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For the purpose of improving the efficiency of traffic signal control for isolate intersection under oversaturated conditions, a multi-
objective optimization algorithm for traffic signal control is proposed. Throughput maximum and average queue ratio minimum
are selected as the optimization objectives of the traffic signal control under oversaturated condition. A simulation environment
using VISSIM SCAPI was utilized to evaluate the convergence and the optimization results under various settings and traffic
conditions. It is written by C++/CRL to connect the simulation software VISSIM and the proposed algorithm. The simulation
results indicated that the signal timing plan generated by the proposed algorithm has good efficiency in managing the traffic
flow at oversaturated intersection than the commonly utilized signal timing optimization software Synchro. The update frequency
applied in the simulation environment was 120 s, and it can meet the requirements of signal timing plan update in real filed. Thus,
the proposed algorithm has the capability of searching Pareto front of the multi-objective problem domain under both normal
condition and over-saturated condition.

1. Introduction

Current traffic signal control technologies usually have lower
efficiency when the saturation degree is high. Many methods
were proposed to improve the efficiency of traffic signal under
traffic conditions with high saturation degree [1–3]. However,
very little of those methods can be widely utilized for the
reason of the requirements or limitations of those methods
[4]. In order to establish one specific traffic control method
with the capability of dealing with oversaturated condition,
the nature of traffic signal control should be discovered.

Traffic signal controlmethods try to establish the connec-
tion between observed traffic parameters, like counts, delay
and queue length, with traffic signal parameters, such as
phase sequence, cycle length, and split. In this way, various
traffic signal optimization algorithms can seek for the values
of traffic signal parameters to obtain the optimal values
of one or several traffic parameters by considering traffic
signal parameters as independent variables under specific
traffic condition. This principle is followed by almost all the
commonly used traffic control optimization methods, which
include TRRL (Transport and Road Research Laboratory)
method [5], HCM (Highway Capacity Manual) method [6]

and adaptive traffic control software like SCATS (Sydney
Coordinated Adaptive Traffic System) [7] and SCOOT (Split
Cycle Offset Optimizing Technique) [8]. Then, it can be
indicated that the descriptions of traffic flow characteristics
are the most critical factor in traffic signal timing optimiza-
tion. However, the traffic flow becomes unstable when the
traffic demand approaches or exceeds the capacity [9]. The
detrimental effects, such as spillback, residual queue, or De-
facto red, make it hard to describe traffic flow character-
istics accurately. Thus, traffic signal optimization methods
established by traffic flow formulas under normal traffic
condition are no longer suitable for oversaturated conditions.
The data-driven based heuristic algorithms could be an ideal
method to obtain optimized traffic signal timing plan under
oversaturated conditions. The heuristic algorithms do not
rely on the traffic flow formulas but to seek for optimization
scenarios based on real time traffic data. For the reason
that various factors can affect the effects of traffic signal
control under oversaturated condition, it will be better to
consider more impact factors in the process of traffic signal
optimization.

The focus of this paper is to present a multi-objective
optimization method to obtain a relatively better signal
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timing plan for oversaturated intersection. Before we design
the algorithm, the characteristics of oversaturated traffic
flow are analyzed to acquire the optimized objectives of the
algorithm. Then, we present the details of the algorithm,
which include coding scheme, optimization objectives, and
algorithm selection. At last the convergence and simulation
results of the algorithm under different conditions are sum-
marized and analyzed.

2. Characteristics of Oversaturated Flow

The traffic status can be determined by traffic intensity, that is,
the V/C ratio. At signalized intersection, the over-saturation
can be defined as the condition of an approach with residual
queue [10], which is illustrated as Figure 1. As it is difficult
to measure the residual queue directly, it can be estimated by
loop detector [11] or mobile sensors [12] information using
shockwave theory.

The traffic flow characteristics will be different when
traffic flow is under over-saturation conditions, or approach-
ing saturation conditions [13]. When the traffic condition is
approaching saturation, the traffic flow will become unstable.
A small fluctuation from any vehicle in a platoon may
cause adverse consequences and reduce the efficiency of
traffic system sharply [14]. When the traffic status is under
oversaturated condition, the deterministic queuing model
can be adopted to estimate the queue length. For the reason of
low stability of saturated traffic flow, the parameters estimated
by the models listed above can hardly be utilized in the
process of signal timing.

Generally, oversaturated condition will firstly appear
at one or several isolated intersection with relatively high

saturation degree. Then, the congestion begins to spread to
adjacent intersections with detrimental effect like “spillback,”
which is shown in Figure 2. Intersections along a route with
larger traffic volume may spread the congestion much faster
than other routes [15]. Finally, the whole road network will
be congested, even in a “lock-out” status [16]. According to
process of traffic congestion generation, the traffic control
strategies under oversaturated condition should be utilized
at isolated intersections to avoid detrimental effects like
spillback or residual queue.

3. Algorithm Selection and Design

3.1. Selection of the Algorithm. Throughput maximum and
queue ratiomaintenance are two conflicting objectives, which
is a typical multi-objective optimization problem (MOP)
[17]. Many intelligent algorithms, such as Evolutionary Algo-
rithm (EA) [18], Particle Swarm Optimization (PSO) [19],
Simulated Annealing Algorithm (SA) [20], and Ant Colony
Optimization (ACO) [21], 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
Algorithm, was successfully applied in the traffic signal
control system for commercial productions [22]. A Non-
dominated Sorting Genetic Algorithm II (NSGA-II) [23] has
better performance than other multi-objective evolutionary
algorithms [24], and thus it is selected as the traffic signal
control optimization method in this paper.

The NSGA-II algorithm improved the NSGA by adding
elitist strategy, density estimation strategy, and fast non-
dominated sorting strategy. The time complexity of NSGA-
II drops to 𝑂(𝑟𝑁2) from 𝑂(𝑟𝑁3) of NSGA, which is not
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Figure 3: Major procedure of NSGA-II algorithm.

larger than other MOEA. The non-dominated sorting and
the elitist strategy can improve the performance and keep
the better solution.The density estimation strategy avoids the
share parameter, which is hard to determine.These strategies
make the NSGA-II algorithm have better performance than
other MOEA. However, the convergence and diversity of the
NSGA-II may be worse for the reason of density estimation
strategy.

3.2. NSGA-II Algorithm. The major procedure of NSGA-II
algorithm is shown in Figure 3.Themain loop of theNSGA-II
algorithm is listed as the following steps.

Step 1. Initially, a random parent population 𝑃
0
is created.

The population is sorted based on the nondomination.
Each solution is assigned a fitness (or rank) equal to its
nondomination level.The usual binary tournament selection,
recombination, and mutation operators are used to create an
offspring population 𝑄

0
of size𝑁. Let 𝑡 = 0.

Step 2. A combined population 𝑅
𝑡
= 𝑃
𝑡
∪ 𝑄
𝑡
is formed. The

population 𝑅
𝑡
is of size 2𝑁. Then, the population 𝑅

𝑡
is sorted

according to nondomination. The best non-dominated set 𝐹
𝑖

is formed.

Step 3. The crowded-comparison operator ≺
𝑛
is chosen to

sort the non-dominated set 𝐹
𝑖
in descending order. The best

𝑁members of the set are chosen for the new population 𝑃
𝑡+1

.

Step 4. The new population 𝑃
𝑡+1

is now used for selection,
crossover and mutation to create a new population 𝑄

𝑡+1
.

Step 5. When the termination condition meets, the loop
stops; otherwise, 𝑡 = 𝑡 + 1, and turn to Step 2.

3.3. Coding Scheme. The coding scheme has evidently effects
on genetic manipulation, especially for crossover. The binary
encoding, real number encoding and structural encoding are
three mostly used coding scheme in genetic algorithms. In
the traffic signal control optimization problem, the coding
scheme should get the capability to describe the signal timing
plan. If the binary encoding is applied, additional constraints

are needed in the process of crossover andmutation. Besides,
the logical constraints between genes should also be consid-
ered (like 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 was selected as the coding scheme in traffic signal
control optimization problem. The green time of each phase
is the executable genetic operator of gene.

3.4. Selection of Optimization Objectives. Most practitioners
tend to make simple changes to splits or phase sequence to
minimize delay before moving to more complex approaches.
Considering the traffic control strategies for oversaturated
conditions are immature, it is better to keep the current
control strategy instead of applying a new one. It is also
important to implement strategies (where possible) to pre-
vent over-saturation from occurring in the first place, rather
than reacting to the issues after the fact. Once the traffic
demand goes back to the normal level, the frequently used
traffic control strategy will make the practitioners manage
the traffic flow easily. In this way, the throughput maximum
should be selected as one of the optimization objectives.

The queue problem is the major detrimental effects
under oversaturated condition. Signal timing optimization
algorithm should get the capability of maintaining the queue
ratio of each approach in an acceptable range. In this control
strategy, the green times should be adjusted to balance
the queues at intersection’s approaches during oversaturated
conditions. The objective is to minimize the number of
blocked intersections by critical intersection’s queues.

Based on the discussion listed above, two optimization
objectives, “throughput maximum” and “queue ratio main-
tenance,” are selected in the proposed traffic signal timing
optimization algorithm.

3.5. Optimization Objective Functions. In order to achieve
the optimization objective of throughput maximum, the
algorithm tends to extend cycle length to avoid the lost time
brought by phase transition process. However, the queue
of the conflicted intersection approaches will form very
quickly under oversaturated condition and get 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. It is assumed that high
resolution traffic data are available for signal timing plan
optimization. The output of the algorithm will be the green
times of all the phases. The phase sequence is predefined.

Under oversaturated condition, traffic system is erratic,
especially at the critical route of subnetwork or critical
movement of the intersection. Hence, the primary target of
traffic control under oversaturated condition is to maintain
the traffic flow in a stable 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 movement, a weight coefficient should be multiplied
by the actual throughput numbers in the corresponding opti-
mization objective function.Thus, the throughput maximum
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optimization function in the algorithm can be obtained as
follows:

𝑂
𝑐
= max∑

𝑖=1

(𝜔
𝑖
⋅ 𝑛
𝑖
(𝑔
𝑖
, 𝐶, 𝑡)) , (1)

where𝑂
𝑐
is the weightedmaximum throughput vehicle num-

ber of the intersection, 𝜔
𝑖
is the weight coefficient of the 𝑖th

movement, and 𝑛
𝑖
(𝑔
𝑖
, 𝐶, 𝑡) is the actual throughput vehicles

of the 𝑖th movement, which is a function of the green time of
movement 𝑔

𝑖
, cycle length𝐶, and time; this parameter can be

directly obtained from the VISSIM simulation environment
in this research.

Many traffic optimization measures can be classified
as the queue maintenance strategy, such as average queue
length, maximum queue length, average maximum queue
length and dissipated queue length. The queue occupancy
ratio is utilized as the optimization objective by considering
the impact of acceptable queue space. By introducing this
conception in the optimization objective function, the detri-
mental effect “spillback” can be eased effectively. Meantime,
the queue length of each phase can also be optimized.
The queue ratio maintenance optimization function in the
algorithm can be obtained as follows:

𝑂
𝑙
= min 1
𝑝

𝑃

∑

𝑝=1

len
𝑝

𝐿
𝑝

, (2)

where 𝑝 is the number of the phases, len
𝑝
(𝑡) is the queue

length of the 𝑝th phase, and 𝐿
𝑝
is the maximum acceptable

queue of the corresponding phase.

4. Evaluation Setup

4.1. Simulation Environment. The proposed algorithm was
deployed and evaluated in a prevailing microscopic traffic
simulation environment, VISSIM.The advantages of VISSIM
over other simulation packages include the following

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

(2) VISSIM was developed under .NET framework,
which brings flexibility for add-on program develop-
ment.

(3) VISSIMprovides the best tools for the development of
signal control strategies, such as theNEMA controller
emulator, Vehicle Actuated Programming (VAP) lan-
guage, signal controlApplicationProgramming Inter-
faces (SCAPI), and so forth.

VISSIM SCAPI method was used to develop the signal
control emulator in this research. SCAPIs were written in
C++/CLR language [25] and the original version of SCAPI
controller requires signal control algorithms to be embedded
into a single dynamic link library (DLL) file. To facilitate
the development, a middleware was developed, which can
synchronously collect all the real-time detectors/phases states
from the VISSIM network to the controller emulator then

Output data from VISSIM

NSGA-II based traffic control
optimization algorithm

VISSIM network

.NET framework

Optimized signal timing
plan in next interval

Actual vehicle
information

VISSIM COM

Figure 4: Simulation environment of VISSIM.

return the new desired phase states back to the VISSIM
network. At each time step, 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 this simulation environment is illustrated as
in Figure 4.

The algorithm was tested under a PC environment with
the configuration of Intel Core i7-3770 3.4GHz processor and
8GB DDR3 RAM. It takes less than 1 s to optimize the signal
timing plan of single intersection on average. The VISSIM
software has the capability of simulating the network ten
times faster than the real time at minimum. Thus, a 120 s
interval, which is larger than most cycle length applied in the
real filed, is selected as the update frequency. This parameter
should be adjusted based on the hardware configuration.
During the period of updating the signal control parameters,
the simulation software can provide the simulated traffic
flow parameters in the next 20 minutes, which can become
the input of the algorithm. The signal timing plan will be
updated synchronously in the simulation environment when
the current cycle is finished.

4.2. Experimental Design. A simple four way intersection is
selected to evaluate the proposed algorithm. The geometric
characteristics of the intersection are shown in Figure 5. The
experimental configurations are listed in Table 1, and exper-
imental traffic volume is listed in Table 2. Within the signal
timing plan, the NEMA’s (National Electrical Manufactures
Association) ring structure (see Figure 7) [26] is utilized to
achieve the purpose of adjusting the green flexibly based on
traffic volume.
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Table 1: Experimental configurations of the proposed algorithm.

Parameters Desired value
The length of intersection approach (m) 550
Desired speed (km/h) 60

Number of genes
4 for signal ring

5 for signal ring and phase sequence
8 for dual-rings

Population size 200
Crossover probability 0.8
Mutation probability 0.1
Evolution generation 100

Table 2: Experimental traffic volume (pcu).

Movement Eastbound Westbound Northbound Southbound
Low High Low High Low High Low High

Left turn 65 130 30 60 30 60 40 80
Throughput 620 1240 700 1400 370 740 510 1020
Right turn 35 70 20 60 20 40 50 100

N

3.3m

3.3m
3.3m

3.3m

4.5m

4.5m

Figure 5: Intersection geometry.

5. Results and Discussions

Theconvergence and results of proposed algorithm at various
gene numbers and traffic volumes are analyzed. In order to
evaluate the effect of the algorithm, the widely used Webster
model and Synchro software are utilized as a reference
algorithm to the proposed algorithm.

5.1. Convergence of the Algorithm. In order to test the conver-
gence of the algorithm, the optimization results of the pro-
posed algorithm after 50 generations and 100 generations are
compared. As illustrated in Figure 6, the converged speed of
the proposed algorithm is relatively fast. After 50 generations,
the optimization results have already got a relatively good

convergence, which is similar to the optimization results after
100 generations. In this way, the evaluation generation can
be reduced when it is necessary to consider the calculation
time. Although the accuracy of the solution may be lower,
the accuracy can still be acceptable based on the experimental
results.

5.2. Optimization Results with Different Gene Numbers. As
the NEMA’s ring structure is utilized in the proposed algo-
rithm, the number of genes can stand for different signal
timing scenarios. In this paper, a comparison of scenarios
with 4, 5, and 8 genes is selected. The scenario with 4 genes
stands for a signal ring timing planwith fixed four phases (left
lagging). While the scenario with 5 genes means a signal ring
with flexible phase sequence (lead/lagging). And the 8 genes
scenario is a standard NAME dual-ring traffic signal timing
plan. Figure 7 shows the single ring structure with left lag
phase sequence and the standard dual ring structure. Figure 8
illustrates the optimization results of the three scenarios
listed above. It can be indicated that the feasible optimal
solutions of the 4 and 5 genes are much more than the 8
genes scenario. The optimization results will be better if the
distribution of optimal solution can cover the whole period.
The distribution of the optimization solutions of 5 genes are
more balanced than other scenarios. With the increase of
the gene’s number, the evaluation generations and population
size will rise significantly. Meantime, the complexity of the
algorithm will increase too.

5.3. Comparison of the Optimization Results under Different
Traffic Volume. As illustrated in Figure 9, the proposed
algorithm has the capability of optimizing traffic signal
control under different traffic conditions. In the high vol-
ume scenario, the traffic volume of southbound exceeds its
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Figure 6: Distribution of optimal solutions after various generations.
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Figure 7: Schematic diagrams of the ring structure.

capacity. The selected intersection is under an oversaturated
condition. The optimization results of the Webster method
and Synchro are shown in Table 3, and the comparisons of the
selected parameters from the methods are shown in Table 4.
The Webster model cannot calculate the cycle length with a
saturation degree greater than 1; thus the Akcelik’s model is
applied to obtain the signal timing plan under oversaturated
condition. Based on the optimal results, the average queue
ratio of the intersection can be maintained less than 1 by
applying the proposed algorithm.

Compared with the optimal results with Webster model
and Synchro software, the proposed algorithm has similar
performance with other method under normal condition.
However, under oversaturated condition, queues build up
quickly under the signal timing plan by common used
models. For the reason of applying specific optimization
objectives, the proposed algorithm has the capability of

searching and converging to Pareto front of the multi-
objective problem domain under oversaturated conditions.

It should be noticed that the proposed algorithm has no
obvious advantages under the normal conditions. In this way,
it is suggested to apply the mature signal timing optimization
methods or software, such as Synchro, to determine the signal
timing plan under the normal conditions instead of applying
the new one. It is also important to implement the proposed
algorithm to prevent over-saturation from occurring in the
first place, rather than reacting to the issues after the fact.
Once the traffic demand goes back to the normal level,
the frequently used traffic control method will make the
practitioners manage the traffic flow easily.

6. Conclusions

A multi-objective optimization algorithm is present to opti-
mize traffic signal timing at oversaturated intersection. In
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Table 3: Optimized signal timing plan of Webster model and Synchro software.

Algorithm Cycle length (s) Phase 1 (s) Phase 2 (s) Yellow (s)
Webster model under normal condition 66 35 23 4
Webster model under over-saturated condition 132 74 50 4
Synchro model under normal condition 70 36 26 4
Synchro model under over-saturated condition 90 45 37 4

Table 4: Comparison of the evaluation results between proposed method and other models.

Algorithm Throughput vehicles (pcu) Average queue ratio
Normal Over-saturated Normal Over-saturated

NSGA II (4 genes) 23417 44492 0.46 0.94
NSGA II (5 genes) 24582 46706 0.44 0.94
NSGA II (8 genes) 24814 48628 0.45 0.90
Webster 23981 29598 0.48 >1
Synchro 24173 35916 0.45 >1
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the proposed algorithm, throughput maximum and average
queue ratio minimum are selected as the optimization objec-
tives to meet the characteristics of oversaturated traffic flow.
The proposed algorithm was tested under various kinds of
phases and traffic conditions. The gene number can reflect
the phase sequence and traffic control structure of the signal
timing. The more genes are selected, the more accurate
the algorithm is. Meantime, the proposed algorithm will be
difficult to get feasible solution if the large gene number is
selected because of the computational complexity. Thus, it
is suggested that the gene number should be no more than
8. The real number encoding is utilized in the proposed
algorithm, and the executable genetic operator of gene is
the green time of the corresponding phase. The update
frequency applied in the simulation environment was 120 s,
and it canmeet the requirements of signal timing plan update
in real filed. The experimental results from VISSIM SCAPI
simulation environment indicate that the proposed algorithm
has the ability of obtaining traffic signal timing plan with
better performance than the commonly utilized signal timing
optimization software under oversaturated conditions. The
performance of proposed algorithm under normal condition
is not better than the commonly used traffic signal control
optimization methods for the reason of the discrepancies
between the optimization objectives and the traffic flow
characteristics. The proposed algorithm has the capability
of searching Pareto front of the multi-objective problem
domain. Further jobs should be concerned on the signal
timing optimization method for oversaturated coordinated
intersections or small scale road network and real field
applications with the traffic signal controller.
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