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ABSTRACT Traffic congestion has long been a worldwide difficult problem in metropolitan transportation
networks, incurring tremendous time waste and exhaust pollution. Extensive efforts have been made to
address this problem, among which traffic control at intersections is known to be especially crucial while
challenging. Also, it is helpful to the recent advent of autopilot technologies by enhancing the schedule
accuracy and reducing the infrastructure cost. In practice, however, existing researches can hardly work
well in a pervasive manner since they are essentially limited to two ideal assumptions: 1) each intersec-
tion comprises four ways; 2) each way is homogeneously composed of two lanes. Through an in-depth
examination of their basic models, we find that the two-fold ideal assumptions are largely compelled by
the surprisingly high complexity of converting a practical intersection topology into a theoretical conflict
graph. Moreover, existing works seldom consider the modeling of complex intersections in the scene of
cooperative control of multiply intersections. Driven by the above understandings, our first effort towards
a general framework (for handling multiple-way heterogeneous intersections) is to carefully transform a
practical intersection topology into a homomorphic, regular conflict graph which is suited to theoretical
modeling and further processing with an affordable complexity. Besides, a maximum weight independent
set (MWIS) based approach is proposed to minimize the average waiting time of vehicles at an isolated
intersection. In addition, we apply a backpressure-based algorithm to our framework to further optimize the
global average waiting time of vehicles in a whole road network. Simulation results have demonstrated that
the average waiting time achieved by our approach is merely 80 seconds while traditional traffic light control
reaches 370 seconds.

INDEX TERMS Intersection control, backpressure routing, vehicular networks, conflict graph.

I. INTRODUCTION
As a consequence of human beings’ rapid urbanization and
population growth, urban traffic congestion has become an
increasingly severe worldwide problem. It not only impairs
the road transportation safety and people’s driving experi-
ence, but also increases the fuel consumption and exhaust
emission (thus aggravating the air pollution) [1]. To this
end, in the past few years intelligent transportation sys-
tems (ITS) have been taken as a key solution to enhancing the
transportation efficiency and mitigating the environmental
impact [2], [3]. Specifically, ITS have been employed
or expected to support various applications such as traf-
fic surveillance [4], collision avoidance and automatic
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transportation pricing [5]. As to all these typical applications,
the control of vehicular traffic at road intersections (or simply
says intersection traffic control) is known to be crucial for the
usefulness and efficiency of ITS [2], [6]–[14].

As a widely used approach to intersection traffic control,
intelligent traffic light systems formulate the vehicular traffic
signal control processes into certain scheduling problems,
particularly to optimize the scheduling of green signals [2],
[10], [15], [16]. An efficient schedule algorithm should be
able to effectively reduce the waiting time of vehicles at each
intersection, and meanwhile increase the traffic throughput.
To achieve this goal, recent researches have made use of
various computational intelligence approaches [13] such as
evolutionary computation algorithm [10], fuzzy logic con-
trol [11], [17], [18] and Neural Network [19]. In recent years,
vehicular ad hoc networks (VANETs) have been exploited
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FIGURE 1. (a) A common 4-way intersection. (b) The conflict graph depicting the common 4-way intersection. (c) A practical 5-way
intersection. (d) The conflict graph corresponding to the practical five-way intersection.

for intersection traffic control [2], [8], [10], [11]. Com-
pared with roadside equipment [17], [20], VANETs can
be leveraged to collect and aggregate fine-grained speed
and position information of vehicles. With VANETs, vehi-
cles can use wireless links for vehicle-to-vehicle (V2V) or
vehicle-to-infrastructure (V2I) communications [21]. There-
fore, VANET-based intersection traffic control solutions are
usually more flexible and efficient.

Besides the common usage scenarios, intersection traffic
control is also helpful to the promising automatic driving
technologies [22], [23]. Take Google’s self-driving cars as an
example, which use the LIDAR system [24] to accuratelymap
out the vehicle’s surroundings with expensive laser radars.
Since they rely primarily on pre-programmed route data, they
do not obey temporary traffic lights and, in some situations,
revert to a slower extra caution mode at complex unmapped
intersections. If Google’s self-driving cars were equipped
with intelligent traffic control solutions that are applicable
to all kinds of intersections, their traffic schedule accuracy
would be remarkably enhanced and the aforementioned lim-
itation can be effectively addressed. If this came true, they
might even not need the current expensive laser radars.

Despite the fundamental significance of intersection traffic
control, existing researches can hardly work well in a per-
vasive manner since they are essentially limited to two ideal
assumptions as demonstrated in Fig. 1(a): 1) each intersec-
tion comprises four ways; 2) each way is homogeneously
composed of two lanes [2], [8], [10]–[12]. In the real world,
however, there are numerous five-way and six-way intersec-
tions which involve a crossing of three arterial streets at one
junction (as plotted in Fig. 1(c)), especially in urban areas
with non-rectangular blocks.

In order to figure out the root causes of the abovemen-
tioned two-fold ideal assumptions (note that we believe
previous researchers had also noticed the vast existence
of multiple-way heterogeneous intersections), we make
an in-depth examination of the basic models of existing
researches. In particular, we find that an intersection topology
was typically converted into a theoretical conflict graph using

an intuitive (manual) approach (as demonstrated in Fig. 1(b)),
in order to easily and precisely avoid the conflicts of vehi-
cle traffic [8], [10]. The conflict graph of a 4-way, 16-lane
intersection is exemplified in Fig. 1(b). Unfortunately, in a
practical case, converting the multiple-way heterogeneous
intersection topology into a conflict graph turns out to be
surprisingly complex. For example, converting the realistic
5-way 22-lane intersection case in Fig. 1(c) into a con-
flict graph can hardly be accomplished through an intuitive
approach. Besides, generating the electronic map for an urban
area usually has to deal with tens to thousands of such uncom-
mon intersections. To make things (i.e., constructing a suit-
able conflict graph) more complex, in some countries/areas
special traffic management measures have been taken, such
as reversible lanes or intersection traffic signs for no left turn.

Driven by the above understandings, in this paper we strive
towards a general framework for intelligent traffic control
at all kinds of intersections. To this end, our first effort
is to carefully transform a practical intersection topology
into a homomorphic, regular conflict graph (as illustrated
in Fig. 1(d)) which is suited to theoretical modeling and fur-
ther processing (e.g., electronic map design1) in an affordable
complexity. The whole transforming process is automated,
and the blueprint (entrance and exit for each lane) of the
intersection is the only input.

Based on our constructed models for multiple-way hetero-
geneous intersections, we design a maximum weight inde-
pendent set (MWIS) based algorithm to minimize the average
waiting time of vehicles at an isolated (or says individual)
intersection. Nevertheless, in a road network with multiple
intersections, the optimal scheduling at each isolated intersec-
tion does not always imply the minimization of all vehicles’
average waiting time in a whole road network. To this end,
we further apply a backpressure-based algorithm [15], [16],
[25]–[27] to our framework to reduce the global average

1Electronic map is a core component of intelligent navigation systems.
Nowadays, Amap, Google Map and Baidu Map are widely used for vehicle
navigation route generation in our daily life.
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waiting time of vehicles.2 Besides, we develop a completely
distributed implementation for the whole algorithm (MWIS
+ backpressure), so that each vehicle can make separate
control decisions at each intersection.

Extensive evaluations on representative workloads confirm
the efficacy of our framework. For example, at a 5-way
43-lane intersection (Fig. 11) where the traffic arrival rate is
about 8000 vehicles per hour, the average waiting time gener-
ated by the practically used traffic light scheduling approach
reaches 370 seconds, while the average waiting time achieved
by our MWIS-based approach is merely 80 seconds (thus
acquiring 78% reduction). Additionally, when we apply the
backpressure-based algorithm to the whole urban road net-
work under heavy traffic load, the global averagewaiting time
of vehicles can be further reduced by 7%.
Roadmap: The outline of this paper is as follows.

In Section II, we first describe the system model and prelim-
inary definitions; after that, the general framework for con-
flict graph construction of multiple-way heterogeneous inter-
section is introduced in detail. In Section III, MWIS-based
isolated intersection control is presented. In Section IV,
we apply backpressure algorithms in our framework. Eval-
uation results are included In Section V. Finally, we review
the related work in Section VI and conclude the paper in
Section VII.

II. CONFLICT GRAPH CONSTRUCTION AND SYSTEM
MODEL
In this section, we first define the involved terms and
notations, and then propose a novel algorithm of conflict
graph construction for generalized intersections. After that,
we introduce the vehicular network based system model used
in this paper.

A. DEFINITIONS
As shown in Fig. 1(a), most existing intersection traffic
control algorithms focus on the typical 4-way intersections.
The small blue dashed rectangle represents the core area of
the intersection. For simplicity, the lanes entering the core
area are numbered from 0 to 7. The large dashed rectangle
represents the queue area. A vehicle in the queue area is
viewed as in the queue to pass the intersection. A vehicle in
the core area is called passing the intersection. The path of a
vehicle in the intersection area is determined by the lane it is
in.

In order to extend the problem to heterogeneous cases,
an example of 5-way 22-lane intersection is given in Fig. 1(c).
Five ways are respectively denoted as Way 0, Way 1, Way 2,
Way 3 andWay 4. There are totally 12 lanes entering the core
area which is represented by the blue dashed pentagon. The
queue area can be defined as a proper-sized pentagon larger
than the queue area as shown in Fig. 1(c). A vehicle in the
queue area is viewed as in the queue to pass the intersection.

2The backpressure routing algorithm is established based on the concept
of Lyapunov drift [28], which is crucial for optimal scheduling control in
queueing networks.

FIGURE 2. The conflict graph construction.

Definition 1 (The Concurrency/Conflict Relationship): If
the crossing paths of two vehicles at different lanes intersect
inevitably, we say that these two lanes are conflicting with
each other. Accordingly, vehicles with non-crossing paths can
pass the intersection simultaneously. We call non-conflicting
lanes concurrent lanes.

As shown in Fig. 1(c), lane 1 and lane 2 are conflicting
lanes. Lane 7 is concurrent with both lane 1 and lane 2. For
simplicity, we use a single node to represent the exit of each
way as in Fig. 2. For example, three concurrent lanes 1, 8 and
11 share the same exit, which is denoted as a red point on
Way 1.
Definition 2 (Conflict Graph): As shown in Fig. 1(d),

the conflict relationship among eight lanes can be represented
by a conflict graph. The vertices represent the lanes at an
intersection and the edges represent the conflict between
lanes.

It should be noted that the conflict graph of four-way
intersections is fixed as shown in Fig. 1(b). However, it is
not trivial to construct the conflict graphs especially when
the conflict relationships at a large number of intersections
are required.

B. CONSTRUCTION OF CONFLICT GRAPH
From the viewpoint of topology, the core area C in Fig. 2(a)
and the convex pentagon area in Fig. 2(b) can be continuously
deformed into each other. In this case C and the pentagon
area are said to be homologous to lie in the same homology
class. Thus, we use a regular pentagon area to abstract C. Each
edge of the pentagon represents a way at the intersection.
Denote v1 the exit on way 1, v4 the exit on way 4. Moreover,
line segments 1v1 and 2v4 correspond to lane 1 and lane 2
respectively. Our approach on conflict graph construction is
based on a simple fact as follows.
Fact 1: Denote B the boundary of a core area C a and a’

are endpoints of lane 1, b and b’ are endpoints of lane 2. The
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Algorithm 1 Conflict Graph Construction
Input: m ways: {w1,. . . ,wm}, n lanes: {l1,. . . ,ln}; Each

way wi {i = 1,. . . ,m} corresponds to a set of
lanes Li={lj,lj+1,. . . ,lj+k}(1 ≤ j < j+ k ≤ n)
Each lane li {i = 1,. . . ,n} corresponds to a
leaving way wt{t = 1,. . . ,m}, li and wt form a
line segment Si{i = 1,. . . ,n}

Output: a Conflict graph Gc = (V ,E)
initialized to V = v1, . . . , vn, E = ∅.
for i = 1, i ≤ m, i++ do

Put lanes in Li as vertices on edges of an m-edge
polygon in order

Traverse all vertices on the edges in clockwise order and
number the vertices in sequence
for i = 1;i ≤ n;i++ do

for j = i;j ≤ n;j++ do
if Si and Sj cross each other (according to Fact
1) then

E ← E ∪ (vi, vj)

boundary B is traversed in clockwise direction, starting at a,
if vertices appear in the order of a-b-a’-b’ or a-b’-a’-b, then
lane 1 and lane 2 are conflict lanes.

To illustrate Fact 1, we present a simple example
in Fig. 2(a). 1-2-1’-2’ appear on the boundary in clockwise
direction. Thus, lane 1 and lane 2 are conflict lanes.
Fact 2: If line segment 1v1 and 2v4 in Fig. 2(b) intersect

with each other, then lane 1 and lane 2 in Fig. 2(a) are conflict
lanes. Otherwise, they are concurrent lanes.

Now we are ready to introduce our two-phased modeling
method. The details can be referred to Algorithm 1. The time
complexity of the algorithm is O(n2), where n is the number
of lanes.
Step 1: Topology of the intersection is continuously

deformed into a regular form. For an m-way n-lane intersec-
tion, we use regular polygons with m edges to abstract the
intersection. Each lane is represented by a vertex which lies
on an edge corresponding to their own way.
Step 2: According to the clockwise order in the regular

form, number 2n endpoints of lanes in sequence. Hence, any
conflict relationship of lanes can be computed by Fact 1.

As shown in Fig. 2(c), for 5-way intersections, we use
regular polygons with 5 edges to abstract the intersection.
Each lane is represented by a vertex which lies on their own
edge. According to road rule information, connect the vertices
as shown in Fig. 2(c). Therefore, conflict graph in Fig. 1(d)
is easily computed by the intersection model in Fig. 2(c).

C. SYSTEM MODEL
We assume that each vehicle has a unique id such as the
license plate number. Meanwhile, each vehicle is equipped
with an autonomous driving system and an electronic
map system of automobile navigation. The electronic map

package is able to include some extra data such as conflict
graph for traffic control. In addition, vehicles are assumed to
be able to detect the boundary of the queue/core area when
it crosses the boundary. With vehicular networks, vehicles
can communicate with each other by wireless communica-
tion [21]. We also assume that vehicles inside the queue area
have transmission ranges larger than the length of the queue
area. That is, vehicles can communicate with each other
directly. As in literature [8], we use three states to describe
the procedure of a vehicle passing the intersection.

• IDLE: If a vehicle is out of the queue area, then it is in the
idle state.

• WAITING: If a vehicle is waiting for the permission to enter
the core area, then it is in the waiting state.

• PASSING: A vehicle is in the passing state during the time
interval between receiving the permission and exiting the
core area.

III. MWIS-BASED ISOLATED INTERSECTION CONTROL
A basic problem in intersection control is how to find the sets
of concurrent lanes. In [9], all twelve different possible cases
of green lights at a 4-way intersection are listed. However,
it is a big task to list all the possible cases of concurrent
lanes at a complex intersection rapidly, accurately, and then
schedule them. In the following, we present the details of our
MWIS-based intersection control, including the concurrent
lane set construction, details of the proposed intersection
control algorithms and our vehicular network based commu-
nication mechanism.

A. MAXIMUM WEIGHT INDEPENDENT SET
We model the conflicts between lanes with a conflict graph,
so that concurrent lanes in the conflict graphmust be indepen-
dent to each other. From this simple observation, we come to
the following theorem.
Theorem 1: A set of concurrent lanes form an independent

set in the conflict graph.
Proof: This theorem can be derived from Fact 1.
Definition 3:Maximal independent set (MIS).
In graph theory, an independent set is a set of vertices in

a graph, such that no two of which are adjacent. Moreover,
maximal independent set (MIS) is an independent set that is
not a subset of any other independent set.
Definition 4: Right of way (ROW).
At a certain time, there is a set of concurrent lanes in

which vehicles have the right to pass through the intersection.
We call every lane in this set has the right of way at that time.
Fact 3: In order to maximize the utility of the core area,

the set of concurrent lanes with ROW forms an MIS in the
conflict graph.

A simple example is shown in Fig. 3. As shown in Fig. 3(b),
lane 2, lane 10 and lane 11 form an maximal independent set.
As shown in Fig. 3(a), every yellow path intersects with at
least one of the black paths.
Definition 5:Maximum weight independent set (MWIS).
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FIGURE 3. Concurrent lanes 2,10,11 form an MIS in conflict graph.

In graph theory, anMWIS is an independent set with maxi-
mum total weight. From the perspective of intersection traffic
control, weight of a lane may represent different meanings.
For instance, the length of the waiting queue or the average
waiting time of vehicles. As we mentioned above, a good
intersection control algorithm ensures both fairness and effi-
ciency. By giving the weight of lanes different meanings,
we can further construct an MWIS in conflict graph as lanes
with ROW to achieve fairness and efficiency.
Time Complexity:The problems of findingMWIS andMIS

are classical NP-hard optimization problems. Although every
graph contains at most 3(

n
3 ) MISs [29], many graphs have

far fewer. Several approximation algorithms for MWIS prob-
lem in general graph have been proposed in [30]. However,
there is no efficient exact algorithm for MWIS problem in
general graph. A simple enumeration method is to list all
MISs in a graph [31] and compare their weights. Listing all
MISs in a graph is often used as a subroutine for solving
many NP-complete problems such as maximum independent
problem and the maximum clique problem. It can be done in
time 3(

n
3 ) [32].

As we described in our system model, road information
such as conflict graph of the intersection can be stored in the
electronic map package. Similarly, inspired by V2I commu-
nication in vehicular networks, the conflict graph also can be
stored in a central controller. In order to improve the time
efficiency, all MISs can be pre-stored in a central controller,
and then we can calculate the optimal solution of MWIS
problem.

B. PRIORITY SCHEME
There are two key objectives in intersection traffic con-
trol: efficiency and fairness. To achieve the first objective,
the main task is to minimize the average waiting time of
vehicles. To achieve the second objective, we should min-
imize the variance of waiting time of vehicles. Therefore,
to ensure the effectiveness of the algorithm, two strategies
should be considered. The first is to let the number of vehicles
pass through the intersection during a time period as many
as possible. To do this, an MIS in conflict graph should be
selected as lanes with ROW. Another strategy is to reduce the

Algorithm 2 Isolated Intersection Control (Controller)

CoBegin

On receiving RED(VID,LID):
If STATE← IDLE

Then

STATE← ACTIVE
set a defer timer DTIME
M0← ∅
broadcast a GREEN(LID) message
wLID← wLID + 1
insert TIME to ATlistLID

On receiving PASSING(VID,LID):
wLID← wLID − 1
pLID← pLID + 1

On receiving LEAVING(VID,LID):
pLID← pLID − 1
If for every entering lane LID,wLID← 0 and

pLID← 0
Then STATE ← IDLE

else if (for every entering lane LID in M0,

wLID← 0 and pLID← 0)
Then terminate the defer timer.

Scheduling().
else if (for every entering lane LID in M0 \M1,

pLID← 0)
Then broadcast a GREEN(M0 \M1) message.

When the defer timer expires:
Scheduling().

Scheduling()
Compute an MWIS M(all MISs are pre-stored)
Broadcast a RED(M0 \M1) message
M0← M1
M1← M
Set a defer timer DTIME

number of ROWdeprivations. If it takes time t for a vehicle to
pass through the intersection, then t more time is wasted for a
lane to gain the right to pass again. To guarantee the fairness,
an effective strategy is to use MWIS instead of MIS in the
conflict graph. To ensure that any vehicle will not wait too
long at the intersection compared to other vehicles, different
parameters can be used as variables of the priority function.
In our algorithms, we consider two main parameters for the
calculation of priority: Li: the queue length of vehicles on a
lane. Ti: the waiting time of the first vehicle in the queue.
One of the advantages of adopting these two parameters is
that they are easy to obtain. The priority function of lane li is
defined as:

f (li) = Li + λTi, (1)
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Algorithm 3 Isolated Intersection Control (Vehicles)
Input: The queue area: Q The core area: C
CoBegin //for each vehicle VID from lane LID,

On entering Q:
Send a REQ(VID,LID) message to controller.
STATE←WAITING.

On receiving GREEN(LG):
If (LID∈ LG and STATE←WAITING)

Then follow the front vehicles to enter C.

On receiving RED(LB):
If LID∈ LB and STATE←WAITING

Then stop entering C and keep waiting in the

queue.

On entering C:
Send a PASSING(VID,LID) message to controller.
STATE← PASSING.

On leaving C:
Send a LEAVING(VID,LID) message.
STATE← IDLE.

where λ is a tunable parameter. Notice that various priority
functions can be chosen. We choose this function cause its
value grows fast with Ti. Thus, if a vehicle has waited for
a long time, it will have a high priority to pass through. In
our experience, the value of λ has very little effect on the
algorithm if vehicle arrival rate obeys Poisson distribution.

At a certain time, an MWIS with ROW ensures the effi-
ciency and fairness at the same time. As the vehicles pass
through, the weight of MWIS decreases and another MWIS
kicks in.

C. ISOLATED INTERSECTION CONTROL USING V2I
COMMUNICATION
In the following, we present the details of our control algo-
rithm. Inspired by V2I communication in vehicular networks,
a central controller is used to compute the MWIS. Vehicles
request to pass the intersection by sending messages to the
controller, and based on the response message. The controller
stores the information of the intersection such as the conflict
graph and maintains the information of vehicles. By inte-
grating vehicles information, an MWIS in conflict graph is
computed. Then, a predetermined time period is assigned to
each MWIS. We call it a scheduling time cycle. The end of
each time cycle will be triggered in two conditions: 1. The
predetermined scheduling time cycle is over. 2. All vehicles
in lanes corresponding to current MWIS have passed the core
area. When either of these two conditions holds, the central
controller will compute a new MWIS to replace the old one.
Lanes no longer in theMWISwill be deprived of their ROWs.
Each new member in MWIS will wait until all vehicles in
its conflict lanes have passed the core area, and then it will
receive the permission to pass from the central controller.

TABLE 1. Notations and message types.

Notice that ROW deprivations will not happen on common
elements in two MWISs.

Our isolated intersection control algorithm consists of two
parts. One part is executed on vehicles and another part is
executed on the central controller. We present these two parts
in Algorithm 2 and Algorithm 3 respectively. Notations and
message types in our algorithm are illustrated in Table 1.

IV. BACKPRESSURE INTERSECTION TRAFFIC CONTROL
In queueing theory, backpressure routing algorithm is a
method for directing traffic around a queueing network that
achieves maximum network throughput, which is established
using Lyapunov drift [28]. Before being used in intelligent
traffic control in transportation networks, backpressure algo-
rithms are originally developed for routing and scheduling
in communication networks. The mathematical optimality
properties of backpressure have motivated investigations in
city-wide control of traffic flow. Backpressure traffic sig-
nal control is implementable in a completely decentralized
manner and stability optimal [15], [16], [25]. In contrast
to centralized methods, distributed solutions for intersection
traffic control are more implementable especially for large
urban areas.

A. ROAD NETWORK
Definition 6 (Road Network): The urban road network is
modelled as a standard queuing network. A road network ofm
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FIGURE 4. Typical phases of a 4-way intersection.

roads and n links is modelled as a directed graphG = (V ,E),
where V = {V1,V2, . . . ,Vm} and E = {E1,E2, . . . ,En}.
A node in V represents a road with queuing vehicles, and
an edge in E enables transfers from node to node. A vehicle
exogenously enters the network from a certain road, trav-
els along several roads and leaves the network at a certain
road.

A traffic movement corresponding to vehicles exiting Va
and entering Vb is be represented by an edge (Va,Vb). For a
road network with J intersections, each intersection (Ji)i∈J
consists of a set of edges. For an intersection J , I(J ) and
O(J ) denote input nodes and output nodes of J . Such that
if (Va,Vb) is an edge of J , then Va ∈ I(J ) and Vb ∈ O(J ).
Denote (Va,Vb) ∈ J . As standard in queuing network control,
time is slotted. At any time slot t , Qab(t) denotes the number
of vehicles queued in a roadVa waiting tomove to an adjacent
road Vb. Denote Qa(t) =

∑
b Qab(t) the total queue length at

road Va.

B. FIXED-PHASED BACKPRESSURE TRAFFIC SIGNAL
CONTROL
Existing works on backpressure traffic signal control assume
that an intersection Vi is controlled by activating a predefined
finite set of phases Pi. Typical phases at a four-way inter-
section are shown in Fig. 4. For example, a typical 4-way
intersection has four possible phases Pi = {p1i , p

2
i , p

3
i , p

4
i }:

p1i = (V2,V7), (V10,V15)

p2i = (V14,V3), (V6,V11)

p3i = (V1,V12), (V1,V16), (V9,V4), (V9,V8)

p4i = (V5,V4), (V5,V16), (V13,V12), (V13,V8)

Denote pi(t) the activated phase at intersection Vi during
time slot t , thus pi(t) ∈ Pi. During a time slot, a feasible phase
is activated to control traffic flows around the intersection. Let
P(t) denote global phase control of the road network at time
slot t , that isP(t) = (pi(t))i∈m. Furthermore, denoteµab(pi(t))
the maximum number of vehicles transferred from Va to Vb if
phase pi(t) is activated. That is, if (Va,Vb) is not in pi(t), then
µab(pi(t)) = 0. Thus, if global phase P(t) is activated during
time slot t , the number of vehicles transferring from Va to Vb
is:

fab(t) = min(Qab(t), µab(P(t))) (2)

Let Aa(t) be the number of vehicles exogenously arrive at
node Na during time slot t . We assume that the ratio of vehi-
cles added to Qab(t) is rate-convergent with rate rab ∈ [0, 1],
thus rab represents the long-term routing ratios of vehicles

Algorithm 4 Fixed-Phased Backpressure Intersection
Control
Input: Intersection Ji
Edge set of Ji
I(Ji) and O(Ji)
Output: pi(t) ∈ Pi
for Va∈I(Ji) and Vb∈O(Ji) do

Wab(t)←
dab(t)max(Pressure(Qa)(t)− Pressure(Qb)(t), 0)

pi(t)← argmaxpi(t)∈Pi
∑

a,bWab(t)µab(pi)

Algorithm 5 MWIS-Based Backpressure Intersection
Control
Input: Intersection Ji
Edge set of Ji:E
nc: For a road Vc, nc is the total number of lanes of Vc.
Output: pi(t)
for (La,Lb)∈E , Lb is a lane of road Vc do

Wab(t)← max(Pressure(Qa)(t)−
Pressure(Qc)(t)

nc
, 0)

for {Wab(t)|(La,Lb) ∈ E}, compute an MWIS pi(t)

entering Na and the exit rate at node Na is 1 −
∑

b rab ≥ 0.
The queue dynamics is:

Qab(t + 1) = Qab(t)− fab(t)+ rab(t)(
∑
c

fca(k)+ Aa(t)),

(3)

where rab(t) is rate-convergent with rate rab.
In backpressure traffic signal control, pressures at intersec-

tions in the road network are computed based on the vehicle
queue lengths. A simple linear pressure function is to use the
queue length as the pressure exerted by a node, that is:

Pressure(Qa) = Qa (4)

Let dab(t) ∈ {0, 1} denote the presence/absence of vehi-
cles on Va waiting to depart from Va to Vb. The outline of
backpressure traffic signal control is in Algorithm 4.

C. MWIS-BASED BACKPRESSURE INTERSECTION
CONTROL
In fixed-phased backpressure traffic control, an intersection
controller chooses traffic movements during a time slot to
maximize the pressure release. This is a max weight problem
as follows:

Maximize :
∑

(Va,Vb)∈Ji

Wab(t)µab(pi) (5)

Subject to : pi ∈ Pi (6)

where,

Wab(t)← dab(t)max(Pressure(Qa)(t)−Pressure(Qb)(t), 0)

(7)

VOLUME 9, 2021 102131



S. Bai, X. Bai: General Framework for Intersection Traffic Control With Backpressure Routing

Considering the modelling method for multiple-way het-
erogeneous intersections and the proposed MWIS-based
intersection control in this paper, let L = {L1,L2, . . . ,Lp}
denote lane set of the road network. Each edge in E connects
a pair of lanes in L. Such that if (La,Lb) is an edge of J ,
denote (La,Lb) ∈ J . Moreover, we propose a newmaxweight
problem for the backpressure intersection control:

Maximize :
∑

(La,Lb)∈pi

Wab(t) (8)

Subject to : (La,Lb) ∈ Ji (9)

and edges in pi form an MIS in the conflict graph, where

Wab(t)← max(Pressure(Qa)(t)−
Pressure(Qc)(t)

nc
, 0)

(10)

Lb is a lane of road Vc and Vc has nc lanes. The queue
lengths of La, Lb and Vc are Qa, Qb and Qc. That is, the max
weight problem for backpressure traffic control reduces to
an MWIS problem in Algorithm 5. Interestingly, for the first
time, our study illustrates that how to increase the throughput
of an isolated intersection and the entire road network at the
same time.

V. PERFORMANCE EVALUATION
We evaluate the effectiveness of our proposed approach by
experiments under various situations. Network simulator ns-3
(version 3.25) and traffic simulator SUMO (version 0.30) are
used to conduct experiments. First, we simulate an adaptive
traffic signal control algorithm as proposed in [10]. Com-
pared with the existing method, our MWIS-based isolated
intersection control method proves to be efficient in the
case of 4-way intersections. Second, to validate the proposed
isolated intersection control at heterogeneous multiple-way
intersections, a real signalized 5-way intersection of Renmin
Street, Nanhu Road and Gongnong Road, in Changchun,
China, is used as a case study. Third, we test the effect
of isolated and backpressure intersection control on urban
road network throughput under various population. A real
block in Changchun City is used as the road network. It
is shown whether the vehicles arrival rate is high or low,
our MWIS-based approach generally outperforms fixed-time
traffic signal control and other adaptive intersection control
approaches.

A. 4-WAY HOMOGENEOUS INTERSECTIONS
In our study, some parameters in communication device and
vehicles are selected for calibration as follows. We set queue
area of intersections to be 100m*100m. The transmission
range of the communication device is set to be 200m. IEEE
802.11 is adopted as the communication protocol. The sat-
uration flow for each lane in the link is 1800 vehicles/h.
We model the vehicular traffic arrival process as a Poisson
arrival process. The injection of vehicles follows a Poisson
distribution with rate λ. Thus, the vehicle inter-arrival times
are exponentially distributed with inverse rate parameter r ,

FIGURE 5. 4-way intersections, uniform volume, average waiting time.

FIGURE 6. 4-way intersections, uniform volume, average queue length.

FIGURE 7. 5-way intersections, average waiting time, uniform volume.

where r = λ−1. For each set of experiment, we conduct
1000 runs with different traffic arrival rate and report the
average. As shown in Fig. 5, 6, 7, 8, 9 and 10, for each arrival
rate, we run each of the algorithms to be tested for 20minutes.
Tomeasure the performance of our proposed algorithm, some
following metrics are used.
Average waiting time: the average time duration that a

vehicle stays in waiting state.
Average queue length: the average length of the queue of

waiting vehicles in each lane.
Experiments results in 4-way intersections are presented

in Fig. 5, 6 and 8, 9 according to different performance met-
rics. The arrival rate in Fig. 5, 6 and Fig. 8, 9 is sum of arrival
rates in all eight lanes. The results from our MWIS-based
algorithm and Kartik’s algorithm are illustrated respectively.
With the increase of arrival rate of vehicles, the average queue
length and the average waiting time increase accordingly.
Generally, the value of waiting time is dominated by the
queue length. As shown in the figures, the performances of
these two algorithms are close. Traditional job scheduling
based adaptive traffic signal control performs well in the
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FIGURE 8. 4-way intersections, non-uniform volume, average waiting
time.

FIGURE 9. 4-way intersections, non-uniform volume, average queue
length.

FIGURE 10. 5-way intersections, average waiting time, non-uniform
volume.

case of 4-way intersections. However, we can see that the
MWIS-based approach still performs a little bit better at any
arrival rate.

In order to test the impact of traffic volume on our algo-
rithm, we set two different patterns: the uniform volume and
the non-uniform volume. In the pattern of uniform volume,
each lane has the same vehicle arrival rate. In the pattern of
non-uniform volume, the volume in north and south lanes
are two times of that in west and east lanes. The results
in Fig. 5, 6 and Fig. 8, 9 show that with uniform traffic
volume, both average queue length and average waiting time
are shorter than non-uniform cases. Fig. 16 shows the effect of
predetermined time period on the average waiting time. The
scheduling time cycle is set between 10∼20s. We can see that
the scheduling time cycle almost has no influence on the aver-
age waiting time when the arrival rate is between 1600 and
2800 vehicles/hour.When the arrival rate is between 3200 and
3600 vehicles/hour, the average waiting time decreases as the
scheduling time cycle increases. This indicates that at a light

FIGURE 11. A 5-way intersection in Changchun, China.

FIGURE 12. Currently used fixed-time traffic signal control strategy at the
5-way intersection in Fig. 13.

traffic arrival rate, the predetermined time period will not
be triggered. At a heavy traffic arrival rate, long scheduling
time cycle means small number of ROW deprivations but the
sacrifice of fairness at the same time.

B. 5-WAY HETEROGENEOUS INTERSECTIONS
To validate the effectiveness of our algorithm at complex
intersections, we use a real 5-way intersection as a case
study. The main purpose of our experiment is to illustrate
the necessity of using adaptive intersection control instead of
non-adaptive fixed-time signal control at multiple-way het-
erogeneous intersections. As shown in Fig. 12, the currently
used control strategy consists of four fixed-time time cycles.
The following conclusions can be made from the results:

1) Our MWIS-based algorithm provides good results at
complex intersections. Especiallywith a low traffic vol-
ume, MWIS-based algorithm gets much shorter aver-
age waiting time.

2) The MWIS-based algorithm can delay the occurrence
of traffic congestion. Moreover, better adaptive traffic
control at heterogeneous multiple-way intersection is
crucial for easing traffic pressure during rush hours.

We first test the performance of our MWIS-based algo-
rithm and fixed-time signal control method at different arrival
rates, the results are shown in Fig. 7, 10. Fig. 7 shows the aver-
age waiting time under uniform traffic volume. Fig. 10 shows
the average waiting time under non-uniform traffic volume.
We can see that under light traffic volume, our algorithm
achieves extremely short average waiting time. This is easy
to understand that adaptive intersection control allows the
arriving vehicles to pass as soon as they reach the intersec-
tion. Another weakness of static traffic light approach is that
it schedules green signal patterns without considering the
dynamics of concurrency of lanes. In our approach, vehicles
in busy lanes can pass concurrently with large chance. As
shown in the figures, when the traffic arrival rate raise up to

VOLUME 9, 2021 102133



S. Bai, X. Bai: General Framework for Intersection Traffic Control With Backpressure Routing

FIGURE 13. The used road network. It is an area around Victory Park in
Changchun City, China.

FIGURE 14. 5-way intersections, average waiting time, dynamic traffic
volume.

10000 vehicle/hour, the advantage of our proposed algorithm
is not that great but still achieve less than 100s average
waiting time when the static traffic light method needs 140s.

In order to make our experiment more close to the real cir-
cumstances, we vary the traffic arrival rates in a 3-hour time
period. The results are shown in Fig. 14, 15. We start out the
experiment at a light traffic arrival rate, and gradually increase
the vehicle arrival rate to 8000 vehicles/hour. As shown in
the figures, the rush hour appears at around 80 minute. After
that, the traffic volume decreases accordingly. The results
show that ourMWIS-based algorithm can adapt to the change
of traffic flow. Our approach can delay the occurrence of
traffic congestion due to its good performance at low traffic
rate and recovers from congestion much faster. Notice that
in Fig. 7, 10, for each arrival rate we test our algorithm for
20 minutes. In Fig. 14, since the heavy traffic arrival rate
lasts for a long time, congestion happens and the average
waiting time increases to about 370s. It is interesting to see
that fixed-time traffic control approach cannot digest the
congested vehicles in time and the vehicles will keep accumu-
lating at the intersection. In reality most traffic congestions in
the rush hour can be avoided.

C. ISOLATED AND BACKPRESSURE INTERSECTION
CONTROL
To test the effect of our algorithms on the global throughput
of road networks, a road network from a central region in
Changchun City, China has been used as a case study. The
network comprised of 25 signalized intersections is depicted
in Fig. 13. Traffic flows are generated by ActivityGen in
SUMO supporting tools. ActivityGen considers the road net-
work as a city. We test the scenarios with population ranging
from 1000 to 8000.

FIGURE 15. 5-way intersections, average queue length, dynamic traffic
volume.

FIGURE 16. The effect of scheduling time cycle on the average waiting
time.

FIGURE 17. The average trip duration of vehicles travelling in the road
network.

FIGURE 18. The average waiting time of vehicles travelling in the road
network.

Three algorithms are tested: static traffic light,MWIS-based
isolated intersection control and MWIS-based backpressure
traffic control. For the backpressure method, we consider that
each time slot is 20 seconds. All simulations are performed
for 3600 seconds. Average trip durations and waiting time of
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FIGURE 19. The number of running vehicles in the road network when
population is 6000.

vehicles have been shown in Fig. 17, 18, both MWIS-based
isolated traffic control and backpressure control outperform
static traffic light approach. Compared with backpressure
method, MWIS-based isolated intersection control has tiny
advantage when the population is less than 4000. However,
for a population of 4000 to 8000, backpressure traffic control
shows its advantage. Therefore, the performance gain of
backpressure control mainly occurs at heavy traffic load.
Moreover, with light network traffic, MWIS-based isolated
intersection control should be used to help the vehicles to
arrive at their destinations as fast as they can. Fig. 19 shows
the number of running vehicles in the road networkwhen pop-
ulation is 6000. As the figure shows, the peak of traffic flows
appears at around 1300s and backpressure traffic control is
the best approach to ease the traffic congestion.

VI. RELATED WORK
A recent work called CityDrive [33] implements a
speed-advisory driving system to suggest proper speed for
drivers so that they arrive at intersections in green phase.
As in [33], most existing intersection control approaches
focus on traffic light control systems. However, the rise
of autonomous driving technologies and the emergence of
vehicular networks have promote new perspectives on urban
traffic control in recent years. For example, in [34], [35]
optimal control frameworks on coordinating autonomous
vehicles at an isolated or two adjacent intersections in urban
area have been proposed. With the development of autopilot
technology, navigation of self-driving vehicles in complex
urban area will greatly benefit from automotive automatic
control technology. Vehicular network is another promising
technology for urban traffic control. Communication among
vehicles is a fundamental requirement for coordination
among vehicles. Several works have proposed their vehicular
network based solutions on intersection traffic control [2],
[8], [10], [11]. The mutual exclusion-based method in [8]
is the only distributed intersection traffic control algorithm
which focuses on communication mechanisms. Backpressure
traffic signal control is another type of adaptive traffic signal
control approach [15], [16], [25]. The implementation of
these controllers requires real-time traffic information and
aims to increase the global throughput of road network.

Backpressure methods address network level traffic control
locally and provide good performance compared to tradi-
tional fixed time schedule controllers. A feasible improve-
ment of backpressure traffic control is the dynamic rerouting
scheme for vehicles.

Our work focuses on a fundamental problem in urban traf-
fic control: with smart intersection management technology,
howwell does distributed intersection control solve the traffic
congestion in urban environment.

VII. CONCLUSION
In this paper, we propose an MWIS-based intersection traf-
fic control approach. We focus on multiple-way heteroge-
neous intersections and propose a novel model on conflict
graph construction. Rather than traditional traffic signal con-
trol, the proposed algorithm takes advantages of fine-grained
information from vehicular networks. Our evaluation results
show that the MWIS-based intersection control approach can
handle various traffic cases at a complex urban intersection.
Moreover, we develop a completely distributed implementa-
tion to increase the global throughput of road networks. Com-
pared with traditional isolated intersection control methods
which do not care about the global optimal of road networks,
our distributed manner not only makes the intersection con-
trol framework in this paper more general, but also provides
a new prospective on isolated intersection control. Although
backpressure routing has shown its advantages, in practice
cloud systems are required to achieve real-time and coopera-
tive control of multiply intersections. The design and imple-
mentation of backpressure based traffic control systems in
real-world settings will be a key issue in our future work.
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