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Abstract: Urban road networks have promoted high-quality travel for residents by increasing connec-
tivity and intelligence. But road congestion has not been effectively alleviated, causing a loss of time
and energy. At present, the recovery of urban road networks mainly considers removing the failed
edges. Considering the recovery cost and time, it is important to take active maintenance behavior to
restore these networks. One of the key problems is dispatching traffic workers reasonably to achieve
timely maintenance. In this paper, a flow-distribution-based process and execution (FD-PE) model is
established for solving congestion. The maintenance centers (MC) study the reasons for and spread
of congestion by edge flow. Based on the genetic algorithm (GA), two models of maintenance for
urban road networks are developed, which include a single MC-centered dispatching plan and the
co-scheduling of MCs. Both models aim at minimizing recovery time and allocating maintenance
resources. The road network in Zhengzhou is borrowed as a case to explain the feasibility of the
proposed models. The results show that on the premise of dividing network regions, it is reasonable
to take a single MC to recover congestion. Compared with a single MC, the co-scheduling of MCs
may save more time.

Keywords: recovery model; maintenance optimization; urban road networks; congestion
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1. Introduction
1.1. Background

With the acceleration of urbanization in recent years, urban road congestion becomes
one of the most important factors hindering people’s daily travel and economic develop-
ment [1]. Traffic congestion causes damages to urban road networks. Road congestion is
mainly attributed to natural hazards, weather conditions, and traffic accidents [2], which
have an impact on road capacity and are regarded as damage to the networks. Therefore,
there is a need to develop methods to recover urban road networks by optimally tackling
traffic congestion.

Much research work has been conducted on different aspects to avoid road congestion,
such as traffic flow propagation [3–5], traffic congestion prediction [6–9], and the correlation
of traffic congestion [10,11]. But it is inevitable that road congestion can propagate to
adjacent nodes in an urban road network [12]. When a failure in a network causes cascading
failures on a large scale, a maintenance-centered recovery plan would be the most effective
way to clear congestion.

Identifying congested roads is a premise to solve congestion. The primary task of
developing a maintenance model should be studying the formation process of congestion.
Considering the complexity of the reasons for congestion, sending a traffic worker with
a skill to the road needing the skill would be a key problem in the maintenance. The
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partition maintenance method would be useful to restore each failed road on a timely basis
by matching mastered and needed skills.

1.2. Relevant Work

Many scholars have studied the recovery model of a road network. Dui et al. [13] gave
the recovery analysis and maintenance priority of metro networks based on importance
measure. Morozov et al. [14] modeled the operation of signal-controlled intersections with
different lane occupancy to recover from road network failure. Zhang et al. [15] developed
an optimization model of recovery scheduling for bridges as key links in the “road-bridge”
transportation network system. Almeida et al. [16] summarized the literature on road
network repair and restoration. Considering that different models solve different problems,
the author analyzes the existing models from the aspects of network structure, disaster
types, and model target.

Zhang et al. [17] constructed a stochastic discrete event simulation model considering
the time-variability of road network under the disaster background. Then, a new algorithm
was developed to minimize the transportation time to obtain the optimal resource allocation
strategy. Hamed Moghadam et al. [18] proposed the percolation-based dynamic perimeter
control for mitigating congestion propagation in urban road networks. Chen et al. [19]
studied the quasi-contagion process modeling and characteristic analysis for real-world
urban traffic network congestion patterns to recovery.

The maintenance model is the most effective way to restore urban road networks.
Mohammed et al. [20] used the floating car data method to repair traffic congestion. Chowd-
hury et al. [21] developed the congestion-aware heterogeneous connected automated vehi-
cles’ cooperative maintenance problems at intersections. Chellapilla et al. [22] proposed
a multi-objective optimization model considering System Optimal and user equilibrium
to alleviate congestion and improve network performance. This model can achieve better
management of congestion. Alkhatib et al. [23] proposed to use intelligent traffic manage-
ment system to optimize traffic management. Intelligent traffic lights are used to realize
dynamic control of traffic flow.

Stupin et al. [24] proposed to improve roundabout by using modern methods. This
model can improve intersections’ throughput, increase road capacity, and reduce traffic con-
gestion. Lin et al. [25] gave the model of spatiotemporal congestion-aware maintenance to-
ward intelligent transportation systems in a software-defined smart city. Nguyen et al. [26]
studied controllable path planning and traffic maintenance for emergency services on the
Internet of vehicles. This model proposes a variety of scheduling schemes to assign the
fastest routes for vehicles. At the same time, it can quickly clear traffic congestion and
ensure the smooth running of vehicles.

The urban road recovery and maintenance models have been constructed based on
Bayesian networks. Kammouh et al. [27] proposed a resilience evaluation framework
based on the Dynamic Bayesian network, considering the time-varying performance of
transportation systems after encountering emergencies. When data is scarce, the framework
can be used to quantify the resilience of any engineering system. Jiang et al. [28] drew
on the Dynamic Bayesian network to establish a framework for assessing the network for
the time-varying resilience. This framework can evaluate resilience under different attack
scenarios and recovery scenarios.

1.3. Novelty and Contribution

Considering how to optimize failed roads under different skill constraints, this paper
presents a flow-distribution-based process and execution (FD-PE) model to solve the
problem. In this paper, the reasons for and spread of congestion by edge flow are called
“process” research, which makes for the development of a flow-distribution model. Based
on the genetic algorithm (GA), two maintenance models, namely a single MC-centered
dispatching plan and the co-scheduling of MCs, are proposed to optimize recovery time;
this is called “execution” research. The road network in Zhengzhou is borrowed to explain
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the feasibility of the sub-regional maintenance plan. The results have reference significance
for the road networks of other cities. The contribution is as follows.

• Considering the complex characteristics of the traffic network, this paper studies
intra-regional congestion by means of partition management. This behavior helps to
timely identify congested roads so that traffic managers can make decisions.

• For the diversity of road congestion, this paper establishes a maintenance model to
match multi-skilled workers and multi-demand roads.

• For different forms of congestion, this paper develops both a single MC scheduling
and MCs’ joint scheduling to adapt to single-area and multi-area congestion.

The following assumptions are made for the proposed model. (1) Assume that an
urban road network is divided into different regions, each of which has an MC for studying
the spread of congestion and dispatching traffic workers for repairing. (2) Assume that
traffic workers have expertise in the traffic system and maintenance skills. (3) Work cannot
be interrupted when a traffic worker restores a failed road. (4) A case study is conducted as
a mathematical example.

1.4. Structure

The rest of this paper’s structure is as follows. In Section 2, a recovery model based
on flow distribution and a maintenance optimization based on region division are studied
to repair congested roads. Section 3 verifies the validity of the proposed model through a
mathematical example. Section 4 summarizes the paper and puts forward future work.

2. Methods

Figure 1 illustrates the realized process of the proposed FD-PE model in an urban road
network, which is developed for recovering a congested road network. In Figure 1, the
congestion model analyzes the road failed types and a flow distribution process to identify
congestion, as shown in Section 2.1. The recovery model is developed to repair failed roads
by Scheme 1 and Scheme 2 with the genetic algorithm (GA), as shown in Section 2.2.
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Figure 1. The realized process of the proposed PE-FD model in an urban road network.

2.1. Congestion Model

An urban road network G = (V, E) is established. V is the nodes set. E is the edges
set. e (v, w) is the edge from node v to node w. Ki is the degree value of node i. H (v, w) is
the weight of edge e (v, w).

According to [1,2], road failed types and corresponding maintenance skills are sum-
marized as follows.

1. An intelligent car suddenly broke down on the road causing traffic jams. Maintenance
skill: Promptly handle faulty vehicles and drag them off the road.
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2. With the increase in the number of uses and the passage of time, intelligent vehicles
cannot accurately perceive the surrounding environment and collide with other
vehicles. Maintenance skill: Handle accidents and evacuate congestion caused by
accidents in time.

3. Insufficient road capacity or insufficient design leads to road congestion. Maintenance
skill: Arrange vehicles to leave orderly to ease congestion.

All road failed types result in beyond traffic capacity on the road and congestion
initially formed. According to [29], the initial flow of an edge is obtained by the degree value.

Li, j(t) = β· (K i·Kj
)α (1)

In Equation (1), L(t) is the initial flow of edges. α and β denote the zoom factors. α is
a positive integer. The scope of β is [0, 1].

According to the principle of capacity on demand [30], the capacity of an edge is
proportional to the initial flow. The capacity of an edge is obtained by the following:

Qi, j= Li, j(t)·(1 + δ). (2)

In Equation (2), Q is the capacity of edges. δ is the tolerance parameter. The scope
of δ is [0, 1]. The flow spread by edge e (i, j) to the adjacent edge e ( *, m) is obtained by
the following:

∆Le (*, m)(t) = Ue(i, j)·
L(t)(*,m)

∑*∈(i, j) L(t)(*,m)

(3)

In Equation (3), ∆L is the transfer flow from e (i, j) to e (*, m). U is the spare capacity
of edges.

2.2. Recovery Model

The recovery model is an effective method to repair failed edges. Figure 2 shows the
flowchart for recovering a failed road network subject to constraints. It corresponds to
the scheduling model of an MC in Section 2.2.1 and the co-scheduling model of MCs in
Section 2.2.2.
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2.2.1. Model for Scheme 1

An urban road network is divided into n regions. The set of MCs in n regions is
M ={M1, M2. . . Mv . . . Mn}. Scheme 1 is the recovery process of the single MC scheduling
modeled for congestion in its region. The road network in region Mv is the research object
in Scheme 1. The set of traffic workers in region Mv is Sv =

{
S1

v, S2
v . . . Sw

v . . . SW
v

}
. The set

of failed edges in region Mv is Qv =
{

Q1
v, Q2

v . . . Q f
v . . . QF

v

}
.

The decision matrix of recovery time in a region is obtained by the following:

T =



t11
ψ

t21
ψ
...

t f 1
ψ
...
tF1
ψ

t12
ψ

t22
ψ
...

t f 2
ψ
...
tF2
ψ

· · ·
· · ·
. . .
· · ·

...
· · ·

t1w
ψ

t2w
ψ
...

t f w
ψ
...

tFw
ψ

· · ·
· · ·

...
· · ·
. . .
· · ·

t1W
ψ

t2W
ψ
...

t f W
ψ

...
tFW
ψ


. (4)

In Equation (4), t f w
ψ represents the time that a traffic worker w used skills ψ to repair

the failed edge f . T represents the recovery time in a region. According to Figure 2,
the recovery process from two dimensions of skill constraints and time constraints is
formulated as follows.

1. Skill constraints

Traffic workers have different maintenance skills. Failed edges require different
maintenance skills to clear congestion. Traffic workers use one maintenance skill on one
failed road within a certain time. The diversity of road failed types causes the total number
of skills, R f

v , required by the failed edges, Q f
v , to not be the same. Skill constraints are

as follows.

Bw
v t ξ =

{
1, if the Sw

v uses the skill ξ at time t
0, otherwise

(5)

ψw
v ξ =

{
1, if the Sw

v has mastered the skill of ξ
0, otherwise

(6)

Z f w
v t =

{
1, if the Sw

v is at the Q f
v at time t

0, otherwise
(7)

Y f w
v ξ =

{
1, if the Sw

v uses the skill ξ in the Q f
v

0, otherwise
(8)

In Equations (5)–(8), Sw
$ represents the traffic worker w in region $. Q f

v represents
a failed road f in region$. B denotes the degree of skills used by the traffic worker. The
degree is divided into three levels. The high level costs more time. ψ denotes the skills that
the traffic worker has mastered. Z denotes failed nodes that the traffic worker recovers. Y
denotes the skills used by the traffic worker in the failed nodes.

2. Time constraints

f ∗ f
v = t f

v +
a

∑
ξ=1

t f w
v ξ = max

{
t f w
v

}
+

a

∑
ξ=1

t f w
v ξ (9)

In Equation (9), f ∗ f
v denotes the time required to repair to the failed road f . t f

v denotes
the start time to clear the failed edge f . t f w

v denotes the time when traffic workers arrive
at the failed edges. t f w

v ξ represents the time that a traffic worker w uses the skill ξ to
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recover the failed road f in region v. Considering the worker may use two or more skills
in this failed road, his stay on this failed road is the sum of his time using multiple skills.
a =

{
a1, a2. . . aξ . . . aZ} is the collection of the kind of skills.

Tv = max
f

{
f ∗ f
v

}
(10)

In Equation (10), Tv represents the time that a traffic worker recovers the last failed
road arranged by the MC.

3. Constraints model

Through the above skills and time constraints, the constraints model of Scheme 1 is as
follows. The objective function is:

Min T = min[max
w
{T v}]. (11)

In Equation (11), T represents the recovery time in a region. max
w
{T v} represents the

time that the last traffic worker completes his recovery task.
This is subject to:

∑a
ξ=1 Bw

v t ξ ≤ 1, ∀w ∈ Sv (12)

∑Sv

w=1 ∑a
ξ=1 Y f w

$ ξ= R f
v , ∀ f ∈ Qv (13)

∑a
ξ=1 Y f w

v ξ ≤ ∑a
ξ=1ψ

w
v ξ , ∀ f ∈ Qv (14)

Equations (12)–(14) are the skill constraints. Equation (12) indicates the traffic workers
to use one skill at a certain time. Equation (13) indicates the skills required for failed edges
to be satisfied. Equation (14) indicates that the skills used by the traffic workers at the failed
edges cannot exceed the number of skills they have mastered.

∑Qv

f=1 X f j w
v = ∑Qv

f=1 Xj f w
v , ∀j ∈ Qv (15)

∑Qv

f=1 Z f w
v t = 1, ∀w ∈ Sv (16)

t f
v= max

{
t f w
v

}
, ∀ f ∈ Qv (17)

f ∗ f w
v = ∑a

ξ=1 t f w
v ξ , ∀ f ∈ Qv, ∀w ∈ Sv (18)

f ∗ f
v = t f

v + ∑a
ξ=1 t f w

v ξ , ∀ f ∈ Qv, ∀w ∈ Sv (19)

t f
v + ∑a

ξ=1 t f w
v ξ +Te( f , j) − ς

(
1 − X f j w

v

)
≤ t j

v (20)

Tv= max
{

f ∗ f
v

}
, ∀ f ∈ Qv (21)

T= max{Tv}, ∀ f ∈ Qv (22)

2 ≤ |Ω| ≤ Qv − 1, Ω ∈ Qv. (23)

Equations (15)–(23) are time constraints. Equation (15) indicates time spent on failed
edges by traffic workers. The traffic workers leave the failed edges. Equation (16) indicates
the traffic workers to be on one failed edge at a certain time. Equation (17) indicates the
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task starting time to be the time when all traffic workers arrive. Equation (18) indicates the
recovery time of a failed edge to be the time to complete all skills. Equation (19) indicates
the recovery time of the failed edge f to be the sum of the traffic workers’ arrival time and
the recovery time of the edge. Equation (20) indicates that if traffic workers leave edge f that
has been recovered and visit edge j, the starting time of the edge j cannot be earlier than
the sum of the recovery time of edge f and the time from edge f to edge j. Equation (21)
indicates the total recovery time of all edges. Equation (22) indicates the recovery time
of a certain MC. Equation (23) is used to eliminate the sub-loop constraint. |Ω| is a set
composed of all subsets of the failed edges set, thus eliminating the solution that satisfies
other constraints but does not constitute a complete path.

2.2.2. Model for Scheme 2

Differing from Scheme 1, Scheme 2 is that the co-scheduling of MCs is modeled for
congestion in regions. The set of traffic workers is S ={S1, S2. . . Sv . . . Sn}. The set of failed
edges is Q ={Q1, Q2. . . Qv . . . Qn}. The decision matrix of maintenance time in regions is
obtained by the following:

T∗ =



t
Q1

1S1
1

ψ

t
Q2

1S1
1

ψ

...

t
Q f

1 S1
1

ψ

...

t
QF

1 S1
1

ψ

...

t
QF

n S1
1

ψ

t
Q1

1S2
1

ψ

t
Q2

1S2
1

ψ

...

t
Q f

1 S2
1

ψ

...

t
QF

1 S2
1

ψ

...

t
QF

n S2
1

ψ

· · ·
· · ·

...
· · ·

...
· · ·

...
· · ·

t
Q1

1Sw
1

ψ

t
Q2

1Sw
1

ψ

...

t
Q f

1 Sw
1

ψ

...

t
QF

1 Sw
1

ψ

...

t
QF

n Sw
1

ψ

· · ·
· · ·

...
· · ·

...
· · ·

...
· · ·

t
Q1

1SW
1

ψ

t
Q2

1SW
1

ψ

...

t
Q f

1 SW
1

ψ

...

t
QF

1 SW
1

ψ

...

t
QF

n SW
1

ψ

· · ·
· · ·

...
· · ·

...
· · ·

...
· · ·

t
Q1

1SW
n

ψ

t
Q2

1SW
n

ψ

...

t
Q f

1 SW
n

ψ

...

t
QF

1 SW
n

ψ

...

tQF
n SW

n
ψ



. (24)

In Equation (24), T∗ represents the time that traffic workers in regions repair failed
edges in these regions.

The objective function is:

Min T∗ = min[max
w
{T ∗v}]. (25)

In Equation (25), T∗ represents the recovery time in regions. max
w
{T ∗v} represents the

time that the last traffic worker completes his recovery task.
This is subject to:

∑a
ξ=1 Bw

v t ξ ≤ 1, ∀w ∈ Sv ∀Mv ∈ M (26)

∑Sv

w=1 ∑a
ξ=1 Y f w

v ξ= R f
v , ∀ f ∈ Qv ∀Mv ∈ M (27)

∑a
ξ=1 Y f w

v ξ ≤ ∑a
ξ=1ψ

w
v ξ , ∀ f ∈ Qv ∀Mv ∈ M (28)

∑Qv

f=1 X f j w
v = ∑Qv

f=1 Xj f w
v , ∀j ∈ Qv ∀Mv ∈ M (29)

∑Qv

f=1 Z f w
v t = 1, ∀w ∈ Sv ∀Mv ∈ M (30)

t f
v= max

{
t f w
v

}
, ∀ f ∈ Qv ∀Mv ∈ M (31)

f ∗ f w
v = ∑a

ξ=1 t f w
v ξ , ∀ f ∈ Qv, ∀w ∈ Sv ∀Mv ∈ M (32)
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f ∗ f
v = t f

v + ∑a
ξ=1 t f w

v ξ , ∀ f ∈ Qv, ∀w ∈ Sv ∀Mv ∈ M (33)

t f
v + ∑a

ξ=1 t f w
v ξ +Te( f , j) − ς

(
1 − X f j w

v

)
≤ t j

v ∀Mv ∈ M (34)

Tv= max
{

f ∗ f
v

}
, ∀ f ∈ Qv ∀Mv ∈ M (35)

T= max{Tv}, ∀ f ∈ Qv ∀Mv ∈ M (36)

2 ≤ |Ω| ≤ Qv − 1, Ω ∈ Qv ∀Mv ∈ M. (37)

The explanation of Equations (26)–(37) is in Section 2.2.1.

2.3. Algorithm for Maintenance Optimization

To recover failed edges, the GA is used to solve Schemes 1 and 2. GA is an adaptive
global search algorithm proposed by J. H. Holland et al. and formed by simulating natural
selection and natural evolution processes in nature [31]. In GA, two groups exchange
the genetic information carried by excellent individuals, breaking the balance within the
groups and achieving a higher balance [32]. It is conducive to obtaining the optimal
solution. Considering the recovery sequence of failed edges and the road failed types, GA
takes multi-skilled traffic workers as the research object and seeks an optimal maintenance
plan. The steps of GA in the network are as follows.

1. Initialize the population The proposed model initializes the number of failed edges,
traffic workers, types of skills, and road failed types. Set the maximum evolution
algebra to G. An initial population P (0) has NP individuals. The feasible solution in
the single MC scheduling is obtained by the following:

T = [T1, T2, ...,TW ]T =



t11
ψ

t21
ψ

...
t f 1
ψ

...
tF1
ψ

t12
ψ

t22
ψ

...
t f 2
ψ

...
tF2
ψ

· · ·
· · ·
. . .
· · ·

...
· · ·

t1w
ψ

t2w
ψ

...
t f w
ψ

...
tFw
ψ

· · ·
· · ·

...
· · ·
. . .
· · ·

t1W
ψ

t2W
ψ

...
t f W
ψ

...
tFW
ψ


. (38)

In Equation (38), the W-dimensional decision vector T consists of W genes. T repre-
sents the recovery time in a region. A gene T1 represents the time for a traffic worker
to repair failed roads, which includes [t11

ψ ,t21
ψ . . . t f 1

ψ . . . tF1
ψ ].

2. Crossover and mutation The proposed model adopts the sequential crossover method.
GA pairs individuals from the population NP (t). Exchange genes between individuals
with crossover probability Pc. For the sequence of traffic workers and skill types,
the exchange mutation method is adopted. Select two gene positions in the parent
chromosomes and exchange their gene values. For example, exchanging t21

ψ and t22
ψ ,

the gene T1 becomes [t11
ψ ,t22

ψ . . . t f 1
ψ . . . tF1

ψ ].
3. Fitness function and selection The recovery time of repairing failed edges is used as

the fitness of the chromosome. fi= T. The binary trophy selection method is used to
choose the operator. The probability of the individual being chosen is:

pi =
fi

∑NP
i=1 fi

·(i = 1, 2, . . . , NP). (39)

In Equation (39), fi denotes the fitness of individual i. NP is the population size.
4. Algorithm termination condition If g ≤ G, g = g + 1. Turn to Step 2. G is set to

50, 100, 150, and 500 in models. If g > G, the feasible solution with the maximum



Mathematics 2023, 11, 2004 9 of 17

fitness obtained in the evolution process is output as the optimal recovery time. The
calculation is terminated.

3. Case Study

This section verifies the proposed model by analyzing the Zhengzhou Road network
in China. Section 3.1 gets the failed edges in Zhengzhou. Sections 3.2 and 3.3 obtained the
maintenance plans under Schemes 1 and 2.

3.1. Congestion Analysis

The road network includes 19 intersections and 24 sub-roads. Figure 3 shows the
network structure of these edges. Table 1 shows their node coordinates, which come from
the website https://lbs.amap.com (accessed on 20 April 2023). Figure 4 shows the values
of the passing speed, initial flow, capacity, and propagation of 24 sub-roads. The left y-axis
measures the initial flow value, capacity value, and received flow value of each road. When
the initial flow value plus the received flow value is greater than the capacity value, the
road satisfies the first condition of becoming a congested road. The right y-axis measures
the passing speed of the road. When the speed is below 20 m/s as shown in the red dotted
line, the road meets the second condition of becoming a congested road. When a road
meets the above two conditions, it is a congested road. The failed edges are e (8, 13), e (8, 4),
e (9, 14), e (9, 10), e (9, 8), e (14, 15), e (14, 18), e (14, 13), e (15, 19), e (15, 16), e (15, 10), and e
(18, 19). The values of these failed roads are represented in red in Figure 4.
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Figure 4. The values of speed, initial flow, capacity, and propagation of 24 sub-roads. Figure 4. The values of speed, initial flow, capacity, and propagation of 24 sub-roads.



Mathematics 2023, 11, 2004 11 of 17

Table 1. Node position coordinates.

Nodes Position Coordinates

V1 (113.671839, 34.805507)
V2 (113.687505, 34.802662)
V3 (113.713089, 34.798156)
V4 (113.648699, 34.792465)
V5 (113.673276, 34.792465)
V6 (113.689949, 34.792465)
V7 (113.714095, 34.792821)
V8 (113.656173, 34.780251)
V9 (113.673276, 34.780725)
V10 (113.690203, 34.780725)
V11 (113.717832, 34.780369)
V12 (113.747872, 34.783808)
V13 (113.663359, 34.770644)
V14 (113.673426, 34.770763)
V15 (113.688368, 34.769695)
V16 (113.714167, 34.768865)
V17 (113.750818, 34.769577)
V18 (113.688009, 34.758545)
V19 (113.712874, 34.754156)

3.2. Scheme 1

In the region of MC1, the failed edges are e (13, 14), e (8, 9), e (8, 13), e (8, 4), e (9, 10),
and e (9, 14). Table 2 shows the maintenance skills required for failed roads.

Table 2. The maintenance skills required for failed roads under Scheme 1.

Roads Skill 1 Skill 2 Skill 3

e (9, 14) 1 1 0
e (9, 10) 1 2 1
e (8, 4) 0 1 3

e (8, 13) 1 2 0
e (8, 9) 2 3 0

e (13, 14) 0 2 2

Table 3 shows the skills that traffic workers have. The traffic workers of MC1 are traffic
workers 1, 2, and 3. The rest are the traffic workers of MC2.

Table 3. Traffic workers skills.

Traffic Workers Skill 1 Skill 2 Skill 3

1 1 1 0
2 1 0 1
3 0 1 1
4 1 0 1
5 1 1 0
6 0 1 1

The operating parameters are set under Scheme 1 as follows. The population size is
NP = 50. The crossover probability is Pc = 0.9. The mutation probability is Pm = 0.5. The
number of iterations is 50, 100, 150, and 500. Figure 5 shows the GA evolution curves under
Scheme 1. Table 4 shows the maintenance sequence under Scheme 1. The maintenance time
is 13.15 min.
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Table 4. Maintenance sequences under Scheme 1 (MC1).

Iteration Times Traffic Workers Maintenance Sequences

50 times

Task sequence e(9,14), e(13,14), e(8,9), e(9,10)
1 e(8,4)
2 e(9,14), e(13,14), e(8,13), e(8,9), e(9,10)
3 e(9,14), e(13,14), e(8,13), e(8,4), e(8,9), e(9,10)

100 times

Task sequence e(9,14), e(9,10), e(8,9), e(8,4), e(8,13), e(13,14)
1 e(9,14), e(9,10), e(8,4), e(13,14), e(8,13)
2 e(8,9), e(9,10)
3 e(9,14), e(9,10), e(8,4), e(13,14), e(8,13), e(8,9)

150 times

Task sequence e(9,14), e(9,10), e(8,9), e(8,4), e(8,13), e(13,14)
1 e(13,14), e(8,13)
2 e(9,14), e(9,10), e(8,9), e(8,4)
3 e(9,14), e(9,10), e(8,9), e(8,4), e(13,14), e(8,13)

500 times

Task sequence e(8,9), e(9,10), e(9,14), e(13,14), e(8,13), e(8,4)
1 e(9,14), e(9,10), e(8,9), e(13,14), e(8,13)
2 e(9,14), e(9,10), e(8,9), e(13,14), e(8,13), e(8,4)
3 e(9,10), e(8,4)

In order to verify that using the resources in MC1 to repair congestion in its area takes
a shorter time, MC2 performs the same maintenance tasks in region MC1. Other parameters
are the same as those for MC1. The population size is NP = 50. The crossover probability is
Pc = 0.9. The mutation probability is Pm = 0.5. Figure 6 shows the GA evolution curves
in MC2 under Scheme 1. In Figure 6, the optimal completion time obtained by iteration
50 times, 100 times, 150 times, and 500 times is 13.35 min. The completion time is greater
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than that in MC1. Table 5 shows the maintenance sequences of MC2 under Scheme 1.
The result shows that it is reasonable to adopt a single MC for repairing failed edges in
its region.

Table 5. Maintenance sequences under Scheme 1 (MC2).

Iteration Times Traffic Workers Maintenance Sequences

50 times

Task sequence e(9,10), e(9,14), e(13,14), e(8,13), e(8,4), e(8,9)
1 e(8,4), e(9,14), e(13,14), e(8,13), e(8,9), e(9,10)
2 e(9,10)
3 e(9,14), e(13,14), e(8,13), e(8,4), e(8,9), e(9,10)

100 times

Task sequence e(9,10), e(9,14), e(8,9), e(8,4), e(8,13), e(13,14)
1 e(9,10), e(8,13), e(13,14)
2 e(9,14), e(9,10), e(13,14), e(8,4), e(8,9)
3 e(9,14), e(9,10), e(13,14), e(8,4), e(8,9), e(8,13)

150 times

Task sequence e(9,10), e(9,14), e(13,14), e(8,13), e(8,4), e(8,9)
1 e(9,10), e(8,13)
2 e(9,14), e(9,10), e(13,14), e(8,4), e(8,9)
3 e(9,14), e(9,10), e(13,14), e(8,4), e(8,9), e(8,13)

500 times

Task sequence e(9,10), e(8,9), e(9,14), e(13,14), e(8,13), e(8,4)
1 e(9,10), e(8,9), e(9,14), e(13,14), e(8,13), e(8,4)
2 e(9,10), e(8,9), e(9,14), e(13,14), e(8,13)
3 e(9,10), e(8,4)
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It takes 13.15 min for MC1 to repair the failed edges. While MC2 takes 13.35 min.
If the traffic failure in the region where MC1 manages is repaired by MC1, the optimal
maintenance sequence can be obtained. The results show that modeling the process of a
single MC scheduling plan in a single region is reasonable.

3.3. Scheme 2

In the region of MC1 and MC2, failed edges are e (8, 13), e (8, 4), e (9, 14), e (9, 10),
e (9, 8), e (14, 15), e (14, 18), e (14, 13), e (14, 9), e (15, 19), e (15, 16), e (15, 14), e (15, 10), and
e (18, 19). Table 6 shows the maintenance skills required for failed edges.

Table 6. The maintenance skills required for failed edges under Scheme 2.

Roads Skill 1 Skill 2 Skill 3

e(18, 19) 1 1 0
e(15, 10) 1 2 1
e(15, 14) 0 1 3
e(15, 16) 1 2 0
e(15, 19) 2 3 0
e(14, 9) 0 2 2
e(14, 13) 0 4 1
e(14, 18) 3 1 1
e(14, 15) 2 0 1

e(9, 8) 1 0 1
e(9, 10) 1 3 1
e(9, 14) 2 0 1
e(8, 4) 1 2 0

e(8, 13) 1 0 1

MC1 and MC2 formulate the maintenance plan together and dispatch their traffic
workers to execute the plan. The algorithm is iterated 150 times. Then, the solution result
tends to be stable. In Figure 7, the evolution curve of the GA is shown in the algorithm
search process. Table 7 shows the maintenance sequences under Scheme 2. The maintenance
time is 31.43 min.
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Table 7. Maintenance sequences under Scheme 2 (MC1 and MC2).

Traffic Workers Maintenance Sequences

1 e(15,14), e(14,18), e(9,8), e(14,9), e(14,13), e(8,13), e(8,4)
2 e(15,16), e(14,15), e(9,14), e(15,14), e(14,18), e(18,19)
3 e(15,10), e(9,10), e(9,8), e(14,9)
4 e(15,19), e(9,10), e(14,13), e(8,13)
5 e(15,10), e(15,19), e(14,15), e(8,4)
6 e(15,16), e(15,10), e(9,14), e(14,18), e(18,19)

When road congestion occurs in the regions, the MCs conduct co-scheduling to ob-
tain the optimal maintenance sequences. The situation of failed edges is different. The
maintenance skills are different. In this case, the two MCs cooperate to complete the
maintenance tasks, and the ability to repair failed edges is enhanced with more traffic
workers. The maintenance time is shortened. In addition, MC1 repairs 14 failed edges
under Scheme 2. Due to the reduction in the number of traffic workers, the maintenance
time is increased to 32.57 min, which is longer than the time that MC1 and MC2 cooperate
to complete the task. Therefore, it is assumed that the number of traffic workers in an MC
is the same, and the types of maintenance skills they master are fixed. Under the condition
of cross-regional propagation of congested roads, joint scheduling usually saves time than
individual scheduling. This is because the former has more traffic workers than the latter.

Through the analysis of Schemes 1 and 2, congestion and recovery of urban roads are
realized. In the case of Scheme 1, the solution obtained by 500 iterations is selected for both
the MC1 and the MC2 as the approximate optimal solution for completing the maintenance
tasks. In the case of Scheme 2, the solution obtained by 150 iterations is selected as the
approximate optimal solution for completing the maintenance tasks. The results show that
partition maintenance is reasonable. Under certain conditions, Co-scheduling of MCs takes
less time than alone.

4. Conclusions

Urban road congestion becomes one of the most important factors hindering people’s
daily travel and economic development. The proposed FD-PE model is conducive to
repairing failed roads in an urban road network. Scheme 1 is the process of the single
MC scheduling modeled for congestion in a single region. The solution obtained by
500 iterations is selected for both the MC1 and the MC2 for completing the maintenance
tasks. Scheme 2 is that the co-scheduling of MCs is modeled for congestion in many regions.
The solution obtained by 150 iterations is selected for completing the maintenance tasks.
According to the “China Major Urban Traffic Analysis Report”, the number of cars in
Zhengzhou is more than 4 million, ranking fifth. The city’s congestion delay index is 1.531.
In the proposed Schemes 1 and 2, the times taken to clear 6 and 14 congested edges are
13.15 min and 31.43 min, respectively. Compared with the report, the proposed method
helps to restore the road network.

Road conditions are often unexpected. Non-motor vehicles and pedestrians may
have an impact on the transport network, which affect the robustness of the road network.
Considering that the road networks of different cities have different characteristics, the
robustness of the models and evaluation model will be verified by multi-city simulation in
the future.
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