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Abstract
Automated storage and retrieval systems have become increasingly popular in modern supply chains due to their significant
advantages over traditional warehousing systems. Due to the high complexity of these systems, simulation approaches can
be used to generate accurate performance measures for a specific system configuration. Simulation models are also the
cornerstone of digital twins, one of the latest technological innovations that can further improve warehouse operations.
Therefore, the aim of this research is to describe an approach for the development of a discrete event simulation model of an
automated storage and retrieval system with a perspective towards the implementation of a digital twin. To be consistent with
the objectives of the digital twin, the proposed model represents both the physical system and the overarching information
technology architecture, such as the warehouse management system and the warehouse control system. In addition, this paper
describes a methodology to validate such a simulation model by setting up an experimental campaign based on the principles
of design of experiment. The experiments conducted in a logistics laboratory were used to iteratively calibrate the model until
its performance accurately reflected the functioning of the real system. The results obtained demonstrate the effectiveness of
the proposed method. Finally, this work contributes to the literature on warehouse digital twins by highlighting new variables
to be considered when defining travel time models and their stochastic nature.

Keywords Automated storage and retrieval system · Discrete event simulation · Model validation · Warehouse digital twin

1 Researchmotivations and objectives

Automated storage and retrieval systems (AS/RSs) have
gained widespread adoption in recent years as a storage
and retrieval technology for goods [1]. These computer and
robot-assisted systems are capable of storing and retrieving
items without human operator intervention [2]. Compared
to traditional warehousing systems, AS/RSs offer significant
benefits such as higher space utilisation rates, lower labour
costs, shorter retrieval times, and improved inventory control
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[3]. AS/RSs are particularly effective in operational contexts
with a high density of small and medium-sized components
or raw materials, enabling better operational efficiency [4].

Most studies in AS/RS literature focus on optimising
storage/retrieval operations and reducing cycle times via
analytical models [5, 6]. However, in large, complex, and
dynamic material flow systems the analytical evaluation may
be complex [7]. Particularly, in AS/RS this limitation is more
stringent since they incorporate interactions of many subsys-
tems [8]. Scholars can thus adopt simulation approaches to
generate precise performance measures for a specific system
configuration [9].

Simulation models are also one of the cornerstones of dig-
ital twins (DTs), which are defined as computerised models
that represent the network state for any given moment in
time [10]. DTs are simulation-based virtual counterparts of
a physical system, exploiting real-time data synchronisation
to optimise the actions undertaken by the physical system
[11]. In order to unlock the predicting performance of a DT,
simulation models should be validated with real data from
the physical system they are replicating [12]. However, most
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AS/RS simulation models do not provide clear indications
of a validation process. Furthermore, the scope of a DTs is
significantly larger than the scope of a simulationmodel, as it
includes multiple layers such as network structure and infor-
mation flows from and to external systems and databases
[13]. For a logistics system this implies including warehouse
management systems and enterprise resource planning sys-
tems in the picture [14]. Hence, it can be argued that, in order
to be consistent with the goals of a DT, AS/RS simulation
models should depict not only the physical system but also
the overarching architecture that connects all the informa-
tion and physical flows. Furthermore, systematic approaches
to their validation should be adopted to ensure that simula-
tion models faithfully represent the physical system of the
DT.

The objectives of this work are thus to propose a sys-
tem architecture for an AS/RS simulation model and to
validate the simulation model via a design of experiment
(DoE) approach, which is a suitable quantitative method for
verifying and validating simulation models [15]. The devel-
opment of a full-fledged DT is, however, out of the scope of
this paper. Therefore, the remainder of this paper is struc-
tured as follows. In Section2 we explore two streams of
literature, namely simulation in AS/RS and DT applications
to the warehousing context. Then, we present the physical
and information technology (IT) infrastructure of the chosen
AS/RS configuration. In Section4 we highlight the simu-
lation model architecture, and in Section5 the validation
process is depicted, together with the results. Finally, con-
clusions are drawn in Section6.

2 Theoretical background

2.1 Simulationmodelling for AS/RSs

Lee et al. [16] used computer simulation models to examine
the operational logic of AS/RSs with rail-guided vehicles
as material handling tools. By doing so, these scholars have
determined the optimal number of vehicles, the utilisation
of narrow-aisle cranes, and the maximum throughput of
the system. Another study by [17] focused on analysing
the sequencing rules for retrieving parts from an AS/RS
servicing a production line. In the context of automatedware-
housing, models based on discrete event simulation (DES)
are commonly employed, as they can accurately represent
the operational level of a system [18]. For instance, DES
was used to analyse storage assignment policies for a unit
load (UL) crane configuration by [19]. Furthermore, in [20]
DES and analytical formulation were combined to explore
the impact of different rules for transferring ULs block-
ing the one being retrieved in a double-deep AS/RS with
cross-aisle transfers. Another simulation model examined

the same configuration but with the objective of optimising
energy consumption [21]. Finally, object-oriented program-
ming concepts were integrated into the DES model in one
study [8].

2.2 Simulation-based warehouse DT

DTs have been applied in several industrial contexts, such as
predicting aircraft fatigue and damages [22] or aiding cyber-
physical production systems [23]. Recently, the DT literature
has been focusing on warehousing contexts as well. The
more advanced implementation involves optimisation mod-
els coupled with simulation engines capable of emulating the
warehouse in real time. For instance, the DT implemented
in [24] consisted of a joint optimisation model verified via
a semi-physical simulation engine and is applied on a case
study consisting in a traditional stacker crane AS/RS. Sim-
ilarly, [25] focused on using machine learning models to
optimise replenishment operations and order picking in the
context of urban logistics. However, in this case, the DT was
limited to the order-picking process and did not extend to the
entire physical system. Braglia et al. [26] proposed a slightly
different take on the DT concept, whereby a discrete-event
simulation was used to run scenarios using data retrieved
from the physical system via radio frequency identification
sensors. However, the paper focused mostly on the network
communication protocols between the data collection and
data analysis tools rather than on the simulation model. A
similar perspective was shared in [27], where a laboratory
system to test a DT for tracking the activities of an unmanned
aerial vehicle was used. Finally, [12] proposed a simulation-
based decision support tool for an in-house logistics DT,
covering logistics activities such as receiving, storing, order
picking, cross-docking, and shipping. The simulation model
was validated by comparing the results from the computa-
tional model and the information collected at the companies
involved in the study.

2.3 Research gap andmain contribution of this
study

As previouslymentioned,DTs incorporatemore components
than the simulation model. However, it is paramount to their
success that the underlying simulationmodel is validated and
represents a depiction of the real-life system, including not
only the physical architecture but the IT systems one as well.
This is in line with [28], which states that the service system
is one of the essential dimensions in the DT.

In this sense, available simulation models are presented as
black-box models that replicate the operations of a specific
AS/RS configuration without considerations for the informa-
tion architecture that guides those operations. We propose to
bridge this research gap by providing a Unified Modelling
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Language (UML) representation for the AS/RS simulation
model including the overarching IT systems architecture.

Finally, most AS/RS simulation models do not present
clear indications about the validation process. We propose a
model validation on a real-life AS/RS, which is an industrial
application often overlooked by DT literature [26]. For the
validation campaign,we compare the test run results from the
simulation model and the physical system. The experimental
test runs used in the validation are designed according to
the DoE principles [29], which aim is to design rigorous
experiments to test how a system responds to changes of
its independent variables (i.e. factors), considering different
values or settings that each independent variable during the
experiments (i.e. levels).

3 System description

The main components of an AS/RS are storage racks, han-
dling machines, input/output (I/O) points, and conveyors
[30]. The most widespread real-world setting is represented
by an automated stacker crane operating in an aisle and per-
forming both horizontal and vertical movements [3].

The configuration under analysis, defined as multi-level
shuttle (MLS) system, is therefore a specific application of
the above-mentioned stacker crane configuration (Fig. 1).
The MLS has been designed and developed for the man-
agement of automated warehouses that require performances
that cannot be achieved with a traditional mini-load stacker

Fig. 1 The multi-level shuttle

crane system, due to the additional vertical and horizontal
spaces that characterise these warehouses. It can also be used
in industrial contexts where it is not possible to have storage
racks that are too high. In fact, the MLS allows the handling
of materials by means of a single multi-level shuttle and is
easily adaptable to installation in reduced spaces, thanks to
its small size and the weight of its structure.

Typical AS/RS design decisions include the number of
tiers, columns and aisles, rack dimensions, type of UL han-
dled, and deep positions of each storage location. From a
design point of view, the handling machine (HM) is able to
move ULs such as plastic totes or trays along three axes.
The horizontal and vertical movements occur simultane-
ously. The system is also able to manage different types of
ULs. Two ULs of the same type can be loaded onboard of the
shuttle simultaneously. The MLS is able to load more than
one UL only in the retrieval and relocation process, while in
the storing procedure, it loads only one UL at a time. The
MLS is aisle-captive, meaning that the HM only works in
one aisle of the storage rack and cannot change aisles. The
rack has a double front, with storage locations designed to
host multiple ULs. The AS/RS is also equipped with an I/O
roller conveyor system. The input and output conveyors can
be also located at different positions of the rack.

From an operational point of view, AS/RS can be defined
according to storage assignment rules, dwell points for
vehicles, and command type [9, 31]. The MLS follows a
priority-based inventory policy (PB). This policy associates
a priority to each storage location, which determines the pref-
erencewithwhich that storage location is chosen for a storage
operation. It is calculated as the normalisation of the inverse
of the sum of the average times from each input point to that
storage location and the sum of the average times for that
storage location to all the possible output points of the ware-
house. Therefore, PB policy determines a sort of centre of
gravity between the input and output points of thewarehouse.
The retrieval of ULs instead is managed with a first-come-
first-served policy (FCFS). In case the UL to be retrieved is
blocked by other ULs, the ULs stored in front of it are reallo-
cated based on a nearest neighbour policy (NN). This means
that the machine searches for the nearest storage location
where it is possible to store the blocking ULs. Addition-
ally, the HM operates either on single command (SC), dual
command (DC), or multiple command (MC) type. The dwell
policy is the point-of-service-completion (POSC), meaning
that the HM machine remains at the position of the last
operation when it completes the backlog of storage/retrieval
missions to be performed.

The IT infrastructure supporting the MLS AS/RS is based
on two main systems: a warehouse management system
(WMS) and awarehouse control system (WCS). TheWMS is
a computerised IT system used to prepare, monitor and exe-
cute business-related warehouse activities. In fact, the WMS
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focuses on orchestrating warehouse processes by incorporat-
ing product information, purchase orders, and stock levels.
Therefore, one of themain objectives of theWMS is to organ-
ise and store orders and similar tasks. However, it does not
usually control the automated equipment. Instead, the WCS
is a software application that manages the real-time activities
of the AS/RS. It manages the functioning of thematerial han-
dling technologies by translating the tasks coming from the
WMS into storage or retrieval orders for the MLS. It essen-
tially acts as a layer between the WMS and the automated
equipment.

4 The digital model

According to [32], to ensure a successful implementation
of the DT it is essential to develop an appropriate model,
which must take into account the goals of the specific DT
application [33].

4.1 Model conceptualisation

To achieve the objectives of this research, it is necessary to
create a model able to replicate the functioning of the real
system with a high degree of accuracy and minimal abstrac-
tion. In order to do this, a UML class diagram was created,
as this type of diagram can be used to effectively describe
the various entities of a system and the various connections
between them [34]. The model was built using a modular
approach, meaning that the main components of the AS/RS
were identified and modelled separately as an object class
of the UML class diagram. Representing the individual ele-
ments of the real system as independent objects is useful for
modelling specific functionality, rules, and exceptions, and
for achieving a high level of detail in the representation of
the system. Figure2 shows the developed UML model.

The diagram is divided into three groups of classes, each
of which is coloured differently:

1. Blue classes refer to physical entities of the system at
issue, i.e. the environment, the UL, the aisle composed
of the storage locations, the conveyors, and the MLS;

2. Green classes represent the IT infrastructure of the sys-
tem, i.e. the WMS and WCS,

3. Yellow classes involve the logic entities of the system,
i.e. the WMS tasks, the missions, the sessions and the
WMS locations.

The diagram shows the structure, attributes, and character-
istics of each entity in the system and their interactions. The
general environment aggregates one or more aisles, a WMS,
and several ULs. The aisle in turn contains the MLS, the
storage locations, and the conveyors. In addition, a module

of the WCS is assigned to an aisle. The ULs can be stored
in the storage locations, moved by the conveyors, or trans-
ported by the MLS. TheWMSmanages the WMS locations,
which are logical areas of the MLS system. The WMS does
not know the exact location of each UL, such as which loca-
tion it is in, but it does know that it is stored somewhere
within the aisle. So for the WMS, the UL is contained within
a logical WMS location that is specifically coded. TheWMS
locations are also mapped to the aisle to associate logical
locations with physical locations. When a UL arrives at the
end of the input conveyor, an input task is created. A task can
be seen as a logical transfer of a UL from oneWMS location
to another. In the case of the storage process, the WCS sends
a message to the WMS, which generates a task to logically
transfer the UL from the WMS location associated with the
input conveyor to theWMS location associatedwith the rack.
This task is then passed back to the WCS, which generates
a group of missions to control the MLS and complete the
task. The missions associated with one or more tasks and
generated together are grouped in a session. In the case of
an input task, the session is composed of a retrieval mission
of the UL from the input conveyor and a storage mission of
the same UL in the assigned storage location. Once gener-
ated, the group of missions is passed to the MLS and added
to a queue. Each time each individual mission is completed,
the MLS class sends feedback to the WCS class. When a
mission is completed, the MLS is released. If there are other
missions in the queue to be executed, the process is restarted.
The WCS class sends a message to the WMS class declaring
that the associated task has been completed as soon as the
session is completed.

Some of the classes contain only attributes, as they do not
perform any actions. For example, the storage location class,
which represents each storage location of the rack, consists
of a number of attributes that uniquely identify each instance
of the class. Some of these attributes are the id, the front, the
column, the tier, the number of deep positions available, the
3D coordinates, and the storage priority. Another class with
only attributes is the unit load, described by the id, the type,
the physical dimensions, and the number of deep positions
occupied. On the other hand, there are some classes that also
havemethods, such as theWCS. TheWCShas two attributes,
an identification code and the matrix with the times needed
to move at each coordinate of the rack. In addition, the WCS
class has the method generate_missions, which takes as an
input parameter the tasks created by the WMS and gener-
ates the missions to control the MLS. The MLS class also
has both attributes and methods. Attributes are the maxi-
mum speed, acceleration, and deceleration. Methods are, for
example, calculating the time required to complete a mission
and moving the MLS to the storage location associated with
the mission. There are also methods for loading/unloading
the UL and updating the mission status.
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Fig. 2 The conceptual model of the AS/RS

4.2 Discrete event simulationmodel

Starting from the model structure and functioning described
in Section 4.1, a digital model (DM) based on DES was
built to achieve an effective DT implementation. AnyLogic,
a Java-based multi-method simulation software, was chosen
as the platform for building the DM. It provides an integrated
modelling environment that streamlines the entire modelling
process by providing a unified workspace where modellers
can easily create, modify, and analyse their simulations. In
addition, the extensive collection of built-in libraries greatly
accelerates the modelling process. These libraries include a
wide range of pre-built components such as sources, queues,
delays, and resources. Finally, the versatility of AnyLogic is
a key factor in its selection over other commercial simula-
tion software options. The object-oriented approach allows
the construction of different types of models, whether sim-
ple or complex, flat or hierarchical, replicated or dynamically
changing structures. This feature allows a model to be built
to any desired level of detail, depending on the problem to
be solved [35]. The model developed focuses only on the
storage process of the MLS system.

The following list summarises the notation used for the
variables and parameters considered:

x, y, z Horizontal, vertical, transverse axis

ax Axis
conv Conveyor

v Maximum velocity
a Acceleration
d Deceleration
sv Space to reach the maximum speed
[t Travel time
t t Total mission time
s Space to travel on x axis

�st Delta storage time between the LL and the model
stl Storage time laboratory
stm Storage time model
lul Length of the unit load

vtrans f Velocity for on board transferring
t trans f Transferring time

ls Length of the shuttle
f sl Rack front of the storage location
f in Rack front of the input conveyor

tmeas Travel time measured in the laboratory
tdep Time to store/retrieve at a specific depth position
tcin Time to load a UL from the input conveyor
tro Time to calculate the route
tst Time to start the storage process once in front a

location
T Matrix of travelling times
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c Number of columns in the rack
r Number of tiers in the rack

t in Time to reach the input points
nin Number of input points

avgtin Average time to reach the input points
tout Time to reach the output points
nout Number of output points

avgtout Average time to reach the output points
p Priority

pmin Minimum priority
pmax Maximum priority

pn Priority normalised
sl Storage location
SL Set of storage locations

ultype Type of unit load

For each travel axis, that is x-axis for horizontal move-
ment, and y-axis for vertical movement, it was calculated
the space needed to reach the maximum speed as

svax = v2ax

2aax
∀ ax ∈ {x, y} (1)

Then, in line with [36], we can consider acceleration and
deceleration equal and constant, and thus the total travel time
can be calculated as follows:

tax =
⎧
⎨

⎩

√
sax
aax

if sax ≤ 2 ∗ svax

2 ∗
√

2∗svax
aax

+ (sax − 2∗svax
vax

), if sax > 2 ∗ svax

∀ ax ∈ {x, y} (2)

Once obtained the travelling time for each axis, the total
travelling time of a single HM movement is given by the
following:

t =
{
tx if tx ≥ ty
ty otherwise

(3)

Since theMLSwas designed in order to have space for two
ULonboard, if aULneeds to be transfer from front 1 (storage
front of the input conveyor) to front 2, it is necessary to take
into account also the transfer time t trans f . The UL can be
also be moved on board in the storage location selected is in
front 1. This happens for the types of UL that do not occupy
entirely half the dimension of the HM. As a consequence,
the transfer time can be calculated as follows:

t trans f =
⎧
⎨

⎩

ls
2 −lul

vtrans f , if f sl = f in
ls
2

vtrans f , if f sl �= f in
(4)

The MLS stars transferring the UL on board simultane-
ously while moving in the direction of the selected storage

location. Therefore, the travel time t can be updated as fol-
lows:

t =
{
t, if t trans f ≤ t

t trans f , otherwise
(5)

In addition to the travel and transfer time, there are other
times when theMLS needs to perform other processes. After
successfully completing the loading process, the MLS needs
some time to perform post-processing activities, such as veri-
fying the correctness of the operation, performing subsequent
tasks, and calculating the next set of routes. Then, once the
MLS has completed the movement to a storage location to
perform a successive storage operation, it waits for a period
of time to accurately adjust its position and check the corre-
spondence between the expected status and the actual status
of the storage location. The MLS then requires a certain
amount of time to place the UL into a specific depth of a
storage location. If the mission requires a UL to be loaded
from the input conveyor, this timemust be taken into account.
Therefore, the total time to store a UL can be calculated as
follows:

t t = tcin + tro + t + tst + tdep (6)

Since theMLS follows a PB inventory policy, each storage
location is associated with a priority value determining the
sequence followed to store the boxeswithin thewarehouse. In
order to calculate it, thematrix T (r , c), inwhich each element
ti j correspond to the time needed to move of i tiers and j
columns, is generated. The values of each ti j are calculated
according to Eq.3.

T =

⎛

⎜
⎜
⎜
⎜
⎝

0 t01 t02 ... t0c
t10 t11 t12 ... ...

t20 t21 t22 ... ...

... ... ... ... ...

tr0 ... ... ... trc

⎞

⎟
⎟
⎟
⎟
⎠

For each storage location, it is then calculated the mean
time to reach each input point of the system as

avgtinsl =
∑nin

i=1 t ini,sl
nin

∀ sl ∈ SL (7)

Analogously, it is calculated the mean time to reach each
output point of the system as

avgtoutsl =
∑nout

i=1 touti,sl
nout

∀ sl ∈ SL (8)

Then, the priority associated with each storage location,
which determines the degree of preference in selecting that
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storage location, is calculated as the inverse of the sum of
avgtin and avgtout , that is

psl = 1

avgtinsl + avgtoutsl
∀ sl ∈ SL (9)

For each storage location, the priority previously calcu-
latedpriority is normalised,meaning a scaling transformation
is applied so that the maximum priority value is 1 and the
minimum priority value is 0, as

pnsl = psl − pmin

pmax − pmin
∀ sl ∈ SL (10)

When the WMS sends a message to the WCS containing
the task to be carried out, Algorithm 1 is executed. It first gen-
erates the mission to retrieve the UL from the input conveyor.
Successively, it searches for an available storage location for
the UL to be stored. If a storage location is found, themission
to store it at the specific AS/RS location is created. On the
other hand, if no storage location is found, a mission to move
the UL to the output conveyor is generated.

Algorithm 1 Generate missions algorithm
Input: task, storage_locations, input_location, output_location
1: ul = task.unit_load
2: i = 0
3: found = false
4: stor_loc_ordered = order(storage_locations, priority)
5: n = len(stor_loc_ordered)
6: retr_mission = mission(retrieval, ul, input_location)
7: while i ≤ n and not found do
8: current_loc = stor_loc_ordered[i]
9: if current_loc.height_type == ul.height_type then
10: if current_loc.state is empty or partially full then
11: if ul.type = current_loc.ul_stored.type then
12: found = true
13: target_location = current_loc
14: target_location.idle = false
15: else
16: i++
17: end if
18: end if
19: end if
20: end while
21: if found then
22: stor_mission = mission(storage, ul, target_location)
23: else
24: stor_mission = mission(storage, ul, output_location)
25: end if
Output: missions = add(retr_mission, stor_mission)

5 Model validation

5.1 The case study

The model previously illustrated in Section4 was validated
testing its performance with a case study. Specifically, an
AS/RS installed in the the Logistics Laboratory (LL) of the
Politecnico di Torino was considered. Figure3 depicts the
layout of the LL AS/RS. The system has a total surface of
68,6m2 (2.795 m height) and it is equipped with a MLS.

The AS/RS of the LL has a single-aisle double-front stor-
age rack composed of seven tiers and eight columns. In order
to store the various types of UL handled (Table 1), the stor-
age rack is designed with storage locations of different sizes.
Half of them is 225mm high and the other half 338mm high.
A further aspect to consider is that 22 of the storage loca-
tions are quadruple-deep (up to 2 ULs of type 1 and type
2, or up to 4 ULs of type 3 and type 4) and 68 are double-
deep (up to 1 ULs of type 1 and type 2, or up to 2 ULs of
type 3 and type 4). Finally, each storage location can store
only one specific ULs at the same time. The AS/RS is also
equipped with an I/O roller conveyor system. The I/O con-
veyors are perpendicular to the aisle and located in columns
four and eight, respectively. The system is also provided with
two working stations installed within the storage rack with
gravity flow racks for parts-to-picker operations. The work-
ing stations are adjacent to the AS/RS and thus all parts are
accessible from a single front, a design configuration deemed
to be beneficial for reducing order times [37]. Moreover, the
working stations are equipped with pick-to-light systems for
parts-to-picker operations. Nevertheless, the picking process
is not considered in this study.

All the technical specifications and parameters of the
AS/RS are here summarised:

• vx = 4m/s
• vy = 0.8 m/s
• vz = 0.5 m/s
• ax = dx = 1.5 m/s2

• ay = dy = 1.6 m/s2

• az = dz = 1.5 m/s2

• vt = 0.12 m/s
• Command type = SC, DC, MC
• Dwell policy = POSC
• ULs on board = 2 (same type)
• Tiers = 7
• Column = 8
• Deep positions = up to 4
• vconv = 0.5 m/s
• aconv = dconv = 0m/s2

• Storage policy = PB
• Retrieval policy = FCFS
• Relocation policy = NN
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Fig. 3 The layout of the
laboratory AS/RS

The AS/RS installed in the LL and replicated in the Any-
Logic environment is shown in Fig. 4.

5.2 Validationmethodology

This research aims at validating the storageprocess of theDM
to test its reliability in replicating the real system’s function-
ing and performance. To accurately structure the validation
campaign in the LL, the DoE principles were adopted, select-
ing total storage time (ST) as the dependent variable, and UL
type (ULT), total number of ULs (NUL), and starting storage
capacity used (SSCU) as independent variables (as shown in
Table 2). Consideringmultiple factors andmultiple levels for
each factors, a wide range of possible cases can be traced and
thus demonstrate the reliability of the model.

The factor ULT identifies the different types of ULs and
it was considered since the warehouse handles the various
types of ULs differently. The factor is subdivided into four
levels (Type 1, Type 2, Type 3, Type 4), that is the four
types of ULs that can be handled in the LL. The factor NUL
determines the number of ULs inserted in the warehouse dur-
ing each experiment, in order to test the performance of the
modelwith simulations of different durations. Three different

levels were chosen, that is 6, 13, and 20 ULs, respectively.
The maximum level of 20 ULs was chosen as the maximum
availability of Type 1 ULs in the LL amounts to 20. On the
other hand, the minimum level of 6 ULs was selected arbi-
trarily. Finally, the intermediate level of 13 ULs was used as
an average value between the maximum and the minimum
levels. The factor SSCU defines the filling level when each
experiment begins. This factor was included in the valida-
tion process since it has largely demonstrated its effects on
the warehousing processes [38]. Three levels were selected,
that is 0%, 27.5%, and 55%. The maximum level was cho-
sen so that the total capacity of the warehouse would not be
totally saturated once the locations were occupied at the end
of the experiments. Specifically, it was considered to reach
a maximum of around 90% of storage capacity occupied at
the end of the experiment involving 20 ULs. The 0% level
represented the exact opposite situation, that is a completely
emptywarehouse. The 27.5% level identifies an intermediate
status where the warehouse is partially occupied. For each
combination of factors, a replication of the experiment was
performed.

Considering all the possible combinations of the levels
of the factors (one factor with four levels and two factors

Table 1 Different type of unit
loads used in the laboratory

Type Description Length [mm] Width [mm] Height [mm] Deep positions

1 Small short 300 400 120 1

2 Small high 300 400 220 1

3 Big short 600 400 120 2

4 Big high 600 400 220 2
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Fig. 4 The MLS system in the
AnyLogic environment

with 3 levels) and the number of replications, a total of 72
experiments were conducted. Each experiment consisted in
the following steps:

1. The ULs to be used during an experiment were selected
and prepared to be inserted in the warehouse;

2. If not already, the MLS was moved in correspondence of
the interface point with the output conveyor;

3. The first UL was put on the input conveyor and the time
measurement started;

4. The other ULs were introduced in the warehousing guar-
anteeing always the presence of a UL to store;

5. The timemeasurement ended at the instantwhen theMLS
completes the storage of the last UL;

6. Both the total ST taken to run the experiment and the
information relating to the sequence of the storage loca-
tions selected by the MLS were recorded;

7. The ULs used were retrieved to return the system to a
state equivalent to the initial one.

Once all the experiments were conducted in the LL, they
were exactly replicated in the simulation environment using
the DM. At the end of a simulated experimental campaign,
the results obtained were compared with the data from the

Table 2 Design of experiment structure

Factors
ULT NUL SSCU

Levels 1 Type 1 6 0%

2 Type 2 13 27%

3 Type 3 20 55%

4 Type 4 − −

physical experiments. Therefore, it was possible to calculate
the �st as

�sti = stli − stmi

stli
∗100 (i = 1, 2.., 72)

Then, some statistics on the �st where calculated. In par-
ticular, the mean, the standard deviation, the inter-quartile
range (IQR), the minimum and the maximum where consid-
ered. If the values of the statistics did not reflect the desired
accuracy value, the worst experiments were identified, i.e.
thosewith the highest and lowest�st values. For these exper-
iments, a deeper analysis was performed, in order to identify
the issue generating the high values of �st . Specifically,
the deviations between the times at different process steps
were evaluated. It was measured the time elapsing from the
moment when the last section of the input conveyor was acti-
vated, which allows the box to be loaded on the MLS, until
the machine started moving (Step 1). Then, it was considered
the time elapsing from the moment the MLS started to move
until it was in front of the storage location, in order to validate
the travel time calculated with Eq.5 (Step 2). Furthermore,
the time for completing the storage operation in the storage
location was considered (Step 3). Finally, the time from the
ending of the storage operation to the arrive of the MLS at
the input conveyor was measured, also in this case to validate
Eq.5 (Step 4). This process allowed to identify discrepancies
between the physical AS/RS of the LL and the simulated one.
Once having identified the issues, the DM parameters were
adjusted and the simulation campaign was entirely re-run
and the �st was recalculated. This procedure was done iter-
atively until the performances of theDMcould be considered
sufficiently precise in relation to the ones of the LL.
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5.3 Validation results

A total of four iterations were completed. The differences
between the model parameters set, the values of�st , and the
statistics of the variable st for each iteration are summarised
in Table 3, Fig. 5, and Table 4, respectively.

The DM at iteration 1 was completely deterministic, with
all the parameters set to fixed values. This choice relies on
the fact that parameters of AS/RS model are generally con-
sidered as constant by academics [38, 39]. The values of
tdep1, tdep2, tdep3, and tdep4 were calculated based on vz ,
az , and dz , and by adding 3s due to positioning movement
made by the MLS when it is in front the storage location.
Specifically, theMLS, once positioned in front of the storage
location, slightly lifts the HM, moves the forks with the UL
into the storage location, lowers the HM, return the forks,
and finally lift again the HM. tcins , tcinb, and tro were
estimated according to plausible values. tst , that is the time
elapsing from the arrival of the MLS in front of the selected
storage location and the beginning of the storage process,
was considered negligible. iteration 1 was the one with the
lowest�st median value and dispersion of values. In fact, the
range went from −12.3% up to around −4.42%. Moreover,
this result is also supported by the aggregate statistics shown
in Table 4, where it can be noticed a general tendency of the
DM in underestimating the total storage time. Additionally,
by comparing the values of stl and stm, it was noticed that
the DMwas not able to replicate the variability of the system
since it was completely deterministic.

Starting from iteration 2, it was decided to include some
stochasticitywithin theDM. In order to do that, tdep1, tdep2,
tdep3, tdep4, tcins , tcinb, and trowere considered. A sam-
ple of 50 occurrences per fixed time was measured in the
laboratory in order to estimate the probability distributions
of the parameters. As shown in Table 5, anAnderson-Darling
test was conducted to check the normality of the data. The
results of the test, with all the p-values greater than the 5%
threshold, demonstrate the possibility to approximate the val-
ues of the parameters to a normal distribution with known
mean and standard deviation. Moreover, from the analysis of

the single process steps of iteration 1, it emerged that the DM
was consistently slower than the MLS in the LL at Step 2.
This was confirmed by the laboratory measurement, which
demonstrated that the MLS takes longer to perform the stor-
age process.

After these modifications were implemented in the DM,
iteration 2 was performed. The dispersion of the�st slightly
decreased, achieving a range between −7.1 and −0.52%.
Nevertheless, the median value was equal to −3.13%. By
observing the descriptive statistics of stl and stm, it was
possible to notice a relevant improvement both in the mean,
median, and standard deviation of the variable. Nevertheless,
by analysing the trials at the extremes of the range of�st val-
ues, it emerged that the MLS, once positioned in front of the
location selected, delays a few instances before starting the
storage process. Therefore, tst was introduced in the model.

After that, iteration 3 was performed. The median value
of �st settled at 0.66%, with a range from −3.75 to 3.55%.
In addition, all the statistics of stm calculated showed small
differences compared to stl.

In order to simulate the variability of the system as much
accurately as possible, in iteration 4 it was decided to use the
empirical distribution functionality provided by AnyLogic.
It allows to not approximate the variables with known sta-
tistical distribution but to obtain random values based on the
occurrences of that value in a dataset or a sample. Figure6
depicts the empirical distributions of the model parameters.
The results of iteration 4 showed limited improvements in
�st , reaching a range from −2.71 to 3.38%, with median
value equal to 0.49%. By observing Table 4, iteration 4
showed no relevant differences with iteration 3.

It can be finally stated that, after the iterative adjust-
ments of the DM parameters, it was possible to build a DM
accurately replicating the performance of theMLS in the lab-
oratory. Moreover, it was demonstrated that is substantially
equivalent approximate the values of the variables to known
distributions and using the empirical distributions of data.

After each iteration it was also recorded the sequence of
the storage locations selected by the MLS in the DM to store
the ULs. This process was necessary to validate Algorithm 1.

Table 3 Validation parameters Parameter [s] Iteration 1 Iteration 2 Iteration 3 Iteration 4

tdep1 5 ∼ N (5.38, 0.16) ∼ N (5.38, 0.16) ∼ D1

tdep2 6 ∼ N (6.72, 0.25) ∼ N (6.72, 0.25) ∼ D2

tdep3 7 ∼ N (8.21, 0.2) ∼ N (8.21, 0.2) ∼ D3

tdep4 8 ∼ N (9.58, 0.31) ∼ N (9.58, 0.31) ∼ D4

tcins 4.5 ∼ N (4.6, 0.32) ∼ N (4.6, 0.32) ∼ I S

tcinb 4.5 ∼ N (4.23, 0.33) ∼ N (4.23, 0.33) ∼ I B

tro 3 ∼ N (3.28, 0.43) ∼ N (3.28, 0.43) ∼ RO

tst − − 0.8 0.8
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Fig. 5 The validation campaigns

In the totality of the trials executed, the storage locations
chosen in the DM and in the LL correspond.

6 Discussions and conclusions

This work provides a contribution to the existing literature
on simulation modelling for DTs of AS/RS applications via
the development and validation of a DES model of a MLS
system. The simulation model is shown here in all its main
components, including the IT systems architecture connect-
ing the different parts of the AS/RS as well as the operational
parameters and functioning algorithms. The validation of
model is carried out by building an experimental campaign
based on the DoE principles and comparing the output of
the simulations with the performance of an existing AS/RS
installed in a logistics laboratory.

This work engenders some theoretical and practical impli-
cations. In terms of theoretical implications, this work has
made some progress in one of the main research gaps of DT
application of AS/RS, namely the lack of validation of the
underlying simulation model. To bridge this research gap,
this paper shows that AS/RS simulation models should be
built around more detailed definition of the time functions
of the AS/RS machine, both in terms of (i) breadth (i.e. the

number of different time variables) and (ii) accuracy of the
formulation. For the former, newvariables are clearly defined
as part of the travel time of the AS/RS, mostly referring to
the idle times when the AS/RS is making decisions on the
routing or adjusting its position with respect to the storage
locations and I/O points. Hence, the proposed analysis facili-
tates the identification of parameters to be taken into account
when developing DT-oriented simulation models that faith-
fully replicate the operation and performance of an AS/RS
real system. For the latter, our work leads to some reflec-
tions on the use of AS/RS simulation models, as it shows
that the assumption of deterministic and constant times com-
promises the accuracy of the model, in line with more recent
developments in the field of simulationmodelling of logistics
processes [12].

The simulation model proposed in this study has also
practical implications as it can assist logistics companies in
assessing their operational requirements dynamically. This
can lead to improvements in their warehousing operations
by optimising storage allocation policies, order picking, and
better process synchronisation. For instance, themodelmight
support the synchronisation of arrivals and departures of
a fleet of autonomous mobile robots connecting with the
AS/RS operations. Furthermore, companies could use the
proposed model to introduce variations in the underlying

Table 4 Descriptive statistics of
storage time

Variable stl [s] stm1 [s] stm2 [s] stm3 [s] stm4 [s]

Mean 275.7 254.5 267.2 277.5 277.3

Standard deviation 119.9 110.6 116.4 120.6 120.7

Minimum 124.2 113.6 116.7 123.1 122.9

1st quartile 134 125.8 130.7 135.5 133.8

Median 275.1 252.1 263 275.1 274.1

3rd quartile 414.4 381.4 399.2 419.6 418.1

Maximum 442.1 406.7 425.9 438.1 438.4

Range 317.9 293.1 309.2 315 315.6

IQR 280.5 255.6 268.4 284 284.4
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Table 5 Normality test of
parameters

Parameter Sample size Anderson-Darling P-value Mean Standard deviation

tdep1 50 0.255 0.716 5.38 0.16

tdep2 50 0.262 0.689 6.72 0.25

tdep3 50 0.214 0.843 8.21 0.2

tdep4 50 0.194 0.889 9.58 0.31

tcins 50 0.404 0.342 4.6 0.32

tcinb 50 0.475 0.231 4.23 0.33

tro 50 0.229 0.799 3.28 0.43

Fig. 6 Custom distribution of
parameters
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processes of the AS/RS, such as for instance dynamic UL
allocation policies synchronised with the final customers’
orders, finalised to the reduction of the cycle time and max-
imisation of the throughput rate.

Finally, future researchwill point towards achieving a full-
fledged DT application by enhancing the simulation model
and the overarching DT architecture. With this regard, the
simulation model will be integrated with the algorithm for
UL retrieval, whichwill be focused onminimising total travel
times and energy consumption. This algorithm will be val-
idated following a similar approach as the one presented in
this paper. Furthermore, the process of piece-picking will
be added to the simulation model. This addition will entail
the development of a sequencing algorithm for selecting the
UL to be retrieved for the picking process. In terms of DT
application, the currentWMSandWCS infrastructurewill be
redefined and restructured to ensure two-way communication
between the simulation model and the physical system. Only
when data flows between a physical system and its digital
replica in both directions, the full extent of a DT applica-
tion is reached and the virtual system will have the ability to
control the physical one [11].
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