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Cross-docking is a material handling and distribution technique in which products are transferred directly
from the receiving dock to the shipping dock, reducing the need for a warehouse or distribution center.
This process minimizes the storage and order-picking functions in a warehouse. In this paper, we consider
cross-docking in a supply chain and propose a multi-objective mathematical model for minimizing the
make-span, transportation cost and the number of truck trips in the supply chain. The proposed model
allows a truck to travel from a supplier to the cross-dock facility and from the supplier directly to the
customers. We propose two meta-heuristic algorithms, the non-dominated sorting genetic algorithm
(NSGA-II) and the multi-objective particle swarm optimization (MOPSO), to solve the multi-objective
mathematical model. We demonstrate the applicability of the proposed method and exhibit the efficacy
of the procedure with a numerical example. The numerical results show the relative superiority of the
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1. Introduction

Cross-docking is a material handling and distribution method
for moving goods directly from receiving to shipping. The primary
objective in cross-docking is to eliminate storage and excessive
handling [1]. Cross-docking can reduce inventories, increase opera-
tional efficiency, shorten product delivery time, increase customer
satisfaction and responsiveness, and tighten control in the dis-
tribution operation. Cross-docking has become a widely used
distribution method as companies streamline their distribution
functions. In supply chain management, cross-docking is a logis-
tics method for minimizing the need for warehouse storage and
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coordinating the distribution activities related to loading goods
between delivery vehicles and shipping vehicles. In general, five
activities are conducted in the distribution centers: reception, orga-
nizing, storing, selection, and transfer. Improving these activities
can have a direct impact on the productivity in a supply chain.

Handling freight at cross-docking terminals is a complex plan-
ning task which comprises several activities including unloading
shipments delivered by inbound trucks, sorting according to des-
ignated destinations, and loading onto outbound trucks delivery.
Cross-docking operations need to be carefully synchronized due
to the absence of storage facilities inside a cross-dock [2-5]. This
synchronization requires coordination between the performance of
inbound and outbound trucks so that these trucks can be effectively
scheduled for delivery.

Lee et al. [6] argue that previous studies have dealt mostly
with the conceptual advantages of cross-docking from the strategic
viewpoint. They consider both cross-docking and vehicle rout-
ing scheduling and propose a heuristic algorithm based on a
tabu search to solve this NP hard problem. Waller et al. [7]
developed models to predict the changes in the retailer’s system-
wide inventory levels as a result of cross-docking and examined
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the impact of a number of relevant parameters on the cross-
docking performance. Yan and Tang [8] and Tang and Yan [5]
constructed analytical models for distribution strategies for two
different types of cross-docking: pre-distribution cross-docking
and post-distribution cross-docking. They developed three mod-
els and showed that pre-distribution cross-docking is preferred for
environments with shorter supply lead time and lower uncertainty
in demand. Chen and Lee [9] studied the scheduling problem in
cross-docking and showed that the problem is a NP-hard prob-
lem. They developed a polynomial approximation algorithm with
an error-bound analysis. Chen and Song [10] also studied the
scheduling problem in cross-docking and used a mixed inte-
ger programming model to minimize the total operational time
(makespan).

Vahdani and Zandieh [11] applied five meta-heuristic algo-
rithms: the genetic algorithm, tabu search, simulated annealing,
an electromagnetism-like algorithm and a variable neighborhood
search to schedule the trucks in a cross-docking system by min-
imizing total operation time when a storage facility is used to
temporarily hold goods at the shipping dock. They showed that the
variable neighborhood search outperforms the other four methods
in this study. Liao et al. [12] considered a model for integrating
cross-docking into the vehicle routing problem. The objective of
their model was to determine the number of vehicles and a set
of vehicle schedules to minimize the sum of the operational and
transportation costs. They proposed a new tabu search algorithm
and obtained a good feasible solution for the problem.

Boloori Arabani et al. [13,14] studied three famous multi-
objective algorithms including the non-dominated sorting genetic
algorithm-II (NSGA-II), the strong Pareto evolutionary algorithm-
II (SPEA-II), and the sub-population genetic algorithm-II (SPGA-II)
to solve the cross-docking scheduling problems. They considered
the makespan and the total lateness of all outbound trailers as
objective functions and used four criteria to evaluate each algo-
rithm. Boloori Arabani et al. [ 15] also studied a scheduling problem
of inbound and outbound trucks in a cross-docking system. Again
they considered minimization of the total makespan and minimi-
zation of the total lateness of outbound trucks and developed three
multi-objective algorithms based on the sub-population concept
of evolutionary algorithms. Sadykov [16] proposed a dynamic pro-
gramming algorithm to optimize the schedule for both inbound and
outbound trucks when products are unloaded in the inbound door
but the corresponding outbound truck is not immediately available
in the outbound door. Kuo [17] studied the efficiency of multi-
door cross docking by optimizing both inbound and outbound truck
sequencing and both inbound and outbound truck dock assign-
ment. A variable neighborhood search algorithm was proposed to
minimize the makespan and optimize the sequence of all inbound
and outbound trucks. Four simulated annealing algorithms were
adopted for comparison. The experimental results showed that the
proposed variable neighborhood search algorithm was efficient and
effective in solving cross-docking problems.

Larbi et al. [18] argue that little attention has been given to
the transshipment operations inside a cross-dock. They studied the
transshipment scheduling problem in a single receiving and a sin-
gle shipping door cross-dock under various conditions including
complete information on the order of arrivals and the contents
of all inbound trucks, and the availability of partial and no infor-
mation on the sequence of upcoming trucks. They proposed an
optimal graph based model for the full information case and two
heuristics for the other two cases. Liao et al. [19] considered mini-
mizing total makespan or equivalently maximizing the throughput
of a cross-docking system and studied inbound and outbound truck
sequencing for cross-docking operations. They proposed two new
hybrid differential evolution algorithms which performed better
than the pure differential evolution algorithms in the literature.

The also used 30 problems to test the effectiveness of the pro-
posed algorithms. Liao et al. [20] also studied the simultaneous
dock assignment and sequencing of inbound trucks for a multi-
door cross docking operation with the objective of minimizing the
total weighted tardiness. They solved the problem with six differ-
ent meta-heuristic algorithms including simulated annealing, tabu
search, ant colony optimization, differential evolution, and two
hybrid differential-evolution algorithms.

Meysam Mousavi and Tavakkoli-Moghaddam [21] formulated a
two-stage mixed-integer programming problem for cross-docking
location planning and solved this problem with a two-stage hybrid
simulated annealing and tabu search model. They randomly gen-
erated several problems and showed that the proposed hybrid
simulated annealing performs efficiently and converges rapidly to
reasonable solutions. Bellanger et al. [22] studied the optimization
of a cross-docking system by modeling the system as a three-stage
(i.e., receiving dock, sorting stations, and shipping docks) hybrid
flow shop, in which shipments and orders were represented as
batches. Their goal was to find a schedule that minimizes the com-
pletion time of the latest batch. They developed several heuristic
schemes which produced good quality feasible solutions. They then
proposed a branch-and-bound algorithm that took the three stage
problem decomposition into consideration. They also proposed a
lower bound to evaluate the heuristics and to reduce the tree size
during the branch-and-bound computation. They conducted sev-
eral computational experiments and showed that their algorithm
provided good quality feasible solutions.

Meysam Mousavi et al. [23] introduced two novel determi-
nistic mixed-integer linear programming models for determining
the location of cross-docking centers and scheduling of the
vehicle routing problem. They also proposed a hybrid fuzzy
possibilistic-stochastic programming solution to incorporate two
kinds of uncertainties into their mathematical programming mod-
els. They generated several test problems and appraised the
applicability and suitability of the proposed model. Agustina et al.
[24] studied cross-docking operations for just-in-time food delivery
with minimum cost of delivery (i.e., inventory holding and trans-
portation costs) and penalty costs for early or tardy deliveries. They
integrated vehicle scheduling and routing, which have tradition-
ally been modeled separately, in one comprehensive model. They
formulated the problem as a mixed-integer linear program. They
also introduced the concept of customer zones to reduce the size of
the solution space. Van Belle et al. [25] have presented an extensive
review of the cross-docking literature and concepts. They have also
discussed guidelines for the successful use and implementation of
cross-docking strategies.

In this study, we focus on the cross-docking transportation oper-
ations ina supply chain. As shownin Fig. 1, the incoming trucks with
varying capacities ship the products directly from suppliers to cus-
tomers or offload them in the cross-dock. The products are then
shipped by the outgoing trucks with different capacities from the
cross-dock to the customers. In other words, each truck can ship
products from one or more suppliers. In addition, a given truck can
ship the products to one or more customers. The figure shows that
the trucks which are used in transportation have different capaci-
ties.

We propose a multi-objective mathematical model for minimiz-
ing the make-span, transportation cost and the number of truck
trips in the supply chain. The proposed model allows a truck to
travel from a supplier to the cross-dock facility and from the sup-
plier directly to the customers. We propose two meta-heuristic
algorithms, the NSGA-II and the multi-objective particle swarm
optimization (MOPSO), to solve the multi-objective mathemati-
cal model. We also demonstrate the applicability of the proposed
method and exhibit the efficacy of the procedure with a numerical
example.



32 A. Mohtashami et al. / Applied Soft Computing 31 (2015) 30-47

o
fmmr

P

Supplier

S
2

<

Customer

Supplier

Fig. 1. Cross-docking transportation operations in a supply chain.

The remainder of this paper is organized as follows. In Section
2, we review multi-objective evolutionary algorithms including the
NSGA-II method and the MOPSO method. In Section 3, we present
the multi-objective cross-docking model proposed in this study. In
Section 4, we demonstrate the applicability of the proposed method
and exhibit the efficacy of the procedure with a numerical example.
In Section 5, we perform a comparative analysis between the NSGA-
Il method and the MOPSO method. Finally, in Section 6, we present
our conclusions and future research directions.

2. Multi-objective evolutionary algorithms

Evolutionary algorithms are stochastic search methods that are
designed to emulate the language of natural biological evolution.
These search methods apply the principle of survival of the fittest to
apopulation of alternative solutions in order to produce better solu-
tions to a problem. The most important advantage of evolutionary
algorithms in multi-objective optimization problems is their capac-
ity to achieve a set of non-dominated solutions without assigning
weights to the target functions which are a function of the decision
makers’ views. The notion of searching a solution space is a key
characteristic of evolutionary algorithms which makes them suit-
able for multi-objective optimization [26]. Evolutionary algorithms
used for solving multi-objective optimization problems are known
as multi-objective evolutionary algorithms (MOEAs). We apply two
known multi-objective meta-heuristic algorithms, the NSGA-II and
MOPSO, to achieve an optimum solution in the cross-docking prob-
lem introduced in this paper.

2.1. Non-dominated sorting genetic algorithm

As the number of goals have increased in the optimization
problems, more applications of multi-objective genetic algorithms
(which have been an outgrowth of single-objective algorithms)
have been considered. Deb [27] proposed a non-dominated sor-
ting genetic algorithm (NSGA-II) which has been transformed into
amulti-objective algorithm by the addition of two necessary opera-
tors to a single-objective genetic algorithm. The two operators are:
(1) the operator which assigns a superiority criterion (ranking) to
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Fig. 2. The point sorting in the NSGA-II method.

the members of the population based on non-dominated sorting;
(2) the operator which maintains the variety of solutions among
the ones with similar ranks. This method can find the set of best
solutions, known as the optimal front, instead of a single best solu-
tion. In this algorithm, it is necessary to explain the concepts of
dominance, non-dominated sorting, and swarm distance.

2.1.1. Concept of dominance

In the NSGA-II method, the members of populations are sorted
according to the concept of non-dominance. In the non-dominant
sorting method, the non-dominated members of the population are
assigned a ranking of 1 and they are put in the first front set. They
are then removed from the population and among the remaining
members, the non-dominated members are selected and a ranking
of 2 is assigned to them. These members are put in the second front
and they are removed from the population temporarily. This pro-
cess continues until all the members of the population are put in
different fronts (Fig. 2). The dominance of one point with respect
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Fig. 3. Swarm distance calculation.

to another point has been shown in Eq. (1). This shows that point b
is dominated by point a. f; and f; are target functions i and j.

Vie{l,...,n}:fi(a) = fi(b)An3Fje(l,...,n}: fi(a) > fi(b) (1)

2.1.2. Concept of non-dominated sorting

When a single-objective algorithm is discussed, the superiority
of solutions relative to each other is very simple and clear, because
there is only one target function. For minimization problems, the
minimum value of the target function is the best solution and it is
superior to the other solutions. However, a multi-objective algo-
rithm requires at least two target functions. In most cases, some
points are found which are not superior to each other and that can-
not be compared with each other by the concept of dominance.
Therefore, they should be sorted according to a criterion in order to
obtain the best solutions. In this algorithm, each solution is assigned
arank based on the number of dominations relative to other points.
At the end of the algorithm, those points which have the best rank
(rank 1) are identified as the solution set or Pareto front points.

2.1.3. Concept of maintaining the variety of answers (swarm
distance)

After arranging the points in the fronts, another criterion is used
to evaluate the points in a front which does not have swarm dis-
tance. The swarm distance is a substitute for shared in the NSGA
method. First, the results are sorted for every target function Z.
Those points which have the maximum and minimum values of the
target function are assigned extreme distance values. The swarm
distance for the members of the population in each front is calcu-
lated according to Eqs. (2)-(4). As shown in Fig. 3, the distances are
considered among the members that are in the same front.

B |z§“ _qu1|
Ci(X) = 1| (2)
|zpx —znn|
Zi+1 _ Zi—l
CWW:J&;‘%% ()
|25 — 25|
cd(x) = cdq(x) + cdy(x) (4)

The reason behind the creation of these two operators in a multi-
objective genetic algorithm is related to the selection stage. In this
stage, a number of chromosomes should be selected from the chro-
mosomes of the parents and children in order to start the next

Non-dominated

sorting Crowding distance

sorting Pia
£ [ =
b 2 [ — 1]
F3

_"""-""""E% _______ L

Q

Rejected

Fig. 4. The iteration process in NSGA-II.

stage and other solutions should be deleted. Fig. 4 shows one of
the iterations in the NSGA-II algorithm.

2.2. Multiple objective particle swarm optimization

PSO is a social search algorithm which has been copied from the
behavior of birds’ flocks. This algorithm was introduced for the first
time by Eberhart and Kennedy [28]. The PSO was initially used to
discover the patterns of birds’ flight and the sudden changes that
happen in their course of flight as well as the optimum changes in
the shape of the flock. The PSO algorithm begins with a group of
random answers (particles) and then it seeks to find the optimum
answer by sorting (finding new positions) the particles in each rep-
etition. When decision variables and particle positions are equal to
zero and one, velocity and position vectors of each particle in each
iteration of the algorithm are calculated by Egs. (5)-(8).

Vie = w.Vjr_1 + ¢1.11.(pBest; — i) 4 ¢3.r2(nBest; — x;;) (5)
—Vmax < Vir < Vmax (6)
1
- _ 7
5= T3 exp(—Vi) ™
1 p<s
Xijt = (8)

0 otherwise

According to Eq. (5), the new velocity vector of each particle is
calculated by the previous velocity of the same particle (Vj;_1), the
optimum position which has been achieved by the particle (pBest;),
and the position of the best particle which is near to that particle
(nBest;). When the neighborhood of the particle includes all the
particles of the group, nBest; is the position of the best particle in the
group which is denoted by Gbest. r{ and r, are two random numbers
generated independently by a normal distribution in [0,1]. c; and
¢y, which are called the learning coefficients, control the impact
of pBest and nBest on the search process. w is the inertia weight
coefficient. Vipax is the maximum of particles’ velocity vector. Vipax
is a constraint that controls the capability of the particles’ universal
search. Using Eq. (7), we can transfer each particle’s velocity vector
to change the probability vector. In this equation, s; indicates the
probability of x;; = 1. The new position of each particle is found by
Eq. (8). The new positions of the particles are taken as the new
inputs of the simulation model of the particles’ movement in the
second iteration. Then, the target function is obtained once again.
This process continues until the maximum number of iterations is
reached. In this equation, p is assumed to be a random variable
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Fig. 5. Schematic view of the Pbest and the Gbest exchange in a triple-objective
problem.

normally distributed between zero and one. The position of each
particle is determined by its relative position to the other particles.

Moreover, the movement toward the optimum point is different
in the single-objective PSO and the MOPSO.

In the single-objective PSO algorithm, each particle follows its
target function. In the MOPSO algorithm, we have more than one
target function. Therefore, the algorithm should be compatible
with all the target functions. The vector evaluation PSO is a multi-
objective algorithm which uses one set for every target function.
Consequently, in each set, each particle has its specific Pbest. But,
in each set, Gbest is replaced by the Gbest of other sets for the next
iterations. Fig. 5 presents an example of Pbest and Gbest exchange
in a triple-objective problem [29].

In the proposed method, a dynamic archive for the exchange
of produced particles is created in each iteration. The particles are
compared to each other, the non-dominated solutions are main-
tained, and other solutions are deleted at the end of each iteration.
In this process, we have access to the members of the external
archive in each iteration. Also, the size of the external archive is
changed dynamically.

3. Multi-objective cross-docking model

We consider three minimization goals in the cross-docking
model proposed in this study: the time of transportation opera-
tions, the expenses of transportation by the trucks, and the number
of transportations by the trucks between sources and targets. Also,
the number and capacity of the trucks, the distances which are
covered by the trucks between sources and targets, the time of ship-
ment and offloading, and the time of products’ movement in the
cross-docking are modeled using uniform distribution functions
with different domains. Table 1 presents the random data spans
for each problem.

Table 1
Random data spans for each problem.

Distribution functions Parameters

Number of trucks
Capacity of trucks

~Uniform (5,15)
~ Uniform (50,150)

~ Uniform (50,500) The distance which is covered by the trucks

~ Uniform (5,25) The time of shipment

~ Uniform (10,30) The time of products’ offloading

~ Uniform (5,30) The time of products’ movement in cross-docking

3.1. Model hypotheses

The following hypotheses are applicable to the model proposed
in Section 3.2:

¢ All incoming and out-going trucks are accessible at zero time.

¢ All incoming trucks can act as an out-going truck.

e All products in cross-docking should be transferred to the cus-
tomers and are not allowed to be stored for a long period of
time.

e The capacity of cross-docking is unlimited.

e The number and type of supplied products are fixed.

e The number and type of products which are demanded by cus-
tomers are fixed.

e The number of suppliers, customers, and cross-dockings are fixed.

¢ In a sequence of transportation, a truck can carry the products of
more than one supplier and also it can offload the products for
more than one customer.

¢ In a sequence of transportation, based on the allowed capacity, a
truck can transport the whole or part of a customer’s demands.

® The demands of a given customer might be satisfied by one or
more suppliers.

¢ The incoming and out-going trucks cannot carry more products
than their capacities.

¢ The type and amount of products which are carried by incoming
trucks should be equal to the customers’ demands, and

e if the amount of products which are offloaded by incoming trucks
in the cross-docking is very high, these products can be stored
temporarily until the time of transportation to the targets.

The following variables and parameters are used in the model
proposed in this study:
Indices

the number of suppliers

the number of customers

the number of incoming trucks (reception)

the number of out-going trucks (dispatch)

the number of incoming and out-going trucks

the number of shipment and offloading conditions

the capacity of the trucks

a large number

Py the number of products unit in « condition needed by the
customer (c)

o the number of products unit in & condition needed by the

supplier (s)

mMORCITIEZZ=Z

s

Time

Ti

s the time of transportation by the incoming truck i from

cross-docking (cd) to supplier (s), while it is shipping type
o order
Tl the time of transportation by the incoming truck i from
supplier (s) to customer (c), while it has shipped type «
order
the time of transportation by the incoming truck i from
supplier (s) to cross-docking (cd), while it has shipped
type « order
the time of transportation of a k type product from the
entrance of cross-docking (r) to its exit (sh)
the time of transportation by the out-going truck j from
cross-docking (cd) to customer, while it has shipped type
o order
the time of transportation by the incoming truck i from
supplier in the source (s;;) to the supplier in the target
(sn), while it is shipping type « order

Ti

scdo

T k

rsh
Tj

cdcor

T

mSna
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T! ..o the time of transportation by the incoming truck i from Ci

the customer in the source (cy) to the customer in the sl truck i from supplier (s) to cross-docking (cd), while it has
' target (cp), while it is offloading type o order shipped type « order
T) .o thetimeoftransportationby the outgoing truckjfromthe  CX, the expenses related to the transportation of type k prod-
customer in the source (cp;) to the customer in the target 4 ucts from the entrance of cross-docking (r) to its exit (sh)
‘ (cn), while it is offloading type « order C]C dca the expenses related to the out-going truck j from cross-
T i the time of transportation by the incoming truck i from A docking to customer (c), while it has shipped type « order
customer (c) to cross-docking (cd), while it has offloaded Cisne  the expenses related to the transportation by incoming
type « order truck i from the source supplier (sp) to target supplier
T e the time of transportation by the outgoing truck j from ‘ (sn), while type « order is shipped
customer (c) to cross-docking (cd), while it has offloaded (i, the expenses related to transportation by incoming truck
type « order i from source customer (cp; ) to target customer (c, ), while
ancda the time required for the last truck g to return from the last ‘ it offloads type « order
customer in the source (c,) and arrive at cross-docking Cl e the expenses related the transportation by out-going
(cd), while it has offloaded type « order truck j from source customer (cp) to target customer (cp),
L the time required for type « order to be shipped in the . while it offloads type « order
incoming truck i by supplier (s) Cleda the expenses related to the transportation by incoming
UL ,,  the time required for type o order to be offloaded from truck i from customer (c) to cross-docking (cd), while it
incoming truck i into cross-docking (cd) 4 has offloaded type « order
UL, the time required for type « order to be offloaded from CJCC dot the expenses related to the transportation by out-going
‘ incoming truck i to the customer (c) truck j from customer (c) to cross-docking (cd), while it
L’Cdm the time required for type « order to be shipped from has offloaded type « order
. cross-docking (cd) by the out-going truck j
ULfcd « the time required for type « order to be offloaded from Integer variables
out-going truck j to the customer (c)
Gas the number of product units o which are shipped by
Expenses incoming trucks i from suppliers
Qocd the number of product units & which are shipped by out-
Cé s the expenses related to the transportation by incoming going truck j from cross-docking
truck i from cross-docking (cd) to supplier (s), while type F the number of transportations by trucks between sources
o order is shipped and targets
Ciry the expenses related to the transportation by incoming
truck i from supplier (s) to customer (c), while it has Continuous variables
shipped type o order
T the time of transportation
C the expenses of transportation
Zero and one variables
xi. { 1 whentheincoming truckimoves from cross docking (cd) toward supplier (s) and it ships type « order
cdsr 0 inothercases
; 1 whentheincoming trucki moves from source supplier (s;) toward targetsupplier (s, )and it ships type « order
SmSn@ T .
0 inothercases
X _ { 1 when theincoming truck i moves from supplier (s) toward cross docking (cd) and it has shipped type « order
scde 0 inothercases

Xi _ 1 whentheincoming trucki moves from supplier (s) toward customer (c)and it has shipped type « order
s 0 inothercases

the expenses related to the transportation by incoming

1 whentheincoming trucki moves from source customer (¢, ) toward target customer (¢, ) and it has shipped type « order

Xi

CmCna — )
men 0 inothercases
i 1 when the out-going truck j moves from source customer (¢, ) to target customer (¢, )and it has shipped type « order
KXemena =
men 0 inothercases
X 1 when the out-going truck j moves from cross docking (cd) toward customer (c) and it has shipped type o order
cdcor 0 inothercases
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1
codor ™ { 0 inothercases

1
cedor ™ { 0 inothercases

when the incoming trucki moves from customer (c) toward cross docking (cd) and it has offloaded type « order

when the out-going truck j moves from customer (c¢) toward cross docking (cd) and it has offloaded type o order

1 whenincoming truckitakes precedence over incoming truck j

Pij = { 0 inothercases

1 when truck g takes precedence over truck g,

dgig, = .
0 inothercases

The set of variables and parameters described above define a
supply chain environment that integrates a standard cross-docking
process within its logistic structure. In particular, the logistic frame-
work defined by these variables is presented in Figs. 6 and 7. These
figures can be directly compared with Fig. 1, which represents
the standard textbook case of a cross-docking process integrated
within a supply chain.

We have separated the transportation duties of incoming and
outgoing trucks to make the model more tractable. Note how,
incoming trucks do not connect the cross-dock directly with the
customer, a task reserved exclusively for outgoing trucks. At the
same time, incoming trucks are in charge of collecting orders
from the supplier and either bringing them back to the cross-dock
or delivering them to the customers. Thus, the model proposed
extends the main research environments formalized in the current
cross-docking literature, which range from different variants of the
cross-docking scheduling problem [13,14,30] to vehicle routing [6],
and integrates them within a supply chain structure.

As we will emphasize in the following section, the decision vari-
ables of the mathematical model define a binary decision vector to
which the NSGA-II and MOPSO algorithms can be applied. More-
over, we design the multi-objective optimization problem in a way
such that the binary decision vector determining the entire trans-
portation structure extends the sequential transportation structure
defined by Boloori Arabanietal.[13,14] within a more complex sup-
ply chain setting. The main contribution of the current paper is the
formalization of this logistic structure together with the definition
of the multi-objective optimization problem in a way such that it
canbe analyzed and solved using standard evolutionary algorithms.

3.2. Mathematical model

The mathematical model proposed in this study is based
on three different target functions. As emphasized above, the
model has been designed so that the transportation sequences
determining the logistic structure of the model are encoded
in a binary decision vector. If X =[X!,X/] is the decision
vector of the problem, i.e., X =[X ' Xt Xl Xi

ldSO(’ ;msn"" scda’ “7SCO “PCmCna?
chdt_X’XJCdcot’XJCmC{l“’ ccda] VaeK.icRjeH, and z=[T(X',X),
C(X', XJ), F(X', XJ)] is the target vector, the target functions and
the range of the decision variables of the model can be defined
as follows:
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Fig. 7. Outgoing truck j-type « order: potential transportation schedule.
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The first target function is related to the minimization of the
entire operation time in the supply chain. This is equal to the
sum of the time periods which are spent transporting products
from suppliers to customers, products’ shipment from suppliers
and cross-docking into the trucks, products’ offloading from trucks
to customers and cross-docking, and also the movement of prod-
ucts from cross-docking’s entrance to its exit. Note that this target
function as well as the next one represents the set of transporta-
tion processes defining the logistic structure of the model, whose
sequential properties are determined using the set of constraints
given in Eqgs. (12)-(30). In order to illustrate this point, we have
disaggregated Eq. (9) into the different transportation processes
represented by each one of its terms. The resulting description
is presented in Fig. 8. Note that the transportation processes
described in Fig. 8 correspond to those presented in Figs. 6 and 7,
when defining the cross-docking structure integrated within a sup-
ply chain.

The second target function is related to the minimization of
transportation expenses in the supply chain, which is equal to the
sum of expenses of incoming and out-going trucks from suppli-
ers to customers. The third target function minimizes the number
of transportations. When a truck moves from one source or one
target to another source or another target, it is considered as one
transport.

Constraint (12) guarantees that the whole time of transporta-
tion operations is longer than or equal to the time that the last
incoming or out-going truck spends to move from customer to
cross-docking. Constraint (13) guarantees that the sum of the prod-
ucts which are shipped by suppliers into incoming trucks i is equal
to the demands of the customers. Constraint (14) guarantees that
the sum of customers’ demands is exactly equal to the products
which are produced by suppliers. Constraint (15) guarantees that
at least one of the incoming trucks i move toward the supplier in
order to ship type « order. Constraint (16) guarantees that when
the incoming truck i moves from cross-docking and arrives at the
supplier’s (s) place, it selects supplier (s;), customer (c), or cross-
docking (cd) as its next target. Constraint (17) guarantees that when
incoming truck i moves from source supplier (s;) and arrives at tar-
get supplier (sp), it selects supplier (i), customer, or cross-docking
as its next target. Constraint (18) guarantees that when out-going
truck j moves from cross-docking and arrives at the customer’s
place, it selects customer (cp) or cross-docking as its next target.
Constraint (19) guarantees that when the incoming truck i moves
from source customer (cp;) and arrives at the target customer’s (c,)
place, it selects the customer (cj) or cross-docking (cd) as its next
target. Constraint (20) is similar to constraint (19), but it is applied
to out-going truckj. Constraint (21) guarantees that when incoming
truck i moves from a supplier and arrives at the customer’s (c) place,
it selects the customer (c,) or cross ducking as its next target. Con-
straint (22) guarantees that the number of product units that are
offloaded from incoming trucks i into cross-docking is exactly equal
to the number of product units which are shipped by out-going
trucks j toward customer (c). In fact, this constraint guarantees that
the products are not held in cross-docking for a long time and all
products are sent to the customers after a short period of time.

Constraint (23) guarantees that the time of entrance (incom-
ing truck j) from cross-docking to supplier (s) is longer than or
equal to the time which is spent by incoming truck i to exit from
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Fig. 8. Transportation processes represented by each term within Eq. (9).

supplier’s (s) place. This constraint can be applied when the incom-
ing truck i takes precedence over the incoming truck j. Constraint
(24) is similar to constraint (23). This constraint can be applied
in the case when the incoming truck i takes no precedence over
incoming truck j. Constraint (25) guarantees that the time of
entrance (incoming or out-going truck g2) from cross-docking (cd)
or supplier (s) to the customer (c) is greater than or equal to the time
which is spent by an incoming or out-going truck g1 to exit from
customer’s (c) place. This constraint can be applied when truck g1
takes precedence over truck g2. Constraint (26) is similar to con-
straint (25). This constraint can be applied when truck g1 takes no
precedence over truck g2. Constraint (27) guarantees that the time
of exit of incoming truck i from supplier (s) is longer than or equal
to the sum of three time periods: the time of truck i’s entrance into
supplier’s (s) place, the time of products’ shipment from suppliers
by incoming truck i, and the time of transportation by incoming
truck i among suppliers. Constraint (28) guarantees that the exit
time of incoming or out-going truck g from customer (c) should be
longer than or equal to the sum of three time periods: the entrance
time of incoming or out-going truck g to customer’s (c) place, the
time of products offloading from incoming or out-going truck g
among the customers, and the time of transportations by incom-
ing or out-going truck g among customers. Constraints (29) and
(30) are related to the capacities of incoming and out-going trucks.
Constraint (29) and (30) guarantee that the amount of products
being shipped from suppliers and cross-docking does not exceed
the allowed capacity of incoming and out-going trucks.

4. Numerical results

In the current section, we illustrate how the NSGA-II and
MOPSO algorithms described in Section 2 are applied to solve the
multi-objective optimization problem presented in Section 3. The
considerable importance of evolutionary algorithms when solving
complex real world optimization problems in different industrial
fields has been illustrated repeatedly. For example, Oduguwa et al.
[31] presented a survey of evolutionary computing applications
used for solving real world problems in the manufacturing indus-
try, while Precup and Preitl [32] developed structurally stable fuzzy
control systems and illustrated their application to mechatronics.
Recent applications involving the two algorithms considered in the
current paper are given by Zavoianu et al. [33], who embedded
artificial neural networks within a NSGA-II algorithm to optimize

the performance of electrical drives, and El-Hefnawy [34], who
introduced a modified PSO algorithm to solve fuzzy bi-level single
and multi-objective problems.

4.1. Data production

We use 10 sample problems to demonstrate the applicability of
the two algorithms proposed in this study. We consider a realis-
tic problem with four suppliers, five customers, one cross-docking,
and 10 different products. In all 10 sample problems, the numbers
of suppliers, customers, cross-dockings, and products have been
assumed to be fixed. Also, the type of products has been assumed
to be fixed. For all 10 sample problems, the supplies of suppliers
have been presented in Table 2 and the demands of the customers
have been provided in Table 3.

In all 10 sample problems, the number of trucks and their capac-
ity, along with the selected time of product shipments from the
source, the time of product offloading in the targets, the time
of product movement from unloading shipments delivered by
inbound trucks to loading onto outbound trucks delivery, and the
distances covered by the trucks between sources and targets, have
been chosen randomly based on the uniform distribution functions

Table 2
Suppliers’ supplies for 10 sample problems.
Supplier Supply
A B C D E F G H I ]

Supplier 1 200 0 300 0 400 50 0 0 350 0
Supplier 2 0 300 0 200 0 150 0 200 0 300
Supplier 3 0 50 150 0 100 100 400 0 0 50
Supplier4 150 0 0 200 0 300 0 100 0 0

Table 3
Customer demands for 10 sample problems.
Customer Demand
A B C D E F G H I ]

Customer 1 0 0 0 0 0 150 0 0 0 0
Customer2 50 0 100 0 250 150 0 0 150 0
Customer 3 0 200 50 0 0 100 50 200 0 350
Customer 4 200 0 300 0 250 50 50 100 0 0
Customer 5 100 150 0 400 0 150 300 0 200 0
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Table 4
Random values for the number of trucks and capacities for 10 sample problems.

Problem sample Number of trucks Truck capacities

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1 11 120 88 185 54 166 89 169 165 94 137 62 - - - -
2 13 186 69 187 145 65 92 132 194 195 74 196 194 123 - -
3 15 108 57 82 144 137 93 157 76 83 102 121 127 74 167 130
4 10 61 58 130 167 190 69 135 120 52 101 - - - - -
5 8 84 158 198 139 140 167 110 92 84 158 198 - - - -
6 12 67 195 100 74 160 108 97 197 74 95 192 127 - - -
7 14 61 193 156 57 110 184 188 189 88 91 126 93 81 164 -
8 5 146 122 59 199 194 - - - - - - - - - -
9 6 65 62 127 180 111 179 - - - - - - - - -
10 11 74 140 119 68 174 180 77 158 75 82 199 - - - -
‘1‘2|...|R—1|R‘+’1‘2‘...‘H—l’H‘_>|1|2‘...|R—1|R‘R+1‘R+2‘...|R+H|
Incoming Trucks Outgoing Trucks Incoming and Outgoing Trucks
Fig. 9. The total set of incoming and outgoing trucks.
Table 5
Variables composing the transportation sequence of trucks i € R and j € H for a given type « € K order.
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been given in Table 4. Transportation sequences of trucks i € R and j € H for a given type « € K order.
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We used the NSGA-II and MOPSO algorithms to solve this prob-
lem. For the NSGA-II algorithm, the size of population is 100.In each
execution, the number of iterations is 200. Also, the probability of
intersection (crossover) is assumed to be 0.9 and the probability
of mutation is assumed to be 0.05. For the MOPSO algorithm, the
size of population is equal to 100. In each execution, the number of
iterations is 200. c1, c2, and w are 1.494, 1.494, and 0.729, respec-
tively. It must be noted that all parameters of the algorithm have
been selected empirically using a trial and error method and all
problems are solved on a personal computer (Intel® Core™ DUE
CPU processor Ram 4 GB) with the MATLAB 7.12.0 program.

We elaborate further on the stochastic structure of both algo-
rithms below.

The NSGA-II and MOPSO algorithms are applied to an ini-
tial population of chromosomes (sequences of trucks) that
defines a binary transportation sequence based on the set of
available trucks. This population, which constitutes also the
decision vector of the multi-objective cross-docking model (X =
(X Xioooxiooxiooooxioo Xl X | l.Vae

i dJ
c_dsa’XSmSnO" scda® “Msca “Xemn@ “Yeeda’ “edea? Cana’chda

K,ieR,j e H)is described in detail in Fig. 9 and Table 5.

Fig. 9 illustrates how incoming and outgoing trucks are
integrated within the set of total trucks considered in the multi-
objective cross-docking model. Table 5 adapts a section of the
decision vector to provide a more detailed description of the

variables composing the transportation sequence of an incom-
ing truck i e R and an outgoing truck je H for a given order
of type o € K. Note that, in order to simplify the presenta-
tion, we have assumed that N =M when describing Table 5.
For illustrative purposes, we have provided a particular set
of transportation sequences for incoming truck i and outgo-
ing truck j in Table 6, whose binary coding is described in
Table 7.

The transportation sequences of incoming truck i indicate that
this truck performs three different sequences of trips for a given
order of type « € K. Consider the first sequence of trips described
in Table 6. In its initial trip, truck i moves from cross-docking
and arrives at the place of supplier 1. The incoming truck i moves
then from source supplier 1 and arrives at target supplier 3 before
returning to cross-docking. Similarly, the outgoing truck j moves
initially from cross-docking to customer 5. The outgoing truck j
moves then from source customer 5 and arrives at target cus-
tomer 8. After the delivery, it returns to cross-docking as its next
target.

The pseudo-code of the NSGA-II algorithm applied to solve
the multi-objective cross-docking model is presented in Fig. 10.
The crossover and mutation schemes implemented to the binary
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Table 7

Binary coding of the transportation sequences of trucks i € R and j € H described in Table 6.

Xé[lSOt XS’ mSn¢ ;cda XS'CG( Xé mCnd Xécdoz Xid ca Xim Cna chda
$1 S5 S10 $1 S5 S10 C1 Cs C10 C1 Cs C10
S1 1 0 0 0 0 c1 0 1 0 0 0 0 0 0 0 0 0 0
S2 0 0 0 0 0 C2 0 0 0 0 0 0 0 0 0 0 0 0
S3 0 1 0 0 1 C3 0 0 0 0 0 0 0 0 0 0 0 0
Sa 0 0 0 0 0 Ca 0 0 0 0 0 (0] 0 0 0 0 0 0
S5 1 0 0 0 0 Cs 0 0 0 0 0 0 0 1 0 0 0 0
X= S6 0 0 0 0 0 Ce 0 0 0 0 0 0 0 0 0 0 0 0
S7 0 0 0 0 0 (] 0 0 0 0 0 0 0 0 0 0 0 0
S8 0 0 0 1 1 Cg 0 0 0 1 0 0 1 0 0 0 0 0
Sg 0 0 0 0 0 Co 0 0 0 0 0 0 0 0 0 0 0 0
S10 1 0 0 0 0 C10 0 0 0 0 0 0 0 0 0 1 0 1

Step 1: Randomly create an initial population of solutions {chromosomes) for the X = [X‘. X! ] binary target vector

Step 2: Calculate the value of all the target functions, T(X',X?), C(X*,X’) and F(X',X’), for each solution in the initial population
Step 3: Specify the rank for each solution using the non-dominated sorting process

Step 4: Apply the crossover scheme on the initial population based on the cross over probability

Step S: Apply the mutation scheme on the initial population based on the mutation probability

Step 6: Acquire the new offspring (children)

Step 7: Combine the initial population and the new offspring to create 3 neav population

Step 8: Calculate the value of all the target functions for each solution in the news population

Step 9: Specify the rank for each solution in the new population using the non-dominated sorting process

Step 10: Estimate the density for each solution in the news population through swarm distance calculation

Step 11: Is the stopping criterion met (is the iteration number equal to 200)?

If yes, then go to step 13 Aif no, then go to step 12,

Step 12: Create a new initial population based on the ranks obtained and the swarm distances. Then go to step 2

Step 13: Identify the solutions in the new population with rank < 1 as the final non-dominated Pareto set and then go to step 14

Step 14: Terminate the algorithm

Fig. 10. Pseudo-code of the NSGA-II algorithm.

transportation sequence of the trucks are described below in more
detail. It should be noted that the crossover and mutation schemes
applied are standard. As was the case in, for example, Fallah-
Mehdipour et al. [35], we have placed the emphasis of the paper
on the solvability of the problem instead of the design of new vari-
ants of the algorithms. In this regard, the current model can be
solved using any of the multi-objective genetic-based algorithms
proposed in the cross-docking literature, see Boloori Arabani et al.
[13,14], where a binary decision matrix defines the optimal trans-
portation sequence of the trucks. A comparison among all the
potential algorithms is outside the scope of the current paper, but
can be performed in future extensions.

The crossover scheme implemented is a simple derivative of the
standard 1-point crossover and is described in Fig. 11. Given the
assumed probability of intersection (crossover), we determine ran-
domly the number of genes that will be affected from each parent
chromosome. Then, the gene strings located before the point will
be copied from the opposite parent, while the gene strings located
after the point will remain unchanged for each corresponding child.

The mutation scheme implemented is a derivative of the
standard inversion operation, where a set of genes (trucks) is ran-
domly selected from a subset of parent chromosomes and their
values transformed into ones (i.e. a random subset of trucks is
assigned a random transportation duty).

The application of the MOPSO algorithm to solve the multi-
objective cross-docking model is also standard and an example
based on a cross-docking system can be found in Boloori Arabani
et al. [13]. However, in the current setting, we include a muta-
tion scheme within the main loop of the MOPSO algorithm. This
mutation modifies the sequence of zeros and ones determining the

transportation structure of the trucks in the multi-objective model.
The probability of mutation will be defined as follows

(it—1) \'"*
pm= (1 - (Maxit—]))

where it represents the current iteration, Maxit is the maximum
number of iterations considered, 200 in the current setting, and
m = 0.1 is the mutation rate. Note that the probability of mutation
decreases in the number of iterations.

As already explained, the variable x;; in Eq. (5) represents the
binary decision vector defining the current position of the corre-
sponding particle (truck) within a given iteration. The mutation
scheme implemented modifies the transportation sequences of a
subset of randomly selected trucks. The mutation process consist of
selecting a random set of trucks from the population and modifying
their respective s; probabilities (and, therefore, their relative posi-
tion). This modification is based on a random evaluation process
determined by their previous s; values and the current mutation
probability. In particular, the mutation probability defines an inter-
val domain on which the previous s; may be uniformly redefined.
The resulting s; values obtained are then used in Eq. (8) to provide
a reordering of the transportation structure of the trucks based on
the new x;; position values of each particle.

(31)

4.3. Analyzing the results

The random values for the number of trucks and capacities
for the 10 sample problems and the transportation sequence for
truck 1 in problem 4 using the NSGA-II algorithm are given in
Tables 8 and 9, respectively.
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Fig. 11. Crossover scheme implemented within the NSGA-II algorithm.

Table 8
The transportation sequence for truck 1 in problem 4 (NSGA-II algorithm).

Target Source Number of products Type of product Transportation sequence
Cross-docking Supplier 1 31 C 1
Cross-docking Supplier 4 30 F
Customer 1 Supplier 2 30 F 2
Customer 3 Supplier 2 30 H
Customer 5 Supplier 4 61 D 3
Cross-docking Supplier 2 30 B 4
Cross-docking Supplier 2 30 ]
Customer 5 Supplier 2 31 D 5
Customer 3 Supplier 3 24 ]
Customer 5 Supplier 3 61 G 6
Customer 3 Supplier 2 9 B 7
Customer 5 Supplier 4 21 D
Customer 3 Supplier 4 21 H
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Fig. 12. Combinatory diagram of operation times and transportation costs (MOPSO,
NSGA-II).

In problem 4, we consider 10 trucks with various capacities (101,
52, 120, 135, 69,190, 167, 130, 58, and 61). The trip sequence for
Truck 1 (in problem 4) is given in Table 8 for the NSGA-II and in
Table 9 for the MOPSO method. For example, according to Table 8,
Truck 1 has 7 trip sequences. In each sequence, the type and num-
ber of products as well as the source and target have been given.
In the first trip sequence for Truck 1 in problem 4 (NSGA-II algo-
rithm), product C(31 items) is shipped from Supplier 1 and product
F (30 items) is shipped from Supplier 4. Both products are sent to
the cross-docking facility. Similarly, while taking into account the
allowed capacities of the trucks, these trip sequences continue for
the other nine trucks until all the products have been sent from the
suppliers to the customers.

In Figs. 12-15, the Pareto solutions for Problem 4 are obtained
by the NSGA-II and the MOPSO algorithms. Fig. 12 shows the

Fig. 13. Combinatory diagram of operation times and number of transportations
(MOPSO, NSGA-II).

solutions obtained by the NSGA-II and MOPSO algorithms in a
two-dimensional space for the target functions of operation time
and transportation expenses. As can be seen in this figure, trans-
portation expenses decrease as the operation time increases. We
can derive three results from the proposed model. Note that in
two-dimensional diagrams, some solutions dominate other solu-
tions. Fig. 13 shows the solutions obtained by the NSGA-II and
MOPSO algorithms in a two-dimensional space for the target func-
tions of operation time and the number of truck trips. It can be
seen that as the number of truck trips increases, the operation
time increases accordingly. Fig. 14 shows the solutions obtained
by the NSGA-II and MOPSO algorithms in a two-dimensional space
for transportation expenses and the number of truck trips. Fig. 14
shows that as the number of truck trips decreases, the transporta-
tions expenses increase. Finally, Fig. 15 shows the Pareto optimum
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Fig. 14. Combinatory diagram of transportation costs and number of transporta-
tions (MOPSO, NSGA-II).

solutions obtained by the NSGA-II and MOPSO algorithms, while
considering all three target functions. It can be seen that as the
number of truck trips decreases, the transportation costs by them
decrease and the operation time increases. In a three-dimensional

Table 9
The transportation sequence for truck 1 in problem 4 (MOPSO algorithm).

-
(=] o
o o

[=2]
o

Number ofTransportation

Cost Time

Fig.15. Combinatory diagram of operation times, transportations costs,and number
of transportations (MOPSO, NSGA-II).

space, these solutions are non-dominated and no solution domi-
nates another one. Therefore, the decision-maker can select one of
the solutions based on his/her preferences.

Before comparing the performance of both algorithms, con-
sider the applicability of the results obtained. The current paper

Target Source Number of products Type of product Transportation sequence
Customer 5 Supplier 2 9 B 1
Customer 4 Supplier 1 9 C

Customer 5 Supplier 2 12 D

Customer 4 Supplier 1 12 E

Customer 5 Supplier 1 19 I

Cross-docking Supplier 1 3 A 2
Cross-docking Supplier 2 3 B

Cross-docking Supplier 1 3 C

Cross-docking Supplier 2 3 D

Cross-docking Supplier 1 3 E

Cross-docking Supplier 1 3 F

Cross-docking Supplier 3 3 G

Cross-docking Supplier 2 3 H

Cross-docking Supplier 4 8 A 3
Cross-docking Supplier 1 7 C

Cross-docking Supplier 1 5 E

Cross-docking Supplier 3 4 G

Cross-docking Supplier 3 3 ]

Customer 4 Supplier 1 6 A 4
Customer 4 Supplier 1 6 C

Customer 5 Supplier 4 6 D

Customer 4 Supplier 1 6 E

Customer 5 Supplier 4 6 F

Customer 4 Supplier 4 6 H

Customer 5 Supplier 1 6 I

Cross-docking Supplier 1 9 A 5
Cross-docking Supplier 3 10 C

Cross-docking Supplier 2 9 D

Cross-docking Supplier 2 9 H

Cross-docking Supplier 1 9 I

Customer 4 Cross-docking 10 A 6
Customer 4 Cross-docking 10 C

Customer 3 Cross-docking 13 ]

Customer 3 Cross-docking 7 G

Customer 3 Supplier 2 8 B 7
Customer 5 Supplier 4 8 F

Customer 3 Supplier 4 8 H

Cross-docking Supplier 4 11 A 8
Cross-docking Supplier 3 10 C

Cross-docking Supplier 1 8 I

Cross-docking Supplier 2 10 ]

Customer 4 Supplier 1 21 C 9
Customer 2 Supplier 4 21 F

Customer 5 Supplier 4 18 D 10
Customer 3 Supplier 2 14 H

Customer 5 Supplier 1 20 [

Customer 3 Supplier 2 5 B 11
Customer 3 Supplier 4 31 F
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Fig. 16. Mean NPS values for all problems.

integrates cross-docking as a fundamental part of the supply
chain within a unique multi-objective model that can be solved
numerically using standard evolutionary algorithms. The literature
generally concentrates either on the logistic processes of the chain
absent cross-docking, Griffis et al. [36], or on the cross-docking pro-
cess absent its supply side integration, Van Belle et al. [25]. Merging
both lines of research provides a realistic approach to the mod-
elization of cross-docking as an integrated and essential part of the
supply chain. The current integrated approach relates directly to
the logistic processes implemented, for example, by Sears [37] and
UPS [38]. In this regard, it is widely known that many major retail-
ers, such as Wal-Mart, utilize cross-docking services within their
own distribution channels [39]. In particular, Fig. 1 represents the
standard cross-docking strategy implemented by a retailer such as
Wal-Mart, where the shipments from various suppliers are com-
bined at the cross dock to create shipments for the final delivery
destinations.

5. Comparative analysis

Convergence to optimum Pareto solutions and the creation of
density and variety among the obtained solutions are the primary
goals of every multi-objective evolutionary algorithm. Because
these three goals are conflicting, there is no absolute criterion for
deciding on the application of the algorithms. If we had access
to such a criterion, it would have been possible to decide on the
superiority of one algorithm over another one. In order to compare
the quality of the solutions obtained by the NSGA-II and MOPSO
algorithms, four criteria have been taken into account, including
the number of Pareto solutions, the mean ideal distance measure
(MIDM) (distance from the ideal point), the spacing measure (SM),
and the width measure (WM) (maximum expansion). In order to
compare the algorithms and to identify the most efficient one, each
problem has been carried out 10 times. In other words, each algo-
rithm has been applied 100 times for these problems. Overall, the
NSGA-II and MOPSO algorithms have been applied 200 times for
these 10 problems.

5.1. Number of Pareto solutions (NPSs)

Algorithms with more non-dominated solutions in the Pareto
archive can provide more options to the decision maker(s) and,
therefore, are more successful in determining the real Pareto
optimum level [35]. The standard values of NPS for each prob-
lem (minimum, average, and maximum) have been presented in
Table 10. The means of the values in Table 10 have been calculated
in Fig. 16. According to Fig. 16, the NPS index is more suitable for
the NSGA-II algorithm than the MOPSO algorithm.

Table 10
Minimum, average, and maximum NPS index for all sample problems.
Max Average Min Algorithm Problem set
36 30 27 NSGA-II 1
23 18 11 MOPSO
30 26 21 NSGA-II 2
19 14 9 MOPSO
7 38 34 NSGA-II 3
22 16 13 MOPSO
28 23 18 NSGA-II 4
24 17 14 MOPSO
35 28 21 NSGA-II 5
19 14 6 MOPSO
48 39 33 NSGA-II 6
26 18 10 MOPSO
61 53 42 NSGA-II 7
19 13 7 MOPSO
44 41 35 NSGA-II 8
23 18 10 MOPSO
49 43 35 NSGA-II 9
22 15 9 MOPSO
51 47 40 NSGA-II 10
15 12 8 MOPSO
A
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Fig. 17. Index of the mean ideal distance measure.

5.2. Mean ideal distance measure (MIDM)

This index (measure), which is used for measuring the degree
of closeness to the real Pareto optimum level, is calculated by Eq.
(32):

n
. C;
MID = % (32)

In this equation, n is the number of solutions in the Pareto opti-
mum set and ¢; is the Euclidean distances of the Pareto set members
from the ideal point, which is calculated by Eq. (33):

6= \J = Fe P + G =3P+ + G — i (33)

In Eq. (33), fii is the value of the target function m for solution
i, while f} represents the ideal point (real Pareto optimum value)
for the target function m. It is clear that in the comparison of Pareto
optimum sets, the sets with a lower value for this index are better
positioned (closer to) with respect to the real Pareto optimum level
[40]. Fig. 17 shows a schematic view of the MIDM (distance from
the ideal point).

The standard values of the MIDM for each problem (minimum,
average, and maximum) have been presented in Table 11. The
means of the values in Table 11 have been calculated and presented
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Table 11 Table 12
Minimum, average, and maximum MIDM index for all sample problems. Minimum, average, and maximum SM index for all sample problems.
Max Average Min Algorithm Problem set Max Average Min Algorithm Problem set
4632.1 4114.89 3596.24 NSGA-II 1 162.34 78.51 0 NSGA-II 1
1405.18 10,965.53 7601.47 MOPSO 3214.81 1627.76 0 MOPSO
2541.63 1728.19 997.17 NSGA-II 2 501.2 246.36 0 NSGA-II 2
4927.25 4101.4 3582.82 MOPSO 1889.67 939.66 0 MOPSO
1254.46 796.91 237.86 NSGA-II 3 43.12 2042 0 NSGA-II 3
18,021.74 13,432.95 9684.3 MOPSO 6353.71 2275.64 0 MOPSO
1498.6 1058.84 524.12 NSGA-II 4 638.91 321.5 0 NSGA-II 4
15,749.63 9239.72 4562.27 MOPSO 2834.76 1417.54 0 MOPSO
8214.97 4507.89 1742.34 NSGA-II 5 611.16 304.73 0 NSGA-II 5
17,696.81 10,641.15 4456.1 MOPSO 4120.32 2022.39 0 MOPSO
4072.64 2858.25 1418.38 NSGA-II 6 324.41 160.83 0 NSGA-II 6
14,874.85 861.22 2145.9 MOPSO 34,330.47 17,164.58 0 MOPSO
8952.49 4316.95 1389.71 NSGA-II 7 837.1 416.33 0 NSGA-II 7
18,812.3 10,675.78 3464.28 MOPSO 37,638.28 1634.11 0 MOPSO
6978.94 4161.04 2104.56 NSGA-II 8 321.44 167.39 0 NSGA-II 8
18,292.27 12,162.71 6843.14 MOPSO 3772.92 1880.9 0 MOPSO
2245.43 1276.95 376.06 NSGA-II 9 300.78 147.71 0 NSGA-II 9
10,202.61 5927.07 1473.41 MOPSO 1311.57 648.22 0 MOPSO
6147.82 3106.63 1520.32 NSGA-II 10 551.2 273.13 0 NSGA-II 10
7962.17 4221.42 1287.29 MOPSO 2087.69 1038.29 0 MOPSO
14000 Table 13
/. Minimum, average, and maximum WM index for all sample problems.
12000 Max Average Min Algorithm Problem set
10000 1682.14 12,027.11 536.26 NSGA-II 1
2917.51 21,204.82 1420.36 MOPSO
2 8000 5792.38 4553.72 3152.12 NSGA-II 2
2 e NSGAI 10,913.28 8540 6751.21 MOPSO
> 2510.61 1751.13 1076.9 NSGA-II 3
s 6000 ~#=MOPSO 2984.54 21,351.3 1427.75 MOPSO
=] / / 4450.81 2762.68 1176.44 NSGA-II 4
& 4000 25,745.99 16,075.71 109,947.7 MOPSO
14,218.76 9104.03 5271.11 NSGA-II 5
2000 21,315.64 16,565.06 12,372 MOPSO
9927.21 6505.4 2584.19 NSGA-II 6
0 19,142.38 16,357.35 14,098.74 MOPSO
Best Average Worst 12,759.42 7791.61 2584.49 NSGA-II 7
25,376.77 17,827.27 8675.61 MOPSO
Fig. 18. Mean MIDM values for all problems. 13,914.33 8332.97 4142.27 NSGA-II 8
32,417.78 21,011.66 10,163.5 MOPSO
3087.91 1967.04 729.54 NSGA-II 9
in Fig. 18. According to Fig. 18, the MIDM index is more suitable for 13,357.82 9918.859 497921 MOPSO
the NSGA-II algorithm than for the MOPSO algorithm. 7248.11 4954.584 2379.57 NSGA-II 10
9910.65 6738.142 3073.04 MOPSO

5.3. Spacing measure (SM)

This index (measure), which was introduced by Schott [41],
shows the relative distance between successive solutions by Eq.
(34):

Q|
1 -2
=4l — di—d 34
s |Q| ;( ) (34)

In this equation, |Q| is the size of Pareto archive. d; and d can be
calculated by Eqgs. (35) and (36):

M

dj = miNgcq k4 iz |fin = f | (35)

m=1

d= Z’d'| (36)

In fact, the SM is the standard deviation of the d; values. When
the solutions are arranged normally beside each other, the value
of the spacing (S) is small. Therefore, those algorithms whose
final non-dominated solutions have a small spacing value are
more favorable. The standard values of the SM for each problem

(minimum, average, and maximum) have been given in Table 12.
In Fig. 19, the means of these values (minimum, average, and
maximum) have been presented for both algorithms. According to
Fig. 19, the NSGA-II algorithm performs better than the MOPSO
algorithm.

5.4. Width measure (WM)

The WM (maximum expansion) measure, which was introduced
by Zitzler et al. [42], is the diameter length of the cube that is cre-
ated by the final values of the non-dominated solutions set in the
target space. Therefore, as this index increases, the Pareto archive
solutions are expanded. This index is calculated by Eq. (37) as fol-
lows:

M
. . .2
D= E (maxi=1:|Q|fr’n - mln,-=1:|Q|f,;l) 37)
i=1

The index (measure) of maximum width shows the Pareto
archive solutions. The standard values of the measure for each
sample problem (minimum, average, and maximum) have been
given in Table 13. In Fig. 20, the means of these values (minimum,
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Fig. 19. Mean SM values for all problems.
18000 measures were used to compare and to select the best Pareto solu-
16000 tions. The results obtained by these algorithms show that using the
Pareto archive size index (measure), the NSGA-II algorithm is supe-
14000 rior to the MOPSO algorithm. Using the MIDM, which measures the
o 12000 closeness to the real Pareto optimum solution, the NSGA-II algo-
g - rithm is superior to the MOPSO algorithm. Using the SM, which
T,‘ —+—NSGA-II measures the Pareto archive solutions’ density, the NSGA-II algo-
S 8000 ¢ —m—MOPSO rithm performs better than the MOPSO algorithm. Using the WM,
I the MOPSO algorithm provides wider solutions than the NSGA-II
algorithm.
4000 It should be noted that we have implicitly imposed several
2000 simplifying assumptions when defining the multi-objective opti-
o mization problem presented in the paper in order to guarantee
Wors Average gest its numerical tractability. For example, the cross-docking process

Fig. 20. Mean WM values for all problems.

average, and maximum) have been presented for both algorithms.
Based on the WM index, the MOPSO algorithm performs better than
the NSGA-II algorithm.

6. Conclusion and future research directions

One of the most important factors when implementing success-
ful supply chain management is the ability to efficiently control
the physical flow of materials and goods in the supply chain. Vari-
ous methods have been proposed to increase customer satisfaction
and reduce costs in supply chains. Cross-docking is an innovative
storing strategy which has great potential for controlling distri-
bution expenses in supply chains and satisfying customer needs.
Cross-docking can also facilitate on-time distribution, increase
supply-demand compatibility and utilize transportation assets
more efficiently.

In this study, a multi-objective mathematical model was
presented whose aim is to minimize the operation time, the trans-
portation costs, and the number of truck trips in a supply chain
and cross-docking facility. Two evolutionary meta-heuristic algo-
rithms were used to solve the model: the NSGA-II and the MOPSO
algorithms. In addition, the NPS, the MIDM, the SM, and the WM

modeled in the paper has been assumed to be simpler than the
ones generally considered in the literature [13,14,30]. These sim-
plifications have been imposed in order to allow us to concentrate
on the supply chain structure of the process, while considering a
cross dock with, for example, unlimited capacity. Moreover, opti-
mal decisions depending on the stochastic properties of demand
together with the allocation of different cross docks in order to
optimize the distribution of products among consumers have also
been omitted. Note that the resulting problems would be con-
siderably harder to deal with, independently of the evolutionary
algorithms applied to solve them, due to the increasingly com-
plex formal structure required to define the corresponding solvable
multi-objective optimization problems. Considering the limita-
tions described above, the main extensions of the current paper
are defined as follows.

1. In this study, the capacity of cross-docking was assumed to be
unlimited, in spite of the fact that the capacity of cross-docking
is limited in real applications. Therefore, future research can
assume the limitation of the cross-docking capacity in the math-
ematical model.

2. In this study, only one cross-docking facility and one warehouse
were taken into account in the proposed model. Future research
can consider more than one cross-docking facility and ware-
house.
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3. Inthis study, an optimal location for establishing a cross-docking
facility was not investigated. Optimal location planning for
cross-docking facilities within the supply chain can be the sub-
ject of future research.

4. In future research, target functions can be included in the math-
ematical model to minimize the delays and to shorten the time
that trucks spend in sources and targets.
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