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ABSTRACT ARTICLE HISTORY

The enhancement of warehouse processes is pivotal in internal Received 2 July 2024
logistics activities and it is a lever of competitive advantage for Accepted 5 May 2025
companies that are operating in more turbulent business environ- KEYWORDS

ment. Thus, this paper proposes a model for the accurate computa- Warehouse; AS/RS; travel
tion of travel time of automated warehouse systems under different time; class-based storage;
configurations. The model is based on a simulation approach that is simulation and regression
run with different levels of Input/Output (I/0) points, different analysis

shape factor values and rotational flows. The outcomes of the

simulation are then analysed using regression analysis. The results

obtained prove to be very accurate for a reliable calculation of

travel times. Therefore, the proposed formula can be considered

as an effective support for an accurate estimation of the travel time

for a variety of automated warehouse configurations. The proposed

work might be also supporting future studies focused on the ware-

house design under different storage space shapes and operational

conditions.

1. Introduction

In recent decades, global supply chains have become an important part of all business
sectors, and warehouses play a significant role in providing a continuous and reliable
supply of goods to meet customer needs. Consequently, warehouse management is
considered crucial to logistics operations and, as such, requires the effective design of
warehouse facilities (Mangano & De Marco, 2014; Weber et al., 2023), as part of the
design of optimized supply chain networks (Shahsavani & Goli, 2023).

Nowadays, the integration of warehouse management systems and Industry 4.0
technologies have stimulated the adoption of automation in the main warehouse activ-
ities, such as storing, picking, sorting, packaging, and shipping (Simic et al., 2023). In this
context, Automated Storage and Retrieval Systems (AS/RSs) are considered highly valu-
able to businesses and are among the most critical solutions in the modern logistics
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industry. Moreover, they form the basis for advanced manufacturing automation solu-
tions (Cagliano et al., 2021).

The estimation of the stacker crane travel time, also known as cycle time and defined
as the time the automated handling machine takes to perform either a storage or retrieval
task, is a key aspect in the design and operation of AS/RSs. In fact, it determines the
warehouse responsiveness and in turn its throughput capacity (Azadeh et al., 2019). A lot
of literature contributions addressing the evaluation of AS/RS travel times have been
developed over time. Numerous research works are available that discuss many
approaches to exploit empirical models (Schenone et al., 2020), simulation (Zammori
et al., 2021), and analytical models to estimate travel time (Manzini et al., 2016).
However, most of the literature considers warehouse configurations where the storage
area has a vertical deployment. On the contrary, the present paper aims to propose
a mathematical formulation for the estimation of the AS/RS travel time with the follow-
ing characteristics, which are here considered simultaneously: horizontal warehouse
deployment, where the travel time to reach the maximum length of the storage area is
longer than the total vertical time, variable location of the Input/Output (I/O) point, dual
command (DC) cycle, and class-based inventory policy. The novelty of the contribution
lies in the combination of these features of the problem, as the literature mostly considers
each of the above-mentioned aspects independently. Additionally, the focus on the class-
based storage allocation policy and the DC cycle allows to overcome the limitations of the
Bozer and White (1984)’s formula also in the case of warehouses with horizontal
deployment.

The paper is structured as follows. First, an overview of the relevant literature is
discussed, focusing on the approaches to calculating travel times in AS/RSs. After that,
the methodology adopted to conduct this research is described, together with the
assumptions of the proposed model. Then, the results are presented and discussed.
Finally, implications and conclusions are traced.

2. Literature review

The impact of different design parameters and hypotheses on the performance of AS/RSs
has been extensively studied for many years (Alnahhal et al., 2022; Borovinsek et al., 2017;
Sternad et al., 2018; Yan et al., 2023). In particular, among the parameters, the estimation
of the travel time of the stacker crane plays an important role in the assessment and
analysis of the AS/RS throughput as it can improve the operational performance and
handling capacity of a warehouse system (Metahri & Hachemi, 2018; Mirzaei et al., 2021;
Rizqi et al., 2023). The earliest mathematical approach to calculate the travel time in AS/
RSs is introduced by (Hausman et al., 1976). Later, Sarker and Babu (1995) provide
a thorough assessment of various approaches to computing travel time, offering insight
into research developments and advancements at the end of the last century. The authors
suggest that more studies are needed to estimate travel times by considering the impact of
the AS/RS design and operational characteristics, such as the rate at which orders arrive,
the location of the orders, and the probability distribution of the ordered quantities,
which can be a dominating factor in the physical design. In this section, the authors will
go over the primary methods for calculating travel time in automated warehouses with
various operational hypotheses and design characteristics. They are divided into two sub-
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sections, namely the travel time computation under different storage physical design
configurations and warehouse allocation policies.

2.1. Calculating cycle time under different storage design configurations

A main reference approach in this field is that developed by (Bozer & White, 1984), who
propose a model to estimate the cycle time in AS/RSs, focusing on single command (SC)
and DC cycles. They propose travel time models for single-shuttle AS/RSs based on
a rectangular rack configuration under a random storage allocation policy and with
different positions of the I/O point. Bozer and White’s work has been followed by several
papers, such as Roodbergen and Vis (2009), which attempt to provide a complete picture
of the state of the art in AS/RS travel time computation by conducting a comprehensive
literature review focusing on warehouse design decisions and operational criteria. More
specifically, they analyse the combination of different physical design aspects and opera-
tional strategies to optimise travel times. The key result is a proposal for further research
utilizing analytical and simulation travel time models for single-aisle, multiple I/O point,
and multi-shuttle AS/RSs.

Thus, based on the recommendations of Roodbergen and Vis, some researchers have
conducted studies to introduce refined approaches for calculating travel times under
various assumptions (Lehmann & HuPmann, 2022; Lerher et al., 2021). In particular,
Ghomri and Sari (2017) present a simulation model relying on continuous mathematical
functions to estimate the amount of time stacker cranes require for traveling in multi-
aisle AS/RSs, considering both SC and DC cycles. The subsequent research is carried out
by (Liu et al., 2018), where the authors introduce an evaluation model to estimate the
expected travel time of storage and retrieval machines under DC cycles and different
control parameters, such as I/O dwell point policies. Also, Xu et al. (2018) propose
a travel time computation model for DC cycles by considering a lower midpoint I/O
dwell point policy, where the input and output points are located at the bottom of the
storage system. As a result, the DC cycle demonstrates superior travel time performance
when compared to the SC cycle. Recently (Lerher et al., 2021), develop a travel time
calculation model for SC and DC cycles of automated vehicle storage and retrieval
systems under a fixed I/O point position and with multiple-level shuttle vehicles.
Another recent development of AS/RS travel time computation models based on the S/
R machine configuration is proposed by (I¢, 2022). This study aims to determine the
expected cycle time of a unit-load AS/RS for both SC and DC cycles. It introduces the
concept of diagonal speed, which represents the combined effect of the horizontal and
vertical speed components of the storage/retrieval (S/R) machine. The proposed model is
found to be more realistic and can be used as a suitable tool for the design of different
variously sized AS/RSs.

As the AS/RS travel time depends on a number of heterogeneous physical design
characteristics, some academics also address the effect of rack configuration on the
calculation of AS/RS cycle time. For example (Vasili et al.,, 2007), present a statistical
model for calculating the projected travel time of a specific type of AS/RS, namely a split-
platform (SP) AS/RS, which has distinct mechanisms for horizontal and vertical move-
ment. This design configuration can increase both throughput and handling capacity.
The reliability of the proposed model has been confirmed through testing using Monte
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Carlo simulation. Additionally, this work is extended by (Vasili et al., 2012), where the
authors consider a SP AS/RS equipped with two I/O points located at the opposite ends of
each aisle at floor level. Both stations can perform input and output functions. The most
effective travel time model is achieved when the shape factor under the two I/O points is
equal to 2. The shape factor is the minimum value between the ratios Theight/ Tmax and
Tiength / Tmax Where Theigne is the vertical stacker crane travel time, Tienge, is the horizontal
time and T),.x is the maximum time between them. Again concerning the shape factor,
Schenone et al. (2019) present a revised formulation of the Meller and Mungwattana
(1997) model to calculate AS/RS travel times. Their formula is designed using
a simulation model and replaces the constant factor, which multiplies the travel between
time, with a variable computed based on the rack features.

Other researchers build upon the previous work of (Xu et al., 2018) by examining four
different I/O policies, namely I/O points on the two sides of the rack, I/O points on only
one side in an elevated position, I/O points on the two sides in an elevated position, and
finally I/O points in an elevated position at the midpoint of the rack height (Xianhao Xu
etal., 2020). Among them, elevating the I/O points to the midpoint proves to be the most
effective in minimizing travel time. Additionally, the square-in-time rack configuration is
considered the optimal system structure. Alnahhal et al. (2022) aim to improve the travel
and service time in AS/RSs by considering two alternative positions for the I/O station,
which are at the lower left corner and below the centre of the storage rack height. In
addition, at the beginning of each shift, they reallocate empty tote bins to reduce travel
time by moving bins that will be needed in the next few hours closer to the I/O point. As
a result, this combined strategy significantly increases the throughput rate by reducing
the total stacker crane travel time. Recently (Lehmann & HuPmann, 2022), propose four
travel time models for SC and DC cycles in multi-deep AS/RSs under an analytical
continuous rack model, which is square in time, where the I/O point is fixed in place at
the lower left corner of the storage system., Hoshimov et al. (2024) introduce a novel
travel time calculation model for both SC and DC cycles, which aims to extend the’
(Bozer & White, 1984)s equations under the following characteristics: variable vertical
position of I/O stations and an allocation policy for storage based on classes. More
recently, Oulhaci et al. (2024) have been proposed an optimization modelling of SC time
by focusing on the unit load design parameters, namely applying one crane per aisle
configuration in AS/RS.

2.2. Calculating cycle time with various storage assignment policies

In addition to the effects of physical design parameters, warehouse control policies also
play a crucial role in determining the time performance of AS/RSs. Among them, storage
assignment, batching, and dwell points policies are of paramount importance to improve
warehouse operations through an accurate and more reliable estimation of the S/R
machine cycle time (Roodbergen & Vis, 2009). To lay the foundation for the present
work, this subsection reviews the AS/RS travel time computation models under different
storage assignment strategies. In the next, the authors discuss the most commonly used
ones, such as random, dedicated, and class-based storage.

The random storage allocation policy adopts an arbitrary approach to assigning
locations to parts. The most suitable location is chosen from the accessible empty cells
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so that there is an effective use of space. However, it takes more time to identify the
products to be picked and requires longer travel distances (Chackelson et al., 2011).
The earliest travel time model considering random storage was introduced by (Bozer
& White, 1984). Later (Koh et al., 2002),present a computational model for estimating
the cycle time of AS/RSs for SC and DC cycles where the warehouse layout is circular
and a tower crane S/R machine can move simultaneously in rotational and radial
directions. Recently (Lehmann & Hufimann, 2021), present a model that calculates
the travel time of multi-deep AS/RSs for SC and DC cycles along with a continuous
storage rack approximation. The I/O point is fixed in the lower left corner of the
racks.

Dedicated storage provides a fixed location for each stock-keeping unit (SKU) so that
warehouse operators know where each product is located. On the other hand, this
allocation is not the most advantageous storage strategy for C-class items, where hun-
dreds or thousands of items with low turnover are stored (Chackelson et al., 2011). A few
papers in the literature use a dedicated storage allocation policy to compute the AS/RS
travel time. The oldest study is by (Mansuri, 1997) who discusses the significance of
space, speed, and storage assignment policies. Some years later (Eldemir et al., 2004),
introduce an analytical model to calculate the cycle time of the stacker crane for both SC
and DC cycles by assuming a dedicated storage allocation policy without restricting the
value of the shape factor to 1. Recently (Metahri & Hachemi, 2018), develop a continuous
model, which is compared with a discrete model through simulations, to compute the
retrieval time in AS/RSs equipped with free-fall flow racks. Their approach can be applied
to different types of warehouses, including distribution centres and manufacturing
warehouses.

Finally, the class-based storage assignment policy integrates several of the character-
istics of both the random and dedicated methods discussed above. Under this strategy,
SKUs are classified on the basis of their frequency of movement and inventory turns from
an ABC analysis. Each product class is then assigned to a dedicated storage zone and the
associated SKUs are randomly located within that zone so that the fastest-moving items
are stored in more accessible locations (Khanorkar & Kane, 2023). In the last decade
(Bortolini et al., 2015), present an analytical model to calculate the expected cycle time of
the S/R machine in the standard ABC class-based environment. Again, the authors
evaluate the average cycle time for both SC and DC cycles with different warehouse
shape factors and determine the optimal assignment based on the values of skewness and
shape factor. Furthermore, the most appropriate rack configuration under a class-based
storage policy is addressed by (Ekren et al., 2015), to assess the travel time of shuttle-
based AS/RSs in high-transaction environments. Later, a novel equation extending the
formula of (Bozer & White, 1984) is proposed by (Schenone et al., 2020), which combines
simulation with regression analysis. They aim to calculate the travel time in AS/RSs
under class-based storage by focusing on the shape factor and different turnover rates of
the stored goods. More recently, Hoshimov et al. (2024) extend the work of (Schenone
et al., 2020) by considering a not-fixed vertical location of the I/O point along with both
SC and DC cycles. Finally, Yu (2024) has presented a travel time estimation modelling
and optimization under two class based storage policy for multi aisle AS/RSs. As a result
of this work, optimized contour-shaped class boundary has been applied with class-based
storage that can improve notably the average expected cycle time of multi-aisle AS/RSs.
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The literature review shows that AS/RS travel time calculation has attracted the
interest of many researchers over time. However, approaches that consider both SC
and DC cycles and integrate different physical warehouse design characteristics, includ-
ing variable vertical position of the I/O point and horizontal deployment of the storage
area, are still lacking when it comes to class-based storage assignment policy. In this
context, a limited number of contributions develop extensions of the Bozer and White
(1984) equation by taking into account the physical flow of stored parts and how long
they remain stored. Finally, the joint application of simulation and statistical methods,
allowing the use of simulation results to derive mathematical models that are easily
applicable to warehouse environments, is an area that deserves further exploration.

This work advances the research of (Schenone et al., 2020) and (Hoshimov et al., 2024)
by focusing on a horizontal deployment of the storage area and not a vertical one as in the
two aforementioned contributions and in most of the available literature works on travel
time calculation. A simulation model and regression analysis are integrated to allow for
estimating the traveling time of stacker cranes within AS/RS. The main objective is to
expand upon the findings achieved by (Bozer & White, 1984) for DC cycles with
a horizontal deployment of the storage area, a class-based storage policy, and a not
fixed vertical location of the I/O point.

3. Methodology

The research has been developed according to the following steps. First, a simulation
model was developed able to represent the warehouse space considering three different
rotation areas, according to the ABC policy, by varying a set of identified crucial factors.
The model was validated, in order to obtain consistent outcomes. Finally, a regression
analysis was carried out so that to get to a formulation for computing the travel time.

3.1. Description of the simulation model

In the study of logistics and warehousing systems, the simulation approach has been
extensively considered as a powerful tool to investigate the behaviour of the related
processes by developing different scenarios (Cagliano et al., 2014; Hoshimov et al., 2021;
Mangano et al., 2019).

The simulation approach is here chosen because it is deemed to be the best way to
analyse the complexity of the addressed system. A mathematical modelling approach
to determining the stacker crane travel time would require a statistical evaluation of
the average times for each of the three phases of a combined storage and retrieval
cycle (from the I/O point to the storage point; transfer of the stacker crane from the
storage point to the picking point; and from the picking point to the I/O point) with
storage areas characterized by different turnover rates. Mathematical models are
usually associated with storage areas with the same access probability and have
limited applicability in the case of an I/O point that might be at a given height
from the floor. Additionally, the complexity of the mathematical problem is because
the areas that can be associated with the different turnover rates can assume com-
pletely different shapes depending on the warehouse configuration considered (shape
factor, I/O point, flow rates, and days of supply). Such variability does not allow the
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definition of a single mathematical model that can always be applied. These different
shapes, which cannot always be traced back to basic geometric figures, have
a significant impact on the evaluation of the travel time, together with the probability
that the storage and the picking points are located in the high, medium, or low
rotation area, thus generating multiple scenarios to be considered.

The present research creates a simulation model running on Microsoft Excel®. Its
two worksheets contain the input and output data, and the simulation runs.
Following an ABC storage allocation policy, this study divides the warehouse storage
area into three distinct zones dedicated to storing high, medium, and low turnover
SKUs, respectively.

Then, a number of variables are identified that are expected to influence the travel
time of the stacker crane in a class-based storage system. These are the days of supply and
the product flow rate for each storage area. The latter is calculated as the percentage of
items moved in a given area out of the total number of items moved in the warehouse.
These two variables make it possible to calculate the third variable considered, which is
the physical space allocated to each storage area as a proportion of the total warehouse
area, according to Equation (1). The days of supply represent the duration for which the
inventory in the warehouse can meet demand needs without new incoming deliveries
(Praharsi et al., 2022). The quantity of pick-up and delivery services for the products
belonging to a specific class determines the product flow for each area (Ang & Lim, 2019).
In particular, the flow rate and the days of supply are here defined as follows:

High rotation flow rate: HRf

Medium rotation flow rate: MRf

Low rotation flow rate: LRf

Days of supply for high rotation area: HRd
Days of supply for medium rotation area: MRd
Days of supply for low rotation area: LRd.

Also, when HRf and MRf are given, LRf can be obtained as 1- (HRf+MRf).
All the defined quantities can be used to express the storage space associated with each
product class as per Equation (1)

B XRf+XRd
" HRf+HRd + MRf*MRd + LRf*LRd

Xarea% ( 1)

where X is H (high), M (middle), or L (low).

It can be stated that the division of storage space into various areas is not determined
by the days of supply but is instead based on the daily flow of unit loads (Hoshimov et al.,
2024). For this reason, HRd is fixed at a constant value of 1 and has not been considered
in the analysis. In the same way, LRf can be derived from HRf and MRf as stated above.
Finally, one additional variable is considered: the shape factor Height Length (h;) which is
obtained as the ratio between the horizontal and vertical travel time values. Thus, it is
equal to 1/b, where b is the parameter in the Bozer and White’s formula (Bozer & White,
1984). h; ranges between 1 and 2. When it is equal to 1, the storage area is squared in
shape. When it is equal to 2, the width is double the height.
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Table 1. Simulation variables.

Acronym Min Max Step Increase
Shape Factor hy 1 2 0.2
1/0 Point Tiso 0% 50 % 125 %
High Rotation Flow HRf 60 % 76 % 4%
Medium Rotation Flow MRf 10 % 20 % 33%
Days of Supply for Medium Turnover MRd 3 6 1
Days of Supply for Low Turnover LRd 10 20 33
Thcighl =50s T height = 100s
,I
I',
'l
——
I”
/I
I,,,
I”

,I
I/0

\\

Tlcnglh =100s
D High Rotation area .
’/
D Medium Rotation area T yo=10% T yeight s
i
,I
- Low Rotation area 1/0 f2

Tlcnglh =50s

Figure 1. Classification of class-based storage space for horizontal and vertical warehouse.

Table 1 summarizes the ranges of possible values of the variables relevant to the
simulations in order to obtain the stacker crane travel time values.

As h ranges between 1 and 2, the warehouse storage area under study is horizontal in
shape. A dedicated travel time calculation model needs to be designed just for this
situation. In fact, the shape of the three good rotation areas (High, Medium and Low)
is significantly different compared with the vertical configuration of the storage space, as
illustrated by Figure 1.

The developed simulation model generates random positions of warehouse locations
to be visited for both storing and picking unit loads. A dedicated Microsoft Excel® macro
has been created to compute the stacker crane travel time associated to each performed
cycle according to the assumptions made, the different warehouse configurations as per
Table 1, and a DC cycle.

In particular, 9,600 different warehouse configurations are considered and each
of them is simulated five times. In turn, each travel time obtained is the average
value out of 1,000 simulation runs. Such a high computational complexity is
introduced to minimize the random error, thus increasing the reliability of the
outcomes (Ives, 2022). Therefore, the output is constituted by 48,000 travel time
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values coming from 48 million simulation runs computed by the aforementioned
macro.
The simulation returns three values for each warehouse configuration:

o T: the average stacker crane travel time for each performed cycle according to the
warehouse configuration considered.

e Std.dev (T): the standard deviation of the travel time calculated over the 1,000
simulation runs that are carried out.

o T/Tpa the average travel time normalized by the maximum travel time according
to the considered storage area deployment, which is Tiengen. This will be the response
variable in the development of the regression model.

The simulation outputs are validated based on both literature and real case studies. To
this end, the authors focus on the relevant existing works, mainly considering the I/O
point situated at ground level (Bortolini et al., 2015), since few contributions addressing
a not fixed vertical location of the I/O point are currently available (Hoshimov et al.,
2024). In addition, a first field validation attempt is made by comparing the simulation
results with some real automated warehouse settings.

Table 2 presents an excerpt from the simulation summary table. The columns on the
left provide the input values of the shape factor hj, the I/O point position as a percentage
of Theighe> the high and medium rotation flow rates (HRf and MRf respectively), and the
days of supply for the medium and low rotation areas (MRd and LRd respectively). The
number of days of supply associated with the high rotation area is assumed to be equal to
1 coherently with the previously discussed relationship among HR, MR, and LR. The
three final columns on the right show the simulation outcomes: T, Std.dev (T), and
T/ Tmax.

3.2. Description of the empirical approach (regression analysis)

Regression analysis is an empirical approach designed to investigate whether a set of
independent variables can have a positive or negative impact on a dependent response

Table 2. Excerpt from simulation input and output values.
DUAL CYCLE COMMAND

Input/Variable Output/Variable
MRd LRd T

hy Ti/o HRf MRf [day] [day] [s] Std.dev(T) [s] T/Tmax
1 12.5% 60% 10% 3 10 110.96 52.22 1.1096
1 12.5% 64% 10% 6 16.6 102.24 54.42 1.0224
14 25% 64% 16.6% 4 133 94.61 48.22 0.9461
14 25% 68% 20% 5 133 94.84 46.06 0.9484
1.6 37.5% 68% 13.3% 3 20 77.79 50.42 0.7779
1.6 37.5% 72% 16.6% 4 10 92.15 43.05 0.9215
2 50% 60% 13.3% 5 16.6 82.62 55.52 0.8262
2 50% 76% 20% 6 20 79.42 40.15 0.7942
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variable (here T/Ty,y) (Ferrari et al., 2023). This method was selected since it is broadly
adopted for capturing dependencies between a dependent variable and a set of other
independent continuous predictors. A positive influence shows that an increase (or
decrease) of the independent factors brings an increase (or decrease) in the dependent
one and vice versa. The degree of significance attributed to each independent factor is
quantified by the p-value. If the value in question is below a critical threshold, typically
equal to 5%, the relationship can be considered to be significant (Zenezini et al., 2022).
The notion of significance can be associated with the reliability of the relationship instead
of its strength. As the relationship between the independent factors and the response
variable might exist but it could be not linear, quadratic factors have been also included
in the analysis. The reference regression model is given by Equation (2).

T/Tyax = By + B, *M + B,*T;)o + B3 *HRf + B,*MRf + B *MRd + B, *LRd + /37*h,2
+ Bg*T7), + By *HRF? + o *MRf* + B, *MRA* + B, *LRA” + B, *h *T;
+ B "M *HRf + B *h *MRf + B, *h*MRd + B, *h *LRd
+ B1s*Tijo *HRf + B1o*T; /o *MRf + B,0*T; /o *MRd + f3,,*T; o *LRd
+ B,, *HRf *MRf + B,;*HRf *MRd + f3,,*HRf *LRd + 3, *MRf *MRd
+ Brs *MRf*LRd + 3,,*MRd*LRd

(2)

HRd is not here considered as its value has been set equal to 1.

A total of 28 regression coefficients (;) have been considered. As this number is quite
high, the model is complex to be understood, together with the related outcomes. Thus,
after the regression has been completed, both the total standard error and the t-student
value for each coefficient have been observed. The t-student value is a relevant indicator,
since the lower its value, the lower the influence of the associated coefficient on the
regression model (Shah et al., 2014). Thus, the factors with the lowest t-student values
were iteratively removed one by one from the regression model. After 17 iterations, the
level of error associated with the regression increased dramatically, meaning that the level

Regression error
0.040

28 27 26 2524 2322212019181716151413 121110 9 8
Number of regression coefficient

Figure 2. Total standard error for each regression carried out.
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of precision of the regression decreased. As a consequence, the iteration process of
discarding coefficients stopped. The behaviour of the error for each regression is pre-
sented in Figure 2.

Equation (3) shows the final regression model; a total of 12 regression coefficients,
including the constant value By, have been considered.

T/ Tomax = 4.4505 — 0.4747 % by — 0.9014 x T;/, — 7.0850 + HRf — 5.0533 + MRf
—0.0138 % LRd + 0.1436 * h;” + 0.6879 * T;/," + 4.7551 * HRf* + 0.1973
# hyxTijo — 0.3037 * hy = HRf + 7.9739 « HRf = MRf

(3)

4, Results analysis

Preliminary to the discussion of the outcomes of the regression analysis, it is worth
pointing out that it was performed by focusing on the ratio T/T,,, and did not directly
rely on the absolute physical warehouse sizes. In fact, it was based on the ratio of length to
height of the storage area within the warehouse, measured in terms of time. As
a consequence, it might be stated that the stacker crane travel time is expressed as
a share of T, «.

The results of the regression analysis indicate that the developed formula is capable of
achieving a good level of precision in the computation of the travel time, as proved by the
regression error in Figure 2.

In general terms, all the independent factors included in the regression equation show
a negative linear relationship with T/Ty,,,. On the contrary, most of their quadratic

T/Tmax Vs hl & Ti/o T/Tmax Vs hl & HRf
Ti/o = 0% --Tilo =25% —-Ti/o = 50% IIRE = 60% ~—HRI = 68% —=IIRf = 76%
1.2 1.2
1.1 1.1
1.0~ 210 S
£ = g ~~_
- g ==
£ 09 s S e 509 =
B = e, 28 G ey
== T —
08 e, il 0.,
0.7 0.7
1.0 1.2 14 1.6 1.8 2.0 1.0 12 1.4 1.6 18 20
hl hl
(a) (b)
T/Tmax Vs hl & MRf T/Tmax Vs hl & LRd
MRS = 10% -=MRf=15% ——MRf = 20% LRd = 10 --[Rd=15 —-LRd =20
12 1.2
1.1 1.1
210
g —==
= —
=09 s
= S
08 s
0.7
1.0 1.2 14 1.6 1.8 2.0

Figure 3. T/Tax behaviour as main independent factors change.
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coefficients have a positive influence on T/T .« This result is confirmed by the shapes of
the graphs in Figure 3, which are similar to negative asymptotic curves. Such graphs have
been obtained by plotting the developed computation formula for T/T,,x in the ranges of
the numerical values of the main independent factors shown in Table 1. Here it can be
first noted that when h; increases T/T .y decreases, since Tiengn becomes pretty much
greater than Theighe, and in a horizontal storage area deployment T, is equal to Tienggh.-
Figure 3(a) depicts that, being h; the same, T/T ,,.x shows a relevant decrease when the I/
O point is located in an elevated position, and already when T;,, is equal to just
25%Theight. However, when Ty, doubles to 50% Theighe the associated decrease in
T/T max is less significant and becomes 0 when h; = 2. Moreover, according to Figure 3(b),
T/Tmax does not show any relevant variation as the percentage of the total stored items
assigned to the high rotation area changes in a limited range. Again, T/T . increases in
a very small range as the percentage of the total stored items assigned to the medium
rotation area increases (Figure 3(c)). Finally, being h; the same, T/T\;.x decreases as LRd
increases (Figure 3(d)). In fact, from Figure 1 it can be seen that an increase in the low
rotation area, which is proportional to an increase in LRd, determines a change in the size
of the three different storage areas. In particular, the increase in LRd results in an increase
in the low rotation area and, keeping the total warehouse space constant, the average
distances travelled by the crane in each of the three areas are lower. Thus, as
a consequence, T/T ., is reduced.

5. Discussions and conclusions

This work focuses on studying travel times in AS/RSs with horizontal storage area
deployment. In addition, the warehouse space is here divided into three different rotation
areas. As such, the proposed analysis advances the previous works by (Hoshimov et al.,
2024) and (Schenone et al., 2020), wherein simulation outcomes are then processed via
a regression model. As a result, it has been possible to obtain a mathematical formulation
for computing T/T,,.x that can be easily adopted when the main warehouse input
parameters are known. Since different configurations of a horizontally developed ware-
house have been analysed both in physical (shape factor and I/O point) and in managerial
(flow rates and days of supply for different areas) terms, the obtained formula for
calculating T/T .« allows its applicability to warehouses of different types and sizes, as
long as the conditions of the problem are met.

The present study adds value to the existing literature works, by considering together
the following warehouse features in the travel time model: horizontal deployment, class-
based storage policy, variable I/O point, and DC cycle. In fact, most of the available
models to calculate the travel time do include just one or a few of these characteristics
(Lehmann & HuPmann, 2022; Oulhaci et al., 2024). Furthermore, by considering the DC
cycle and implementing a class-based inventory policy, the limitations of the Bozer and
White (1984)’s formula, especially in the context of warehouses with horizontal deploy-
ment, can be addressed.

Thus, from a theoretical perspective, the proposed mathematical formulation
refines the existing approaches already available in the literature. In particular, it
extends the’ (Bozer & White, 1984)s equation for travel time computation by con-
sidering a class-based storage allocation policy as well as physical material flows and
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good days of inventory. Thus, it can be considered a pillar for future studies that
investigate the warehouse design process under different storage space shapes and
operational conditions. Additionally, the present contribution can foster the inte-
grated use of simulation and statistical analysis to develop approaches to estimate the
stacker crane travel time that are enough general but at the same time consistent with
real warehouse configurations and the associated processes. The combination of
different methodologies to model the behaviour of a physical warehouse can also
support the effective integration with innovative approaches, such as Machine
Learning, Artificial Intelligence, and Digital Twin, that seem to be quite promising
in the analysis of intra-logistics processes.

The proposed paper originates practical implications too. For instance, the proposed
model can be used by warehouse design companies for more accurate projects. In
addition, the obtained travel time calculation formula might be used as a pillar for the
evaluation of the integration in warehouse systems of innovative 4.0 technologies (such
as Internet of Thing sensors). This is a crucial aspect for practitioners that are currently
working in a more and more competitive environment, with increasing levels of com-
plexity that need to be managed. In fact, the demand pressure determined by the
COVID-19 pandemic and the Russia-Ukraine war is calling for the exploitation of
innovative and efficient logistics solutions. Furthermore, customer expectations are
driving the demand for agile and responsive warehouses, while maintaining fully auto-
mated activities (Khan et al., 2022). Such an aspect becomes crucial in specific sectors like
the pharmaceutical, automotive, and food ones, where automated storage and material
handling equipment has long been employed successfully. Furthermore, the expansion of
e-commerce on a global scale has prompted the rapid diffusion of AS/RSs in response to
the increasing demand for a greater range of products, with a reduction in the associated
volume and a shorter response time (Lupi et al., 2024).

In this context, being able to design automated warehouse systems more accurately
might have a beneficial effect on inventory management activities, which in turn could
have positive impacts on supply chain resilience. In fact, automated storage systems
significantly improve resilience by strengthening warehouse capabilities, improving
efficiency, and providing the flexibility and visibility needed to effectively manage and
recover from disruptions.

However, the work suffers from some limitations. The validation of simulation results
was performed based on literature evidence and a limited number of real automated
warehouse environments. Moreover, the present paper does not compare the travel time
behaviour in horizontal and vertical storage area deployments to understand the asso-
ciated different warehouse performance.

Thus, future research will be focused on extending the validation of the simulation
results by performing a large number of tests in real automated warehouses of different
sizes, shapes, and belonging to various industries. Attention will be paid not only to the
business sectors that traditionally base their supply chain operations on automated
warehouses but also to those that might benefit from AS/RSs and similar storage systems
as a consequence of the recent changes in customer demand. In such a way, it would be
possible to explore how the kinds of products that are managed in warehouses and the
related replenishment and delivery processes might influence stacker crane travel time
estimates. Finally, the impact of the optimization of AS/RS travel time on supply chain
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resilience will be investigated in order to improve the reliability of warehouse operations
to better address supply chain risks and the related disruptions.
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