-176. 

This Literature Contains Information In the Following Categories: 

Highway Typas Data Typas Factors Analyzad Slgnal Typas 

Rural Chase Car or Floating Car Trallic Flow Characteristics Fixed Time 

A Urban Arterial Freeway Surveillance System Vehicle Emissions Semi Actuated 

f L Urban Network ^ Arterial Surveillance System Fuel Consumption Fully Actuated 

_ Other Photographic Maintenance _ Other 

Simulation X Installation • 

Other Signal Timing 

EMects ol Geometries 

_ Other 

Summary/Abstract 

This article discribes the principles of use, locations, dimensions, installation. and design con-
siderations for detectors used in the traf f ic control system in West London. 



76 

Reference 51 < 

Harland, Bartholomew & Associates, Memphis, Tennessee. "Three Timing Control Strategies 
for Signalized Diamond Interchanges." Federal Highway Administration, January 1977. • 

This Literature Contains Information in the Following Categories: 

Highway Typaa 

Rural 

OCUrban Arterial 

_ Urban Network 

_XOther 

Data Typas 

Chase Cat or Floating Car 

Freeway Surveillance System 

Afteiial Surveillance System 

j : Photographic 

Simulation 

Othei 

Factors Analyzad 

X _ TraHic Flow Characteristics 

Vehicle Emissions 

X _ Fuel Consumption 

Maintenance 

Installation 

X _ Signal Timing 

_ Ettects ol Geometries 

_ Other 

Signal Typaa 

JC Fixed Time 

Semi Actuated 

^ Fully Actuated 

_ Other 

Summary/Abstract 

Before-and-after evaluations of five different timing plans—two fixed time, one actuated, and 
two using a micro-processor—were performed at the interchemge of 1-95 and Golfair Boulevard 
in Jacksonville, Florida. It was found that during the p.m. peak period (when volumes were highest)| 
the micro-processor operation (pretimed, using table look-up and lagging left turns) was the most 
eff ic ient (considering both stops and delay). During other periods, the actuated control was more 
eff icient . Fuel consumption eff ic iency ( F C E ) was calculated from regression equations utilizing 
average network speed as the independent variable (developed by FHWA-RD-76-81) . It was found 
that the actuated operation gave a much higher F C E than any of the other four timing plans. 

Reference 52 

, Head, J . R . "The Operation of The Inductive Loop Vehicle Detector." T r a f f i c Engineering & 
Control , July 1970, pp. 135-138. " 

This Literature Contains Information In the Following Categories: 

Highway Typaa Data Tjrpas Factors Analyzad Signal Typaa 
_ Rural Chase Car or Floating Car Trallic Flow Characteristics Fixed Time 

Urban Arterial Freeway Surveillance System Vehicle Emissions Semi Actuated 

Urban Network Arterial Surveillance System Fuel Consumption J ( Fully Actuated 
_ Other ' Photographic Maintenance Other 

Simulation _XI"stallation 

Other Signal Timing 

Ellecis ol Geometries 

_ Other 

Summary/Abstract 

This article describes; the principle of operation of the inductive loop vehicle detector and discusses] 
factors which affect its use. 
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Reference 53 

Herman, R . ; Olson, P . ; and Rothery, R . "Problem of The Amber Signal Light." T r a f f i c Engineering 
and Control, September 1963, pp. 298-304. 

This Literature Contains Information In the Following Categories: 

Highway Typas 

_ Rural 

Urban Arterial 

_ Urban Network 

_ Other 

Data Typas 

Chase Car or Floating Car 

Freeway Surveillance System 

_ Arterial Surveillance System 

j { Photographic 

Simulation 

Other 

Factors Analyzad 

_ Trallic Flow Characteristics 

Vehicle Emissions 

Fuel Consumption 

Maintenance 

Installation 

X . Signal Timing 

_ Eflects o( Geometries 

_ Other 

S/0na( Typas 
Fixed Time 

Semi Actuated 

_ Fully Actuated 

Other 

Summary/Abstract 

This is a discussion of the "dilemma zone" eissociated with the yellow change interval. Factors 
such as approach speed, deceleration, length of yellow, and cross street width were used in the 
computation of probabilities of stopping. The importance of an adequate change interval is 
stressed. 

Reference 54 

Highway Research Board Proceedings. 
Annual Meeting, Vol. 35, pp. 523-533. 

"Effect of Type of Control on Intersection Delay." 56th 

This Literature Contains Information in the Following Categories: 

Highway Typas 

_ Rural 

Urban Arterial 

_ Urban Network 

_X3ther 

Data Typas 

Chase Car or Floating Car 
_ Freeway Surveillance System 

Arterial Surveillance System 

Photographic 

Simulation 

_Xothei 

Factors Analyzad 

_XTral l ic Flow Charactenslics 

Vehicle Emissions 

Fuel Consumption 

Maintenance 

Installation 

Signal Timing 

Elfects ol Geometries 

_ Other 

Signal Typas 
J( Fixed Time 

Semi Actuated 

_ Fully Actuated 

J{ Other 

Summary/Abstract 

A study of stopped-time delay was undertaken to provide data to support warrant's for certain 
types of traf f i c control devices, and a simple method of recording this delay was adapted from 
a previously reported method. I t was foimd that stopped-time delay to any vehicle which is r e q u i r ^ 
to stop is much greater with fixed-time control than with any other form, and average delay 
to al l vehicles was less at two-way stops than with other forms of control under the moderate 
t ra f f i c volume conditions observed. There appeau-s to be a positive relationship between stopped-
time delay on a minor highway and the volume of traf f i c on the major highway. But the data 
available do not permit determination of the degree of relationship. /Author/ 
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Reference 55 

Hil l , Morris. "A Method for The Evaluation of Transportation Plans." 
180, (1967), pp. 21-34.1 

Highway Research Record 

This Literature Contains Information in the Following Categories: 

Highway Types 

_ Rural 

_ Urban Arterial 

_ Urban Network 

_ Other 

Data Typas 

Chase Car or Floating Car 

_ Freeway Surveillance System 

Arterial Surveillance System 

Photographic 

Simulation 

_ Other 

factors Analyzed 

_ Traffic Flow Characteristics 

Vehicle Emissions 

_ Fuel Consumption 

Maintenance 

Installation 

Signal Timing 
Effecis of Geometries 

_ ^ t h e r 

signal Types 

Fixed Time 

Semi Actuated 

Fully Actuated 

_ Other 

Summary/Abstract 

The paper questions the e f f icacy of traditional cost-benefit analysis for the evaluation of trans
portation plans designed to serve a broad set of objectives. An alternative method of evaluation, 
known as goal-achieviement analysis, is proposed and described. Pleihs are examined in terms 
of the entire set of objectives in a single system. The relative effectiveness of alternative plans 
in achieving the set of desired objectives is determined by applying a weighting system to objec
tives and to the subgiroups, sectors, locations, and activities affected. /Author/ 

Reference 56 

Huddart, K . W. "ArealTraff ic Control." T r a f f i c Engineering & Control, July 1972, 

This Literature Contains information in the Following Categories: 

Highway Types Data Typas factors Analyzed Signal Types 
Rural Chase Car or Floating Car Traffic Flow Characteristics X Fixed Time 

UrDan Arterial Freeway Surveillance System Vehicle Emissions Semi Actuated 

Urban Network Arterial Surveillance System Fuel Consumption JC Fully Actuated 

Other Photographic Maintenance Other 

Simulation Installation 

_ Other Signal Timing 

Effects of Geometries 

_ Other 

Summary/Abstract 

This article reports tile results of an l E E Colloquium on Area T r a f f i c Control which was held in 
London on May 24, 19i72. It mcludes an interesting discussion on the relative merits of f ixed-
time versus vehicle-actuated signal plans. 
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This Literature Contains Information in the Following Categories: 

Highway Typaa Data Tjrpas Factors Analyzad Signal Typaa 

_ Rural Chase Car or Floating Car X Trallic Flow Characteristics Fixed Time 

X. Urban Arterial Freeway Surveillance System Vehicle Emissions Semi Actuated 

X. Urban Network Arterial Surveillance System Fuel Consumption Fully Actuated 

_ Other Photographic Maintenance X_ Other 

Simulation Installation 

_ Other Signal Timing 

EMects ol Geometries 

X. Other 

Reference 57 

Huddart, K . W. The Use of T r a f f i c Signals as a Means of Achieving Compromise Between T r a f f i c 
Requirements and Environmental Constraints. Plcuming and Treuisport Research and Computa
tion Company, L t d . 1974. 

Summary/Abstract 

The paper starts by describing the new awareness of the adverse impact of traf f i c on the environ
ment. Objectives are set for keeping traf f ic on a limited number of defined routes, of protect 
residential and shopping aresis and of giving priority to buses. A difficult urban problem is that 
the provision of traf f i c signals to provide access to an area can cause through routes to develop 
and increase in importance, and impact on the environment. Furthermore, the extra signals 
make the existing main routes less eff icient and attractive. The problem has been present for 
many years even though traff ic signal provision was limited by the need to meet numerical t ra f f i c 
cr i ter ia circulated by the Department of the Environment effect ively removed this restriction, 
so that local authorities are left ailone in balancing the pressure for signals against the less wel l -
appreciated, long-term effects . In cases where signals are introduced to solve a safety problem, 
there is usually a range of solutions available, and it is important that the opportunity should 
be taken to improve protection of the environment. Examples of the various situations are pre
sented-in the paper. Signals cannot, however, solve all problems and attempts to use them to • 
control vehicle speeds may well produce dangerous situations. 

Reference 5g 

Hulscher, F . R . "Selection of Vehicle Detectors for T r a f f i c Management." T r a f f i c Engineering 
& Control, December 1974, pp. 915-919, 925. 

T r a f f i c Engineering 

This Literature Contains Information In the Following Categories: 

Highway Typaa Data Typas Factors Analyzad Signal Typaa 

Rural Chase Car or Floating Car Trallic Flow Characteristics Fixed Time 

X Urban Arterial Freeway Surveillance System Vehicle Emissions Semi Actuated 

Urban Network Arterial Surveillance System Fuel Consumption X Fully Actuated 

_ Other Photographic Maintenance Other 

Simulation Installation 

Other Signal Timing 

Eltects ol Geometries 

X Other 

Summary/Abstract -

This article examines the practical requirements for vehicle detectors for use in traf f ic signal 
systems. It is shown that only the inductive loop and flux-gate magnetometer detectors are 
capable of meeting the authors cri teria . 
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Reference 59 
Hulscher, F . R . , and Sims, A. J . "Use of Vehicle Detectors For T r a f f i c Control." T r a f f i c Engineer
ing & Control, November 1974, pp. 866-869. 

This Literature Contains Information In the Following Categories: 

Highway Types 

_ Rural 

X Urban Arterial 

Urban (Metwork 

_ Other 

Data Types 

Chase Car or Floating Car 

Freeway Surveillance System 

_ Arterial Surveillance System 

_ Photographic 

Simulation 

_ Other 

factors Analyzed 

X. Traffic Flow Characteristics 

Vehicle Emissions 

Fuel Consumption 

Maintenance 

X. Installation 

Signal Timing 

_ Effects of Geometries 

_ Other 

Signal Types 

Fixed Time 

Semi Actuated 

X- Fully Actuated 

_ Other 

Summary/Abstract 

This paper examines the type of vehicle detection and placement of detectors for use with traf f ic 
control signals. The theoretical requirements for placement of detectors are demonstrated to 
be at variance with past practice, and it is shown that advance detection hcis an adverse effect 
on eff iciency. Use of presence detectors located at the stop line enables t ra f f i c parameters 
to be measured in terms of passenger-car-imits (pcu) equivalents necessary for the implementation 
of eff icient control. 

Reference 50 

Hutchinson, T . P. "Delay At A Fixed Time T r a f f i c Signal—2 Numerical Comparisons of Some 
Theoretical Expressions." Transportation Science, August 1972, pp. 286-305. 

This Literature Contains information in the Following Categories: 

Highway Types 

_ Rural 

Urban Arterial 

_ Urban Network 

_ Other 

Data Types 

_ Chase Car or Floating Car 

Freeway Surveillance System 

Arterial Surveillance System 

Photographic 

Simulation 

X_ Other 

Factors Analyzed 

X. Traffic Flow Characteristics 

Vehicle Emissions 

Fuel Consumption 

Maintenance 

Installation 

X_ Signal Timing 

_ Eflecis of Geometries 

_ Other 

Signal Types 

X_ Fixed Time 

_ Semi Actuated 

_ Fully Actuated 

_ Other 

Summary/Abstract 

Numerical comparisons of several expressions for the average delay to traf f ic passing a fixed 
time traf f ic signal have been made for a wide range of values of the arrival rate, saturation 
flow, cycle time, proportion of the cycle effectively green, and variance-to-mean ratio of the 
number of arrivals per cycle (I-Ratio). The values of average delay given by Miller's, Newell's, 
and Webster's simplified expressions, and by a new modification of the last incorporating the 
I -Rat io are compared with the value given by Webster's full expression. The differences are not 
usually more than 10 per cent when 1=1, but the importsmce of the I-Ratio is shown by the dif
ferences reaching about 50 percent at high degrees of saturation when 1=1.5. The differences 
between the values of the various expressions are also compared with the effects on the value 
of Webster's full expression of given errors in the parameters. These effects are foimd to be 
large enough to make it difficult to distinguish experimentally between the various expressions 
when the I -Rat io is near to 1 except by extensive measurements. Because of this the choice 
between expressions is often a matter of convenience of computation, and this choice is briefly 
discussed. 
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Reference 61 

Irwin, Neal A . "The Toronto Computer-Controlled T r a f f i c Signal System." T r a f f i c Control TTieory 
and Instrumentation,, pp.209-218. Edited by Thomas R . Horton. New York: Plenum Press, 1965. 

This Literature Contains Information In the Following Categories: 

Highway Typas 

fluiai 

Urban Arterial 

Urban Network 

_ Other 

Data Typas 

Chase Cat or Floating Cat 

Freeway Surveillance System 

_ Arterial Surveillance System 

Photographic 

Simulation 

_ Other 

Factors Analyzad 

Trallic Flow Characteristics 

Vehicle Emissions 

Fuel Consumption 

Maintenance 

X Installation 

X Signal Timing 

Ellects ol Geometries 

_ Other 

Signal Typas 

Fixed Time 

Semi Actuated 

_ Fully Actuated 

_ Other 

Summary/Abstract 

This paper describes the Toronto application of digital computers for traf f ic control. It describes 
the equipment used and attendant costs. 

Reference 62 

I T E Southern Section Technical Committee 18. "Large-Area Detection At fctersection Approaches 
T r a f f i c Engineering & Control, June 1976, pp. 28-36. 

This Literature Contains information in the Following Categories: 

Highway Typas 

Rural 

Urban Arterial 

_ Urban Network 

_ Other 

Data Types 

Chase Car or Floating Car 

Freeway Surveillance System 

_ Arterial Surveillance System 

_ Photographic 

Simulation 

_ Other 

Factors Analyzad 

_ TraHic Flow Characteristics 

Vehicle Emissions 

Fuel Consumption 

Maintenance 

X_ Installation 

Signal Timing 

_ Ellects ol Geometries 

_ Other 

Signal Typas 

Fixed Time 

Semi Actuated 

X_ Fully Actuated 

Other 

Summary/Abstract 

The purpose of this report is to pull together a number of references into a coherent re-statement 
of the relationship between controller operation and large-area detector design. Large-area 
detectors are designed to detect vehicles within a zone of substantial length upstream of the 
stop line, as contrasted with a point location. The advantages and disadvantages of this t3rpe 
detection is discussed in addition with discussions of detection of small vehicles, right turns, 
low-speed approaches, right-turn-on-red, and high speed approaches. 
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Reference 53 

I T E Southern Section Technical Committee 18. "Small Area Detection At Intersection Approaches' 
T r a f f i c Engineering & Control, February 1974, pp. 8-17. 

This Literature Contains Information In the Following Categories: 

Highway Types 

_ Rural 

Urban Arterial 

Urban Network 

_ Other 

Data Typas 

Chase Car or Floating Car 

_ Freeway Surveillance System 

Arterial Surveillance System 

Photographic 

Simulation 

_ Other 

factors Analyzed 

_ Traffic Flow Characteristics 

Vehicle Emissions 

Fuel Consumption 

Maintenance 

X. Installation 

Signal Timing 

Eflects of Geometries 

_ Other 

S/0na/ Types 
Fixed Time 

Semi Actuated 

X- Fully Actuated 

Other 

Summary/Abstract 

This report summarizes the most pertinent information, reviews standards, and restates the relatio^ 
ship between small area detector location cind controller operation. Small area detectors, often 
referred to as point detectors, are those intended to detect vehicles at a stop location. The 

,pressure-pad treadle detector and six-foot-long loop detector are prominent examples. Also 
included are ultrasonic and radar units. 
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I T E Technical Council Committee 4M-1. "Traff ic Signal System Definitions." T r a f f i c Engineerine 
& Control. February 1976, pp. 42-51. 

This Literature Contains Information In the Following Categories: 

Highway Types Data Typas factors Analyzed Signal Types 
Rural Chase Car or Floating Car Traffic Flow Characteristics X- Fixed Time 
Urban Arterial Freeway Surveillance System Vehicle Emissions X_ Semi Actuated 

_ Urban Network Arterial Surveillance System Fuel Consumption X- Fully Actuated 
_ Other Photographic Maintenance X Other 

_ Simulation X. Installation 

_ Other Signal Timing 

Effects of Geometries 

_ Other 

Summary/Abstract 

I T E Technical Council Committee 4M-1 has developed a set of standard defmitions which can 
be universally applied in the area of traf f ic signal systems and associated hardware with particular 
emphasis on computerized systems and related technologies. 
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Jacks, Marshall J r . "The Feasibil ity of Establishing Warrants for Signal Systems," T r a f f i c 
Engineering Control, May 1969, pp. 46-47. 

This Literature Contains Information In the Following Categories: 
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_ Other 
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_ Chase Car or Floating Car 
Freeway Surveillance System 

_ Arterial Surveillance System 
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Fuel Consumption 
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Jt. Installation 

j t Signal Timing 

Ellects ol Geometries 

_ Other 

S/0na/ Typas 
• Fixed Time 

Semi Actuated 

_ Fully Actuated 

^ Other 

Summary/Abstract 

The paper describes the three existing types of signal systems: flexible pretimed, traff ic ad
justed, emd digital computer. It also discusses the control philosophies of different countries. 

The author concludes that the establishment of warrants for utilization of specific types of 
signal systems is not presently feasible. 
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Jacobson, Kern L e e . "Quantitative Analysis Techniques For The Planning and Design of Signalized 
Intersections." University of Washington (1972). 

This Literature Contains Information in the Following Categories: 
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_ Other 
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Freeway Surveillance System 
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Other 
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Installation 

JC Signal Timing 

_ Ellects ol Geometries 

_ Other 

Signal Typaa 

Fixed Time 

Semi Actuated 

J ? Fully Actuated 

_ Other 

Summary/Abstract 

The author presents the commonly used techniques for emalyzing the operating characteristics 
of signalized intersections. 

He then discusses a new simulation model, S Y M S Y G , which simulates operation at a fully actuated 
signal, and compares it with the previous techniques. 
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Jacobson, Kern L . " S Y M S Y G : A Simulation Model of T r a f f i c Flow At A Ful ly Actuated Signal." 
Washington State Department of Highways, February 1976. 

This Literature Contains Information in the Following Categories: 
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_ Urban Arterial 
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Chase Car or Floating Car 

_ Freeway Surveillance System 
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Semi Actuated 

_ Fully Actuated 

_ Other 

Summary/Abstract 
S Y M S Y G is a computer model which simulates the operation of one approach at a fully actuated 
traf f ic signal. The user is permitted to vary any of a large number of inputs to determine the 
effect of alternative Idesignes and timing schemes on queue lengths, delay, cycle lengths, stops, 
and fuel consumption. 

This paper comprises! partial documentation of the F O R T R A N version and includes the following 
sections: 

1. Sample Output 
2. Input Instructions 
3. J C L and Data Card Listing 
4. Program Listing 
5. Variable Definitions 
6. Sample Accounting Output 

/Author/ 
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K a y , Jack L . 
pp. 24-31 

"Signal' System Studies: A New Approach." T r a f f i c Engineering, January 1970, 

This Literature Contains Information in the Following Categories: 
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_ Other 
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Fuel Consumption 

Maintenance 

J L Installation 

Signal Timing 

_ Effects of Geometries 

Other 

Signal Types 

Fixed Time 

Semi Actuated 

Fully Actuated 

_ Other 

Summary/Abstract 
This paper describes |a technique for evaluating alternative signal systems to determine which 
system best meets the needs of a given area. This modified cost-utility technique was applied 
in a study conducted) for the Ci ty of Baltimore. This technique develops a proxy value for those 
benefits which cannot explicitly be measured in dollars. 
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Kennedy, Norman; K e l l , James H . ; and Hamburger, Wolfgang S. "Traff ic Signals Chapter XVI ," 
Fundamentals of T r a f f i c Engineering, 7th Edition. Berkeley: University of Cal i fornia, 1969. 

This Literature Contains information In the Following Categories: 
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- Arterial Surveillance System 
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Simulation 

_ Other 
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Z . Installation 

Signal Timing 

_ Eflects of Geometries 

_ Other 
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J E Semi Actuated 

£ Futly Actuated 

Other 

Summary/Abstract 

This chapter presents an overview of traf f ic signal technology and terminology. Included are 
discussions of both pretimed and traff ic-actuated signals in both isolated and system configu
rations. Signal time and instedlation costs axe also discussed. 

Reference 70 
K l a t t , R . T . and Wilshire, R . L . "Buying A Signal System: A Two-Step Procedure." T r a f f i c Enginee r^ 
ing, Apri l 1975, pp. 14-15. 

This Literature Contains Information in the Following Categories: 

Highway Types 
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_ Urban Network 

_ Other 

Data Typas 

_ Chase Car or Floating Car 

_ Freeway Surveillance System 

Arterial Surveillance System 

Photographic 

Simulation 
Other 
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Signal Timing 

_ Eflects of Geometries 

_ Other 

Signal Types 

Fixed Time 

Semi Actuated 

Fully Actuated 

_ Other 

Summary/Abstract 

A description of methods used in the C i t y of Omaha and results obtained in buying a complex 
signal system, and some thoughts for consideration. 
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Klijnhout, J . J . " A Digital Simulation Model For Single Intersections With T r a f f i c Lights." 
T r a f f i c Engineering & Control, Vol. 13, No. 4, pp. 147-150, 153 

This Literature Contains Information In the Following Categories: 

Highway Typas Data Typas Factors Analyzad Signal Typas 

Ruial Chase Car or Floating Car X. Trallic Flow Characteristics Fixed Time 

Urban Arterial Freeway Surveillance System Vehicle Emissions Semi Actuated 

Urban Network Arterial Surveillance System Fuel Consumption Fully Actuated 

_ Other Photographic _ Maintenance _ Other 

X. Simulation Installation 

_ Other Signal Timing 

Ellects ol Geometries 

_ Other 

Summary/Abstract 

A model to simulate the performance of intersections with traf f ic lights is described. Tests 
have been made to discover the extent to which the model can be simplified in order to obtain 
a better ratio of simulation time to simulated time. / T E C / 

Reference 72 

L e e , C . E . and Vodrazka, W. C "Evaluation of T r a f f i c Control At Highway Intersections." 
Research Report 784, Texas University, Center for Highway Research. 

This Literature Contains Information In the Following Categories: 

Highway Typas Data Typas Factors Analyzad 
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. Urban Arterial 

Urban Network 

. Other 

Chase Car or Floating Car 

_XFreeway Surveillance System 
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Simulation 

_ Other 
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Vehicle Emissions 

Fuel Consumption 

Maintenance 

Installation 

Signal Timing 

_ Ellects ol Geometries 

_ Other 

Signal Typas 

Fixed Time 

Semi Actuated 

_ Fully Actuated 

_ Other 

Summary/Abstract 

The paper details the design and development of a digital delay data recorder and its use with 
computer programs for data reduction and zmalysis. 

Currently used warrcints for selecting traff ic control devices and proposed warreuits for actuated 
signals were evaluated. 
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Lepic , Donald E . "Advance Detection for Ef f ic iency and Safety.' 
pp. 9-10 

O T E Fie ld , Apri l 1975, 

This Literature Contains information In the Following Categories: 
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_ Other 
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Installation 

JC Signal Timing 
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_ Other 

Signal Typaa 
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Semi Actuated 

_ X Fully Actuated 

_ Other 

Summary/Abstract 

The article was written to explain local (Oklahoma) applications of the article "Traffic Signal 
Operational Design" by R . Paul Grimm. Lepic points out that Grimm's recommended detector 
spacing is designed for a vehicle approaching within narrow limits of its design speed. Lepic also 
notes that this problem can be overcome by adding additional detectors for advance detection. 

The article adds that Grimm's braking distamces may be too short, particularly on wet pavements. 
Lepic stresses that safety should not be given up to reduce delay. 

Reference 74 

Li t t l e , James. "Queuing of Side Street T r a f f i c At A Priority Type Vehicle Actuated Signal", 
Transportation Research, Vol. 5. (1971) pp. 295-300. 
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_ Other 
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Fuel Consumption 

Maintenance 

Installation 

Signal Timing 

Etiecis ol Geometries 

_ Other 

Signal Typaa 

Fixed Time 

Semi Actuated 

^ Fully Actuated 

_ Other 

Summary/Abstract 

The queuing of side- street traf f ic at a priority type, vehicle-actuated signal is studied. It is 
assumed that a minimum red period must elapse between side street greens. A discrete time 
model is formulated, and the steady-state distribution and mean value of the queue length at 
the end of the cycle and the steady-state distribution of the side-street red period length are 
found. Some numerical results are also presented. /Author/ 
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Maintencmce Management of T r a f f i c Signal Equipment and Systems." National Academy of 
Sciences, N C H R P 22, 1974. 

This Literature Contains Information in the Following Categories 

Data Types Highway Types 

_ Rura l 

Urban Arterial 

Urban Network 

_ Other 

Chase Car or Floating Car 

Freeway Surveillance System 

Arterial Surveillance System 

Photographic 

Simulation 

Other 
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Fuel Consumption 
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_ Installation 

Signal Timing 

_ Effects of Geometries 

_ Other 

Signal Types 

Fixed Time 

Semi Actuated 

Fully Actuated 

_ Other 

Summary/Abstract 

This report describes the essentials of traf f i c signal maintencuice procedures from a management 
point of viewj. Agency practices in executing the various management functions of staffing, 
equipping, establishing communications, budgeting, operating, cmd controlling to provide the 
services of routine maintenemce, preventive maintenance, and emergency repair of traf f ic signal 
equipment and systems are reported and evaluated. 

Reference 76 

Marconi, W. "The Relative Eff ic iency of Various Types of T r a f f i c Signal Controls." T r a f f i c 
Engineering, April 1963, pp. 13-17. 

This Literature Contains Information In the Following Categories: 

Highway Types 

_ R u i a i 

_XUrban Arterial 

Urban Network 

_ Other 

Data Types 

Chase Car or Floating Car 

Freeway Surveillance System 

Arterial Surveillance System 

Photographic 

Simulation 

_ Other 
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Vehicle Emissions 

Fuel Consumption 

_ Maintenance 

Installation 

Signal Timing 

_ Effects of Geometries 

_ Other 

Signal Types 

X Fixed Time 

J ( Semi Actuated 

_ X Fully Actuated 

J C Other 

Summary/Abstract 

Four controllers were tested at several high volume intersections in San Francisco for their 
eff iciency with respect to total vehicle delay. The four controllers were single-dial, fixed-time; 
semi-actuated; fully-actuated; and volume-density types. The volume-density controller weis 
most effective for the intersection viewed as an isolated case; however, the fixed-time signal 
used as a part of a progressive system vias more effective. 
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Matthews, R. and Schowengerdt, L . 
1970) Vol. 35, No. 6, pp. 8-10. 

N . "High Speed Signal Design." Public Safety Systems (Nov. 

This Literature Contains Information In the Following Categories: 

Data Typas Highway Typas 
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Urban Network 

_ Other 

Chase Car or Floating Car 

Freeway Surveillance System 
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Installation 

_ X Signal Timing 
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JC Other 

Signal Typas 

Fixed Time 

Semi Actuated 

_X Fully Actuated 
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Summary/Abstract 
A d i f f i cu l ty that besets existing traffic-actuated control systems is that t r a f f i c dynamics make 
i t impossible to extrapolate f rom time delays to spatial gaps, since acceleration and car following 
may occur in the interval between registration of an actuating time gap and the signal change 
from green to amber. A concept called "Area Detection" is proposed to overcome this short
coming. A series of loop detectors with time delays is used to measure space gaps instead of 
time gaps. In "normal" t r a f f i c , any car within 300 feet of an intersection w i l l go through on 
the green; i t is assumed that an amber warning at a distance of 300 feet or more w i l l induce 
the driver to prepare to stop. A 60-foot loop detector covers the f i r s t 60 feet f rom the stop 
bar, and a secondary zone of detectors covers distances out to 800 feet unless they are disconnected 
by a volumelevel indicator. The operation of the detector in light and heavy t r a f f i c is described, 
together with variable operating modes induced by t r a f f i c conditions. Two installations in San 
Diego have greatly reduced right-of-way accidents over the past two years. The drawbacks of 
the system are financial: additional detectors usually run $4-10,000 dollars more than conventional 
signals, maintenjmce labor is about doubled, and the overall cost increcise is about 65 percent. 
However, an accident-cost analysis of the two San Diego intersections indicated that the new 
detectors have saved about $67,000. 

Reference 78 
Matthews, R. W. "Traff ic Signal Experiments." Presented at 22nd California Street and Highway 
Conference, Monterey, California, January, 1970^ 

This Literature Contains Information In the Following Categories: 

Highway Typas 

_ X Rural 

Urban Arterial 

_ Urban Network 

_ Other 

Data Typas 

_ Chase Car or Floating Car 

Freeway Surveillance System 

_ Arterial Surveillance System 

Photographic 

Simulation 

_ Othei 

Factors Analyzad 

_ Traffic Flow Characteristics 

_ Vehicle Emissions 
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Summary/Abstract 
The paper discusses several experiments in eliminating the "dilemma zone" problem. 

An extinguishable message sign reading "PREPARE TO STOP" is illuminated when a gap is 
picked by the controller, so the next vehicle following the platoon can see i t . Results were 
disappointing. 

Extended-call ("stretch") detectors were also used, with some success. 

This paper also discusses the use of a minicomputer fo r t r a f f i c signal operation. 
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Messiter, G. F. "A Tra f f i c Signal System for High-Speed Roads." Tra f f i c Accident Research 
Unit, Depeirtment of Motor Tramsport, New South Wales, June 1971. 

This Literature Contains information In the Following Categories: 
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_ R u r a l 
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_ Other 
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_ Fully Actuated 

Other 

Summary/Abstract 
I 

This report describes the development of a t r a f f i c signal system for use on high speed roads. 
The equipment developed consists of a series of conventional loop detectors installed on the 
high-speed approach Ito the intersection. These detectors are coupled to a standard controller 
through a timing and! detector output control device which renders the detectors sensitive to 
vehicles in certain speed ranges. 
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Mitchell , M . E. "The Key to Preventive Maintenance on A Tra f f i c Signal.System." T ra f f i c 
Engineering, November 1975, pp. 30-31. 
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Summary/Abstract 

This article recommends a group lamp replacement program with complete simultaneous services 
and states that this is|the key to the most economical maintenance of t r a f f i c signal heads and 
lamps. Detailed procedures for lamp maintenance are given. 
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Munjal, P. K. ; Nemeczky, J. A.; Torres, J. F. "Diamond Interchange Tra f f i c Control." Vol. 2 of 
Design Manual for Tra f f i c Signal Control of Diamond Interchange Complexes, June 1972, Report 
FHWA-RD-73-35. 

This Literature Contains Information In the Following Categories: 
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Summary/Abstract 

Results of a research contract to improve the operational efficiency of high demand signalized 
diamond interchanges are presented in a six-volume report. In this volume, a manual has been 
developed to assist t r a f f i c engineers in selecting the most effect ive pretimed signal control 
parameter (cycle length, splits, phase sequence, offsets) for a given set of interchange geometries 
and t r a f f i c demands. The procedures for determining the parameters are delineated and all neces
sary graphs and tables are presented. To illustrate the application of the design manual, a compre
hensive example is used, paralleling the steps of the procedures. 
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National Advisory Committee on Uniform Tra f f i c Control Devices. Tra f f ic Control Devices 
Handbook—An Operating Guide. U.S. DOT, FHWA, 1975. 
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Summary/Abstract 

The Handbook is an operating guide intended to supplement the provisions of the MUTCD. Typical 
values and examples for implementing t r a f f i c control measures are given. 
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National Electrical 'Manufacturers Association. "Traff ic Control Systems." NEMA Standards 
Publication No. TS l . 1976. 
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X_ Other 

Summary/Abstract 

The latest NEMA standards for t r a f f i c control equipment. This publication proposes the uniformit^f 
of definitions, environmental standards, test procedures, and hardware. Of major emphasis is 
the goal of interchaiigeability for solid state control equipment. 
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NCHRP Staff. "Traff ic Signal Warrants—A Bibliography." Research Results Digest, Digest 78, 
August 1975. 
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This Literature Contains !lnformatlon in the Following Categories: 

Highway Types Data Types Factors Analyzed S/0fla/ Types 

_ Rural Chase Car or Floating Car Traffic Flow Characteristics X- Fixed Time 

Urban Arterial Freeway Surveillance System Vehicle Emissions X- Semi Actuated 

Urban Network Arterial Surveillance System Fuel Consumption X- Fully Actuated 
_ Other ' Photographic Maintenance _ Other 
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_ Other Signal Timing 

Ellects of Geometries 
1 _ Other 

Summary/Abstract 

This annotated bibliography was compiled as part of the f ina l report f rom NCHRP Project 3-20, 
Tra f f i c Signal Warrants. 
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Summary/Abstract 

These references derive mathematical models for vehicle delays at the intersection of two road
ways. The main conclusions cu-e: 

• For one-way f low, the average delay per vehicle for an actuated signal is a factor 
of 3 less than for a fixed-time signal. 

• For the intersection of two-way streets, the improvement in flow can be s ignif i 
cantly reduced. 

• For the case of opposing flows that are nearly equal at an intersection nearly 
saturated, i t is very ineff ic ient (worse than a f ixed cycle) fo r the vehicle actuated 
signal to follow a policy of holding the green unti l the last of the two discharging 
has been discharged. 
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Summary/Abstract 

New York State Dept of Transportation's detailed specifications for micro-computer signal con
trollers are given. Specifications for related equipment such as processor, signal monitor, loop 
detectors, solid state switches and flashers, and cabinets are also given. 
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Summary/Abstract 
Some calculations eu-e-presented of the statistical distribution of delay times due to a fixed-time 
t r a f f i c signal on a single-lane highway. A model of a t r a f f i c light is proposed leading to a set 
of dynamic equations describing a relation between the times at which cars leave the light in 
terms of the times at which they arrive. Some equations are derived for the conditional proba
bilities that a car will,leave at any specified time i f i t enters at some given time. For this, i t 
is assumed that the time intervals between incoming ceu-s form a set of indepenent ramdon var i 
ables and that one seeks only the equilibrium solutions for which the eu-rival time of any individusil 
car has a constemt probability density. A procedure for obtaining approximate solutions of these 
equations is derived which actually gives exact solutions for the special case in which the cars 
arrive at equally spaced time intervals. This procedure is applied to obtedn f i r s t and second ap
proximations in the special case in which cars cu-rive with the maximum disorder in spacing pos
sible for this model. I t is found that to a f i rs t approximation, i t makes very l i t t l e difference 
what statistical assumptions are made i f one wishes to calculate the average delay. /Author/ 
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Summary/Abstract 
The report presents a cr i t ical review of the control of t r a f f i c at single intersections and in com
plete networks in a state-of-the-art manner. Subjects covered are: 

Performance evaluation 

Control strategies 

Technical specifications for representative installations 
I 

Traf f i c simulation 

Control equipment 

Conclusions and proposals for future work 
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Summary/Abstract 

This paper points out the problem confronting traffic engineers and decisionmakers as they con
template the selection of advanced traffic-control systems to alleviate traffic congestion in 
urban areas. The objective has been to provide guidelines by which alternatives may be evaluated 
and a traffic-signal system selected. Based on suggested evaluation criteria, each element of 
a complete signed system may be investigated. These elements include urban types, geographical 
control areas, control techniques, surveillance systems, intersection equipment commumcation 
systems, and data-processing equipment. No attempt has been made to recommend specific 
control systems, system components, or techniques, but preferred alternatives have been indi
cated as guides. 

Benefits from existing computer instcdlations indicate the general degree of improvements that 
can be expected in future installations. Total system costs are shown as a measure of expected 
future investments. 

This paper concludes with a compilation of considerations and comparisons that can be used 
by the decisionmaker as guidelines for evaluating alternatives and selecting a comprehensive 
control system. The guidelines can also be used by the traffic engineer to formulate system 
plans and specifications for appropriate traffic control applications. 
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Summary/Abstract 

The first paper deals with an optimal signal setting of a fixed-cycle traffic signed based upon 
a new criterion of minimizing a degree of saturation of a signalized intersection. As prelimi
naries, a criterion for undersaturation of the signalized intersection is derived as the degree 
of saturation of the signalized intersection and mean effective green times of streams of lower 
priorities aire determined as linear functions of the green times and cycle time. The optimal 
signal setting problem can be solved respectively by linear programming in case of nonoverlappmg 
or overlapping phases and by mixed-integer programming in case of generalized overlapping 
phases. In the second paper, an optimal signal setting of a fixed-cycle traffic signal is based 
upon the criterion of minimum overall delay. Webster's method which is an approximation method 
for the optimal signal setting is theoretically elucidated. Furthermore, approximation algorithms 
which are a refinement of Webster's method and are applicable to all traffic signeds are presented. 
The algorithms are a combination of linear programming or mixed-integer programming and 
one-dimensional minimization technique. /Author/ 
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Summary/Abstract 

A study of driver reaction to the yellow clearance is reported. Empheisis is placed on probability 
of stopping aLS a function of the time required to clear the intersection, and as a function of the 
deceleration rate required to stop. 
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Summary/Abstract 

This discussion on t r a f f i c signals considers means of determining needs for a signal, what kinds 
eu-e available, and what kinds to buy. Tips on writ ing the necessary specifications are included. 
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Summary/Abstract 
This project was directed toward developing techniques for meeisuring the total cost of time 
and vehicle operation in various t r a f f i c streams and for determining the component of that cost 
attributable to t r a f f i c congestion. Speed and delay runs were performed using a tachograph-
equipped car on Atlanta arterials and freeways. The resulting graphs were converted to dollar 
costs of congestion using vehicle operating costs and costs of time. 
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Summary/Abstract 
A series of four f i lms describes the timing operation and detectorization of various types of 
acutated t r a f f i c signals at isolated intersections. The series comprises the following parts: 

Part I : Basic actuated controllers. 24 minutes. Conventional control using small-area 
detectors and controllers with locking detection memory circuits. 

Part n; Adaunced acutated controllers. 16 minutes. "Density" features, including variable 
in i t ia l interval and reduction of allowable gap; the dilemma-zone problem at high-speed 
intersections. 

Part ni; Multiphase actuated controllers. 13 minutes. Summary of left-tiu-n phasing, 
overlap movements, phase skipability, and diamond interchemges. 

Part IV: Loop-occupancy control. 25 minutes. Applications of long-loop presence detectoijs 
with controllers having non-locking detection memory circuits. 
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Summary/Abstract 

This paper deals with the control of t r a f f i c f low through improved traffic-signal t iming, specifi
cally through real-time traffic-responsive, traff ic-signal systems uti l izing digital computers 
and centralized monitoring stations. The principal features of such a system in Atlanta are 
described. Extensive evaluations of the effectiveness of the system have been performed. The 
impact of speed, stop probability, accidents, vehicle operating costs, fue l consumption, and air 
pollution were determined and summarized. 
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Summary/Abstract 

The author points out the potential conflict between traditional t r a f f i c engineering goals and 
environmental concerns. For example, cycle lengths that provide minimum delay do not provide 
the minimum emissions. 

Other examples are; given, and a recommendation that further studies be made to f ind out the 
environmental consequences of t r a f f i c engineering procedures. 
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Summary/Abstract 

This research investigated the scope and magnitude of the nationwide problem of t r a f f i c control 
and operations in oversaturated street networks. The possibilities were explored for combatting 
this problem with existing control techniques, amd a set of guidelines was developed for treating 
the problem systematically. 
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Summary/Abstract 

This report presents the results of a thorough overview study of t r a f f i c control techniques in 
the form of a handbook of applicable technology, concepts, and practice. The handbook is i n 
tended to present basic principles for the planning, design, and implementation of t r a f f i c sur
veillance and control systems for the two basic application areas of urbcin streets and freeways. 
Major objectives of the handbook are (1) to provide a compendium of existing t r a f f i c control 
system technology, (2) to faci l i ta te the understanding of the basic elements of t r a f f i c control 
systems, (3) to aid the understanding and application of new technology (such as computers and 
comunications) to the t r a f f i c control f ie ld , (4) to broaden the viewpoint of the f ie ld of t r a f f i c 
control, (5) to serve as a basic guideline to aid the practicing t r a f f i c engineer in implementing 
new and effect ive t r a f f i c control systems, and (6) to serve as a basic text for training programs 
in the cu-ea of t r a f f i c control systems. 



100 

Reference 99 

Potts, R. B., and Gazis, D. C. "The Over-Saturated Intersection." Organization for Economic 
Cooperation and Development, Road Reseeu*ch Laboratory./UK/ 

This Literature Contains Information In the Following Categories: 

Highway Types 

_ Rural 

Urban Arterial 

Urban Network 

_ Olher 

Data Tjrpas 

_ Chase Car or Floating Car 

Freeway Surveillance System 

Arterial Surveillance System 

Photographic 

Simulation 

Other 

Factors Analyzed 

_ Traltic Flow Characteristics 

Vehicle Emissions 

Fuel Consumption 

_ Maintenance 

Installation 

Signal Timing 

Eliects o l Geometries 

_ Olher 

Signal Types 

X . Fixed Time 

Semi Actuated 

_ Fully Actuated 

_ Other 

Summary/Abstract 

The problem of minimizing delay at t r a f f i c signals which are overloaded during the peak period 
is studied. In the f i r s t instance, i t is assumed that the cycle is f ixed and that each green period 
is restricted in range between a minimum and a maximum value. I t is shown that in the particular 
case in which the saturation flows in the two cr i t ical directions are equal the minimum delay 
is given by the fixed-time settings that cause both queues to disappear at the same time. This 
can be found by t r ia l and error using curves of accumulated flow on each of the cri t ical approaches 
A method of solution is also given in the more general case where the saturation flows are differen 
This involves giving the maximum green period to the direction with the highest f low during 
the early part of the peak period and to the other direction in the later part of the peak period, 
as well as adjusting the settings to ensure that both queues are f inal ly cleared at the same time. 
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Summary/Abstract 

This report presents a state-of-the-art review of current t r a f f i c signal control strategies. Exist
ing of f - l ine signal timing strategies for individual signals, arterials, and networks are reviewed 
and recent developments in the area of real-time t r a f f i c responsive control ate described. The 
report ends with a comprehensive bibliography of 200 documents relating to the area of t r a f f i c 
control strategies. 
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Summary/Abstract 

This report is aimed toward the evaluation of existing of f - l ine area t r a f f i c control strategies. 
In particular, four of f - l ine t r a f f i c signal optimization techniques (viz., SIGOP, TRANSYT, GLC-
COMBINATION, and the existing Toronto Method) were utilized to obtain signal timing patterns 
for various periods of the day. The various timing patterns were implemented within Metropoli
tan Toronto and were evaluated through an analysis of detailed network survey statistics. The 
overall study results show that the signal timing plcms developed by the four different methods 
provide similar levels of service. 
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Summary/Abstract 

This staff report by the District of Columbia concludes that 24-hour "stop and go" operation 
of t r a f f i c signals is safer than flashing operation during night hours, based on accident records. 
Accidents decreased an average of 40 percent when 162 intersections were changed from night
time flash to 24-hour reguleur operation. 
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Summary/Abstract 

Presented in this report are findings related to the design of a technique for mecisurement of 
vehicular delay oh the approach to a signalized intersection. Approach delay wjis selected eis 
being the most representative of intersection efficiency. Four manual methods were tested 
in the lab using f i l m taken at ten intersections. The values thus obtained were statistically com
pared with the true values from time lapse photography. /Author/ 
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Summary/Abstract 
I 

The status of t r a f f i c signal control methods in Germany is discussed in this paper. The evolution 
of signal types f rom few traffic-actuated signals to mostly coordinated traffic-actuated types 
is described. (One of the major differences between control principles in Great Britedn and Ger
many is highlighted whereby in Great Britain delay is minimized for all approaches to an inter
section, whereas in Germany priori ty is granted to selected streets in order to maximize speed 
(minimize delay) along those streets.) Other aspects of signal control are also discussed and areas 
for future research identified. 
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Summary/Abstract 

An experiment was imdertaken at Leicester, England, to examine how bus delays in mixed t r a f f i c 
flows could be reduced at t r a f f i c signal controlled intersections by introducing selective vehicle 
detection equipment to give buses prior i ty . The experiment that this type of equipment, con
sisting of a transponder on the bus and receiver underground, could be used successfully to detect 
the presence of buses, reduce their delay time, and enable them to achieve a more consistent 
time through the j imction. 

Reference 106 

Rioux, Thomas W., and Lee, Clyde E. "TEXAS - A Microscopic Tra f f i c Simulation Package for 
Isolated Intersections." Transportation Research Board, 56th Annual Meeting, January 1977. 

This Literature Contains information in the Following Categories: 

Highway Types Data Types 

_ Rural Chase Car or Floating Car _ 

_ Urban Arterial _ Freeway Surveillance System 

_ Urban Network Arterial Surveillance System 

_}COther _ Photographic _ 

Simulation 

_?Other 

Factors Analyzed 

Traffic Flow Characteristics 

Vehicle Emissions 

Fuel Consumption 

Maintenance 

Installation 

Signal Timing 

Effects of Geometries 

Other 

S/0na/ Typos 

Fixed Time 

Semi Actuated 

_ Fully Actuated 

_ Other 

Summary/Abstract 

This paper is a description of a new microscopic t r a f f i c simulation package, called the TEXAS 
model, which can be used to evaluate t r a f f i c performance at isolated intersections, operating 
under various types of control. Several new factors in the simulation include lane change decision, 
sight distance restrctions, and intersection conflict checking. 
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Summary/Abstract 

This paper describes some of the trials, applications, and extensions which have been made since 
the original development of Transyt. This method wcis developed in 1967 by the Transportation 
and Road Research Laboratory (TRRL) for calculating by computer the best way of coordinating 
fixed-t ime t r a f f i c signals. 
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Summary/Abstract 

This paper is a discussion of the TRANSYT computer program, used to f ind the best timings for 
coordination of a t r a f f i c signal system. 

The program uses a simulation model to predict the average number of stopped vehicles within 
a network and seeks to minimize that number. 
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Summary/Abstract 

This article presents the results of an informed discussion on Urban Tra f f i c Control (UTC) which 
was held at the Institute of Civi l Engineers in England in February 1976. The future potential 
of UTC in a number of areas is discussed including responsive systems, bus pr ior i ty , freeway 
control, pcirking control, microprocessors, t r a f f i c restraint, and vehicle detection. 
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Summary/Abstract 

The author gives a status report of equipment then available, including inductive loop detectors, 
solid state vehicle controllers, and signal lamps, and refers brief ly to the application of these 
component parts in t r a f f i c systems. 
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Summary/Abstract 

The placement of loop detectors in service and fully-actuated intersections is discussed in 
this article, drawing upon both theoretical and practical knowledge. 
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Special Report No. 19, November 1973, New York Department of Transportation. 
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Summary/Abstract 

The report f i r s t presents a basic background information on t r a f f i c control equipment, then dis
cusses the application of the microcomputer to provide the same functions. Flow charts for 
programs and subroutines are included in the discussion.. 
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Sackman, Harold; Monahan, Bruce; Parsonson, Peter S.; and>Trevino, Alberto F . Vehicle Detector 
Placement for High-Speed, Isolated Traffic-Actuated Intersection Control. U.S. Department 
of Transportation, May 1977. 
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Semi Actuated 

X- fully Actuated 

_ Diner 

Summary/Abstract 

/ 
This study was undertaken to improve understanding of how to place vehicle detectors at high
speed (at least 35 mph), isolated, trafifc-actuated intersections, and how to test and evaluate 
alternative detector/controller configurations for intersection traffic safety and efficiency. 

Drivers are often indecisive in approaching such intersections. If a vehicle is being operated 
at high speed, and a green signal changes to yellow, driver indecision may lead to various types 
of accidents. Strategies that have been advanced for detector placement to minimize the un
timely display of yellow are illustrated and reviewed in the volume. This is the first time that 
available knowledge on detector placement for such intersections has been systematically inte
grated within a single publication. 

This volume is the second in a series of three: 

Vol. No. 

1 
2 
3 

FHWA No. 

77-31 
77-32 
77-33 

Short Title 

Executive Summary 
Manual of Theory and Practice 
Case Study: Local Field Test and Evaluation 
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Summary/Abstract 

This product bulletin describes a green extension system (GES). The equipment extends the green 
when a vehicle is at high speed and it is unsafe for the clearance interval to begin, and also ex
tends the green when a platoon is approaching the intersection. 

The G E S uses either two or three loops m the traffic stream extending as far back as 650 feet 
from the stop bar. A succession of time-stretch intervals carries the vehicle from loop to loop 
and through the intersection. 

Wiring block diagrams and spacing graphs are included. 
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Summary/Abstract 

This article reviews applications of presence detection and proposes functional requirements for 
loop detectors. 
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Summary/Abstract 

These two volumes comprise the.course material used for a week-long course presented by GIT 
concerning traffic-signal operations. Subjects covered include: 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

Traffic-signal systems: characteristics, warrants, and design data requirements 

Time space diagrams 

Coordination of pre-timed controllers 

Coordination of semi-actuated controllers 

Traff ic adjusted systems using volumes-only parameters 

Coordination of fully-actuated controllers 

Computer aids to time-space calculations 

Network coordination 

Traff ic parameters for advanced systems 

Advanced traffic-adjusted analog systems 

Before-and-after studies of stops and delays and their costs 

Digital computers and their applications to traffic control 

Case studies of centralized traffic control systems 

Communication system technology 

Analyses of alternative systems 
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Semi Actuated 
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Summary/Abstract 
Statistical data on major types of traffic control equipment owned and operated by U.S. city, 
county, and state governments for 1972, 1973, and 1974. Items tabulated are: 

• Vehicular signal heads 

• Pedestrian signal heads 

• Controllers 

• Detectors 

• Signal poles 

• Conduit and span wire 

• Computers 
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Selby, D. L . ; Cobbe, B. M.; and Ridley, G . "Traffic Signs and Markings, Part 1. 
Part 2." Institute of Highway Engineers Journal 17 (May 1970): 67-79, 81-87. 

Traff ic Signals, 

This Literature Contains Information In the Following Categories: 

Highway Typaa 

^ Rural 
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Data Typaa 

_ Chase Car or Floating Car 

Freeway Surveillance System 

_ Arterial Surveillance System 
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Simulation 
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_ Installation 
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Signal Typaa 

X Fixed Time 

Semi Actuated 

^ Fully Actuated 

_ Other 

Summary/AlMtract 
"Clear and efficient signing is an essential part of highway and traffic engineering, and a road 
with poor signing or with badly maintained signs is an unsatisfactory road." This quotation from 
the introduction to the traffic signs manual (U.K.) expresses the viewpoint of road users and 
highway engineers alike. Unfortunately, with the increase in the number of traffic signs and 
road markings, there is a danger that the proportion of unsatisfactory roads may increase. The 
Worboy's report estimated that the changeover of the 1,600,000 signs in the United Kingdom 
would cost about $60 million. There are now several million signs, with a very high total capital 
cost and the prospect of a major and rapidly increasing maintenance bill. Road markings, with 
an annual maintenance expenditure of $8 million form an essential part of the total aids to move
ment budget. Part I looks at the maintenance of traffic signals from a national (U.K.) point 
of view. Satisfactory maintenance of signals depends not only on the reliability of the equip
ment and speed of fault clearance but also on the early detection of faults. Factors affecting 
these requirements are discussed and suggestions made for the reorganization of the whole 
maintenance service both for existing equipment and for equipment likely to be available in the 
future. Part 11 looks at the maintenance of traffic signals from the local authority's viewpoint. 
Faults in signal installations are too frequent and the methods of dealing with them unsatisfac
tory. A proposed new form of maintenance contract is discussed including the possible inspection 
organization necessary to make it effective in a large urban authority. 
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1973, pp. 387-389. 
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Summary/Abstract 

This paper gives a control scheme for extending the green for vehicles in the detection zone 
unable to stop safely. A calculation of speed is made by two loops and compared to a simple 
inequality. I f the vehicle cein stop safely, the green ends; i f not, the green is extended. 

A detailed diagram of the circuitry is included. 
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Summary/Abstract 

A report of a study of accidents as related to type of controller, this paper shows the advemtage 
of volume-density equipment. A suburbzm intersection on a four-leine highway was studied for 
five-years with semi-actuated control and two years with fully-actuated volume-density control. 
Rear-end accidents were reduced by 62 percent after the change. 

The study indicates that lower accident potential may result when vehicles on the major highway 
are detected, and unnecessary stops of high-speed t r a f f i c are eliminated. 
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Tunnel." TRR 533, 1975. 
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Summary/Abstract 

A pretimed control system consisting of a standard t r a f f i c signal was used to meter t r a f f i c en
tering the Baltimore Heu-bor Tunnel. Foxir different cycle lengths and splits were tested, and 
the results were compared to those obtained f rom the uncontrolled situation. The increase in 
f low rates and speeds of three of the control strategies increased over those in normal operation. 
The operation of the tunnel was observed in its two basic states—congested and uncongested. 
The quality of f low in a tunnel is poorest on the downgrade, better on the leve^ section, and best 
on the upgrade. /Author/ 
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Summary/Abstract 

This report contains a comprehensive review of the UTCS/BPS operations and maintenance. The 
results and conclusions presented highlight system and equipment operating and maintenamce 
experience and costs, mamagement and s taff ing for these related tasks. 
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The National Institute for Physical Planning and Construction Research: Dublin, January 1976. 
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Summary/Abstract 

This report examines the performance and capability of controller strategies and develops guide
lines for local engineers in Ireland faced with the selection and installation of these devices. 
Fully-actuated controllers are recommended for isolated locations in view of fixed-time or semi-
actuated control. Subjects covered include: 

• Detection 

• Control strategies 

• Appraisal and Usage of Controllers 

• Signal-Controlled Pedestrian Crossings 

• Construction of Control Equipment 
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Stemmler, R.; Sheck, D.; Kapka, S.; and Hon, L . T. Determination of Optimum Inventory Levels 
and Storage Centers for Tra f f ic Signal Materials. Ohio Department of Tremsportation-13-74 
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Summary/Abstract 

A detailed study of the inventory of t r a f f i c signal equipment. Recommendations include short-
and long-term inventory control improvements and the decentralization of equipment storage. 
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Control. October 1969, pp. 268-272. 
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Summary/Abstract 

This article describes a vehicle detector which was developed by Marconi Company and the Road 
Research Laboratory. The work was ini t iated in 1966. The result was a "tribo-electric" detector 
consisting of (1) a sensor assembly, which is bonded into the road with i ts top flush with the road 
surface and (2) a signal processing unit. I t is bzisically a passage-type detector designed to re
place pneumatic tubes. 
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Summary/Abstract 

The 1973 edition of the Texas MUTCD incorporates the curves proposed by Bodrazka, Lee, and 
Haenel in 1971. The curves are volume warrsmts for determining whether a fully-actuated t r a f f i c 
signal should be installed at a particular inersection. The curves were derived when the national 
MUTCD had volume warr«mts only for pretimed signals. The Texas Department of Highways 
foimd thatthe warrants for actuated signals gave good results and, therefore, incorporated them 
into the 1973 edition of its MUTCD. The warrants have been approved by the FHWA. 
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Thomas, G. J. and Shuken, H . L . , Los Angeles City Department of Tra f f i c . "Improved Effect ive
ness of Tra f f i c Signal Systems." NTIS (PB251821), June 1975. 
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Summary/Abstract 

This paper is the Final Summary report which summarizes the findings of six previous reports: 

1. Semi-Actuated Signal Study Preliminary Report - January 1971 

2. Improved Signal Systems Timing Strategies, Small Network - May 1972 

3. Effects of Changes in Signal Operations on Tra f f i c Flow - January 1973 

4. Conventional Signal Network Timing Strategies - January 1973 

5. The Use of TRANS Traf f ic Simulation, A Critique - February 1974 

6. Semi-Actuated Signals on Arter ia l Streets, Final Report - Jvme 1975 

The broad objectives of the project were to investigate means of improving the t r a f f i c handling 
capability of an arterial street network by optimizing the operation of the network t r a f f i c signals. 
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Summary/Abstract 

The paper analyzes two methods of determining level of service and proposes a third, based on 
average individual delay. The paper is discussed by three other persons. 
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Summary/Abstract 

The purpose of this paper w2is to quemtify the vehicle delay due to t r a f f i c signal failures which 
caused the signals to revert to long-fixed cycles. The calculations were made using Webster's 
formula and typical hourly flows. These calculations were supplemented with information obtainec^ 
f rom two isolated signals in the Birmingham, England, area. The results showed large amounts 
of excess delay as a result of signal failures. The need for maintaining the signals to exacting 
steuidau-ds is emphasized. The consideration of abandoning vehicle-actuated signals in favor of 
more reliable fixed-cycle systems is advanced. 
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Summary/Abstract 

Adverse weather poses special problems for computerized t r a f f i c control systems. This report 
deals with Tampa, Florida's effor ts to keep t r a f f i c moving through rain, storm, thxmder, and 
lightening. 
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Summary/Abstract 

This paper describes' the Tampa, Florida, t r a f f i c signal lamp maintenance program. The benefits 
and costs are calculated for periodic lamp replacement versus emergency, lamp replacement. 
Guidelines are presented for lamp purchases and recommendations presented for lamp maintenance] 
programs. ' 
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Summary/Abstract 
I 

The paper reports an evaluation of the installation of a computerized controller at a diamond 
interchange. The degree of improvement over a three-dial pretimed system showed that the 
new installation was cost-effective. 
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Summary/Abstract 

The study was conducted to investigate platoon movements on urban arterials and to relate varia
tion in platoon behavior to variation in signal control and to changes in t r a f f i c volumes. This 
objective was accomplished in the form of determining platoon characteristics for t r a f f i c t ra
veling on signalized urban arterials and developing a mathematiced model to simulate the be
havior of a group of vehicles as i t passes through a series of signalized intersections. The de
veloped model can be used to establish signal settings allowing for the dispersion of traiffic and 
to study the e f fec t of a change in a signal system on expected queue lengths and mean delays 
per vehicle./Author/ 
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Summary/Abstract 

The chapter sets fo r th the basic principles that govern the design and usage of t r a f f i c signals. 
The standards apply to all streets and highways regardless of type, class, or governmental jur is
diction. The t r a f f i c signeds discussed include; t r a f f i c control signals, beacons, lane-use control 

\ signals, drawbridge, emergency and train approach signals. The advantages and disadvantages 
of traiffic control signals, the meaning of the signal indications, t r a f f i c signed warrants, location 
and maintenance of signals and related equipment, and information relating to other t r a f f i c signals 
are a l l discussed. 
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Control Devices for s'treets and Highways, pp. 215-255. 

This Literature Contains Information in the Following Categories: 

Highway Types 

_ X R u i a i 

_ X U r b a n Arterial 

_ X U r b a n Network 

_ Other 

Data Types 

_ Chase Car or Floating Car 

_ Freeway Surveillance System 

_ Arterial Surveillance System 

Photographic 

Simulation 

Other 

Factors Analyzed 

Traffic Flow Characteristics 

Vehicle Emissions 

Fuel Consumption 

Maintenance 

_ Installation 

Signal Timing 

Effects of Geometries 

_ Other 

Signal Types 

_ X Fixed Time 

Semi Actuated 

JC Fully Actuated 

Other 

Summary/Abstract 
This manual is designed to provide the t r a f f i c engineering community with the basis for determinin; 
whether intersection conditions warrant the installation of a t r a f f i c signal. The following eight 
warrants are contained in the manual: ^ 

1. Minimum veliicular volume required for signalization 

2. Interruption of continuous t r a f f i c to provide access f rom the side street 

3. Minimum pedestrian volume 

4. Presence of schoolcrossing 
5. Providing a progressive movement to maintain proper grouping of vehicles and to regulate 

group speed '< 

6. Accident experience 
7. System warrant to encourage concentration of t r a f f i c flow thorugh certain intersections 

in a network 
8. An installlation is jus t i f i ied i f no single warrant is satisfied, but two or more of warrants 1 

2, and 3 are satisfied to the extent of 80 percent or more. 

The MUTCD gives extremely general guidance for the selection of actuated- or f ixed-time con
t ro l or for the identification of a requirement for coordination. 
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U.S. Department of Transportation, Federal Highway Administration. T ra f f i c Control Systems 
Handbook. June 1976. 

This Literature Contains information in the Following Categories 

Data Types Highway Types 

_ Rural 

_ X U t b a n Arterial 

_ X U r b a n Network 

_XOlher 

_ Chase Car or Floaling Car 

Freeway Surveillance System 

_ Arterial Surveillance System 

Photographic 

Simulation 

Other 

Factors Analyzed 

Traffic Flow Charaetenstics 

Vehicle Emissions 

_ Fuel Consumption 

Maintenance 

Installation 

Signal Timing 

_ Effects of Geometries 

_ Other 

Signal Types 

_ X Fixed Time 

_ 5 S e m i Actuated 

_ X Fully Actuated 

Other 

Summary/Abstract 
The handbook presehts the results of a thorough overview study of t r a f f i c control techniques. 
I t presents basic principles for the planning, design, and implementation of t r a f f i c surveillance 
and control systems for urban streets and freeways. 
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Vodrazka, Walter C ; Lee, Clyde E.; Haenel, Herman E. "Traff ic Delay and Warrants for Control 
Devices." Highway Research Record, No. 366 - Tra f f i c Control and Driver Information, 1971, 
ppl 79-91. 

This Literature Contains Information in the Foiiowing Categories: 

Highway Typas 

_ Ruiai 

Urban Arterial 

Urban Network 

_ Other 

Data Types 

Chase Car or Floating Car 

_XFreeway Surveillance System 

Arterial Surveillance System 

Photographic 

Simulation 

Other 

Factors Analyzad 

X _ Trattic Flow Characteristics 

Vehicle Emissions 

Fuel Consumption 

Maintenance 

Installation 

Signal Timing 

Ellects o l Geometries 

_ Other 

S/0na/ Types 

Fixed Time 

Semi Actuated 

Fully Actuated 

Other 

Summary/Abstract 

A digital delay data recorder was used to provide data to aid in the development of a new set 
of minimum volume warrants for the installation of four-way stop control and the validation 
of a proposed set of t r a f f i c volume warrants for the installation of actuated signal control. 
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Wagner, F. A.; Barnes, G.C.; and Gerlough, D. L . 
in Urban Networks," NCHRP Report 124, 1971. 

"Improved Criteria for Tra f f i c Signal Systems 

This Literature Contains Information In the Following Categories: 

Highway Types 

Rural 

_ Urban Arterial 

Urban Network 

_ Other 

Data Types 

_JCChase Car or Floating Car 

Freeway Surveillance System 

Arterial Surveillance System 

Photographic 

_Jf Simulation 

_2?0ther 

Factors Analyzad 

_ Trallic Flow Characteristics 

_ Vehicle Emissions 

Fuel Consumption 

_ Maintenance 

Installation 

_ Signal Timing 

Ellects o l Geometries 

_ Other 

Sf0iia( Types 

Fixed Time 

Semi Actuated 

_ Fully Actuated 

_ Other 

Summary/Abstract 

This research involved the development, computer simulation testing and comparison, and f i e ld 
verification of advanced methods of t r a f f i c signal control in urban networks. The emphasis was 
on developing reliable and inexpensive methods of settings. A secondary objective wzis to ver i fy , 
through f ie ld studies, the ability of computer simulation methods to predict accurately the effects 
of signal timing modifications. 

A large number of t r a f f i c signal timing plans were developed for controlled testing by simulation. 
In addition, three different signal system timing alternatives were tested under actual operating 
conditions, and large quantities of operations were gathered to test the validity of the simulation 
predictions. /Author/ 
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Wagner, F. A. ; Gerldugh, D.C.; and Beunes, G. C. "Improved Criteria for T ra f f i c Signal Systems 
on Urban Arterials,"lNCHRP 73, 1969-

This Literature Contains Information In the Following Categories: 

Highway Types 

_ Rural 

_ Urban Arterial 

_ Urban Network 

_ Other 

Data Types 

_ZChase Car or Floating Car 

Freeway Surveillance System 

_ Arterial Surveillance System 

_JC Photographic 

Simulation 

J £ Other 

Factors Analyzed 

. Tratlic Flow Characteristics 

. Vehicle Emissions 

. Fuel Consumption 

. Maintenance 

. Installation 

. Signal Timing 

. Ellecis o l Geometries 

, Other 

S/0naf Types 
Fixed Time 

Semi Actuated 

_ Fully Actuated 

_ Other 

Summary/Abstract 

I 

This report documents methods, results, interpretations, and applications of research on the develoj)-
ment and closely controlled scientific testing of the effectiveness of several advanced concepts 
for t r a f f i c signal system control on urban arterial streets. 

The research agency's urban arterial and network simtilation model, TRANS, was used to evaluate 
11 alternative t r a f f i c signal operation test conditions employing veu'ious control concepts for 
a selected arterial street system in the c i ty of Los Angeles. Subjected to tests were four 
strategic (fixed-time) control concepts applied in vaurious combinations. A total of 100 hours of 
t r a f f i c operation was simulated to produce statistically reliable results in conjimction with the 
effectiveness tests ;of alternatives. /Author/ 
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Waight, Vernon H. "Designing with Maintenance in Mind. ' 
May 1976, pp. 26-28. 

Tra f f i c Engineering, 

This Literature Contains Information in the Following Categories: 

Highway Types 

_ Rural 

Urban Arterial 

_ Urban Network 

_ Other 

Data Types 

Chase Car or Floating Cat 

_ Freeway Surveillance System 

Arterial Surveillance System 

Photographic 

Simulation 

_ Other 

Factors Analyzed 

_ Traffic Flow Characteristics 

Vehicle Emissions 

Fuel Consumption 

X. Maintenance 

Installation 

Signal Timing 

_ Effects o l Geometries 

_ Other 

Signal Types 

Fixed Time 

Semi Actuated 

Fully Actuated 

_ Other 

Summary/Abstract 

This paper is a discussion of signal design based on ease of maintenance. Topics mentioned include 
cabinet wiring, cabinet placement, conduit, and solid state equipment. 

i 

The ability of technicians to service complex equipment is also mentioned. The author concludes 
by saying the designer and technician should collaborate in the preparation of equipment specifi
cations. ! 
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Webster, F . V. "Traffic Signal Settings." Road Research Laboratory, Road Research Technical 
Paper No. 39, HMSO, London, 1958. 

This Literature Contains Information in the Following Categories: 

Highway Tfpaa Data Types Factors Ana/yzatf Signal Types 

Rural Chase Car oi Floating Car Trallic Flow Characteristics Fixed Time 

Urban Arterial Freeway Surveillance System Vehicle Emissions Semi Actuated 

Urban Network Arterial Surveillance System Fuel Consumption Fully Actuated 

_ Other Photographic Maintenance _ Other 

j t Simulation Installation 

Other Signal Timing 

Effects ol Geometries 

_ Other 

Summary/Abstract 

Results of research into traffic-signal settings and expected delay to vehicles. The investigation 
has been made simulating the behavior of traffic at signals. A delay formula was developed and 
a simple relationship between green time and total cycle time was determined. The results can 
also be used to assess the gains expected due to road improvements, banning right turns and parkingj 
lanes. /Author/ 
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Webster, F . V. and Ellson, P. B. "Traffic Signals for High-Speed Roads." 
tory (U.K.), Road Research Technical Paper No. 74, 1965. 

Road Research Labora-

Thls Literature Contains Information In the Following Categories: 

Highway Typas 

_ Rural 

_ Urban Arterial 

_ Urban Network 

_ Other 

Data Typas 

_ Chase Cat or Floating Car 

_ Freeway Surveillance System 

_ Arterial Surveillance System 

Photographic 

Simulation 

J { Other 
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Tiallic Flow Characteristics 

_ Vehicle Emissions 

Fuel Consumption 

Maintenance 

Installation 

i Signal Timing 

_ EHecis ot Geometries 

_ Other 

S/0na/ Typas 

Fined Time 

Semi Actuated 

^ Fully Actuated 

_ Other 

Summary/Abstract 

The paper defines the problem of the clearance interval at high speed and reports the experimental 
limits of the "dilemma zone." 

The Laboratory recommends a speed-sensitive detector approximately 500 feet from the stop 
line and a regular detector 130 feet from the stop line. The first detector would extend the 
green for a fast-moving vehicle, and not for a slower vehicle. 
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Wilshire, Roy L . "The Benefits of Computer Traffic Control, 
pp. 16-20. 

Traffic Engineering, April 1969, 

This Literature Contains Jnformatlon In the Following Categories: 

Highway Typ08 

_ Ruial 

_ Urban Arterial 

_XUrban Network 

_ Other 

Data Types 

_ Chase Car or Floating Car 

Freeway Surveillance System 

_ Arterial Surveillance System 
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Simulation 
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Fuel Consumption 

X Maintenance 

_ inslallalion 

J t Signal Timing 

Effects of Geometries 

_ Other 

Signal Types 

Fixed Time 

Semi Actuated 

J C Fully Actuated 

_ Other 

Summary/Abstract 

This paper described the digital computer traffic-signal control system operating in Wichita 
Falls, Texas. Included are components of the cost/benefit analysis justifying the system. 
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Cali-

Thls Literature Contains Information In the Following Categories: 
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_ Rural 

_ Urban Arterial 

_ Urban Network 

_ Other 

Freeway Surveillance System 

Arterial Surveillance System 

_ Photographic 

Simulation 

Other 

Factors Analyzed 

X- Traffic Flow Characteristics 

Vehicle Emissions 

Fuel Consumption 

_ Maintenance 

_ Installation 

X- Signal Timing 

_ Effects of Geometries 

_ Other 

5/008/ Types 

Fixed Time 

Semi Actuated 

X - Fully Actuated 

_ other 

Summary/Abstract 

The two major problems encountered at intersections are delay and accidents. Both may be 
reduced by application of a new strategy for determining when to change the signal indications. 
The objectives are: (1) develop a traffic signal control strategy based on the probability of finding 
a space-gap in a known traffic volume and (2) test control strategy for space-gap selection. 
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Highway Types 

R u i a l 

_3tUtban Arterial 

_3tUrban Network 
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_ Vehicle Emissions 

Fuel Consumption 

Maintenance 

Installation 

^ Signal Timing 

Ellects ol Geometries 

_ Other 

Signal Types 

Fixed Time 

Semi Actuated 

Fully Actuated 

_ Other 

Summary/Abstract 

The purpose of this chapter is to determine the characteristics of intersections under different 
control strategies. The major emphasis is on the use of pretimed signals and the computation 
of delay, queue lengths, etc. with various timings. Timing of progressive signal control systems 
using space-time diagrams is also discussed. 
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Yagoda, H. N.; Morris, A. A.; and Pignataro, L . J . "The Design of Multiphase Intersection Signal 
Systems." Traffic Engineering, April 1970, pp. 20-27. 
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Other Photographic 

Simulation 
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Maintenance 

Installation 

X Signal Timing 

Ellects ol Geometries 

_ Other 
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_ Other 

Summary/Abstract 

Guidelines are proposed for determining the optimal phase sequence, cycle split, and cycle length 
for proposed demands at a multiphaise intersection. 
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This Literature Contains Information In tlie Following Categories: 

Highway Types Data Typ»8 Factors Analyztd Signal Typaa 

Rural Chase Car or Floating Car X_ Tralfic Flow Characteristics Fixed Time 

Urban Arterial Freeway Surveillance System Vehicle Emissions Semi Actuated 

X. Urban Network Arterial Surveillance System Fuel Consumption Fully Actuated 

_ Ottier Photographic Maintenance Other 

Simulation Installation 

_ Other X . Signal Timing 

Effects of Geometries 

_ Other 

Summary/Abstract 

The forecast program, developed in Albany, is capable of diagnosing a highway network with 
up to 2,000 traffic signals and providing revised timings for each signed. Optimization is based 
on number of platoon stops, number of vehicle stops, vehicle delay, saturated intersection 
location, and on specified demand and service levels. The program provides time-space diagrams 
comparable to those normally used by an engineer in developing signal timing mcmuedly, and 
also provides measures of effectiveness. 
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The purpose of this appendix is to describe the mathe
matical basis fo r the development of a model of traffic 
platooning characteristics that can be used fo r the manual 
estimation of the benefits resulting f r o m the implementa
t ion of a coordinated signal system. This model relies on 
the work of Robertson (B-1). 

PLATOON DISPERSION 

Robertson's model is based on the theory that the pla
toon of vehicles leaving an upstream intersection is formed 
by the queue of vehicles vyaiting at the start of green de
parting at the saturation flow rate (the maximum rate of 
flow in vehicles per hour) that is possible fo r the facili ty 
under the study and dispersing as the platoon travels along 
the roadway. This effect is shown in Figure B - 1 . Robert
son developed the fol lowing recurrence relationship to 
describe this phenomenon: 

^ ' ( i . t ) =FX + (1 - F ) X 9',,+,-,) 

where: 

= the flow in the time interval of the init ial 
platoon; 

= the flow in the /'* time interval o f the predicted 
platoon; and 

t = 0.8 times the average travel time over the dis
tance fo r which the platoon dispersion is being 
calculated. (This term is measured in time inter
vals being used for q^^y) 

The factor F , which controls the rate at which the pla
toon disperses, controls the best fit between the actual and 
calculated platoon shapes. This factor was expressed by 
Robertson as 

F = 
1 

1 +Kt 

where X is a constant designated as the platoon dispersion 
rate that can assume values between 0 and 1.0. Robertson 
measured the dispersion of 700 platoons and selected a 
value of 0.5 for K in order to achieve the best agreement 
between actual and computed platoon dispersion. Lam 
(8-2) conducted a similar series of experiments on Leslie 
Street in Toronto in order to evaluate the adequacy of the 
K factor and to determine' the errors associated wi th the 
calculation of delay when Robertson's model is used. 

Applying Robertson's model and recommended values 
for to six roadway segments on Leslie Street for three 
times of day, Lam found that the average error in the com
putation of delay was 13.8 percent. I t is interesting to note 
that this error is less than the 15 percent accuracy estab

lished fo r the selection guidelines in the main body of this 
report. 

Lam then used the data to determine the value of K that 
would provide the best estimate of platoon dispersion for 
the conditions actually existing on Leslie Street. This 
analysis indicated that K should be 0.24. Again comparing 
the estimated delay wi th the true delay that would resuU 
using the actual platoon produced a significant reduction in 
the error of the delay estimate to 8.2 percent. 

I t is concluded f r o m a comparison of the K values and 
the accuracy of results that: 

1. The K value is sensitive to the conditions on the street 
that affect platoon dispersion. Robertson's data are typical 
of conditions found in an urban central business district 
( C B D ) . Many of the sites used in his study contained con
ditions such as lane flow, heavy parking, and restricted 
overtaking. The Leslie Street site is a high type suburban 
arterial wi th no driveways, left-turn bays, and multiple 
lanes. 

2. Applying Robertson's K factor of 0.5 produces results 
that are within the desired accuracy of the procedure. 
However, the accuracy of these results can be improved 
i f this factor is adjusted to reflect actual street conditions. 

3. Calibration of K values using actual roadway condi
tions can be an expensive process. Therefore, general 
guidelines fo r the selection of this factor based on the 
characteristics of the roadway are required. 

Model Verification 

To validate the accuracy of this model for conditions 
found within the United States, traffic flow data were col
lected on Route 7 east of its intersection wi th Towlston 
Road in Fairfax County, Virginia. During this activity, 
data were collected at 100, 400, and 800 f t (30.5, 121.9, 
and 243.8 m ) f r o m the intersection. Vehicle speeds were 
55 mph (89 k m / h r ) corresponding to travel times of 3.4 
and 8.7 sec between the first and second and the first and 
third data collection stations respectively. 

The data were collected using observers wi th synchro
nized watches and metronomes at each of the three loca
tions The metronomes were adjusted to provide a con
stant time interval of 4 sec. The observers recorded the 
total number of vehicles in all lanes passing their location 
during each 4-sec period. I n addition, the observer at the 
100-ft (30.5-m) location recorded the start of green fo r the 
signal phase controlling the platoons being measured. The 
platoons recorded at the start of each green phase were 
plotted and averaged to produce the data discussed in the 
fol lowing. 

The traffic flow measured at each of these stations is 
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Figure B-1. Platoon dispersion patterns 

shown in Figures B-2 and B-3 for p m. peak and off-peak 
traffic conditions These figures represent composite plots 
of the average of 11 flow profiles measured during the time 
periods indicated on the figures. 

Robertson's recursion equation was then apphed to the 
data collected at the 100-ft station to estimate the resulting 
flow patterns at the 400- and 800-ft stations fo r each time 
of day. A K factor of 0.24 was used in making these esti
mates because the data closely matched the free flow sub
urban arterial case evaluated by Lam. These estimates are 
shown in the figures by the dashed lines. I n both cases, 
close agreement was obtained between the actual traffic 
flow and the estimated traffic flow Better agreement was 
obtained during peak conditions because the heavier traffic 
volumes that exist during this time of day reduced the 
variability of the data and hence the reliability wi th which 
an accurate prediction could be made. 

On the basis of these results, the general acceptance of 
this model for evaluation of traffic signal t iming, and the 
relative insensitivity of the results to the computation of the 
K factor, it is concluded that this model can be used to 
evaluate the relative benefits of signal coordination. A l 
though additional research should be conducted to further 
refine the relationship between the K factor and roadway 
conditions, it is possible to develop some general recom
mendations regarding the relationship between K and these 
conditions. Recommended values are given in Table B-1 . 

Effects of Midblock Driveways 

The effect on traffic flow of both midblock driveways that 

400 F E E T 

Actual Flow Patterns 

Estimated Flow Patterns 

Figure B-2 Composite traffic flow for Rte. 7 at Towlston Rd. 
(55 mph) 5 00-5 30pm, April 6, 1978. 
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Seconds 

400 F E E T 

TABLE B-1 

RECOMMENDED VALUES FOR K 

.37 

.24 

Roadway 
Character latics 

Heavy friction 

Moderate 
friction 

Low friction 

Description of Conditions 

Combination of parking, moderate to 
heavy turns, moderate to heavy pedestrian 
traffic, narrow lane width. Traffic flow 
typical of urban CBD. 

Light turning traffic, light pedes
trian traffic, 11- to 12-foot (3.4- to 
3.6-meter) lanes, possibly divided. 
Typical of well-designed CBD 
arterial. 

No parking, divided, turning provisions, 
12-foot (3.6-meter) lane width. 
Suburban high-type arterial. 

800 F E E T 

— Actual Flow Patterns 

— Estimated Flow Patterns 

Figure B-3. Composite traffic flow for Rte. 7 at Towlston Rd. 
(55 mph) 3:30-4:00 p.m , April 6,1978. 

introduce a heavy volume of turning vehicles and a heavy 
volume of vehicles turning nght-on-red f r o m a sidestreet is 
equivalent. This effect is to add vehicles to the traffic flow 
patterns when suitable gaps are present in the traffic stream. 

Incorporation of these effects into Robertson's model is 
based on the use of gap acceptance theory as descnbed by 
Cleveland and Capelle (B-3), which indicates that a wait
ing vehicle wi l l , on the average, accept a gap of between 
3.3 and 5 9 sec. I t is possible to relate this fact to the in 
fluence of driveways wi th measurable exit volumes using 
the procedure shown in Figure B-4. As shown in this 
figure, the traffic flow pattern is not affected fo r volume 
levels (percent saturation) which correspond to vehicle 
headways of less than the gap acceptance rate. However, 
when the volume level drops below a threshold that cor
responds to vehicle headways in excess of the gap accep
tance threshold, vehicles wi l l begin exiting f r o m the drive
way at a constant average rate equal to the average 
driveway demand. Vehicles that were not able to leave 
the dnveway when the main street volume did not provide 
adequate gaps must be added to the demand after the main 
street volume falls below the threshold. 

Thus, i n the figure the flow pattern downstream f r o m the 
driveway is the sum of the main street flow pattern and the 
constant flow pattern f r o m the driveway. When the thresh
old, Vg, is exceeded, the downstream flow pattern is equal 
to the main street flow pattern indicating that no vehicles 
are leaving the driveway. When the mam street volume 
again falls below Vg, the driveway volumes are again added 
up to the Vg l imi t . 

As noted in Figure B-4, the effect of vehicles turning into 
driveways should probably be treated as a constant average 
volume subtracted f r o m the driveway exit demand. 

The effects of right-turn-on-red can be incorporated into 
the model ir i the same manner as driveway exit volumes 
with the driveway located at the position of the upstream 
intersection. 

A n attempt to validate this model was made by collecting 
traffic flow patterns in Fairfax County, Virginia, fo r east-
bound traffic on Route 29 east of Gallows Road. These 
data were collected fo r both off-peak conditions (3 03 to 
3:33 p.m ) and peak conditions (5:20 to 5:50 p .m. ) . I n 
both cases, although relatively high driveway volumes in 
excess of 200 vph entering and 300 vph leaving were pres
ent, these volumes were not high enough to have a mea
surable influence on the shape of the platoon pattern. 

This lack of sensitivity is a result of the fact that fo r the 
conditions measured, the net driveway volume was 108 vph 

J J L 
FLOW PATTERN UPSTREAM O F DRIVEWAY 

Time 

Flow Pattern 
including Vehicles 

Entering from ~ 
Driveway 

Original Upstream 
Flow Pattern 

FLOW PATTERN DOWNSTREAM FROM DRIVEWAY 

-F^ ^ . Vo 

11 r 

: 3 = — V d 
Time 

Vg = Main street volume threshold When volume Is 
below this threshold, adequate gaps exist to permit 
exits from the driveway 

Vd = Net volume from driveway 
(volume out minus volume In) 

Figure B-4. Application of traffic flow pattern procedures to mid-
block sources of vehicles. 
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which corresponds to a rate of 0.12 veh per 4 sec. This is 
significantly less than t h e j l to 5 veh per 4 sec that are 
typical volumes f o r the development o f the platoon pattern. 

Thus, i n order fo r this .aspect o f the model to have an 
influence on the development o f a platoon flow pattern, net 
driveway exit volumes must at least exceed O.S veh per 
4 sec, or 450 vph. However, under these conditions, i t is 
likely that the minimum vehicular volumes fo r warrant 1 
for traffic signalization would be exceeded (B-4). As a 
result, i t would be likely that the driveway would be sig
nalized wi th the result that the flow pattern could be com
puted directiy. For this reason, the model refinement, to 
include driveway exit volumes, w i l l not generally be 
required. 

Computation of Row Patterns 

The traffic flow pattern arriving at an intersection ap
proach is a result of the jcombined effects of platoon dis
charge through street traffic flow and turning movements 
during upstream red. Because i t is the objective o f this 
project to develop a manual procedure that w i l l serve as the 
basis f o r the development of these profiles, i t is desirable 
to be able to consider each of the effects of these three 
traffic flow categories independently. I n order to determine 
whether they can in fact be treated in this manner, i t is 
necessary to prove that the calculated traffic flow estimated 
at the downstream intersection approach is independent of 
whether Robertson's flow dispersion model is applied to the 
sum of the traflic flows, or the model is applied to each flow 
source independently and the resulting model outputs are 
summed. This can be stated mathematically in the fol low
ing terms: 

I f 

and 

Q\M, = FXq^^, + (l-F)Xq\^,t-^, (B-1) 

= + 92«) + . . . + 9„(„ (B-2) 

9 ' i (U« =FX 9i<„ - I - (1 - F ) X q\,i,t.i, (B-3) 
9'2(iw, =FX 92,o - I - (1 - F ) X 9'2«+«-i, 

I'niM, =FX + ( \ - F ) X 9 '„(i .«. ,) 

Then the problem is to prove that: 

9'(i+f) = 9'uM) + T . . . q'„(M) (B-4) 

I n the preceding statement o f the problem, Eq. B-1 w i l l 
be recognized as Robertson's platoon dispersion model. The 
notation used is consistent wi th the notation used in pre
vious sections; q , « , , ^ j , , , , a n d ^ „ ( „ are the component 
sources o f traffic flow that make up q^^y. 

The desired proof is | arrived at by substituting Eq. B-2 
into Eq . B-1 , which gives: 

= F l9 i ( i ) + <?2li) + . . . + 9„,i)] <i ( 1 - F ) 
X 9 ' ( i w - i , (B-5) 

Then f or i = 0, 

q'(t) = F[q,(0) + q,(0) + . . . + q„iO)] (B-6) 

For / = 1, 

9 ' (1-f-0 = F [ 9 i ( l ) -1-92(1) -F . . . - t - 9 „ ( 1 ) ] 
+ ( . l - F ) X q ' ( t ) (B-7) 

Substituting Eq. B-6 mto Eq. B-7 fo r q'(t) gives: 

q'(l + t) =FlqAl + 92(1) + • • • + <7„(1)] + d - F ) 
X {F[q,(0) + q^O) + . . . + 9„(0) ]} 

Collecting terms: 

9'(1 -H / ) = [F«7.(l) -t- (1 - F ) X F , 1 ( 0 ) ] 
+ [F92(1) - I - ( 1 - F ) XF92(0 ) ] 

+ • . . + [ F 9 „ ( l ) + (1 - F ) X F9„(0) ] 

But this expression could be rewritten as: 

9'(1 + 0 = 9 i ' ( l + t ) + q^'d + t ) + . . . + «7„'(1 -1-1) 

I n a similar manner, i t can be shown that 

q'(2 + 0 = q,'{2 + t) - q^{2 4- /) -|- .. . + 9„'(2 + 0 
Or, i n general: 

Therefore, i t is concluded that the individual flow pat
terns can be calculated separately and added to complete 
the aggregate pattern at the downstream intersection. 

U S E O F FLOW P A T T E R N S T O C O M P U T E 
STOPS AND DELAY 

The computation of stops and delays f r o m the derived 
flow patterns is based on the delay relationships developed 
by Gartner (B-5) and validated on Bloor Street in Toronto. 
Using Gartner's nomenclature, a signal cycle C is made up 
of effective red time, r, and green time, g, such that: 

C = r + g (B-8) 

He also defines a reference fo r the beginning of green as 
the 0 time point so that Jhe effective red period can be 
represented as the time period —r < t ^ 0, and the effective 
green period is represented as the time period 0<t^g. 
Then, using the fol lowing notation: 

9a(') = arrival rates as a funct ion o f time, veh/sec, cor
responding to the arrival flow patterns; 

9<((') = departure rate as a funct ion of time, veh/sec, 
corresponding to the departure flow pattern; and 

S„ = saturation flow rate corresponding to the queue 
discharge rate, veh/sec. 

I t is then possible to calculate the cumulative arrival rate, 
A(t), and the cumulative departure rate, D(t), as: 

A(t) 

D(t) 

qa(.t)dt 

U)dt 

(B-9) 

(B-10) 

Assuming that arrivals are periodic, i.e., q^it) = 
( / — n C ) , the signal is undersaturated, i.e., A(g) <gSo, 
and the arrival flow rate does not exceed the saturation flow 
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rate, i.e., q^U) < So, i t is possible to conclude that once the 
queue has vanished during a given green period, i t cannot 
begin to re form unt i l the start o f the next red period. 

Using Eqs. B - 8 through ( B - 1 0 ) , and the foregoing as
sumptions, i t is possible to compute the queue length at any 
point i n time as the difference between the arrivals and 
departures. Or, i n other words: 

^(0 
Qit)=A(t)-D(.t)= AO) 

0 

f or —r < / 0 
tSJoTO<t^t„ ( B - 1 1 ) 

f O T t o < t ^ g 

where fo denotes the point i n time at which the queue dis
appears. According to the previously stated assumptions, 
this must occur prior to the end o f green or ( 0 ̂  r̂  < ^ ) . 
Obviously f r o m Eq. B - U , / — when: 

( B - 1 2 ) 

Using these relationships, i t is then possible to represent 
delay, d, as the area under the queue length curve: 

d= I'qO) d(t) - t -pQU) dt ( B - 1 3 ) 

Thus, delay is represented as the area imder the curve of 
queue length as a funct ion o f time, and stops is represented 
as the total number of arrivals during the time period fo r 
which a queue exists. 

Substituting Eq. B - 1 1 into Eq. B - 1 3 yields: 

A{t) dt + V' ( A ( t ) - tSo)dt ( B - 1 4 ) d= j " A(t)dt+ j*' 

Substituting Eq. B - 9 into Eq. B - 1 4 gives the expressions fo r 
delays in terms o f the arriving flow pattern q^U) as: 

qaiOdtdt-^to'So ( B - 1 5 ) 

As discussed in preceding sections, the arrival flow pat
terns are approximated by either measuring or computing 
their values f o r discrete time increments, T. I t is recom
mended that a value of T = 4 sec be used. Thus, the i n 
tegral of Eq. B - 1 5 can be replaced wi th the fol lowing 
summation: 

= ^ 2 E - -T ^^'^^^ 
n=-r n=-r 

The equation f o r stops, s, can be derived in a similar 
manner. Stops w i l l be equal to the total number o f vehicles 
arriving while the queue exists. Thus: 

9ait)dt ( B - 1 7 ) 

When processing vehicle arrivals f o r a discrete arrival 
pattern, stops can be estimated as: 

( B - 1 8 ) 

Equations B - 1 6 and B - 1 8 then f o r m the basis fo r the 
computation o f the benefits o f signal coordination de
scribed i n the test and i n the signal selection guidelines. 

CONCLUSIONS 

On the basis of the activities described i n this appendix, 
i t is concluded that flow patterns can be reliably estimated 
f r o m a knowledge of the upstream intersection and that 
midblock driveways w i l l have a negligible effect on the 
structure o f the arriving platoons. I t is further concluded 
that stops and delays can be estimated f r o m these flow 
patterns using simple algebraic summations. The imple
mentation o f these calculations is discussed i n the main 
body of this report. A step-by-step procedure fo r the cal
culations is given i n the signal selection guidelines. 

The promising results o f the developments described in 
this appendix could provide the basis fo r additional re
search to further refine the platoon dispersion factors and 
quantify the effects o f various types o f traffic impedances. 
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APPENDIX C 

VALIDATION OF SIMULATION MODEL 

I t was the original intent of this project to use field data 
fo r the baseline data which would f o r m the starting point 
for simulation studies. The simulation results would then 
be used to interpolate and extrapolate the results of the field 
data collection. 

This concept was followed to a certain extent. However, 
i t was difficult to identify the precise set of circumstances 
in the field wi th the specific conditions required to f o r m a 
good starting point fo r the simulation activiues. Further
more, the initial plans to; collect data at 10 sites could not 
represent all of the cases to be i studied. Thus, the data 
collected in the field were used more fo r the validation of 
the simulation rather than as the basis fo r the actual com
parisons made during this project. The high quality of the 
validation results as well as the consistency of the simula
tion results wi th the data presented by other researchers led 
to the conclusion that the simulation data presented in this 
report are a reliable representation of controller perfor
mance under real-world conditions. 

The field data collection procedures were developed after 
a review of the various ways in which delay data could be 
collected. This review relied on the information presented 
in Reilly and Gardner's, "Technique f o r Measurement of 
Delay at Intersections" (C-7) . They recommend that the 
point sample stopped delay method be used fo r field 
measurement o f delay. ' 

This method, also known as the Berry-Vantil procedure, 
is outlined by Box and Oppenlander (C-2 ) . I t is based on 
a periodic sample o f the number o f stopped vehicles on the 
intersection approach—a series ,of instantaneous samples 
having an interval of time between each sample. 

The number of vehicles actually stopped in the approach 
at the start of the sampling time was recorded. A t each 
consecutive 15- or 13-sec interval the number of vehicles 
stopped i n queue was recorded i n the appropriate columns 
of the data sheet (see Figure C-1) . A t the same time a 
count was made of the total approach volume in two sepa
rately tabulated categories- the' number of approach ve
hicles stopping and the number of approach vehicles not 
stopping. Thirteen-second intervals were used fo r fixed-
time signals, while either 13- or 15-sec intervals,were used 
for fu l l y actuated signals. 

I t was found useful and timesaving to have a tape re
corder that gave the data collector a cue at each 13-sec 
interval. Using the tape recorder eliminated tiie need fo r 
the collector to be constantiy checking a stop watch and, 
thus, his f u l l attention could be focused on counting ve
hicles. I t was also possible to have two people share the 

recorder and each count an approach, provided there was 
good visual access to the respective approaches. 

The sample size required fo r at least a 90 percent con
fidence level was 50 vehicles. The information calculated 
f r o m the data included total delay (vehicles per second), 
average delay per stopped vehicle (seconds), average delay 
per approach vehicle (seconds), and percentage of vehicles 
stopped (percent). 

The conditions existing at the five sites at which field data 
collection was performed are given in Table C-1 . These 
sites represent a range o f intersection phasing (2 to 6 
phases) and controller types. These sites are all isolated 
intersections in the sense that the distance to the closest 
upstream intersection is greater than mile 

The simulation and field data results are compared in 
Table C-2. The simulation results were obtained by dupli
cating the controller settings, traffic, and roadway condi
tions. I n all cases, the error in delay between simulation 
and field data was 15 percent or less. The error in stops 
was greater than 15 percent This increase in error is 
probably due to two factors: 

1. Measurement of stops in the field is extremely d i f l i -
cult because of the problem of defining a stopped vehicle. 
Many motorists w i l l anticipate the need to stop and creep 
at a slow speed prior to the change in signal state. The field 
data collection team was instructed to interpret slow moving 
vehicles as stopped vehicles, which apparentiy led to the 
basis of consistentiy higher values fo r stopping in the field. 

2. Simulation runs have consistentiy shown stops to have 
a high variance f r o m cycle to cycle. Thus, the sample size 
required for field measurement of stops is greater than that 
required fo r delay. As a result, larger errors can be 
anticipated. 

On the basis of these results, i t was concluded that the 
N E T S I M simulation would provide a reliable tool fo r the 
evaluation of signal control performance on this project. 
Emphasis was placed on the use of N E T S I M fo r the data 
presented in this report. 
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Location . 

Date 

INTERSECTION DELAY STUDY 
FIELD SHEET 

A pproach 

Study No Weather. 

Movement. 

Observer 

Time 
(minute Starting at) 

Total Number ot Vehicles 
Stopped in the Approach at Time' 

Approach Volume Time 
(minute Starting at) 

Total Number ot Vehicles 
Stopped in the Approach at Time' 

Number 
Slopped 

Number Not 
Stopping + 0 sec • I S sec 4-30 sac + 45 sec 

Number 
Slopped 

Number Not 
Stopping 

Subtotal 

Total 

Total Delay = Total Number Stopped x Sampling Interval 

= X 15 = veh-sec 

Average Delay pet Stopped Vehicle 

Average O l a y per Approach Vehicle 

Total Delay 

Number o( Slopped Vehicles 

Total Delay 

Approach Volume 

Percent of Vehicles Stopped 
Number of Stopped Vehicles 

Approach Volume 
. percent 

Figure C-1 Sample field sheet for intersection delay study as arranged for 15-sec lime intervals 
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TABLE C-1 

FIELD D A T A COLLECTION SITES 
Total 

Site 
Number Location 

Left Turns 
(%) 

Volume 
(VPH) 

Number of 
Turn Lanes 

Number of 
Phases 

Type 
Controller 

Controller 
Model 

1 River Rd. and 
Bradley Blvd., Md. 16 1,015 1 2 

Semi 
Actuated 

Econolite 
D-2000 

2 Sully Rd. and 
Rt. 606, Va. 14 979 1 

/ 
2 

Full 
Actuated 

Automatic 
Signal 807R 

3 Rt . SO and 
West Ox Rd., Va. 18 1,971 

2 
1 

on Route 50 
on West Ox 

6* Volume 
Density 

Automatic 
Signal 90B 

4 Braddock Rd. and 
Ravensworth Rd., Va. 24 1,968 

2 
1 

on Braddock Rd. 
on Ravensworth 3 

FuU 
Actuated 

Automatic 
Signal 1826 
NM2 

S Rt 236, Old Co
lumbia Pike and 
Columbia Rd., Va. 7 1,165 

2 
1 

on Rt. 236 
on Columbia 3 

Full 
Actuated 

Automatic 
Signal 
1826 NM2 

* Dual ring controller 

TABLE C-2 

SIMULATION A N D FIELD D A T A RESULTS 

Site Delay (Sec/Veh) Stops (%) 
Number Field Simulation % Error Field Simulation % Error 

1 11.3 12.95 15 41 25 29 
2 14.2 14.2 0 63 60 5 
3 18.9 21.8 15 67 62 7 
4 13.0 14.3 10 59 49 17 
5 9.9 11.0 11 28 28 0 

APPENDIX D 

ESTIMATING THE EFFECTS OF EXTENSION ON LOST TIME 

The lost time fo r an intersection approach is a funct ion 
of the extension setting on the controller and the headways 
between the approaching vehicles. This lost time, L , w i l l be 
the product of the expected value of the lost time, E[L], 
and the number of vehicles, V, arriving during the phase. 
These values are given by Eqs. D-1 and D-2, respectively. 

E[L] -i: (T-2)P(T)dT (D-1) 

where T — headway between vehicles, and X = controller 
extension. 

V = (Phase lengtii) X (Vehicle arrival rate) (D-2) 

Assuming a Poisson distribution of vehicle amvals, P ( r ) , 
in Eq. D - 1 , 

(D-3) 

where 

X = vehicle arrival rate = 
V o l (vph) 

3600 

Substituting Eq. D-3 into Eq. D-1 gives: 

E[L] = j\T-2) \e-^T dT 

Integrating this expression gives the result: 

EIL] = ^ X J T ^ 2 - - 4- ^ c-^x 

( D - 4 ) 

(D-5) 

Solving Eq. D-2 to obtain the number of vehicles arriv
ing dunng a phase gives: 

V = P X \ (D-6 ) 

where P = phase length. 
I n Eq. D-6, the phase length, P, is calculated as the 
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product average number of vehicles that pass through the 
intersection before the headway between two successive 
vehiclcf^ exceeds the extension, causing the termination of 
the phase, and the average vehicle headway. Thus: 

P = 
1 

(D-7 ) 

where P[T^X] = 1he probability of a vehicle headway 
greater than the extension. 

Using the assumption of Poisson arrivals: 

(D-8) 

Substituting Eqs. D-7 and D-8 into Eq. D-6 gives the 
result 

V = (D-9) 

The lost time, L , is then the product of Eqs. D-5 and 
D-9. I n other words: 

(D- IO) 

The units of X in this expression are vehicles per second. 
I f approach volume in vehicles per hour is used, this 
equation becomes: 

, = ( . - . 
3600 \ 3600 

V J"^ V 
(D-11) 

For the range of lane volumes between 600 and 1200 
vph, average values of L as a funct ion of vehicle extension 
were calculated and are as fol lows: 

Extension 

i i i 
3.0 
3.5 
4.0 
4.5 
5.0 

Lost Time 

0 6 8 
1.15 
1.85 
2.58 
3.48 
4.51 
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