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Abstract: Automated Storage and Retrieval Systems (AS/RS) have garnered significant attention in both industrial and
academic domains due to their ability of enhancing logistics processes in terms of operational and economic efficiency
and effectiveness. AS/RS usually requires medium to long-term commitment, and for this reason logistics managers
are compelled to assess the impact of AS/RS design criteria on their performance. However, testing a real-life AS/RS
before installing it would be too impractical, and thus this task is typically carried out with computer-based scenario
simulations or via analytical formulations. These methods provide ex-ante evaluations that should be complemented
by ex-post validation of their outcomes, an area where more approaches are needed in the logistics literature. In
response to this gap, this papetr proposes a Design-of-expetiments (DoE) approach applied to a real-life AS/RS
installed in a laboratory environment. To this end, the impact of two major design critetia (i.e., AS/RS size and load
units’ type and weight) on one performance measure (i.e., Cycle Time) are explored. This work engenders both
managerial and theoretical implications. For the former, this work may provide logistics managers with robust results
to inform their investment decisions; for the latter, the proposed approach can be used to improve the accuracy of
both simulation models and mathematical formulations for ex-ante measurement of AS/RS key petformance

indicators.
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1.Introduction

The increasing prominence of supply chain challenges,
such as rising ecommerce and supply disruptions, has
propelled warehousing automation into the spotlight within
the practitioner and academic communities (Narsana e
Kinra 2022; Kumar, Narkhede, e Jain 2021). Automated
Storage and Rettieval Systems (AS/RS) are in fact widely
used in vatious industrial contexts due to their capability of
enhancing the efficiency of logistics processes (Vorasawad,
Park, e Kim 2023). Generally, AS/RS are characterized as
computer-controlled systems that autonomously store and
retrieve goods from designated storage locations through
mechanical devices (Hameed, Rashid, e Al Amry 2020).

Designing an efficient AS/RS is essential for optimizing
operations and maximizing productivity (Kumar,
Narkhede, e Jain 2021). Furthermore, AS/RS require
significant long-term investments, leading logistics
managers to meticulously evaluate the impact of design
criteria on the performance levels of AS/RS before their
implementation. Therefore, ex-ante performance appraisal
methodologies comprise a massive share of the literature
on AS/RS (Lagorio et al. 2020). Within these
methodologies we can cite, for example, computet-based

simulations (see a recent literature review by Ferrari &
Mangano (2023)) or analytical formulations (Xu et al. 2016;
2020; Lehmann e Huf3 2021).

Some authors have argued in this context that more ex-post
validations of ex-ante methodology are needed, especially
with regards to AS/RS (Lagotio et al. 2020). This
consideration is even more striking considering the
increasing diffusion of these systems in the logistics market
(Yahoo Finance 2023).

An ex-post performance assessment methodology widely
used is the Design-of-Experiments (DoE), a statistical
methodology that is instrumental in optimizing processes
by systematically investigating the effects of multiple input
vatiables and their interactions (Mason, Gunst, ¢ Hess
2003). DoE has been extensively applied in the
manufacturing industry (see literature reviews on the
application of DoE on product innovation (Arboretti et al.
2022) or on lithium-ion batteries performance (Roman-
Ramirez e Marco 2022)). This methodology is also applied
to other industties such as the food industry (Antony et al.
2024) and the service industry (Antony et al. 2020). Even
though, according to Antony et al. (2020), Logistics
represents almost 20% of DoE studies in the service
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industry, its applications on AS/RS are only on simulated
environments rather than real implementations.

In this context, the validation of simulation models through
experimental campaigns employing DoE principles is
paramount in bridging theoretical research with practical
applications (Ferrari et al. 2024). Addressing this research
gap, our paper introduces a DoE applied to a real AS/RS
that operates within a laboratory setting. Herein, we delve
into the influence of two fundamental AS/RS design
criteria—AS/RS size and load units' type and weight—on
a key operational performance metrics, namely Cycle Time.

The paper is structured as follows. First, a literature review
on AS/RS design criteria and wvariables, together with
selected applications of DoE in AS/RS contexts is
presented. Then, Section 3 outlines the research approach,
which is based on a General Full Factorial design. The main
findings from the data analyses are shown in Section 4, and
finally Section 5 draws the main implications and
conclusions of this study.

2.Literature Review
2.1 AS/RS design

Analyzing the existing literature on AS/RS design criteria
provides valuable insights into the various factors that need
to be considered during the design process. A well-designed
warehouse should consider factors such as efficient space
utilization through storage capacity, proper warehouse flow
and layout, material handling equipment, and safety
measures (Kumar, Narkhede, e Jain 2021). Common design
choices regarding AS/RS typically revolve around decisions
concerning the handling machine type (HM), number of
aisle, and rack dimensions. Fandi, Kouloughli, ¢ Ghomri
(2022) primarily concentrate on identifying the optimal type
of HM and determining the ideal balance between rack
length, width, and height that minimizes cycle time. In the
same vein, Accorsi et al. (2017) and (Borovinsek et al. 2016)
focus on the AS/RS size. Beyond the AS/RS size in terms
of length, width, and height of the racks, other design
criteria might include the number of unit-loads that each
bin can accommodate (Chen, Li, ¢ Gupta 2015). Hence,
unit-loads size may also be considered among other
variables. Other prevalent operational considerations
include storage strategies and regulations for vehicle dwell
points (Roodbergen e Vis 2009). Finally, it is important to
take into account the specific requirements and constraints
of the enterprise, as well as the internal and external
environment (Huang 2019).

2.2 DoE in AS/RS contexts

In the realm of logistics, the utilization of Design of
Experiments (DoE) remains relatively restricted despite its
wide acknowledgment and application within quality
management domains (Coello e Glistau 2020). The
approach of DoE allows for the acquisition of essential
information while minimizing costs and maximizing
efficiency, aligning with the primary aim of experimental
statistical design in practice (Coello e Glistau 2020).
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Unlike traditional warehouses, AS/RS introduce shuttle-
based storage and retrieval systems, necessitating a deeper
understanding of their operational dynamic (T. Lerher
2018). Through the application of DoE principles,
researchers aim to identify significant factors impacting the
petformance of automated storage and retrieval systems,
such as the Shuttle-Based Storage and Retrieval System
(SBS/RS) (Tone Lether 2017).

Many studies in this field rely on simulations rather than
physical applications, with vatiables including vertical and
horizontal movement speeds and accelerations. An
application of DoE, coupled with simulation tools like
ARENA 14.0, presents a significant opportunity for system
designers to optimize the performance efficiency of
SBS/RS (Ekren 2020).

3.Methodology

This section elucidates the methodological framework
employed for the experimental setup, the data collection,
and the subsequent analysis of data.

3.1 Experiment design

DoE encompasses a variety of experimental designs, each
tailored to address specific tesearch questions with
efficiency and precision. Among these, the General Full
Factorial design stands out for its comprehensive nature.
Incorporating variables at both two and three levels, the
study aligns with a General Full Factorial design paradigm
(Montgomery 2017). This approach is distinguished by its
capacity to evaluate all conceivable combinations of
variables at the predetermined levels, an attribute that
substantially augments the thoroughness and robustness of
the analysis. The General Full Factorial design not only
facilitates a nuanced understanding of main effects but also
enables a detailed exploration of interaction effects among
variables, thereby offering invaluable insights into the
complex dynamics that govern the process under
investigation.

In line with the objective of this work, the response
measured in the proposed DoE is the warchouse Cycle
Time. The warchouse design criteria mentioned in the
Literature section comprise the factors or primary variables,
as shown in Table 1. The factors pertain to two major areas
of warechouse design, namely the Unit Load (UL) chosen
and the size of the AS/RS. Regarding the former criterion,
two levels were chosen for length and height to comply
with the ODETTE industry standards'. Furthermore, three
levels were chosen for the weight loaded inside each UL,
representing three manual handling scenatios: i) an empty
UL; i) a UL with total weight within the maximum
recommended limits for manual lifting, lowering and
carrying items in work environment (International
Organization for Standardization 2021); iii) an average UL.
Regarding the latter, we have chosen arbitrary values for
the factor levels, to ensure a moderate degree of movement
of the handling machine (HM).
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Table 1: DoE factors and levels

Factor Description Number of levels

UL Length Length of the UL. Two levels: 300
(ULL) mm and 600 mm.

UL  Height Height of the UL. Two levels: 120
(ULH) mm and 220 mm.

Weight (W) Weight loaded inside Three levels: 0 kg,

each UL 7.5kg, 15kg

Fill  Grade Percentage of storage Three levels:

FG) positions occupied at 40%, 60%, 80%

the start of the

experiment.
Tier (T) Number of tiers in the Two levels: 5 and
AS/RS. 7.

Column (C)  Number of columns in  Two levels: 6 and

the AS/RS 8.

In addition to the primary variables of interest, this study
incorporates covariates, ie. variables that cannot be
directly controlled but can be monitored (Montgomery
2017). The inclusion of these covariates is crucial for
accounting for external factors that may influence the
outcome of the experiment, thereby ensuring a more
accurate and comprehensive analysis. In this context, in any
AS/RS the outcome measures are also affected by the
specific algorithm that dictates the storage positions within
the rack. Hence, the following covariates were added (Table
2).

Table 2: DoE covariates

Covariate Rationale Values

Number  of The AS/RS can Total number of deep
Deep store a UL in positions
Positions (DP)  different positions

within the rack

Horizontal The AS/RS  Number of
Movements decides on which  horizontal
(HT) column to store movements made by
the UL the HM during an
experiment
Vertical The AS/RS Number of vertical
Movements decides on which movements made by
V1) tier to store the UL the HM during an
experiment.

Front The AS/RS Total number of
Movement decides on which  front positions
(FT) front to store the

UL

In this preliminary study, we limit the scope to storage
process, with the retrieval process to be explored in future
research. In order to approximate a more realistic
operational scenario, we decided to store 5 ULs for each
experiment, rather than only one.

The sequence of experiments was built to randomize the
factors pertaining to the watrchouse size (i.e., number of
tiers and columns). The factors that should not be
randomized due to excessively long experimental setup
(hard-to-change factors) are FG, W, ULL, ULH.

3.2 Data collection

We calculated the cycle time for each experiment as the
difference between the storage request of the first UL and
the end of the storage process of the last UL. These data,
along with the recording of the factors and covariates, were
retrieved from the Warehouse Controller System (WCS) of
an AS/RS installed in a university laboratory (Ferrari et al.
2024; 2022). This AS/RS is a Maxi-Shuttle (MS) aisle-
captive system resembling a mini-load stacker crane, which
is able to move totes using single, double and multiple
commands.

3.3 Data Analyses

Analysis Of Variance (ANOVA) is employed to analyze the
data, aiming to ascertain the statistical significance of the
variables' effects across the observed tresponses. This
analytical step is paramount in delineating the complex
interplay of factors, thereby informing the modeling phase.

In the exploratory stages of model building, Stepwise
Regression is employed as an automatic technique to
identify the optimal subset of predictors. This method,
supported by several statistical software packages including
MINITAB®, systematically adds and removes predictors at
each step based on Alpha-to-Enter and Alpha-to-Remove
thresholds, which are set at 15% in this study. This alpha
level, widely recognized in the scientific literature
(Montgomery et al., 2010), is chosen to ensure the inclusion
of only those variables that exert a significant impact on the
responses. Such a structured selection process enhances the
precision, explanatory power, and relevance of the
regression models developed for the response variables,
thereby refining their interpretability and the overall
effectiveness of the analysis. The adequacy of the obtained
model is demonstrated by using diagnostic checking tests
such as the coefficients of determination and the residual
plots, that are analyzed to verify the basic assumptions to
petform the ANOVA (Mason et al., 2003).

The final step of the data analysis comprises a linear
regression analysis based on stepwise response. This
analysis is aimed to determine the regression equation and
identify estimated parameters.
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4.Findings

First, some descriptive statistics regarding the output
variables are reported in Table 3. The results show a relative
standard deviation of 3.91% for cycle time.

Table 3 Descriptive Statistics

Variable Mean StDev Minimum Median Maximum

CT[s] 100,51 391 89,50 101,25 107,25

In the following sections the main findings from the
ANOVA and the Stepwise analysis are outlined.

4.1. Findings from the ANOVA
The following table presents the results of the ANOVA.

Table 4 ANOVA for Cycle Time

Source DF Adj SS Adj MS F-Value p-value

Model 38 2055.61 54.095 4371 <0.001

Covariates 4 662.08 165520 133.75 <0.001

FT 1 31295 312947 252.88 <0.001
HT 1 2911 29111 2352 <0.001
vT 1 2173 21.733 1756 <0.001
DP 1 23437 234375 189.39 <0.001
Linear 8 362.63 45329 36.63 <0.001

ULL mm] 1 239.22 239.217 193.30 <0.001

ULH [mm] 1 11.57 11.570 9.35 0.003

W [kg] 2 139  0.696 0.56 0.572
rG 2 9.65 4.825 3.90 0.023
C 1 179 1786 1.44 0.232
T 1 204 2042 1.65 0.202
Error 105 129.94 1.238

Total 143 2185.55

The regression model was found to be statistically
significant (F = 43.71, p-value < 0.001), indicating that the
variables considered in the model collectively explain the
observed wvariation in the dependent wvariable. The
covariates (FT, HT, VT, DP) demonstrated a significant
effect on the response (p-value < 0.001), suggesting that
these factors significantly influence cycle time. Conversely,
certain first-order factors such as weight (W), number of

columns (C) and number of tiers (T) did not exhibit a
statistically significant association with cycle time (p-value
> 0.05).

However, some second-order interactions wetre found to
be statistically significant (p-value < 0.05), such as ULL *
C, ULH * FG, and ULH * C. These results suggest that the
dimensions of the UL along with the number of columns
(C) influence cycle time, highlighting a significant
interaction between these factors.

The lack of significance of weight and number of columns
in the model may be attributed to the physical structure of
the warehouse, where limited movements within the
structure do not significantly affect traversal times.

The values of S, the standard error of the regression, and
the goodness-of-fit measures R2 (R-sq), adjusted R2 (R-
sq(adj)), and predicted R2 (R-sq(pred)) are reported in
Table 5.

Table 5 Model summary
S R-sq R-sq(adj) R-sq(pred)
1,11244  94,05%  91,90% 88,85%

The standard error of the regression (S), calculated as 1.11
s, was calculated to assess the variability of the residuals
around the fitted regression line. The R2 value indicates
that the model is able to explain approximately 94.05% of
the observed variation in the response variable, while the
R2 predicted value indicates that approximately 88.85% of
the vatiation in the dependent variable can be explained by
the model when applied to new data.

4.2 Stepwise Analysis

Building on the findings from the ANOVA, stepwise
regression was applied to refine the model by reducing the
number of predictors. Of the six first-order factors, the
stepwise method reduced the number to three, excluding
parameters W [kg], C and T due to their lack of significance
at the 15% significance level. Moreover, in terms of second-
order interactions, only ULH [mm|*FG remained
significant. Notably, the value of predicted R2 has shown
improvement, increasing from 88.85% to 90.09%.

The Pareto Chart indicates that the most significant factor
is UL dimension, followed by FG*ULH and FG. These
findings suggest that the model can elucidate a greater
proportion of variability, thereby furnishing more robust
outcomes compared to the initial analysis.

The second-order regression equation is detived from the
stepwise analysis. The parameters of the regression model
along with their corresponding standard errors are reported
in Table 6, and the final regression equation is presented in

Eq. (1.
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Table 6 Parameter Estimates of Stepwise regression
model for Cycle Time

Parameter Estimate SE Estimate p-value

B0 4.7287 0.21628 <0.001
B1 0.0044 0.04259 <0.001
B2 -0.0044 0.03531 <0.001
B3 3.1665 0.16583 <0.001
B4 0.0360 0.00214 <0.001
B5 0.0915 0.01685 0.001
B6 44.3215 4.27540 0.068
B7 -0.1927 0.02436 0.034

The results suggest that the covariates FT, HT and DP have
a positive correlation on the Cycle time, contrary to VT,
which shows a negative correlation, albeit low.

The results of the Stepwise analysis can be subsumed in
Equation 1.

CT[s] = BO-FT + B1-HT + B2 - VT + B3 )
-DP + B4 - ULL + B5 - ULH
+B6-FG+B7-ULH - FG

5.Discussions and Conclusions

The findings of this study shed light on several key factors
influencing the petformance of AS/RS and engenders both
managerial and theoretical insights.

5.1 Managerial insights

On a practical level, our findings offer tangible implications
for real-wotld AS/RS implementations. By demonstrating
how our approach can be applied in a real-case scenatio, we
provide practitioners with actionable insights for
optimizing system design and operational efficiency.
Through the adoption of our methodology, organizations
can make informed decisions during the design,
implementation, and management phases of AS/RS
implementation projects.

As a case in point, our analysis reveals that storage decisions
made by the machine (HM), as depicted by the covariates
FT and DP, significantly impact cycle time. This
underscores the critical importance of incorporating HM
decision-making processes into the design phase of AS/RS
implementations. By recognizing the pivotal role of these
storage decisions, designers can better optimize system
configurations to minimize cycle times and enhance overall
efficiency.

Moreover, our research highlights the often-ovetlooked
significance of UL size. While this vatiable has traditionally
received less attention in AS/RS design, our findings

suggest that it can exert a considerable influence on system
petformance. As such, designers should carefully consider
unit load length alongside other design parameters to
ensure optimal system operation.

Interestingly, our analysis also indicates that certain design
vatiables such as number of tiers and columns carry less
weight in determining cycle time.

5.2 Theoretical insights

From a theoretical standpoint, our study introduces a novel
apptoach to the ex-post assessment of AS/RS
petformance. By identifying and quantifying the impact of
various design variables on cycle time, we contribute to a
deeper understanding of system dynamics and provide a
framework for evaluating system effectiveness post-
implementation. This opens avenues for future research
aimed at refining AS/RS design methodologies and
enhancing system performance. For instance, the DoE
methodology could be adopted to include other key
petformance measures such as energy consumption or
throughput.

5.3 Generalizability of results and study limitations

The main limitation of this study is related to the space
constraints and characteristics of the system under study.
In fact, the AS/RS used in this study is installed in a
laboratory and belongs to a specific configuration among
the many available in the industry. This limitation hinders
the generalization of the results concerning the impact of
number of ters and columns on the AS/RS petformance,
which could be tested by applying the DoE approach in a
larger AS/RS.

References

Accorsi, Riccardo, Marco Bortolini, Mauro Gamberi,
Riccardo Manzini, e Francesco Pilati. 2017. «Multi-
Objective Warehouse Building Design to Optimize
the Cycle Time, Total Cost, and Carbon Footprint».
The International Journal of Advanced Manufacturing
Technology 92 (1-4): 839-54.
https://doi.otg/10.1007/s00170-017-0157-9.

Antony, Jiju, Shreeranga Bhat, Anuj Mittal, Raja
Jayaraman, E.V. Gijo, e Elizabeth A. Cudney. 2024.
«Application of Taguchi Design of Experiments in
the Food Industry: A Systematic Literature Review».
Total Quality Management & Business Exccellence 35 (5—0):
687-712.
https://doi.otg/10.1080/14783363.2024.2331758.

Antony, Jiju, Elisabeth Viles, Alexandre Fonseca Torres,
Taynara Incerti De Paula, Marcelo Machado
Fernandes, ¢ Elizabeth A. Cudney. 2020. «Design of
Experiments in the Service Industry: A Critical
Literature Review and Future Research Directionsy.
The TOM Journal 32 (6): 1159-75.
https://doi.otg/10.1108/TQM-02-2020-0026.

Arboretti, Rosa, Riccardo Ceccato, Luca Pegoraro, e Luigi
Salmaso. 2022. «Design of Experiments and Machine
Learning for Product Innovation: A Systematic
Literature Review». Quality and Reliability Engineering



XXIX SUMMER SCHOOL “Francesco Turco” — Industrial Systems Engineering

International 38 (2): 1131-56.
https://doi.otg/10.1002/qre.3025.

Borovinsek, Matej, Banu Y. Ekren, Aurelija Burinskiené, e
Tone Lerher. 2016. <MULTI-OBJECTIVE
OPTIMISATION MODEL OF SHUTTLE-BASED
STORAGE AND RETRIEVAL SYSTEM».
Transport 32 (2): 120-37.
https://doi.otg/10.3846/16484142.2016.1186732.

Chen, Zhuxi, Xiaoping Li, e Jatinder N.D. Gupta. 2015.
«A Bi-Directional Flow-Rack Automated Storage and
Retrieval System for Unit-Load Warehouses».
International Journal of Production Research 53 (14): 4176—
88. https://doi.org/10.1080/00207543.2014.980459.

Coello, Norge Isafas, e Elke Glistau. 2020.
«APPLICATION OF EXPERIMENTAL DESIGN
IN LOGISTICS SYSTEMS».

Ekren, B.Y. 2020. «A Simulation-Based Experimental
Design for SBS/RS Warehouse Design by
Considering Energy Related Performance Metricsy.
Simulation Modelling Practice and Theory 98.
https://doi.otg/10.1016/j.simpat.2019.101991.

Fandi, Wahiba, Sihem Kouloughli, e Latefa Ghomri. 2022.
«Muld-Shuttle AS/RS Dimensions Optimization
Using a Genetic Algorithm—Case of the Multi-Aisle
Configurationy. The International Jonrnal of Advanced
Manufacturing Technology 120 (1-2): 1219-36.
https://doi.otg/10.1007/500170-022-08787-z.

Ferrari, Andrea, Antonio Carlin, Carlo Rafele, e Giovanni
Zenezini. 2024. «A Method for Developing and
Validating Simulation Models for Automated Storage
and Retrieval System Digital Twins». The International
Journal of Advanced Manufacturing Technology 131 (11):
5369-82. https://doi.otg/10.1007/500170-023-
12660-y.

Ferrari, Andrea, e Giulio Mangano. 2023. «Review of
Relevant Literature on Modelling and Simulation
Approaches for AS/RSs». IFAC-PapersOnLine 56 (2):
3680-85.

Ferrari, Andrea, Giulio Mangano, Giovanni Zenezini, e
Antonio Catlin. 2022. «A Real Simulation of
Automated Warehouses Processes: An Academic
Experience with Engineering Students». In Proceedings
of the 27th Summer School Francesco Turco.

Hameed, Hanan M, Abdulmuttalib Turky Rashid, e
Khairia A Al Amry. 2020. «Automatic storage and
retrieval system using a single mobile robot». In , 1-6.
IEEE.

Huang, Yongfu. 2019. «The Principles and Objectives of
Logistics Enterprise Watchouse Layout and Its
Layout Mode and Design -- Taking Ordinary
Warehouse Layout Plan as an Example». In Proceedings
of the 2nd International Symposinm on Social Science and
Management Innovation (SSMI 2019), 387-94. Atlantis
Press. https://doi.org/10.2991/ssmi-19.2019.1.

International Organization for Standardization. 2021.
«ISO 11228-1:2021 Ergonomics — Manual handling
Part 1: Lifting, lowering and carryingy.

Kumar, Shashank, Balkrishna E Natkhede, e Karuna Jain.
2021. «Revisiting the warehouse research through an
evolutionary lens: a review from 1990 to 2019.
International journal of production research 59 (11): 3470—
92.

Lagorio, Alexandra, Giovanni Zenezini, Giulio Mangano,
e Roberto Pinto. 2020. «A systematic literature review
of innovative technologies adopted in logistics
management». International Journal of Logistics Research
and Applications, 1-24.
https://doi.otg/10.1080/13675567.2020.1850661.

Lehmann, Timo, e Jakob Hul3. 2021. «Travel time model
for multi-deep automated storage and retrieval system
with a homogeneous allocation structure». Logistics
Research 14 (1).

Lerher, T. 2018. «Warchousing 4.0 by Using Shuttlebased
Storage and Retrieval Systems». FME Transactions 46
(3): 381-85. https://doi.org/10.5937 /fmet1803381L.

Lerher, Tone. 2017. «Design of Experiments for
Identifying the Throughput Performance of Shuttle-
Based Storage and Retrieval Systems». Procedia
Engineering, TRANSBALTICA 2017:
TRANSPORTATION SCIENCE AND
TECHNOLOGY: Proceedings of the 10th
International Scientific Conference, May 4-5, 2017,
Vilnius Gediminas Technical University, Vilnius,
Lithuania, 187 (gennaio):324-34.
https://doi.otg/10.1016/j.proeng.2017.04.382.

Mason, Robert L, Richard F Gunst, e James L Hess. 2003.
Statistical design and analysis of excperiments: with applications
to engineering and science. Vol. 474. John Wiley & Sons.

Montgomery, Douglas C. 2017. Design and analysis of
experiments. 9th Ed. New York: John Wiley & Sons.

Narsana, Tushat, e Rishi Kinra. 2022. «<KAN INVESTOR’S
PERSPECTIVE ON WAREHOUSE
AUTOMATION». www.oliverwyman.com. 2022.
https:/ /www.oliverwyman.com/out-
expertise/insights/2022/oct/an-investot-s-
perspective-on-warehouse-automation.html.

Roman-Ramirez, L.A., e J. Marco. 2022. «Design of
Experiments Applied to Lithium-Ion Batteries: A
Literature Reviewn. Applied Energy 320:119305.
https://doi.otg/10.1016/j.apenergy.2022.119305.

Roodbergen, Kees Jan, e Iris FA Vis. 2009. «A sutvey of
literature on automated storage and retrieval
systems». Eurgpean journal of operational research 194 (2):
343-62.

Vorasawad, Konchanok, Myoungkuk Park, e Changwon
Kim. 2023. «Efficient Navigation and Motion
Control for Autonomous Forklifts in Smart
Warehouses: LSPB Trajectory Planning and MPC
Implementation». Machines 11 (12): 1050.

Xu, Xianhao, Xiaozhen Zhao, Bipan Zou, Yeming Gong,
e Hongwei Wang. 2020. «Travel time models for a
three-dimensional compact AS/RS considering
different I/O point policies». International Journal of
Production Research 58 (18): 5432-55.

Xu, Xianhao, Bipan Zou, Guwen Shen, e Yeming Gong,.
2016. «Travel-time models and fill-grade factor
analysis for double-deep multi-aisle AS/RSs».
International Journal of Production Research 54 (14): 4126—
44.

Yahoo Finance. 2023. «Automated Storage and Retrieval
System Market To Reach USD 20.4 Billion By 2032».
Yahoo Finance. 2023.
https://finance.yahoo.com/news/automated-
storage-retrieval-system-market-115000953.html.



