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Abstract The increased need for just-in-time deliv-
ery of finite goods has pulled the development of novel
automation solutions to manage warehouse activities.
Among the available technologies, Autonomous Vehicle
Storage and Retrieval Systems (AVS/RS) rely on light
vehicles able to travel independently and to perform dif-
ferent tasks at the same time, thus exhibiting enhanced
flexibility and increased throughput level. Nonetheless,
techniques to evaluate the performance of such systems
still exhibit some gaps and are mainly focused on simple
configurations. This paper aims to extend the state of
the art by introducing novel analytical models capable
to assess the performance of a tier-to-tier, multi-shuttle
AVS/RS feeding a deep-lane rack. The proposed ap-
proach enables to evaluate the expected cycle time and
throughput by (i) enabling the possibility to consider
the real criteria adopted to store and retrieve items,
and (ii) taking into account the ability of the vehicles
to simultaneously perform different tasks. The model
is validated against simulations performed on different
rack layouts, on AVS/RS with different fleet composi-
tion, for different types of cycle. The developed model
alms to support both the design and the deployment
phases of AVS/RS by enabling quick and accurate per-
formance estimation in a wide variety of scenarios.
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1 Introduction

In recent times, a renewed consideration for warehouses
efficiency has arisen. The motivation for this interest is
twofold. On the one side, warehouses have to support
just-in-time production: both raw materials and inter-
mediate components must be available at the right po-
sition in the process at the right time. On the other side,
customers require complex product varieties with short
lead times and with highly variable demand. To deal
with these challenges, great efforts have been spent to
develop innovative technologies for warehouse manage-
ment. Automated systems play a key role in this field:
a research made by Markets And Markets [1] stated
that the overall market for such solutions will over-
come USD 9 Billion by 2023, with an estimated CAGR
greater than 7% between 2017 and 2023. This trend
is also contributed by the success of businesses mainly
consisting in appropriate warehousing activities, such
as e-commerce.

The most common automation system for warehouses
is represented by Automated Storage and Retrieval Sys-
tems (AS/RS), which mainly consist of a set of stacker
cranes able to perform movements along a given aisle
as well as to store and retrieve a unit load (UL) in the
rack. Despite their popularity and the relatively low im-
plementation cost, such systems exhibit low flexibility:
ULs are processed one-by-one, with limited capability
to manage a variable pace. Further, AS/RS can feed
only single- or double-depth racks: therefore, the num-
ber of aisles increases with the size of the warehouse,
leading to under-exploiting the available space.

An alternative system with enhanced performances
has been developed in the last decade. The underly-
ing idea was the replacement of the crane with a lift
and the adoption of lighter and compact shuttles to
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perform material handling. Such technology has been
named Autonomous Vehicle Storage and Retrieval Sys-
tem (AVS/RS) [2]. Racks supporting such systems can
be made by an arbitrary number of tiers: each of them
has a single cross aisle to provide access to the channels
which, in turn, can have arbitrary depth. The latter ca-
pability enables to collect ULs with common features
(e.g. product type, lot number, expiration date, cus-
tomer) in the same lane to ease the retrieval operations.
The reduced number of aisles, compared to traditional
systems, enables to better exploit the available space
and/or to use smaller, cheaper buildings. AVS/RS have
been successfully implemented in different fields, such
as food and beverage (even in cold applications, where
the improved space efficiency enables to reduce the cost
of cooling), tobacco, pharmaceutics, semi-finite materi-
als (e.g. rolls of textiles or papers). Further, they have
been found to perform better than the AS/RS from an
environmental perspective, due to the greater energy
efficiency per cycle [3]. A schematic representation of
an AVS/RS and the supported rack is presented in Fig.
1.

Nevertheless, the initial investment for designing and
setting up an AVS/RS is higher than a traditional sys-
tem. Therefore, accurate models for performance esti-
mation are necessary to ensure that the investment may
provide the user with the expected performance level. A
first step in this direction has been made by the recently
issued standard FEM 9.860 [4]; however, the cycles de-
fined in this document do not fully exploit all the tech-
nical capabilities of autonomous vehicles yet. Therefore,
this work aims to extend the state-of-the art by defin-
ing novel models for AVS/RS performance evaluation
able to consider as much as possible the technological
strengths of such systems. In particular, the models pre-
sented in this paper enable to assess the performance
of an AVS/RS made of an arbitrary number of shuttles
and feeding a rack with arbitrary depth. The natural
users of such models are the designers and the adopters
of AVS/RS, who need to estimate system performance
in realistic operating scenarios.

The remainder of the paper is organized as follows.
A review of the existing techniques for AVS/RS perfor-
mance evaluation is discussed in Section 2. The oper-
ating principles of such system are described in Section
3. Then, the original work of this paper is described:
the variables and the analytical model are presented in
Sections 4 and 5, respectively. The validation method-
ology and the results are discussed in Sections 6 and 7.
Finally, conclusive remarks and perspective works are
presented in Section 8.

2 Background

In scientific literature, the first research works concern-
ing AVS/RS have been issued in the early 2000s. A pre-
liminary classification can be done to distinguish tier-
to-tier and tier-captive systems. In the former configu-
ration, vehicles can move through different tiers through
a lifting table; conversely, in the second case the vehicles
are assigned to a given tier that is not changed during
the AVS/RS operations.

The first scientific work on AVS/RS is dated 2002:
Malmborg [2] presented an analytical model to assess
tier-to-tier configurations based on rack topology and
vehicles features. The targeted performance indicators
were vehicles utilization, cycle time and system through-
put. In this work, both Single Command (SC) and Dual
Command (DC) cycles were considered. This classifica-
tion is based on the number of ULs involved in the
cycle, which is equal to 1 for SC cycles (i.e. one storage
or one retrieval) and 2 for DC cycles (corresponding to
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Fig. 1 Representation of the warehouse top (a), front (b),
and side (c) views and the AVS/RS studied in the present
paper.
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both one storage and one retrieval). Later, Malmborg
[5] also developed a mathematical model to evaluate the
optimal proportion of DC cycles to be performed in or-
der to match with the demand of storage and retrieval
tasks.

Another investigated approach relies on queueing
theory. Kuo et al. [6] focused on SC cycles and devel-
oped a model capable to estimate cycle time and ve-
hicles utilization. Fukunari and Malmborg [7] enriched
the model by taking into account the capability of op-
portunistic pairing of storage and retrieval to improve
the overall system performance. They also developed a
network queueing approach to reduce as much as pos-
sible the computational cost of the model [8]. Zhang et
al. [9] used approximation techniques to keep analytical
simplicity for a model with non-Poissonian arrival rates
and service times. They evaluated both average values
and variances for the cycle time. Roy et al. [10] adopted
the semi-open queueing network approach: they mod-
cled the lift and the vehicles as mutually interacting
independent queues. This methodology initially led to
model single-tier systems; then, it has been extended to
describe multi-tier racks [11,12]. Epp et al. [13] adopted
the open queue network model to assess the perfor-
mance of a tier-captive, single aisle AVS/RS. Ekren and
Heragu [14] developed a regression, simulation-based
model to estimate the average cycle time as a func-
tion of rack topology and vehicles performance. Ekren
[15] deployed simulation models to support designers’
decisions in comparing different AVS/RS configuration
and the corresponding cost. A hybrid approach made
of analytical techniques and queues network has been
presented by Marchet et al. [16] to estimate the average
cycle time as the sum of travelling and waiting times.

A technology similar to AVS/RS is named Shuttle-
Based Storage and Retrieval System (SBS/RS). Such
systems are mainly devoted to mini-load warehouses,
but exhibit similar difficulties in performance evalua-
tion. They have been first investigated by Carlo and
Vis [17]. Analytical models have been introduced by
Lerher et al. [18] to evaluate the average duration of SC
and DC cycles in single-depth racks. This approach has
been extended to take into account also double-depth
racks [19] and to model systems where a tier-captive
storage/retrieval machine can change aisle [20]. Ekren
et al. [21] developed a mathematical model to estimate
SBS/RS travel time average and variance, and the mean
amount of energy consumption. A method to optimize
throughput time, total cost, and energy consumption is
presented in [22]. Simulation methods have been used
by Ning et al. [23] to evaluate the performance of a tier-
captive SBS/RS with multiple elevators in SC cycles.
The developed tool is able to self-generate and eval-

uate different alternative system compositions. Lerher
et al. [24] also developed a simulation tool for SBS/RS
performance evaluation and studied the relationship be-
tween travel times and system throughput [25]. Ekren
[26] presented a graph-based solution for the design of
an SBS/RS, while Ha and Chae [27] presented a method
to determine the appropriate number of shuttles to be
introduced in a system, based on the travel time estima-
tion. The queueing network model approach to estimate
SBS/RS performance has been undertaken by Tappia
et al. [28].

A synthesis of the existing works is provided in Ta-
ble 1. Howevre, as discussed, all the researches pre-
sented above take into account single- or double-depth

racks. Nonetheless, as introduced in Section 1, one strength

of AVS/RS is the capability to feed multi-depth racks
with an arbitrary number of UL positions for each chan-
nel. At the state of the art, this feature has been con-
sidered only by Manzini et al. [29]. Further, all the in-
troduced papers rely on the assumption that ULs are
randomly stored in the rack, although Ekren et al. [30]
demonstrated that the criteria adopted for storage and
retrieval significantly affect system performance.

In a recent work, D’Antonio et al. [31] proposed
an analytical approach capable to evaluate the perfor-
mance of an AVS/RS feeding a multi-depth rack by
modelling also the criteria used for ULs storage and re-
trieval, defined in form of probability distributions. The
model is able to assess SC, DC and Multi-Command
(MC) cycles, in which an arbitrary number of ULs is
involved. In that work, only the simplest AVS/RS con-
figuration has been considered, which is made of one
lift, one shuttle and one satellite. The present research
aims to go a step forward by modelling more complex
systems consisting of a single lift and an arbitrary num-
ber of vehicles for ULs storage and retrieval acting in
a tier-to-tier configuration. The modelling approach is
based on the former work; nonetheless, the presence of
multiple shuttles in the system poses additional diffi-
culties to be solved, as explained in the next sections.

3 Description of the system

As introduced in Section 1, the AVS/RS targeted by
this work is a system made of three types of vehicles
integrated with each other:

— the lift performs vertical movements and provides
access to the different tiers of the rack;

— the shuttles perform the movements along the aisle
of the operating tier;

— the satellites autonomously move through the chan-
nels of the rack to store and retrieve ULs.
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Table 1 State of the art in the field of AVS/RS performance evaluation. Abbreviations: TC = Tier-captive; TT = Tier-to-tier;
SC = Single Command; DC = Dual Command; CT = Cycle Time; TH = Throughput; u = machines utilization.
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