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Research on Pallet Scheduling Model with Time
Windows and Uncertain Transportation Time

Fuli Zhou, Member, IAENG, and Yandong He, Member, IAENG

Abstract— To improve the efficiency of pallet scheduling, an
amended pallet sharing service alliance is established for
industrial applications. Besides, an interval non-linear integer
programming model for pallet scheduling problem concerning
time window and uncertain transportation time is formulated to
assist to achieve resources deployment, targeted the total cost
minimization. The uncertain programming model is converted
into a deterministic one by introducing time effect coefficient,
resolved by Lingo 11.0 software. The numerical case verifies the
validity and effectiveness of the formulated model. Results
demonstrate that the proposed model enables to help decision
makers to cope with the pallet scheduling problem considering
the time window and uncertain transportation time.

Index Terms—pallet scheduling model; time window;
uncertain transportation time; pallet share service alliance

l. INTRODUCTION

ALLET, as the most important industrial tool to improve
operational efficiency of transportation and distribution,
is one of the essential elements of modern logistics
system. To state of the art, utilization of pallet in China is
relatively low due to following two reasons. Firstly, the
authoritative pallet sharing service alliance has not been
established yet; Secondly, there are few studies focusing on
the pallet scheduling problem comparing with other
engineering problems such as logistics service provider
selection, vehicle routing programming (VRP) and
third-party logistics (TPL) etc [1]. In response to these two
questions, academic experts and industrial practitioners have
put forward some effective suggestions [2, 3]. The
establishment of pallet sharing service alliance and the study
on scientific pallet scheduling can not only realize the
consistent pallet operation and fulfill the maximum potentials
of the tray to achieve resource-sharing and cost
burden-sharing, but also can greatly reduce the logistics
costs, together with the logistics efficiency improvement,
which ultimately will assist to achieve a win-win goal [4].
Recently, academic researchers focus on the pallet sharing
mechanism exploration, pallet alliance construction and
pallet scheduling matters. Chen [5] designed the pallet
sharing system based on the transport, storage and
distribution operations involved in the pallet processing
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procedures. In order to improve the logistics efficiency and
reduce the total cost of the supply chain, Roy [6] studied the
pallets’ rental pricing and proposed a simulation model to
examine game power of supply and requisition parties
through establishing the pallet sharing system in the supply
chain. After studying the pallet sharing system, Tiacci [7]
proposed a demand forecasting model which can estimate the
cost of owning pallets and renting pallets. Xu [8, 9] put
forward the establishment of a pallet sharing service chain
based on the supply chain management theory and
scrutinized the factors that affected the rental price and
tenancy of pallets. Ren et al. [10, 11] improved the existing
pallet sharing system so that the pallets can be transferred
among customers and reduced the empty loading rate of
pallets. They also proposed a random scheduling model in
some uncertain circumstances, such as under the stochastic or
uncertain pallet supply and demand scenarios.

All abovementioned literature only focuses on the
segmental study in terms of pallet sharing mechanism or
tasks scheduling problem. Thus, it can be observed that there
are few studies on this combined topic of pallet sharing
mechanism and pallet scheduling problem. Generally
speaking, most practitioners and researchers mainly focus on
establishing the pallet sharing system just from the
perspective of pallets’ lessors. In other words, they did not
fully devote them into the pallet sharing systems and just took
the responsibility of providing pallets. In addition, uncertain
factors of pallet scheduling literature mainly focus on the
supply/demand uncertainty and inventory capacity
uncertainty. Due to the uncontrollable factors, such as terrible
weather, traffic jam and other instability, the transportation
uncertainty cannot fully meet the customer's punctual
requirements in the practical distribution process [12, 13, 14]
has become much more common. The transportation time
generally is regarded as a typical uncertainty. However, there
is little study on the pallet scheduling research in terms of the
uncertain transportation time and the time window of pallet
demand. It is necessary and urgent to formulate a pallet
scheduling model and find a suitable solution at the lowest
cost by setting the customer flexible time window.

The purpose of this paper is to help industrial managers to
deal with the pallet scheduling problem concerning uncertain
transportation time. The main contribution of this research is
threefold. Firstly, a novel pallet sharing service alliance is
constructed by integrating the pallet manufacturers with
pallet operators jointly. Secondly, an interval non-linear
integer programming model is formulated to minimize the
total operational cost of the pallet alliance. Thirdly, the
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influence coefficient is introduced to deal with the
uncertainty, and the sensitivity analysis on coefficient
parameter is performed to verify the validity of the proposed
model.

The novel pallet sharing alliance is described by
introducing the pallet manufacturers into the pallet sharing
system, illustrated in Fig. 1. According to the provision of the
contract, members of the union can perform their respective
duties by integrating decentralized logistics resources, make
rapid response to market changes and customer needs, and
complete the pallet distribution, recycling and maintenance

tasks jointly.
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Fig. 1 Pallet sharing service alliance operation mechanism

The reminder of this paper is as follows. Section 2 presents
the formulated nonlinear integer programming model. The
mathematical model concerning the uncertain transportation
time is formulated and resolved as well. A case study is
performed by Lingo 11.0 software in Section 3. Finally, we
close this paper with some conclusions.

Il. MATHEMATICAL MODEL FORMULATION

The nonlinear integer programming model considering
time window and uncertainty of transportation time is
established in this section. In order to develop the
mathematical model, the basic assumptions are supposed,
and the variable parameters in the uncertain programming
model are transferred to interval numbers, contributing to
problem-solving of the established model [15].

A. Basic assumptions

According to previous studies and practical scenarios,
there following assumptions need to be highlighted:

(1) The pallet sharing service alliance consists of pallet
manufacturers and pallet providers. The former one is
responsible for pallet supplying and maintenance of damaged
ones, while the later one concentrates on construction of
pallet distribution center, layout of the rental outlets, and the
daily pallet rental work.

(2) The pallet manufacturer is responsible for the
construction and maintenance of the regional pallet
scheduling center, and decides according to the requirements
of pallet operators.

(3) The transportation times of pallets show a very high
uncertainty, which can be described as interval numbers.

(4) The following variables can be estimated and known

in advance, such as amounts of supply and demand volume,
transportation ability of the supplying outlet, time window of
the order, and cost per unit of the transportation and
inventory operation etc.

The proposed model caters to the specific pallet scheduling
scenario that has uncertain transportation time in a certain
period.

B. Variables and notations
The variables and notations occurred in the proposed
mathematical model are summarized as follows.
Table 1 Variables and notations in the model

Var. Notations
X Number of Pallets from the Supplier Outlet i
v (including Operations Center) to the Customer j
c Transportation Cost Per Unit from the Supplier
! Outlet i to the Customer j
G Inventory Cost Per Unit for Supplier Outlet i
ce Wiaiting Cost Per Unit when the Supplier i at the
! Customer j
cr Punishment Cost Per Unit from the Supplier Outlet i
! to the Customer j when there is a Delay
3 Transportation Time from the Supplier Outlet i to
! Customer j
D; Demand Amount for the Customer j
[E;.L;1  Time Window Requirement of the Customer j
ST, Inventory of the Supplier Outlet i

5, Supply Amount by the Pallet Supplier Outlet i

i Maximum Inventory of the Pallet Supplier Outlet i
TR, Transportation Ability of the Pallet Supplier Outlet i
AT
ATS

Waiting Time of the Supplier Outlet i for Customer
Delay Time of the Supplier Outlet i for Customer j

C. Nonlinear integer programming model formulation

The pallet scheduling process by pallet sharing service
alliance is described as a nonlinear integer programming
model as follows, when as for the precise transportation time.

Min TC :iicijxij +Zm:iATijeCeP +

i=0 j-1 i—0 j-1 1)
+>. > ATC/P;
i=0 i—0 j-1

s.t.

;x )
2 X

X< 3)

j=1
ST, <ST? (4)
=52 X, (5)

j=1

2 X <TR (6)

j=1

0, T, > E,
ATS = . (7
" |E, -T,, otherwise
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0, 'I'ij < LJ.
ATi‘ID = . (8)
' |T;—L;, otherwise
1, Xij >0

ij O, Xij =0 (9)
Cij,Ci,C?,ij,Ej,Lj,Tij >0 (10)
Xij,Si,STi,S'I'iO,Ti,Dj e N u{0} (11)
i=0,l,-'-m;j=1, 2,...n (12)

The Eg. (1) shows the objective function, which is the
minimum total cost of pallet scheduling, which consists of
transportation cost, inventory cost, waiting cost and
punishment cost item. The Eq. (2) is the demand constraint,
and the supplement constraint is as Eq. (3) illustrates. The
inventory constraints are described by Eq. (4) ~ (5). The Eq.
(6) reflects the transportation ability. The waiting time and
delay time constraints are formulated as Eq. (7) ~ (8) shows.
The other parameter values are constrained by Eq. (9) ~ (12).

D. The mathematical programming model with uncertain
transportation time

The abovementioned pallet scheduling nonlinear integer
programming model is constructed under the condition of
certain transportation time. However, due to the influence of
external factors such as traffic jam and terrible weather in
practice, the transportation time variable shows high
uncertainty. The traditional programming model cannot cater
to the practical scenarios, which motivates our research on
uncertain programming model based on dynamic discrepant
transportation time.

To the state of art, there are three methods to deal with the
uncertain programming problem consisting of stochastic
programming method, fuzzy programming, and interval
programming technique [16, 17]. As for the first two
approaches, it is prerequisite that decision makers need to
know much about probability distribution functions and
membership functions of the decision variables. It is usually
very difficult to obtain the crisp distribution information of
these variables, while it is much easier to get the confidence
interval [18]. The interval programming is that the uncertain
parameters in objective functions or constraints are described
as interval numbers.

As the uncertain variableT,, we approximately estimate

the transportation time based on the traffic condition, weather
condition and historical data. The best/worst transportation

scenario is regarded as T, /Ty, and then the uncertain
-ITij] . Due to
existing of the interval numbers in constraints (7) and (8), the
above formulated model can be regarded as an interval
nonlinear integer programming model, and it is of great
difficulty to resolve. According to the literature [19, 20], the

uncertain programming model is transferred to a normal one.
As for the T, ey , the time influence coefficient « , and the

transportation time variable is T, ey =[T;,

specific calculation is illustrated in Eq. (13).

Tij _Iij
a == 1a € [071]

Tij _Iij
The coefficient « reflects the influence of the uncertain
factors such as traffic condition and weather condition.
Specifically, when a=0 (T, =T ), it means the transportation

(13)

time is the shortest under the best transportation condition.

When a =1 (T; =Ty ), the transportation time becomes longer

with worse transportation condition. Then the Eq. (13) is
transferred to the following Eq. (14).

Tij =aTij+ (1—0()Iij (14)

Therefore, constraints (7) and (8) in the above-mentioned

programming model becomes the following constraints in
Eqg. (15) — (16).

.o, aTy+(1-a)T; >E,
ATy = = ) (15)
E, —[aTi+(1—a)T;], otherwise
0, aTy+@L-a)T; <L,
ATP =4 - . (16)
[aTi+(@-a)T;]-L,;, otherwise

Then, the interval nonlinear integer programming model
becomes the normal and certain one.

I1l. CASE STUDY

Suppose there is a pallet sharing service alliance as an
operation center (i=0) consisting of three supplier outlets
(i=1, 2, 3). There are three customer demands (j=1, 2, 3).

Table 2 Variable setting

Variables Practical Setting
S, S =[300,300, 200, 250]
TR, TR =[200,300, 250, 250]
ST? ST° =[500,400, 250,350]
D; D =[350,250,330]
C, C=[134,2]
C; C* =[20,15,15]
cy CP =[30,35,50]

[E;.L;] [E; L;1={[10,15],[18,28] [17,25]}

A. Parameter setting

As we all know, the transportation time is greatly affected
by the external factors, such as traffic jam and bad weather
conditions [21, 22]. The normal transportation time from the
supplier outlet to the customer demand place is denoted as
T;'. Suppose T,  (0.8T",L.3T") , which means the minimum

transportation time between two places under the most
positive scenario is regarded as T,=0.8T;", and the maximum

i

transportation time under most negative scenario s
Tijzl.BTij” . The other parameter values are as Table 2~4

illustrated.
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Table 3 ¢, parameter setting

i j
1 2 3
0 3 5 4
1 2 3 2
2 1 4 2
3 3 2 3
Table 4 T parameter setting
i j
1 2 3
0 16 27 30
1 11 19 18
2 10 25 30
3 12 12 20
B. Results

The model is resolved by LINGO 11.0 software with total
506 iterations. The optimal objective function value is
obtained within one second, and the variation of the
minimum total cost of pallet scheduling outcome is changing
with fluctuation of parameter a. The specific variation of the
objective function value is illustrated in Figure 2.
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Fig. 2 Relationship between optimal objective value and o

As we can see from the Fig. 2, the optimal total cost of
pallet scheduling is influenced by the time parameter a.
When ae (0, 0.3], the total cost shows the negative correlation
with the parameter a. If ae (0.3, 1], the parameter has positive
influence on the objective function.

C. Sensitivity analysis

In order to verify and validate the proposed nonlinear
programming model, there are three solutions have been
generated under the help of LINGO11.0 software. The three
pallet scheduling solutions are illustrated in Table 5, and the
optimal total cost of every solution shows the discrepant
variation with changing parameter a (Fig. 3).

Table 5 The three pallet scheduling solutions

Solution 1 Solution 2 Solution 3
i j
1 2 3 1 2 3 1 2 3
0 180 0 0 150 30 0 180 0 0
1 0 0 300 0 0 300 0 0 300
2 170 0 30 200 0 0 170 30 0
3 0 250 0 0 220 30 0 220 30

=@ Solution 1

28 —=4=—Solution 2

==t Solution 3

Minimum Total Cost/1000

0 01 02 03 04 05 06 07 08 09 1

Time Coefficient «

Fig. 3 Relationship between total costs and a

We can obtain the following conclusions based on Table 5
and Fig. 3.

(1) The optimal objective value is influenced by the
coefficient o, and there are three scheduling solutions with
the variation of the parameter a.

(2) The generated three scheduling solutions is all affected
by the parameter a, and the optimal objective value shows the
fluctuation tendency with increasing of a. For solution 1,
when ae (0, 0.1], the total cost decreases with increasing of
the parameter. Whileoe (0.1, 1], the total scheduling cost
increases with the increasing of the coefficient. For solution
2, when ae (0, 0.3], the optimal cost declines. While ae (0.3,
1], the optimal cost increases with the increasing of the
coefficient. For solution 3, when ae (0, 0.4], the optimal cost
decreases. While ae (0.4, 1], the objective cost shows a
soaring tendency with the increasing of a.

(3) Among the three scheduling solutions, the best
alternative is selected based on the variation of the coefficient
a. When ae (0, 0.1], we can choose the solution 1 with the
minimum scheduling cost. When ae [0.2, 0.5], the solution 2
shows its absolute advantage. When ae (0.6, 1], the solution 3
becomes the optimal one.

Table 6 Parameter setting for computation complexity test

Variables Setting
[TR,,TR,]=[240,200]

[S,,Ss]1=[200,180]

[D,, D,]1=[200,150] Ci? =[15,18]
[ST4O,ST50] =[250,200] [Ej ) Lj] ={[12,17],[15,22]}
[C..CI=[22] Cijp =[25,30]

Table 7 c; parameter setting (5*5)

g b~ W N PEFPO

P W wkFk, N W
N NN B WO
N W W iNN BMW|[—
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In order to test the complexity of the computation, this
paper investigates the computation efficiency of the proposed
model in the following three scenarios (5*5, 10*10, and
20*20). Due to the limitation of the paper, the experimental
data is illustrated in 5*5 scenarios. The other parameter
values are as Table 6~8 illustrated.
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Table 8 T;' parameter setting (5*5)
i

1 2 3 4 5

0 16 27 30 18 23
1 11 19 18 19 22
2 10 25 30 19 18
3 12 12 20 17 21
4 15 16 25 22 22
5 9 30 20 21 30
2.35
23

§ TC

S 275

é 27

:§ 2.65

£

0 01 02 03 04 05 06 07 08 09 1

Time Coefficienta

Fig. 4 Relationship between optimal objective value and o

The proposed model is resolved by LINGO 11.0 under the
established parameters. The variation of the optimal
objective value with coefficient o is as Fig. 4 shows after 280
iterations within 1 second. As we can see from Fig. 4, with
the increasing of coefficient o, the optimal objective value
shows the similar tendency with the former experimental
scenario.

D. Efficiency analysis in differenet scales

To verify the efficiency of best solution generation, the
comparison analysis in different proble scales is conducted.
There are four experiment scenarios are addressed in this
study, and the parameter setting in each problem scale is
found in Table 9.

Table 9 Results in 3 experimental scenarios
Problem Scale Computation Time Solution

3*3 <ls Global Solution
5*5 <1s Global Solution
10*10 9s Global Solution
20*20 624s Local Solution

From the Table 9, the nonlinear programming model is
computed by LINGO software. With the increasing of
problem scale, the computation time shows an increasing
tendency. For the small-scale problem, we can obtain the
global optimal objective value. However, when the problem
scale is 20*20, we just can obtain the local optimal objective
value instead of the global one.

According to the above-mentioned analysis, the optimal
objective values in different experimental scenarios are
affected by the time coefficient « . The specific value of the
coefficient is determined by the transportation condition. The
decision maker of the pallet sharing service alliance could
select the optimal solution by the coefficient and proposed
programming model.

IV. CONCLUSIONS

In view of the fact that the pallet scheduling with uncertain
time window and uncertain transport time is closer to reality,
an interval nonlinear integer programming model for pallet
scheduling is formulated considering the time window and
uncertain transport time, resolved by defining the time
influence coefficient. The results demonstrate that the
optimal value of the model is affected by the time influence
coefficient a. The optimal solution of the model is affected,
as well as optimal scheduling solution. With the increase of
o, the optimal value of the model shows the trend of
decreasing first and then increasing.

A. Theoretical and practical implications

This research serves both theoretical and practical
implications to pallet scheduling problem. It contributes to
the theoretical knowledge by formulating a pallet scheduling
model with time windows and uncertain transportation time,
and provides practical implications for industrial managers.
Firstly, a novel modified pallet sharing service alliance is
established and the operation mechanism is addressed in this
research. Secondly, a non-linear integer programming model
is formulated to resolve the pallet scheduling process
targeting the total operation cost. In addition, the time
influence coefficient is introduced to deal with the
uncertainty of the transportation time variable, and the Lingo
11.0 is employed to obtain the solution. Finally, the
numerical case presented illustrates the effectiveness and
validity of the proposed model. This study provides guidance
for industrial managers to perform pallet scheduling, also
assists engineers to reduce the total operation cost by the
proposed programming model.

B. Limitations and future research opportunities

This research carries some limitations. The programming
model formulated is based on some assumptions, and other
practical pallet sharing mechanism and programming models
can also be developed in different industrial scenarios. With
the assistance of the highlighted mechanism of pallet sharing
service alliance and the proposed framework, there exist
research opportunities. In the follow-up study, uncertainties
of supply and demand in the tray scheduling can be taken into
consideration, contributing to making the model closer to the
actual situation. Besides, other cost segments can be
extended from a more systematic viewpoint. Finally, the
heuristic algorithm and excellent search strategy can be
integrated and developed to solve more complex scheduling
models, also to improve the efficiency of the formulated
programming model.
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