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Abstract- In this paper, the transportation problem of cross-docking network is taken
into account. Cross-docking centers differ from distribution centers or warehouses in
that the loads are transported from origins to destinations through cross-docking centers
without storing them for a long time. Goods are unloaded from incoming trucks and
reloaded immediately onto outgoing trucks in these cross-docking centers. This problem
is formulated using a mixed integer programming with two-dimensional loading
constraints. The two-dimensional shapes are applied for both trucks and loads in order
to find exact capacity of each truck in basis of each product. The illustrative problems
are solved and results show that the proposed model finds practical solutions with two-
dimensional loading constraints.
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1. INTRODUCTION

Cross-docking is a logistics strategy recently used by many companies in order to
reduce inventory and improve customer satisfaction. Products are transferred from
incoming trucks to outgoing trucks without storing them for a long time (generally less
than 24 hours) in these centers. This strategy provides different advantages compared
with traditional distribution centers: the consolidation of shipments, a shorter delivery
lead time, the reduction of costs, improved customer service, fewer overstocks, etc. [1].
As a result of these advantages, cross-docking has become an interesting logistics
strategy that can give companies important competitive benefits.

Considerable research on cross-docking has been investigated in the literature. These
studies can be classified based on the problem type: location of cross-docks, cross-
docking layout design, cross-docking networks, vehicle routing, dock door assignment,
truck scheduling, storage and other issues. Some of these problems are more concerned
about long term decisions (strategic or tactical), while others deal with short-term
decisions (operational).

Cross-docking network problem consist of supplier, customer and cross-docking facility
sets. Each set contains one or more locations and the aim is to determine the flow of
goods from suppliers to customers through cross-docks in order to reduce the total
transportation cost. Lim et al. [2] studied the cross-docking network problem by
extending the traditional transshipment problem. The transshipment problem consists of
a number of supplier, transshipment and demand nodes with the capacitated arcs.
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Moreover, supplier and customer time windows are considered to determine inventory
holding costs in this study. Chen et al. [3] studied a similar problem in cross-docking
network design. The noticeable differences between these studies are that supplies and
demands are not allowed to split and different products can be considered. An integer
programming formulation of the problem is provided and three heuristic algorithms are
proposed as a solution approach. Musa et al. [4] evaluates the total cost as distinct from
other studies by considering vehicle transportation costs. They formulated the problem
with integer programming and proposed an ant colony optimization meta-heuristic
algorithm to solve the problem. Ma et al. [5] studied similar problem by considering
only one type of product and formulated the problem with time costs and truck setup
costs. The authors proposed a solution approach which consists of two stage heuristics.
Alpan et al. [6] studied the transshipment scheduling problem in a multiple inbound and
outbound dock configuration. Direct shipping and inventory holding strategies are
allowed in the problem. The objective is to find best schedule of transshipment
operations. They proposed several heuristic algorithms to attain the solution. Miao et al.
[7] considered the transshipment problem with soft and hard time windows constraints.
They proposed two types of meta-heuristics algorithms: tabu search and genetic
algorithm.

On the other hand, there are considerable numbers of study related with the truck
loading or pallet loading in the literature. Chen et al. [8] proposed a binary
mathematical model for two-dimensional pallet packing problem for non-uniform box
sizes and multiple pallets. Zachariadis et al. [9] developed a tabu search meta-heuristic
algorithm for vehicle routing problem with two-dimensional loading constraints and
tested their algorithm on several benchmark instances. They achieved to several new
best solutions. Fuellerer et al. [10] considered the vehicle routing problem with three-
dimensional loading constraints. They presented an ant colony optimization algorithm
as a solution approach. Zachariadis et al. [11] introduced a new transportation problem
called the pallet-packing vehicle routing problem and used tabu search based heuristic
algorithm to solve problem. Finally, Leung et al. [12] used a simulated annealing meta-
heuristic algorithm for heterogeneous fleet vehicle routing problem with two-
dimensional loading constraints and tested with benchmark instances derived from the
two-dimensional loading vehicle routing problem. However, only a paper which
considers truck loading in cross-docking network problem could be found to the best of
our knowledge. Charkhgard & Tabar [13] considered three dimensional products and
truck shapes to find exact capacity of the trucks. But only one type of trucks and cubic
products are assumed in their study. Moreover, there is no decision variable for truck
loading plan.

In this study, we consider the two-dimensional loading problem in cross-docking
network design. The two-dimensional shapes are applied for both trucks and loads in
order to find exact capacity of each truck in basis of each product. The objective is to
find the best network flow routes and truck loading plan decisions that minimize the
total transportation cost.
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The rest of the paper is organized as follows. In Section 2, problem definition and
mixed integer mathematical model is presented. In Section 3, the illustrative problems
and their solutions are given. Finally, Section 4 concludes the study.

2. PROBLEM DESCRIPTION

In this paper, cross-docking network is considered for S suppliers (origins), D customers
(destinations) and C cross-docking facilities. The products flow from origins to
destinations through cross-docks according to customers demand. Each product of
suppliers is loaded into incoming and outgoing trucks by considering its destination.
Thus, the objective is to find the best transshipment plan regarding the two dimensional
truck loading operations in order to minimize total transportation costs. Musa et al. [4]
and Charkhgard & Tabar [8] considered some assumptions in their mathematical
models. In this paper we have accepted several of them and enhanced our model with
the following new conditions:

e Directly shipping is not allowed from suppliers to destinations.

e Truck capacity is taken into account with dimensional constraints on the
contrary of weight or amount of load.

e Loads and trucks are considered as rectangular shapes.

e The trucks may have different sizes. Thus, loading plans are affected by the
truck choices. Moreover each product to be sent from different origins to
different destinations may have different sizes.

e The transportation costs are related with only travelled distances among the
locations.

The concept of the two-dimensional loading problem in cross-docking network is
depicted in Figure 1, which illustrates an example of two suppliers, two cross-dock
facilities and three customers.
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Ssdi : The product j at supplier s moved to destinadion (customer) d
Figure 1. An illustrative example of described problem
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According to assumptions described above the problem can be formulated as mixed
integer programming using the following notations:

S : The set of origins

D : The set of destinations

C : The set of cross-docks

V _S_ : Number of trucks at origin s, where VseS

V _C, : Number of trucks at cross-dock c, where YceC

F.s : Number of boxes flows at origin s to destination d, where VseS, vd eD
L_S., : Length of truck m at origin s, where VseS, vme{L...V_S_}

L_C,, : Length of truck n at cross-dock ¢, where VceC, Vne{l,..V_C_}

W _S.: Width of truck m at origin s, where VseS, Vme{l,...V_S_}

W _C,, : Width of truck n at cross-dock ¢, where YceC, Vnefl,..V_C_}

p_sS,. : Cost of a truck from origin s to cross-dock ¢, where ¥seS, VceC

p_cC : Cost of a truck from cross-dock c to destination d, where YceC, vd e D

I, : Length of box i at origin s for destination d, where VseS, vdeD,
vie{l...F,}

Wy, : Width of box i at origin s for destination d, where VvseS, VvdeD,
vie{l...F,}

M . Arbitrarily large constant

The variables are:

X_Say; : x coordinate of the south west corner of box i in truck m from origin s
to cross-dock c¢ related to destination d, where VseS, vdeD,
vceC, Viefl,...,F,}, vme{l..V_S_}

X_Cgy; : x coordinate of the south west corner of box i in truck n from cross-
dock c to destination d related to origin s, where VseS, vdeD,
VvceC, Vviell,..,F,}, Vvnefl,..V_C_}

y_Soy . 'y coordinate of the south west corner of box i in truck m from origin s

to cross-dock ¢ related to destination d, where VseS, vdeD,
vceC, Viell,..,F,}, vme{l..V_S_}
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y_Cg . y coordinate of the south west corner of box i in truck n from cross-

dock c to destination d related to origin s, where VseS, VdeD,
vceC, viefl,..,F,}, vne{l..V_C_}

V_Sg - is a binary variable and equal to 1 if truck m is used for cross-dock c at
origin s, otherwise it is equal to 0, where VseS, VceC,
vme{l..V_S.}

v_cl - is a binary variable and equal to 1 if truck n is used for destination d at
cross-dock c, otherwise it is equal to 0, where vdeD, VceC,
vnefl,..vV_C_}

Z_sg . is a binary variable and equal to 1 if box i of origin s related to

destination d is shipped from origin s to cross-dock ¢ with truck m,
otherwise it is equal to 0, where VseS, VvdeD, VceC,
efl,...F,}, vme{,..vV_S_}
Z_Cgy . is a binary variable and equal to 1 if box i of origin s related to
destination d is shipped from cross-dock c to destination d with truck n,

otherwise it is equal to 0, where VseS, VvdeD, VceC,
iefl..F}, vne{l..vV_C.}

Q_Sqois . is a binary variable and equal to 1 if box i belongs to destination d is on
the left side of box f belongs to destination o in truck m which flows from

origin s to cross-dock c, otherwise it is equal to 0, where VseS,
vdoeD, VceC, Viel,...F,},vf e{l...F,}, vme{l..V_S_}

B_Sapis . is a binary variable and equal to 1 if box i belongs to destination d is on
the right side of box f belongs to destination o in truck m which flows
from origin s to cross-dock c, otherwise it is equal to 0, where VseS,
vdoeD, vceC, Viell...F,} vf e{l...F }, vme{,..V_S_}

7 _Saoit . is a binary variable and equal to 1 if box i belongs to destination d is on
the bottom side of box f belongs to destination o in truck m which flows

from origin s to cross-dock c, otherwise it is equal to 0, where VseS,

vdoeD, vceC, Viell...F,} vf e{l...F }, vme{l,..V_S_}
O_Seois . is a binary variable and equal to 1 if box i belongs to destination d is on
the top side of box f belongs to destination o in truck m which flows from
origin s to cross-dock c, otherwise it is equal to 0, where VseS,

vdoeD, vceC, Viell,...F } vf efl,...F }, vme{l..V_S }
a_Cgy . is a binary variable and equal to 1 if box i loaded from origin s is on the
it is a bi iable and I to 1 if box i loaded f iginsi h
left side of box f loaded from origin u in truck n which flows from cross-
dock ¢ to destination d, otherwise it is equal to 0, where VsueS,

vdeD, VceC, Viefl,..,F,},vf efl...F,}, vnefl..V_C_}
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Cnc

—Ysudif

. is a binary variable and equal to 1 if box i loaded from origin s is on the

right side of box f loaded from origin u in truck n which flows from
cross-dock c to destination d, otherwise it is equal to 0, where Vs,ueS,

vdeD, vceC, Vviell,..F,},vf efl....F,}, vnefl..V_C.}
Y _Clrit : is a binary variable and equal to 1 if box i loaded from origin s is on the

bottom side of box f loaded from origin u in truck n which flows from
cross-dock c to destination d, otherwise it is equal to 0, where Vs,ueS,

vdeD, vceC, Vviell,..F,},vf e{l....F,}, vnefl..V_C.}
O_Corit : is a binary variable and equal to 1 if box i loaded from origin s is on the

top side of box f loaded from origin u in truck n which flows from cross-
dock c to destination d, otherwise it is equal to 0, where VsueS,

vdeD, VceC, Viell,..F,}, Vi ell....F,}, vnell..V_C.}

The mathematical model can be formulated as follows:

V_S V_C,
Min 33 3 p s, v se+Y Y S p ¢, v o (1)

seS ceC m=1 ceCdeD n=1
S.t.
ZZZ Sey = vseS, VvdeD, Viell.,F,} (2
ceC m=1
dv_s*<1 Vs eS, Vvme {1..V_S} (3)
ceC
Fsd
YDz s <M-v_s" VvseS, VvceC, Vme {1..V_S} (4)
deD i=1
ZZZ e =1 vseS, vdeD, Viell.F} (5)
ceC n=1
dv_ i< vceeC, Vne {1.V_C} (6)
deD
Fsd
d >z e <M-v_clf vd eD, VvceC, Vne{l.V_C} 7
deD i=1
Feg V_Ss Fg V_C.

ZZZmZ_ Z_slp=2> z_cy  VceC ®)

seS deD i seS deD i=1 n=1
mc
X Ssdl ISdI <X Ssof +M- (1 o Ssdmf)

Vs e S, vd,oeD, Vme{l,...V SS}, VCeC,Vie{l,...,Fsd} er{l ,FSO}
X ssof Isof <X Ssmd(l:_'_lvl (1 ﬁ Ssdmf)

Vse §,vd,0eD,vme{l,..,V _S.},VceC, Vie{l.. F },vf e{l., F}

9)

(10)
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of
Vs € S, vd,oe D, ‘v’me{l...,V_SS},‘v’C e C, Vi e {ZL...,Fsd},Vf IS {ZL...,FSO}
of Sy_Ssnc]i?""\/I '(1_5_S$Zif)

VseS§, ‘v’d,OGD,‘v’me{l...,V_Ss},‘v’CeC, ‘v’ie{l...,Fsd}, vf e{l...,FSO}
12)
O _ Sgait + B _ Sctoit T 7 _Sagoir T _Seit = Z_Sqy T2 _Sg +1

Vs € S, vd,0eD, Vme {l...,V_SS}, VYceC, Vie{l...,Fsd},Vf e {].,...,FSO}
Dx_spHlg<L_S, s eSvdeD vme{l..,V_S}, Vie {l.,F} @14

sdi —
ceC

Sy ST+, <W_S, Vs S, vd € D,vm e {1..V_S.},Vi € {1...F,} (15)

sdi —

Y _Sqi tWe SY_Sg + M '(1_7_521%”) (11)

mc
y — Ssof + Ws

(13)

ceC

X_Sw+y_sw<M-z_skvseS vd eD, VceCV¥, me {1..V_S}, Vi € {1..,F,}(16)

— Vsdi

X_Clii + g SX_Cl + M -(1—ar _cliy )
Vs,ueS,vd €D, ‘v’ne{l...,V_Cc},VCeC,Vi e{l,...,Fsd},Vf e{l,...,Fud}
X _ Gl +lgr <X_Cli+M (1= _cliyr )
Vs,ueS,vd e D,Vne{l...,V_CC}, VYceC,Vi e{l,..., Fsd},Vf e{l..., Fud}

nc

Y_Co+Wy <Yy_Ciy +M -(1—;/_csudif) 19)

Vs,u € S, vd eD,‘v’ne{l...,V_CC},‘v’CeC, ‘v’ie{l,...,Fsd}, Vi e {l,...,Fud}
Y _Cigr + W SY_C +M '(1_5_C:Jdif )

Vs,ueS,vd e D, Vn e{L...,V_CC}, YceC, Vi e{fL..., Fsd}, \4i e{l,..., Fud}
a _Clui + B _Coir + 7 _ Coui +5—ng(z:¢dif >7Z_Ch+ Z—C:(ch +1

Vs,ueS,vd e D, ¥n e{l,...,V_CC}, VceC,Vi e{l,..., Fsd}, Vi e {ZL..., Fud}
X_cg+ly<L_C,seS, vd e D,Vne{l..V_C}, vceC, Vi e {1..,F,} (22
y_Chi+Wy, <W_C, Vs eS, vdeD, vne{l,...V_C.},vceC, Vie{l..,F,} (23)
X_Cqi+Y_Cqu<M-z_cy Vs €S, vdeD, vne{l,...V_C.},vceC,Vie{l.. F,} (24)

mc nd mc nc mc mc mc mc nc nc nc nc H
V_Sg" V_Ce,Z_SqqiZ_Coqin@_Ssqoit +B_Ssdoif ¥ _Ssdoif O —Ssdoif 1#_Csudif B _Csudif ¥ _Csudif +0_Csugir=BINAry

17)

(18)

(20)

(2D

mc mcC nc nc
X_Ssdi»Y_Ssdi-X_Csgi»Y_Csqi20

The objective (1) is to minimize the total transportation cost. The constraints consist of
two parts: cross-docking consolidation (constraints (2) to (8)) and two dimensional
truck loading (constraints (9) to (24)) decisions.

For the cross-docking consolidation decisions, constraint (2) and (5) assign the product
to incoming and outgoing trucks and ensures that each product can be assigned only one
incoming and outgoing truck respectively. Constraint (3) provides that each truck at
origins can be sent at most one cross-docking facility and also constraint (6) maintains
this condition at cross-docking trucks that each truck at cross-docking facilities can be
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sent at most one destination. Constraint (4) and (7) define that each product can be
assigned to incoming or outgoing truck if the designated truck is used. Constraint (8)
forces the product continuity at cross-docking facilities.

For the truck loading decisions, constraint (9) to (12) and constraint (17) to (20) provide
that products do not overlap each other if a pair of products is in the same truck and it is
determined by constraint (13) and constraint (21) according to incoming and outgoing
transport respectively. Constraint (14) and (15) ensure that all the products loaded in an
incoming truck fit within the dimensions of the truck. Likewise, constraint (22) and (23)
ensure the same condition for outgoing trucks. If a truck is not used then there should
not be any product loaded in it. This requirement is handled by constraint (16) for
incoming trucks and constraint (24) for outgoing trucks.

3. COMPUTATIONAL EXPERIMENTS

Because cross-docking network design and two-dimensional truck loading problem
have been not considered jointly before, there is no benchmark test set available.
Therefore, we generated our own data sets randomly includes different scenarios to
check the validity of the model. The test problems are described with four basic
parameters (S/C/D/E,..): the number of suppliers S, the number of cross-dock
facilities C, the number of destinations D and maximum flow amount in network E,,,, .
Table 1 presents the rest of the parameter ranges used for randomly generated instances.

Table 1. Parameter ranges

Transportation cost ranges (p_Ss¢, P_Ccq) - U[50, 150] Truck width ranges (W _Ss,,, W_C.,,) :U[50, 150]
Product dimension ranges (Wsq;, Lsai ) :U[5, 25] Truck length ranges (L_S¢m,L_C., :U[100, 250]
Flow ranges (Fy;) 2 U[0, Fpax ] Truck numbers (Vs , Ve ) :U[0, 8]

We performed 10 different problem categories and each category contains five
randomly generated problem instances. Instances are solved with CPLEX 11.1.1 on a
Pentium® 2.2GHz CPU with 2.0 GB memory. Each output of the model is examined to
verify solution. To illustrate the experiments, Table 2 includes a data set belongs to
problem category 3/2/4/4 and Table 3 represents the optimal solution (objective
function value = 944.0) of the illustrative example. Each row describes the integrated
product flow plan of a product in a network design and includes the product-vehicle
assignment and product locations (x and y coordinates) for incoming and outgoing
trucks respectively. Also, assignment of the incoming trucks to cross-docking centers
and assignment of the outgoing trucks to customers can be obtained by the table.

Table 2. A data set for 3/2/4/4 problem type

V.Ss ={324} VC ={32}
L Sgn =1{50, 130, 80, 110, 70, 90, 110, 140, 60} L_Cen =150, 140, 70, 100, 90}

W_S,, =1{110,160, 240, 190,140, 110, 200, 230, 120} W_C., ={130, 180, 110, 170, 160}

p_Ssc =1{136, 129, 87, 146, 137, 56} p_C  =1{145, 86,102,127, 55, 109, 97, 80}
Feq ={3,2,2,1,1,30,3,3,30,2}

lgi ={18, 11, 21, 25, 10, 25, 16, 25,5, 7, 21, 6, 13, 24, 13, 8, 18, 13, 12, 9, 17, 14, 10}

Wigi ={17,10, 22,17, 23, 19, 10, 7, 19, 17, 7, 11, 11, 11, 25, 11, 8, 13, 19,18, 9, 7, 23}
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Table 3. Solution of the illustrative example
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Supplier Customer Product Cross_Dock

Incoming Trucks

Outgoing Trucks

# ©) ) () © Vehicle x_coordinate y_coordinate  Vehicle x_coordinate y_coordinate
() ) V) () ) )
1 1 1 1 1 1 3 52 2 29 6
2 1 1 2 1 1 0 69 2 0 0
3 1 1 3 1 1 0 30 2 119 42
4 1 2 1 1 1 21 7 3 45 0
5 1 2 2 1 1 0 7 3 21 19
6 1 3 1 2 3 0 10 1 0 0
7 1 3 2 2 3 0 0 1 25 0
8 1 4 1 1 1 21 0 1 0 0
9 2 1 1 1 1 37 0 2 1 64
10 2 2 1 1 1 30 1 3 21 2
11 2 2 2 1 1 42 28 3 0 53
12 2 2 3 1 1 0 0 3 17 42
13 2 4 1 1 1 55 0 1 13 119
14 2 4 2 1 1 6 17 1 26 32
15 2 4 3 1 1 42 35 1 0 7
16 3 1 1 1 2 0 74 2 0 31
17 3 1 2 1 2 20 66 2 0 23
18 3 1 3 1 2 46 19 2 16 10
19 3 2 1 1 2 8 0 3 5 0
20 3 2 2 1 2 20 32 3 17 92
21 3 2 3 1 2 29 57 3 0 60
22 3 4 1 1 2 59 50 1 0 32
23 3 4 2 1 2 73 0 1 13 9

Table 4 presents the results of all instances. The first column of each instance is the
objective function value of the optimum solution and the second column is the
computational time (in second) of the CPLEX. It is clearly seen from the table that an
optimum solution could be found for each instance by the proposed model. On the other
hand, computational times show that CPLEX takes less than 10 minutes (without the
run time limitation) to reach optimum solution for each problem. Moreover, the average
computational time of the instances is 2.5 minutes and generally solutions could be
found in one minute. Consequently computational results validate the capability of the
proposed model.

Table 4. Results of the instances

Problem Instance | Instance 11 Instance 111 Instance 1V Instance V Average
OFV Time(s) OFV Time(s) OFV Time(s) OFV Time(s) OFV Time(s) OFV  Time(s)
1/1/5/15 611 2400 522 2250 613  188.0 706  457.0 652  225.0 620.8 267.0
2/1/2/8 384 02 325 0.2 366 0.3 441 0.1 431 0.2 389.4 0.2
2/2/6/5 933 217.0 717 9140 766  395.0 918 535.0 936 116.0 854.0 4354
3/2/4/4 1014 335 997 7.0 966 27.0 940 211 619 3.7 907.2 18.4
3/4/2/6 941 473 744 1260 1014 435 793  104.0 965 194.0 8914 103.0
4/1/2/10 663 240 520 2.8 572 12.0 588 51 544  355.0 577.4 79.8
5/5/3/5 721 620 761 18.2 751 211 854 45.9 686 23.9 754.6 34.2
6/2/3/3 1439 3510 1137 515 1283 56.8 1304 3740 1247 200.0 12820 206.6
7121213 889 49 1051 09 1544 1.3 1166 1.3 1145 1.0 1159.0 1.9
9/2/4/2 2023  505.0 1924 261.0 1789 29.8 2066 177.0 2150 79.0 19904 2104

OFV: Objective Function Value

4. CONCLUSION AND FUTURE WORK

In this work, the two-dimensional truck loading problem was studied first time for
cross-docking network design in order to minimize the total transportation cost. Thus,
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loading and transportation operations can be carried out more realistic and applicable in
real life. Problem is formulated with the mixed integer mathematical model. Proposed
model is tested with several randomly generated instances and results are examined to
verify solutions. Results show that our model verifies its capability. As a result, this
model able to find practical solutions to cross-docking operations. For further work on
this problem is to find a powerful meta-heuristic algorithm to find effective solutions on
large scale problems.
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