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Generally, road characteristics (such as the longitudinal slope and pavement damage) have an important effect on logistics
distribution path, not only the vehicle fuel economy and driving safety but also the benefits and efficiency of logistics companies. It
is necessary to explore the influence of road characteristics on logistics distribution path planning. First, a road characteristics
evaluation value is defined to quantify road characteristics. With the application of analytic hierarchy process (AHP), the road
characteristics evaluation index system with three criteria and eleven indices was built, and then the calculation of the road
characteristics evaluation value is proposed based on the fuzzy comprehensive evaluation method. Secondly, a mathematical
model of logistics distribution path planning is proposed, in which road characteristics and distance are comprehensively
considered. Thirdly, an adaptive genetic algorithm (AGA) is presented with customized crossover operator for the solution of the
mathematical model. Finally, through simulation by a real example, the influences of road characteristics and distance on the
optimal distribution path are discussed, and the results show the model considering the road characteristics and distance
comprehensively achieves superior distribution paths to that considering the distance or road characteristics only.

1. Introduction

With the rapid development of e-commerce and mobile
Internet technology, the online shopping demands and
capabilities of customers are getting higher, which brings the
rapid development of urban regional logistics distribution
services. In some big cities, such as Qingdao and Shanghai in
China, almost every community has a small distribution
station. Logistics distribution companies generally set up a
distribution center in a certain area of the city, which covers
several or dozens of communities. The logistics company
deploys vehicles to deliver the goods received by the dis-
tribution center to distribution stations in each community
every day. In China, it has become a common phenomenon
and daily part of people’s lives that goods at distribution
stations are usually picked up by users themselves. This kind
of urban regional logistics distribution, in which the vehicles
assigned from distribution center to deliver goods to each

distribution station every day, is becoming a common lo-
gistics distribution mode, and the schematic diagram of the
logistics distribution process is shown in Figure 1.

In Figure 1, one distribution center, nine distribution
stations, and three distribution paths (or vehicle paths) are
illustrated. Nine distribution stations correspond to nine
communities, and three of which with user paths are shown
in detail. According to the planned distribution path, every
vehicle starts from the distribution center, completes the
distribution of goods at the distribution stations, and finally
returns to the distribution center. In each community, users
come to the distribution station to pick-up their own items
based on their paths. During the logistics distribution
process, the distribution path planning is an important part,
which affects the benefits and efficiency of logistics com-
panies [1-3]. The distribution path planning is related to the
location relationship between distribution center and dis-
tribution stations, the demand of distribution stations, etc.,
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FIGURE 1: The schematic diagram of the urban regional logistics
distribution process.
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which belongs to a vehicle routing problem (VRP). In lo-
gistics distribution path planning, the road distance is often
chosen as an important factor to evaluate the quality of the
distribution path, such as establishing the path planning
model with the minimum distance of all distribution paths
as the goal to obtain the optimal path [4-6]. However, in
practice, drivers consider not only the distance of the road
but also the road characteristics, which are important factors
to consider, such as the longitudinal slope, longitudinal
length, the flat curve corner, pavement evenness, and
pavement damage. These road characteristics have an im-
portant impact on the vehicle fuel economy and driving
safety [7-12]. Especially in mountain cities, such as Qingdao
and Chonggqing in China and Boston in the United States,
roads with the characteristics of large longitudinal slopes
and small flat curve corners are common, which affect the
choice of logistics distribution path, and should be con-
sidered in the modeling of distribution path planning and
investigated in depth.

In addition, with the development of information and
artificial intelligence, technologies related to intelligent
driving have been continuously developed and applied,
including three-dimensional high-precision maps applicable
to vehicle navigation, which include road curvature, lon-
gitudinal slope, and other road characteristics information
[13, 14]. Moreover, with the development and improvement
of the urban intelligent transportation system, the dynamic
characteristics of road, such as pavement evenness, pave-
ment damage, and pavement skid resistance, can be accessed
by the road surface condition monitoring system [15, 16].
These technologies and application system provide strong
support for logistics distribution path planning considering
road characteristics.

Under the background, the urban regional logistics
distribution path planning considering the road character-
istics is studied in the paper. The contributions of this study
mainly involve the following three aspects:
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(1) A mathematical model considering the road char-
acteristics and distance is proposed. Different weight
coeflicients for the road characteristics and distance
are analyzed, which illustrates that the model can
produce a superior distribution path compared to
considering the distance or road characteristics only.

(2) Based on the AHP method and the fuzzy compre-
hensive evaluation method, the road characteristics
evaluation is presented to quantify the road
characteristics.

(3) The adaptive genetic algorithm with a customized
crossover operator is designed for the solution of
model, which has better performance than genetic
algorithm and is suitable for the logistics distribution
path planning.

The rest of the paper is organized as follows. In Section 2,
the research status of logistics distribution path planning is
discussed. Section 3 presents a logistics distribution path
mathematical model considering road characteristics and
distance. In Section 4, the calculation method of the road
characteristics evaluation value based on AHP and fuzzy
comprehensive evaluation is presented. Section 5 designs the
AGA for solving the model. Example for demonstration of
the proposed model and algorithm is presented and dis-
cussed in Section 6. Finally, the conclusions and suggestions
for future work are presented in Section 7.

2. Literature Review

Considering the available studies, we focus primarily on the
factors and constraints considered in building a logistics
distribution path mathematical model and solving methods.
Logistics distribution path planning is a kind of VRP. VRP
and its variants, vehicle routing problems with time win-
dows (VRPTW), were studied earlier. Generally, the
mathematical models for the VRP or VRPTW were for-
mulated considering the vehicle travel distance, and the
solutions to the models were the exact approaches, such as
the linear programming, dynamic programming, and col-
umn generation. [17-21].

With the expansion of VRP application domain and the
development of intelligent optimization algorithms, VRP
and its variants have been further studied and several results
have been achieved. Pisinger and Ropke [22] investigated
five different variants of the VRP, which include VRPTW,
the capacitated vehicle routing problem (CVRP), the mul-
tidepot VRP, the site-dependent VRP, and the open VRP. In
the models, the constraints, such as time window, capacity,
vehicle type, and number of distribution centers, were an-
alyzed and the objective is to minimize the total traveled
distance and the number of vehicles. A unified heuristic,
adaptive large neighborhood search is presented to solve
these models. Wang et al. [23] studied CVRP and built a
model with the objective of minimizing the sum of the travel
distances of all the vehicles. A hybrid particle swarm opti-
mization algorithm is proposed to solve the CVRP model.
Lau et al. [24] studied multidepot VRP and considered the
traveling distance and time into the model. The objective is
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to minimize the total cost due to the distance traveled by all
vehicles and the time required for all vehicles to serve
customers. A fuzzy logic-guided genetic algorithm is pro-
posed to solve the model. Wang et al. [25] studied a col-
laborative multiple-center VRP and established an integer-
programming model considering the transportation costs
among distribution centers and vehicle routing costs in each
distribution center. A multiphase hybrid approach with
clustering, dynamic programming, and heuristic algorithm
is presented to solve the model. Mohammed et al. [26]
studied the CVRP considering the vehicle capacity and travel
time. The objective is to minimize travel distance while
ensuring customers’ satisfaction. And genetic algorithm is
used to determine the optimum vehicles route. Vidal et al.
[27] introduced a mathematical model with the objective of
minimizing the total travel distance for multiple periods
VRPTW. A new hybrid genetic search with advanced di-
versity control is presented to efficiently address the model.
Liao et al. [28] proposed a mathematical model for VRPTW
considering the travel distance and vehicle waiting time for
the customer, and the objective is to minimize total cost of
transportation. A two-stage optimization algorithm with the
help of ant-colony algorithm and plug-in heuristic algorithm
is proposed to solve the model. Mohammed et al. [29]
applied CVRP to a bus routing problem. A mathematical
model was formulated considering the route distance. An
improved GA is presented to solve the model. Chen et al. [4]
established a biobjective mathematical model for mixed-
shift VRPTW, in which objectives are to minimize the total
driver payment and the total travel distance. A hyper-
heuristic with two guidance indicators is proposed to resolve
the model. Liu and Jiang [30] introduced the cumulative
CVRP with time-window constraints, and the model is
proposed with the objective of minimizing the sum of arrival
times at all the customers and the fixed cost. Based on large
neighborhood search algorithm and GA, an algorithm is
proposed to solve the problem. Lei et al. [31] discussed the
CVRP with stochastic demands and time windows and
modeled the problem considering the vehicle travel cost. An
adaptive large neighborhood search heuristic is developed
for solution and assessed. Wang et al. [32] studied the
multidepot green VRP and proposed a biobjective model
with the objective of minimizing the total carbon emission
and operating cost, in which the transportation cost is
considered. A hybrid heuristic algorithm is designed to
search the best vehicle routing solution.

In the abovementioned studies, the VRP and its variants
are pick-up or delivery problem. There are many researchers
who have studied vehicle routing problem considering pick-
up and delivery simultaneously, which is referred to as
VRPSPD. Wang and Bian [33] studied the VRPSPD under
different weights. A mixed integer linear programming
model was formulated considering the distance trans-
portation cost, inventory carrying costs, and shortage costs.
The model was solved by using software Lingo. Lu et al. [6]
proposed a model with the objective of minimizing the total
routing costs defined as Euclidean distance for VRPSPD. A
solution based on ant colony to solve the model and ex-
perimental evaluations shows the proposed solution had

excellent performance. Zachariadis et al. [34] considered
two-dimensional loading constraints and compared three
transportation strategies: the VRPSPD, VRP with back
hauls, and the bidirectional VRP. The model is proposed
with the objective to minimize the total travel cost and
solved by an optimization framework consisting of a local
search method and a two-dimensional packing heuristic.
Sitek and Wikarek [35] modeled VRPSPD considering the
distances for couriers to travel and the penalty for delivering
items to alternative points. A hybrid approach integrating
mathematical programming and constraint logic pro-
gramming was proposed to solve the model.

In addition, the vehicle routing problem with simulta-
neous pick-up and delivery and time windows
(VRPSPDTW) and its variants has also received the at-
tention of researchers, and a large number of results have
emerged. Shi et al. [36] formulated the model of
VRPSPDTW and the objective is to minimize the number of
vehicles and the total traveling costs. An efficient Tabu
search-based procedure was proposed, and the results
showed it could produce better solutions. Lagos et al. [37]
studied the VRPSPDTW, and a model with an objective of
minimizing the total distance of paths was proposed. An
improved swarm optimization algorithm was used to solve
the model. Wang et al. [38] modeled the VRPSPDTW with
the objective to minimize the traveling cost of vehicles. A
parallel simulated annealing algorithm including a residual
capacity and radial surcharge insertion-based heuristic is
developed and applied to solve this problem. Wang and
Chen [39] concerned a VRPSPDTW and proposed a model
considering the dispatching cost of vehicle and total trav-
eling cost. A coevolution GA with variants of the cheapest
insertion method is developed to solve the model. Alaia et al.
[5] studied VRPSPDTW with multidepots and multi-
vehicles. The model was formulated considering the total
travel distance, total tardiness time, and number of vehicles.
A new algorithm based on the genetic algorithm was applied
to the model and tested. Saddia et al. [40] addressed the
multitrip VRPSPDTW in a hospital complex. The objective
is to minimize the traveling cost and the fixed cost of using
vehicles, and GA algorithm is designed to solve the problem.
In order to solve the problem of the optimization of pick-up
and delivery cargoes’ routes with time windows, Ma et al.
[41] built a model with the objective of minimizing the
transportation and time cost. The time cost is summation of
all the time penalties, and the transportation cost is the
function of distance. Tabu search algorithm was used to
determine the order of pick-up and delivery points and the
distribution route. Cherkesly et al. [42] studied the pick-up
and delivery problem with time windows and last-in-first out
loading considering the capacity constraints and time win-
dows. The objective of the model is to minimize the number
of vehicles and the total traveled distance. A population-based
metaheuristic is proposed for solving the model.

The aforementioned works studied the VRP, VRPSPD,
VRPSPDTW, and their variants. Their models were for-
mulated considering various constrains and resolved the
issues. However, most of the models focus on the objective
function of the minimum vehicle travel cost considering the
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FIGURE 2: The block diagram for process of mathematical model establishment.

road distance. In practice, there are other factors that need to
be considered in logistics distribution path planning. For
example, a VRPTW mathematical model was established
considering the road traffic volume which was expressed by
the road-block function [43]. Simulation results indicate that
the road traffic volume has significant influence on the
optimal vehicle path of VRPTW and should be considered
sufficiently. The CVRP taking the traffic density into account
was studied, and GA was designed for the issue [44]. It is
obtained that the delivery speed based on travel time is faster
by almost two times compared to distance-based route
search.

Meanwhile, the road characteristics have an important
impact on the selection of logistics distribution path and are
necessary to be investigated carefully. Consequently, in this
paper, a mathematical model for logistics distribution path
planning in urban area is proposed, which takes road
characteristics into account. During the process, a road
characteristics evaluation value is defined to quantify the
road characteristics. To obtain the road characteristics
evaluation value, an index system is established and the fuzzy
comprehensive evaluation method is applied. Then, the
mathematical model is obtained after normalization of the
road characteristics evaluation value and the road distance.

3. Mathematical Formulation

3.1. Symbolic Definition. The sets, parameters, and decision
variables used in this paper are defined as follows:

J: set of all distribution stations, J={1, - - -, N}, where N
is the number of distribution stations

S: set of node; nodes are distribution center and dis-
tribution stations in this paper, S={0}UJ, where 0
represents the distribution center

H: distribution vehicle set, H={1, - - -, K}, where K is the
number of vehicles

Q: the capacity of vehicle

q:i: the demand of distribution station i, i€ ]

d,-j: the distance between node i and node j, i€ S, j€S,
i#j,dij#0

e;j: road characteristics evaluation value between node i
and node j, i€S, j€S, i#j, €;#0

A, and A,: weight coefficients, A, + 1, = 1

xijx: decision variable, i €S, j€ S, k € H; if the vehicle k
travels from node i to node j, Xijx = 1; otherwise, x;; =0

yir: decision variable, i € ], k € H; if the task of node i is
completed by vehicle k, y; = 1; otherwise, y; =0

3.2. Model Establishment. In this paper, the road charac-
teristics and distance are considered comprehensively into
modeling the logistics distribution path planning in the
urban area. The process of model establishment is shown in
Figure 2, which mainly includes the quantification of road
characteristics, the dimensionless and weighting of road
characteristics evaluation value, and road distance. In the
process, the key is to quantify the road characteristics.
Through the evaluation of the factors and indexes related to
road characteristics, the evaluation value of road charac-
teristics can be obtained, which is defined as the road
characteristics evaluation value. This enables a numerical
representation of the road characteristics. In this paper, AHP
and fuzzy comprehensive evaluation method are used to
evaluate the road characteristics to obtain the evaluation
value, which will be discussed in the next section of this
paper. Here, it is assumed that the road characteristics
evaluation value has been obtained, and a mathematical
model is formulated first.

3.2.1. Dimensionless. Because the dimension of the road
characteristics evaluation value and road distance are dif-
ferent, the normalization method is used to transform them
to dimensionless. Normalization formulas for road distance
and road characteristics evaluation value are as follows:

d;=—7 _ (i=0,1,2,---,N; j=0,1,2,--,N),
Y max{dij} /

1)

where max {d;;} represents the maximum distance between
nodes.
/ €ij

e = , (i=0,1,2,---,N; j=0,1,2,---,N),
max{eij}

1]

(2)

where max {e;} represents the maximum value of the road
characteristics evaluation value between nodes.
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3.2.2. Mathematical Model. During the evaluation process
of the road characteristics, the better the road characteristics,
the higher the evaluation value; i.e., the path with a higher
road characteristics evaluation value should be selected in
the logistics distribution path. However, the shorter the road
is, the more likely it is to be selected for the logistics dis-
tribution path. In order to obtain the minimum value as the
objective function in the model, the normalized road
characteristics evaluation value ¢/; is transformed to 1 —e;;.
Then through weighting the total of road characteristics
evaluation value and the total road distance of all distri-
bution paths, the mathematical model is obtained.
Assuming that D; and D,, respectively, are total road
distance and total road characteristics evaluation value of all
distribution paths, they can be calculated as follows:

D=3 Y dijxije (3)

i€S jeS keH
Dy=3 > > (1-eij)xise (4)
i€S jeSkeH

Then, based on (3) and (4), the mathematical model is
formulated as follows:

min  A,D; +A,D,, (5)
Subjectto: )Y g,y <Q, ke€H, (6)
ie]

ZinijI, j=12,---,N, (7)
i€S keH

s izl
jeSkeH

PIPIETEDIPITESS (9)

ieS keH jeSkeH

Formula (5) is the objective function, which considers
the road characteristics and distance comprehensively.
Constraint (6) is vehicle load constraint. Constraints (7) and
(8) require each distribution station must be serviced exactly
once by only one vehicle. Constraint (9) enables the vehicle
to return to the distribution center after completing the
service of all distribution stations.

4. Road Characteristics Evaluation

The purpose of road characteristics evaluation is to get the
road characteristics evaluation value. The road character-
istics evaluation is composed of road characteristics eval-
uation index system and evaluation method of road
characteristics. In the process, the AHP and fuzzy com-
prehensive evaluation method are used.

4.1. Establishment of Road Characteristics Evaluation Index
System. There are many factors related to road character-
istics, which can be divided into two categories: road plane
factor and road profile factor. Once the road construction is

completed, these factors will not change, which are called
static factors.

As for the road plane factor, straight line is its basic
element, which has the advantages of clear direction and
shortest distance. However, with the increase in the straight
line length, it will reduce the driving safety [45]. In addition,
the circular curve radius, the flat curve corner, and the flat
curve length, which belong to the plane factor, also affect the
driver’s operating strength and driving safety [9, 46, 47].

The road profile factor mainly includes road longitudinal
slope, longitudinal length, vertical curve radius, and vertical
curve length. They have an impact on the energy con-
sumption of the vehicle; for example, when the longitudinal
slope is large, the energy consumption of the vehicle will
increase [10, 48] and also have an impact on the safe driving
of the vehicle [11, 49].

In addition, the road conditions, such as the pavement
evenness, pavement damage, and pavement skid resistance,
also affect the fuel economy and driving comfort of the
vehicle [7, 8, 12]. These factors will change with the use of the
road and changing weather conditions. They are dynamic
characteristics, which are considered to evaluate the road
characteristics as described in this paper.

According to the above analysis, based on the AHP
method, the road characteristics evaluation index system is
obtained, and its structure is described in Figure 3. Among
them, the road characteristics evaluation is the first layer,
that is, the target layer; the second layer includes the road
plane factor, road profile factor, and road condition, which is
the criterion layer; the third layer is the subcriterion layer,
that is, index layer.

4.2. Determination of Weight Vector. In the process of road
characteristics evaluation, the determination of weight
vector is a very important step, which includes establishment
of judgment matrix, the consistency test of judgment matrix,
and the calculation of weight vector.

4.2.1. Establishment of Judgment Matrix. Judgment matrix is
an expression of relative importance for each factor in the
same layer. The relative importance of each factor is obtained
by comparison of each other. The nine-scale method is used
to calculate the relative importance between factors, which is
shown in Table 1 [50].

Suppose the number of factor in the criterion layer is m,
the number of indexes for each criterion layer factor is #;
(i=1, 2, ---, m). The forms of the judgment matrixes are
expressed as follows.

Criterion layer judgment matrix U:

v v, U, - U,

Ul Ull U12 e Ulm

U2 U21 U22 T U2m . (10)
Um Uml Um2 Umm
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FiGure 3: The structure of road characteristics evaluation index
system.

Pavement
damage

Pavement skid
resistance

TaBLE 1: Standard degree of the nine-scale method.

Serial number Order of importance Uj; value
1 i and j are equally important 1

2 i is slightly more important than j 3

3 i is significantly more important than j 5

4 i is much more important than j 7

5 i is more important than element j 9

6 i is slightly less important than j 1/3

7 i is significantly less important than j 1/5

8 i is much less important than j 1/7

9 i is less important than j 1/9

Index layer judgment matrix U; for the i factor in the
criterion layer:

Ui | Us Uy o Uy,

Un | Unin Uiip -+ Uiy,

Un | Uit Upin -+ Uiy, - (11)
Uin,- Uin,-,il Uin,-,iZ Uini,in,

4.2.2. Consistency Test of Judgment Matrix. The consistency
index CI is used for the consistency test of the judgment
matrix and is calculated as follows [51]:

o . (12)
n—-1
where A, is the maximum eigenvalue of the judgment
matrix and # is the size of the judgment matrix.
The random consistency ratio (CR) is adopted to qualify
the consistency, and its calculation formula is as follows:

cr=S, (13)
RI
where Rl is the random consistency index; its value has been
defined in [52], in which it ranges from 0 to 1.49 corre-
sponding to n from 2 to 10 based on matrix size.
After calculation, if CR<0.1, the consistency of judg-
ment matrix is qualified; otherwise, the judgment matrix
needed to be adjusted.

Discrete Dynamics in Nature and Society

4.2.3. Calculation of the Weight Vector. According to the
judgment matrices (10) and (11), the arithmetic averaging
method is used to calculate the weight vectors of the cri-
terion layer and the index layer.

The calculation formula for weight vector of the criterion
layer 0; is as follows:

Ly Uy (i=1,2,-

94 = — _—
1 m >
m j=12k:1 Uk,

,m; j=1,2,---,m).

(14)

The calculation formula for weight vector of the index

layer wj is as follows:
1 & U., ..

_ ikij (i=1,2-,n5 j=1,2,-,m).

(15)

According to (14) and (15), the weight vector of the
criterion layer for road characteristics evaluation index
system is obtained: 8 = (6;, 6,, 85), and the weight vectors of
the index layer are obtained: w, = (w;, Wy W3, W14);
Wy = (Wy), Wy, Wy3, Way)s aNd W3 = (w3, W35, W33).

4.3. Evaluation Method of Road Characteristics. Because the
fuzzy comprehensive evaluation method has the charac-
teristics of clear results and strong systematization, in this
paper, it is used to determine the road characteristics
evaluation value.

4.3.1. Establishment of the Road Characteristics Evaluation
Set. The evaluation set is comprised of various possible
evaluation levels about road characteristics. Based on [53],
the road characteristics evaluation set V is established, which
includes five levels: V,V,,V,,V,, and Vs, and their cor-
responding score ranges are given, as shown in Table 2.

4.3.2. Determination of Membership Degree Function.
According to Table 2, the trapezoid and triangle fuzzy
functions are used as the membership degree functions, as
shown in Figure 4. In the figure, functions r;, 75, 73, 4, and 5
are the membership functions of the road characteristics,
which correspond to “bad,” “general,” “medium,” “good,”
and “excellent” level, respectively.

4.3.3.  Establishment of Fuzzy Evaluation Matrix.
According to Figure 4, the membership degree of each index
is determined. Then, the membership matrix R; of the cri-
terion i is as follows:

Tin Yiz =0 Tis
7. 7. cee T
i21 i22 i25
R=( . . . (16)
Tin1g Tina = Tins
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TABLE 2: Road characteristics evaluation set.

Vi V, Vs vV, Vs
Bad General Medium Good Excellence
(0-20) (20-40) (40-60) (60-80) (80-100)
A
1.0
8 09
Z 08
2 0.7
e o
g 0.6
S 05
8
ED 0.4
A 03
0.2
0.1
I | I I L I I >
0 10 20 30 40 50 60 70 80 90 100
Score value
— rl — 14
r2 — 15
r3

FIGURE 4: Membership degree functions of road characteristics.

where 7 (i=1, 2, 3; j=1, -+, n3 k=1, 2, ---, 5) is the
membership degree of the k level in the evaluation set for
index j of criterion i.

The comprehensive evaluation vector of the criterion
layer can be obtained by multiplying each column of ele-
ments based on their weight vectors, that is,

Bi=w;- R =[bi1’bi2>""bi5]’ (17)

and the comprehensive evaluation matrix B for the criterion
layer is obtained: B = [B,, B,, B;]"; then, based on the matrix
B, the comprehensive evaluation vector C for the goal layer is
calculated by fuzzy transformation, that is,

C=6-B
B,
=[6, 6, 05]-|B,
-Bs (18)
(b byy bys by bys
=[6; 6, 65]-| by by by by bys
Lbs; bsy bsz by bis

z[cl C, G G4 Cs]-

4.3.4. Calculation of Road Characteristics Evaluation Value.
According to the principle of maximum comprehensive
membership degree, the road characteristics levels corre-
sponding to the maximum membership degree and the
submaximum membership degree can be obtained. Then,
the road characteristics evaluation value e is calculated, and
the specific process is as follows:

(i) According to the comprehensive evaluation vector
C of the goal layer, the maximum membership
degree and submaximum membership degree are
obtained, supposed as C; and C,,, respectively (k,
m=1,2,---,5).

(ii) Road characteristics levels V. and V,, are obtained
according to Ci and C,,.

(iii) If k=1 or k=5, the score of the road characteristics
can be obtained from C; and Vj based on Figure 4;
that is, the road characteristics evaluation value e is
obtained.

(iv) If k=2 or k=3 or k=4, two score values of road
characteristics are obtained from C; and V. based
on Figure 4, supposed as e; and e,, and set e; < e,; if
k <m, e=e,; otherwise, e=e;.

According to the above process, the all road charac-
teristics evaluation value e; (i=0, 1,2, -+, N; j=0, 1, 2, - -+,
N) can be obtained.

5. Algorithms for the Model

5.1. Adaptive Genetic Algorithm. For several decades, the
algorithms for solving vehicle routing problem have been
studied extensively around the world. Because of its good
concurrency performance, GA has been widely used to
resolve VRP and its variants [54, 55]. However, in the
traditional GA, the performance of the algorithm is affected
due to the fixed cross probability and mutation probability.
Therefore, many scholars have applied the AGA to the
vehicle routing problem [56-59].

In GA, if cross probability is too large, it will destroy the
genetic model; if cross probability is too small, it will slow the
search or even stop the search in serious cases. Besides, if
mutation probability is too small, the new individual
structure will not be easy to produce; if mutation probability
is too large, GA will lose its characteristics and become a
simple random search algorithm. However, in the AGA, the
adaptive cross probability and mutation probability can be
adjusted according to the fitness value of the individual. The
adaptive cross probability p, and mutation probability p,, are
adjusted according to the following formula:

kl(fmax_f,) fr>f
— > = J avg>
’ fmax favg (19)
k3’ f’<favg’
kz (fmax_f)
> [=fap
Pm = fmax - fuvg & (20)

k4’ f<favg’

where fi,.x is the maximum fitness in each generation of
population, f,,, is the average value of population fitness for
each generation, f' is the larger fitness value of the two
individuals, and f is the fitness value of the individual to be
mutated; k;, k,, k3, and k4 € (0, 1).



The flowchart of the AGA is shown in Figure 5.

5.2. The Design of AGA

5.2.1. Coding and Chromosome. Natural number coding
method is used, which simplifies the process of decoding
after obtaining the optimal chromosome and reduces the
volume of computation. The distribution stations are rep-
resented by natural numbers 1, 2, 3, ---, N in the chro-
mosome, and the distribution center is represented by 0. The
vehicle starts from the distribution center and returns after
completing the service at distribution stations. The form of a
distribution path is

onyny -0, (21)

where ny, n,, - - -, n; is the natural number in {1, 2, 3, - - -, N}.

If the number of distribution vehicles is K, K paths
should be planned; that is, K paths would be the same form:
“0 n; ny, --- n; 0.” From this, it is obtained that the chro-
mosome length in the natural coding mode is K+ 1 + N, and
the form of chromosome is

“Onlnz < m;0n My -0 On e nNO», (22)

j
where the number of distribution center 0 is K+ 1, and n,,
Mgy ==+, My ==+, My -+ -, My are combinations of distribution
stations 1, 2, 3, ---, N.

5.2.2. Fitness Function. In AGA, the fitness function is used
to measure the adaptability of each individual in the pop-
ulation. The objective function (5) is to find the minimum
value, and its reciprocal is used as the fitness function of
chromosome.

5.2.3. Design of Genetic Operator. Genetic operators include
selection, crossover, and mutation, which in turn acts on the
population and results in a new generation of population.

(1) Selection Operator. The fitness proportional model, also
known as the gambling or Monte Carlo selection, is used as
selection operator. The method is a playback random
sampling method, and selection probability of each indi-
vidual is proportional to its fitness value.

(2) Crossover Operator. The function of crossover operator is
to produce diverse chromosomes. In the chromosome, the
form of which is “0 ny ny -+~ n;, 0y njyp---0---0,m;--- nN
0,” the genes represent distribution stations and distribution
center, and their adjacency relation and sequence represent
distribution path. In order to maintain this adjacency be-
tween genes and produce various chromosomes, a crossover
operator is customized. In crossover operation, the position
of crossover point is selected according to the distribution
path in the chromosome; that is, one distribution path is
randomly selected in the parent chromosome and kept in
offspring, and other gene positions of offspring are filled by
different genes of another parent chromosome, so as to
obtain the offspring chromosome. The process of crossover
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Set parameters of AGA }_>| Initialize population

Calculate fitness value

}

Conduct genetic
operators operation

Selection operation

Compute p_ and
conduct crossover

Compute P,, and

Obtain the optimal
conduct mutation

chromosome of current
population

Is the stopping
rule satisfied?
G

FicUre 5: Flowchart of AGA.

Decode the optimal
chromosome

operation with four distribution paths and eleven distri-
bution stations in chromosome is shown in Figure 6. It
should be noted that one offspring chromosome is gener-
ated, as shown in Figure 6, and another one is generated in
the same way. In addition, the crossover probability is
calculated by (19) during the crossover operation.

(3) Mutation Operator. The mutation operator adopts the
method of reverse mutation. That is, in the process of
mutation, an inversion region composed of several genes is
randomly selected, and then the value of the genes in the
region are reversed and inserted into the original position
again. The mutation probability is calculated by (20).

5.2.4. Stopping Rule of Algorithm. When the algorithm
reaches the maximum number of iteration, the algorithm
stops and outputs the optimal solution; otherwise, the al-
gorithm enters the next iteration cycle.

6. Simulation Experiment

6.1. Example Analysis. Qingdao is a mountain city, in which
the roads with the characteristics of large longitudinal slopes
and small flat curve corners are common, and has good
spatial accessibility [60-62]. A real logistics distribution path
planning example in an urban area of Qingdao is selected to
verify the logistics distribution path mathematical model
proposed in the paper. In this example, there is one dis-
tribution center and 11 distribution stations. According to
the location relationship between the distribution center and
each distribution station, the topological map is obtained, as
shown in Figure 7. In the figure, C, represents the distri-
bution center, S, Sy, S;; represent the distribution sta-
tions, and the numbers on the line represent the actual
distance (unit: km) between distribution stations and center.
The demands (unit: ton) of distribution stations S;, S, -+, S5
are 1.54, 1.65, 1.3, 1.23, 1.54, 1.55, 1.42, 0.91, 1.4, 1.23, and
1.86, respectively. The capacity of vehicle is 5 tons.
According to formula (5), the logistics distribution path
planning mathematical model of the example is obtained. In
the model, the distances between the distribution center and
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Selectedpath

Parent1|0|5|8|4|3|0|1|9|2|0|6|10|0|7|11|0|

protochild [ | | | | [o[i]ol2]o] | | | | | |

=

Offspring 1[0 [ 3[4 [5][6[0o[1][9]2]0]7][8|0o[10][11]0]

NN

Parent 2 |O|1|2|3|4|0|5|6|7|0|8|9|0|10|11|0|

FIGURE 6: The process of crossover operation.

6

'S
j |
=

FiGUure 7: Distribution center and distribution station topology map.

TasLE 3: Evaluation index values. criterion layer and index layer judgment matrices are

obtained:
Factor Index name Unit Index value -1 7 3
Straight line length m 1800
Plane factor Circular curve radius m 400 U=|171 17|,
Flat curve corner 15
Flat curve length m 260 11/3 7 1
Longitudinal slope 1.3 ) }
Longitudinal length m 200 L 1/5 17 15
Profile factor : .
Vertical curve radius m 100 21 5 7
Vertical curve length m 50 U. =
Pavement evenness Better ! 715 1 3 ’
Road condition Pavement damage Better
Pavement skid resistance Better L5 1/7 1/3 1 ]
(23)
r1 1/5 1 57
stations are known, but the road characteristics value is
needed to be calculated. 5 1 5 7
Taking the road between Cj and S; (labeled as Cy-S;), as U, = L 15 15 >
shown in Figure 7 as an example, a road characteristics
evaluation value ej; is calculated based on the evaluation [ 1/5 1/7 1/5 1]
index system and the calculation method presented in
Section 4 of this paper. The evaluation indexes and their (1 1/5 1/3
values in the road evaluation index system are shown in
Uy=|5 1 1
Table 3.
The importance of each index in Table 3 was scored by 3 1 1

experts in the field, and then according to (10) and (11), the
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According to (12) and (13), the judgment matrices (21)
satisfy the term: CR < 0.1, which meet the consistency test.
Based on (14) and (15), the weight vectors for the cri-
terion layer and the index layer are determined, which are as
follows:
0 =10.623,0.066,0.311],
w; =[0.047,0.605,0.227,0.130], (24)
w, =[0.164,0.624,0.164, 0.048],
w5 =[0.115,0.480, 0.405].
According to the membership function shown in Fig-
ure 4 and (16), the membership matrices of index layer are
obtained as follows:

0 025 075 0 0
R - 0 0 0750250)

0 0 08 020

[0 07 03 0 0

0 0 07 03 0

00 08 020 (25)
R2=10 0 o085 015 0

(002 08 0 0

70 0.15 085 0 0
Ry=|0 0 025075 0|

[0 0 0150750

According to (17), the fuzzy comprehensive evaluation
matrix for the criterion layer is obtained as follows:

0 0.038 0.765 0.197 0
B=10 0.010 0.790 0.199 0 |. (26)
0 0.017 0.279 0.704 0

According to (18), the comprehensive evaluation vector
C for the goal layer is obtained as follows:

C =1{0,0.029,0.622,0.349, 0], (27)

Based on the calculation method of the road charac-
teristics evaluation value, the maximum membership degree
and the submaximum membership degree in C are C; and
C, respectively, and the corresponding road characteristics
levels are V; and V. As described in Figure 4, the two score
values of road characteristics corresponding to C; are e; = 45
and e, =60, since k=3, m=4, and k < m; then, e, is selected
as road characteristics evaluation value for C,-S;, namely,
€01 = 60.

Similarly, the other road characteristics evaluation values
between the distribution center and stations in Figure 7 can
be calculated, as shown in Table 4.

6.2. Simulation Results and Discussion. Chromosome length
is an important parameter of AGA. In this paper, the
chromosome is encoded by natural number, and its length is
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related to the number of vehicles. According to the demands
of distribution stations and the capacity of the vehicle, the
required number of vehicles K is calculated as follows:

N
K:[Zia%]_ (28)

Based on the number of vehicle K, the length and form of
chromosome are obtained. The other parameters of the AGA
are set as follows: population size is 100, number of iterations
is 1000, and crossover and mutation probability are calcu-
lated by (19) and (20), respectively, where k, and k, are 0.5
and k; and k; are 1.0.

According to objective function (5), the road charac-
teristics and distance are considered equally at first. In the
case, the weight coefficients A; and A, are set as 0.5. The
simulation is carried out, and the results are obtained, as
shown in Table 5, in which the objective value is the total of
the road distance and road characteristics evaluation value of
all distribution paths.

From Table 5, four distribution paths are obtained, and
each path enables the vehicle to proceed from the distri-
bution center and return to the distribution center after
completing a certain task. Each load of distribution vehicle
does not exceed its capacity, which satisfies the load con-
straint of the distribution vehicle. The total road distance is
4.76, and the total road characteristics value is 2.25.

Figure 8 shows the convergence curves of GA and AGA.
It shows that the AGA is superior to GA in the convergence
speed and the optimal solution obtained and indicates the
AGA is an effective method for solving the logistics dis-
tribution path optimization problem.

In order to investigate the different influences of road
characteristics and distance on the optimal distribution path,
the simulations have been conducted under two special
cases: first, considering road distance only; second, con-
sidering road characteristics only. In the two cases, the
weight coefficients A; and A, are A, = 0and A, = land}, =1
and A, = 0, respectively. After the simulations, the results are
obtained and shown in Tables 6 and 7.

As shown in Tables 6 and 7, all the distribution paths
obtained are feasible and four vehicles start from distribu-
tion center and return to the distribution center after
completing all the requirements of distribution stations with
their loads not exceeding the capacity. However, the total of
the road characteristics evaluation value in Table 6 is smaller
than that in Table 7. On the contrary, the total road distance
in Table 7 is smaller than that in Table 6. This indicates the
optimal path with better road characteristics is obtained in
the case of considering road characteristics only, and in the
case of considering road distance only, the optimal path with
a smaller road distance is obtained. About the total of the
objective value, it is smaller in Table 7 than Table 6. This
result is due to the improvement of road distance in Table 7
more than the improvement of road characteristics in Ta-
ble 6 in the example.

Furthermore, the results in Table 5 are compared with
that in Tables 6 and 7. In terms of the total objective value,
the smallest is in Table 5, followed by Table 7, and the largest
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TABLE 4: Road characteristics evaluation values.

Road Road characteristics evaluation values Road Road characteristics evaluation values
CO _SZ 80 SZ —S3 100
Cop -S3 100 S4 =S5 100
Cg —S4 80 Sl —83 90
Cy =-S5 90 S5 -Se 100
CO _56 80 S6 —S7 90
Cg —S7 80 S3 —S5 90
S7 _88 90 Sg —Sg 70
S6 —Sg 90 SIO —811 80
Cy -Sg 70 S, -S, 80
Cg —Sg 90 511 —51 100
Co-S10 60 So-S10 100
CO _Sll 90 Sj —85 70

TaBLE 5: Distribution paths and related results in the case of ; =1, = 0.5.

Distribution path Load (ton) Distance Road characteristics evaluation value Objective value of each path
0—7—8—10—9—0 4.96 1.44 0.65 2.09
0—3-2-0 2.95 1.05 0.2 1.25
0—6—5—4—0 4.32 1.44 0.7 2.14
0—11—-1-0 34 0.83 0.7 1.53
Total 15.63 4.76 2.25 7.01
9
8.8 1
8.6

Fitness value

6.8

100 200 300 400 500 600 700 800 900 1000
Iteration number

— AG
— AGA

FiGure 8: The convergence curves of GA and AGA.

TaBLE 6: Distribution paths and related results in the case of A, =0 and A, = 1.

Distribution path Load (ton) Distance Road characteristics evaluation value Objective value of each path
0—11-0 1.86 0.66 0.4 1.06
0—7—8—10—9—0 4.96 1.44 0.65 2.09
0—-2—-5—6—0 4.74 1.71 0.75 2.46
0—3—1-4—0 4.07 2.11 0.4 2.51

Total 15.63 5.92 2.2 8.12
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TaBLE 7: Distribution paths and related results in the case of ; =1 and A, = 0.

Distribution path Load (ton) Distance Road characteristics evaluation value Objective value of each path
0—10—8—9—0 3.54 0.83 1 1.83
0—4—3-2-0 4.18 1.6 0.5 2.1
0—11—-1-0 3.40 0.83 0.7 1.53
0—5—-6—7-0 4.51 1.44 0.9 2.34
Total 15.63 4.7 3.1 7.8

TaBLE 8: The results under different values of 1, and A,.

Weight coefficients and their values  Total distance

Total road characteristics evaluation value

Total objective value of all paths

A =02,1,=08 5.76
A =04, 1, =06 5.16
A =061, =04 5.00
A =08, 1, =02 481

2.3 8.06
2.4 7.56
2.6 7.6
2.9 7.71

in Table 6. It indicates that the optimal distribution path
obtained by model considering the road distance and road
characteristics is better than that obtained by model con-
sidering road distance only or road characteristics only.

In summary, the total distance in the case considering
the road distance and road characteristics is increased by
about 1.2%, while the total objective value is reduced by
10.1% compared with the case of considering the road
distance only. And the total road characteristics evaluation
value in the case considering the distance and road char-
acteristics is increased by 2.3%, while the total objective
value decreased by 13.7% compared with the case of con-
sidering road characteristics only. This shows that the dis-
tribution path with better cost performance is obtained by
considering the distance and road characteristics.

In addition, the total distance is smallest in Table 7,
followed by Table 5, and the largest in Table 6, and the total
road characteristics evaluation value is smallest in Table 6,
followed by Table 5, and the largest in Table 7. It shows that if
the model only considers the road distance, the distance of
shortest paths can be obtained, but the road characteristics
are poor. At the same time, if the model only considers the
road characteristics, the paths with the best road charac-
teristics can be obtained, but it brings the increase in road
distance.

In order to further investigate the influences of road
characteristics and distance on the optimal distribution path,
other more cases, in which A, is set as 0.2, 0.4, 0.6, and 0.8,
respectively (corresponding value of A, is 0.8, 0.6, 0.4, and
0.2), are simulated, and the results are shown in Table 8.
Based on Table 8 and other three cases results from Table 5 to
Table 7, all the results are shown in Figure 9.

From Figure 9 and Table 8, it can be found that, with the
gradual decrease in A,, the trend of total distance decreases
and the total road characteristics evaluation value increases.
With this changing trend of A,, when A, = 0, that is, the
model only considers the road distance, and the road dis-
tance of the optimal path is the smallest, which can be
verified from Table 7. On the contrary, with the gradual
decrease in A, the trend of total road characteristics eval-
uation value decreases and the total road distance increases,

S = N W R U1 NN O

0/1 0.2/0.4 0.4/0.6 0.5/0.5
LA,

0.6/0.4 0.8/0.2 1/0

—e— Total distance
—o— Total road characteristics evaluation value
—o— Total objective value

FiGure 9: The results under all cases.

and when A, = 0, that is, the model only considers the road
characteristics, the total road characteristics evaluation value
of the optimal path is the smallest, which can be verified
from Table 6.

Furthermore, from the curve of the total objective value
shown in Figure 9, it shows that the total objective value in
the cases with A, # 0 and A, # 0 is smaller than the cases with
A, =0 or A, =0, and the minimum is in the case of A, =
A, = 0.5 (corresponding to Table 5). This indicates the model
considering the distance and road characteristics compre-
hensively can provide superior distribution paths to the
model considering the distance or road characteristics only.

7. Conclusions and Future Work

In this paper, the logistics distribution path planning in an
urban area is investigated. A mathematical model consid-
ering the road characteristics and distance synthetically is
proposed. In the model, the road characteristics evaluation
value is defined to quantify the road characteristics. In order
to obtain the road characteristics evaluation value, road
characteristics evaluation index system is established and
fuzzy comprehensive evaluation method is used.
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Furthermore, AGA with a customized crossover operator, in
which the position of crossover point is selected according to
the vehicle path in the chromosome, is designed to solve the
model.

A real example is selected, in which the road charac-
teristics evaluation is conducted, and the simulation is
carried out. The results illustrate the proposed model ach-
ieves the optimal path for logistics distribution path plan-
ning in the urban area and the designed AGA can obtain the
better solution and convergence speed than GA. The
comparisons from results of different weight coeflicients for
the road characteristics and distance in the model show
considering the road characteristics and distance compre-
hensively can produce superior distribution paths to con-
sidering the road distance or road characteristics only.

The study of this paper is helpful for the logistics dis-
tribution companies to obtain the optimal logistics distri-
bution path in the urban area, especially in mountain cities
with the roads of the characteristics of large longitudinal
slopes and small flat curve corners being common.

This paper took the related factors of road characteristics
into account in the model for urban regional logistics dis-
tribution path planning. However, the road characteristics
factors include many aspects and categories, some of which
have not been considered further, such as the road traffic
state and number of lanes. In future works, these factors can
be taken into account in the model. In addition, the logistics
vehicle distribution model considering road characteristics
can be expanded to other variants of VRP, such as VRP with
multidistribution centers and more distribution stations.
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