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­is paper models the multi-tier shuttle warehousing system and optimizes the system structure and control strategy.­is kind of
system is a discrete event dynamic system because it only takes place at discrete time points, while previous warehousing system
models. We propose the object-oriented timed colored Petri net to model it, to improve the accuracy of the model and avoid the
problem of status explosion in the process of Petri net modeling. We propose two control strategy optimization methods: one is to
balance the task assignment, and the other is to change the return time point of the bu�er status information. ­e results of
numerical experiments show that consideration of both optimization strategies can reduce the total picking time by 40% ∼ 62%.
Additionally, we analyze the in�uence of the bu�er capacity. ­e results show that the bu�er capacity can reduce the total picking
time, and enough amount of bu�er capacity has the same e�ect as control strategy optimization.

1. Introduction

Multi-tier shuttle warehouse system (MSWS) is a new
automatic warehouse system to store and retrieve items
stored on totes. MSWS belongs to the tier-captive auton-
omous vehicle-based storage and retrieval system (AVS/
RS) with the tier-captive shuttles; i.e., the shuttles are
captive to its dedicated tier to provide quick horizontal tote
movement. Moreover, the vertical tote movement is pro-
vided by the lifter located at the beginning of the aisle.
­erefore, considering high-density storage and �exibility,
MSWS has been adopted by more and more logistics
distribution centers. Figure 1 presents the components of
MSWS. A single-deep, double-side storage rack is used to
store totes. ­e shuttles run along the aisles to transfer the
totes and only hold one tote at once. ­e lifters, which also
hold one tote once time, are dedicated to one aisle that is
divided into input lifter and output lifter. ­e input/output
point (I/O point) is located at the �rst tier and combined by
several roller conveyors to join the I/O lifter and trans-
portation loop. ­e workstations are located along the

periphery of the transportation loop and divided into input
workstations and output workstations.

MSWS is controlled by the order management system.
­e order management system receives orders from cus-
tomers and suppliers and extracts e�ective information to
create storage and retrieval tasks. Orders occur only at dis-
crete time points; therefore, the MSWS conforms to a discrete
event dynamic system (DEDS). Common theoretical research
methods for DEDS are as follows: formal language and
automata, Markov chain, queuing theory, and Petri net.­ere
are some studies through queuing theory to themodel system.
Marchet et al. [1] used the open queuing network (OQN) to
model the tier-captive AVS/RS and evaluate the system
performance. Zou et al. [2] modeled the tier-captive AVS/RS
as a fork-join queuing network (FJQN) and compared the
parallel and sequential processing policy. Wang et al. [3]
provided the OQN to study the storage assignment optimi-
zation. Tappia et al. [4] developed the semi-open queuing
network (SOQN) to study the e�ect of storage system
technology on order throughput times and the e�ect of the
picking station input bu�er size on order picking
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performance. Wu et al. [5] used the OQN to model the
shuttle-based storage and retrieval system (SBS/RS) and
compare the SBS/RS with the robotic order fulfillment system
(ROFS) in terms of cost and system throughput. Different
from the above, Lerher et al. [6, 7] proposed the travel time
model to evaluate the system performance with single- and
double-deep storage position. Ning et al. [8] studied the
optimal solution of the tier-captive AVS/RS through an ef-
ficient simulation model. Borovinšek et al. [9] proposed a
multi-objective solution including the minimization of the
average cycle time of transactions, energy consumption, and
total investment cost for designing the tier-captive AVS/RS.
Ekren et al. [10] proposed discrete time Markov chain
(DTMC) to estimate the mean and variance of travel time of
AVS/RS, as well as the mean amount of energy consumption
and energy regeneration per transaction for a predefined SBS/
RS.

Petri net can describe the system structure visually and
presents the parallel, synchronization, conflict relationship of
the system. However, to the best of the knowledge, there are
few studies to model the MSWS through Petri net. Qiqiang
and Ran [11] and Yindi et al. [12] proposed the Petri net to
model the sorting system, but the operation process of the
equipment is not reflected. Tian et al. [13] studied the auto-
mated storage and retrieval system (AS/RS) which is similar to
the MSWS.,ey developed the hierarchical colored Petri nets

and used the CPN tools to optimize the scheduling strategy.
However, ordinary Petri nets are difficult to describe the
operation process of complex discrete event systems. ,ere-
fore, high-level Petri nets combine object-oriented theory and
give time and type constraints to make complex discrete event
systems easier to understand [14]. Consequently, this paper
develops the object-oriented timed colored Petri net (OTCPN)
to model the MSWS and illustrates the operation process of
each component. Via numerical examples and sensitivity
analysis, we find that the MSWS performance is sensitive to
the I/O buffer capacity and task scheduling level.

,e remainder of this paper is as follows: Section 2
briefly describes the MSWS and presents the retrieval and
storage transaction flow. Section 3 presents the OTCPN
concept and the MSWS models. Section 4 describes the
control strategy optimization method. Section 5 analyzes the
optimization effect by numerical experiments. Section 6
summarizes the results, the contributions, and directions for
future research.

2. MSWS Description

MSWS consists of six subsystems: the shuttle system, the
input lifter system, the output lifter, the input workstation,
the output workstation, and the order management system.
As Figure 2 illustrates, the MSWS can execute both storage
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Figure 1: Top view of MSWS.
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and retrieval transactions concurrently. ,e storage trans-
action is initiated by the totes at the input workstation. ,e
operators complete the packing and send the storage in-
formation to the order management system. ,en, the
transportation loop moves the totes to the input point. Si-
multaneously, the order management system sends the
information to the lifter.

Subsequently, the lifter picks up the totes and drops them
at the input buffer of the destination tier. Finally, the shuttle of
the designated tier travels from its dwell point to the input
buffer and picks up the totes. ,e storage transaction is
completed when the totes are transferred to the destination
storage position by the shuttle. Similarly, the retrieval
transaction starts when the order management system sends
this retrieval information to shuttles. ,en, the shuttle
transports the totes from their storage position to the output
buffer. ,en, the lifter reaches the destination tier, picks up
this tote, and transfers it to the output point located at the first
tier. ,e tote is released and conveyed to the output work-
station by the transportation loop. At last, the operator picks
the items from the tote according to the order.

As mentioned previously, the lifter provides vertical
transaction from tier to tier, while the shuttle undertakes the
horizontal transaction at the destination tier. Under the

parallel processing of transactions in the MSWS, the I/O
buffer become the one factor to determine the status of the
shuttles and the lifters. Namely, the input lifter is unavailable
for one tier if the input buffer is occupied in this tier.
Similarly, the shuttle is unavailable because the output buffer
is occupied. Moreover, the shuttles and the lifters follow the
first-come-first-serve (FCFS) service and point-of-service-
completion (POSC) dwell point policy.

3. OTCPN Modeling for MSWS

3.1. OTCPN Concept. A basic Petri net (PN) model can be
represented by a directed bipartite graph, which includes
two types of nodes: places and transitions. Places P � pi􏼈 􏼉m

are represented by circles and used to descript the resources
and job status. Transactions T � tj􏽮 􏽯

n
are represented by

blocks and used to describe the events and processes. ,ese
two types of nodes are linked by arrowed arcs, e.g., from the
places to the transitions or from the transitions to the places,
but the arc cannot connect two nodes of the same types.

,e basic PN model can describe parallelism, syn-
chronization, conflict, and causality, but it is very difficult to
describe a system with high complexity only by using the
basic PN model. Considering the complexity and hierarchy
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Figure 2: Description of the operation process in the MSWS.

Mathematical Problems in Engineering 3



of the MSWS, the object-oriented timed colored Petri net
(OTCPN) combines the object Petri net (OPN), timed Petri
net (TPN), and colored Petri net (CPN) to evaluate systems’
performance and optimize scheduling [15].

Definition 1. An object-oriented timed colored Petri net is a
tuple: OTCPN � (OP,OT, C, Et, I, O, N, M0), where:

(1) OP � P∪ IMP∪OMP, OP is the set of places and
composed of three types of finite nonempty places. P

is the set of common places within the object subnet,
which is used to represent the tasks and devices
status in MSWS. IMP is the set of information input
place between object subnets, and OMP is the set of
information output place between object subnets.

(2) OT � T∪G, OT is the set of transitions and com-
posed of T and G. T is the set of common transitions
within the object subnet, which is used to represent
the processing of tasks in MSWS. G is the set of
condition transitions between object subnet, which
determines the direction of information transfer
based on the properties and status of the object.

(3) C is the set of multiple colors. C(P) represents the set
of all types of colors that belongs to the token in the
places P, and C(T) represents the set of all types of
colors that appears on the transitions T. In MSWS,
the color set Task � 0, 1, . . . , T{ } represents the
shuttles, and the color set Type � 0, 1{ } represents
the task type. ,erefore, TypeTask is defined as the
Cartesian product of Type and Task to represent the
tasks assigned to each device.

(4) Et introduces the concept of time stamps so that the
places P and the transitions T have time variables. In
a TCPN, it represents the firing of the transitions T

which takes a certain time duration and is repre-
sented as “@+time value” [16].

(5) I(OP,OT) � I(P, T)∪ I(OMP, G), I(P, T) is the
input function from the places P to the transitions T

and represented by the colored directed arcs from P to
T: C(P) × C(T)⟶ N, N � 0, 1, 2, · · ·. I(OMP, G)

is the input function from the information output
places OMP to the condition transitions G and
represented by the colored directed arcs fromOMP to
G: C(OMP) × C(G)⟶ N, N � 0, 1, 2, · · ·.

(6) O(OT,OP) � O(T, P)∪O(G, IMP), O(T, P) is the
output function from the transitions T to the places P

and represented by the colored directed arcs fromT to
P: C(T) × C(P)⟶ N, N � 0, 1, 2, · · ·. O(G, IMP) is
the output function from the conditions transitions G

to the information input places IMP and represented
by the colored directed arcs from G to IMP:
C(G) × C(IMP)⟶ N, N � 0, 1, 2, · · ·.

(7) N is the finite sets of all objects in the system.
(8) M0 is the initial marking function.

3.2. MSWS Model. Figure 3 presents the input workstation
model. IMP11 means the storage tasks and items are ready.

P11 means the input workstation is idle. P12 means the
operator is idle. P13 means the information is correct. P14
means the totes and items are ready to transport. T11 means
the operator checks item information. ,e duration of this
process is “operation time.” T12 means the operator binds
items and totes. T13 means the operator puts the totes on the
transportation loop. OMP11 means the operation is
completed.

Figure 4 presents the order assignment system model.
IMP21 means all types of tasks are in the task pool. IMP22
means there is an idle storage position. IMP23 means the
order management system receives the storage tasks. P21
means the totes get the storage position. P22 means the
storage task is ready. P23 means the retrieval task is ready.

T21 means the system assigns the storage position. P23
means the retrieval task is ready. T21 means the system
assigns the storage position. T23 means the system selects
the storage tasks with the condition of ty � 0. T24 means the
system releases the storage tasks. T25 means the system
selects the retrieval tasks with the condition of ty � 1. T26
means the system releases the retrieval tasks. OMP21 means
the storage task assignment is completed. OMP22 means the
retrieval task assignment is completed.

Figure 5 presents the input lifter model. IMP31 means
the input lifter receives the storage tasks. IMP32 means there
are enough input buffers to use. P31 means the input lifter is
ready to load the totes. P32 means the input lifter is ready to
transport the totes. P33 means the input lifter is ready to
unload the totes. P34 means the input lifter is idle. T31
means the input lifter travels to the first tier. T32 means the
input lifter loads the totes. T33 means the input lifter
transports the totes to the destination tier. T34 means the
input lifter unloads the totes. ,e condition of t � b rep-
resents there is one buffer to hold the totes. OMP31 means
the input lifter completes the storage task. ,e duration of
T31, T33 is “operation time” and calculated with consid-
ering the acceleration/deceleration of the lifter [5].

Figure 6 presents the shuttle model. IMP41 means the
shuttle receives the storage tasks. IMP42 means the shuttle
receives the retrieval tasks. IMP43 means there are enough
output buffers to use. P41, P42, and P45 mean the shuttle is
ready to transport the totes. P43 and P46 mean the shuttle is
ready to unload the totes. P44 means the shuttle is ready to
load the totes. P47 means the shuttle is idle. T41 means the
shuttle travels to the input buffer. T42 and T46 mean the
shuttle loads the totes. T43 means the shuttle transports the
totes to the destination storage position. T44 and T48 mean
the shuttle unloads the totes. T45 means the shuttle travels to
the destination storage position. T47 means the shuttle
transports the totes to the output buffer. OMP41 means the
output buffer is idle. OMP42 means the shuttle completes
the retrieval task. OMP43 means the shuttle completes the
storage task. ,e duration of T41, T43, T45, T47 is
“operation time” and calculated with considering the ac-
celeration/deceleration of the shuttle.

Figure 7 presents the output lifter model. IMP51 means
the output lifter receives the retrieval tasks. P51 means the
output lifter is ready to load the totes. P52 means the output
lifter is ready to transport the totes. P53 means the output
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lifter is ready to unload the totes. P54 means the output lifter
is idle. T51 means the output lifter travels to the destination
tier. T52 means the output lifter loads the totes. T53 means

the output lifter transports the totes to the first tier. T54
means the output lifter unloads the totes. OMP51 means the
output buffer is idle. OMP52 means the output lifter
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completes the retrieval task. ,e duration of T51, T53 is
“operation time” and calculated with considering the ac-
celeration/deceleration of the lifter.

Figure 8 presents the output workstation model. IMP61
means the output workstation receives the retrieval task. P61
means the operator is idle. P62 means the input workstation
is idle. P63 means the information is correct. T61 means the
operator checks item information. T62 means the operator
picks the items by orders. OMP61 means the operation is
completed.

Figure 9 presents theMSWSmodel.G12means the input
workstation transmits storage task information to the order
management system. G23 means the order management
system transmits storage task information to the input lifter.
G24means the order management system transmits retrieval
task information to the shuttle. G34 means the input lifter
transmits storage task information to the shuttle. G43 means
the shuttle transmits the input buffer information to the
input lifter. G45 means the shuttle transmits the retrieval
task information to the output lifter and the storage position
information to the order management system. G54 means
the output lifter transmits the output buffer information to
the shuttle. G56 means the output lifter transmits the re-
trieval task information to the output workstation.

4. Scheduling Strategy Optimization

MSWS is a discrete event system with multiple devices
(e.g., shuttles, I/O lifters, and I/O workstations) working
in coordination and parallel. ,e most direct way to
improve the system efficiency is to increase the number of
devices or operating speed, i.e., to increase the
throughputs per unit time. However, this will greatly
increase equipment investment costs, or it may not be
possible due to the mechanical and electrical structural
constraints. ,erefore, without changing the number and

performance of the equipment, and without increasing the
cost, scheduling strategy optimization is the better choice
to increase the parallel working time of equipment and
reduce the total time of order picking. ,is study con-
siders the task balance strategy as the task assignment
optimization (TA-opt); i.e., the order management system
evenly allocates storage tasks and retrieval tasks according
to the number of shuttles and lifters. ,rough TA-opt, we
can increase the parallel operation rate of tasks and reduce
the total picking time.

,rough the OTCPN analysis, the lifters and the
shuttles are occupied by one task for too long time.
,erefore, this paper proposes an information scheduling
optimization (IS-opt) to reduce the occupied time of the
equipment. From the input lifter model (see Figure 5),
there are no tokens in the place of P34 if IMP32 has no
matched tokens; i.e., if there is no free position in the input
buffer of one tier, the input lifter will always be occupied
and cannot fulfill other storage tasks. ,is is bound to
increase the total time of storage tasks. ,erefore, the IS-
opt of the input lifter is as shown in Figure 10: IMP32,
which means there are enough input buffers to use, is
changed to one of the enabling conditions. ,at means the
input lifter needs to check whether there is enough free
position in the input buffer of the destination tier before
starting the storage tasks.

Also in the shuttle model (see Figure 6), the IMP43, as
one of the conditions for releasing the shuttles, increases the
time occupied by the shuttles. For this reason, the shuttles
cannot fulfill other storage tasks.,erefore, the optimization
strategy is to let IMP43 as one of the enabling conditions for
T45 as shown in Figure 11; i.e., when the shuttles fulfill the
retrieval tasks, it needs to check whether there is enough free
position in the output buffer. If no, it needs to suspend the
current task and execute other tasks that meet the execution
conditions first.
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5. Numerical Experiments

5.1. Simulation of MSWS. We develop numerical experi-
ments based on OTCPN models and consider one aisle with
T tier in MSWS. ,e parameters of MSWS come from
Table 1, and this data source is the actual device parameters
of a device supplier.

5.2. Comparison ofTA-Opt and IS-Opt. ,is experiment is to
verify the optimization effect of TA-opt and IS-opt.
,erefore, the I/O buffer is set to 1 to eliminate the effect of
buffer capacity. 120 scenarios are used to verify the opti-
mization based on the variation of the number of tiers (T)

and the number of columns (C). In order to eliminate the
bias, the experiment was repeated 50 times. ,e average
value of the total operation time(Ttotal) is used.

Table 2 shows the result of total picking time Ttotal. ,e
NO-opt column as the baselines without TA-opt and IS-opt
demonstrates the superiority of the optimization. ,e TA-
opt column shows the results with task assignment opti-
mization, and the IS-opt column shows the results with
information scheduling optimization. ,e result shows that
the optimization efficiency of TA-opt is 1.8% ∼ 40%, and IS-
opt can improve 20% ∼ 53%. ,e total picking time can be
reduced by 40% ∼ 62% when the TA-opt and IS-opt are used
simultaneously.

Table 1: Parameters of the MSWS.

Parameters Notation Value
Width of a unit storage position Ws 0.5m
Depth of a unit storage position Ds 0.7m
Height of a unit storage position Hs 0.5m
Maximum velocity of shuttles vs 2m/s
Maximum velocity of lifters vl 3m/s
Acceleration/deceleration rate of shuttles al 1m/s2
Acceleration/deceleration rate of lifters al 3m/s2
Fixed time required for the shuttle, lifter to load or unload the tote tl 2 s
Fixed time required for the I/O workstation operation tw 15 s

Table 2: Comparison of the total picking time (Ttotal) under TA-opt and IS-opt.

Tier Column NO-opt TA-opt IS-opt TA-opt + IS-opt

T� 5

C� 30 926.19 637.17 688.44 430.65
C� 60 1228.55 763.98 750.64 461.70
C� 90 1492.35 882.27 904.25 554.35
C� 120 1697.25 999.66 954.70 632.75
C� 150 1967.31 1169.38 1085.70 734.92

T� 7

C� 30 1024.11 939.88 711.30 586.41
C� 60 1073.26 1015.20 823.15 594.49
C� 90 1300.96 1185.26 974.34 635.53
C� 120 1441.50 1272.07 1111.62 684.82
C� 150 1603.75 1372.90 1279.63 774.12

T� 9

C� 30 1309.25 1235.46 755.76 748.65
C� 60 1385.67 1336.51 789.61 754.27
C� 90 1520.07 1478.24 879.46 777.04
C� 120 1721.10 1585.83 1023.06 808.86
C� 150 1891.16 1664.27 1149.85 855.72

T�11

C� 30 1528.06 1438.08 911.52 905.52
C� 60 1852.00 1721.46 963.75 915.17
C� 90 1976.43 1873.07 1077.20 922.79
C� 120 2234.68 2027.14 1244.16 940.08
C� 150 2280.20 2018.44 1422.51 990.49

T�13

C� 30 2003.48 1817.92 1192.24 1067.31
C� 60 2237.61 2145.90 1327.79 1075.82
C� 90 2514.35 2176.27 1480.56 1074.65
C� 120 2612.89 2289.99 1631.91 1097.09
C� 150 2825.74 2530.31 1863.11 1103.45

T�15

C� 30 2234.74 2081.13 1225.99 1129.87
C� 60 2391.40 2062.92 1265.52 1232.53
C� 90 2642.82 2450.26 1250.27 1249.27
C� 120 2897.73 2660.22 1353.61 1239.08
C� 150 2998.06 2944.18 1470.10 1266.13
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Figure 12: Continued.
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Figure 12: Continued.
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5.3. Analyzing the Buffer Capacity with TA-Opt and IS-Opt.
,is experiment is to verify the effect of buffer capacity with
TA-opt and IS-opt. ,erefore, the I/O buffer is set to 1 to 10.
,ere are 600 scenarios with the variation of the number of

tiers (T), the number of columns (C), and the buffer ca-
pacity. In order to eliminate the bias, the experiment was
repeated 50 times. ,e average value of the total operation
time(Ttotal) is used.
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Figure 12: Comparison of the total picking time (Ttotal) with the buffer capacity. (a) T� 5. (b) T� 7. (c) T� 9. (d) T�11. (e) T�13. (f ) T�15.
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,e result is shown in Figure 12. It is obvious that the
total operation time can be reduced by expanding the
buffer capacity. However, for a low rack system, the
optimization effect is low or even almost loses the opti-
mization ability, when the buffer capacity increases to a
certain amount. For example, as is shown in Figure 12(a),
the data show that Ttotal does not change significantly.
When buffer capacity is greater than 4, that is because 4
capacities are enough to balance the efficiency of the
lifters and the shuttles. On the other hand, Figure 12
shows that the optimization effect of TA-opt and IS-opt is
greater with small buffer capacity, while the optimization
effect of TA-opt and IS-opt is not obvious with large
buffer capacity. Moreover, the expansion of buffer ca-
pacity has no obvious effect on the optimization of TA-
opt and IS-opt.

6. Conclusion

,is paper models the multi-tier shuttle warehouse system
(MSWS) with tier-captive shuttles in which the shuttles can
only serve the dedicated tier and process the horizontal
movement of the totes. We proposed the object-oriented
timed colored Petri net (OTCPN) to model the MSWS, and
it reduces the modeling difficulty and complexity and
provides a reference for other complex warehouse system
modeling.

We build the OTCPN simulation model and analyze the
influence of system structure and control strategy.,erefore,
we carry out numerical experiments to evaluate the total
picking time with the task assignment, the information
schedule, and the buffer capacity. ,e result shows that the
task assignment with the task balance strategy (TA-opt) can
reduce the total picking time, and the improvement is
1.8% ∼ 40%. ,e information schedule (IS-opt) means
checking the buffer capacity before releasing the task, so that
it reduces the device occupancy time. ,e improvement in
total picking time is 20% ∼ 53%. Considering both TA-opt
and IS-opt, the total picking time can be reduced by
40% ∼ 62%.

For the system structure, we analyze the I/O buffer
capacity.,e result shows that expanding the buffer capacity
can reduce the total picking time. However, an unlimited
increase in buffer capacity does not result in significant
optimizations.,e appropriate capacity of buffers to balance
the efficiency of the lifters and shuttles can reduce the total
picking time. Moreover, the result shows the buffer capacity
has no obvious effect on the optimization of TA-opt and IS-
opt.

In future work, it is interesting tomodel other warehouse
systems with OTCPN. We can also study the deterministic
relationship between buffer capacity and different system
sizes in different warehouse systems to guide system plan-
ning and design.

Data Availability

,e data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

,e authors declare that they have no conflicts of interest or
personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

,is work was supported by Shandong Provincial Natural
Science Foundation (ZR2019MA022).

References

[1] G. Marchet, M. Melacini, S. Perotti, and E. Tappia, “Analytical
model to estimate performances of autonomous vehicle
storage and retrieval systems for product totes,” International
Journal of Production Research, vol. 50, no. 24, pp. 7134–7148,
2012.

[2] B. Zou, X. Xu, Y. Yale Gong, and R. De Koster, “Modeling
parallel movement of lifts and vehicles in tier-captive vehicle-
based warehousing systems,” European Journal of Operational
Research, vol. 254, no. 1, pp. 51–67, 2016.

[3] Y. Wang, S. Mou, and Y. Wu, “Storage assignment optimi-
zation in a multi-tier shuttle warehousing system,” Chinese
Journal of Mechanical Engineering, vol. 29, no. 2, pp. 421–429,
2016.

[4] E. Tappia, D. Roy, M. Melacini, and R. De Koster, “Integrated
storage-order picking systems: technology, performance
models, and design insights,” European Journal of Operational
Research, vol. 274, no. 3, pp. 947–965, 2019.

[5] Y. Wu, C. Zhou, W. Ma, and X. T. R. Kong, “Modelling and
design for a shuttle-based storage and retrieval system,” In-
ternational Journal of Production Research, vol. 58, no. 16,
pp. 4808–4828, 2020.

[6] T. Lerher, B. Y. Ekren, G. Dukic, and B. Rosi, “Travel time
model for shuttle-based storage and retrieval systems,” In-
ternational Journal of Advanced Manufacturing Technology,
vol. 78, no. 9-12, pp. 1705–1725, 2015.

[7] T. Lerher, “Travel time model for double-deep shuttle-based
storage and retrieval systems,” International Journal of Pro-
duction Research, vol. 54, no. 9, pp. 2519–2540, 2016.

[8] Z. Ning, L. Lei, Z. Saipeng, and G. Lodewijks, “An efficient
simulation model for rack design in multi-elevator shuttle-
based storage and retrieval system,” Simulation Modelling
Practice and 1eory, vol. 67, pp. 100–116, 2016.
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