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Abstract— In this paper, we introduce a mathematical model
for traffic signal scheduling problem with consideration of a
platoon dispersion model. The traffic signal scheduling problem
(TSSP) is formulated as a discrete-time optimization problem
while the objectives are to reduce the average delay time for
each link and the stop delay time in the queue for each intersec-
tion with regard to the traffic dynamics and platoon dispersion
model. A non-linear programming (NLP) problem is proposed
for this TSSP and a mixed integer linear programming (MILP)
problem is converted from the obtained NLP formulation to
simplify the development of the optimizer. The proposed traffic
signal scheduling scheme is compared to an optimized fixed-
time traffic control scheme with regard to the throughput and
the maximal queue length. Simulation results show that our
proposed method could outperform the optimized fixed-time
scheme by capturing more elaborate short term traffic flow
variations.

I. INTRODUCTION

Traffic congestion is a key challenge in most cosmopolitan
cities around the world, which leads to billions of dollars
loss every year. With the economic growth, the congestion
problem becomes much crucial in recent years for both
developing and developed countries. Besides upgrading the
costly infrastructure, a renovated traffic signal scheduling
scheme is vital and more affordable to smooth the traffic
movement in urban areas in order to alleviate the traffic
congestion.

A typical urban traffic system consists of intersections
and links, which involves traffic controllers (traffic signal
controllers), flow dynamics at each intersection and link
volume dynamics. Daganzo developed a finite difference
solution scheme for the LWR model [1] [2] by adopt-
ing a simplified Fundamental Diagram [3] [4], i.e., the
cell-transmission model (CTM). Lin and Wang [5] define
different cell models in the traffic network and different
constraint sets are proposed for each type of cells. For
aggregated models, recently the macroscopic fundamental
diagram (MFD) provide an approach to obtain traffic patterns
with lower computational complexities [6] [7]. Store-and-
forward modeling of traffic networks was first suggested by
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Gazis [8] and has since been used in various works notably
for road traffic control.

Detailed reviews on traffic control strategies could be
found in [9] [10] and [11]. The conventional traffic light
control is based on fixed-time strategy [9]. In modern urban
traffic systems, some transportation responsive strategies
are widely used such as SCOOT [12] and SCATS [13].
However, most traffic light scheduling strategies focus on
developing well-tuned offline solutions. From the theoretical
control method point of view, TUC introduces the linear
quadratic regulator problem to generate a multi-variable feed-
back regulator for the network control [14] [15] [16]. With
consideration of the traffic scenarios from the adjacent links,
back pressure approaches are proposed [17]. Based on the
repeating patterns captured by measurements or captured via
MFD models, researchers introduce model predictive control
strategies for traffic signal control or perimeter control for
congested area [18] [19] [20]. [21] and [22] introduce the cell
transmission model into mixed integer linear programming,
in which optimizer could be utilized to solve a network level
traffic signal scheduling problem. Some recent works build
the traffic model with MILP and solve them via conventional
optimization and meta-heuristics [23] [24].

The platoon dispersion model [25] [26], which is used to
describe the movement dynamics in the traffic flow, could
help us to understand the short term traffic movements
at each intersection, which brings possibilities for a better
prediction and depiction of the flow dynamics at signalized
intersections. Many research works introduce and calibrate
models which could be used in platoon dispersion mod-
elling in past decades [27] [28] [29]. In this paper, we
introduce a mathematical model for traffic signal scheduling
problem with consideration of a platoon dispersion model.
The traffic signal scheduling problem is formulated as a
discrete-time optimization problem while the objectives are
to reduce the average delay time for each link and the stop
delay time in the queue for each intersection with regard
to the traffic dynamics and platoon dispersion model. The
contributions of this paper include: firstly, a macroscopic
model with consideration of the platoon dispersion model is
proposed and a non-linear programming problem formulation
is developed based on this model to generate the optimal
traffic signal scheduling scheme; secondly, the non-linear
programming problem is converted into a mixed integer
linear programming formulation by logic conversions to
reduce the computational complexity as well as to simplify
the development of the optimizer.

The rest of the paper is organized as follow. The descrip-
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tions of the macroscopic traffic model, constants and decision
variables are shown in Section II. A traffic signal scheduling
problem formulation with platooning dispersion model based
on the macroscopic model are proposed in Section III as
a non-linear programming problem. The conversion of this
NLP formulation to a mixed integer linear programming
(MILP) is provided in Section IV. Simulation results for
illustrating the proposed approach are shown in Section V.
Conclusions are drawn in Section VI.

II. SYSTEM MODELLING

In this section, we introduce the macroscopic model used
in our traffic signal scheduling problem formulation. The
sets, constants and variables are briefly summarized. The
model is developed based on a directed graph and a typical
macroscopic model which includes intersections, links and
traffic flows as shown in Fig. 1.

Fig. 1. The typical macroscopic model implemented in this work

A directed graph, G = (V,E), which denotes the traffic
network, is introduced as the basement of this macroscopic
traffic model. V is the set of all the vertices in the graph,
which denotes the set of intersections in the traffic system,
while E is the set of all the edges in the graph, which denotes
the set of links or roads in the traffic system. Ω is introduced
to denote the set of phases at each intersection. The phases
are associated with a group of compatible traffic movements
from approaches directed to the intersections. The cardinality
of Ω, which is denoted as |Ω|, is to represent the number of
phases involved in the traffic signal cycle at each intersection.

In this model, we assume that the cycle length is prede-
termined by some other methodologies and it will not be
changed during the operation period. All the intersections
are assumed to have identical cycle length. The offset in the
problem is assumed known and will not be considered in the
formulation.

Our traffic signal scheduling problem is to determine
the optimal phase lengths in a cycle to cater the traffic
flow patterns. The only decision variable in this problem
formulation is the traffic signal status shifting time, which is
denoted as TG. TG is a set of times, which is a subset of the
phase shifting times, which is shown as follows,

TG ⊆ {t|t = t1, t2, · · · , t|Ω|−1}, (1)

where |Ω| is the cardinality of the set of phases at the
intersection and ti are the phase shifting times. A set of |Ω|
phases has at most |Ω|−1 traffic signal status shifting points.
The traffic signal status shifting times reflect the changes for

each traffic signal group in one cycle and it could be used
to control the traffic flow evolution process. In the problem
formulation proposed in this paper, to simply the derivation
and without loss of generality, we assume that there is only
one status shifting point for each traffic signal group in a
cycle. Thus, TG is down-scaled to a real number. In later
technical developments, we use tG instead of TG to denote
the traffic signal status shifting time. It shows the time when
the traffic signal turns from Green to Red for one approach
at the intersection. In other words, to determine tG is to
resolve the status shifting point for each traffic signal group.
It could be extended to multiple shifting points by adding
more constraints on tG.

III. THE PROBLEM FORMULATION FOR THE TRAFFIC
SIGNAL SCHEDULING PROBLEM

The constraint set and the objective function for this traffic
light signal scheduling problem are proposed in this section.
The constraint set consists of the phase split / green time
constraints, the link average delay and stop delay constraints,
the queue entering and exiting constraints, and the queue
dynamic constraints. The traffic signal scheduling problem is
to assign proper length of phases to each intersection in the
traffic network in order to reduce the network-wise average
traffic delays and stop delays.

A. Constraints on the phase status and the green time

As the problem is developed based on a discrete-time
model, the status of the traffic signal group at each sampling
time is required to be determined based on the phase settings.
The relationship between the green time and the phase status
for each intersection could be described as follows. Let tcl
be the cycle length, ∀t ∈ [1, tcl],∀i ∈ V ,

Logic Constraint (LX1)

t ≤ tG → δ1(vi, t) = 0 (2-1)
t > tG → δ1(vi, t) = 1 (2-2)

where δ1(vi, t) is the phase at intersection vi at time interval
t, and tG is the traffic signal shifting point. Logic Constraint
(LX1) is equivalent to the relationship t − tG ≤ 0 →
δ1(vi, t) = 0 and t− tG > 0→ δ1(vi, t) = 1. To remove the
logic relationships, quadratic items could be introduced to
the formulation to convert the logic constraints to non-linear
ones. For example, a quadratic constraint could be achieved
by shifting δ1(vi, t) with 0.5,

Quadratic Constraint (Q1)

(t− tG)× (δ1(vi, t)− 0.5) ≥ 0, (3-1)
δ1(vi, t) ∈ {0, 1} (3-2)

Thus, based on this conversion, the phase at each intersec-
tion could be depicted as quadratic constraints shown in (3).
Note that the quadratic constraints could be implemented
in some conventional optimizers to generate a quadratic
constraint programming problem, which is also applicable
when solving the problem. In Section IV, we introduce
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a conversion to translate (LX1) to mixed integer linear
constraints.

B. Constraints on the network-wise average delays and stop
delays

The average traffic delay time and stop delay time could be
estimated as follows, which are derived based on the spatial-
temporal chart [30],

Quadratic Constraint (Q2)

d(i) =
∑
t

qlen(i, t) (4-1)

c(i) =
∑
t

qlen(i, t)δ1(vi, t) (4-2)

d(i) denotes the average time delay at link i, which is
calculated by summing all the queue length at this link during
the whole cycle together. c(i) denotes the stop time delay at
link i, which is calculated by summing the queue length at
this link during the red time together. Note that (4-2) is a
non-linear constraint as it introduces quadratic forms.

C. Constraints on queue entering procedure

To describe the queue entering procedure, we take the
platoon dispersion model proposed by Robertson into con-
sideration. The platoon dispersion process is introduced by
Roberson [25]. In this model, the queue entering procedure
could be described by the information from the incoming
flow (upstream flow) and the information from current queue
at the stop line.

Q(t+ T ) = F × IN(t) + (1− F )×Q(t+ T − 1) (5)

where T is the traveling time for the current link, IN(t)
is the incoming traffic flow during sampling time t, and F
is a smoothing factor which is determined by the degree of
saturation at the current link.

To convert this model to a discrete-time model , we make
the following modifications based on Robertson’s model,
which are shown as follows,

Logic Constraint (LX2)

qenter(i, t)

=


qinit, t ≤ T

F
∑
j∈Ui

qexit(j, t− T ) + (1− F )qenter(i, t− 1), otherwise

(6)
where qinit is the initial value of the process, Ui denotes
the upstream set of link i. Logic Constraint (LX2) is a
piecewise defined function, with both linear and non-linear
segments. This function could be degraded into a piecewise
linear function by assuming F to be a constant.

D. Constraints on the queue exiting procedure

There are three different cases in the queue exiting proce-
dure. Firstly, if the traffic signal is GREEN and the queue is
non-empty, the queue will be released with a constant queue
releasing speed,

qexit(i, t) = qr, (7)

where qr is a constant. Secondly, if the traffic signal is
GREEN and the queue is empty, the queue enters a bal-
anced status and the queue releasing speed equals the queue
building up speed, i.e.,

qexit(i, t) = qenter(i, t). (8)

Thirdly, if the traffic signal is RED, the queue is formed up
and no vehicle could exit from the queue, i.e.,

qexit(i, t) = 0. (9)

We can combine these three scenarios into two logic con-
straints, which are shown below,

Logic Constraint (LX3)

qlen(i, t) > 0→ qexit(i, t) = (1− δ1(vi, t))qr (10-1)
qlen(i, t) = 0→ qexit(i, t) = (1− δ1(vi, t))qenter(i, t)

(10-2)

Note that in Logic Constraint (LX3), the phase status
is introduced to determine the “ON/OFF” status of the exit
traffic flow.

E. Constraints on queue length dynamics

To simplify the model, the intermediate statuses are ig-
nored when forming the queue length dynamics, which is
always applicable to a macroscopic model. The queue length
dynamics is describe with a maximum function shown below,

Non-linear Constraint (NL1)

qlen(i, t+1) = max{qlen(i, t)+qenter(i, t)−qexit(i, t), 0} (11)

Eq (11) introduces the maximum function to limit the
queue length and it needs to be transferred into a sequence
of mixed integer linear constraints to be solved with an
optimizer.

F. Objective function

As introduced in the problem development, d(i) is the
average delay on the i-th link for the whole cycle time, and
c(i) is the stop delay on the i-th link for the whole cycle
time. We define the objective function by combining these
two performance indices together with weights.

f =
∑
i

(γ1d(i) + γ2c(i)) (12)

where γ1 and γ2 are weighting factors.
As a summary, the traffic signal scheduling problem

(TSSP) could be formulated as an optimization problem
with (12) as an objective function and (Q1) (Q2) (LX2)
(LX3) and (NL1) as constraints. Note that this formula-
tion includes a linear objective function, linear constraints,
quadratic constraints, other non-linear constraints and logic
constraints. In the next section, we will transfer this non-
linear programming (NLP) problem to a mixed integer linear
programming (MILP) problem.

IV. A MIXED INTEGER LINEAR PROGRAMMING
FORMULATION FOR TSSP

In this section, we show the details of the conversions from
non-linear constraints to mixed integer linear constraints.
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A. Conversion of Quadratic Constraint

We use the conversion of (Q2) as an example, similar
process could be adopted to (Q1). For (Q2), we introduce a
new variable,

c(i, t) = qlen(i, t)× δ1(vi, t). (13)

Note that for each link i, the queue length qlen(i, t)
is a bounded variable and the range could be written as
[0, qmax(i)]. Thus, (13) is equivalent to the equations shown
below.

− c(i, t) ≤ 0 (14-1)
c(i, t)− δ1(vi, t)qmax(i) ≤ 0 (14-2)
qlen(i, t) + δ1(vi, t)qmax(i)− c(i, t) ≤ qmax(i) (14-3)
c(i, t)− qlen(i, t) ≤ 0 (14-4)

Then, (4-2) is equivalent to c(i) =
∑

t c(i, t) with (14).

B. Conversion of Logic Constraint

For Logic Constraint (LX3), a binary decision variable
δ2(i, t) is introduced as follows,

qlen(i, t) > 0→ δ2(i, t) = 1

qlen(i, t) = 0→ δ2(i, t) = 0
(15)

This logic relation could be transferred into the following
form,

qlen(i, t)(1− δ2(i, t)) ≤ 0 (16)

Similarly, introducing z2(i, t) = qlen(i, t) × (1 − δ2(i, t)),
and this quadratic form is equivalent to a sequence of mixed
integer linear inequalities. Details of this conversion, please
refer to the conversions shown in Section IV-A.

C. Conversion of Non-linear Constraints

(NL1) is a max function. Typically, it could be converted
as follows.

f(x) = max(f1(x), f2(x)) (17-1)

⇔


f(x) ≥ f1(x)

f(x) ≥ f2(x)

[f(x) + 1 ≤ f1(x) + ε] ∨ [f(x) + 1 ≤ f2(x) + ε]
(17-2)

The third condition in (17-2) could be further linearized
by introducing binary variables. However, in this problem
formulation, the second part in the max function is a con-
stant. Thus, the max function is automatically downgraded
to a linear constraint aligned with a boundary and no further
binary variable is needed.

As a summary, the logic constraints are converted to
quadratic constraints by introducing binary variables, and the
quadratic constraints are converted into mixed integer linear
constraints by introducing bounded conditions. The non-
linear programming problem formulation for TSSP could be
converted into a mixed integer linear programming problem.

Fig. 2. A Simplified Traffic Network with Two Intersections

V. SIMULATION RESULTS

In this section, the numerical analysis and simulation re-
sults are provided. We first build a simplified traffic network
with two signalized intersections. The comparison with the
optimal fixed-time strategy is proposed and simulation results
show that our strategy could outperform the optimal fixed-
time strategy.

A. Simulation Settings

A simplified traffic network with two intersections is built
to simulate the proposed traffic signal scheduling scheme,
which is shown in Fig. 2. Two intersections, six car parks
with 14 uni-directional links connected with each other
are involved in this system. The vehicles are assumed to
travel with a constant speed, i.e., 50 km/h. All links in this
simulation are assumed to be with the same length, i.e., 207
m. Vehicles could travel through each link in 15 seconds with
free flow speed. The sampling step is selected as 1 seconds.
The traffic pattern is assumed to be unchanged during this
short simulation period. However, periodical variances in
traffic patterns are introduced in the simulation, i.e., the
vehicle arrival rate changes temporally but the pattern repeats
periodically.

In this numerical simulation, we compare the proposed
traffic signal control scheme to the optimized fixed-time
scheme obtained via Webster’s algorithm. In the implemen-
tation of the Webster’s algorithm, the ingress traffic flow
profiles is assumed to be known in advance, and the phase
splits for each intersection are calculated based on portions
of the flow factors from each approach. The cycle length is
assumed to be 60 seconds for both of the intersections and
no offset is considered in this simulation. For the proposed
model, the cycle length is assumed to be the same as the
cycle length used in Webster’s method, as well as the phase
sequence. The splits are determined based on the TSSP
model with consideration of the platoon dispersion. For each
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TABLE I
OPTIMIZED FIXED-TIME PHASE PLANS IMPLEMENTED IN FIG. 3

Intersection ID Phase A Phase B Phase C Phase D
Intersection 1 13 13 17 17
Intersection 2 14 13 17 16

TABLE II
THE PROPOSED PHASE PLANS IMPLEMENTED IN FIG. 4

Intersection ID Cycle Phase A Phase B Phase C Phase D
Intersection 1 1 18 17 13 12
Intersection 1 2 9 9 21 21
Intersection 1 3 17 17 13 13
Intersection 1 4 9 9 21 21
Intersection 1 5 19 19 12 10
Intersection 1 6 9 9 21 21
Intersection 2 1 20 20 10 10
Intersection 2 2 9 9 21 21
Intersection 2 3 20 20 11 9
Intersection 2 4 7 8 22 23
Intersection 2 5 19 18 12 11
Intersection 2 6 8 8 21 23

cycle, the split plan will be revised based on the newly
collected periodical flow profile, as well as the prediction
based on the platoon dispersion model.

B. Simulation Results

The phase splits and the number of vehicles in each link
are shown in Fig. 3 and Fig. 4 for the optimized fixed-time
method and the proposed method, respectively. On top of
these two figures, the phase sequence at Intersection 1 and
Intersection 2 are depicted. For both of the intersections,
they are initiated with Phase A, in which the associated
movements are shown in Fig. 2, for 15 seconds. This
is to fulfill the network with ingress flows. For both of
the implemented methodologies, the traffic signal controller
starts working at t = 16 seconds, i.e., the implemented cycle
starts at t = 16 seconds. The simulation results are drawn
for a period of 360 seconds for both two methods, which
covers about 6 cycles. In the optimized fixed-time phase
plan, the phase splits are calculated based on the periodical
ingress flow profiles, and kept unchanged during this 360
simulation seconds. The selected phase plans for Intersection
1 and Intersection 2 are shown in Table I.

In Fig. 3, we could see that the longest queue happens in
Link 11. However, the queue length among the links in the
network varies a lot. The average queue lengths range from
16.3 vehicles to 31.8 vehicles. It shows that the implemented
traffic phase plans lack the ability to cater the periodical
traffic flow changes in the network, although the phase splits
are optimized for the whole simulation period.

The implemented phase splits in our proposed method is
shown in Table II. The phase slits vary based on the ingress
flow rates. The average phase splits for Intersection 1 are
13.5 seconds, 13.3 seconds, 16.8 seconds, and 16.3 seconds,
for Phase A, B, C, and D, respectively, while the average
phase splits for Intersection 2 is 13.5 seconds, 13.3 seconds,
16.8 seconds, and 16.3 seconds for each phase, respectively.
The average splits are similar to the numbers shown in

Table I, which indicate that our proposed methodology could
capture the characteristics in ingress flow profiles from a
macroscopic point of view. The simulation results shown in
Fig. 4 indicates that the longest queue length is shrank and
the differences among the queue lengths in the network are
also reduced. The throughput increases from the system is
1041 vehicles based on Webster’s method to 1159 vehicles,
which is about a 11% improvement. This shows that our
proposed method could capture the short period traffic flow
changes by predicting the incoming flow pattern periodically.

VI. CONCLUSION

In this paper, we introduce a mathematical model for
traffic signal scheduling problem with consideration of the
platoon dispersion model. The traffic signal scheduling prob-
lem (TSSP) is formulated as a discrete-time optimization
problem while the objectives are to reduce the average delay
time for each link and the stop delay time in the queue
for each intersection with regard to the traffic dynamics and
platoon dispersion model. A non-linear programming (NLP)
problem is proposed for this TSSP and a mixed integer
linear programming (MILP) problem is converted from the
obtained NLP formulation to simplify the development of
optimizer. Simulation results show that our proposed method
could outperform the optimized fixed-time traffic control
scheme by capturing more elaborated short term traffic flow
variations. The offset optimization is not considered in our
formulations as well as the simulations, thus, the generated
phase lengths could only be a sub-optimal solution with
certain constraints. The discussion of the offset optimization
based our model will be shown in our future researches.

REFERENCES

[1] M. J. Lighthill and G. B. Whitham, “On kinematic waves ii. a theory
of traffic flow on long crowded roads,” Proc. R. Soc. Lond. A, vol.
229, no. 1178, pp. 317–345, 1955.

[2] P. I. Richards, “Shock waves on the highway,” Operations research,
vol. 4, no. 1, pp. 42–51, 1956.

[3] C. F. Daganzo, “The cell transmission model: A dynamic represen-
tation of highway traffic consistent with the hydrodynamic theory,”
Transportation Research Part B: Methodological, vol. 28, no. 4, pp.
269–287, 1994.

[4] ——, “A finite difference approximation of the kinematic wave model
of traffic flow,” Transportation Research Part B: Methodological,
vol. 29, no. 4, pp. 261–276, 1995.

[5] W.-H. Lin and C. Wang, “An enhanced 0-1 mixed-integer lp for-
mulation for traffic signal control,” IEEE Transactions on Intelligent
transportation systems, vol. 5, no. 4, pp. 238–245, 2004.

[6] N. Geroliminis and C. F. Daganzo, “Existence of urban-scale macro-
scopic fundamental diagrams: Some experimental findings,” Trans-
portation Research Part B: Methodological, vol. 42, no. 9, pp. 759–
770, 2008.

[7] N. Geroliminis and J. Sun, “Properties of a well-defined macroscopic
fundamental diagram for urban traffic,” Transportation Research Part
B: Methodological, vol. 45, no. 3, pp. 605–617, 2011.

[8] D. C. Gazis, “Optimum control of a system of oversaturated intersec-
tions,” Operations Research, vol. 12, no. 6, pp. 815–831, 1964.

[9] M. Papageorgiou, C. Diakaki, V. Dinopoulou, A. Kotsialos, and
Y. Wang, “Review of road traffic control strategies,” Proceedings of
the IEEE, vol. 91, no. 12, pp. 2043–2067, 2003.

[10] F.-Y. Wang et al., “Parallel control and management for intelligent
transportation systems: Concepts, architectures, and applications,”
2010.

285



Fig. 3. Optimal Fixed-time Phase Plan with Link Volume Evolution

[11] J. Zhang, F.-Y. Wang, K. Wang, W.-H. Lin, X. Xu, and C. Chen, “Data-
driven intelligent transportation systems: A survey,” IEEE Transactions
on Intelligent Transportation Systems, vol. 12, no. 4, pp. 1624–1639,
2011.

[12] P. Hunt, D. Robertson, R. Bretherton, and M. C. Royle, “The scoot
on-line traffic signal optimisation technique,” Traffic Engineering &
Control, vol. 23, no. 4, 1982.

[13] P. Lowrie, “Scats, sydney co-ordinated adaptive traffic system: A traffic
responsive method of controlling urban traffic,” Roads and Traffic
Authority NSW, Darlinghurst, NSW Australia, 1990.

[14] C. Diakaki, M. Papageorgiou, and K. Aboudolas, “A multivariable
regulator approach to traffic-responsive network-wide signal control,”
IFAC Proceedings Volumes, vol. 33, no. 9, pp. 561–566, 2000.

[15] ——, “A multivariable regulator approach to traffic-responsive
network-wide signal control,” Control Engineering Practice, vol. 10,
no. 2, pp. 183–195, 2002.

[16] A. Kouvelas, K. Aboudolas, M. Papageorgiou, and E. B. Kosmatopou-
los, “A hybrid strategy for real-time traffic signal control of urban road
networks,” IEEE Transactions on Intelligent Transportation Systems,
vol. 12, no. 3, pp. 884–894, 2011.

[17] P. Varaiya, “Max pressure control of a network of signalized inter-
sections,” Transportation Research Part C: Emerging Technologies,
vol. 36, pp. 177–195, 2013.

[18] S. Lin, B. De Schutter, Y. Xi, and H. Hellendoorn, “Fast model predic-
tive control for urban road networks via milp,” IEEE Transactions on
Intelligent Transportation Systems, vol. 12, no. 3, pp. 846–856, 2011.

[19] Z. Zhou, B. De Schutter, S. Lin, and Y. Xi, “Multi-agent model-based
predictive control for large-scale urban traffic networks using a serial
scheme,” IET Control Theory & Applications, vol. 9, no. 3, pp. 475–
484, 2014.

[20] I. I. Sirmatel and N. Geroliminis, “Economic model predictive control
of large-scale urban road networks via perimeter control and regional

Fig. 4. The Proposed Phase Plan with Link Volume Evolution

route guidance,” IEEE Transactions on Intelligent Transportation
Systems, vol. 19, no. 4, pp. 1112–1121, 2018.

[21] H. K. Lo, “A novel traffic signal control formulation,” Transportation
Research Part A: Policy and Practice, vol. 33, no. 6, pp. 433–448,
1999.

[22] H. K. Lo and W. Szeto, “A cell-based variational inequality formula-
tion of the dynamic user optimal assignment problem,” Transportation
Research Part B: Methodological, vol. 36, no. 5, pp. 421–443, 2002.

[23] Y. Zhang, R. Su, and K. Gao, “Urban road traffic light real-time
scheduling,” in Decision and Control (CDC), 2015 IEEE 54th Annual
Conference on. IEEE, 2015, pp. 2810–2815.

[24] K. Gao, Y. Zhang, A. Sadollah, and R. Su, “Optimizing urban traffic
light scheduling problem using harmony search with ensemble of local
search,” Applied Soft Computing, vol. 48, pp. 359–372, 2016.

[25] D. I. Robertson, “” transyt” method for area traffic control,” Traffic
Engineering & Control, vol. 11, no. 6, 1969.

[26] D. I. Robertson and R. D. Bretherton, “Optimizing networks of traffic
signals in real time-the scoot method,” IEEE Transactions on vehicular
technology, vol. 40, no. 1, pp. 11–15, 1991.

[27] R. W. Denney Jr, “Traffic platoon dispersion modeling,” Journal of
transportation engineering, vol. 115, no. 2, pp. 193–207, 1989.

[28] M. G. Bell, “The real time estimation of origin-destination flows in
the presence of platoon dispersion,” Transportation Research Part B:
Methodological, vol. 25, no. 2-3, pp. 115–125, 1991.

[29] L. Yu, “Calibration of platoon dispersion parameters on the basis of
link travel time statistics,” Transportation Research Record, vol. 1727,
no. 1, pp. 89–94, 2000.

[30] R. P. Roess, E. S. Prassas, and W. R. McShane, Traffic engineering.
Pearson/Prentice Hall, 2004.

286




