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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

*



O Joy U WM

OO OO U U OO OrTOrdd BB BB DSEDDDNWWWWWWWWWWNDNNDNDNDNDNDMNNDMNNNMNNNMNNRERRRRRRERRERE
G WNhHFHROoOWwWOJdJOUbDdWNREFOOWOJIOUDd WP OOOJOOUNPd WNREPOWOWOJoOYYOUd WDNE OWOJoYUdWwNEFE O

G. D’Antonio, P. Chiabert

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.

Authors Configuration Approach S/R Rack Considered Model
criterion depth cycles output
Malmborg (2002) [2] TT AVS/RS  State equation Random Single SC/DC CT, TH, u
modeling
Malmborg (2003) [5] TT AVS/RS  State equation Random Single SC/DC CT
modeling
Kuo et al. (2007) [6] TT AVS/RS  Queue network Random Single SC CT
Fukunari, Malmborg (2008) TT AVS/RS  Nested queues Random Single SC/ DC CcT
7
Fukunari, Malmborg (2009) TT AVS/RS  Network queuing Random Single SC/DC CT, u
8]
Zhang et al. (2009) [9] TT AVS/RS  Queue network Random Single SC CT
Roy et al. (2012) [10] TT AVS/RS  Queue network Random Single SC CT, u
Roy et al. (2015) [11] TT AVS/RS  Queue network Random Single SC CT, u, TH
Roy et al. (2017) [12] TT AVS/RS  Queue network Random Single SC CT, u, TH
Epp et al. (2017) [13] TC AVS/RS  Queue network Random Single SC cT
Ekren et al. (2009) [14] TC AVS/RS  Regression Random Single SC cT
analysis,
simulation based
Marchet et al. (2012) [16] TC AVS/RS  Analytical model ~ Random Single SC CT, u
and queueing
network
Lerher et al. (2015) [18] TC SBS/RS  Analytical model =~ Random Single SC/DC cT
Lerher et al. (2016) [19] TC SBS/RS  Analytical model ~ Random Double SC/DC CT, TH
Lerher et al. (2018) [20] TC SBS/RS  Analytical model =~ Random Single SC/DC CT, TH
Ekren et al. (2018) [21] TC SBS/RS  Analytical model = Random Single SC/DC CT,
Energy
Borovinsek et al. (2017) [22] TC SBS/RS  Analytical model =~ Random Single SC/DC CT, TH,
Energy
Ning et al. (2016) [23] TC SBS/RS  Simulation Random Single SC CT, TH
Lerher et al. (2015) [24] TC SBS/RS  Simulation Random Single SC/DC CT, TH
Lerher et al. (2017) [25] TC SBS/RS  Simulation Random Single SC/DC CT, TH
Ekren et al. (2017) [26] TC SBS/RS  Graph-based Random Single SC/DC CT, TH
Ha and Chae (2019) [27] TC SBS/RS  Analytical model =~ Random Single SC/DC CT, TH
Tappia et al. (2017) [28] TC SBS/RS  Queue network Random Deep-lane  SC/DC CT
Manzini et al. (2016) [29] TC AVS/RS  Analytical model = Random Deep-lane  SC/DC CT
D’Antonio et al. (2018) [31] TT AVS/RS  Analytical model  User-defined  Deep-lane =~ MC CT, TH
Present work TT AVS/RS  Analytical model User-defined  Deep-lane MC CT, TH

The configuration considered in the present research
is a tier-to-tier system made of a single lift and an arbi-
trary number of shuttles; each shuttle is also equipped
with a satellite. Therefore, shuttles deploy the lift to
change the operating level as well as satellites use shut-
tles to change the operating channel. The system is
completed by one or several bays, which act as the in-
terfaces between the AVS/RS and the surrounding en-
vironment: they are the place where ULs to be stored
are queued and picked by the AVS/RS, and where re-
trieved ULs are left from the warehousing system. A
schematic representation of the rack and the AVS/RS
is shown in Fig. 1. In order to store an UL into the rack,
the following operations must be performed:

1. the UL is placed in the bay;

2. the UL is loaded above the satellite which, in turn,
joins the shuttle. Then, the two vehicles move on
the lift;

3. the lift moves towards the target tier, then the shut-
tle leaves the lift;

4. the shuttle travels through the aisle to achieve the
target channel, then the satellite leaves the shuttle;

5. the satellite moves along the channel towards the
target position, chosen according to a LIFO (Last
In First Out) policy;

6. the satellite unloads the UL.

Since the term ‘cycle’ implies that the initial and fi-
nal positions of the vehicles must be the same [32], the
above list is also performed backwards to carry each
vehicle to the initial position. The retrieval task is per-
formed symmetrically. One can observe that after oper-
ation (3) the lift is idle: in the AVS/RS made of several
shuttles targeted by this work, the lift can serve another
shuttle while the first vehicle is performing operations
(4) to (6) and vice versa. Nonetheless, for safety rea-
sons, the AVS/RS control system has to ensure that no
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more than a single shuttle can travel on the same tier
at the same time. In a similar manner, the shuttle is
idle in the time necessary for operations (5) to (6) and
vice versa. Therefore, in case another UL needing to be
stored on the same tier is already on the elevator, the
shuttle can deploy this waiting time to move back to
the lift, load the second UL, move back to the former
channel and join the satellite to perform the next stor-
age activity. The capability to simultaneously perform
such operations enables to increase both the capacity
and the flexibility of the warehousing system.

4 Description of the variables

The mathematical model for cycle time estimation re-
quires a number of variables that can be grouped in the
following categories:

— system parameters: rack topology, vehicles perfor-
marnce;

— operational parameters: cycle type, S/R criteria, move-

ments.

Each category of parameters is discussed in detail
in the following sub-sections.

4.1 Rack topology

Without loss of generalization, the rack is supposed to
be symmetrical in each direction: all the tiers have the
same number of channels, and all the channels have the
same number of UL positions. We define:

— N_: the number of channels that can be accessed on
each tier;

— N,: the number of tiers in the rack;

— N.: the number of UL positions in each channel.

The capacity of each tier is therefore provided by
the product N, - N,, while rack capacity is given by
the product N, - Ny - N,. For each storage position,
the (z,y, z) coordinates must be known to evaluate the
parameters described in the following. For sake of sim-
plicity, we will assume that the lift travels along the
positive y axis and, therefore, that bay is set in y = 0.
Further, we also assume that the lift is placed in £ =0
and that aisles are placed along the positive x axis. Last,
the entrance of each channel is set in z = 0, and the
ULs storage positions are placed on the positive z axis.
These assumptions are made to simplify the expression
of the models, but do not restrict their validity.

4.2 Vehicles performance

The accelerations of the vehicles are denoted by (a5, ay, a).

Similarly, the steady-state maximum speeds are denoted
by (vz,vy,v.). These properties and the rack topology
parameters enable to evaluate the time necessary to
reach each rack position. In particular, we denote by:

— t(x;), i =1,..., Ny the time necessary for the
shuttle to move through the aisle from the lift to
the i-th channel;

—t(y;), J =1,...,Ny: the time necessary for the
lift to move from the bay to the j-th tier;

— t(zx), k=1,...,N,: the time necessary for the
satellite to move from the channel entry to the k-th
position in the channel.

Each of these times needs to consider the acceler-
ation and deceleration transients. For the shuttle, the
time necessary to achieve the maximum speed is given
by T, = wv./a,; the distance travelled in such time
is d, = a,T?/2. Therefore, if the distance x; to be
traveled is lower than d,, the maximum speed is not
achieved, and the travel time is given by the accelera-
tion and deceleration times only:

) — 2\/Z (1)

Conversely, in case z; > d,, the travel time is given
by:

v T —2d
t(xi)zzai+v—w.
T xr

2)

The impact of acceleration and deceleration tran-
sients can be evaluated similarly for the lift and the
satellites.

4.3 Cycle type

In order to define the cycle to be evaluated, the follow-
ing parameters are necessary:

— L: the number of tiers to be visited in the cycle;

— U: the number of ULs involved at each tier;

S: the number of switches from a storage to a re-
trieval task at cach tier;

P: the occurrences of simultaneous travels of the
satellite and the shuttle at each tier;

— N,: the number of shuttles involved in the cycle.

The number of ULs handled at each tier is given by
the following relationship:

U=1+S+P (3)
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since the ULs following the first one have two alterna-
tives: (1) they may require the same task performed for
the previous item and, to minimize the wasted times,
simultaneous travels are performed by the shuttle and
the satellite, leading to increase P by one unit; (2) a
transition from storage to retrieval task is to be done
and, in turn, S is increased by one unit.

4.4 S/R criteria

The following discrete probability distributions are de-
fined to describe the probability of rack positions to
interact with the S/R vehicles:

—a={a;}={P@x==a)},i=1,..., N, is the prob-
ability to deploy the i-th channel on the tier;

—b={;}={Ply=uy,)},j=1,..., Ny is the prob-
ability to deploy the j-th tier;

—c={ex}={P(z=2)}. k=1,..., N, is the prob-
ability to deploy the k-th position within a channel.

4.5 Movements

The probability distributions a, b, ¢ and the time dis-
tributions ¢(x), t(y), t(z) enable to define the weighted
means representing the expected time spent by the ve-
hicles to move in each direction:

N.
zv =E[t(2)] = Zait (2;) (4)
N
yu =Bt ()] =D bit (y))
j=1

zmy = E [t (Z)] = chkt (Zk)
k=1

Hence, xs is the time that the shuttle requires to
move from the lift towards the expected position on the
aisle; yps is the time that the lift spends moving from
the bay to the expected position on vertical direction;
zn s the time necessary for the satellite to move along
the channel from its entrance to the expected point.
In turn, given the acceleration and the speed of the
vehicles, the spatial coordinates (Z,9,2) representing
the distance travelled in the times (s, yar, zar) can be
evaluated by reversing equations (1)-(2).

Some further variables need to be defined. After per-
forming a storage operation, a shuttle may need to move
towards a different channel on the same level to perform
a retrieval task. In this case - which is described by a
unit increase of the variable S - the shuttle movement
starts at the coordinate &, and the expected time spent

for this displacement is denoted by dx, which results
from the following weighted mean:

N,
b0 = B[t (@ — )] = Y_ait (12— i) (5)

Similarly, the lift may need to move between differ-
ent tiers without passing through the bay, to change
the served shuttle; the expected duration of this travel,
which starts at the coordinate g, is denoted by dy:

N’H
oy =E[t(|1g—yD) = bt (17— y,) (6)
j=1

Finally, a variable is necessary to describe the case
in which the shuttle and the satellite move simultane-
ously on the respective axes. The time that the two
vehicles spend being uncoupled is given by the maxi-
mum duration between the two activities, which can be
described through the following relation:

N, N.

P, = Z Z a;cr, max [2t (z;) , 2t (z1)] (7)

i=1 k=1

5 Analytical evaluation of AVS/RS
performance

The variables presented in the previous Section enable
to define analytical models for AVS/RS performance
based on a probabilistic approach. The models at study
enable to evaluate the expected value for both the cycle
time and the throughput of a system under the follow-
ing assumptions:

— the AVS/RS is made of one lift and an arbitrary
number of shuttles operating in a tier-to-tier config-
uration;

— the number of satellites in the system is equal to the
number of shuttles;

— the vehicles are provided with the capability to per-
form simultaneous movements;

— the lift is equipped with a table capable to host an
arbitrary number of ULSs, while the capacity of shut-
tles and satellites is equal to a single UL;

— the same set of tasks is assumed to be performed at
each tier involved in the examined cycle;

— the tiers to be visited are assigned as equally as
possible to the shuttles in the system;

— vehicles are dynamically allocated to the tiers, and
each tier is allowed to host at most a single shuttle
at any time;

— the cycle begins and finishes with one shuttle in the
bay:
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— the rack is symmetrical: all the aisles have the same
number of channels, and all the channels have the
same number of UL positions; aisles are travelled in
a bi-directional way;

— all the ULs have the same size;

— the bay is placed at y = 0, the aisle starts at x =0,
the entrance of each channel is set in z = 0.

The analytical models are presented as follows. First,
a model to describe the time necessary to perform the
activities scheduled on a tier is presented. Second, the
model for the lift activities is introduced. Then, these
results are used to define the overall model for AVS/RS
cycle time and throughput. All the variables used in the
models are synthesized in Table 1.

5.1 Mathematical model for tier activities

The overall expected time for the activities occurring
on a tier is given by the following contributions:

— Shuttle times: the time x,; must be taken into ac-
count only twice, corresponding to the first and the
last travels from/to the lift; other possible shuttle
travels of the shuttle to or from the elevator occur
simultaneously with satellite activities (see below).
Furthermore, movements to change the satellite op-
erating channel - which duration is §x - occur after
each shuttle-satellite simultaneous activity (i.e. P
times), and after each switch from storage to re-
trieval (i.e. S times).

— Satellite times: the time zp; must be taken into
account twice (to go back and forth along the chan-
nel) only in case no shuttle-satellite simultaneous
activities occur, i.e. (U — P) times.

— Simultaneous activities: they occur P times and
have duration P,,.

The resulting expected time is:

Tiier =2xp+(P+95)0x+2(U — P)zy+ P+ Py (8)

5.2 Mathematical model for lift activities

While a shuttle is involved in storage or retrieval activi-
ties on a tier, the lift has to serve the other Ny —1 shut-
tles requiring to unload in the bay the ULs retrieved
from the operating tier and loading further ULs to be
stored in the rack. The time necessary for this operation
is given by:

Tyire = (Ns — 1) (0y + 2y + 2Pxpy) + 0y, (9)

Table 2 Summary of variables used in the model.

Notation  Meaning
a Probability to exploit each of the channels
available on the z axis
Ay Acceleration of the shuttle
ay Acceleration of the lift
a, Acceleration of the satellite
b Probability to exploit each of the tiers avail-
able on the y axis
c Probability to exploit each of the UL positions
available in a channel
cT Expected system cycle time
ox Expected time necessary to travel between two
different channels
oy Expected time necessary to travel between two
different tiers
L Number of levels involved in the cycle to be
examined
N Number of shuttles involved in the cycle
N, Number of channels for each aisle of the rack
Ny Number of tiers of the rack
N, Number of UL positions within a channel
P Number of simultaneous operations taking
place at each tier involved in the cycle
Py Expected duration of each simultaneous oper-
ation
S Number of switches from a storage to a re-
trieval task at each tier involved in the cycle
Tiige Time necessary for the lift to serve all the shut-
tles in the system
Tshuttle Time necessary for the shuttle to perform all
the activities scheduled on a tier without need-
ing the lift being idle
Tiier Time necessary for the shuttle to perform all
the activities scheduled on a tier
TH Expected system throughput
U Number of ULs to be stored or retrieved at
each tier involved in the cycle
TN Expected time necessary to travel from the lift
to the target channel
Vg Maximum speed of the shuttle
Vy Maximum speed of the lift
vy Maximum speed of the satellite
YM Expected time necessary to travel from the
bay to the target lift
ZM Expected time necessary to travel from the

channel entrance to the target position

Table 3 Summary of abbreviations.

Acronym  Meaning
AS/RS Automated Storage and Retrieval System
AVS/RS  Autonomous Vehicle Storage and Retrieval
System
CcC Closest, Channel
CF Closest Floor

DC Dual Command
LIFO Last In First Out
MC Multi Command

SBS/RS  Shuttle Based Storage and Retrieval System
SC Single Command
UL Unit Load
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as for each of the Ny —1 shuttles, the lift needs to travel
to the proper tier (duration dy), move from the tier to
the bay and vice versa (2yys), and remain idle for the
time necessary to support the simultaneous operations
involving the shuttle and the satellite (2x,s, repeated
P times). Last, after having served each shuttle, a dis-
placement with duration dy is necessary to reach the
first vehicle.

5.3 Mathematical model for cycle time evaluation

The first step to evaluate the expected AVS/RS cycle
time is the identification of the system bottleneck in the
cycle under examination. To this purpose, the following
quantity can be defined:
Tsnuttie = Thier — 2Pz, (10)

It represents the time that each shuttle spends trav-
eling on a tier performing S/R tasks, without needing
for the lift being idle on the same tier. Ty, is reduced
in presence of simultaneous operations for the shuttle
and the satellite (i.e. for P > 0): while the satellite is
storing an item in the channel, the lift is idle at the tier,
waiting for the shuttle that has to pick the further UL
to be stored at the same level. The same process oc-
curs symmetrically in case of simultaneous operations
during retrieval tasks.

In case Tsputeie > Tiife, the lift unloads a shuttle on
a given tier and has enough time to serve all the other
shuttles in the system and to move back towards the
first vehicle. Eventually, it remains idle for an amount of
time equal to Tspuisie — Liif¢. In this case, the cycle time
of the system is determined by the shuttle activities,
which is the bottleneck of the system.

Conversely, if Tsputiie < Tiipe, the lift is the bot-
tleneck of the system and determines the overall cy-
cle time. Therefore, the following, mutually alternative
cases may occur:

Case 1. Cycle involving both storage and retrieval
tasks, Tsputtie = Tiife- To determine the overall cycle
time, two variables must be evaluated.

First, the shuttle that last terminates the cycles is
identified: it is the shuttle in charge to serve the L-th
tier. Given the following quantity:

L-1
K = mod
mod ().
where mod(-) is the remainder of the ratio, the (K +1)-

th shuttle that begins its operations is the one that
terminates the cycle under consideration.

(11)

Second, the number of tiers visited by the (K +1)-th
shuttle is evaluated:

L
Np=|—],
g {N s -‘
where [-] is the ceiling function.
The cycle time is given by two main contributions:

(12)

1. the time necessary to run the activities of the first
K shuttles (i.e. to move from the tier to the bay
and vice versa), and enable the lift to change the
operating tier;

2. the time necessary for the (K 4 1)-th shuttle to visit
Ny, tiers, and to go back and forth from the bay after
performing the assigned tasks on each tier.

CT = K (6y + 2ynr) + Ni, (2yns + Thier) - (13)

Case 2. Cycle involving only storage or retrieval
tasks, Tsnustze > Tiip- The mathematical model is sim-
ilar to the previous case; the cycle time is reduced by
a quantity yas, as in case of storage tasks, there is no
need to carry the K-th shuttle to the bay to perform the
last UL download: the shuttle K — 1 remains in the bay
after its last cycle. Symmetrically, in case of retrieval
tasks, the first shuttle is supposed to be already on the
operating tier. Hence, the cycle time is given by:

CT = K (6y + 2ym) + N (2ynr + Thier) —ynmr- (14)

Case 3. Cycle involving both storage and retrieval
tasks, Tenuttie < Tiipi- The cycle time of the system is
given by the sum of two contributions:

1. at each visited tier, the lift loads a shuttle that needs
to go to the bay, unload the retrieved ULs, load the
ULs to be stored, and go back to the operating tier.
Here, the lift still has to wait for eventual shuttle-
satellite simultaneous operations and, finally, is en-
abled to change the tier to be ready to serve the
next shuttle;

2. for Ng — 1 shuttles, the time necessary for the first
travel from the tier to the bay, and for the last travel
from the bay to the tier must be considered. Here,
N is reduced by one unit as at the beginning and
at the end of the cycle one shuttle is supposed to be
in the bay.

CT = L (2yn + 2Pzp + 0y) + (Ns — 1) (0y + 2ynr) -
(15)

Case 4. Cycle involving only storage or retrieval
tasks, Tsnuite < Tiipe- In this case, the second term
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in model (15) is erased, as there is no need to carry
shuttles to the bay after a storage operation or, sym-
metrically, to carry shuttles to the tier before a retrieval
task. Conversely, a term must be added to ensure that
the activities occurring on the tiers are fully considered
by the model: T};e may be higher than the time spent
by the lift to change the operating tier, load a shuttle
and go to the bay.

CT = L (2yp + 2Pzpr + dy)+max {Thier — 0y — yar; 0} .

(16)

A synthesis of the models for cycle time evaluation
is provided in Table 4.

5.4 Mathematical model for throughput evaluation

The expected throughput of the system is given by the
following ratio:

U-1)
CT

The overall operational logic is represented in Table

TH =

(17)

6 Case study and models validation

The mathematical models presented in the previous
Section have been validated through a simulation plan
that considers a wide variety of configurations. The sim-
ulations enabled to collect the duration of each cycle;
the average value was then compared with the estima-
tion provided by the mathematical model. A high-level
description of the simulation model is provided in the
appendix. To assess the performance of the model in
the widest possible number of scenarios, the following
five factors are varied in the investigations:

the layout of the rack;

the type of cycle to be performed;

the criteria used to store and retrieve the ULs;
the number of shuttles in the AVS/RS;

the number of tiers visited in the analyzed cycle.

CUk W

Each experiment consisted in storing and retrieving
a sequence of 20,000 ULs. This number has been chosen
as it is around an order of magnitude higher than the
capacity of the considered racks and, in turn, enables
to get statistically meaningful results.

In order to be closer to realistic deployment scenar-
ios, the rack is assumed to manage 4 different types of
items. Therefore, each UL in the sequence is provided
with a type randomly assigned according to a discrete
uniform distribution.

The levels assigned to each of these factors are de-
tailed in the following sub-sections. To test each com-
bination of the levels, a full experimental plan made
of 1,980 scenarios has been designed. To evaluate the
repeatability of the system and ensure the robustness
of the results, each scenario is simulated ten times: for
each repetition, a different initial rack content and a
different S/R sequence were adopted. To this purpose,
ten initial rack contents have been generated a-priori
with a fill ratio close to 50%. Each of them is associ-
ated to a different S/R sequence with a ratio between
storage and retrieval orders kept close to 1 in order to
simulate a steady state scenario. The ten initial condi-
tions and S/R sequences are used in all the scenarios.
Therefore, an overall amount of 19,800 experiments has
been performed.

Simulations have been run through a Matlab rou-
tine properly developed. During the run, each channel
is enabled to store a single type of UL in a dynamic
manner: if the channel is empty, any class of item can
be stored; otherwise, the units stored in the channel
must be of the same type.

Two kinds of output are then extracted from the
simulations. First, data concerning the S/R positions
are collected to define the discrete probability distri-
butions a, b, ¢ and, in turn, enable the analytical cy-
cle time evaluation. Second, the time necessary to per-
form each cycle is collected in the simulations; these
values are then averaged over each simulation scenario
to perform a comparison with the results provided by
the mathematical models.

6.1 Rack layouts

Three warehouse layouts, already studied in [31] and
inspired to real projects dealt by an industrial partner,
have been used for this purpose: they exhibit different
scale-factor values (i.e. the ratio between the length and
the width of the rack). In each layout, rack height is
equal to 10 tiers, and the capacity is close to 2,000 ULs.
A synthesis of the geometrical rack properties and the
features of the vehicles is provided in Table 6.

6.2 Type of cycle

Four sets of activities to be made on each tier are tested
to simulate different operating conditions and evaluate
the capabilities of the analytical models. SC and DC cy-
cles are tested first; then, the investigation is extended
to account for cycles involving up to 4 ULs per each
tier, in order to evaluate scenarios capable to fully ex-
ploit the technical capabilities of the AVS/RS under
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Table 4 Summary of the analytical models developed for cycle time estimation. S=Storage, R=Retrieval.

Use case Condition Tasks Model
1 Tshuttle Z ,—rlift S+R CT=K (5y + QyAI) + NL (2yM + Ttie’r)
2 Tshuttte > Tiige  Sor R CT = K (0y +2ym) + N yms + Thier) —ym
3 Tshuttie < Trige  S+R CT = L (2ym + 2Pz +0y) + (Ns — 1) (0y + 2ynr)
4 Tshuttie <Tiige SorR  CT =L 2ynm + 2Pxn + 8y) + max {Tiier — 0y — yar; 0}

Table 5 Summary of the operational logic of the developed model.

Task Variables References

1. Configure the rack Z,Y,%, Noy Ny, N2 —

2. Configure vehicles and fleet size gy Gy y Az, Vg, Vyy Vs Egs. (1), (2)

3. Configure cycle type L,S,P,Ng Eq. (3)

4. Configure storage/retrieval criteria a,b,c —

5. Evaluate expected duration of elementary movements TM,YM,2ZM, 0,0y, Py,  Eas. (4), (5), (6), (7)
6. Evaluate expected duration of tier and lift activities Tiier, T1ift Egs. (8), (9)

7. Decide among use cases 1-4 and apply the appropriate cycle model CT Table 4

8. Evaluate system throughput TH Eq. (17)

Table 6 Summary of the parameters for the rack layouts
and the vehicles performances considered in this work.

Layout 1 Layout 2 Layout 3
x 1.5
UL size [m] Yy 2.0
z 1.2
T 11 22 40
Rack size Y 10 10 10
[nr. of ULs] z 19 9 4
Total 2090 1980 2000
T 16.5 33.0 60.0
Rack size [m] Yy 20.0 20.0 20.0
z 22.8 10.8 4.8
Scale factor [-] 0.73 3.05 12.5
Vehicles T 0.5
acceleration y 0.3
[m/s?] z 0.5
Vehicles T 2.0
max. speed Y 0.2
[m/s] z 1.2

Table 7 Summary of the parameters describing the tasks
considered in this work performed on rack tiers. Rack sizes are
inspired to projects dealt by an industrial partner. Vehicles
performances are taken from systems available on the market.

ID cycle Tasks Parameters
u S P

1 1 storage 1 0 O

2 1 storage, then 1 retrieval 2 1 0

3 2 storages, then 1 retrieval 3 1 1

4 2 storages, then 2 retrievals 4 1 2

investigation. A detailed summary of the parameters
describing each scenario is provided in Table 7.

6.3 Storage and retrieval criteria

Three different criteria are chosen to test the analytical
model in different deployment scenarios:

1. Closest Channel (CC). The position is selected ac-
cording to the following hierarchy: (a) the channel
closest to the lift hosting the same type of item; (b)
the tier closest to the bay.

2. Closest Floor (CF). The position of the UL is se-
lected according to the following hierarchy: (a) the
tier closest to the bay; (b) the channel closest to the
lift hosting the same type of item;

3. Random. The position of the UL is chosen randomly,
according to a uniform distribution.

The random criterion is commonly used in litera-
ture, whilst the former two ones are in fact implemented
by AVS/RS providers, and are chosen according to the
capabilities (acceleration, maximum speed) of the ve-
hicles: CF minimizes the deployment of the lift, while
CC minimizes the shuttle travels.

6.4 Number of shuttles and visited tiers

The tested number of shuttles Ny in the system varies
from 1 to 5, provided that each tier can host at most one
shuttle for safety reasons. The maximum value Ny =5
has been chosen as a tier-to-tier configuration is dealt:
in case of a larger fleet, some shuttles would never
change the operating tier. Similarly, the number of lev-
els L involved in the tested cycles varies from 1 to 5,
provided the constraint L > Nj.



O Joy U WM

OO OO U U OO OrTOrdd BB BB DSEDDDNWWWWWWWWWWNDNNDNDNDNDNDMNNDMNNNMNNNMNNRERRRRRRERRERE
G WNhHFHROoOWwWOJdJOUbDdWNREFOOWOJIOUDd WP OOOJOOUNPd WNREPOWOWOJoOYYOUd WDNE OWOJoYUdWwNEFE O

Analytical models for CT and TH evaluation of multi-shuttle deep-lane AVS/RS 11

Table 8 Analysis of variance for the relative difference of
cycle time between the analytical model and the simulations.

Factor Degrees of Freedom F P
Layout 2 285.30 < 0.001
Tier activities 3 1143.82 < 0.001
Criterion 2 849.20 < 0.001
Nr of shuttles 4 2987.57 < 0.001
Tiers 4 366.05 < 0.001
Error 5384
Total 5399
7 Results

General considerations. For each experiment, the
relative difference between the cycle time estimation
provided by the models in Table 2 and the average
value resulting from the corresponding simulation has
been evaluated. The distribution of the results is shown
in Fig. 2a. Here, positive values mean that the analyt-
ical model is overestimating the cycle time. The his-
togram is not symmetric: the number of positive values
is higher than the negative values, meaning that - in
general - the model tends to overestimate (i.e. to pro-
vide a conservative estimation) the cycle time. Nonethe-
less, model deviation is within £5% in the 53.5% of the
cases. The 84.3% of the scenarios exhibits a difference
smaller than +10%, while only in 1 case a difference
higher than 20% has been found. The number of repe-
titions for each configuration was enough to guarantee
statistically meaningful conclusions: the ratio between
CT estimation difference and the expected CT was at
most equal to 10%; in more than 90% of the cases, such
difference was smaller than 7%. In the following, the
impact of each varied factor is examined. To support
this step, an analysis of variance (ANOVA) has been
performed: all the five factors varied in the experiment
were found to be significant for the deviation of the an-
alytical model from the simulations, with p < 0.001 and
R? =~ 77%. The results are shown in Table 5.

Impact of rack layout. The boxplot in Fig. 2b
shows the distribution of the model deviation in the dif-
ferent layouts. In all the three layouts, the model tends
to overestimate the cycle time. The impact of this trend
is higher as the scale factor increases: layout 1 exhibits
the highest median value and owns the highest scale
factor. Further, layout 3 (characterized by the smallest
scale factor) also exhibits the smallest variability.

Impact of type of cycle. The boxplot in Fig. 2¢
shows that the model tends to overestimate (around 3-
5%) the cycle time for single and dual command cycles.
Conversely, the median relative difference for cycle time
is lower than 1% for cycles 3-4. For all the cycles, the
range represented by the whiskers is in the order of 24-
26%.

Impact of the S/R criterion. The boxplot in Fig.
2d shows that when the criterion Closest Channel is
adopted, the mathematical model tends to most over-
estimate the cycle time; nonetheless the denser quar-
tiles are Q1-Q2. Conversely, in case the criterion Clos-
est Floor is used, the denser quartiles are Q3-Q4. The
Random criterion leads to an almost symmetric distri-
bution (with respect to the median value) of the cycle
time deviation provided by the model.

Impact of the number of shuttles. The boxplot
in Fig. 2e shows that in case a single shuttle is used the
model exhibits a deviations range close to 20%. This
value is maximum when 2 shuttles are available in the
system, mainly because of two reasons: (i) the model
estimates expected waiting times for the vehicles, but
different behaviours may occur within each S/R cycle;
(ii) in this case, a high variability of scenarios occurs:
the two shuttles may have to serve 2 to 5 tiers. The
number of scenarios and, hence, the variability, is re-
duced as the number of shuttles increases, due to the
constraint L > N;, while in case Ny = 1 the lift is
always available for the single shuttle and no waiting
times for synchronization arise.

Impact of the number of visited tiers. The
boxplot in Fig. 2f shows that the model has a high
reliability for cycles involving a single tier: the aver-
age deviation provided by the model is always within
+3. Conversely, as different shuttles operating at dif-
ferent tiers have to share a single lift, model reliability
decreases: the error affecting the provided estimations
may rise up to 20%.

The plots in Fig. 3 synthesise the average through-
put values obtained in the tested scenarios. Fig. 3b
shows the importance of modelling the latest techno-
logical advances in AVS/RS. The exploitation of simul-
taneous activities for shuttles and satellites (cycles 3-4)
leads to a significant increase in the throughput values
corresponding, in turn, to a high AVS/RS capability to
deal with variable scenarios. Also the storage and re-
trieval criteria play a key role (see Fig. 3c): the random
storage exhibits the poorest performance. By switching
to the Closest Floor criterion, the throughput perfor-
mance can be almost doubled. Nonetheless, there is not
a linear correlation between the number of shuttles in
the system and the overall performance. Increasing the
number of shuttles does not necessarily correspond to
throughput improvement. Fig. 3d shows that the best
performance is achieved when the AVS/RS is made of
2-3 shuttles, which is the configuration resulting in the
best compromise for lift and shuttles saturation. Con-
versely, as the number of shuttles increases, the lift acts
as a bottleneck and the shuttles spend time being idle
and waiting for the lift.
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Fig. 2 Graphical representation of the relative differences for cycle time between the analytical model and the simulations.

8 Conclusions and perspective work

In the present research paper, novel analytical models
for the evaluation of AVS/RS cycle time and through-
put have been presented. The models are able to assess
the performance of a tier-to-tier AVS/RS made of a lift
and an arbitrary number of shuttles operating on a rack
with arbitrary lane depth, a kind of system still under-
investigated in literature. The modelling approach was
inspired to [31], but a step forward has been made to
model a multi-shuttle system: since the lift has to serve

multiple vehicles, different scenarios have to be consid-
ered, compared to the simpler system already investi-
gated.

Further, the models enable to assess the impact of
an arbitrary S/R criteria, while most of the state-of-the-
art literature still assumes that S/R tasks are assigned
according to random, uniform distributions.

The model has been validated against simulations
where the rack fill rate was kept close to 50%. Of course,
in realistic conditions this value might be different as
well as it may vary over time. However, this choice does
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not restrict the validity of the model, as it only impacts
the probability distributions a, b, c: for example, in
the case of Closest Channel criterion, as the fill rate
increases, it may become ‘more difficult’ to find a place
for the UL in a channel close to the lift.

8.1 Model deployment

The approach presented in this work can support the
activities of both designers and end-users of AVS/RS.
First, in the design phase, the performance of the sys-
tem can be assessed in a variety of scenarios: provided a
given rack structure, changes in vehicles speed and ac-
celerations, variations in the vehicles fleet, adaptation
of storage and retrieval criteria can be easily evaluated
for an arbitrary cycle. Thus, customers can be provided
with a tailored estimation of the AVS/RS capabilities.
Second, users of such system can evaluate the effect
of an operative strategy (storage and retrieval criteria,
type of cycle) before its implementation: a preliminary
study is provided in [33].

For the sake of models validation, here the prob-
ability distributions a, b, and ¢ have been extracted
from simulations. The plots in Fig. 4 show the distribu-
tions used in the present work with the criteria Closest
Channel, Closest Floor and Random. Nonetheless, ei-
ther in the AVS/RS design or deployment phases, a, b,
c may be any set of weights with a (normalized) sum
equal to 1. During the design phase, discrete probability
distributions can be used based on the scenario to be
assessed: for example, uniform distributions to model
random storage /retrieval or weights with a shape simi-
lar to geometrical distribution can be used to represent
the Closest Channel or the Closest Floor approaches.
In case of an existing system, an alternative way can
consist in extracting data on storage/retrieval tasks for
a statistically significant time span.

The results discussed in Section 7 show that the
models presented in this paper provide a deviation from
the simulated behaviour that is in most of the cases
within +£10% and rarely achieves +£20%. Further, the
models tend to overestimate cycle time, thus provide
a conservative estimation. Given these results, we can
state that the analytical models represent a useful tool
for the evaluation of system performance. They can
be easily implemented into an electronic spreadsheet
and promote quick performance evaluation over a wide
range of scenarios in the early-design phase. The re-
sults presented in Fig. 3 highlight the importance of
the original contribution presented in this work: the
criteria adopted for storing and retrieving ULs, as well
as the flexibility that can be achieved by acting on the
operating principles, such as simultaneous operations,

are proven to significantly affect AVS/RS performance.
Therefore, an appropriate modelling is necessary.

8.2 Discussion on model assumptions

In the beginning of Section 5, the list of model assump-
tions has been provided. Here, a short discussion con-
cerning their relaxation is provided.

Composition of the system. The modeled AVS/RS
consists of a single lift and an arbitrary number of shut-
tles. In case two or more lifts are adopted in the system,
two possibilities arise:

— in case each lift serves an independent set of aisles,
the overall system can be modeled as a set of inde-
pendent AVS/RSs;

— in case each aisle is served by more than one lift,
the model needs some adaptations: for each rack
position (z;,y;, 2;), the storage/retrieval probabil-
ity changes according to the involved lift. Therefore,
the probability distributions a, b, ¢ will consist in
bidimensional arrays, where the second dimension
is equal to the number of lifts in the AVS/RS.

Further, the number of satellites was assumed to be
equal to the number of shuttles. From the technolog-
ical point of view, the number of shuttles and satel-
lites in the system are totally independent. However,
operational criticalities may arise in case this ratio is
not 1:1, as waiting times for satellites (which can au-
tonomously move only within a rack channel) may sig-
nificantly arise as well as not-in-service shuttle travels
necessary to switch the served satellite. In other words,
a customer would be required to pay money for vehicles
with low efficiency. Conversely, the capability of shut-
tles and satellites (available on the market) to simul-
taneously move on different directions enables to im-
prove the overall efficiency without buying a huge fleet
of vehicles. From the model perspective, an adaptation
is necessary to consider the aforementioned additional
shuttle travels.

Capabilities of the system. Shuttles and satel-
lites are assumed to be provided with the capability
to perform simultaneous movements; if this is not the
case, the model still holds as P = 0 disables such capa-
bility. Further, the capacity of shuttles and satellites is
assumed to be equal to a single UL. This is mandatory
for the satellite: as it needs to enter within the channel
rack, it cannot host more than a single UL. Conversely,
shuttles capable to host more than a single UL can be
designed: in this case, the equation for T}, needs to
be adapted.

Tasks to be performed. The same set of tasks is
assumed to be performed at each tier involved in the
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examined cycle: since the purpose of this work is to
look for average values of cycle time, this assumption is
reasonable. Considering specific tasks different for each
tier would go to the direction of task scheduling, which
is out of the scopes of this work. Another assumption is
made concerning tiers choice: the tiers to be visited are
assigned as equally as possible to the shuttles in the sys-
tem. Over the long term, this assumption is reasonable,
as in a tier-to-tier configuration there is no meaning to
sistematically prefer a shuttle to another one. Further,
each tier is assumed to host at most a single shuttle
at any time: this action is usually adopted by AVS/RS
manufacturers for safety reasons, in order to avoid col-
lisions. However, model adaptation is required if this is
not the case.

Layout. The rack is assumed to be symmetrical:
all the aisles have the same number of channels, and
all the channels have the same number of UL positions;
aisles are travelled in a bi-directional way. Distances
between tiers and channels are considered in the travel
times along each direction (xpr,dx,yar,0y); asymme-
tries would just be absorbed in the evaluation of such
expected values, without any further impact on the
model.

All the ULs are assumed to have the same size. In
case of ULs with different size, some positions could be
not accessible for some UL types: this will be taken into
account in the probability distributions a, b, ¢, without
any further impact on the model.

8.3 Future improvements

Although the obtained results are promising, there is
further room for models improvement. First, the at-
tention paid to energetic aspects is increasing also in
warehousing. Therefore, in future work the model will
be enriched with the estimation of the expected energy
needed to perform a given cycle and for each storage or
retrieval task. Further, besides the expected values of
such performances, the evaluation of a variability mea-
sure (e.g. the standard deviation) may be desirable to
assess the reliability of the evaluated information. Fi-
nally, the model presented here is capable to consider
only symmetric cycles, i.e. cycles in which a given set
of activities is performed in all the involved tiers; the
capability to evaluate asymmetric cycles would improve
the flexibility of the tool.
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A Description of the simulation model

This section contains a high level description of the simulation
model used for validation of the developed approach.

A.1 Initialization model

A first model has been developed to generate 10 datasets to
be used in the different repetitions of each configuration to
be simulated: such datasets contain the rack content to be
loaded at the beginning of the simulation and a list of ULs
to be stored and retrieved.

define rackCapacity = N_x*N_y*N_z
for i=1:number0fRepetitions
generate the empty rack structure
set storageCriterion: Closest Channel
set retrievalCriterion: Random
for j=1:rackCapacity
generate the j-th UL
provide the j-th UL with a random UL type
define the j-th UL position in the rack
accordingly to the storageCriterion
update rack content
end
for j=1:fillRate*rackCapacity
require retrieval of a UL with a random type
select the UL to be retrieved accordingly to
the retrievalCriterion
make the rack position free and update rack
content
end
for j=1:number0fInvolvedULs
generate a new UL to be stored
generate a new UL to be retrieved
provide the two ULs with a random UL type
end
save i-th rack content
save i-th list of storage and retrieval ULs
end

A .2 Simulation model

Here, the model that simulates ULs storage and retrieval is
presented: the results of the former model are used here as
an input; the output mainly consists in the evaluation of the
average cycle time and an array (which size is equal to rack
capacity) listing the number of storage/retrieval activities oc-
curred in each rack position: this is the basis to evaluate the
probability distributions a, b, c.

load rack configuration and initial content
load the list of storage and retrieval ULs
load simulation configuration: storageCriterion,
retrievalCriterion, N_S, L, S, P, U
define number0OfCycles = 20000/U
define arrayOfInteractions = zeros(size: rackCapacity)
for i=1:number0fCycles
identify the U items in the list involved in
the actual cycle
decide the rack positions of ULs to be stored
accordingly to the storageCriterion
decide the rack positions of ULs to be retrieved
accordingly to the retrievalCriterion
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start timeCounter
run vehicles movements to store/retrieve the U
items, accordingly to cycle specifications and
to the defined rack positions
end timeCounter
set cycleDuration(i) = timeCounter
increase by one unit the appropriate value of
array0OfInteractions
end
evaluate a, b, c based on arrayOfInteractions
evaluate avgCicleDurationSimulation = mean(...
cycleDuration(l:numberofCycles)
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Fig. 3 Graphical representation of the throughput achieved by the AVS/RS.
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Fig. 4 Examples of probability distributions describing the storage/retrieval criteria for Layout 1 used in this work.



