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A significant part of price of each product is related to distribution process. Therefore, by controlling 
this process, a good improvement will be observed in not only net profit of related company but also 
customer satisfaction. Cross-docking network is considered as a useful method for achieving to these 
goals. In this paper, transportation problem of cross-docking network is used in order to minimize the 
total cost for transferring the loads between origins and destinations. The three-dimensional shapes are 
applied for both trucks and loads. This assumption helps us to find the exact capacity of each truck in 
basis of each product. Thus, decision makers will find easily by which combinations and amount of 
products each truck will fill. This problem is formulated using a mixed integer non-linear programming 
(MINLP) and solved by a heuristic algorithm that simulated annealing (SA) is its core. Several numerical 
examples are solved, and the results show that this algorithm can find efficient solutions in comparison 
with exact algorithm. 
 
Key words: Cross-docking, transportation problem, mixed integer non-linear programming (MINLP), Heuristics 
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INTRODUCTION 
 
Customer satisfaction is an important factor that leads to 
implementing supply chain management in many com-
panies. 30% of item price is because of distribution 
process (Apte and Viswanathan, 2000). So, improvement 
of material flow through efficient control of supply chain 
can not only decrease heavily total cost of supply chain 
and the item price but also increase dramatically custo-
mer satisfaction. A lot of methods have been investigated 
by many companies to control the material flow. Among 
all these strategies, cross-docking is believed as an 
effective method to reduce inventory and improve custo-
mer satisfaction. Cross-docking is an operation strategy 
at flow consolidation centers, and items are transferred 
from receiving dock to shipping dock without storing 
them. In other words, cross-docking is a continuous 
process to the destinations through the cross-dock 
without   storing   materials   (that   is,    products)    in    a 
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distribution center (Apte and Viswanathan , 2000). 
Many studies investigated the cross-docking in supply 

chain in the literature. These studies can be divided into 
three different groups include: concept of cross-docking, 
inside of cross-dock and distribution planning problems. 
There are lots of researches about concept of cross-
docking. Pros of cross-docking were described by Allen 
(2001) and Luton (2003). Apte and Viswanathan (2002) 
presented cross-docking as a method in the management 
of a manufacturing supply chain. Studies about inside of 
cross-dock are related to shape and layout of cross-dock 
(Bartholdi and Gue, 2000), tracking items inside the 
cross-dock and dock-door assignment problem. Dock-
door assignment problem come into play to find the 
suitable way of conveying materials from receiving doors 
to shipping doors in order to minimize total handling cost 
(Tsui and Chang, 1992; Aickelin and Adewunmi, 2006; 
Ley and Elfayoumy, 2007). Distribution planning pro-
blems are related to distribution planning in cross-docking 
networks, scheduling of vehicles in receiving and 
shipping doors, vehicle routing in cross-docking network 
and finding location of docks in the network. Donaldson 
et al. (1999) studied a schedule-driven transportation 
planning in the cross-docking network. Li et al. (2004) 
focused on eliminating or minimizing the  cost  of  storage  
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Figure 1. Cross-docking network (Donaldson et al., 1999). 

 
 
 

or order picking activities. They used just-in-time (JIT) 
concepts and formulated the problem as a machine sche-
duling problem. Chen et al. (2006) consider the network 
of cross-docks instead of one cross-dock.  ( Lee et al. 
(2006) investigated the joint of scheduling and routing 
problems in the cross-docking network. Liao et al. (2010) 
considered the joint of cross-docking and vehicle routing 
problem (VRP) problems at the same time. They are also 
some papers about various heuristics for optimization 
such as Pardalos and Resende (2002) and Pardalos and 
Romeijn (2002).  

In this paper, we consider the distribution planning 
problem of cross-docking network, and the objective is 
finding to load and route the trucks in the cross-docking 
network with minimum cost of transportation. This 
problem was introduced by Donaldson et al. (1999) and 
then Rami et al. (2010) extended it. They applied pure-
integer programming model containing both non-negative 
integer and binary variables, and their model could find 
how many trucks is required in each link (origin to 
destination, origin to cross-dock and cross-dock to desti-
nation) and how flow should routed. The binary integer 
programming model is NP-hard, so they used ant colony 
optimization based heuristic for solving the model. This 
paper is adopted from Rami et al. (2010). But the authors 
assume the three-dimensional shape for trucks and 
products, so the model is more difficult and realistic. This 
problem is formulated mixed integer non-linear 
programming (MINLP), and  heuristic  algorithm  base  on  
simulated annealing (SA) is applied for this model. 

Problem description 
 
The cross-docking network includes I suppliers (origins), 
J customers (destinations) and K cross-dock facilities. 
The loads can be transferred from each of origins to each 
of destinations either directly or indirectly through the 
cross-docking facilities (Figure 1). The loads sent to 
cross-dock facilities can be consolidated by considering 
their destination. Thus, the objective is making decision 
about dispatching each of the loads directly or indirectly, 
and finding the best consolidation plans in order to 
minimize the total transportation cost. 

Rami et al. (2010) considered several assumptions for 
their model. In this paper, some of them have been 
relaxed and the mathematical model is adapted to new 
condition. We assume as follows: 
 
1. Number of the loads should transfer from origin i to 
destination j can be more than the capacity of each truck. 
2. Trucks are always available when needed. It can be 
possible by using third-party-logistics (3PL) providers 
(Rami et al., 2010). 
3. Loads and trucks considered as a cube. This 
assumption is rational because loads’ package and 
trucks are usually like a cube. 
4. Trucks are same. Thus, there is no difference between 
trucks’ shape. 
5. The loads to be sent from origin i to destination j are 
same, so their related cubes are completely similar to 
each other. But the loads to be sent from different  origins  



 
 
 
 
to different destinations may be different. 
6. The shipping cost is related to both traveled distance 
and traveled time (Rami et al., 2010). 
 
We now give a MINLP formulation of the model 
described, using the following notations: 
 

Inputs: 
 

I: the set of origin nodes 
J: the set of destination nodes 
K: the set of cross-cocking facilities 
Cij: the cost of truck from location i to location j 
Cik: the cost of truck from location i to cross-dock center k 
Ckj: the cost of truck from cross-dock center k to location j 
X: length of each truck 
Y: width of each truck 
Z: height of each truck 
xij: length of each of the loads at origin i to destination j 
yij: width of each of the loads at origin i to destination j 
zij: height of each of the loads at origin i to destination j 
Vij: the number of the loads that can put to the truck at 
origin i to destination j, and it can be calculated from 
equation (1) 
S1ij: the flow at origin i to destination j  
S2ij: the complete flow (the flows that can fill the truck) at 
origin i to destination j, and it can be calculated from 
equation (2) 
Nij: the number of complete trucks that will send from 
origin i to destination j either directly or indirectly, and it 
can be calculated from equation (3) 
Qij: the incomplete flow (the flows that cannot fill the 
truck) at origin i to destination j, and it can be calculated 
from equation (4) 
 

Vij =  
X

xij
 .  

Y

yij
 .  

Z

zij
    ∀i ∈  1, … , I , ∀j ∈  1, … , J     

      
(1)                                                               
   

S2ij = Vij    ∀i ∈  1, … , I , ∀j ∈  1,… , J       
             (2) 

                                                                   

Nij =  
S1ij

V ij
     ∀i ∈  1, … , I , ∀j ∈  1, … , J     

           (3)                                                                  
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S1ij = Nij . S2ij + Qij    ∀i ∈  1, … , I , ∀j ∈  1, … , J   

 
   

                                                                               (4)  
 
Decision variables: 
 

: Binary decision variable, equal to 1 if complete flow 

from i to j sent through cross-docking facility k, and 0 
otherwise 

: Binary decision variable, equal to 1 if incomplete 

flow from i to j sent through cross-docking facility k, and 0 
otherwise 
Oik: non-negative integer variable representing the 
number of trucks on link ik, from origin i to cross-dock k 
Dkj: non-negative integer variable representing the 
number of trucks on link kj, from cross-dock k to 
destination j 
R1ij: binary decision variable, equal to 1 if complete 
trucks sent directly from i to j, and otherwise 0   
R2ij: binary decision variable, equal to 1 if incomplete 
trucks sent directly from i to j, and otherwise 0 
T1ikm: for incomplete flows at node i, at most J trucks will 
send to cross-dock k. So in this binary variable, m 
represents the truck number in origin i. This variable is 
equal to 1 if truck m is applied in link ik, from origin i to 
cross-dock k 
T2kjm: for incomplete flows at node k, at most J trucks will 
send to destination k. So in this binary variable, m 
represents the truck number in origin i. This variable is 
equal to 1 if truck m is applied in link kj, from cross-dock k 
to destination j 
U1ijm: binary variable, equal to 1 if incomplete flow from i 
to j is assigned to truck number m in the link of ik, 
otherwise 0 
U2ijm: binary variable, equal to 1 if incomplete flow from i 
to j is assigned to truck number m in the link of kj, 
otherwise 0 

 
Approximate model: 
 
In this part, an approximate model is shown. This model 
is so easier than exact model, and its result is compared 
with exact model in section 4. 
 

 
 

Min      Nij R1ij Cij

ji

+   R2ij Cij

ji

+   Oik Cik

ki

+   Dkj Ckj

jk

+    Z1ij
k Nij (Cik + Ckj )

kji

 

 (5) 

 

St: R1ij +  Z1ij
k

k = min 1, S2ij        ∀i ∈  1, … , I , ∀j ∈  1, … , J  
                                                       (6) 

 

R2ij +  Z22ij
k

k = min 1, Qij        ∀i ∈  1,… , I , ∀j ∈  1, … , J                                               
                                                              (7) 
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 (
Qij

Vij
 j )Z2ij

k ≤ Oik     ∀i ∈  1, … , I , ∀k ∈  1, … , K                                                            
                                                       (8) 

 

 (
Qij

Vij
 i )Z2ij

k ≤ Dkj     ∀j ∈  1, … , J , ∀k ∈  1, … , K                                                           
                                                        

(9) 

 

Z1ij
k , Z2ij

k , R1ij , R2ij ∈  0,1     ∀i ∈  1, … , I , ∀j ∈  1, … , J ,∀k ∈  1, … , K      
                        (10) 

 

Oik , Dkj  ∈  Z+   ∀i ∈  1,… , I , ∀j ∈  1,… , J , ∀k ∈  1,… , K                                               
                                            (11) 

 
 
The objective function minimizes the total transportation 
cost, and it considers both direct and indirect transpor-
tation costs. Constraint (6) ensures all complete flows 
should be satisfied either directly or through cross-
docking centers. Moreover, if there is no complete flow 
between i and j, then there will be no allocation for direct 
or indirect dispatches. Constraint (7) ensures all incom-
plete flows should be satisfied either directly or through 
cross-docking centers. Moreover, if there is no incom-
plete flow between i and j, then there will be no allocation 
for direct or indirect dispatches. Constraints (8) and (9) 
calculate the number of trucks for sending incomplete 
flows through the cross-dock centers.  
 
Exact model: 
 

 

Qij

Vij
  

 provides an overview of percentage of the truck 
that have been filled. By considering each of the con-
straints (8) and (9), it is clear that, these two constraint 
cannot calculate the exact number of trucks, and the real 
s will be greater or equal than the estimations. For 
example, if we have different flows, and each of them fills 
60% of the truck lonely, then the mentioned constraints 
will calculate the number of required truck 2 (.6+.6+.6 < 
2). Thus, it is completely wrong, because the exact num-
ber is three. Although approximate model is not a good 
model but because of simplicity, it can be regarded as a 
weak lower bound for the results of exact model. By 
substituting the following constraints instead of 
constraints (8) and (9), the exact model will make: 
 

 (
Qij

Vij
 

j

) Z2ij
k  U1ijm ≤ T1ikm   

   ∀i ∈  1, … , I , ∀k ∈  1, … , K , ∀m ∈  1, … , J     

                                                                             (12)                  
 

 (
Qij

Vij
 i ) Z2ij

k  U2ijm  ≤ T2kjm     ∀i ∈  1, … , I , ∀k ∈  1, … , K , ∀m ∈  1, … , J      
 

   ∀i ∈  1, … , I , ∀k ∈  1, … , K , ∀m ∈  1, … , J                                                                                                          

                                                                             (13) 

                 

  Z2ij
k

k   =  U1ijmm     ∀i ∈  1, … , I , ∀j ∈  1, … , J                                                          
 
(14) 

 

    Z2ij
k

k   =  U2ijmm     ∀i ∈  1, … , I , ∀j ∈  1, … , J                                                          
 (15) 

                                                                             

  
 T1ikmm   = Oik         ∀i ∈  1, … , I , ∀k ∈  1, … , K                                                           (16)                             

 

 
 T2kjmm   = Dkj       ∀j ∈  1, … , J , ∀k ∈  1,… , K                                                           

    (17)                                                        
 
Constraints (12) and (13) determine which of J available 
trucks in each link (ik and kj) should be used. Constraints 
(14) and (15) ensure each of the incomplete flow for the 
destination j in the link of ik or kj does not assign to more 
than one truck. Constraints (16) and (17) count the 
number of needful truck in each link (ik and kj). 
 
 
Heuristic algorithm for 3-dimensional cross-docking 
network 
 
The exact model is so difficult, and software such as 
LINGO cannot find even a feasible solution for small 
cases in 24 h runtime. So, a heuristic algorithm role is so 
important in this problem to find good results in efficient 
time. Before proceeding to the heuristic algorithm, the SA 
is investigated as core of this algorithm. 
 
 
Simulated annealing   
 
This algorithm was proposed by Kirkpatrick et al. (1983) 
as an extension of the Metropolis-Hastings algorithm 
(Metropolis et al., 1953). Its name refers to physical 
process of annealing in metallurgy. Achieving a minimum 
energy crystalline structure is a reason that SA technique 
is extended in metallurgy, and it requires heating and 
slow cooling of materials. The SA algorithm follows this 
process with the aim of finding a good solution while pro-
viding the opportunity to escape from local optima. The 
opportunities to jump from local optima are depend on 
the temperature. The more the temperature, the more the 
opportunity.  As  the  process   ‘cools’   the   focus   is   on  
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Figure 2. Heuristic algorithm. 

 
 
 
finding an optimal solution, so the probability of a jump to 
a new neighborhood is reduced. 

SA has great potential for problems with mixed discrete 
and continuous variables such as our problem (Bennage 
and Dhingra, 1995). That is why we consider SA as a 
core of our algorithm. The process starts with the highest 
temperature (T0), which reduces after each repeat. After 
an initial solution is generated, a random search is 
conducted to move from the current solution to a neigh-
borhood solution. The neighborhood range selection is on 
the shoulder of users, and it is very important for the 
success of SA algorithm. A new solution with a better 
objective value will always be accepted. But for the 
solution with worse objective value, there is also an 
opportunity to accept based on a probability p which is 

given by p = e−
∆
T , where ∆  is the difference between the 

new solution and the current solution, and T is the current 
temperature. 

Heuristic algorithm 
 

This heuristic  algorithm  consists  of  different  algorithms  
(Figure 2). Algorithm 1 is designed for planning complete 
flows. For incomplete flows, SA algorithm is proposed but 
it cannot plan the incomplete flows lonely. Due to the fact 
that the calculation of Oik and Dkj is very difficult, an algo-
rithm (heuristic or metaheuristic) is needed to solve these 
variables, so algorithm 2 is used for this purpose. Finally, 
interaction of algorithm 2 and SA in each repeat of SA 
can leads to find the best solution. 
 
 

Algorithm 1 
 

Step1: calculate all cases (K+1) of dispatching costs both 
directly and indirectly for complete flows. For example, for 
sending complete flow of destination j from origin i, 

calculate: (Cij and Cik+Ckj 
∀k ∈  1, … , K    ). 
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Table 1. Results. 
 

Problem Exact model (LINGO results) approximate model (LINGO results) heuristic algorithm 

I J K objective function value time (s) objective function value objective function value 

5 5 3 166 3600 165 166 

10 10 7 - 86400 775 806 

12 12 8 - 86400 1030 1260 

15 15 10 - 86400 1574 2137 

20 20 12 - 86400 2600 3537 

25 25 14 - 86400 4061 5662 
 

 
 

Step 2: compare all calculated costs of step 1, and 
choose the minimum of them as the best way of 
transferring related completed flow. 
Step 3: repeat steps 1 and 2 for different i and j. 
Step 4: compute  
 

  Nij R1ijCij

ji

+    Z1ij
k Nij(Cik + Ckj )

kji

 

 

 
 
Simulated annealing (SA) algorithm parameters 
 
The following parameters are applied for SA algorithm: 
 
T0 (Initial temperature) = the objective function value of 
initial solution; 

The number of remaining iterations = ; 

 

Tw+1 =
Tw

(1 + α)          w: iteration number  
                (18) 

 

 𝛼 = 1
𝐾                                                                    (19)                                                                        

 
Runtime limitation= 1 hour 
 
 
Algorithm 2 
 
This algorithm is divided into 2 parts. In the first part Oik is 
calculated and in the second part Dkj is computed.  
 
First part: 
 
Step 1: Oik=0 and truck capacity is 1. 

Step 2: compute 
Z2ij

k (
Qij

Vij
 ) ∀j ∈  1, … , J  

 for origin i and 
cross-dock center k, then sort them and create a list and 
put them in. 
Step 3: choose the minimum positive number from step 2  
and reduce it from truck capacity. After that, omit it from 
the list. 
Step 4: choose the maximum positive number  from  step  

2 that is not greater that truck capacity, and then reduce it 
from truck capacity. After that, omit it from the list. If there 
is no suitable number go to step 7. 
Step 5: choose the minimum positive number from step 2 
that is not greater that truck capacity and then reduce it 
from truck capacity. After that, omit it from the list. If there 
is no suitable number go to step 7. 
Step 6: repeat step 5. 
Step 7: if the truck capacity is less than 1, then Oik=Oik+1. 
Step 8: repeat steps 2 to 7 for J times. 
Step 9: repeat the algorithm for different i and j. 
 
Second part: 
 
Step 1: Dkj=0 and truck capacity is 1. 

Step 2: compute 
Z2ij

k (
Qij

Vij
 ) ∀i ∈  1, … , I  

 for cross-dock 
center k and destination j, then sort them and create a list 
and put them in. 
Step 3: choose the minimum positive number from step 2 
and reduce it from truck capacity. After that, omit it from 
the list. 
Step 4: choose the maximum positive number from step 
2 that is not greater that truck capacity, and then reduce it 
from truck capacity. After that, omit it from the list. If there 
is no suitable number go to step 7. 
Step 5: choose the minimum positive number from step 2 
that is not greater that truck capacity and then reduce it 
from truck capacity. After that, omit it from the list. If there 
is no suitable number go to step 7. 
Step 6: repeat step 5. 
Step 7: if the truck capacity is less than 1, then Dkj=Dkj+1. 
Step 8: repeat steps 2 to 7 for I times. 
Step 9: repeat the algorithm for different i and j. 

 
 
Numerical experiments 
 
The study considers different random numerical exam-
ples and solved both approximate and exact model by 
LINGO software and also heuristic algorithm (Table. 1). It 
is clear that exact algorithm cannot only solve this 
problem in an efficient time but also find feasible solution 
in a long runtime. Although, approximate model  is  easier 



 
 
 
 
and all previous studies formulate their model by using 
constraints (8) and (9), but it is obvious that this model 
cannot find a good solution in 3-dimentional cross-
docking network and we can only consider it as a weak 
lower bound for the exact model results. 
 
 
CONCLUSION AND FUTURE RESEARCH 
DIRECTIONS 
 
In this paper, the 3-dimentional cross-docking network 
was introduced for the first time in order to minimize total 
transportation cost. This problem is so realistic and can 
apply in real world easily, but it is a NP-hard problem and 
exact solvers cannot solve this problem at all. A heuristic 
algorithm was presented in this study. Authors believe 
that this algorithm can find good solutions in an efficient 
time. Although approximate model results are not a good 
lower bound for this problem, but by comparing the result 
of heuristic algorithm with these values, it seems the 
objective function values increased rationally. 

This study has lots of future research directions. First of 
all finding an efficient lower bound for this problem can be 
so useful. Secondly, by relaxing each of the initial 
assumptions, new research area will make.  
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