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ABSTRACT 

Traffic congestion results from many sources including bottlenecks, incidents, 

work zones, bad weather, special events, and poor signal timing. Optimal control of 

traffic signals has proven to be one of the most cost-effective ways of relieving 

congestion in street networks. Previous researches on traffic signal timing have been 

focused primarily on under-saturated traffic conditions. With increasing traffic 

demands on existing road networks, more and more intersections are becoming 

oversaturated during peak hours.  There is a strong need to investigate the 

characteristics of traffic flow in congested street networks and develop signal control 

systems that are capable of system-wide online signal timing optimization.  

This dissertation is aimed to fill this gap by developing a real-time online 

signal control system for optimal signal timing of both single intersections and 

signalized networks under over-saturated traffic flow conditions.  

A dynamic linear programming model is first developed for single over-

saturated intersections. The proposed model provides a real-time formulation 

procedure to optimize signal timings under given dynamic traffic demand conditions.  

The research is then extended to network wide signal timing design. A new 

concept of vehicle detection, gridlock detection, is developed to provide information 

on backed up queues from the upstream intersections. A heuristic algorithm is then 

developed to dynamically search the progression routes for the best coordination 

among the signals in the network. The purpose of the route searching algorithm is to 

find the best coordination routes to disperse the oversaturated traffic demands to the 

network intersections. Then, at each intersection level, a compromise approach is 
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developed to optimize the green time allocations simultaneously according to two 

operational criteria: delay and queue length management.  

The control concepts and algorithms are then summarized in a comprehensive 

network signal timing model, namely, the Compromise Network Queue Control 

(CNQC) model for practical application. The CNQC model features a computer aided, 

decentralized, and cycle-by-cycle based controlling approach for network wide signal 

control of oversaturated intersections.  
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Chapter 1  
INTRODUCTION 

1.1 Background 

According to the 2005 Urban Mobility Report, the traffic congestion index has 

been growing steadily over the past 20 years in most of the urban and suburban areas 

of the United States (Schrank and Lomax 2005). In 1982, the average personal delay 

was 16 hours per year; by 2003 that figure had almost tripled and the total delay for all 

travelers reached 3.7 billion hours. The amount of fuel wasted due to the idling 

engines in traffic jams was 2.3 billion gallons and the total cost due to traffic 

congestion reached 65 billion dollars.  

 Mitigating traffic congestion has been the primary task of the federal, state, 

and local transportation agencies. The strategies for congestion relief are implemented 

at three levels: increasing road network capacity, demand management, and traffic 

control and operation. Increasing the capacity of the road network, which involves 

adding additional lanes and construction of new transportation facilities, is perhaps the 

most straightforward way to accommodate the increasing demand; Demand 

management is aimed at balancing traffic demands over time and location to reduce 

peak hour traffic; Operational strategies attempt to optimize the capacity of existing 

road networks without adding new transportation facilities. 

The opportunities for further development of transportation infrastructures are 

becoming very limited. With the continuing social and economical growth in 

metropolitan areas, many existing transportation facilities are being used to their full 

capacities. Meanwhile, adding new facilities is becoming impossible both technically 

and financially due to limitations of space and cost. Various policies for demand 

management (e.g. flexible work hours) have been implemented in the country’s 

busiest metropolitan areas and the effects of these policies to the social system remain 

unknown.  
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Thanks to the rapid advancements in vehicle detection technologies, 

information systems, and communication technologies, traffic engineers are able to 

handle the traffic congestion problem by using advanced traffic information and 

control systems routinely. The systematic application of advanced technologies to the 

surface transportation system has come to be known as Intelligent Transportation 

Systems (ITS). Presently, the ITS are primarily applied to urbanized areas and they 

play an important role in daily traffic control and management. 

Intersections are vital nodal points in a transportation network and the 

efficiency of their traffic signal control greatly influences the entire network’s 

performance. The evidence shows that more than 90% of the surface road congestion 

in an urban street network occurs at or near intersection areas. Traffic signal control is 

a fundamental element in the traffic control and management system and plays an 

important role in traffic operation and control. According to the Federal Highway 

Administration (FHWA), over 75 percent of the 330,000 traffic signals in the United 

States could be improved by updating the equipment or by simply adjusting the timing 

(FHWA 2004). Retiming traffic signals alone can produce a benefit cost ratios as high 

as 40 to 1. That is, for every $1 invested in optimizing the timing of traffic signals, 

$40 is returned to the public in time and fuel savings. 

Traffic signal control can be an easy task in the case of a single isolated 

intersection and when the demand is less than its capacity. However, it can be a very 

difficult task if one attempts to optimize the signal timing of each intersection in a 

network. Network wide signal control while taking into account its oversaturated 

signals presents a challenge to traffic engineers. 

1.2 Motivation and Problem Statement 

Due to the temporal and spatial fluctuation of traffic flow, congestion at most 

signalized intersections during heavy traffic periods is inevitable. The intersections of 

an urban road network often experience serious congestion when the traffic demand 
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exceeds capacity, and traffic signal control and queue management could provide a 

variety of capabilities to alleviate traffic congestion in urban networks.  

An effective way to improve traffic movement in an urban road network is 

through the synchronization of a series of signals along a predetermined route. In a 

coordinated system, traffic signals tend to group vehicles into a “platoon” with more 

uniform headways than could otherwise occur. However, in over-saturated conditions, 

coordinated control of traffic signals is a very complex task that involves complicated 

modeling and computation processes.  

Over the last few decades, development and evaluation of signal timing plans 

of signalized intersections has been carried out by various methods. Most existing 

models serve well for both isolated intersections and networks when traffic demand is 

lower than the system capacity. However, in congested or over-saturated conditions, 

many of the existing models can handle only a few intersections. Practical procedures 

or guidelines for signal timing of oversaturated network are not readily available. 

Therefore, a need exists for dynamic models that can accommodate time varying 

traffic demands, different intersection geometrics, and most importantly, models that 

are practical and computationally efficient to facilitate online implementation.  

1.3 Objective and Methodology 

This dissertation addresses the system-wide traffic signal control problem for 

both under and over saturated traffic conditions. 

A new algorithm for optimal signal timing of a single intersection is developed. 

This algorithm features a dynamic linear programming approach which optimizes 

intersection delay and manages queue dissipation under real-time traffic demand. The 

research is then extended to signal timing of a network of intersections. Considering 

the significant impact of the overflowed queue to signal timing design, a new 

detection concept, gridlock detector, has been designed to identify and locate the 

backed up queues. The purpose of the gridlock detector is to detect drops in capacity 
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and provide information to prevent the intersection from getting blocked by the queues 

spilled back from downstream intersections. A comprehensive real-time control 

algorithm for network wide signal timing optimization has also been developed. The 

algorithm optimizes background cycle length, splits, and offsets online according to 

the projected traffic demand. In addition to the traditional methods for delay control, 

the concept of queue management is also included in the optimization process.  

The new control algorithm is integrated into a microscopic simulation model 

for validation and calibration. The result of the simulation test demonstrates that the 

new model outperforms the two prevalent signal timing tools, TRANSYT-7F and 

SYNCHRO, for network control. 

1.4 Overview 

This dissertation is organized as follows. Chapter 2 presents an extensive 

literature review of traffic signal control as well as state of the art control algorithms 

and systems. 

Chapter 3 presents a control algorithm for single intersection control under 

over-saturated traffic condition. An innovative approach is developed which first 

maximizes the total vehicular output from the intersection and then covert the 

optimized departure rates to signal control parameters. A dynamic linear program is 

developed for real-time optimization. Comparative analysis is conducted to distinguish 

the proposed approach from existing models.  

Chapter 4 addresses the development of an innovative strategy for managing 

the queue length of coordinated traffic signals under over-saturated condition. The 

concept of gridlock detector is developed and examined by simulation. Several case 

studies are introduced to illustrate the concept of the gridlock detector and the 

proposed strategy of the detector location. 

Chapter 5 presents the Compromise Network Queue Control (CNQC) model 

for an over-saturated network. Some crucial issues which have significant effect on 
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network signal control, such as queue spill-back and offset adjusting are considered in 

the model. The CNQC model features a dynamic and recursive optimization process. 

At the end of each consecutive signal cycle, the model predicts the current queue and 

flow conditions at each intersection and transfers the information back to the signal 

control model, the optimized basic signal parameters are calculated and modified 

according to prevailing conditions. 

In Chapter 6, the network signal control algorithm is further integrated into a 

microscopic simulation model and becomes an online real-time simulation and 

optimization model. The efficiency of the integrated model is evaluated in the context 

of two general networks. The first example is a hypothetical arterial with three 

signalized intersections, and the second example is a grid network with twelve 

intersections. Finally, the simulation results obtained from the integrated model are 

analyzed and compared with prevalent signal control algorithms. 

Chapter 7 concludes the dissertation by summarizing the research, highlighting 

the notable contributions of this study to the knowledge base, while indicating the 

advantages and limitations of the proposed approach. Recommendations for future 

research are also provided.  
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Chapter 2  
LITERATURE REVIEW 

2.1 Introduction 

This chapter presents a comprehensive literature review of the signal control 

problem. Section 2.2 introduces the basic concepts of traffic signal and traffic signal 

control of a single intersection. Section 2.3 introduces the concepts of capacity 

analysis at signalized intersections. Section 2.4 addresses the prevailing theoretical 

models for signal control of single intersections. Section 2.5 introduces the most 

prevalent traffic signal control algorithms including MAXBAND, TRANSYT, 

SYNCHRO, SCOOT, and OPAC which have been widely used by traffic engineers. 

Section 2.6 summarizes the chapter. 

2.2 Introduction to Traffic Signals 

2.2.1 Traffic signal 

The first traffic signal used in the field can be traced back to the manually 

operated semaphores used in London as early as 1868 (Webster and Cobbe 1966). The 

first electric traffic signal in the United States was developed by James Hoge and 

installed in Cleveland, Ohio, in 1914 (Benesh 1915). This was followed by the 

introduction of interconnected signals in 1917 in Salt Lake City, Utah (Marsh 1927). 

By that time, automobile ownership and usage was expanding rapidly and the 

effectiveness of traffic signal control was recognized. The increasing vehicular flow 

on the streets led to the development and implementation of actuated signals in 1928 

(Bell 1992). 

Since then, the technologies of traffic signal control have been growing rapidly 

and the traffic signal has become a critical element of today’s modern traffic control 

and management systems. Today’s traffic signals are, by definition, “operated traffic 

control devices which alternately direct traffic to stop and to proceed” (FHWA 2003, 
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1A-14). From the application’s point of view, traffic signals are used to control the 

assignment of vehicular or pedestrian right-of-way at locations where potentially 

hazardous conflicts exist or where passive devices (signs, markings) do not provide 

adequate control of traffic. 

2.2.2 Traffic signal control 

Traffic signal control can be classified into three main types: fixed-time 

control, vehicle actuated control, and adaptive control.  

Fixed-time control 
Fixed-time traffic signals run fixed signal timing plans regardless of the traffic 

demand. During a specific time of day, the traffic signal is operated according to a 

preset signal timing plan in which the signal cycle, phase interval, and the phase 

sequence within each cycle remain constant. 

Actuated control 
The fundamental principle of an actuated signal is the coordination between 

the vehicle detectors and the traffic signal. An actuated phase normally starts with a 

minimum green interval which will be extended automatically in response to the 

actuation of the vehicle detectors. The actuated phase can be terminated in three ways: 

gap-out when there is not enough traffic on the associated approach; max-out when 

there is excessive demand which makes the phase reach its preset maximum green 

time; and force-off when a coordinated signal needs to provide enough “green band” 

to a specific intersection approach.  A traffic signal is called full actuated if all of the 

signal phases are actuated ones, and semi-actuated if only some of the phases 

(normally minor phases) are actuated. 

Adaptive control  
The most “smart” and sophisticated signal control system is the adaptive signal 

control system which attempts to optimize traffic online without being confined to a 

cyclic time interval; i.e., the signal time plan may change at any time step in response 
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to actual traffic flow conditions. The adaptive signal control systems differ from 

actuated control systems because they incorporate a decision making process in the 

signal timing design procedures. The adaptive system normally evaluates a set of 

feasible control plans and chooses one that is optimal with respect to its current 

objectives. A prerequisite for an adaptive system is a flow prediction process that 

relies largely on the demand/profile information obtained a certain time interval ago 

(normally 5 to 10 seconds) before the control decision is made. The projected traffic 

flow profile is then used to determine the best signal timing plan for that time. 

The traffic adaptive systems attempt to optimize traffic online without being 

confined to a cyclic time interval; i.e., the signal time plan may change at any time 

step in response to actual traffic flow conditions. They differ from actuated control 

because they incorporate decision making. That is, the system evaluates a set of 

feasible control actions and chooses an action that is optimal with respect to its current 

objectives, as traffic adaptive systems incorporate information from further upstream 

in their decision making. 

2.2.3 Typical phase number scheme 

A traffic signal phase is the part of the cycle given to an individual movement, 

or combination of non-conflicting movements during one or more intervals. Phase 

numbers are the labels assigned to the individual movements around the intersection. 

For an eight phase dual ring controller, it is common to assign the main street through 

movements as phases 2 and 6. Also, it is common to use odd numbers for left turn 

signals and the even numbers for through signals. Figure 2.1 shows a typical phase 

numbering scheme given by the National Electrical Manufacturers Association 

(NEMA). 
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Figure 2.1: Numbering scheme of NEMA phase 

2.3 Capacity Analysis at a Signalized Intersection 

The research on traffic signal control at signalized intersections has been 

focused on the analysis of intersection capacity. The capacity of a signalized 

intersection is defined as the maximum hourly rate at which vehicles can reasonably 

be expected to pass through the intersection under prevailing traffic and signal setting 

conditions. Accordingly, the principle objective of capacity analysis is the estimation 

of the maximum number of vehicles that can be accommodated by the traffic signal at 

an intersection, or through the whole network within a specified period of time. This 

section outlines the elements which are associated with the capacity analysis at 

signalized intersections. 

2.3.1 Variables in capacity analysis  

There are many conditions that need to be considered for the capacity analysis 

of signalized intersections. Those conditions include: (1) the traffic conditions, such as 

the traffic volumes on each approach, the distribution of vehicles by movement (left, 

through, right), the composition of vehicle types within each movement; (2) roadway 

conditions, such as the basic geometrics of the intersection, including the number and 
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width of lanes, with or without exclusive turning area at the exit; (3) signalization 

conditions, including a full definition of signal phasing and timing. This section 

introduces the definition of some key parameters which are usually addressed in 

capacity analysis of signalized intersections. 

 Variables denoting signal timing 

• Cycle length: the total time for the signal to complete one sequence of signal 

indications, stated in seconds and given the symbol C in this dissertation; 

• Phase: the part of a cycle allocated to any combination of traffic movements 

receiving the right-of-way simultaneously during one or more intervals; 

• Effective Green Time: the time during which a given traffic movement or set of 

movements may proceed, stated in seconds and given the symbol gi (for phase i); 

• Split (green ratio): the ratio of green time to the cycle length, stated as gi /C (for 

phase i); 

• Lost time: time during which the intersection is not effectively used by any 

movement, which occurs during the change interval (when the intersection is 

cleared) and at the beginning of each phase as the first few vehicles in a standing 

queue experience start-up delays, given the symbol L; 

• Offset: time difference of start of green between adjacent intersections. 

Saturation flow 
Because the signal timings are subject to change over time, it is convenient to 

express capacity of signalized intersections in terms of vehicles per hour of green. The 

saturation flow rate is defined as the flow rate per lane at which vehicles can pass 

through a signalized intersection in a stable queue. By definition, it is computed as:  

h
s 3600

=                   (2.1) 

where, 
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s = saturation flow rate (vehicles per hour per lane), and 

h = saturation headway (sec) 

The saturation flow rate represents the number of vehicles per hour per lane 

that can pass through a signalized intersection if the green signal were available for the 

full hour and the flow were never halted.  

Capacity of saturation 
For signalized intersections, a separate capacity is computed for each lane or 

lane group of an intersection. A lane group is defined as one or more lanes that 

accommodate traffic and have a common stop line and capacity shared by all vehicles. 

Some typical lane groups are illustrated in the Highway Capacity Manual (HCM) 

2000 (TRB 2001) as shown in Figure 2.2.  

The definition of lane group constructed a connection between signal and road 

geometric condition, the capacity of a given lane group is stated as: 

)(
C
gsc i

ii =                    (2.2) 

where, 

ci = capacity of lane group i, (vehicle per hour), 

si = saturation flow rate for lane group i,  

gi = effective green for lane group i, and 

C = cycle length 
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Figure 2.2: Typical lane groups in HCM 2000 

(TRB 2001) 

Degree of Saturation (HCM Definition)  
In HCM2000, the volume to capacity ratio, i.e. v/c ratio is used to define 

saturation degree Xi. For a given lane group i the degree of saturation is denoted as: 

ii

i

i

i
i gs

Cv
c
vX ==            (2.3) 

where, 

Xi = degree of saturation of lane group i, and 

vi = demand flow rate for lane group i, 

A given lane group is defined as under-saturated if Xi is less than or near to 1.0 

and over-saturated if Xi is larger than 1.0.  

The degree of saturation of the whole intersection is presented by the critical 

v/c ratio, Xc. It is obtained by considering only the lane groups that have the highest 

flow ratio v/s for a given signal phase. For example, in a two-phase signal, vehicles in 

opposing lane groups will move during the same green interval. In general, one of 
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these two lane groups will require more green time than the other, and this would be 

the ‘critical’ lane group for the subject signal phase. Each signal phase will have a 

critical lane group that determines the green time requirements for the phase. The 

critical v/c ratio for the intersection is defined in terms of the critical lane groups or 

approaches: 

∑ −= )]/([)( LCC
s
vX

i

i
c      (2.4) 

where, 

Xc = critical v/c ratio for the intersection, 

i

i

s
v = flow ratio for critical lane group i, and 

L = total lost time per cycle. This is the sum of all red clearance intervals and 

lost time (due to startup or yellow) over all phases in the cycle. 

If the critical v/c ratio is less than 1.0, it indicates that all movements in the 

intersection can be accommodated within the defined cycle length, which means the 

whole intersection is in under-saturated condition. If the critical v/c ratio is larger than 

1.0, the intersection is in over-saturated condition. 

Over-saturation and congestion  
Gazis and Potts (1963) pointed out that the sufficient condition for an over-

saturated intersection with fixed time signals is 

C
L

s
v

i

i −>∑ 1        (2.5) 

In essence, Equation 2.5 is identical to the HCM 2000 definition. However, 

both definitions are only appropriate when the total available green time is adequate to 

handle all movements (under-saturated condition). In such a condition, the queue 

formed at each approach or lane group can dissipate within each cycle, thus the 

equilibrium can be reached in a reasonable period of time. 
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During an over-saturated period (e.g. rush hour), the traffic status at any time 

step is the result not only from the current traffic arrivals and departures, but also from 

the previous cycles (i.e. the residual queue). Part of the effective green time must first 

serve the residual vehicles in the queues which were not served in the previous cycle. 

Because the steady-state condition breaks down when an intersection is over-saturated, 

a signal control scheme is time-dependent and more complicated than that in under-

saturated conditions. 

Therefore the sufficient and necessary condition for an intersection to be over-

saturated can be expressed by 

C
L

s
CQv

i

ii −>
+∑ 1/       (2.6) 

where, 

iQ = number of vehicles in queues for lane group i within current cycle. 

It is necessary to differentiate over-saturation from congestion. Over-saturation 

is a system concept. The underlying assumption of over-saturation is that there is no 

effective green time loss in all approaches during an over-saturated period. Congestion 

is a practical concept which relies more on personal feeling and experience. 

Theoretically, the loss of effective green time due to improper signal setting may 

cause some of the approaches to be in under-saturated condition while others are in 

over-saturated condition. 

2.3.2 Delay at signalized intersections 

At signalized intersections, since the signal periodically prohibits some 

movements, the continuous flow function changes to be a stepped one. Delay models 

contain both deterministic and stochastic components. The deterministic component is 

estimated based upon the following assumptions: (1) a zero initial queue at the start of 

green phase; (2) a uniform arrival pattern at the arrival flow rate v throughout the 

cycle; (3) a uniform departure pattern at the saturation flow rate s while a queue is 
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present, and at the rate of arrival rate when the queue vanishes. The function of 

departure flow u(t) at a signalized intersection could be denoted as: 

phase
phase

red
green

a
a

in
in

t
t

if
iftvorts

tu
)(

0
)(

)(




=                   (2.7) 

A simple diagram describing the delay process for an under-saturated approach 

of the intersection is shown in Figure 2.3. The area under the queue profile diagram 

represents the total (deterministic) cyclic delay. Several performance measures can be 

derived including the average delay per vehicle (total area divided by total cyclic 

arrivals), the number of vehicles stopped (Qs), the maximum number of vehicles in the 

queue (Qmax), and the average queue length (Qavg). 

As the traffic intensity increases, however, there is an increased likelihood of 

“cycle failures”. That is, some cycles will begin to experience the residual queue of 

vehicles that could not discharge from the previous cycle. This phenomenon occurs 

randomly, depending on which cycle happens to experience higher-than-capacity flow 

rates. Figure 2.4 illustrates the delay process for an over-saturated approach of the 

intersection. 
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Figure 2.3: Delay at an under-saturated approach 
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Figure 2.4: Delay at an over-saturated approach 

Figure 2.5 illustrates the queue formation and dissipation process during the 

over-saturated period.  

time
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Figure 2.5: Cumulative curves at an oversaturated approach 
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The general assumption in the deterministic approach is that the random queue 

fluctuations can be neglected in delay calculations. The model defines a cumulative 

number of arrivals A(t): 

∫= nt

t
dttvtA

1

)()(                         (2.8) 

and departures D(t) with the continuous presence of vehicle queue over the period  

[t1, tn]: 

∫= nt

t
dttutD

1

)()(                                        (2.9) 

 where, 

)(tv  = arrival rate at time t, 

)(tu = departure flow rate at time t. 

The current number of vehicles in the system (queue) at time tj is: 





<
≥−−−+

=
0)(,0
0)(,))]()(())()([()(

)( 111

j

jjj
j tQif

tQiftDtDtAtAtQ
tQ         (2.10) 

and the average delay of vehicles d during the period [t1, tn] is: 

                       ∫−
=

t

t
n

dttQ
ttA

d
1

)(
)(

1

1

               (2.11) 

Generally, the departure curve D(t) is assumed to be approximated by a smooth 

curve, which is the dotted line shown in Figure 2.5. Hence, Equation 2.12 shows the 

relationship between the queue length and the control variables. 

uv
C
sgv

dt
dD

dt
dA

dt
dQ

−=−=−=     (2.12) 
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2.4 Control Algorithms for Single Intersections 

As a basic part of traffic control, signal control of single intersections has been 

paid many attentions by many researchers. A number of analytical control algorithms 

for single intersections are introduced in the following sections, including Webster’s 

model, semi-graphical model, Pontryagin’s control model, discrete minimal delay 

model, and store and forward model. 

2.4.1 Webster’s model 

The first widely used approximate delay formula at a fixed-time signal was 

developed by Webster (1958) from a combination of theoretical and numerical 

simulation approaches. 

               [ ]
)/(523

1

2

22

)(65.0
)1(2)/(12

)/1( Cgx
v
C

xv
x

xCg
Cgcd +−

−
+

−
−

=              (2.13) 

where, 

d = average delay per vehicle on the particular approach (sec), 

g = effective green time, 

x = degree of saturation (v/c ratio),  

v = arrival rate, and 

C = cycle length. 

The first term in Equation 2.13 represents delay when traffic is considered to 

arrive at a uniform rate. The second term expresses random delay, assuming a Poisson 

arrival process and departures at constant rate which corresponds to the signal capacity. 

The latter assumption does not reflect actual signal performance, since vehicles are 

served only during the effective green, obviously at a higher rate than the capacity rate. 

The third component which is a calibrated term based on simulation experiments, is a 

corrective term, typically in the range of 10 percent of average delay in Equation 2.13. 
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The permissible upper limit of traffic flow for Equation 2.13 to give 

satisfactory results is slightly less than full saturation. That means Webster’s delay 

model is only feasible for under-saturated conditions. In order to accommodate over-

saturation conditions, the HCM 2000 proposed the delay estimation using the 

following equation: 

]8)1()1[(900
]/),1[min(1

)/1(5.0 2
2

cT
kixxxT

cgx
cgcd +−+−+

−
−

=   (2.14) 

Where,  

k = incremental delay factor, 0.5 for pre-timed signals, 

i = upstream filtering/metering adjustment factor,  

c = capacity in vehicles per hour, and 

T = flow period. 

Within one cycle, each phase is represented by the most congested approach 

determined by the degree of saturation for each approach. Among approaches served 

by the same phase, the approach with the highest degree of saturation is often referred 

as the critical lane group or critical movement. Webster also developed an equation for 

calculation of the optimal cycle length. 

 
c

optimal X
LC

−
+

=
1

55.1        (2.15) 

Xc = degree of saturation for intersection, 

Coptimal = optimal cycle length, and 

Signal phases are the green intervals assigned to each critical lane or lane 

group based on the balanced degree of saturation. This simple rule has been proven to 

be effective in minimizing vehicle delay only in under-saturated conditions. 
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2.4.2 Semi-graphical model 

Gazis and Potts (1963) are probably the first researchers addressed the problem 

of signal control for over-saturated intersections. They developed a semi-graphical 

approach and discussed several basic rules and considerations in over-saturated 

conditions. The most fundamental result from their research is that the total delay is 

minimized if queues on all approaches are dissolved simultaneously. Based on this 

policy, the optimum control strategy is developed by a graphical method for a single 

intersection with two-one way approaches.  

C
gs

u ii
i

minmax,
minmax, =       (2.16) 

where, 

gi max, min = maximum and minimum effective green time on approach i, and 

minmax,iu = maximum and minimum departure rate on approach i,  

For an intersection with two one-way approaches, if 21 ss > , the two-stage 

operation (bang-bang control) is shown as Figure 2.6. In the first stage, departure rate 

in approach 1 is set to maximum max1u , departure rate in approach 2 is set to 

minimum min2u ; at switch-over point τ , the second stage begins, departure rate in 

approach 1 is set to minimum min1u , departure rate in approach 2 is set to 

maximum max2u .  Queues in both approaches are dissolved at time T. 
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Figure 2.6: Optimal control of semi-graphical model 

2.4.3 Pontryagin’s control model  

Gazis (1964) proposed his solution for oversaturated intersections by using 

Pontryagin’s maximum principle. Michalopoulos and Stephnopolos (1977) placed the 

queue length constraint into Gazis model and established the discrete algorithm based 

on the numerical method.   

For an intersection with two one-way approaches, the model is described as 

follows: 

The state variables are queues: 

)(1 tQ     Queue length on the first approach 

)(2 tQ     Queue length on the second approach   
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[ ]dttQtQtQ
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∫ +=
0 210 )()()(  

Objective function: 

[ ]dttQtQ
T

∫ +
0 21 )()(min     (2.17) 

Steering functions 210 ,, fff   for control the changes in the state variables:  

21
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0 QQ
dt

dQf +==      (2.18) 

uv
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dQf −== 1
1

1      (2.19) 
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22

2
2 )1( +−−==    (2.20) 

where,  

u = the departure rate on approach 1, which is a function of time and is the  

      control variable, 

21,vv  = the arrival flow rate for approach 1 and approach 2.   

The control domain is: 

maxmin uuu ≤≤        (2.21) 

Boundary conditions: 

0)()0( 11 == TQQ       (2.22) 

0)()0( 22 == TQQ       (2.23) 

0)0(0 =Q        (2.24) 

The solution follows the classical Pontryagin’s maximum principle. To 

implement Pontryagin's method one defines a Hamiltonian function (H): 
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In which, 021 ,, ϕϕϕ  are the functions of time and are called adjoint variables. 

They are defined as follows: 
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Therefore,  

10 −=ϕ        (2.29) 

11 Kt +=ϕ        (2.30) 

22 Kt +=ϕ        (2.31) 

The optimum value of the control variable u at time t is the one that maximizes 

H.  
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Thus, the control algorithm is:  
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This model provides the theoretical solution for Gazis and Potts’ graphical 

model (1963) and verified bang-bang control.  

Michalopoulos and Stephnopolos (1977) further placed a constraint of queue 

length into this model. The conclusions are: the optimal u is affected by the queue 

length constraint during finite time interval. When queue length reaches its constraint, 

the departure rate must be equal to the arrival rate. If queues on both approaches reach 

the constraints and cycle length is constant, the problem may not have a feasible 

solution. 

2.4.4 Discrete minimal delay model  

Chang and Lin (2000) developed a discrete minimal delay model to solve the 

oversaturated problem.  Based on the delay model, the performance index model is 

also developed by introducing the penalty for the number of stops.  In this research, 

we consider only the minimal delay model. 

The objective function is to minimize total delay. The function is quadratic 

form as below: 

∑
=

+=
N

k
kDNDJ

2

22 ))((
2
1))((

2
1min     (2.34) 

where,  

D(k)= total delay at cycle k, 

N = the terminative state of the oversaturated period. 

Queue length and delay during certain cycle are calculated as shown in Figure 

3.6. 
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Figure 2.7: Situation of the queue in a certain phase during over-saturation  
(Chang and Lin 2000) 

Figure 2.7 represents the queue length )1( +kQ when the green time terminates 

at a certain cycle sate k. The shadow area is the delay D in this cycle.  

Based on the optimal control theory, the objective is to minimize the 

Hamiltonian function as follows: 

)]()()()[1())((
2
1 2 kWkBukDkkDH ++++= λ    (2.35) 

where, 

)1( +kλ = Lagrange multiplier in state k+1,  

B = the control gain, 

u(k)= the control variable, and 

W(k)= exogenous variable.  

For the isolated intersection with two one-way approaches: 

)()( 2
2 kgku =       (2.36) 

)(
2
1

2211 sasaB −=      (2.37) 

where,  

g2(k) = effective green time of approach 2 in the k th cycle;  
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a1,a2 = the number of lanes on approach 1 and approach 2;  

s1, s2 = the saturation flow rate for approach 1 and approach 2. 

Bk
u
H )1( +=

∂
∂

λ       (2.38) 

To minimize H, the control process is: 
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      (2.39) 

This proposition is clearly a “bang-bang” control with a two-stage operation. 

This solution is consistent with Pontryagin’s control model. 

2.4.5 Store and forward model   

Dans and Gazis (1976) proposed their so-called store and forward model for 

the oversaturated transportation networks. Single intersection was also discussed in 

this model. The model is described as follow: 

Objective function: 
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where, 

)(1 tQ = Queue length on approach 1, 

)(2 tQ = Queue length on approach 2, 

T = the duration of the oversaturated period ]for  0)()([ 21 TttQtQ ≥== . 

The state differential equations (Equation 2.41 and Equation 2.42) are 

approximated by difference equations, and the minimization of total delay (Equation 

2.40) becomes a Linear Programming (LP) problem.  

Consider N time interval such that TtN ≥∆⋅ . Define: 
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The objective function changes to: 
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Therefore, the problem can be solved as a standard LP problem.  

2.5 Control Algorithms for Urban Signalized Network 

The attentions of signal control for a single intersection mostly focus on 

finding the control variables (i.e. phase split, cycle length, and phase sequence) to 

optimize the intersection performance. For an urban signalized network, the most 

effective method to improve system performance is synchronizing the traffic signals at 

the coordinated intersections. Signal coordination is a mode of signal operation 

designed to enable an uninterrupted flow of traffic through a series of traffic signals. 

Traffic signals tend to group vehicles into a “platoon” with more uniform headways 

than would otherwise occur.  

Generally, there are two types of signalized transportation system: arterial 

network and grid network. Arterial roads are designed to carry large volumes of traffic 

between the centre areas of cities, and have intersections with local streets. As shown 

in Figure 2.8, arterial network consists of one arterial road and several local streets 

which have intersection with the arterial. As shown in Figure 2.9, grid road network 

usually is composed of arterial roads that cross several parallel arterials at varying 

distances in the city centre. 
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Figure 2.8: Arterial network  

(Park et al. 1999) 

 
Figure 2.9: Grid network 
(Chang and Sun 2004) 

Control strategies of urban signalized networks have been proposed by many 

researchers. Park et al. (1999, 2000) proposed a Genetic Algorithm (GA) optimization 

program for oversaturated condition. It is found that GA-based program provides 

statistically better solutions compared with Transyt-7F 8.1 version. Lieberman et al. 
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(2000) proposed a real-time traffic control policy to control queue growth for 

oversaturated arterials. A mixed-integer linear program is formulated to yield optimal 

values of signal offsets and queue length for each approach. A non-linear 

programming formulation adjusts the arterial green phase durations each signal cycle 

so that the actual arterial queue lengths on each saturated approach will continually 

closely approximate the optimal queue lengths computed by the mix-integer 

programming formulation. Abu-Lebdeh and Benekohal (2000) presented the 

formulation and solution of a dynamic signal control and queue management 

algorithm for two-way oversaturated arterials. The algorithm is structured to find 

optimal control and queue management in at least one direction - the primary 

direction. The other direction is optimized only subject to fulfilling constraints on the 

primary direction. More recently, Abu-Lebdeh and Benekohal (2003) tested four 

traffic management plans which are customized to assign different priorities to arterial 

and cross street traffic to achieve particular system performance objectives. Girianna 

and Benekohal (2002, 2004) extended Abu-Lebdeh and Benekohal (2000) algorithm 

to coordinate oversaturated signals along an arterial that crosses multiple, parallel 

coordinated arterials. Chang and Sun (2004) proposed their algorithm based on the 

maximal progression possibility determines the optimal operating procedure by 

searching for progression routes and smoothing the transition between successive 

control cycles. The proposed model integrates two different operating procedures: 

oversaturated and undersaturated. Oversaturated intersections are employed by Chang 

and Lin’s bang-bang control model (2000), Transyt-7F is used to generate signal plan 

for undersaturated intersections. 

Lo (1999) and Lo et al. (2001) formulated the network signal optimization 

problem as mix-integer linear programming utilizing the Cell Transmission Model 

(CTM), a traffic flow model that incorporates the fundamental relationship between 

flow and density. Lo and Chow (2004) further extended previous study and developed 

a Dynamic Intersection Signal Control Optimization (DISCO) method which can 

provide more flexible control scheme especially in oversaturated condition. Li and 
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Prevedouros (2004) presented a hybrid optimization and rule-based oversaturated 

control algorithm for adaptive signal. 

Except the above theoretical models, the most popular representatives of 

coordination control strategies for both arterial networks and grid networks are 

outlined in the following sections, which include MAXBAND, TRANSYT-7F, 

SYNCHRO, SCOOT, and OPAC. 

2.5.1 MAXBAND 

Morgan and Little (1964) and Little (1966) were the first to suggest a 

mathematical formulation for maximum bandwidth. Little et al. (1981) published a 

program called MAXBAND, which is a bandwidth optimization program that 

calculates signal timing plans on arterials and triangular networks.  

 
Figure 2.10: Maximum bandwidth along an arterial  

(Little et.al 1981) 

MAXBAND considers a two-way arterial with n signals (intersections) and 

specifies the corresponding offsets so as to maximize the number of vehicles that can 

travel within a given speed range without stopping at any signal. In MAXBAND, 
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phase splits at each intersection are assigned according to Webster’s theory and all 

signals are constrained to share a common cycle length. Hence, the problem becomes 

arranging the known red intervals (the horizontal lines of each signal in Figure 2.10) 

of the arterial’s signals so as to maximize the inbound and outbound bandwidths  

(b and b ). Mixed-Integer Linear Programming (MILP) is used to obtain maximum 

bandwidth signal settings. 

It is necessary to mention that the maximum bandwidth method may conflict 

with the objective of minimize total network delay. Several researchers (Wallace and 

Courage 1982; Baass and Allard 1984; Lan et al. 1992) combined the two objectives 

and obtained the compromise solution.  

Gartner et al. (1991) improved MAXBAND by developing MULTIBAND. 

This method provides a capability to adapt the progression scheme to the specific 

traffic flow pattern on each link of the arterial. Based on the MAXBAND program, 

Chang et.al (1988) developed an algorithm which involved left-turn phase sequence 

optimization and extended MAXBAND application from single arterial network to 

grid networks.  

The major drawback of MAXBAND is that this strategy is only applicable to 

under-saturated traffic conditions. Another deficiency is that when the number of 

signals in a system increases, it becomes more difficult to obtain a good bandwidth 

solution.  

2.5.2 TRANSYT-7F 

TRANSYT-7F is a software package utilized for signal control optimization of 

split, cycle, and offset timing parameters for urban road networks. It was first 

developed at the Transport Research Laboratory (Robertson 1969) and many versions 

have evolved since its emergence, the present version is TRANSYT-7F 10.3 (Hale 

2006), which was developed at the University of Florida. 
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TRANSYT-7F is a macroscopic, deterministic simulation and optimization 

model. In under-saturated conditions, TRANSYT-7F program simulates the traffic 

conditions for the duration of one complete cycle length and these conditions are 

assumed to be representative of all other cycles.  

The TRANSYT-7F program searches for the optimum signal settings by using 

a two-stage procedure. In the first stage, the optimum cycle length is found through a 

search within a user-specified range of minimum and maximum cycle lengths. 

Subsequently, in the second stage, the cycle length that produced the lowest PI in the 

former search is investigated in further detail by a hill-climbing procedure to 

determine the optimum offsets and phase splits.  

In the latest release, 10.3 (Hale 2006), a multi-period optimization process was 

added to TRANSYT-7F. The purpose of multi-period optimization is to develop an 

effective signal-timing plan for handling over-saturated conditions and residual 

queues. TRANSYT-7F performs multi-period optimization using the Genetic 

Algorithm (GA).  The program can optimize the splits and offsets of one timing plan 

across all time periods. GA optimization is a theoretical improvement over the 

traditional hill-climbing optimization technique. It has the ability to avoid becoming 

trapped in a local optimum solution, and is mathematically best qualified to locate the 

global optimum solution. As mentioned earlier, other researchers also proposed their 

Genetic Algorithm (GA) for optimal signal timing and queue management of over-

saturated intersections (Park et al. 1999; Park et al. 2000; Abu-Lebdeh and Benekohal 

2000; Abu-Lebdeh and Benekohal 2003; Girianna and Benekohal 2002; Girianna and 

Benekohal 2004). 

In spite of the substantial differences among their GA models, the general form 

of this type algorithm is described as follow: 

 Objective function: Optimize Pre-specified Performance Index (PI) 

 Subject to:  

• Green time constraint 
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• Queue length constraint 

• Cycle length constraint 

The PI refers to the different control objectives in different models. 

TRANSYT-7F 10.3 version recommends that maximum throughput, minimal 

combination of stops and delay, and queue ratio control can be the appropriate 

objective functions for congested conditions. In these models, GA methods are 

performed to optimize cycle length, phasing sequence, and split simultaneously.  

It is worth to mote that the exhaustive search for a global optimum requires 

excessive program running times on the computer, and large amounts of computer 

memory. Computational efficiency is one of the major restrictions for the successful 

application of TANSYT-7F and other GA models in over-saturated conditions. 

2.5.3 SYNCHRO 

SYNCHRO is a macroscopic analysis and optimization program which 

implements the Intersection Capacity Utilization (ICU 2003) and Highway Capacity 

Manual 2000 (HCM 2000) for intersection capacity analysis and signal timing 

optimization. 

SYNCHRO minimizes a PI to improve network performance. The PI is a 

composite of delay, number of stops and the number of vehicles affected by the queue. 

In SYNCHRO, different optimizers work at different levels. At the intersection level, 

SYNCHRO optimizes green splits and cycle lengths at each intersection by 

considering it as an isolated intersection. The network, if required, then is fragmented 

into corridors, each knows as a zone. If such fragmentation is not desired, the network 

is treated as a whole. SYNCHRO then computes an optimal cycle length for each zone 

or the network. Next, offsets and phase sequence are optimized. In this step, 

SYNCHRO computes offsets to increase progression. Once all the optimization is 

done, the signal timing plans can be viewed in the “Timing Window.” 
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In the latest version of SYNCHRO 7 (Husch and Albeck 2006), green time is 

allocated based on each lane group’s traffic volume divided by its adjusted saturation 

flow rate, which is the flow ratio of the lane group. The split optimizer respects 

minimum split setting for each phase whenever possible. When optimizing splits, 

SYNCHRO first attempts to provide enough green time to serve the 90th percentile 

lane group flow. If there is no enough cycle time to meet this objective, SYNCHRO 

attempts to serve the 70th percentile traffic and then the 50th percentile traffic. Extra 

green time, if any, is given to the main street. In under-saturated conditions, this 

method tends to give lower degree of saturations (v/c ratios) to the lane groups with 

lower traffic demands. When traffic volume exceeds capacity, SYNCHRO attempts to 

balance v/c ratios for each phase, while still respecting all minimums. Therefore, 

SYNCHRO’s green time split optimization is the adjusted Webster method which 

favors the main street phases. Furthermore, because of its single period optimization 

method, SYNCHRO cannot model the accumulation of residual queues from one 

cycle to the next in over-saturated conditions. 

2.5.4 SCOOT 

SCOOT (Split, Cycle, and Offset Optimization Technique) is a fully traffic 

responsive model for coordinated traffic signals. It is essentially the TRANSYT-7F 

traffic model with an optimization algorithm provided for online application (Hunt 

et.al 1981; Bretherton et.al 1986; Bing and Carter 1995; Bretherton 1996).  

SCOOT can be used to implement coordination control on arterials and grid 

networks. Signals controlled by SCOOT are pre-specified in sub-area groupings with 

the constraint that all intersections in a sub-area must use a common cycle length.  

SCOOT maintains a cyclic timing plan for each signal in the network. SCOOT makes 

changes to its signal timing plans periodically. Optimization is divided into three types 

of adjustments: splits, offsets, and cycle length. A few seconds before the phase 

change, the SCOOT split optimizer calculates whether it is better to advance or retard 

the scheduled change by up to 4 sec, or to leave it unaltered. Then, once in a cycle, the 
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offset optimizer assesses whether the PI of the intersections can be reduced by altering 

the offset to 4 sec earlier or later. Favorable split and offset alterations are 

implemented immediately. Subject to minimum and maximum cycle length 

constraints, the cycle length optimizer increments or decrements the cycle length to 

maintain a maximum degree of saturation of 90% at the most saturated intersection.  

In over-saturated conditions, the congestion importance factor which 

represents different level of priorities is specified for each approach to influence split 

calculation. Congestion offset will be a fixed offset, specified by the traffic engineer. 

The cycle length optimizer in SCOOT is not affected by congestion, as congestion 

may be the result of either insufficient cycle time or excessive cycle time (Bretherton 

et.al 1998; Martin and Stevanovic 2007).  

Although SCOOT with the incremental optimization strategy does not cause 

major disruption during signal plan transition, it is not able to adjust the signal timing 

in response to the fluctuation of traffic flows. In addition, sub-areas are pre-defined, 

rather than dynamically combined or separated (Luk 1984). The sub-area boundaries 

are usually subject to worse performance, especially in over-saturated conditions. For 

a comparative field evaluation SCOOT’s performance deteriorates in case of over-

saturated traffic conditions. 

2.5.5 OPAC 

OPAC (Optimization Policies for Adaptive Control) was developed by 

Gartener (1983). It is a real-time demand responsive signal control strategy, with the 

character of Dynamic Programming (DP) optimization. 

OPAC uses a level of control at the local intersection for minimization of total 

intersection delay and the network level for synchronization. The type of control and 

levels of local and global influence are flexible (Gartner et.al 1991; Stamatiadis and 

Gartner 2000; Gartner et.al 2001).  
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OPAC bases the local signal timings on detected data from all directions for a 

head period (typically 15 seconds) and predicted data for a further tail period 

(typically 60 seconds).  Although OPAC operates acyclicly in local level, it uses 

virtual cycle to maintain network synchronization at network level.  The length of the 

virtual cycle is varied according to the needs of either the critical intersection or the 

majority of intersections. The virtual cycle is allowed to change by typically one 

second per cycle. Within this limitation, OPAC provides local coordination by 

considering flows in and out an intersection in selecting its offset and phase lengths. 

The over-saturation control process in OPAC attempts to maximize throughput 

by selecting the intersection with the maximum traffic demand. It is done by 

considering saturation flows and space available to store vehicles on each link. The 

congestion control involves determining the next phase given when there is no a 

critical link that is on the verge of or currently experiencing spillback.  

Similar to the GA method, OPAC also suffers from huge computational 

demanding.  Real-time implementation of OPAC strategy is still limited to single 

intersections due to the exponentially increased complexity of the network 

computation. 

2.6 Summary 

This chapter went over briefly the topics relevant to traffic signals and traffic 

signal control. There is a general agreement that for under-saturated signal control, 

since stochastic equilibrium is achieved, all existing models based upon Webster’s 

methods can provide the optimized signal timings. As traffic flow rate approaches or 

exceeds the capacity rate, at least for a finite period of time, the assumption of the 

steady-state models break down. Most of existing models are still limited to single 

intersections for over-saturated traffic flow conditions. None of the prevailing models 

effectively addresses the signal control problems for over-saturated networks. 
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Chapter 3  
SIGNAL CONTROL FOR SINGLE OVER-SATURATED INTERSECTIONS 

3.1 Introduction 

This chapter proposes a new algorithm for single intersection control under 

over-saturated traffic condition. Section 3.2 presents a comprehensive evaluation of 

prevailing single signal control algorithms. The result of the comparisons indicates 

that the general criterion for over-saturated signal control which was developed by 

Gazis is questionable. The deficiency may lead to an inherent inconsistency in some 

theoretical models. Section 3.3 provides a dynamic linear programming model for a 

single over-saturated intersection. The objective of the dynamic linear programming 

model is to maximize total intersection throughput with the maximum queue length 

constraint for each approach. Section 3.4 presents a brief summary.   

3.2 Evaluation of Theoretical Models 

As introduced in Chapter 2, many models are currently available for 

calculation of various signal operation parameters. However, very little research has 

been conducted to evaluate the performance from one model to the other. This section 

addresses this problem by comparing the delays estimated by a number of analytical 

delay models for a single signalized intersection, including Webster’s model, the semi-

graphical model, the control model based on Pontryagin’s optimization theory, the 

discrete minimal delay model, and store and forward model. 

The algorithms of these single signal control models are summarized in Table 

3.1 and described in detail in this section.  
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Table 3.1: Algorithms of Single Signal Control Models 

 Webster’s 
Model 

Semi-graphical 
Model 

Pontryagin’s Control 
Model 

Discrete Minimal 
Delay Model 

Store and Forward 
Model 

Model type Single cycle Continuous Continuous/Discrete Discrete Continuous 

Objective Minimal total 
delay 

Minimal total 
delay Minimal total delay Minimal total delay Minimal total delay 

Constraint None None Queue length None Queue length and 
maximum waiting time 

Optimization 
method 

Empirical 
Method 

Graphical 
Method 

Pontryagin’s Maximum 
Principle 

Linear Quadratic 
Method Linear Programming 

Queue dissipation 
pattern None Simultaneously Simultaneously Simultaneously Not simultaneously 
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In Webster’s model (or HCM model), green intervals are allocated in 

proportion to the flow ratios of their corresponding critical lane groups. It is 

questionable whether this policy can yield optimal solution in over-saturated 

conditions.  

Except Webster’s model, other theoretical over-saturated models (semi-

graphical model, Pontryagin’s control model, the discrete minimal delay model, and 

store and forward model) can be roughly classified into two groups by the patterns of 

queue dissipation. The first group is called the bang-bang control model and follows 

Gazis’ (1963) conclusion that during the oversaturated period, the queues in all 

approaches should be allowed to dissolve completely and simultaneously, thereby 

minimizing the total intersection delay. Semi-graphical model, Pontryagin’s control 

model and the discrete minimal delay model belong to this group. By applying 

different optimal control methods, the models in this group lead to the bang-bang 

signal control with a two-stage operation and the solutions of these three models are 

consistent. In the following evaluation, we use Pontryagin’s control model to represent 

this type of bang-bang control models. 

Store and forward model belongs to the second group. The control algorithm 

is: effective green time favors the approach with the greatest saturation flow rate 

(major approach). If the queue on that approach is dissolved, the signal is set to 

maintain on the saturation state and allocates the rest of green to the other approach.  

3.2.1 Case study 

A simplified case study, similar to that in Michalopoulos and Stephnopolos 

(1978), is presented to simulate and evaluate several well-known traffic signal control 

strategies including Webster’s model, Bang-bang control model, and store and 

forward model. Figure 3.1 illustrates an isolate intersection with two one-way 

approaches with a two-phase signal control. The cycle length is 150 seconds (C = 

150). Approach 1 has one lane and s1 = 1400 veh/h, g1max= 0.65 C (97.5 s), g1min= 0.4 

C (60 s); Approach 2 has one lane and s2 = 1000 veh/h, g2max= 0.6 C (90 s), g2min= 0.35 

C (52.5 s). Table 3.2 lists the five minute’s cumulative arrival volumes. 
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Figure 3.1: An isolated intersection with two one-way approaches 

 

Table 3.2: Five-minute Cumulative Volumes 

Approach 1 Approach  2 Time 
(sec) veh/lane flow ratio veh/lane flow ratio 

0 0 0.00 0 0.00 
300 121 1.04 86 1.03 
600 205 0.72 147 0.73 
900 268 0.54 192 0.54 

1200 318 0.43 227 0.42 
1500 359 0.35 257 0.36 
1800 396 0.32 283 0.31 
2100 430 0.29 307 0.29 
2400 462 0.27 330 0.28 
2700 492 0.26 352 0.26 
3000 523 0.27 373 0.25 
3300 552 0.25 394 0.25 
3600 582 0.26 415 0.25 
3900 611 0.25 436 0.25 
4200 640 0.25 457 0.25 
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          Table 3.3: Queue length and control strategies of theoretical models 

Webster's model Bang-bang control model Store and forward model System optimal solution 
Approach1 Approach2 Approach1 Approach2 Approach1 Approach2 Approach1 Approach2 Time 

(sec) 
Cycle 
No. g1 

(sec) Q1 g2 
(sec) Q2 g1 

(sec) Q1 g2 
(sec) Q2 g1 

(sec) Q1 g2 
(sec) Q2 g1 

(sec) Q1 g2 
(sec) Q2 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
150 1 75 31 75 22 97.5 23 52.5 28 97.5 23 52.5 28 150 2 0 43 
300 2 75 63 75 44 97.5 45 52.5 57 97.5 45 52.5 57 150 4 0 86 
450 3 75 76 75 54 97.5 49 52.5 73 97.5 49 52.5 73 119 0 31 108 
600 4 75 88 75 64 97.5 53 52.5 89 97.5 53 52.5 89 108 0 42 127 
750 5 75 91 75 65 97.5 47 52.5 97 97.5 47 52.5 97 81 0 69 130 
900 6 75 93 75 67 97.5 41 52.5 105 97.5 41 52.5 105 81 0 69 133 
1050 7 75 89 75 64 97.5 28 52.5 107 97.5 28 52.5 107 64 0 86 127 
1200 8 75 85 75 60 60 29 90 100 97.5 15 52.5 110 64 0 86 121 
1350 9 75 76 75 55 60 26 90 90 90.5 0 59.5 109 53 0 97 109 
1500 10 75 67 75 49 60 24 90 80 60 0 90 99 53 0 97 97 
1650 11 75 57 75 41 60 19 90 68 60 0 90 87 48 0 102 81 
1800 12 75 46 75 33 60 14 90 56 60 0 90 75 48 0 102 66 
1950 13 75 34 75 24 60 8 90 43 60 0 90 62 44 0 106 48 
2100 14 75 22 75 15 60 1 90 30 60 0 90 49 44 0 106 31 
2250 15 75 8 75 6 60 0 90 16 60 0 90 35 41 0 109 12 
2400 16     60 0 90 3 60 0 90 22     
2550 17         60 0 90 7     

138,111 99,000 60,819 155,919 43,900 180,889 975 196,955 Total delay 
(veh-sec) 237,113 216,738 224,789 197,930 
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3.2.2 Effect of minimal effective green time  

Table 3.3 shows that both the bang-bang control model and the store and 

forward mode give priority to the major approach. By comparing the results provided 

by the two models, it is shown that the total delay calculated by the bang-bang control 

model is smaller than that of the store and forward model (216,738 veh-sec < 224,789 

veh-sec).  

As mentioned earlier, in the store and forward model, when the queue on the 

approach with maximum saturation flow rate is dissolved, the signal needs to be 

maintained on the saturation state. However, if the arrival rate is smaller than the 

minimal service rate on that approach, there is effective green time loss. In this 

example, the queue on approach 1 is dissolved at 1200 s and queue on approach 2 is 

dissolved at 2550 s. There is effective green time loss on approach 1 during [1200s 

2550s]. The constraint of minimal green time is shown in Equation 3.1: 

 )0(    ) )(min(
1

1
1

minmin1 Tt
s
Ctv

s
Cug <<≤=    (3.1) 

It is easy to verify that in bang-bang control, the minimal effective green time 

for approach 1 must follow: 

)0( ) )(min(
1

1
1

minmin1 Tt
s
Ctv

s
Cug <<>=    (3.2) 

Where, T is the queue dissipation time for all approaches. 

Equation 3.1 and 3.2 indicate that the constraint of minimal effective green 

time has an impact on the performance of these two models, especially for the store 

and forward model because it is difficult to maintain the state of saturation flow. The 

effect of unpredictable fluctuation cannot be ignored when traffic is close to 

saturation, because it has a reasonable chance of creating residual queues from one 

cycle to the next.  
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3.2.3 System delay optimal solution 

As shown in Table 3.3, if the minimal effective green time is 0, the store and 

forward model provides the minimal total delay solution, a so-called system delay 

optimal solution. It is easy to notice that this solution may not be practical since the 

drivers on approach 2 are punished too much. But it provides an upper boundary 

solution and can be used as a reference to evaluate other solutions. 

3.2.4 Evaluation of queue dissipation pattern  

Gazis (1963) proposed the principle that queues should be dissolved 

simultaneously for minimum total delay. This queue dissipation rule is still the basic 

criterion for over-saturated signal control.  

As shown in Table 3.3, due to two approaches have the similar flow ratios, 

Webster’s model evenly allocates green time to two approaches and queues from both 

approaches are dissolved simultaneously. However, the total intersection delay 

calculated from Webster’s model is not minimal. Moreover, the system optimal 

solution gets the minimal total delay but it apparently violates Gazis’ queue 

dissipation rule.  

The assumption Gazis made for this rule is that: “throughput is the same in 

both directions so that the total throughput of the intersection remains constant.”  

Thus, the departure curves of the two approaches G1 and G2 will be: 

AtG =1         (3.3) 

 tAKG )(2 −=       (3.4) 

where,  

K = constant, 

 A = average service rate on approach 1. 

dtAttQD
T

∫ −=
1

0 11 ])([      (3.5) 
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dttAKtQD
T

∫ −−=
2

0 22 ])()([     (3.6) 

where,  

)(1 tQ = Queue length on approach 1, 

)(2 tQ = Queue length on approach 2, 

T1, T2 = the termination time for approach 1 and 2, respectively.  

)(1 tQ and )(2 tQ are defined as: 

111 )( ATTQ =       (3.7) 

222 )()( TAKTQ −=      (3.8) 

Then, the total delay reaches minimum when: 
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Therefore, 12 TT = , which indicates the queues will dissipate at the same time. 

The fundamental assumption for the above result is that: “total throughput 

remains constant.” 

Define total throughput in one cycle as P, then: 

)( 1211 LgCsgsP −−+=      (3.10) 

If total throughput remains constant, then: 

021
1

=−= ss
dg
dP       (3.11) 

Equation 3.11 shows that the assumption Gazis made is valid only 

when 21 ss = . In other words, dissolving queues simultaneously for minimized total 

delay is valid only when the saturation flow rates on two approaches are equal or 

close. Therefore, the strategy should be only considered for the cases where the 
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intersection approaches have same or similar saturation flow rates (e.g. intersections at 

two major streets). If the saturate flow rates of intersection approaches are 

significantly different with each other (e.g. where a major street intersects with a 

minor street), the strategy of bang-bang control cannot provide an optimal solution. 

For the previous example, we make the saturation flow rate on approach 2 remain 

constant (s2 = 1000 veh/h) and calculate the total delay by bang-bang control model 

and compare with the system delay optimal solution with different saturation flow 

rates on approach 1 (s1 =1000, 1200, 1400, 1600, 1800 veh/h). The result is shown in 

Table 3.4.  

Table 3.4: Total delays under different saturation flow rates conditions 

S1/S2 1 1.2 1.4 1.6 1.8 
System delay optimal(veh-sec) 470,538 291,038 197,930 143,734 109,983 

Bang-bang control model (veh-sec) 472,225 307,931 216,738 163,075 133,713 
 

The difference can also be visualized by inspecting Figure 3.2, which 

compares the bang-bang control with the system optimal solution by changing the 

saturation flow rates of the two intersection approaches. For instance, when 
2

1

S
S =1.8, 

compared to the system delay optimal solution, the bang-bang control model increases 

total delay by about 21.6%. 
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Figure 3.2: Total delay deviation under different saturation flow rates conditions 

Furthermore, when 21 ss ≠ , queue dissipates at different times. Under this 

condition, the steering functions in Pontryagin’s control model are inappropriate. They 

need to be converted into the form which is similar to Equation 2.41.  Obviously, such 

differences have led to the deviation of the results from the bang-bang control model 

to the system delay optimal solution.  

When 21 ss = , the judging criteria of Pontryagin’s control model and the 

discrete minimal delay model (Equation 2.32 and Equation 2.37) will show as follows: 

tonsKKK
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∂
∂

λλ   (Discrete minimal delay model) 

In both models, the control functions become time independent and stuck in a 

fixed point. Under this condition, the bang-bang control model lacks the ability to 

provide an optimal solution.  
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3.2.5 Comment 

Section 3.2 addressed the issues with respect to evaluation and comparison of 

traffic signal control algorithms for a single intersection using a simplified example. 

The results identified the weaknesses of the existing algorithms especially in dealing 

with over-saturated conditions.  

Store and forward model shows that it is a greedy method, which tends to give 

the highest priority to the approach with the maximum saturation flow rate. Although 

it can achieve less intersection delay, difficulty in maintaining traffic with saturated 

condition on the major approach and the punishment on the minor approach limit its 

practical value.     

Despite the inherent inconsistency of the bang-bang control model, the 

simultaneous queue dissipation philosophy is widely accepted for the control of 

oversaturated intersections, because it can lead to an acceptable solution with fair level 

of total intersection delay and relative queue length control. Although the total delay is 

not a mathematical minimum and the policy is valid only when the saturation flow 

rates of the intersection approaches are same or similar, a signal timing plan generated 

from this policy can compensate for the queue length and the maximum waiting time 

on the minor road.  

3.3 Dynamic Linear Programming Model 

Most of existing theoretical models lack the abilities to optimize the multi-

phase signal timings due to their theoretical complexities. A dynamic linear 

programming model is developed to design the practical schemes for a single over-

saturated intersection.  

3.3.1 Control objectives and constraints for single intersections 

Objective 
As introduced earlier, there are two control objectives generally used to 

evaluate the performance of single intersections. 



Texas Tech University, Shuaiyu Chen, December, 2007 

 49 

• Minimum total intersection delay, 

• Maximum throughput of the intersection, and 

Minimum total intersection delay or average vehicle delay is the most widely 

accepted and used criterion of Level of Service (LOS) for a single intersection signal 

control.   

If stochastic delay can be neglected in oversaturated conditions, maximum 

total throughput is compatible with total intersection delay since the arrival pattern is 

not controllable for a single isolated intersection. 

It is necessary to notice that above two control objectives are only considered 

for isolated single intersections.  The control objectives for over-saturated networks 

will be discussed in Chapter 5. 

Constraint 
Several constraints should be considered to make a signal plan practical: 

• Maximum individual delay 

• Minimum green time 

• Maximum queue length 

Maximum individual delay is an important criterion to evaluate service quality 

of any queuing system. Restriction of maximum individual delay also has a human 

factor consideration since some drivers will attempt to ignore the signal if they wait 

too long.  

In an actuated signal control system, the minimum green is the first timed 

portion of the green interval. The duration of the minimum green is based on the 

detection design. In general, the phase duration must be no shorter than some absolute 

minimum time, such as 5 to 10 seconds based on driver expectancy. In a pre-timed 

signal control, the duration of minimum green is generally selected based on 

pedestrian requirements.  
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When traffic demands over the capacity of the intersection, it is inevitable for 

the queue to build up. It is the state variable which represents the degree of over-

saturation an intersection approach. If there is no queue length constraint, queued 

vehicles may back up to neighboring intersections and spill-back from one intersection 

to the upstream intersection, where no traffic can discharge on a green signal. It is so-

called gridlock, and is not acceptable for any signal control scheme. Hence, in over-

saturated conditions, queue length constraint becomes a critical issue for successful 

signal control. 

There may be no feasible solution when a signal control scheme follows all the 

constraints. By nature, traffic signals have their limitation to relieve congestion. For 

heavily congested intersections, traffic volumes can be so high that even a perfectly 

optimized signal timing plan could not prevent the intersections from becoming 

oversaturated and queuing into adjacent intersection. Under such conditions, system 

wide queue management becomes a control objective. 

3.3.2 Objective function for dynamic linear programming model 

As introduced in Section 2.3, because the departure curve is hypothesized as a 

smooth time-dependent function, the objective of minimizing the total delay during 

the congested period can be expressed as: 

Minimize: ∑∫ −=
i

t ii dttDtAF ))()((      (3.12) 

Given an Origin-Destination (O-D) matrix, traffic demands and cumulative 

arrivals by time t are known variables. The objective then becomes to maximize the 

total vehicular departure:  

               Maximize: ∑∫ ∫∑∫ ==
i

t i
i

t i dtdudttDF
µ

µµ)()(                                (3.13) 

Under time-varying traffic conditions, any approach of the intersection might 

become saturated during some specific time periods due to temporal as well as spatial 

variation in traffic demand. In this model, the “critical” approaches that influence the 

objective are searched by the model automatically.  Unlike traditional approaches for 
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calculating phase duration which attempt to optimize flow on the basis of 15-minute 

flow rates, the model optimizes the outflows from the subject intersection during the 

entire period of congestion on a real-time basis.  

The control factors in the objective function are continuous departure flows 

rather than signal timing parameters. The flow rates, at which the hypothesized 

vehicular departures discharge from the intersection, are subject to traffic demand, 

saturation flow, and the splits of green time. The relationship among these parameters 

are investigated and integrated into the computation process.  

3.3.3 Constraints for dynamic linear programming model 

Approach flows and lane group movements 
Allocation of green time among various signal phases is calculated on the basis 

of grouped movements or lane groups. In order to establish a relationship between the 

smoothened departure flows and the signal timing parameters, it is necessary to 

correlate the approach flows with lane group movements (defined in Figure 2.2).  

If we define the arrival and departure flow rate of the lane group m of phase p 

at time t as )(tv p
m and )(tu p

m , respectively, the number of cumulative arrivals and 

departures by time t are denoted by )(tA p
m  and )(tD p

m  accordingly. Figure 3.3 

illustrates an example with respect to the relationship between the approach flows and 

the lane group movements. 

Lane group Approach flow
)(tvi

)(tui

)(tv j
)(tu j

)(tv p
m )(tu p

m

 
                   Figure 3.3:  Approach flow and lane group movements 
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                   Figure 3.4:  Approach flows at an isolated intersection 

Figure 3.4 illustrates the approach flows at an isolated intersection. The 

relationship between approach flows and lane group movements can be constructed by 

defining an associated set M according to the given phase pattern: 

∑∑
∈∈

=
Mi

i
Mm

p
m tvtv )()(                                            (3.14) 

∑∑
∈∈

=
Mi

i
Mm

p
m tutu )()(                                            (3.15) 

For example, for the approach flows and lane group flows illustrated in Figure 

3.3, the set M can be defined as: 

                  )(tv p
m , )(' tv p

m , )(tu p
m , )(' tu p

m ,vi (t), vi' (t), ui(t), ui’ (t) ∈ M   

The purposes of establishing such a relationship are two folds: 1) to eliminate 

signal timing parameters from the linear program; 2) to find the upper boundary of the 

flow rates of the hypothesized departure curves (the lower boundary is zero).  This is 

described in the following section.  
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Constraint of the capacity of lane groups 
During the period of over-saturation, traffic from different approaches to the 

intersection competes for green lights. Timely and efficient allocation of green time 

becomes essential to relieve congestion. The green split (the percentage of the 

effective green time allocated to each of the various phases in a signal cycle) is the 

factor reflecting the allocation of green time. The green ratio η is the ratio of total 

effective green to the signal cycle which is determined by the cycle length C and total 

lost time L:  

C
L

−= 1η                                                            (3.16) 

The summation of the green splits of all signal phases equals to the green ratio:              

η=∑
p

pg                                                            (3.17) 

Where, gp is the green split of phase p. 

The grouped movements are served by individual lanes or lane groups with 

certain maximum discharging rates, i.e. saturation flow rates. For each lane group of 

various signal phases, the hypothesized departure flow rate )(tu p
m  is subject to:  

)(tu p
m ≤ )(tgs p

p
m   for every (p,m)           (3.18) 

where p
ms  is the saturation flow rate of the accommodating the lane group m of 

phase p. This relationship is constructed based on the understanding that the 

continuous departure flow averaged over time must be a percentage of the saturation 

flow at any specific time and their value is governed by the percentage of green time 

allocated to the specific signal phase.  

If we define su /  as the “departure flow ratio” to differentiate from the “flow 

ratio”, which is the actual or design flow rate for the critical movement divided by the 

saturation flow rate for that movement, the sum of the departure flow ratios from the 

critical approaches of the entire intersection yields: 
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Because the relationship between the approach flows and the lane groups were 

established, the maximum departure flow ratio can be presented in the form of 

directional flows to keep consistent with the objective function:  
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As can be seen from the above expression, signal timing parameters are totally 

eliminated from the formula. Not only does it constitute an important constraint of the 

dynamic LP, but the departure flow ratio constraint also functions as an automatic 

“search engine” to identify the critical approaches in real-time in conjunction with the 

objective function during the formulation. The property of the constraint will be 

depicted in detail through the description of the numerical example. 

Constraint of the maximum approach departure flow 
Because queues do not dissipate and may exist for successive cycles in 

oversaturated conditions, describing the dynamics of queue formation and dissipation 

is essential in this model. If we denote )(tQi the number of queued vehicles 

accumulated on the approach i by time t, the state equation on )(tQi , in the form of the 

normal arrival and the hypothesized departure, yields: 

0)()()()( ≥−+=+ dttudttvtQdttQ iiii                (3.21) 

where, 

   )()()( tDtAtQ iii −=                                                 (3.22) 

Thus, the maximum approach departure flow rate is subject to: 

  )(/)()( tvdttQtu iii +≤      (3.23) 
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Because the departure flow can not be negative, the constraint of non-

negativity applies: 

0)( ≥tui                                                            (3.24)         

Constraint of the maximum queue length 
In order to avoid vehicle in queue spillback from one intersection to the 

upstream intersection, queues must be restricted to at least the number of vehicles 

which can be accommodated on their approach.   

       max)( ii QtQ ≤                                                 (3.25) 

3.3.4 Summarization of the dynamic LP 

In summary, the dynamic linear program reads: 

Maximize: ∑∫ ∫∑∫ ==
i

t i
i

t i dtdudttDF
µ

µµ)()(        

   S.t. η≤
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∑∑
∈∈

=
Mi

i
Mm

p
m tvtv )()(  

∑∑
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=
Mi

i
Mm

p
m tutu )()(  

)(/)()( tvdttQtu iii +≤  

max)( ii QtQ ≤  

0)( ≥tui  

The control factors of the LP are the approach departure flows from the entire 

intersection, which are combined to lane grouped movements by a predefined set M. 

By investigation of the relationship between the smoothed departure flow rates and 

some common signal timing parameters especially the split of green and the green 

ratio, a regulation to the maximum “departure flow ratio” is established. Since the 
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allocation of green time is determined by the critical approaches, the constraint on the 

“departure flow ratio” also serves as a real-time “search engine” to look for the crucial 

approaches that influence on the number of total vehicular outputs from the 

intersection. Another important constraint is established through the queue state 

equation to define the maximum possible departure rates.  

Signal timing parameters are totally eliminated from the LP and the objective 

of the formulation is to maximize total vehicular output from the intersection subject 

to prevailing capacity and control constraints. The optimized flow rates can then be 

converted to signal timing parameters according to the relationship between the split 

of green and departure flow as defined in Equation 3.18.         

3.3.5 Solution algorithm 

Given a discrete time interval, the dynamic linear optimization program can be 

decomposed with respect to discrete time so that the optimization procedure can be 

carried out from the beginning of saturation or any given initial conditions. As 

illustrated by Figure 3.5, the arrival rate vi (t) and the departure rate ui(t) are assumed 

to stay constant during the time interval [t, t+∆t) for approach i. Within each time 

interval, the linear program searches for the critical approaches of each signal phase 

and optimizes the departure rates of all approach flows from the intersection. Since 

traffic demands are assumed to be given, once the departure flow rate was calculated, 

the departure curve can be obtained by time t and thus )(tQi .  
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Figure 3.5:  Decomposition with discrete time 

The calculation algorithm is summarized step-by-step as follows: 

Step 1: Initialize variables, including present time, flow rates, queue, and 

cumulative numbers: 

      t           := 0 

     )(tvi    := a constant value obtained from the given OD demand  i∀  

     )(tui    := 0                                              i∀  

     )(tAi    := 0                                             i∀  

     )(tDi    := 0                                             i∀  

     )(tQi    := 0                                             i∀  

Step 2: Calculate optimal )(tui  by the linear program; 

Step 3: Group directional flows into lane group movements; 

Step 4: Convert the critical )(tu p
m to )(tg p  by the relationship between µ  

and split of green: p
m

p
mpm

p s
tuMax

tg
)(

)( ∈= ; 

Step 5: Check with minpg (minimum green of p), if min)( pp gtg < , fix )(tu p
m ;   
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Step 6: Check with )(tQi  (maximum queues of i), if max)( ii QtQ ≥ , fix )(tQi , 

and go back to Step 2, recalculate the optimal )(tui . 

Step 7: Check time horizon, t= t+∆t, go to step 2 or exit from calculation. 

3.4 Case Studies 

Two case studies are described to identify the validities and abilities of the 

proposed dynamic LP model for isolated single over-saturated intersections.  

3.4.1 Case study 1 

The simplified case study in Section 3.2 is first applied to evaluate the dynamic 

LP model. The minimal green time constraints are: g1min= g2min= 30 (sec). And the 

maximum number of vehicle waiting in queue for approach 2 is 100. Table 3.5 shows 

the result of dynamic linear programming model. It is shown that the total delay 

calculated by the dynamic linear programming control model is 209,683 veh-s. As 

shown in Figure 3.6, the dynamic LP model can achieve the less total intersection 

delay than the bang-bang control model and the store and forward model.   

Figure 3.7 illustrates the queue formation and dissipation process on the 

approaches 1 and 2. It shows that during [600s 1350s] queues on approach 2 reached 

its constraint. 

In essential, dynamic LP model shares the same control philosophy as store 

and forward model. Dynamic LP model can obtain the practical solution by setting 

proper queue constraint for each approach, especially for the minor road.  
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Table 3.5: Queue length and control strategies of several models 

Dynamic linear programming model 
Approach1 Approach2 Time (sec) Cycle No. 
g1 

(sec) Q1 g2 
(sec) Q2 

0 0 0 0 0 0 
150 1 120 14 30 35 
300 2 120 28 30 69 
450 3 120 23 30 92 
600 4 72 37 78 100* 
750 5 66 43 84 100* 
900 6 69 48 81 100* 

1050 7 88 38 62 100* 
1200 8 88 29 62 100* 
1350 9 96 12 54 100* 
1500 10 80 2 70 96 
1650 11 52 0 98 81 
1800 12 50 0 100 67 
1950 13 45 0 105 49 
2100 14 42 0 108 31 
2250 15 42 0 108 13 

40,829 168,854 
Total delay (veh-sec) 

209,683 
 

* reaches the maximum queue constraint 
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Figure 3.6: Total vehicle delay for different models  
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Figure 3.7: Queues on approaches1 and 2  
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3.4.2 Case study 2 

Automatic search of the optimal phase pattern and the critical lane groups in 

real-time is the major advantage of the dynamic LP model. The purpose of this case 

study is to demonstrate the capability of the dynamic LP model to achieve the optimal 

solution of multiple overlapped phases.   

A signalized intersection with a fixed cycle length and three phases is shown in 

Figure 3.8, the major road is a two-lane road with an exclusive left turning bay near 

the intersection, the cross road is a one-lane road.  

Intersection  
Figure 3.8: An isolated intersection layout  
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Figure 3.9: Three phase with overlap illustration  

Figure 3.9 illustrates the phase pattern of this intersection. The through, right 

turn, and left turn moving vehicles on eastbound are accommodated in phase one; an 

overlap phase occurs when one green signal indication is illuminated by more than one 

phase output from a controller. phase A is an overlap phase serving the through and 

right turning vehicles on the major road; phase two serves the through, right turn, and 
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left turn moving vehicles on the westbound; and phase three accommodates vehicles 

on the minor road. The saturation flow rates of each lane group are shown in the same 

figure. 

The approach arrival rates during the first cycle are given by the Figure 3.10. 

Table 3.6 lists the cycle by cycle based approach arrival flows. 
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Figure 3.10: Approach arrival flows during the first cycle (veh/h)  

 
Table 3.6: Approach arrival flows during the analysis period 

Approach arrival flows (veh/h) 
Cycle No. 

v1(n) v2(n) v3(n) v4(n) v5(n) v6(n) v7(n) v8(n) v9(n) v10(n) v11(n) v12(n) 
1 100 1800 100 50 400 400 20 400 200 100 100 30 
2 110 1980 110 55 440 440 22 440 220 110 110 33 
3 120 2160 120 60 480 480 24 480 240 120 120 36 
4 90 1620 90 45 360 360 18 360 180 90 90 27 
5 70 1260 70 35 280 280 14 280 140 70 70 21 
6 50 900 50 25 200 200 10 200 100 50 50 15 
7 30 540 30 25 180 120 10 120 60 30 30 15 
8 20 360 20 25 180 80 10 80 40 20 20 15 
9 20 360 20 25 180 80 10 80 40 20 20 15 
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The known variables are listed as follows: 

• Cycle length: 120 sec 

• Minimal green time constraints for each phase. 

g1min= 10 sec 

g2min= 10 sec 

g3min= 5 sec 

g4min= 5 sec 

• Queue length constraint for each approach: 40 vehicles 

• Loss time: 9 sec 

• CL /1−=η : 0.925 

Based on the given phase pattern, the overlapped departure flows are divided 

into two parts. 

)()()(
)()()(

6
3
66

2
1
22

nununu
nununu

A

A

+=

+=
 

where, 

)(1
2 nu  is the departure flows on approach 2 at phase 1 during cycle n, 

)(2 nu A  is the departure flows on approach 2 at overlap phase A during cycle n, 

)(3
6 nu  is the departure flows on approach 6 at phase 3 during cycle n, and 

)(6 nu A is the departure flows on approach 6 at overlap phase A during cycle n, 

Thus, the constraint of the maximum departure ratio in terms of approach 

flows: 
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The maximum departure ratio is governed by the movement of the “critical” 

lane groups. This constraint doesn’t only confine the maximum departure ratio but 

also serves as a “search engine” for the best combination of traffic streams that 

influences the departure values. The left side of the formula is in fact an abbreviation 

of every possible combination of lane group movements under the prevailing phase 

pattern.  

The generalized linear program for each step n is shown below: 

Maximize:  ∑=
i

i nuF )(                          [ ]12,1∈i  

Subject to: 

The capacities of the critical lane group movements 
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The constraint of maximum departure rate 

                        )(/)()( nvcnQnu iii +≤          [ ]12,1∈i        

The constraints of overlap movement 
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Maximum queue length constraints 

40)( ≤nQi  
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None-negativity constraint 

0)( ≥tui              [ ]12,1∈i  
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The time-dependent part in the coefficient matrix indicates the dynamic 

calculation according to the real-time flow rate. The numerical results from the LP 

model are the optimal departure rates of each approach. The optimal timing strategy 

could be determined by converting the departure rates to green time allocations.  

The most prevailing signal control program TRANSYT-7F is applied to 

evaluate the validity and abilities of the dynamic LP model. The maximum total 

throughput is used as the control objective of the TRANSYT-7F model. Table 3.7 

shows the results from both models. 

Table 3.7: Optimal signal settings and queue lengths of two models 

Dynamic LP Model TRANSYT-7F Model Time 
(s) 

Cycle 
No. g1 

(sec) 
gA 

(sec) 
g2 

(sec) 
g3 

(sec) 
Total 

Q 
g1 

(sec) 
gA 

(sec) 
g2 

(sec) 
g3 

(sec) 
Total 

Q 
0 0 0 0 0 0 0 0 0 0 0 0 

120 1 40 26 7 38 7 34 11 18 57 16 
240 2 45 28 7 31 19 34 11 18 57 40 
360 3 48 32 8 23 36 34 11 18 57 73 
480 4 36 24 6 45 39 34 11 18 57 80 
600 5 29 17 5 60 33 34 11 18 57 70 
720 6 20 13 5 73 18 34 11 18 57 48 
840 7 33 22 6 50 0 34 11 18 57 16 
960 8 49 8 5 49 0 34 11 18 57 0 
1080 9 49 8 5 49 0 34 11 18 57 0 

 

The result shows that under prevailing flow and saturation flow condition, 

Dynamic LP model first assigns the priority to the phase one and the overlapped 
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phase; after serving the major road, the priority switches to the minor road (the phase 

three). TRANSYT-7F allocated more green time to the phase three in order to reduce 

queue length on minor road. 

Figure 3.11 illustrate the comparison of total queue length over the whole 

control period. The result of the dynamic LP model is better than that of the 

TRANSYT-7F for single oversaturated intersection control. In dynamic LP model, 

total intersection queues dissolved after 6 cycles, which is one cycle earlier than did 

TRANSYT-7F. Moreover, the maximum queue length in TRANSYT-7F is 80 

vehicles in cycle 4, which is nearly double of that in dynamic LP model. Figure 3.12 

illustrates that the dynamic LP model discharged more vehicles during the whole 

control period. Therefore, it is approved that the dynamic LP model outperforms the 

TRANSYT-7F model. 
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Figure 3.11: Total intersection queue lengths  
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Figure 3.12: Total intersection arrival and departure cumulative curve  

3.5 Summary 

This chapter presented the development of an innovative methodology and 

control algorithm that optimizes signal timing parameters for an oversaturated 

intersection. It analyzed an oversaturated signalized intersection as a common 

highway bottleneck where both of the cumulative arrival and departure curves were 

approximated by smooth functions of time. The advantage of working with smooth 

function was the use of calculus functions in the dynamic Linear Programming which 

was developed to optimize total vehicular outputs from the subject intersection during 

the entire period of congestion. Traffic flows were presented by both approach flows 

and grouped movements or streams in the dynamic LP. The relationship between the 

smoothed departure flows and some common signal timing parameters, especially the 

green split and the green ratio was investigated. The optimized departure flows (effect) 

were converted back to signal control parameters (cause) in the form of optimal green 

allocation strategy during over-saturation.  
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Chapter 4  
GRIDLOCK DETECTOR  

4.1 Introduction 

For over-saturated networks, the traditional control algorithms, which focus on 

delay minimization, are ineffective and not applicable (Roess et.al 1998). The 

formation of queues and the spill-back phenomenon are usually inevitable during 

over-saturation. Removal of queues and avoiding queue blockage must be the prime 

objectives. This chapter describes and examines the concept of “gridlock detector” 

which was designed to avoid and prevent the intersection from getting blocked by 

residual queues from downstream intersections.  

Section 4.2 provides a compendium of existing vehicle detection systems. 

Section 4.3 presents the concept of gridlock detectors. Test results on a calibrated 

microscopic traffic simulator (PARAMICS) illustrate the gridlock detector placement 

strategy. Section 4.4 summarizes the contents of this chapter. 

4.2  Existing Vehicle Detection Systems 

The Traffic Detector Handbook (2006) defines a vehicle detector as “a device 

for indicating the presence or passage of vehicles or pedestrians”. The detection 

systems provide traffic flow data for traffic actuated signal control, traffic-responsive 

signal control, freeway surveillance and traffic management, and data collection 

systems. Without accurate and reliable detectors that generate real-time data, system 

operators cannot make the best decisions.  

The general traffic detectors include inductive-loop detectors, magnetometers, 

video image processors, microwave radar sensors, laser radar sensors, ultrasonic 

sensors, etc. These devices are either installed in, below, or above the roadway. In 

traffic signal control systems, the inductive-loop detectors are the most common 

detectors since its introduction in the early 1960s. The requirements of vehicle 

detection systems are dependent on the type of control systems implemented in the 
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field. The detector design considerations for actuated signal control, adaptive signal 

control, and queue detector system are discussed below. 

4.2.1 Actuated signal control 

Actuated control utilizes detectors to provide data to a local traffic signal 

controller. Actuated signal control can be semi-actuated or fully-actuated. In semi-

actuated control, vehicle detectors are required only on the minor road. The priority of 

operation is to minimize the interruption of traffic on the major road while still 

providing adequate service to the minor street. The major road operates in a non-

actuated mode such that green is always present unless a minor road actuation is 

received.  

 
Figure 4.1: Layout of detectors for fully-actuated intersection control. The numbers 

represent a four-phase signal sequence consisting of traffic movements 1 and 5, 2 and 
6, 4 and 8, and 3 and 7 

(Traffic Detector Handbook 2006) 

Fully-actuated controllers are used where both streets at an intersection have 

relatively equal volumes. It is the most widely applied control strategy for isolated 
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single intersections. Vehicle detectors are required on all legs of the intersection. 

These detectors generate input calls for initial minimum green time as well as vehicle 

interval extensions. Figure 4.1 shows a typical detectors layout for fully-actuated 

intersection control with advance detectors only on major road (arterial). Detectors are 

located at stop lines (stop line detector), upstream of the stop line (advance detector), 

and left turn lanes (left turn detector) (Traffic Detector Handbook 2006).   

4.2.2 Adaptive signal control 

In the recent years, some adaptive signal control systems have been developed 

by the researchers.  Adaptive systems generally require a greater number of detectors 

than actuated signal control systems. The system takes input from the detectors, 

predicts the future traffic volumes at various levels of resolution, and gives optimized 

signal timing plans as outputs. Efficient placement of vehicle detectors can greatly 

improve the efficiency of the system by increasing traffic flows and decreasing 

individual and total vehicle delays  

The detector layout of a SCOOT control system has been shown below in 

Figure 4.2 (Martin and Stevanovic 2007). 

DetectorDetector  
          Figure 4.2: The detector layout of a SCOOT control system  

(Martin and Stevanovic 2007) 
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Instead of locating the detectors at the downstream or at the end of the link, as 

in the case of actuated signal control systems, detectors are placed at the upstream of 

the link in adaptive systems. This placement is for the system to predict the future 

arrivals at the intersections in a coordinated network system.  

4.2.3 Queue detector system 

The queue detector is a sophisticated, yet easy to use, warning device that was 

designed primarily for the toll booths where traffic flow may change unexpectedly. 

The purpose of queue detectors is to give motorists an advanced warning that traffic 

ahead has slowed, or come to a complete stop, so that they may take alternate exits, or 

at least be better prepared to stop (Traffic Detector Handbook 2006).  

The queue detector is also widely implemented ramp metering systems to 

improve the efficiency of freeway operation efficiency (Gordon 1996). A typical 

configuration of detectors and signals on an on-ramp is shown in Figure 4.3.  

 

Figure 4.3: A typical configuration of queue detectors and signals on an on-ramp 

To prevent the on-ramp queue from spilling over into surface streets and 

interfering with the street traffic, the queue length must be regulated. Generally, the 

ramp metering controller increases the metering rate, whenever the end of the queue 

reaches the queue detector, until the metering rate saturates to the maximum value. 

After the queue dissipates and drops below the queue detector location, the metering 

rate is reset to the value determined by the freeway traffic responsive metering 

controller (Gomes 2004; Sun et.al 2005).  

Queue detector 

Signal 

Freeway 

Ramp 
Entrance 
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The location of queue detector can be modified in order to improve the control 

performance. A study shows that when the queue detector is located at 75% of the 

physical ramp length of the on-ramp, the performance of queue control is better than 

the cases when the queue detector is located at 100% and 62.5% length of the on-ramp 

(Hasan 1999). 

4.3 Gridlock Detector System 

4.3.1 Gridlock phenomenon 

If the critical degree of saturation of one intersection in the system approaches 

the over-saturation limit, then the whole system will be affected due to the spillback 

from the over-saturated intersection. This phenomenon is commonly referred to as 

gridlock or “De facto red”. Figure 4.4 illustrates the gridlock on an arterial. Once 

gridlock occurs, the vehicles on the arterial are blocked and the coordination along the 

arterial breaks down. Meanwhile, the vehicles on the side street also cannot be 

discharged. Thus, the whole capacity of the upstream intersections drops down 

significantly. Moreover, at the upstream intersection, the queues begin to build up on 

both arterial and side streets. Gridlock tends to transmit the over-saturated sate to 

neighbor intersections and cause severe congestion all over the road networks. 

Upstream intersection Downstream intersection

Blocked Vehicle

Grid-lock

Blocked Vehicle

Blocked Vehicle

 
 

Figure 4.4: Gridlock on an arterial. 
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There are two problems that might cause the gridlock at an intersection. The 

first is that the intersections along an arterial are so closely spaced that even normal 

traffic demand will generate queues that may build up to the end of the link during the 

red phase. This is a geometric problem, and not easily corrected by signal timing. It 

can, however, be alleviated by running the intersections as a pair, and allowing the 

traffic to proceed as if it were a single intersection. 

The second problem is concerned with the signal timing parameters for the 

intersections and the arterial coordination. Signal timing plans could be a major factor 

in the spillback phenomenon. If the green time doesn’t allow for enough traffic to 

proceed through the intersection during the green phase, or the offset between the 

intersections is not set properly, the queue will continue to grow beyond the link 

storage capacity. The overall efficiency of the intersection operation could be 

improved by reallocating the green times between different approaches and utilizing 

the “wasted effective green time” that some approaches might have.  

Gridlock phenomenon is not fully addressed in HCM 2000 as well as existing 

signal control algorithms. In this chapter, gridlock due to improper signal timings is 

addressed and evaluated, by detailed investigation of vehicle discharge rates and the 

effective green time loss. Figure 4.5 depicts one of the gridlock phenomena on an 

approach. 
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Figure 4.5: Vehicle discharge during a signal phase with and without gridlock  

4.3.2 Gridlock detector concept 

As introduced in Section 4.2, the vehicle detection system is a major 

requirement for efficient signal operation. However, there is no such detection system 

that was designed to detect gridlock phenomenon.  

A so-called “gridlock detector” is therefore designed to communicate with the 

traffic controller to prevent queue from the downstream link blocking the upstream 

intersection.  
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The gridlock detector is similar in function to a queue detector. The presence 

of a queue at gridlock detector is usually determined by measuring detector occupancy 

(the fraction of the time that a vehicle is in the sensitive zone of the detector). When 

the pre-specified occupancy level is reached, the gridlock detector is actuated. 

Whenever a gridlock detector is actuated by the downstream back-up queue, the 

detector will send a warning message to the signal control system. Accordingly, the 

signal control system will adjust the signal parameters of related intersections 

systematically to avoid or relieve queue spill-back.  

4.3.3 Gridlock detector location 

Determining the appropriate location of the gridlock detector is the main 

concern of this chapter. Average vehicle discharge rate ( va ) and remaining space of 

the receiving link (R) are defined to evaluate the placement strategy of the gridlock 

detector. 

Average vehicle discharge rate ( va ) 

The average discharge rate ( va ) is applied to access the gridlock phenomenon. 

Figure 4.6 shows the vehicle discharge process in one cycle. The shadowed area 

represents the total number of vehicles discharged during the green and yellow 

interval. The maximum vehicle discharge rate ( vq ) is the saturation flow rate (s).  

When vq  drops to 0 during the green interval, it means there is no vehicle discharged 

from the intersection. In over-saturated conditions, it represents the gridlock 

phenomena.  



Texas Tech University, Shuaiyu Chen, December, 2007 

 76 

R
at

e 
of

 d
is

ch
ar

ge
 q

v
(ve

h/
h)

Red

Cycle length

Time (sec)
Green Yellow

saturation flow rate s

average discharge rate av

R
at

e 
of

 d
is

ch
ar

ge
 q

v
(ve

h/
h)

Red

Cycle length

Time (sec)
Green Yellow

saturation flow rate s

average discharge rate av

 
Figure 4.6: Vehicle discharge process on an approach 
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where, 

va = average vehicle discharge rate (veh/h), 

vq = vehicle discharge rate (veh/h), sqv ≤≤0 , 

 g = green time (sec), 

 y = yellow time (sec), and 

N = number of vehicle discharged in current cycle.  

As shown in Equation 4.1, the level of average vehicle discharge rate ( va ) 

represents the gridlock phenomenon. If there is no gridlock, va  will be close to 

saturation flow rate (s); when gridlock occurs, va  will drop down as result of the 

gridlock. In this research, the standard saturation flow rate is 1900 veh/h. The 

threshold value of average discharge rate for identifying the occurrence of gridlock 

phenomenon is 1600 veh/h. It means gridlock occurs when average discharge rate is 

lower than 1600 veh/h. 
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Remaining space of the receiving link (R) 
Remaining space of the receiving link (R) is used to evaluate the effect of 

back-up queue. Figure 4.7 illustrates the concept of remaining space. The evaluation is 

focused on the receiving link which is the connection between the upstream 

intersection and the downstream intersection.  

Upstream intersection Downstream intersection

Q=Queue lengthR=Remaining space

L=Total receiving link length
Upstream intersection Downstream intersection

Q=Queue lengthR=Remaining space

L=Total receiving link length

 
Figure 4.7: Remaining space of receiving link 

 
QLR −=          (4.2) 

where, 

R = Remaining space of the receiving link (ft), 

L = Total receiving link length (ft), and 

Q = Queue length (ft). 

In Equation 4.2, the remaining space of the receiving link (R) depends on the 

queue length of a specific link. Queue length (Q) is the number of vehicles stopped or 

slowly moving in the link, where the movement of each vehicle is constrained by that 

of the leading vehicle. The length of queue (Q) and remaining space (R) change over 

time due to the queue formation and dissipation process during the congested period of 

time.  

The critical remaining space is calculated by estimating the queue length on 

receiving link at the beginning of green phase at upstream intersection. When the 

signal of upstream intersection changes to green for the receiving link, the critical 

remaining space is estimated and recorded instantaneously.     
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Simulation models 
To determine the placement strategy of the gridlock detector, field testing is an 

ideal method. However, field testing can be expensive, difficult, and time consuming. 

It is impossible to change some controlled factors (link length) in real time. For these 

reasons, microscopic traffic simulation has become a valuable tool used as an 

alternative to field evaluation. Microscopic simulation has been widely used in 

transportation studies. It mimics movements of individual vehicles and is 

advantageous in assessing operational strategies without the risk of disrupting actual 

traffic flows. The simulator used in this study is PARAMICS, a mainstream 

simulation model developed by Quadstone Inc (Quadstone 2006). The detailed 

information about PARAMICS is introduced in Chapter 6. 

Q=Queue lengthR=Remaining space

L=Total receiving link length

1 2
Q=Queue lengthR=Remaining space

L=Total receiving link length

1 2

 
Figure 4.8: The screenshot of simulation model  

A simple simulation model was developed to facilitate the placement strategy 

evaluation. The screenshot of the simulation model is shown in Figure 4.8, where 

traffic travels from upstream intersection (intersection 1) to downstream intersection 

(intersection 2). We assume the queue length is evenly distributed among the all lanes. 

All approaches of intersections have one lane. The duration of each simulation run is 1 

hour simulation time. The first 5 minutes is used as a warm-up period to allow traffic 
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released into network reach the target level. Then, in every signal cycle of intersection 

1, the number of vehicle discharged is recorded and the average discharge rate is 

calculated based on Equation 4.1. The remaining space of the receiving link is 

measured and calculated at the beginning green interval of the approach at intersection 

1. 

The occurrence of gridlock depends on a number of factors including the 

length of green times at the two intersections, the offset, traffic flow, the speed limit, 

and the length of the link connecting the two intersections. The simulation models 

must account for these factors in order to locate the most appropriate location of the 

gridlock detector.  

All levels of the factors are summarized as follow:  

• Traffic volume: 1200 and 1000 veh/h, 

• Road speed Limit:  30, 40, 50 mph, 

• Link length: 1000, 1500, 2000, 2500 ft, 

• Upstream green time: 30, 50, 70, 90 sec, 

• Downstream green time: 30, 50, 70, 90 sec, 

By analyzing different combinations of signal green times at upstream and 

downstream intersections, the offset between the two intersections can be: 0, 10, 20, 

30, 40, 50, and 60 seconds.  

In this research, all possible combinations of the related factors are evaluated. 

The total number of simulation runs is 384 (2×3×4×4×4).  

Results and discussion 
The threshold value of average discharge rate for identifying the occurrence of 

gridlock phenomenon is 1600 veh/h. It means gridlock occurs when average discharge 

rate is lower than 1600 veh/h. Figure 4.9 shows a scatter plot of remaining space of the 

receiving link versus average discharge rate. Due to the number of factors involved, 

the data points in Figure 4.9 are quite dispersed. Therefore, the usual regression or 
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curve fitting methods, which are biased toward the outliners, are not suitable.  

However, we do find some trends and valuable results. A few points need to be noted: 
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Figure 4.9: Average vehicle discharge rate vs. remaining space on receiving link 

(1) When the remaining space is longer than a certain length, the vehicles are 

discharged from the upstream intersection at relatively constant flow rate, which is 

closed to saturation flow rate. The figure clearly shows that beyond this critical length 

limit, the vehicle discharge rate is independent of the remaining space. This means the 

vehicle from the upstream intersection can be freely discharged without the effect of 

the backup queue on the receiving link. No gridlock occurs in this situation. This 

phenomenon corresponds to the data points at the upper-right corner of the scatter 

plot. 
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(2) When gridlock occurs, i.e., the discharge rate is lower than 1600 veh/h, the 

data points are concentrated below a certain remaining space. This means there is the 

critical value for the remaining space that the backup queue from the downstream 

intersection has significant impact on the vehicle discharge rate at upstream 

intersection and may cause the capacity loss of the upstream intersection. This critical 

location is the threshold value for the backup queue effect and should be the 

appropriate location of gridlock detectors. The phenomenon corresponds to the data 

points at the lower-left corner of the scatter plot. 

(3) It is interesting to note that lots of data points are found at upper-left corner 

of the scatter plot. These data points are not outliners and can not be neglected. The 

results show that remaining space is not the sufficient condition to judge gridlock 

phenomenon. They represent the phenomenon that the gridlock can be avoided by 

proper signal settings (split, offset). As shown in Figure 4.9, the upstream intersection 

can maintain quite high vehicle discharge rate, even the available storage space of the 

receiving link is very limited. It shows the potential capabilities of traffic signal 

control to prevent or mitigate congestion due to gridlock or capacity loss. These 

observations make us believe that signal control in oversaturated conditions needs to 

be dynamic; split, offset must change from cycle to cycle in response to the evolving 

queues. 
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Figure 4.10: Average vehicle discharge rate vs. remaining space on receiving links 

Eighty percentile remaining space is used to represent the critical location of 

gridlock detector. Figure 4.10 shows the cumulative percentile curve and distribution 
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of the remaining space when the average discharge rate is below 1600 veh/h for the 

receiving links with different link length: 1000, 1500, 2000, and 2500 ft.    

As shown in Figure 4.10, the gridlock detector is located at 525 ft from the 

upstream intersection when receiving link length is 1000 ft. It means that when 

gridlock occurs at upstream intersection, 80 percentile corresponding remaining space 

is lower than 525 ft for the receiving link with 1000 ft link length. 

If the length of receiving link is smaller than 1000 ft, the two intersections are 

closely spaced intersections. We simply group them as a pair. If the length of 

receiving link is larger than 2500 ft, gridlock will not frequently occur at upstream 

intersection. The gridlock detector is located at 350 ft from the upstream intersection 

when receiving link length is larger than 2500 ft. 

Therefore, gridlock detector is designed as the standard 6 ft × 6 ft inductive 

detector and located at the upstream of the link (350 to 525 ft). It is actuated when the 

pre-specified occupancy level (50%) is reached. 

It is necessary to note that the actuation of the gridlock detector is not the 

sufficient condition for the occurrence of gridlock. However, this detector generates a 

warning message to the control system that if this detector is occupied by the backup 

queue, traffic signals in upstream and downstream intersections have to be adjusted to 

avoid and prevent the blockage in upstream intersection. 

4.4 Summary 

In this chapter, we developed a new detector (gridlock detector) to provide the 

warning information that the upstream intersection most likely will be blocked by the 

backup queue and the capacity of this intersection may significantly drop.  

The results also show that by adjusting signal timings of related intersections, 

gridlock phenomenon can be avoided and prevented; the capacity of upstream 

intersection can be maintained and restored. The most proper location of gridlock 

detector is at upstream of the link (350 to 525 ft).  
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The finding of this chapter is used to assist the development of a reliable 

control strategy, which is to be introduced in the next chapter, to allow users to 

improve the overall design and operation performance of the conventional coordinated 

system. 
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Chapter 5  
SIGNAL CONTROL FOR OVER-SATURATED NETWORKS 

5.1 Introduction 

The dynamic linear programming model described in Chapter 3 was developed 

to optimize the traffic signal control for a single over-saturated intersection. Unlike the 

control of single intersections, the objective for over-saturated network is to control 

queue length and avoid gridlock. This chapter develops a real-time network control 

algorithm called the Compromise Network Queue Control (CNQC) model for 

operating coordinated traffic signals in over-saturated networks including both arterial 

system and grid network. The algorithm incorporates gridlock detection concept in the 

modeling process to provide a reliable online signal control strategy.  

Section 5.2 introduces the architecture of the CNQC algorithm, including the 

detection logic, demand estimation, coordination estimation, and signal control 

strategy. These components are discussed in Sections 5.3, 5.4, 5.5, and 5.6 

respectively. 

5.2 The Architecture of the Compromise Network Queue Control (CNQC) 
Algorithm  

The architecture of the CNQC algorithm depicted in Figure 5.1 includes the 

following modules: detection logic, demand estimation, coordination estimation, and 

signal control strategy. The detection system consists of two types of detectors: 

gridlock detector and stopline detector. Based on the traffic information obtained from 

these detectors, the estimation of the number of arriving vehicles and the queue length 

on every intersection approach can be calculated during each cycle.  In contrast to the 

fixed coordination route based control algorithms, the number of coordinated signals 

and the direction of the progression routes in this model are dynamically controlled to 

avoid gridlock phenomenon according to the current traffic flow and queue length 

conditions. Once the proper coordination route is selected and traffic load is estimated, 
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the signal control module will optimize split, offset, and cycle length for each 

individual intersection.  
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Figure 5.1: Architecture of the CNQC algorithm     

There are three notable aspects of the CNQC control philosophy that make it a 

feasible and effective system to real-time control of traffic signals. First, it can be 

adapted to the prevalent actuated signal control system because it can: (1) transform 

data quickly from the road to the controller, (2) process these data to select the optimal 

signal timings in short time, and (3) provide improved control strategies to the existing 

controller. Second, CNQC can provide optimal solutions to both under and over 

saturated traffic conditions. It maintains a cyclic control for each signal in the network 

and estimates the current degree of saturation of each intersection periodically. The 

control algorithm enables seamless transition between under and over saturated 

conditions. Third, the main objective of CNQC algorithm is to control the queue 

growth on every approach by properly metering traffic to maintain stable queues and 

avoid gridlock phenomena. The control algorithm dynamically combines or separates 

the group of coordinated signals, changes the offset, and sets the constraints for each 
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green phase in response to the current traffic flow rates, queue length, and degree of 

saturation.   

5.3 Detection System 

The detection system in CNQC model includes two types of detectors: gridlock 

detector and stopline detector. The stopline detectors can be further specified as left 

turn detector and through movement detector. The inductive-loop detector is used in 

this research.  It can start, pause, and terminate the counting as the controller 

commands.  

Upstream intersection Downstream intersection

Gridlock Detector

Stopline Detector2

3

1

 
Figure 5.2: Detector layout for a typical two lane approach with exclusive left turn     

The detector layout for a typical two lane approach with exclusive left turn 

pocket is illustrated in Figure 5.2. Lane 1 is an exclusive left turn lane. Lanes 2 is the 

through lane adjacent to the exclusive left turn lane. Lane 3 is the through and right 

turn lane. The left turn detector and through movement detector are placed at the stop 

line. As introduced in Chapter 4, gridlock detectors are located at upstream of the link 

(350 to 525 ft), where it is applicable. Exclusive right turn lane is not considered in 

this research. The right turn movement is combined with the through movement.   

Detectors detect the presence of vehicles and provide continuous counting. 

When gridlock detector is occupied by the backup queues, the warning message will 

be passed to the control system and the coordination route estimation system. The 
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gridlock detectors also function as common advanced detectors. The vehicle count 

data from the network-wide detectors are collected for estimating the future traffic 

arrivals and queue lengths at various levels of resolution.  

5.4 Demand Estimation 

The required data for the CNQC model are traffic arrivals and the queues on 

each lane on every intersection approach. Traffic arrivals are considered as outside 

demands; queues are considered as inside demands. Both estimations are based on the 

data from the detectors. It is worth of note that the emphasis of this research is not 

traffic demand estimation. The relatively simple methods are applied for traffic 

demand estimation in this section. Future research will be conducted for develop more 

sophisticated traffic prediction models.    

5.4.1 Demand estimation on a through movement lane  

The method for demand estimation varies according to each type of movement. 

Figure 5.3 depicts the layout for a through movement only lane. 

The short term historical traffic data are used to estimate traffic arrivals on next 

cycle. Traffic data are collected in the form of the number of vehicles passed the 

upstream advanced detector (gridlock detector) during each cycle time. The traffic 

arrivals are estimated based on what just happened. 

Upstream intersection Downstream intersection

Gridlock Detector

Through Detector

Demand area

 
Figure 5.3: A through movement only lane     
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As shown in Figure 5.3, there are two detectors on the lane. The area between 

the gridlock detector and the stopline (through) detector is defined as demand area. 

The gridlock detector is used to count the number of vehicle moved into the demand 

area. The stopline (through) detector is used to count the number of vehicle moved out 

of the demand area. 

The arrivals during the t th cycle on through movement lane )(tma  is 

calculated in Equation 5.1. 

)1()()( −−= tNGtNGtma       (5.1) 

where, 

)(tNG = the total number of vehicle passed through the gridlock detector  

            at the end of t th cycle,  

)(tma = the arrivals during the t th cycle. 

The number of departing vehicles during the t th cycle on through movement 

lane )(tmdthrough  is estimated in Equation 5.2. 

)1()()( −−= tNTtNTtmd through      (5.2) 

where, 

)(tNT = the total number of vehicle passed through the through detector  

                   at the end of t th cycle for the subject through movement lane,  

)(tmdthrough = the number of vehicles departure during the t th cycle on the  

                      through movement lane. 

Predicted number of vehicles arrivals 
The predicted number of vehicles arrivals during the t+1 th cycle on through 

movement lane )1( +tPmathrough  is estimated based on the number of vehicles arrivals 

during the previous cycle.  
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    )()1( tmatPmathrough ≈+      (5.3) 

The predicted number of vehicles arrivals during the t+1 th cycle will be 

considered as the outside demand for next cycle. 

Queue estimation 
The gridlock detector counts the new arrivals )(tma during t th cycle. The 

through movement detector counts the departing vehicles during t th cycle. At the end 

of t th cycle for the subject lane l, there are )(tmqthrough  vehicles between the gridlock 

detector and the through movement detector, estimated by Equation 5.4. 

)1( −tmqthrough  is the exact number of vehicles between the through movement 

detector and the gridlock detector during previous cycle.  

)()()1()( tmdtmatmqtmq throughthroughthrough −+−=   (5.4) 

As a result of this iterative calculation, the controller is aware of the number of 

vehicles that did not clear the last cycle and will consider those vehicles as the internal 

demand for the next cycle. This estimation does not apply to busy, exclusive right turn 

lanes. 

5.4.2 Demand estimation on a through movement lane with an exclusive left turn 
lane  

As shown in Figure 5.4, when the movement lane is adjacent to an exclusive 

left turn lane, the demands estimation is more complicated because left turn vehicles 

also actuate gridlock detector on through movement lane. The demand estimation for 

through vehicles and left turn vehicles can be conducted based on the percentage of 

left turning vehicles that passed gridlock detector on through movement lane. 
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Upstream intersection Downstream intersection

Left turn detector

Gridlock detector
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Figure 5.4: A through movement lane with an exclusive left turn movement lane     

The percentage of left turning vehicles LTP  is estimated by the historical traffic 

peak hour data. 

)(
)(

PHv
PHv

P
leftthrough

left
LT

+

=       (5.5) 

where, 

)(PHvleft = the peak hour left turn traffic volume (veh/h) 

)(PHv leftthrough+ = the peak hour traffic volume passed through the gridlock 

detector (veh/h) 

The number of departing vehicles on left turn lane during the t th cycle 

)(tmd left  is estimated in Equation 5.6. 

)1()()( −−= tNLtNLtmd leftleftleft       (5.6) 

where, 

)(tNLleft = the total number of vehicle passed through the left turn detector at 

the end of t th cycle,  

)(tmd left = the number of vehicles departure during the t th cycle on the left 

turn movement lane. 
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Predicted number of arrivals for through movement 
The predicted number of arrivals during the t+1 th cycle for through 

movement )1( +tPmathrough  is estimated in Equation 5.7. 

    )1)(()1( LTthrough PtmatPma −≈+      (5.7) 

Predicted number of arrivals for left turn movement 
The predicted number of arrivals during the t+1 th cycle for left turn 

movement )1( +tPmaleft  is estimated in Equation 5.8. 

    LTleft PtmatPma )()1( ≈+      (5.8) 

Queue estimation for through movement 
The number of vehicles queue in the t th cycle for through movement is 

estimated in Equation 5.9.  

)()1)(()1()( tmdPtmatmqtmq throughLTthroughthrough −−+−=   (5.9) 

Queue estimation for left turn movement 
The number of queues during the t th cycle for left turn movement is estimated 

in Equation 5.10.  

)()()1()( tmdPtmatmqtmq leftLTleftleft −+−=     (5.10) 

The ability to detect the presence of a standing vehicle is important. The 

detection of a standing vehicle at gridlock detector indicates that the backup queue has 

high possibility to block the upstream intersection. Gridlock detector should continue 

counting when the standing vehicle begins to move; meanwhile a warning message for 

gridlock is transmitted to the traffic control system. 

5.5 Coordination Estimation 

The effectiveness of signal coordination has been provided in practice for 

under-saturated conditions. However, it is questionable whether the coordination 
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control can achieve satisfied performance in over-saturated traffic conditions. It is 

necessary to mention that one cannot coordinate all of the phases of a signal pair. One 

approach at each intersection must be selected to be coordinated with its neighbor 

intersection. The coordination route (or progression route) is then formulated. In this 

section, we propose coordination control concept for over-saturation networks from a 

new view. An innovative coordination route search algorithm is designed to avoid 

gridlock and relieve network congestion. A few seconds before next cycle, the 

coordination estimation model evaluates whether it is better to maintain in the pre-

determined progression route or switch to the new route. In this research, the 

switching of progression routes are only concerned at the critical intersections (the 

intersection with two arterials). 

5.5.1 Another view of coordination for over-saturated networks 

As introduced in Chapter 2, one of the most prevailing control methods for 

urban road network control is synchronizing the traffic signals at the coordinated 

intersections. It is necessary to evaluate the efficiency of the coordination policy for 

over-saturated networks. 

Deficiencies of the existing signal coordination algorithms 
Several deficiencies of existing coordination algorithms for over-saturated 

networks are described as follow:  

(1) Most of the existing signal control models used to provide coordination for 

over-saturated intersections are based upon the control philosophy for under-saturated 

conditions, which are not appropriate for the over-saturated cases.  

(2) As mentioned earlier, one of the problems of current coordination control is 

that the bandwidth tends to decrease with the increase of number of signals in the 

coordination route. In practice, when a system exceeds a certain number of signals, 

obtaining an optimized bandwidth becomes extremely difficult. This has led to 

partitioning an integrated network into small pieces for ease of operation.  
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(3) Another major deficiency of existing coordination strategies which has 

been overlooked is that they tend to synchronize a fixed number of signals on 

predetermined routes and in the preset period of time. This may cause the severe 

congestion problems when the traffic demand becomes close to or over capacity at one 

or more intersections along the route. Coordinated arrivals to an already over-saturated 

intersection are very likely to cause the unfavorable situation - gridlock when the 

downstream queue spills back to the upstream intersection. Under existing 

coordination strategies, it normally takes only minutes for the occurrence of gridlock, 

but takes much longer time to relieve. 

Coordination for over-saturated networks 
Coordination of traffic signals is achieved through the optimization of a 

common cycle time and offsets between each intersections in order to provide a green 

wave so that a vehicle can cross the intersection without stopping for a red light. The 

duration of a constant green interval along the coordinated approaches is called the 

bandwidth for that direction.  

Progression bandwidth is viewed with high regard in the traffic engineering 

community in judging the quality of a coordination timing plan, because it is the most 

visible indicator to individual drivers.  If a coordination timing solution does not have 

a good progression band, it may not be acceptable for most traffic engineers. In 

essential, obtaining the good progression band is to provide certain priority to the 

traffic movement along the coordinated route. Maximum bandwidth means that 

maximum possible number of vehicles along the coordinated route can be discharged 

at coordinated intersections.     

When traffic becomes over capacity at one or more intersections along the 

coordinated routes, the progression tends to be broken down at the over-saturated 

intersections. For example, the vehicles within the bandwidth can cross the under-

saturated intersection without stopping. However, most of these vehicles can not pass 

through the over-saturated intersections in the current bandwidth, because the effective 
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green time must first serve the vehicles waiting in the queue which are left from the 

previous cycle.  

When an intersection becomes over-saturated, the queues inevitably build up 

on one or all approaches at this intersection. The traditional coordination is inclined to 

increase the speed of queue growth on the coordinated movement. Hence, as 

mentioned earlier, spill back queue tends to cause gridlock at its upstream intersection.   

Residual queue is the state variable which represents the oversaturated state of 

an approach at intersection. Along with the growth of queue, this congestion or over-

saturated state tends to disperse from the over-saturated intersection to its neighbor 

intersections. Gridlock phenomenon is an extremely undesired case for the process of 

congestion dissipation. Once gridlock occurs at upstream intersection, vehicles can not 

be discharged and queues begin to build up not only on the coordinated approach, but 

also on the approaches. Therefore, gridlock tends to amplify the transition of the over-

saturated state to the neighbor intersections and cause severe congestion all over the 

network in short time. 

It is worth of note that the transition of over-saturation from intersections to 

intersections usually is usually inevitable unless the storage space for every approach 

is large enough to accommodate all residual queues, which is generally impossible. 

Many advanced signal control models implement phase split strategies or offset 

adjustments to avoid gridlock. These strategies and adjustments can also be viewed as 

the strategies for the control of transition of over-saturated state transition.      

Based on the above discussion, rather than achieving maximum progression 

band, the objectives of coordination for oversaturated network are to avoid gridlock 

and control the transition of the over-saturated state.  

5.5.2 Coordination route estimation  

As discussed in Subsection 5.5.1, coordination in under and over saturated 

conditions should have different concerns. The coordination route in CNQC algorithm 



Texas Tech University, Shuaiyu Chen, December, 2007 

 96 

is estimated based on the demand ratio of each approach at the over-saturated 

intersections. 

Demand ratio estimation 
Flow ratio (v/s) is defined as traffic arrival volume divided by the saturation 

flow rate for the given approach.  

If we revise flow ratio by adding residual queues, the demand ratio can be 

defined as follows: 

i

i
i

i s
C
Qv

d
+

=       (5.11) 

where, 

di = demand ratio for approach i,  

vi = traffic arrival for approach i, during current cycle,   

si = saturation flow rate for approach i,  

Qi = residual queue on approach i at end of this cycle, and 

C = cycle length. 

Traffic arrivals and queues are estimated in Section 5.4. The demand ratio 

shows the relative traffic demands to its maximum service ability (saturation flow 

rate). As introduced in Equation 2.6, the sum of the demand ratios for all approaches 

at one intersection is the criterion to judge the degree of saturation of this intersection. 

Herein, the demand ratio is used to represent the over-saturated state for its approach. 

Coordination route search 
In practice, it is not feasible to frequently switch the coordination route.  

Transition cost of different coordination route can not be neglected. In traditional 

coordination algorithms, the progression routes and the signal timings of the 

coordinated signals are usually pre-determined by the geometry layout, average traffic 

conditions, and the experience judgment by the traffic engineers and planers. In under-
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saturated traffic conditions, these coordination methods have been proven to be 

effective. The new coordination algorithm applied in real-time network control models 

tends to switch coordination route when there is a high risk of gridlock; otherwise pre-

determined coordination route has to be maintained.    

Once the gridlock detector on downstream approach is occupied by the backup 

queue, maintaining the pre-determined progression route has no potential benefit to 

the coordination network. In addition, it may deteriorate the performance of the 

downstream approach and lead to gridlock.  It is necessary to find a new progression 

route. The progression route evaluation is dynamically controlled by the demand ratios 

of the over-saturated intersection and its neighbor intersections.  

Gridlock detector 2

Gridlock detector 8

Gridlock detector 4

Gridlock detector 6

Arterial road
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ross road
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Movement 6Movement 6
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Progression route Non progression route  
Figure 5.5: Progression route and gridlock detector layout at the over-saturated 

intersection.     
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A heuristic algorithm was created to evaluate the proper progression route for 

the over-saturated intersection. The objective of this heuristic algorithm is to find out 

the progression route which can give the maximum probability to evenly disperse the 

over-saturated state to the neighbor intersections. Figure 5.5 depicts the progression 

route and the gridlock detectors layout at the over-saturated intersection. In this 

research, the progression route is only concerned with the through movements since 

turning movement generally has much lower volume than the through movements. 

And the two through movements on the same road are assumed to be grouped into one 

phase. The route selection process is as follows: 

Step 1: Check two gridlock detectors on the progression route. If no gridlock 

detectors are actuated, go to Step 6. If there are actuated gridlock detectors, go to next 

step. 

Step 2: Find out the critical movement of the original progression route. The 

movement with corresponding actuated gridlock detector is the critical movement for 

the original progression route. If the gridlock detectors are actuated on both 

movements, the movement with larger demand ratio is selected as the critical 

movement for the original progression route.  

Step 3: Check two gridlock detectors on non progression route. If no gridlock 

detectors are actuated, switch the progression route to this road, and go to Step 6. If 

there are actuated gridlock detectors, go to next step. 

Step 4: Find out the critical movement for the non progression route. The 

movement with corresponding actuated gridlock detector is the critical movement for 

the non progression route. If the gridlock detectors are actuated on both movements, 

the movement with larger demand ratio is selected as the critical movement for the 

non progression route.  

Step 5: Compare the demand ratios of the critical movement on two roads. Set 

the road with larger demand ratios of critical movement as the new progression route. 

Step 6: Record selected the progression route for the next cycle to the signal 

control system.  
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5.6 Signal Control System 

The signal control system is the core module of the CNQC models, which 

includes split optimization, offset optimization, and cycle length optimization. Data 

from the detection system, the new coordination route, and traffic demand estimations 

allow the signal control system to optimize cycle, offset, and split by different control 

levels. Signal control system is a decentralized (by intersection) control strategy with 

the superior coordination control layer to maintain the coordinated operation. Split and 

offset adjustments are considered at the individual intersection level and are made as 

often as once per cycle. Cycle length is optimized every certain control period (every 5 

minutes). 

Currently, the phase sequence optimization is not involved in this research. 

Traffic engineers must exercise professional judgment as to which sequence is most 

practical (or safe) for each intersection under consideration. 

5.6.1 Cycle length optimization 

The cycle length is the amount of time during which all movements at a 

signalized intersection are accommodated. Cycle length optimization is essential to 

maintain the rhythmic or cyclic operation for the network coordination control. The 

CNQC algorithm has the capability of evaluating a range of cycle lengths and advising 

of the "best" cycle length for further investigation for coordinated intersections. The 

optimized cycle length is applied for all coordinated intersections.  

System-wide cycle length for under-saturated conditions 
In under-saturated conditions, cycle length is estimated by Webster’s formula. 

There are several constraints for the optimal cycle length for each intersection. 

(1).The cycle length must be long enough to provide sufficient minimum times 

for all phases, considering both vehicle and pedestrian requirements (see the 

discussions of phase sequence and lengths). The sum of these minimum phase lengths 

is the absolute lower limit of the cycle length. 
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(2). The cycle length should be sufficiently long to ensure that no movement is 

saturated. That is, the degree of saturation should be less than 100% for all approaches 

at all intersections. Webster’ cycle length formula is: 

 
ic
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, 1
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=        (5.12) 

where, 

Xc,i = degree of saturation for intersection i, 

Coptimal,i = optimal cycle length for intersection i, and 

Li = total lost time for intersection i. 

This constraint generally results in a higher value for the cycle length than does 

the previous constraint. 

(3). The cycle length should not be so long as to cause unacceptably high 

delays. When traffic volume becomes close to capacity of intersection, Webster’s 

cycle length estimation may result in the infeasible high cycle length. The maximum 

cycle length constraint is set as 150 seconds in this research.  

The optimal cycle length of the intersection with the highest degree of 

saturation is put to use for the system-wide cycle length for all coordinated networks. 

The system-wide cycle length is updated once every a given control period (5 

minutes). 

System-wide cycle length for over-saturated conditions 
In over-saturated conditions, Webster’s estimation is not feasible. The system-

wide cycle length should be given based on the professional judgment. And there is a 

general agreement that the larger cycle length tends to be better performance of signal 

control (Daganzo 1997). Therefore, the maximal practical cycle length is usually used 

for the system-wide cycle length for all coordinated intersections.   
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5.6.2 Split optimization 

Split optimization is the core of the signal control system. A few seconds 

before every cycle, split optimizer of the CNQC model allocates the effective green to 

each phase.  

In Section 3.3, a dynamic linear programming model is developed for single 

over-saturated intersections. The control objective is to maximize total vehicle 

throughput with queue length constraint. For over-saturated networks, these control 

objectives become secondary due to their ineffectiveness and inapplicability. In order 

to achieve the minimal intersection delay or maximal throughput, vehicles in the 

minor road are punished too much in dynamic linear programming model. The 

formation of queues in the minor road is inevitable during over-saturation. Except the 

condition that traffic volume is so low which can be neglected on the minor road, the 

constraint for queue length is quite easy to reach. The control algorithm frequently 

adjusts signal timings subject to the queue length constraints. The minor road is at the 

high risk of gridlock due to high queue growth speed.  

As discussed in Section 5.5, the over-saturated state tends to disperse from the 

over-saturated intersections to the entire road networks. Therefore, queue length 

management and gridlock prevention must be the primary objectives for over-

saturated networks. Queue length management cannot be simply achieved by setting 

maximum queue length constraints. It must be done through the control of queue 

growth speed and achievement of more balanced queue distribution among all 

approaches at over-saturated intersections.  

In this section, we proposed a compromise strategy for split optimization at 

over-saturated intersections. This strategy considers two objectives: minimizing total 

intersection delay and managing queue length simultaneously. Currently, there is no 

agreement or general analytical procedure to quantify the relationship between these 

two objectives. The proposed approach allows traffic engineers to explore the 

relationship between different objectives at different priority levels. 
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Priority in split optimization 
In under-saturated conditions, there is a general agreement that Webster’s 

method (or HCM 2000 method) will yield the optimal delay solution, which allocates 

green time based on each lane group’s flow ratio.  
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∑      (5.13) 

where, 

vi = traffic arrival for lane group i,  

si = saturation flow rate for lane group i,  

gi = effective green time for lane group i,  

C = cycle length, and 

L = total lost time per cycle. 

Equation 5.13 indicates that in Webster’s model, flow ratio represents the each 

lane group’s priority. Lane group with higher flow ratio will be assigned to more green 

time. In essential, this criterion is to assign relatively high priority values to the 

approaches with low saturation flow. 

For example: at a two one-way intersection, vehicle arrivals rate is 600 veh/h 

on one approach with 1800 veh/h saturation flow rate, the flow ratio is 1/3; vehicle 

arrival rate is 400 veh/h on the other approach with 1200 veh/h saturation flow rate, 

the flow ratio is also 1/3. Based on Webster’s method, the green time is equally 

allocated to the two approaches.  According to their arrival rate, the approach with low 

saturation flow rate is given the higher priority.     

However, such criterion is not appropriate in over-saturated conditions. When 

total traffic arrivals exceed intersection capacity, all movements in the intersection can 

not be accommodated within the defined cycle length. Residual queues are impossible 

to avoid, no matter how to allocate green time.   



Texas Tech University, Shuaiyu Chen, December, 2007 

 103 

As discussed in Section 3.2, in spite of the difference in queue dissipation 

patterns, most minimal delay-based models give the preemptive priority to the 

approach with the greatest saturation flow rate (major approach). In order to achieve 

the minimum of intersection delay, the effective green time is first allocated to major 

approach as much as possible. The minimal green time constraint for minor approach 

also becomes a form of priority, which represents the compensation for minor 

approach. 

Based on above discussion, the general agreement is that allocating higher 

priority to major approach can achieve less total intersection delay. However, as 

shown in Table 3.3, for the study case in Section 3.2, the queue lengths on the two 

approaches are extremely unevenly distributed for the system delay optimal solution. 

It shows that minimizing total intersection delay will lead to building unbalance queue 

lengths, since too much green time are allocated to major road. It may cause severe 

queue spill-back problem on the minor approaches.   

Currently, there is no prevalent agreement about how to control queue growth 

and dissipation. Setting the upper bound for queue length to its storage space is a 

general method, and applied by many models. However, in order to achieve an 

acceptable queue length management strategy, the control opportunity is very 

important but sometimes easy to be neglected. For example, the system delay optimal 

solution gives few green times to the minor road at the beginning of over-saturation 

period. As a result, the queue length in minor road grows quite fast to reach its upper 

bound. At this time, preventing and relieving queue spill-back becomes an immensely 

difficult task, since it requires extremely high dynamic and sensitive signal control 

system to dissolve the long residual queue on the minor roads. It is one of the main 

reasons that many over-saturated models are unsuccessful in practice. Hence, there is a 

need for a fair and proper algorithm to achieve the fair solution for total intersection 

delay while balancing the queue growth and dissipation by assigning proper priority to 

each approach. 
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A compromise approach 
A compromise approach is designed to optimize green allocation using both 

delay minimization and queue length management criteria. In order to obtain less total 

intersection delay, the major approach must be given certain priority. Meanwhile, 

controlling the queue distribution among all approaches necessitate assigning certain 

level of compensation to the minor approach.  

In this dissertation, the assigned priorities criterion is based on the demand of 

all approaches. In Equation 5.11, demand ratio di represents the portion of the time the 

traffic signal requires to serve the lane group i. When traffic demands exceed the 

capacity of the intersection (
C
Ldi −>∑ 1 ), some of the lane groups become unable to 

receive sufficient effective green time from the traffic signal. In Equation 5.14, the 

priority assigned to each lane group is based on its traffic demand in over-saturation 

conditions. The effective green is allocated using a demand-based equation. Each lane 

group is given a portion of the effective green time that is consistent with the ratio of 

its demand to the sum of all the demand within the n th cycle.   
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Equation 5.14 indicates that lane groups with the same demand are equally 

allocated the effective green time. The lane group with larger saturation flow rate is 

able to departure more vehicle in the same amount of green time. In essential, 

Equation 5.14 assigns the priority levels to the lane group based on its saturation flow 

rate. 

Case study 
In order to explore the relationship between the two objectives: total 

intersection delay and queue length management, split optimizations in the 

compromise split model and  TRANSYT-7F model are evaluated in this section for 

the same case study in Section 3.2. 

(1) Compromise split model 
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In over-saturated condition, the compromise split model allocates the effective 

green time based on demand within current cycle. In under-saturated condition, the 

compromise model is allocated the effective green time based on demand ratio. 

 (2) TRANSYT-7F model 

The purpose of adding the TRANSYT-7F model into this evaluation process is 

to compare the new models with the most prevalent traffic signal control model. In 

over-saturated condition, TRANSYT-7F applies GA method to implement split 

optimization. One of the drawbacks of TRANSYT-7F is that there is no clear 

instruction to select the objective for signal optimization in over-saturated conditions. 

TRANSYT-7F 10.3 recommends maximum throughput, minimum combination of 

stops and delay, and queue ratio control can be the appropriate objective functions for 

congested conditions. We implement several simulation runs with all above objective 

respectively. The results do no show remarkable difference among these objectives for 

the study case. Therefore, minimizing total combination of stop and delay is used in 

this study case.     

Table 5.1 shows the results of compromise split model and TRANSYT-7F 

model. 
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Table 5.1: Queue length and control strategies of several models 

Compromise split model TRANSYT-7F model 
Approach1 Approach2 Approach1 Approach2 Time (sec) Cycle No. 
g1 

(sec) Q1 g2 
(sec) Q2 g1 

(sec) Q1 g2 
(sec) Q2 

0 0 0 0 0 0 0 0 0 0 
150 1 88 26 62 26 78 30 72 23 
300 2 84 54 66 50 78 60 72 46 
450 3 82 65 68 62 78 72 72 57 
600 4 80 75 70 73 78 84 72 67 
750 5 79 76 71 76 78 85 72 70 
900 6 78 77 72 78 78 86 72 72 

1050 7 77 72 73 76 78 81 72 70 
1200 8 76 67 74 73 78 75 72 67 
1350 9 75 59 75 67 78 66 72 62 
1500 10 74 50 76 61 78 56 72 57 
1650 11 72 41 78 52 78 44 72 50 
1800 12 71 31 79 43 78 32 72 43 
1950 13 70 21 80 33 78 19 72 35 
2100 14 69 11 81 23 78 5 72 27 
2250 15 67 1 83 11 78 0 72 19 
2400 16     78 0 72 10 
2550 17     78 0 72 1 

109,114 119,692 118,700 115,988 
Total delay (veh-sec) 

228,836 234,688 
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Figure 5.6: Residual queue length on approach 1  
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Figure 5.7: Residual queue length on approach 2  
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In Figures 5.6 and 5.7, we summarized the result of queue length from the 

models evaluated in Tables 3.3, 3.5 and 5.1.  It shows that among all models, the 

compromise split model can achieve more balanced queue distribution on both 

approaches. 
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Figure 5.8: Pareto Front of different models 

Figure 5.8 shows the Pareto front (the front of the compromised solutions) of 

different models. Since the queue length is evolved with time, we can use the ratio 

between the delays on different approaches to represent the state of the queue 

distribution. Figure 5.8 shows two objectives: minimizing total intersection delay and 

balancing queue distribution. Each point around the Pareto front corresponds to an 

optimal solution obtained by the model which is assigned with different priority to 

different objective. The Store and forward model has effective green time loss, thus it 

deviates from the Pareto front line. Clearly, the compromise split model can obtain a 

fair total intersection delay and maintain a better balance between two approaches. 
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Green time constraints 
In order to achieve the practical solution, there are two constraints on the 

effective green time of each phase in compromise split model.  

(1) Minimum green time constraint 

As mentioned earlier, the minimal green time has great impact to the bang-

bang control model and store and forward model, since it represents the compensation 

or the priority level assigned to the minor road.  In the compromise split model, the 

priority level of the minor road is represented by the traffic demand. Therefore, the 

minimum green time can be set only according to the driver’s expectation. In this 

research, the minimum green time is 5.0 seconds. 

(2) Gridlock green time constraint 

Once the gridlock detector is actuated, the warning information is received by 

the signal control system.  

Sj

gridlock
Si

Qij

gi

gjΦ ij βij

 
Figure 5.9: The gridlock phenomenon in time-space diagram 

As shown in Figure 5.9, in order to avoid gridlock, the effective green time for 

the upstream signal, gi, should be less than the sum of the effective green time for the 

coordinated downstream signal, gj, the offset between the two signals, φi, j, and the 
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time it takes for a stopping shock wave to propagate to the upstream direction, βi, j. 

This mechanism is formulated by Girianna and Benekohal (2004). 

ijijji gg βφ ++≤       (5.15) 

If the stopping shock wave speed isγ  , βi, j is calculated by the Equation 5.16. 

γ
β ij

ij

l
=       (5.15) 

where, 

li, j = the link length between intersection i and intersection j. 

Summary of the compromise approach for split optimization 
This subsection introduced a compromise approach to obtain a balanced 

performance index of the total intersection delay and the queue length distribution. 

The split optimization methods of prevailing traffic signal control algorithms at over-

saturated intersections were examined. The result from a case study indicates that most 

of the models assign higher level priority to the major approach in order to obtain the 

minimal total intersection delay, regardless of the substantial difference among these 

models. It is necessary to note that minimum intersection delay is not the sole 

objective for over-saturated intersection control, especially for over-saturated 

networks. In fact, controlling the queue distribution has more practical value than 

minimizing delay. The proposed compromise model allocates the effective green time 

based on traffic demand. It essentially assigns the priority value to each approach 

according to its saturation flow rate.  In particular, the compromise model can achieve 

more evenly distributed queue among all approaches. 

5.6.3 Offset optimization 

An offset between two signals is defined as the time difference between green 

time initiations of an upstream and that of an adjacent downstream signal. 

Implementation of traffic coordination mainly relies on setting the proper offset 

between the upstream and the downstream signals. In CQNC model, the offset 
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adjustment at each intersection is conducted right after split optimization. The 

estimation is conducted based on the information of the intersection of interest and its 

downstream intersection. All parameters involved in estimation are saved at their 

latest values. The optimized offset is achieved by small, incremental adjustment. A 

choice of three offset increment is being considered: 0 (no change), +5 seconds (one 

interval to the right), -5 seconds (one interval to the left). 

The phase of green time for the signal pair is not necessarily the same. If two 

signals are coordinated with the objective to dissipate the queue at the downstream 

signal, an offset must be determined based not only on the distance between signals, 

speed of the released platoon, and platoon dispersion, but also the time required for the 

queue to dissipate. One cannot provide all phases to be coordinated with the upstream 

signals. Only one offset between a phase of downstream signals and a phase of the 

upstream signals that control coordinated movements is evaluated and adjusted. For a 

multiphase signal plan, queues of the different intersection approaches are expected to 

dissipate in different directions. The direction to which the offset is provided plays an 

important role in determining the magnitude of the offset. 

Sj

Si

Qij

Φ ij α ij

τ ij

1 2 3 41 2 3 4

1 2 3 4

 
Figure 5.10: Two coordinated signals in time-space diagram 
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Figure 5.10 shows that the through movement that enters signal i during phase 

two is coordinated with the through movement that departs signal j during phase three. 

As revealed in Figure 5.10, the target offset is the one which makes the first vehicle 

discharged from intersection i can just join the tail of the downstream platoon (as the 

tail has reached its desired speed) (Girianna and Benekohal 2004).  

The target offset is estimated by Equation 5.16.  

ij

ij

ij

ijij

ijijij

Q
v

Ql
t

λ

ατφ

−
−

=

−=

       (5.16) 

where, 

ijtφ = the target offset between intersection i and intersection j,  

vij = the speed of a released platoon,  

li, j = the link length between intersection i and intersection j, 

λij = the starting shock-wave speed, and 

Qij = the queue length at the beginning of the coordinated phase of the cycle.  

The measured offset ijmφ is the one which is the actual offset measured under 

current condition. As shown in Equation 5.17, the action to adjust optimized offset 

depends on the difference between the target offset and the measured offset.  
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5.7 Summary 

This chapter introduced the architecture of the CNQC model including the 

following modules: detector system, demand estimation, coordination estimation, and 

signal control system.  
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Traffic demand estimation is based on the traffic counts on the gridlock 

detectors and stopline detectors. In the coordination estimation model, the control 

logic of coordination of over-saturated networks are discussed and a heuristic 

algorithm is designed to dynamically search the appropriate coordination route on all 

approaches according to current traffic conditions.  

A decentralized and cycle by cycle based signal control system is developed to 

avoid gridlock and manage queue dissipations.  Decentralized control gives more 

flexibility to each intersection to satisfy the local traffic demands. Cycle by cycle 

based control is a trade off between the local and network requirements. Estimating 

traffic demands on a cycle by cycle basis can reflect the variation and stochastic 

natures of traffic flows. Meanwhile, adjusting traffic signal timings on a cyclic basis 

can maintain the coordination in over-saturated networks. 

A compromise approach for split optimization is proposed to combine the 

delay minimization and balancing queue distribution simultaneously. Offset is 

adjusted based on the estimated coordination route. Incremental offset adjustment can 

obtain fair coordination without large transition loss. Cycle length is updated every 5 

minutes in under-saturated conditions. The optimal cycle length for the intersection 

with the largest degree of saturation is used for all coordinated intersections.  
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Chapter 6  
THE SIMULATION FRAMEWORK AND EXPERIMENTAL RESULTS 

6.1 Introduction 

A new traffic control algorithm needs to be tested in the “laboratory” before it 

is implemented and evaluated in the field. With the advancements of computer 

technology, micro-simulation has become a popular and effective laboratory test tool 

for development and evaluation of traffic signal control models. 

In this chapter, the Compromise Network Queue Control (CNQC) model is 

integrated with a mainstream micro-simulator PARAMICS as an online simulation 

and optimization model. In Chapter 4, PARAMICS is briefly described. Section 6.2 

will give a more detailed introduction about PARAMICS. Especially, we explain how 

Application Programming Interface (API) programming works in PARAMICS, which 

allows user defined algorithm to enhance the capabilities of the micro-simulator. 

Section 6.3 presents the framework of the integrated CNQC model in the simulation 

environment. Section 6.4 evaluates the validity of the integrated model in the context 

of two general networks. The first example is a hypothetical network with three 

signalized intersections; the second example is a grid network, which includes 12 

intersections. Two network examples are analyzed and the performance of the signal 

plan given by the CNQC model is evaluated by comparing with the TRANSYT-7F 

model for over-saturated networks. 

6.2 Microscopic Simulator-PARAMICS  

PARAMICS (PARAllel MICroscopic Simulation) is a suite of microscopic 

simulation tool used for modeling the movement and behavior of individual vehicles 

on urban and highway road networks (Quadstone 2006). It offers detailed modeling 

for many components of the traffic system. Not only the characteristics of drivers, 

vehicles and the interactions between vehicles but also the network geometry can 

influence simulation results. 
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Micro-simulation models represent movement of individual vehicles and trace 

their movement from the time of generation to the time they exit the network. Stream 

characteristics are derived from the behavior of individual vehicles which are 

controlled by various building models. The overall traffic performance depends upon 

driver and vehicle capabilities. Vehicular movements in PARAMICS is achieved 

through car following and lane change models that are based on a driver-vehicle-unit’s 

desire to achieve target headway and speeds. Driver-vehicle-units (DVU) terminology 

is used to reflect the fact that movements are affected by both vehicular and driver 

characteristics. A DVU will accelerate to desired speeds and headways in free flow 

conditions or to those it can safely maintain in constrained flow conditions. A DVU 

will attempt to change lanes if sufficient gaps are available to enable it complete the 

maneuver safely and if doing so would enhance its target movement parameters 

(Oketch et.al 2004). 

6.2.1 Model structure 

PARAMICS is composed of six modules (Quadstone 2006). The six 

components are: 

• Modeller: The core simulation tool; 

• Processor: The batch assignment tool; 

• Analyser: The post simulation data analyser tool; 

• Programmer: The API interface; 

• Monitor: The pollution modeling interface; and 

• Estimator: (Original-Destination) O-D estimation tool. 

The Modeller and Analyser are the basic components required to run 

simulations and analyze the output. Network build-up, simulation control and demand 

information is carried out by the Modeller. Simulation output from the modeller is 

then loaded into the Analyzer for detailed analysis.  
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The Processor is a batch assignment tool and is useful for running the 

simulation in a batch model. This allows running of predefined scenarios which may 

include simulation runs with different random numbers, varying flow levels and 

analysis for various time periods.  

The PARAMICS Programmer is an Application Programming Interface (API) 

which provides the modeller with an opportunity to simulate additional features and 

user defined algorithms and functionality such as lane change models and car 

following rules.  

The PARAMICS Monitor is an emission calculating tool that allows inputs of 

emissions data based on speed and acceleration of different engine categories. It is 

primarily based on emissions inventories of the United Kingdom.  

The Estimator is an OD matrix estimation package that operates at the 

microscopic level and integrates seamlessly with the Modeller. 

PARAMICS is available for a variety of platforms including Windows and 

other operating systems, although it was originally developed to run on a UNIX 

environment. For that reason, operating the program in a Windows environment 

requires a connecting interface which is provided by a third party vendor software 

known as the Hummingbird Program. 

6.2.2 Application Programming Interface (API) 

The direct way to enhance the capabilities of a micro-simulator is to work on 

the source codes. Another way is to code complementary or enhanced components 

through API programming and then interface them to the simulator. Since the source 

code is proprietary, API programming is a practical way for users to improve the 

software. API programming needs to use provided API library of a micro-simulator, 

which includes a set of interface functions, through which users can access the core 

models of the micro-simulator. Most current popular commercial micro-simulators, 

including PARAMICS, VISSIM, and AIMSUN 2, provide a series of API functions 

for users. 
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PARAMICS provides users with an API library that include a set of interface 

functions, which can be used to access its core models (Quadstone 2006). Basically, 

PARAMICS provides two groups of interface functions, callback functions and 

control functions. The callback functions are used for providing information on the 

attributes of vehicles and their environment. 

There are two types of control functions: override and overload functions. 

Override functions are used to replace an internal function of standard simulation loop, 

such as car following models. Overload functions are used to add additional functions 

to the PARAMICS simulation loop. 

 
Figure 6.1: The PARAMICS simulation process with API modules 

(Chu et.al 2003) 

The simulation process is depicted in Figure 6.1 by Chu et.al (2003). After the 

start of simulation, some basic elements of the simulation, such as the speed and 

position of vehicles, traffic signals, etc., are updated at every time step. If an API 

module is involved in the simulation, it may work at every time step, or be triggered at 

a specific simulation time or by a specific event. In general, an API module gets 
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necessary information from the simulation world through the callback function and 

then affects the simulation through control functions. 

6.3 Framework of the Integrated CNQC model 

The CNQC model is interfaced with the PARAMICS micro-simulation model 

to create a simulated real-time test platform. The framework of integrated CNQC 

model API is given as follows: 

Sub Function Model_initialization ( ) 
This sub function is called when the network simulation model is first loaded. 

• Initialize the geometry data input, detector data input, pre-defined coordination 

route input, and initial signal phase, cycle, and offset set up. 

• Memory allocation. 

Sub Function qpx_NET_second()  
This sub function is called at each simulation second t. 

• Introduce variable Det_counti,t for each detector i, and update and record the 

current detector counting data at each simulation second t . 

• Introduce variable gridlock_acutationh for each link k, if the gridlock detector is 

actuated by the backup queues on approach h, gridlock_acutationh ← ture, 

otherwise, gridlock_acutationh ← false. 

• Introduce variable Signal_action_timej,n, for each signal j at decision step n. If 

current simulation time t is equal to Signal_action_timej,n, then go to 

Signal_action (j). If no signal is active, simulation continues.  

Sub Function Cycle_optimization() 
This sub function is called every 5 minutes. 

• Introduce variable Optimal_cycle. At every 5 minutes, check the degree of 

saturation of the intersections on the coordination routes.  If no intersection is 
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over-saturated, calculate the optimal cycle length for the intersection with the 

largest degree of saturation. The optimal_cycle is put to use for the cycle length of 

the all coordinated intersections. Otherwise, the maximum cycle length 150 

seconds is used for optimal_cycle. 

Sub Function Signal_action (j) 
This sub function is called when Signal_action_timej,n is equal to the current 

simulation time t.  

• Estimate arrivals Ah(j) and residual queue length Qh(j) on each approach h at 

signal j. 

• Check current gridlock_acutationh value. If there are actuated gridlock detectors, 

go to Find_coordination_route(j), get the downstream_coord_signal; otherwise, 

maintain the current coordination route. 

• Get the optimal_cycle for the signal j from the sub function Cycle_optimization(). 

• Call Split_optimization(j), optimize the split for signal j.     

• Introduce the variable offset_actionj, call Offset_optimization(j), get offset_actionj 

offset between signal j and downstream_coord_signal. 

• Update the signal_action_time for the n+1 cycle.  

j

njnj

actionoffsetcycleoptimal
timeactionSignaltimeactionSignal

__
____ ,1,

++

=+  

Sub Function Find_coordination_route(j), 

• Calculate the demand ratio dh(j) on each approach h of signal j based on Equation 

5.11.  

• Based on the algorithm described in section 5.5.2, the coordination route is 

estimated. Return the downstream signal number downstream_coord_signal. 
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Sub Function Split_optimization(j), 

• Check current gridlock_acutationh value. If there are actuated gridlock detectors, 

calculate the effective green time constraint defined by Equation 5.15. 

• Calculate the degree of saturation of signal j based on Equation 2.6. If the 

intersection is under-saturated, apply Webster’s method to optimize split; if the 

intersection is over-saturated, apply compromise algorithm to optimize split. 

Sub Function Offset_optimization(j) 

• Get the current green split and offset data of downstream_coord_signal. 

• Calculate the target_offset and measured_offset, based on Equation 5.17, the 

offset_action is obtained.  

6.4 Evaluation of the CNQC Model by Case study 

Two case studies are described to investigate the basic properties and 

capabilities of the Compromise Network Queue Control (CNQC) model for over-

saturated network control.  

In the past decade, TRANSYT-7F has been a popular tool in USA for the 

network traffic timing design and simulation. Thus the result from the CNQC model 

for over-saturated networks is compared to the TRANSYT-7F model. The sample 

networks are evaluated using both the CNQC model and TRANSYT-7F in order to 

make comparisons. The comparison was made for the same conditions including road 

environment, initial conditions, time slices, and simulation duration. 

The Measures of Effectiveness used in the evaluation are:  

• Network vehicle average delay 

• Average queue length on each approach 

• Network  average vehicle travel peed  

The best control strategy is the one that provides a high speed, low delay, short 

queue length in over-saturated conditions.  
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6.4.1 Case study 1 

Simulation network 
The simulation network adopted in this case study is a hypothetical two-way 

arterial consisted of three signalized intersections. The link-node diagram and the 

simulation network are indicated in Figure 6.2. The predetermined coordination route 

is along the eastbound arterial.  

1 2 3

41 42 43

21 22 23

11 33

Intersection

Source node Coordination route

1320 ft 1320 ft1320 ft 1320 ft 6500 ft6500 ft

22
40

 ft
22

40
 ft

 
(a) 

 

 
(b) 

Figure 6.2:  A hypothetical arterial with three signalized intersections. 
(a) Link-node diagram; (b) Simulation network in PARAMICS 
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The intersection layouts and phase patterns for three intersections are assumed 

to be identical and are illustrated in Figure 6.3. Each approach has three through lanes 

with one exclusive left-turn lane. A typical lead-lead protected left turn phase 

sequence is applied for three intersections.   

Phase 1

Phase 2

Phase 3

Phase 4

Phase 1

Phase 2

Phase 3

Phase 4

Phase 1

Phase 2

Phase 3

Phase 4

 
Figure 6.3:  Intersection layout and phase pattern 

In addition, the simulation network has the following operational 

characteristics: 

• No pedestrians, 
• Desired free-flow speed:  40 mph, 
• Starting shock wave speed: 24 mph, 
• Stopping shock wave speed: 21 mph,  
• Saturation flow rate:  

throughput movement   1800 veh/h/lane ;  
left turn movement   1600 veh/h/lane  

• Lost time for each phase:  2 sec, 
• Cycle length: 

minimum cycle length   60 sec ;  
maximum cycle length   150 sec, 

• Yellow time    4 sec, 
• All-red time:   1 sec,  
• Minimum green:    5 sec. 

Testing scenario 
A two-hour simulation was performed and the traffic volume was updated 

every 5 minutes. The traffic flows on each movement during the first 5 minutes are 
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illustrated in Figure 6.4, in the unit of veh/h. The interrelations among flows on each 

link could be determined by observed given OD demand and assignment rule. 
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Figure 6.4:  Traffic volume (veh/h) during the first 5 minutes 
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Figure 6.5:  Traffic volume profile during 2 hour 

Traffic arrivals in first 5 minutes represent the 100% volume. Traffic volume 

varied over time, as depicted in Figure 6.5. The arterial becomes heavily congested at 

about 20 minutes after simulation and traffic volume dramatically changes during the 

first simulation hour. The arterial becomes under-saturation during the second 
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simulation hour. The first 5 minutes is used as a warm-up period to allow traffic 

released into network reach the target level.  

TRANSYT-7F signal control strategy 
The TRANSYT-7F program is employed to optimize the signal control plans 

for the testing scenario. As mentioned earlier, there are several control objectives 

which can be selected for congested conditions in TRANSYT-7F, including maximum 

throughput, minimize combination of stops and delay, and queue ratio control. 

Maximizing throughput, which gives the optimal result among the above options, is 

used as the objective function in this case study.  The signal plan is shown in Table 

6.1. 

Table 6.1: Optimized signal plan for case study 1 calculated by TRANSYT-7F 

Split (sec) 
Intersection 

Cycle 
length 
(sec) Phase 1 Phase 2 Phase 3 Phase 4 

offset 
(sec) 

1 130 23 32 25 50 1 
2 130 12 55 10 53 61 
3 130 13 42 16 59 6 

    

Simulation results and analysis 

(1) Network performance 

Figure 6.6 compares the performance of two models using average vehicle 

delay (veh-s) as the metric. When the arterial becomes over-saturated, the CNQC 

model shows the significant improvements over the TRANSYT-7F in terms of 

average vehicular delays. It shows that the traffic over-saturation dissipation fell 

behind the traffic demands reduction. The network becomes congestion at about 20 

minutes. CNQC model relieved the congestion at about 80 minutes; nearly 15 minutes 

earlier than did the TRANSYT-7F.   
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Figure 6.6:  Average vehicle delay vs. simulation time 
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Figure 6.7:  Total vehicle count vs. simulation time 

Figure 6.7 illustrated the total number of vehicle running in the simulation 

networks. As indicated, CNQC model provide slightly more throughput than did the 

TRANSYT-7F model during the over-saturated period. The TRANSYT-7F policy 

“caught up” when demand dropped and traffic operations returned to under-saturation. 
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Figure 6.8 displays the comparison of the average vehicle travel speed (m/s). 

The CNQC model’s speed exceeded that of the TRANSYT-7F during most time 

periods.  

 
Figure 6.8:  Average vehicle speed vs. simulation time 

(2) Traffic progression and queue dissipation  

Figure 6.9 illustrates the target offsets (ideal offset) and actual offsets along the 

eastbound arterial. It shows that the stratified offset can be obtained by the incremental 

offset adjustment method, which is applied in the CNQC model. Figure 6.6 shows that 

traffic congestion occurred roughly from 20 minutes to 80 minutes during simulation. 

As shown in Figure 6.9, the heavy load of the queue dissipation process occurred at 

signal 2 postpones the green initiation of signal 1 by setting a negative offset, thus 

causing a postponement of local queue dissipation along the approach to signal 2. 

After the congestion period, the positive offsets are set to maintain the forward traffic 

progression along the eastbound arterial. 
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Figure 6.9: Dynamic of offsets along the eastbound arterial by the CNQC model 

In this example, the distances among three coordinated intersections are so 

close that any improper signal plan is likely to cause gridlock. During the congested 

period, the gridlock detector on link 1-2 was actuated from cycle 9 to cycle 37. Since 

there is only one arterial coordinated route in the network, signal 1 is freed from the 

predetermined coordination route. It can be seen clearly that the CQNC model 

restrained the number of entering traffic from the signal 1 to signal 2.  
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Figure 6.10: Queues dynamics of the eastbound coordinated arterial (1-2-3) 



Texas Tech University, Shuaiyu Chen, December, 2007 

 130 

Figure 6.10 illustrates how queues are interrelated and how the queues are 

distributed among the approaches along the coordinated eastbound arterial (1-2-3).  

Each graph corresponds to an approach between two intersections. A graph for link 

11-1, for example, shows that more queues on approach 11-1 of CNQC model is 

cumulated at the stage of congestion (from 20 minutes to 80 minutes). This is because 

the CQNC model restrains entering traffic from the signal 1 during the congestion 

period. The similar queue dissipation process is also observed at signal 2. At the early 

stage of congestion (from 20 minutes to 60 minutes), traffic arrivals are restrained. 

The CQNC model can release more vehicles and lead to less queues cumulated on the 

approach 2-3 of the downstream intersection 3 during this period. By adjusting the 

queue dissipation process among three signals, the more evenly queue distribution is 

achieved.  

Figure 6.11 illustrates the queue dissipation process among the non-

coordinated approaches at signal 1. Based on the above discussion, signal 1 is freed 

from the predetermined coordinated route in order to avoid gridlock. More green time 

is allocated to the non-coordinated approaches at signal 1 since traffic from the 

predetermined coordinated route is restrained. As shown in Figure 6.11, queue 

dissipation on non-coordinated approaches in the CNQC model is much faster than 

that in the TRANSYT-7F model at signal 1. As a result, the CNQC model overwhelms 

TRANSYT-7F in the overall network performance.    
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Figure 6.11: Queue dynamics of the non-coordinated approaches at signal 1 
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6.4.2 Case study 2 

Simulation network 
The simulation network developed in this case study is a gird network, which 

consists of 12 signalized intersections. The link-node diagram and the simulation 

network are indicated in Figure 6.12.  
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Figure 6.12:  A grid network with 12 signalized intersections. 
(a) Link-node diagram; (b) Simulation network in PARAMICS 
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Link 6-7 is the shortest link (1200 ft). The predetermined coordination routes 

are depicted in Figure 6.12 (a). There are two predetermined coordination routes. 

Intersection 6 is the critical intersection with two progression routes. Only one 

approach can be selected to be coordinated with its neighbor intersection. The 

predetermined coordination route at intersection 6 is along east bound; intersection 6 

is coordinated with intersection 7. The phase pattern of each intersection in the 

simulation network is illustrated in Figure 6.13.  
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Figure 6.13: Intersection phase patterns 

Along the east bound progression route, intersections 5, 7, and 8 have the 

overlap phase A with through and right turn movements on east bound and west bound. 

Along the north bound progression route, intersections 2 and 10 have the overlap 

phase A with through and right turn movements on north bound and south bound. 

Critical intersection 6 has two overlap phases A and B.  

Testing scenarios 
Traffic volume is updated every 15 minutes. The traffic flow of each 

movement during the first 5 minutes is illustrated in Figure 6.14, in the unit of veh/h.  
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Figure 6.14:  Traffic volumes (veh/h) during the first 15 minutes 
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The first 10 minutes simulation run is used as a warm-up period to allow traffic 

released into network to reach the target level.  
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Figure 6.15:  Traffic volume profile during 2 hour 

As indicated in Figure 6.15, this study began with heavily congested traffic 

volumes and ended with under-saturation. Traffic arrivals during the first 15 minutes 

represent the 100% traffic volume as shown in Figure 6.14. 

TRANSYT-7F signal control strategy 
As pointed out earlier, the computation efficiency is the remarkable defect of 

the TRANSY-7F approach. It required 24.2 minutes in a high performance computer 

(Pentium® D Dual Core 3.0 GHZ CPU and 2.0 GB memory) to obtain the optimum 

solution for this case study after 200 generation GA optimizations. Therefore, it is 

impossible to apply TRANSYT-7F model to the real-time signal control.  

Maximizing throughput is used as the objective function in this case study.  

The signal plan optimized by TRANSYT-7F is shown in Table 6.2. 
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Table 6.2: Optimized signal plan for case study 2 calculated by TRANSYT-7F 

Split (sec) 
Intersection Cycle length 

(sec) Phase 1 Phase A Phase 2 Phase 3 PhaseB Phase 4 
offset (sec) 

1 140 31  44 12  49 0 
2 140 39 15 26 13  42 20 
3 140 19  58 21  38 44 
4 140 12  39 10  75 12 
5 140 30 25 30 11  39 30 
6 140 18 38 14 15 40 9 3 
7 140 9 56 11 23  36 0 
8 140 18 53 14 10  40 44 
9 140 18  54 28  36 70 
10 140 17 39 20 24  35 59 
11 140 12  57 22  45 46 
12 140 10  49 13  64 53 

 

Simulation results and analysis 

(1) Network performance 

As shown in Figure 6.16, the total average vehicle delay (veh-s) of the CNQC 

model is less than those by TRANSYT-7F during the congestion period. In Figure 

6.16, it shows that the network becomes congested at about 15 minute after start of the 

simulation. The CNQC model relieved the congestion at about 60 minutes, which is 15 

minutes earlier than did the TRANSYT-7F.   

Figure 6.17 illustrates that vehicles can travel at relatively higher speeds in the 

network which is controlled by CNQC model. 
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Figure 6.16:  Average vehicle delay vs. simulation time 
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Figure 6.17:  Average vehicle speed vs. simulation time 
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(2) Traffic progression and queue dissipation 

In this example, link 6-7 is the critical link in which the backup queues are 

likely to cause gridlock at intersection 6.  
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Figure 6.18: Queues dynamics of the link 6-7 

During the congested period, the gridlock detector on link 6-7 was actuated 

from 15 to 20 minutes and from 30 to 50 minutes. Intersection 6 was switched from 

the east bound approach (predetermined coordination route) to the north bound 

approach. Therefore, during the switching, coordinated phase changed from Phase B 

to Phase A at intersection 6.  
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Figure 6.19: Queues dynamics of the approaches of the predetermined  

coordinated phase (link 5-6 and 7-6) 

Figure 6.19 illustrates how queues are interrelated and how the queues are 

distributed among the approaches along the coordinated approaches. A graph for link 

5-6, for example, shows that more queues on approach 5-6 of CNQC model is 

cumulated at the stages of switching coordination route (from 15 minutes to 20 

minutes, and from 30 to 50 minutes). This is because the CQNC model switched the 

coordination route from east bound approach to north bound approach during these 

periods.  
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Figure 6.20: Queues dynamics of the approaches of the predetermined  

non-coordinated phase (link 10-6 and 2-6) 

Figure 6.20 illustrates the queue dissipation process among the predetermined 

non-coordinated approaches at intersection 6. During the switching periods (15 to 20 

minutes, 30 to 50 minutes), the priority is assigned to the predetermined non-

coordinated approaches at intersection 6 in order to avoid gridlock. As shown in 

Figure 6.20, queue dissipation on non-coordinated approaches in the CNQC model is 

much faster than that in the TRANSYT-7F model at intersection 6. As a result, the 

CNQC model overwhelms TRANSYT-7F in the overall network performance.  

It proved the control philosophy of the CNQC model for coordination, which 

is maintain the predetermined coordination route at an already oversaturated 
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intersection cannot give more benefit to the whole network; the priority needs to be 

switched to non-coordinated approaches of the intersection at certain level. 

6.5 Summary 

In this chapter, the proposed CNQC model is interfaced with the micro-

simulator PARAMICS to create a real-time online signal control platform. The 

integrated model is applied to two general hypothetical networks. The results of the 

evaluation show that the proposed method is clearly better than TRANSY-7F for 

oversaturated network traffic control. When traffic flow has dramatically fluctuation, 

the proposed method is robust and superior to TRANSYT-7F. 
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Chapter 7  
CONCLUSION 

7.1 Conclusions 

Traffic signal control for congested conditions has been a long-standing 

problem in the traffic research field. The difficulties in developing a signal control 

model for over-saturated flow condition come from many aspects, such as available 

methodologies, complicity of mathematical programming, the limitation of current 

computer memory. 

This dissertation made an attempt to develop a real-time online signal control 

model to deal with the over-saturated signal control problems. The conclusions listed 

below are the major contributions of this study: 

1. The findings from the literature review on the prevailing theoretical models 

indicate that the well accepted criteria for over-saturated signal control “the 

total delay is minimized if the queues in both directions are dissolved 

simultaneously” is valid only when the saturation flow rates on the two 

approaches are equal or close. Consequently, it leads to an inherent 

inconsistency in the bang-bang control models. 

2. A dynamic linear programming model was developed for single over-

saturated intersections. The objective of the linear program focused on 

most efficiently utilizing the available green time under the prevailing flow 

and saturation flow conditions. Queue length constraints are imposed and 

frequent adjusting of signal timings according to the time-varying traffic 

demand was made possible during the entire control period. The model 

provides a real-time formulation procedure to optimize signal timings 

under given dynamic traffic demand condition. The dynamic linear 

programming model is capable of real-time signal control and dealing with 

overlap phase patterns. 
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3. An innovative detector - gridlock detector was designed to provide warning 

information that the upstream intersection will most likely be blocked by 

the backup queue and the capacity of the intersection may significantly 

drop. The microscopic simulation results show that the most appropriate 

location of the gridlock detector is at upstream of the link (350 to 525 ft).  

4. For over-saturated networks, the traditional control objectives, such as 

delay minimization and throughput maximization, become secondary. 

These control objectives usually lead to the greedy methods which give 

preemptive priority to the approach with the greatest saturation flow rate 

(major approach). It may cause severe congestion on the minor approaches 

and further deteriorates the whole network’s performance under over-

saturated conditions. The control objective of signal control of over-

saturated networks was therefore defined to control the formation and 

dissipation of queues and avoid the occurrence of gridlock at signals. 

5. When traffic becomes over capacity at one or more intersections along the 

coordinated routes, the predetermined progressions optimized by the 

bandwidth based coordination algorithms are always broken down at the 

over-saturated intersections. Along with the formation of a queue, the 

congested state tends to disperse from the over-saturated intersection to its 

neighbor intersections. A heuristic algorithm was created to dynamically 

search the progression route which evenly disperses over-saturated state to 

the neighbor intersections according to the current traffic conditions.  

6. A compromise split optimization approach was presented to provide a 

viable methodology for simultaneously optimizing two operational criteria 

delay and queue length management. It is shown that the compromise split 

model can obtain fair total intersection delay and control the queue 

distribution among all approaches.  

7. The Compromise Network Queue Control (CNQC) model was developed 

to avoid gridlock and manage queue dissipations for the over-saturated 
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network control. The CNQC model is characterized as a decentralized and 

cycle by cycle based control algorithm. Decentralized control philosophy 

gives more flexibility to each intersection to satisfy the local traffic 

demands. Cycle-by-cycle based control is the trade-off between the local 

and network requirements. Estimating traffic demands on a cycle-by-cycle 

basis can reflect the variation and stochastic natures of traffic flows. 

Meanwhile, adjusting traffic signal timings on a cyclic basis can maintain 

coordination in over-saturated networks. 

8. The CNQC model was interfaced with a microscopic simulation model- 

PARAMICS to be a real-time online simulation and optimization test tool. 

The integrated CNQC model was compared with the prevailing traffic 

signal optimization software package TRANSYT-7F by two general 

networks. CNQC showed significant improvements over TRANSYT-7F 

for all MOEs under over-saturated conditions.  

7.2 Recommendations for Future Research 

There are many areas that deserve further attention and additional research.  

1. None of the existing control algorithms can optimize phase sequence for 

network control. The cost of phase transition between different sequences 

cannot be neglected. Phase sequence is kept constant in the existing control 

models. Frequently adjusting phase sequence may interfere with traffic 

coordination. Therefore, a reasonable approach needs be developed to 

involve phase sequence optimization and maintain the coordination 

simultaneously. 

2. When a signal network is large, system-wide cycle length becomes 

unsuitable. It is necessary of dividing a large network system into smaller 

subsystems. The decentralized control logic in this dissertation shows the 

potential to extend the proposed approach to larger networks.  
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3. There is also a need to develop improved traffic flow prediction and queue 

prediction models. The application of more sophisticated traffic predication 

model can enhance the capabilities of the proposed CNQC model. 

4. The validity of the CNQC model has been verified by various simulation 

studies. Field test is desired for further evaluating the performance of the 

proposed algorithm. 
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