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Abstract: In order to improve the efficiency of traffic signal
control for an over-saturated intersection group, a non-
dominated sorting genetic algorithm [l (NSGA-II) based traffic
signal control optimization algorithm is proposed. The
throughput maximum and average queue ratio minimum for the
critical route of the intersection group are selected as the
optimization objectives of the traffic signal control for the
over-saturated condition. The consequences of the efficiency
between traffic signal timing plans generated by the proposed
algorithm and a commonly utilized signal timing optimization
software Synchro are compared in a VISSIM signal control
application programming interfaces ( SCAPI )
environment by using real filed observed traffic data. The
simulation results indicate that the signal timing plan generated

simulation

by the proposed algorithm is more efficient in managing over-
saturated flows at intersection groups, and, thus, it has the
capability of optimizing signal timing under the over-saturated
conditions.
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T raffic signal control evidently plays an important role
in managing the urban transportation system. How-
ever, traffic control strategies under normal traffic flow
conditions do not work as efficiently as necessary when
the traffic demand approaches or exceeds the capacity, es-
pecially at the intersection group with coordinated signal
mooQq 2]
. Since Webster

with the signal timing parameter “cycle length” and the

control connected the average delay
observed traffic flow variables by using the cumulative
diagram, the optimized cycle length can be calculated by
minimizing the delay of the signalized intersection'.
Similar to the Webster method, many optimization objec-
tives are also applied in signal timing, such as minimi-

1

zing cycle failures'™’, minimizing stops'* and minimizing

. 5 .
average saturation degrees”. However, the algorithms
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listed above can hardly be utilized under over-saturated
conditions.

The traffic flow characteristics are different when the
traffic flow is under the over-saturated condition or under
the near-saturated condition. Under those conditions, the
traffic flow becomes unstable. A small fluctuation from
any vehicle in a platoon may cause adverse consequences
and sharply reduce the efficiency of the traffic signal sys-
tem. In the intersection group, this situation will be more
serious. The intersection group is a small scale road net-
work with several adjacent intersections which can be eas-
ily affected by each other. A route correlation degree'
can be utilized to describe the significant level of traffic
relevance. When the route correlation degree between two
intersections is greater than 1, these two intersections can
be considered as one intersection group. The intersection
group will be easily affected by detrimental effects like re-
sidual queues and spillbacks and tend to be in a lock-out
tatus'”. Hence, a specific signal timing algorithm in con-
nection with the characteristics of the over-saturated inter-
section group is needed to be established and evaluated.

1 Traffic Flow Characteristics of Over-Saturated
Intersection Group

The traffic status is commonly determined by traffic in-
tensity, i. e., the V/C ratio. The traffic status can be
considered as over-saturation when the V/C ratio is grea-
ter than 1. However, the real-time traffic volume and the
actual capacity are difficult to determine under the over-
saturated condition. Thus, the over-saturation can be de-
fined as the condition of an approach with a residual
queue'”’
difficult to measure the residual queue directly, it can be
estimated by the loop detector’ information or mobile
sensor'"” information by using the shockwave theory.

at signalized intersections ( see Fig. 1). As it is
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Fig.1 Residual queues at intersection
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Generally, an over-saturated condition first appears at
one or several isolated intersections with a relatively high
saturation degree in the intersection group. Then, the
congestion begins to spread to the neighboring intersec-
tions (see Fig.2). Furthermore, the shockwave between
congestion and normal conditions will spread faster along
a route with a relatively large traffic volume. Finally, the
whole road network will be congested, even under a lock-
out status. According to the process of congestion genera-
tion, specific traffic control strategies should be formula-
ted to avoid the lock-out status when congestion begins to
spread in the intersection group.
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Fig.2 Spillback at intersections

2 Algorithm Selection

2.1 Selection of optimization objectives

The principal contradiction of the over-saturated inter-
section group turns to a spatial conflict for the road space
instead of a temporal conflict for passage right. When the
road network turns into an over-saturated status, the prin-
cipal task is to disperse the queues at intersection approa-
ches to prevent residual queues and spillbacks, especially
at the links with high probability to be congested. In this
way, the throughput maximum for the critical route of the
intersection group should be selected as one of the optimi-
zation objectives.

The queue problem is the major detrimental effect un-
der the over-saturated condition. The signal timing opti-
mization algorithm should obtain the capability of main-
taining the queue ratio of each approach ( or critical
route/intersection) in an acceptable range. In this control
strategy, the time of the green phase should be adjusted
to balance the queues at intersection approaches under the
over-saturated condition. The objective is to minimize the
number of blocked intersections by maintaining the queue
ratio along the critical route of the intersection group.

Based on the discussion listed above, two optimization
objectives, ‘“throughput maximum”and “queue ratio ma-
intenance” along the critical route of the intersection
group, are selected in the proposed traffic signal timing
optimization algorithm.

2.2 Selection of algorithm

In order to achieve the optimization objective of
“throughput maximum”, the algorithm tends to extend
the cycle length to avoid the lost time brought on by the
phase transition process. However, the queue of the con-

flicted intersection approaches will form very quickly un-
der the over-saturated condition, and get an extremely
high probability to be “spillback” if the long cycle length
is selected. At this time, the proposed algorithm should
have the capabilities of maintaining the queue ratio at
each approach to prevent the detrimental effects. In this
way, throughput maximum and queue ratio maintenance
are two conflicting objectives, which is a typical multi-
objective optimization problem (MOP). Many intelligent
algorithms, such as the evolutionary algorithm (EA), the
particle swarm optimization (PSO), the simulated annea-
ling algorithm ( SA) and the ant colony optimization
(ACO), can be utilized to obtain the Pareto front of the
MOP. However, of all the algorithms, only the genetic
algorithms (GA), one category of the evolutionary algo-
rithm, is successfully applied in the traffic signal control
system for commercial productions''". A non-dominated
sorting genetic algorithm [ ( NSGA-1I )" has better
performance than other multi-objective evolutionary algo-
rithms, and, thus, it is selected as the traffic signal con-
trol optimization method in this paper.

2.3 NSGA-1I algorithm

The major procedure of the NSGA-II algorithm is
shown in Fig. 3. The main loop of the NSGA- I algo-
rithm is listed below:

Step 1
ated. The population is sorted based on non-domination
level. Each solution is assigned a fitness (or rank) equal
to its non-domination level. The usual binary tournament
selection, recombination, and mutation operators are used
to create an offspring population Q, of size N. Let ¢ =0.

Step 2
formed. The population R, is of size 2N. Then, the popu-
lation R, is sorted according to non-domination. The best
non-dominated set F, is formed.

Step 3 The crowded-comparison operator <, is cho-
sen to sort the non-dominated set F, in a descending or-
der. The best N members of the set are chosen for the

Initially, a random parent population P, is cre-

A combined population R, = P, U Q, is

new population P, ,.
Step 4 The new population P
lection,

population Q

is now used for se-

t+1

crossover and mutation to create a new
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Fig.3 Major procedure of NSGA- I algorithm
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Step 5 When the termination condition is met, the
loop stops; otherwise, ¢ =7+ 1, and return to step 2.

3 Design of Algorithm
3.1 Coding scheme

The coding scheme has evident effects on genetic ma-
nipulation, especially for crossover. The binary enco-
ding, real number encoding and structural encoding are
three mostly used coding schemes in genetic algorithms.
In the traffic signal control optimization problem, the
coding scheme should obtain the capability to describe the
signal timing plan. If the binary encoding is applied, ad-
ditional constraints are needed in the process of crossover
and mutation. Besides, the logical constraints between
genes should also be considered ( for example, the cycle
length should be the summation of all the green times and
lost times). All these constraints increase the complexity
of the calculation. Hence, the real number encoding is
selected as the coding scheme in the traffic signal control
optimization problem. The green time of each phase is
the executable genetic operator of the gene.

3.2 Optimization objective functions

Two optimization objectives, “throughput maximum”
and “queue ratio maintenance” are selected in the pro-
posed algorithm. It is assumed that high resolution traffic
data are available for signal timing plan optimization. The
output of the algorithm is the green time of all phases.
The phase sequence is pre-defined.

Under the over-saturated condition, the traffic system is
erratic, especially at the critical route of the intersection
group or the the critical movement of the intersection.
Hence, the primary target of traffic control under the over-
saturated condition is to maintain the traffic flow in a sta-
ble state, and to discharge as many vehicles as possible,
especially for the critical movement. For the purpose of
maximizing the throughput vehicles of the critical move-
ment, a weight coefficient should be multiplied by the ac-
tual throughput numbers in the corresponding optimization
objective function. Thus, the throughput maximum opti-
mization function in the algorithm can be obtained as

0, =max ¥ ¥ (wm(g, C,0) (1)
i=1 n=1

where O, is the weighted maximum throughput vehicle
number of the intersection; ] is the weight coefficient of
the n-th movement at the i-th intersection; m; (g}, C,, t)is
the actual throughput vehicles of the n-th movement at the
i-th intersection, which is a function of the green time of
phase g7, cycle length C, and time ¢. These parameters
can be directly obtained from the VISSIM simulation en-
vironment in this research.

Many traffic optimization measures can be classified as
the queue maintenance strategy, such as the average queue

length, the maximum queue length, the maximum average
queue length and the dissipated queue length. The queue
occupancy ratio is utilized as the optimization objective by
considering the impact of acceptable queue space. By se-
lecting this conception as the optimization objective, the
detrimental effect “spillback” can be relieved effectively.
Meanwhile, the queue length of each phase can also be op-
timized. The queue ratio maintenance optimization func-
tion in the algorithm can be obtained as

(2)

where p, is the phase number of the i-th intersection;
L(1)is th¢ queue length of the p-th phase at the i-th inter-
section; L, is the maximum acceptable queue of the corre-
sponding phase.

4 Evaluation Setup

4.1 Simulation environment

The proposed algorithm is deployed and evaluated in a
prevailing microscopic traffic simulation environment
VISSIM. The advantages of the VISSIM over other simu-
lation packages include:

1) The VISSIM provides the largest flexibility for users
to calibrate driving behaviors and traffic conditions;

2) The VISSIM is developed under .NET framework,
which brings flexibility for add-on program development;

3) The VISSIM provides the best tools for the develop-
ment of signal control strategies, such as the NEMA ( Na-
tional Electrical Manufacturers Association) controller
emulator, the vehicle actuated programming ( VAP) lan-
guage, signal control application programming interfaces
(SCAPIs), etc.

The VISSIM SCAPI method is used to develop the
signal control emulator in this research'” . The SCAPIs
are written in C++ /CLR language. The original version
of the SCAPI controller requires that the signal control
algorithms should be embedded into a single dynamic
link library ( DLL) file. To facilitate the development, a
middleware is developed, which can synchronously col-
lect all the real-time detectors/phases states from the
VISSIM network to the controller emulator, and then re-
turn the new desired phase states back to the VISSIM
network. At each time interval, the controller runs the
algorithm, makes decisions according to the current
state, and then returns the new desired phase states to
the VISSIM network. The concept of the simulation en-
vironment is illustrated in Fig. 4.

4.2 Experimental design

The real filed traffic data from an intersection group at
the Guangzhou Road in Nanjing is selected to test the pro-
posed traffic control optimization algorithm. The traffic
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Fig.4 Simulation environment of VISSIM
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data ( without pedestrian and non-motor vehicles) was
collected from 7:30 am to 8:30 am on December 10th,
2009. Based on the observed traffic volume, the intersec-
tion group was under an over-saturated condition during
this period. The layout of the intersection group is shown
in Fig. 5. Each movement is coded by the following
rules: intersection name, approach ID and turning direc-
tion (e. g., AlS means the first approach straight move-
ment of intersection A). The critical route information
used in the proposed method was previously detected by a
wavelet and spectrum-based identify algorithm'*. As
shown in Fig. 6, the critical route of the Guangzhou Road
intersection group contains two critical routes and two
sub-critical routes. The experimental configurations are
listed in Tab. 1. Within the signal timing plan, the NEMA’s
typical dual-ring structure'” is utilized to achieve the pur-
pose of adjusting the green time flexibly based on the traffic
volume. The yellow and all-red phases are set at the phase
switching process, which are set to be 3 s for yellow and 2 s
for all red.
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Fig.5 Layout of the intersection group
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Fig.6 Critical routes of the intersection group

Tab.1 Experimental configurations of the proposed algorithm

Parameters Desired value
Desired speed/ (km - h~!) 60
Minimum green time/s 12
Maximum green time/s 60
Simulation time/s 3 600
Population size 200
Crossover probability 0.8
Mutation probability 0.1
Evolution generation 100
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The coordinated timing plan generated by the Synchro
software is selected as a reference to evaluate the pro-
posed traffic control strategy. After running the proposed
algorithm, the optimized signal timing plan is listed in
Tab. 2. The result of the Synchro scenario is listed in
Tab. 3.

Tab.2 Optimized traffic signal timing plan by NSGA- [I
algorithm

Shared cycle length (142 s)

Intersection ID Offset
Phase 1 Phase 2 Phase 3 Phase 4
11 51 51 40 126
2 58 44 40 110
13 52 45 45 78
14 50 46 46 41
5 46 28 40 28 0
16 36 30 46 30 50
17 56 43 43 84

Tab.3 Optimized traffic signal timing plan by Synchro software

nal timing plan generated by the NSGA- I algorithm. Se-
rious congestion occurs at intersection 2 at the end of the
simulation in the Synchro scenario. It is indicated that the
number of throughput vehicles drops and the queue length
increases sharply. At the end of the simulation, the detri-
mental effect is spread to intersections 1 and 3, but has
little effect on other intersections.

Tab.4 Comparisons of the evaluation parameters between
NSGA- ] algorithm and Synchro

Evaluation Throughput vehicles/veh

Average queue length/m

parameters  Synchro NSGA-II Synchro NSGA-II
11 6 884 8345 612 366
R 7081 8 658 725 387
3 7481 8978 549 427
14 9 659 10 226 437 415
5 11071 11 946 509 487
16 10319 10 590 427 398
17 8 446 8573 442 453
Total 60 941 67316 3701 2933

Shared cycle length (168 s)

Intersection ID Offset

Phase 1 Phase 2 Phase 3 Phase 4

11 60 60 48 152
2 70 50 48 138
3 62 53 53 85
28 58 55 55 52
I5 55 33 48 32 0

16 44 32 55 37 58
17 66 51 51 89

4.3 Results and analysis

The VISSIM software has the capability of evaluating
the effects of traffic control strategies under pre-defined
With built-in data collectors in the
VISSIM, the vehicle counts of a specific point (or along
a route) and the queue length of an approach can be sum-
marized. After the simulation of the two scenarios, the
evaluation parameters are summarized in Tab. 4. It is in-
dicated that the throughput vehicles of all the intersections
obtained from the NSGA- Il scenario are larger than those
from the Synchro scenario, especially at the critical inter-
sections. In this way, the traffic flow is distributed even-
ly along the whole intersection group. The storage capa-
bility of the road section is fully utilized to avoid the
lock-out status at the critical intersection. In the NSGA-
Il scenario, the queue lengths at intersections along the
critical route are all smaller than those in the Synchro sce-
nario. However, compared with the Synchro scenario,
there does exist one intersection (17) with a higher queue
length in the NSGA-II scenario. The reason for this phe-
nomenon is that the cycle length of the Synchro scenario
is longer, which leads to relatively longer queues. For the
purposes of maximum throughput vehicles along the criti-
cal route, some vehicles are guided to the Lasa Road,
leading to a relatively high queue length by using the sig-

traffic conditions.

5 Conclusion

A NSGA-TI based traffic signal timing algorithm for
the intersection group with the capability of working un-
der an over-saturated condition is proposed. Throughput
maximum and average queue ratio minimum are selected
as the optimization objectives of the algorithm under the
over-saturated condition. Experimental results indicate
that the proposed algorithm has the capability of determi-
ning effective traffic signal timing plan under the over-
saturated condition. Further work should concern the on-
line signal timing optimization method for the over-satu-
rated intersection group with the consideration of the im-
pact of pedestrian and non-motor vehicles.
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