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Abstract. This paper presents a multi-objective optimisation solution procedure for the design of the Shuttle-Based
Storage and Retrieval System (SBS/RS). An efficient SBS/RS design should take into account multi-objectives for op-
timization. In this study, we considered three objective functions in the design concept which are the minimization
of average cycle time of transactions (average throughput time), amount of energy (electricity) consumption and total
investment cost. By also considering the amount of energy consumption as an objective function for minimization, we
aimed to contribute to an environmentally friendly design concept. During the optimization procedure, we considered
seven design variables as number of aisles, number of tiers, number of columns, velocities of shuttle carriers, accelera-
tion/deceleration of shuttle carriers, velocity of the elevators lifting tables and acceleration/deceleration of the elevators
lifting tables. Due to the non-linear property of the objective function, we utilized the Non-Dominated Sorting Genetic
Algorithm IT (NSGA II) genetic algorithm for facilitating the solution. Lastly, we searched Pareto optimal solutions to
find out the optimum results. We believe that this study provides a useful and a flexible tool for warehouse planners
and designers, while choosing a particular type of SBS/RS at the early stage of the warehouse design.
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Abbreviations SIT - square-in-time;
AS/RS - automated storage and retrieval systems; TB - travel between time component.
AVS/RS - autonomous vehicle storage and retrie- Objective Functions

val systems;
AVs - autonomous vehicles;
CO, - carbon dioxide;
CBAS/RS - crane-based automated storage and re-

fr(x;) - objective function throughput time;
Src(x;) — objective function energy consumption;
frc(x;) - objective function total cost.

trieval systems; Design Variables
DCC - double command cycle; A - number of aisles in the SBS/RS;
GA - genetic algorithm; M - number of tiers in the SBS/RS;
I/O - input and output location; C - number of columns in the SBS/RS;
NSGA II - non-dominated sorting genetic algo- v, - velocity of the shuttle carrier;
rithm II; a, - acceleration/deceleration of the shuttle
ES - one way travel time component; carrier;
SBS/RS - shuttle-based storage and retrieval sys- v, - velocity of the elevator’s lifting table;
tems; a, - acceleration/deceleration of the eleva-
SCC - single command cycle; tor’s lifting table.

SR - storage rack;
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Operational Parameters
a;, - acceleration of the elevator’s lifting tab-
le;
ar - acceleration of the shuttle carrier;

g — acceleration of gravity;
Fp - braking force;
a, - deceleration of the elevator’s lifting tab-
le;
a; - deceleration of the shuttle carrier;

d; - distance;
- distance of the shuttle carrier when
travelling with constant velocity;
l,.c — distance of the shuttle carrier during ac-
celeration;
I, — distance of the shuttle carrier during
deceleration;
h,. - distance of the elevator’s lifting table
during acceleration;
h,,, - distance of the elevator’s lifting table
when hoisting with constant velocity;

l

cvel

hg,. - distance of the elevator’s lifting table
during deceleration;
n - efficiency;
T, - efficiency of the SBS/RS;
EC - energy consumption;
Tproject — €xpected lifetime of the SBS/RS;

E(ES)gcar — expected one way travel time of the
shuttle carrier;

E(TB)gcug — expected travel-between time of the
shuttle carrier;

E(SCC)gcar — expected single command cycle time of
the shuttle carrier;

E(DCC)gcag — expected dual command cycle time of
the shuttle carrier;
E(ES);pr — expected one way travel time of the el-
evator’s lifting table;
E(TB);rr — expected travel-between time of the el-
evator’s lifting table;

E(SCC) gy — expected single command cycle time of
the elevator’s lifting table;

E(DCC)pr — expected dual command cycle time of
the elevator’s lifting table;

E(DCC) pz1E — expected dual command cycle time of a
single SBS/RS;

k;, - factor which takes into account the im-
pact resistance of the rotating masses
with variable vehicle velocity;

G - force of gravity;

Fy - force of rolling friction;

F;r - force of inertia;

Hgp - height of the storage rack of the SBS/RS;
h.; — height of the storage location;

Lgp - length of the storage rack of the SBS/RS;
I — length of the storage location;
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x; — lower bound of the design space;
My, — mass of the tote;
My,p. — Mass of the lifting table;
M., — mass of the shuttle carrier;

Vmax — Maximum velocity;

max
n - number of elevator’s lifting tables/shut-
tle carriers;
yeeks — umber of weeks;

n,,q — number of working days in a week;

T s - number of working hours in a shift;

tp;s — pick-up and set-down times of the ele-
vator’s lifting table/shuttle carrier;

P - power;
Fy(z) - probability distribution function;

fi(z) - probability density function;

k, — rolling resistance coeflicient;
Pgcar - root mean square power of the shuttle
carrier;
P, 1pr — root mean square power of the elevator’s
lifting table;
A — throughput capacity;

Asps/rs — throughput performance of the SBS/RS;
MDCC)gcyr — throughput capacity of the shuttle car-
rier in the case of DCC;

MDCC);pr - throughput capacity of the elevator’s
lifting table in the case of DCC;
Tsps/rs — throughput time;

t,c — time for accelerating the elevator’s lift-
ing table/shuttle carrier to reach the
maximum velocity;

t., — time for travelling of the elevator’s lift-
ing table/shuttle carrier with constant
velocity;

tic — time for decelerating the elevator’s lift-
ing table/shuttle carrier until it stops;

Fp - traction force;

t(d;) - travel time of the elevator’s lifting table
to the most distant tier in the SBS/RS/
travel time of the shuttle carrier to the
most distant storage location (cell) in
the SBS/RS;

x; — upper bound of the design space;
Q - warehouse volume;
W, — width of the storage location;
Wps/rs — width of the SBS/RS;

k - this symbol stands for the number of
transaction, which is two (2) in case of
DCC (one tote is going inside of the SR
and one tote is leaving the SR).

Operational Cost Parameters

Cyrr — cost of the selected elevator with lifting
tables;

Cgcar — cost of the selected shuttle carrier;
Cqp — cost of the storage location;
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Cgy4 — cost of storage area per square meter per
year;
Crc ipr — cost of the energy consumption of the
elevator’s lifting tables;
Crc scar — cost of the energy consumption of shut-
tle carriers;
cgc — cost for 1 kWh of electricity;
I; ;pr — investment in elevators with lifting ta-
bles;
Iscagr — investment in shuttle carriers;
Igp — investment in storage locations;
Iy - investment in the storage area of one
aisle of the SBS/RS;
TC - total cost.

Introduction

Warehouses are critical for the supply chain.

Basically, there are three types of warehouses:

- distribution warehouses;

- production warehouses;

- contract warehouses.

In distribution warehouses, products from different
suppliers are received and stored (sometimes they are
assembled) for delivery to several customers. Produc-
tion warehouses are usually used for storing raw mate-
rials, semi-finished products and finished products in a
production facility. In a contract warehouse, warehous-
ing operations are performed on behalf of one or more
customers. Although many companies tend to follow
make-to-order policies, due to the demand variabilities
they may cause, companies may need warehouses. To be
able to increase space utilization in a warehouse, manag-
ers prefer a high-rise storage area with a relatively small
foot-print where storage locations on racks are acces-
sible via narrow aisles. Having high-rise storage design
creates the necessity for a fast moving automated ma-
terial handling system for storing/retrieving loads to/
from storage locations to increase the throughput capac-
ity. Advances in technology could provide such a tech-
nology ensuring greater responsiveness and additional
flexibility in fulfilling orders. Therefore, warehouses in
a supply chain are moving beyond traditional CBAS/RS
technologies towards AVS/RS technologies offering ad-
ditional flexibilities in warehouse operations (Malmborg
2002). In this technology, throughput capacity can be
varied by changing the number of AVs in the system.
The main components of an AVS/RS are lifts, AVs and
a system of rails in the storage rack area. Lifts provide
vertical movement for transactions to travel among tiers
and AVs provide horizontal movement for transactions
within the tier. AVS/RS technology is first introduced
for heavy unit-load transactions (Malmborg 2002). Re-
cently, increasing trends towards more product variety
with small size and short response times have created a
new AVS/RS called Shuttle-Based Storage and Retrieval
System (SBS/RS) as an alternative system to mini-load
CBAS/RS (Carlo, Vis 2012; Marchet et al. 2013, 2012;
Lerher et al. 2015a, 2015b, 2014, 2013). A typical SBS/

RS is a tier-captive AVS/RS design where AVs - i.e. shut-
tles — can travel within a tier and each aisle has a lift
mechanism. The main advantages of this system are that
it is light-weight and has a high transaction throughput
rate. Shuttles carry the loads in totes hence this system
is also known as AVS/RS with product totes (Marchet
et al. 2013). In literature reviews, previous researchers
have mostly focused on AVS/RS (Malmborg 2003, 2002;
Kuo et al. 2008, 2007; Fukunari, Malmborg 2009, 2008;
Ekren, Heragu 2011; Ekren et al. 2014, 2013, 2010; Ekren
2011; Roy et al. 2012; Zhang et al. 2009) configurations,
whereas ‘tier captive’ AVS/RS and SBS/RS seem to have
been disregarded, notwithstanding its higher adoption
by a number of industrial applications for tote handling.
This study not only fills this gap in the literature but
also provides a significant contribution to the energy
efficient design concept of AVS/RS. It is important to
design SBS/RS right the first time due to the relative
inflexibility of the physical layout and the equipment.
In this study, we provide a multi-objective optimization
model for designing SBS/RS by optimizing the average
cycle (throughput) times of transactions, amount of en-
ergy consumption and total investment costs. In other
words, our aim was to find out the best SBS/RS design
for minimizing the average cycle times of transactions,
total amounts of energy consumption and maximising
the throughput capacity.

1. Literature Review of AS/RS and SBS/RS

The AS/RS is a major category of material handling
equipment. There are primarily two types of AS/RS,
unit-load AS/RS and the mini-load AS/RS. AS/RS usu-
ally consists of conveyors, SR and an automated S/R
machine that can travel along narrow aisles between the
SR to store and retrieve loads. The S/R machine can ma-
nipulate either pallets (unit-load system) or totes (mini-
load system). Over the past 50 years, many studies of
AS/RS have been performed within the material han-
dling research community. The intensive development
of AS/RS began with the development of informational
and computer science. Hausman et al. (1976), Graves
et al. (1977) presented travel time models for AS/RS as-
suming that the SR was square-in-time, which meant
that times to the most distant column ¢, = Lgp/v, and
tier t, = Hgp /v, were both equal (¢, = £,). They analysed
different storage strategies, e.g. randomised, turnover-
based and class-based storage assignment rules. Gude-
hus (1973) presented principles for calculations of the
cycle times for the SCC and DCC. In the case of the SCC
the S/R machine could perform one storage or retrieval
request, only. More advanced is the DCC where the stor-
age and the retrieval request are done simultaneously by
the S/R machine. With regard to other cycle time expres-
sions, he considered the impact of the acceleration and
deceleration on travel times. Bozer and White (1984)
presented an analytical travel time model for calculat-
ing the SCC and DCC for non-SIT racks. Their models
were based on randomized storage and retrieval with
different I/O configurations of the input queue. Their
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analytical travel time model was based on the assump-
tion that the S/R machine travels all the time at constant
velocity. Hwang and Lee (1990) presented travel time
models by considering the operating characteristics of
the S/R machines for AS/RS and non-SIT racks. Sari
et al. (2005) presented closed-form travel-time expres-
sions for flow-rack AS/RS. Lerher et al. (2006) devel-
oped analytical travel time models for multi-aisle AS/
RS by considering the operating characteristics of the
S/R machine. Using the proposed analytical travel time
models, average travel time can be evaluated. Gu et al.
(2007) presented a comprehensive review of research
on warehouse operation. Roodbergen and Vis (2009)
presented a comprehensive explanation of the current
state-of-the-art in AS/RS. Rouwenhorst et al. (2000)
presented a comprehensive review of warehouse design
and control. Lerher ef al. (2011) presented simulation
analysis of a mini-load multi-shuttle AS/RS. Recently
Bortolini et al. (2015a) proposed an extension for ana-
lytical models when computing the expected travel time
for the SCCs and DCCs of AS/RS in three-class-based
storage systems. Later, Bortolini et al. (2015b) proposed
non-conventional easy-applicable configuration for unit
load warehouses with diagonal cross-aisles. Accorsi
et al. (2015) presented time and energy based assign-
ment strategy for unit-load AS/RS warehouses. Janilionis
et al. (2016) presented a comparison between routing
algorithms for storage and retrieval mechanisms in cy-
lindrical AS/RS.

The SBS/RS is composed of shuttle carriers, SR and
the elevator with lifting tables that are attached on a mast.
The shuttle carrier function is a S/R machine in this sys-
tem. Each tier of the SR has usually one shuttle carrier
(tier-captive SBS/RS). There can be some other designs,
where shuttle carriers serve for multi-tiers. Totes (loads)
are carried to the destination tiers via elevator’s lifting
tables. Each aisle has one elevator mounted along the
SR. There are typically two buffer positions in each tier
where totes are dropped off from the elevator’s lifting
tables or shuttle carriers. In the storage process, the totes
are picked up from these buffer positions by the shuttle
carriers to be stored at storage locations in the SR. Based
on the literature review, there are very few studies re-
lated to SBS/RS. Carlo and Vis, 2012 studied an SBS/RS
developed by the Vanderlande Industries (http://www.
vanderlande.com) where two non-passing lifting systems
are mounted along the SR. In this paper, they focused on
the scheduling problem of lifts where two (piece-wise
linear) functions are introduced to evaluate candidate
solutions. They developed an integrated look-ahead
heuristic for the solution procedure to improve the total
handling time (in terms of throughput). Marchet et al.
(2012) modelled an SBS/RS via open queuing network
to estimate the performance of the system in terms of
utilisations of lifts and shuttles as well as waiting times
for lifts and queues. They compared the analytical results
with the simulation models in order to validate them.
The proposed analytical models demonstrated good es-
timates for the performance measures. Later, Marchet
et al. (2013) presented main design trade-ofts for SBS/
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RS using simulation. They completed their study for sev-
eral warehouse design scenarios for tier-captive shuttle
vehicles. They presented several performance measures
from the system - utilizations of lifts and shuttles, aver-
age flow time, waiting times, as well as the costs for the
pre-defined SR designs.

Concerning multi-objective studies, Diao et al.
(2011) studied a trade-off problem on the time-cost-
quality performance of a project. A computer-based
Pareto multi-objective optimisation approach applying
NSGA II GA algorithm was utilized for solving trade-off
problems. Based on their proposed approach, decision-
making can become easy according to the sorted non-
dominated solutions and project preferences. Lerher
et al. (2013) studied multi-objective optimization for
a CBS/RS, where the objective functions were defined
as: minimisation of cost, average travel times of trans-
actions and maximization of quality. The NSGA II GA
algorithm was used for the solution procedure. The pri-
mary reason for using the evolutionary algorithm is its
ability to find out the Pareto optimal solution. Recently,
Lerher (2013), Lerher et al. (2015a, 2015b, 2014) stud-
ied SBS/RS by considering the energy efficient concept
within the system’s design. The proposed models provid-
ed several warehouse designs and their performances.
Designs were considered in terms of velocity profiles
of material handling devices while performances were
considered as the amounts of energy (electricity) con-
sumption, amount of CO, oscillation and throughput
capacity. These studies provide a significant contribu-
tion towards automated warehouse planning by taking
into consideration the environmentally friendly design
concept. Smew et al. (2013) presented a simulation study
of trade-offs between the conflicting objectives of max-
imising customer service levels and minimising work-
in-process. Bekker (2013) presented a computationally
economic approach for optimizing the throughput rate
and allocated buffer space, which are the two conflicting
objectives of the buffer allocation problem.

According to the above mentioned, SBS/RS com-
pared to mini-load AS/RS offers customers the follow-
ing benefits: maximum flexibility, optimum utilisation of
space and volume, minimum energy consumption due
to low moving masses, energy recovery, decentralised
communication between shuttles and a warehouse man-
agement system, modular and scalable design, etc. Of
course, the final decision always lies with the customer if
the customer is willing to invest in new technology such
SBS/RS instead of mini-load AS/RS.

According to the literature review, the majority of
the reviewed papers used a different approach for ana-
lysing the system performance of SBS/RS. More impor-
tantly, in this paper by considering the multi-objective
function and the total energy consumption of the system
as one of these multi-objectives, we believe that we have
contributed to literature and the environment. In this
study, we considered three objective functions as mini-
misation of:

— average cycle (throughput) time of transactions

(maximisation of throughput capacity);
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- total amount of energy consumption;

- total investment cost.

Due to the non-linearity of the multi-objectives, we
utilised GA to solve the problem (Holland 1992). Specifi-
cally, we utilised Pareto optimal solutions and the NSGA
IT GA to obtain optimal solutions (Deb et al. 2002).

2. Model for Designing Shuttle-Based
Storage and Retrieval Systems

2.1. Shuttle-Based Storage and Retrieval Systems

Shuttle-based storage and retrieval systems are com-
posed of the elevator with lifting tables that are attached
on a mast, shuttle carriers, buffer positions and the SR
(Fig. 1). The elevator through the lifting table moves the
totes up and down to the prescribed tier in the SR. To
be able to process more work, two independent lifting
tables may be attached to the elevator, one of which is
on the right side and the other one on the left side of
the mast. In this case, the performance of the eleva-
tor can be doubled. An elevator can move lifting tables
with velocities up to v, = 1.5 m/s theoretically. An en-
ergy regeneration system module can be applied during
lowering (braking) the lifting table. Elevators are often
bottlenecks in this system so they usually determine the
performance of the whole system (Lerher 2013).

A shuttle carrier is a small AV with four wheels that
transports totes from the buffer position to the storage
locations on the SR (Fig. 1). A shuttle carrier is equipped
with a telescopic attachment for manipulating totes. The
maximal weight of a tote should not exceed 50 kg/shuttle
carrier. A shuttle carrier can travel with velocities up to
v, = 4 m/s theoretically. An energy regeneration system
module can also be applied during its braking. Usually
there is a single shuttle carrier in each level of a storage
rack. This assumption can be released if we use a special
shuttle elevator at the back of the storage rack, for mov-
ing shuttle carriers up and down to the prescribed level
in the SR. The buffer position is placed at each level of
the SR and is used for buffering totes from the eleva-
tor and shuttle carriers. The SR is composed of storage
compartments that can receive n loads. By multiplying
storage compartments in the horizontal and vertical di-
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rections, the capacity of the storage rack is calculated.
The SR can be implemented as a single or a double deep
system (Lerher 2013).

2.2. Optimisation Model of the SBS/RS

This section presents the optimisation model, which
aims to show the trade-off between the average through-
put time, total energy consumption and total cost.

When building the proposed model, the follow-
ing assumptions and notations were considered (Lerher
2013):

— the SBS/RS is divided into two sides within an
aisle; therefore totes can be stored on either side
in a tier;
the input/output (I/O,) location of the single
SBS/RS is located at the first tier, next to the lift
location (Fig. 1);
the SR is divided by columns and tiers; At each
tier, there are two buffer positions (left and right,
Fig. 1) and a single shuttle carrier (aisle-captive
system);
the elevator manipulates two lifting tables inde-
pendently, one of which is located at the left side
and the other one on at the right side of the el-
evator; each lifting table can serve one tote at a
time;
the elevator and the shuttle carrier complete
SCCs and DCCs;
velocity and acceleration/deceleration (vy, ay) of
the elevators lifting tables as well as the height
Hgp of the SR are known;
velocity and acceleration/deceleration of shuttle
carriers (v, a,) as well as the length Lgp of the
SR are known;
the height H and length Lgy of the SR are large
enough for the elevators lifting tables and shuttle
carriers to reach their maximum velocity v,,,, in
the vertical and horizontal directions;
the elevator’s lifting table and the shuttle carrier
travel on basis of the velocity-time dependence,
which is associated with acceleration, constant
velocity and deceleration;
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Fig. 1. SBS/RS (Lerher et al. 2015a)
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- randomised assignment policy is considered
which means that any buffer position in the ver-
tical direction and any storage position in the
horizontal direction are equally likely to be se-
lected for storage or retrieval assignments to be
processed.

The model minimises the average throughput time
Tsps/rs» total cost TC and total energy consumption EC
of a SBS/RS according to project restraints and condi-
tions using the following seven design variables x:

integer: A, M, C;

real: v,, a,, Vys Gy (1)

where: A refers to the number of aisles; M refers to the
number of tiers; C refers to the number of columns; v,
refers to the velocities of shuttle carriers for traveling
in the horizontal direction; a, refers to the acceleration/
deceleration of the shuttle carriers for travelling in the
horizontal direction; v, refers to the velocities of the el-
evator’s lifting tables for moving in the vertical direction;
a, refers to the acceleration/deceleration of the elevator’s
lifting tables for moving in the vertical direction. The
proposed model is represented by a mathematical mo-
del, which includes design variables, all relevant opera-
tional, physical parameters, and investment/operational
costs, and is detailed in the following section.

2.2.1. Minimising the Average Throughput Time

Throughput time Tgpg/pg in most material handling facil-
ities (in our case SBS/RS) have related to the movement
of material handling devices like elevator’s lifting tables
and shuttle carriers. Throughput time Tggg/pg could be
minimised by using efficient drives for faster movement
of shuttle carriers in the horizontal direction and hoist-
ing of the elevator’s lifting tables in the vertical direction.
Beside the efficient drives, the number of columns C and
the number of tiers M of the SBS/RS should be in an ap-
propriate relationship. The average throughput time per
item Tgpg/ps is inversely dependent on the throughput
capacity A, measured in terms of the number of item
movements that can be completed in a given time. Ac-
cording to the values of the throughput time Tggg/pg
for the elevator’s lifting tables and shuttle carriers, the
throughput capacity Agps/pg of the SBS/RS has been de-
fined. The objective was to minimise the throughput
time Tggg/ps Of the elevator’s lifting tables and shuttle
carriers, which is described as follows:

min fp (xi);
fT(xi):TSBS/RS(Vx’ax’vy’ay’A’C’M> @)

and is discussed in detail in the Chapter 3.1.

2.2.2. Minimising Total Energy Consumption

Total EC is comparatively relative to the throughput time
Tsps/rs and consequently the total cost TC. Application
of SBS/RS material handling devices with efficient drives
(faster movement of shuttle carriers and hoisting of the
elevators lifting tables) will no doubt increase the energy
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consumption of the material handling devices and con-
sequently the total cost of the SBS/RS. The objective is
to minimise the total EC, which is described as follows:

min fpe (x;);
fEC(xi):EC(vx,ax,vy,ay,A,C,M) (3)

and is discussed in detail in the Chapter 3.2.

2.2.3. Minimising Total Cost

Total cost TC is comparatively relative to the throughput
time Tgpg/ps. Application of SBS/RS material handling
devices with efficient drives (faster movement of shut-
tle carriers and hoisting of the elevators lifting tables)
will no doubt increase the cost of the SBS/RS and the
maintenance costs of material handling devices. For the
relationship between the TC and the Tpg/ps, One can
use a discrete function or continuous (linear/quadratic)
function. The objective is to minimise the total cost TC,
which is described as follows:

min fre (xi);
fTC(xi):Tc(vx’ax’vy’ay’A’C’M) (4)

and is discussed in detail in the Chapter 3.3.

3. Definition of the Optimisation
Model of the SBS/RS

3.1. Travel Time and Throughput
Performance Definition

3.1.1. Travel Time Definition of
the Elevators Lifting Table

The elevator’s lifting table can work on a SCC, which
means that only one tote can be handled at a time. More
advanced is DCC, by which two totes are handled in
a cycle. By assuming the distances between tiers to be
large enough for the elevator’s lifting table to achieve its
maximum velocity v,,,, and a continuous sequence of
loaded and unloaded moves between destination points
(bufter positions), the expected cycle time using the
probability theory has been developed.

In the case of SCC, the elevator’s lifting table lifts
a tote to tier i, unloads the tote and moves back to the
I/0O location (Fig. 2). The same sequence can also be per-
formed in the reverse order. One way travel time (ES)
11p7 corresponds to the variable travel time z for lifting
of the elevators lifting table with a tote from I/O loca-
tion to the selected i-th tier of the SR. By assuming a
condition of uniform distribution in assigning tiers in
SBS/RS, the probability distribution function F,(z) can
be calculated. According to the lifting of the elevator’s
lifting table in the vertical direction, the expected SCC
time E(SCC);py for the SBS/RS is represented by the
following expression:

E(SCC)LIFT =2-tp/g +2~E(ES)LIFT;
E(SCC)LIFT =2-tp/g 12 Hse (5)
ay Vy

Note: for the verification of expression (5) see Appendix A.
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Fig. 2. SCC and DCC of the elevator’s lifting table (Lerher et al. 2015a)

In the case of DCC, the elevators lifting table moves
a tote to tier i, unloads the tote and moves further to
the tier j, where a tote is retrieved (Fig. 2). After loading
a tote at tier j, the elevators lifting table moves back to
the I/O location. Travel time for DCC corresponds to
the travel time for SCC to the randomly selected tier i
and travel-between (TB); ;rr time component for DCC,
where the retrieval request occurs in the i-th or j-th
tiers (Fig. 2). According to lifting of the elevator’s lifting
table in the vertical direction, the expected DCC time
E(DCC)ypr for the SBS/RS is represented by the follow-
ing expression:

E(DCC)LIFT =4-tpss +2'E(ES)LIFT +E(TB)LIFT;
1% 4 H
E(DCC), . =4-tpy +3-é+;v—iR. (6)

Note: for the verification of expression (6) see Appendix A.

By considering expression (6) the throughput per-
formance A(DCC); jpr of the DCC per hour is calculated
by expression:

3600

LIFT — E( DCC)LIFT

A(DCC) -k k=2. 7)

3.1.2. Travel Time Definition of the Shuttle Carrier

The shuttle carrier can work on a SCC, which means that
only one tote can be handled at a time. More advanced
is the DCC, by which two totes are handled in a cycle.
By assuming the distances in the tier to be large enough

for the shuttle carrier to achieve its maximum velocity
Ve @0d a continuous sequence of loaded and unloaded
moves between destination points (storage/retrieval), the
expected cycle time using the probability theory was de-
veloped (Lerher 2013).

Under travelling of the shuttle carrier in the i-th
tier, the shuttle carrier is capable of visiting a single stor-
age or retrieval location (Fig. 3). The travel time depends
on the kinematics properties of the shuttle carrier, the
length of the storage rack Lgp and the selected storage
assignment policy. One way travel time (ES)gcqp cor-
responds to the variable travel time z for travelling from
the 1/Oy,,(;) location to any randomly selected location
in the i-th tier (Fig. 3). By assuming the condition of
uniform distribution of the storage locations in the SBS/
RS, the probability distribution function F,(z) can be
calculated.

According to travelling of the shuttle carrier in the
horizontal direction, the expected SCC time E(SCC)gcar
for the SBS/RS is represented by the following expres-
sion:

E(SCC)SCAR =2-tp/g +2-E(ES)SCAR;
L
E(SCC)gpp =2-tpys +2«:—"+%. (8)

X X

Note: For the verification of expression (8) see Appendix B.

In the case of the shuttle carrier, the operation of
DCC considers storage and retrieval processes at a time
(Fig. 3). According to the travelling of the shuttle car-
rier in the horizontal direction, the expected DCC time

Roller Lifting Buffer
conveyor table position
\ \ Storage Retrieval
] o
/1N
DCC
Plastic container Elevator > — = <
(tote) (mast) P ——————"_
SCC ‘
i % | \
7 S !

Roller Lifting Buffer Storage Shuttle

conveyor table position rack earner

Fig. 3. SCC and DCC of the shuttle carrier (Lerher et al. 2015a)
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E(DCC)gcyp for the SBS/RS is represented by the fol-
lowing expression:

E(DCC)SCAR =d-tpg+2: E(ES)SCAR + E(TB)SCAR;

% 4 L
:4.tP/S+3._X+_.ﬂ'
a

E(DCC) =

)

SCAR
x

Note: for the verification of expression (9) see Appendix B.

According to expression (9) the throughput perfor-
mance A(DCC)gcar of the DCC is calculated by expres-
sion (10):

A(DCC) 3600

SCAR — E( DCC)SCAR

-k, k=2. (10)

3.1.3. System Performance of the SBS/RS as a Whole

Three different objective functions were selected for
the multi-objective optimisation of SBS/RS: average
throughput time, total energy consumption, and total
cost. Better solutions in terms of cost and energy con-
sumption are those solutions with lower value of these
objective functions (minimisation) whereas better solu-
tions in terms of throughput capacity are the ones with
higher values (maximisation). In this study, the through-
put performance Aggg/ps of the SBS/RS was placed with
the average throughput time Tgg/pgs of the SBS/RS, to
simplify the model and is calculated by expression (11):

3600 1
AISLE J.. A (1

Tsgs/rs = = E(DCC)

SBS/RS

where: E(DCC) ;g represents the expected DCC time
of the single SBS/RS; k is 2 due to the DCC and A rep-
resents the number of aisles (number of SBS/RS). The
expression E(DCC) 4 ;s considers that there is a bottle-
neck in SBS/RS and equals E(DCC) sj51p = max(Ts_p gy,
T4_scar)> Where Ty _;pr and Ty gcag represent the ex-
pected DCC times of the elevator’s lifting table and the
shuttle carrier in one single SBS/RS. The expression
Ty_ripr = E(DCC)ppr/ n, where n = 2 because there
are two lifting tables per lift. The expression Ty gcar =
E(DCC)gcpr! M, where M stands for number of tiers in
the SBS/RS.

3.2. Energy Consumption Definition

This section provides calculations for the required en-
gine power Pgc4p of the shuttle carrier and the required
engine power P;pr of the elevators lifting table.

3.2.1. Required Engine Power for
the Travelling of the Shuttle Carrier

Mean power of the shuttle carrier Py, p is calculated
according to the expression for the root mean square
power of the shuttle carrier for travelling in the horizon-
tal direction in the case where one way travel time and
equals the next expression:

2 2 2
P \/PTa'tacc+pTV'tcvel+PB'tdec
SCAR = :

tucc + tcvel + tdec

(12)

Note: for the verification of expression (12) see Appendix C.
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3.2.2. Hoisting of the Elevator’s Lifting
Table with Constant Velocity

The mean necessary power of the elevator’s lifting table
P, pr is calculated according to the expression for the
root mean square power of the elevator’s lifting table for
hoisting in the vertical direction in the case where one
way travel time equals the next expression:

2 2 2
PT 'tacc+PT 'tcvel+PB'tdec
Pripr = 4 t . (13)

tacc + tcvel + tdec

Note: for the verification of expression (13) see Appendix C.

3.2.3. Calculation of Amount of Energy Consumption

Amount of energy consumption EC counted on a yearly
basis depends on the root mean square power P of the
elevators lifting table/shuttle carrier (P; g/ Pgcap)- ef-
ficiency of the elevators lifting table/shuttle carrier n,
number of working hours in a shift T4, number of
working days in a week n,,;, number of weeks #,,,,;.
number of elevators lifting tables/shuttle carriers n,
number of aisles A and is calculated by:

Myyeeks

Note: calculation of the energy consumption is based on
the expression (14). In practice, the energy consump-
tion is not completely equal to the product of root mean
square power multiplied with the efficiency, number of
working hours in a shift, number of working days in a
week, number of weeks, etc., but is equal to the inte-
gral of the power consumption over time. We assumed
that this simplified expression was good enough for our
study, which is to analyse the influences of the multi-ob-
jective optimisation method in the design of the SBS/RS.

3.3. Cost Definition

In continuation, the cost definition will be presented.

The cost definition of the SBS/RS consist of:

- the investment for elevators with lifting tables;

- the investment for shuttle carriers;

- the investment for storage locations;

- the investment for the storage area of one aisle
of SBS/RS;

— cost of energy consumption by the elevator’s lift-
ing tables;

- cost of energy consumption by the shuttle car-
riers.

Total cost TC of the SBS/RS is calculated by:

TC=1Ippr + Iscar +Isp + Tproject

(ISA “A+Cge rpr +Cie SCAR)’ (15)

where: I;;pr [EUR] indicates the investment for the
elevators with lifting tables; I,z [EUR] indicates the
investment for shuttle carriers; Igp [EUR] indicates the
investment for storage locations; Ig, [EUR/m?year]
indicates the investment for storage area for one aisle
of SBS/RS; Cpgc jpr [EUR/year] indicates the cost for
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energy consumption of the elevator’s lifting tables;
Ckc scar [EUR/year] indicates the cost for energy con-
sumption of shuttle carriers; Ty, indicates the expect-
ed life time of the SBS/RS (15 years).

Note: for the verification of expression (15) see Appendix D.

3.4. Pareto Optimisation Design

While single objective optimisation problems may have
a unique optimal solution, multi-objective problems
can have an uncountable number of solutions (Pareto
solutions) when the objective functions have an inverse
relationship. This means that decreasing one objective
function increases at least one of the other objective
functions. At the end of the optimisation the user then
chooses an acceptable solution from all Pareto solutions
(Lerher et al. 2013). The aim of our study was to optimise
the objective functions: travel time, energy consumption
and total cost for a warehouse that has a defined mini-
mum volume (Q_;,). Thus, this aim was formulated as a
constrained multi-objective problem (16-19) where the
optimisation procedure searches for the best solution in
terms of design variable vector {x} taking into account
all prescribed constraints and design space bounds (x;
and x,, represent the lower and upper bounds of the de-
sign space). The components of the design variable vec-
tor are described in detail in expression (1).

min{ fr (x), fzc (), fre ()} (16)
Quin —Q(x)<0; (17)
x; Sx<x,; (18)
x={AMCy a.v,.a,l (19)

To solve the proposed problem the non-dominated
sorting genetic algorithm NSGA II was applied (Deb
et al. 2002), which is designed to solve constrained mul-
ti-objective problems. The output of the algorithm is a
set of solutions lying on or near the Pareto frontier.

Note: for a brief description of the NSGA II algorithm
see Appendix E.

4. Ilustrative Example and Optimisation Results

In this section, an illustrative example and optimisa-
tion results are presented. With the optimisation of
design variables A, M, C, v,, a,, v, and a,, in the pro-
posed model, the optimal design of SBS/RS is defined
in terms of three objective functions and one constraint.
The objective function to be minimised is throughput
time, total cost of SBS/RS and total energy consumption
of the elevator’ lifting tables and shuttle carriers, while
the constraint was the volume of the SBS/RS in terms of
Qpnin = 10000 totes. The minimal and maximal values of
the design variables A, M, C, v,, a,, v, and a, are pre-
sented in Table 1. The size of the SBS/RS is limited with
respect to the maximum number of aisles A, number of
tiers M, and number of columns C in such a way that
the optimisation constraint in terms of Q, can be met.

Table 1. Design variables parameters used during the multi-
criterion optimisation

Variable | Units of measure | Min value Max value
A - 1 100
M - 1 20
C - 1 180
Vy m/s 1.5 4.0
a, m/s? 1.5 3.0
vy m/s 1.5 2.0
a, m/s? 1.5 2.5

Note: SBS/RS variable parameters are selected according to
the references of material handling equipment producers and
practical experiences of the authors.

In order to create a SBS/RS model, additional con-
stant parameters are needed, which are as follows:
- constant parameters for the computation of SBS/

RS: warehouse volume Q = 10000, length of the

storage location I ,; = 0.5 m, width of the storage

location w_,; = 0.35 m, height of the storage loca-

tion h,; = 0.6 m;

constant parameters for the computation of the

travel time: pick-up and set down time of the shut-

tle carrier tp/q gcug = 3.0 sec, pick-up and set down
time of the elevators lifting table ¢p/q 1 jpr = 1.5 sec;

- constant parameters for the computation of
SCS/RS investment: cost of the shuttle carrier
Cscar = 10000 EUR/unit, cost of the eleva-
tor with lifting tables C;;pr = 50000 EUR/ unit,
cost of the storage location Cgp = 30 EUR/ unit,
cost of storage area per square meter year Cgy =
50 EUR/m?year, cost for 1 kWh of electricity
cgc = 0.2 EUR/KW-h;

— constant parameters for the computation of the
energy consumption needed to operate the SBS/
RS: mass of the tote m,,, = 20 kg, mass of the
elevator’s lifting table m,,,;, = 60 kg, mass of the
shuttle carrier m,,, = 40 kg, expected lifetime of

scar

the SBS/RS T, = 15 years, number of weeks
Myeeks = D0 weeks, number of working days per

week n,,; = 5 days, number of working hours per
shift Ty = 16 hours, efficiency of the SBS/RS
T, = 0.8, acceleration of gravity g = 9.81 m/s?,
rolling resistance coefficient k, = 0.01, factor
which take into account the impact resistance
of rotating masses with variable vehicle velocity
k;, = 1.15, efficiency n = 0.9.

5. Analyses and Evaluation of Results

This section presents the analyses and the evaluation
of the results of SBS/RS. For the optimisation of design
variables, the NSGA II algorithm was used (Deb et al.
2002). The primary reason for using this evolutionary
algorithm is its ability to find Pareto optimal solution
front within a single simulation run. The optimisation of
design variables x;, was carried out according to the fol-
lowing evolutionary and genetics operators: the degree
of crossover was set at 0.9; the degree of mutation was
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set at 0.1; the size of population was set to 100; the num-
ber of generations was set to 200. Values of crossover
and mutation degrees were chosen in accordance with
our previous analyses and the experiences of researchers
who have been engaged in the development and applica-
tion of the GA method.

The analysis was performed on a personal computer
with an Intel Core i7 920 CPU and it took about 2 minutes
to complete the optimisation run with 20000 samples.

The size of population depends greatly on the num-
ber of design variables, which indirectly influences the
necessary number of generations. Due to the proposed
design variables x;, the first optimization runs indicated
that in most cases the GA finds Pareto optimal front
within 200 generations. The results of the optimisation
are presented in Fig. 4 and in Table 2. Comparison be-
tween the first and 200th generations is presented only
in Fig. 4a—c while in Fig. 4d the final optimised Pareto
front is represented. Fig. 4a—c represent the dependen-
cies between pairs of objective functions. The develop-
ment of the individual solutions can be noticed from
Fig. 4a—c. At the beginning of the optimisation process,
the single solutions are widely spread throughout the
design space. Then SBS/RS that do not follow the re-
quired constraints, defined at the optimisation of the de-
sign variables are deleted and unconsidered in the next
generations. This means that with the increase in the
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number of the generation, only the solutions with valid
constraints remain. At the same time, the selection en-
sures that the good solutions are continually replaced by
better solutions. In this way, the Pareto optimal solutions
can be found. It can be seen from Fig. 4a-c that after
200 generations the Pareto optimal front was found. In
order to depict the individual solutions of SBS/RS from
the first generation, which do not meet the constraint
criterion of the warehouse volume, the first generation
of solutions is shown in two groups. The first group
contains the SBS/RS whose volume Q is smaller than
the given constraint and the second group contains the
SBS/RS with an appropriate volume Q. It can be seen
that all solutions from the second group of the first gen-
eration lie in the feasible solution space, while there are
some solutions from the first group of the first genera-
tion, which have better objective function values than
the Pareto optimal solutions but lie in the infeasible part
of the design space. The diagram in Fig. 4d represents
the dependencies between all three objective functions
(handling time - energy consumption - total cost) in
one diagram for the 200th generation of the optimisa-
tion. For better visualisation of the Pareto optimal front
in space, all objective functions were normalised with
the highest value of the objective function in the genera-
tion and a projection of the Pareto front is also depicted
on the horizontal plane.
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Fig. 4. Pareto optimisation results — Pareto front after 200 generations in terms of: a — cost and throughput time;
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Table 2. Pareto optimal solutions

D A M C Vi v ax2 a, " Tgs/rs , C , EC Q
[-] [-] [-] [m/s] [m/s] [m/s?] | [m/s?] [s] [10° EUR/year] | [10° kW-h/year]
(i) Pareto solutions sorted by throughput time
1 16 6 53 2.25 1.77 1.69 1.50 0.26 222.8 234.9 10176
2 16 6 53 2.25 1.77 1.69 1.50 0.26 222.8 234.9 10176
3 16 6 53 2.25 1.77 1.67 1.50 0.26 222.7 234.3 10176
4 16 6 53 2.23 1.77 1.61 1.50 0.26 221.7 229.1 10176
5 16 7 66 2.03 1.95 1.53 1.50 0.27 246.6 207.6 14784
6 16 7 53 1.81 1.99 1.71 1.50 0.27 226.9 185.0 11872
95 14 2 180 1.50 1.50 1.50 1.50 2.61 201.8 14.8 10080
96 2 17 151 1.50 1.55 1.50 1.50 2.72 67.1 18.1 10268
97 2 18 152 1.50 1.52 1.52 1.50 2.79 69.8 17.9 10944
98 2 19 152 1.50 1.52 1.52 1.50 2.85 72.3 17.8 11552
99 2 19 148 1.50 1.50 1.50 1.50 2.86 71.3 17.6 11248
100 2 20 125 1.50 1.50 1.50 1.50 2.92 68.1 17.4 10000
(ii) Pareto solutions sorted by total cost
94 2 14 179 1.50 2.00 1.50 1.50 2.60 65.1 18.2 10024
92 2 14 179 1.71 1.97 1.50 1.50 2.45 65.9 22.0 10024
96 2 17 151 1.50 1.55 1.50 1.50 2.72 67.1 18.1 10268
100 2 20 125 1.50 1.50 1.50 1.50 2.92 68.1 17.4 10000
97 2 18 152 1.50 1.52 1.52 1.50 2.79 69.8 17.9 10944
99 2 19 148 1.50 1.50 1.50 1.50 2.86 71.3 17.6 11248
48 15 6 173 1.50 1.77 1.52 1.50 0.79 299.7 53.3 31140
52 16 5 178 1.50 1.77 1.52 1.50 0.90 300.9 45.8 28480
44 16 6 164 1.51 1.51 1.50 1.50 0.70 310.3 59.5 31488
45 16 6 169 1.50 1.83 1.50 1.50 0.72 3155 57.9 32448
46 16 6 179 1.50 2.00 1.54 1.50 0.76 326.1 55.6 34368
47 16 6 179 1.50 2.00 1.54 1.50 0.76 326.1 55.6 34368
(#ii) Pareto solutions sorted by energy consumption
95 14 2 180 1.50 1.50 1.50 1.50 2.61 201.8 14.8 10080
93 14 2 180 1.56 1.50 1.50 1.50 2.53 202.1 15.9 10080
91 15 2 180 1.50 1.50 1.58 1.50 2.43 216.3 15.9 10800
90 15 2 180 1.56 1.50 1.50 1.50 2.36 216.5 17.0 10800
100 2 20 125 1.50 1.50 1.50 1.50 2.92 68.1 17.4 10000
89 6 5 173 1.50 1.77 1.52 1.50 2.36 111.0 17.4 10380
12 15 6 56 2.20 1.50 1.59 1.50 0.29 209.1 205.6 10080
5 16 7 66 2.03 1.95 1.53 1.50 0.27 246.6 207.6 14784
4 16 6 53 2.23 1.77 1.61 1.50 0.26 221.7 229.1 10176
3 16 6 53 2.25 1.77 1.67 1.50 0.26 222.7 234.3 10176
1 16 6 53 2.25 1.77 1.69 1.50 0.26 222.8 234.9 10176
2 16 6 53 2.25 1.77 1.69 1.50 0.26 222.8 234.9 10176
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All SBS/RS configurations from the 200th genera-
tion which are shown in Fig. 4 represent Pareto optimal
SBS/RS configurations and are at the same time differ-
ent with respect to each other. In order to show the dif-
ferences between the optimal solutions, the solutions
were first given a unique solution ID as an identifica-
tion number. Solutions were then sorted according to
their objective function value. As the optimisation was
performed using three different objective functions
(handling time - energy consumption - total cost), this
resulted in three differently sorted lists of SBS/RS con-
figurations. The lists are shown in Table 2. To decrease
the length of the Table 2, the solutions in the middle of
each list were left out of Table 2.

Table 2 (i part) shows SBS/RS configurations sorted
by handling time (throughput time) in the increasing
direction. The best solution has a throughput time of
0.26 sec (throughput equals 13800 totes/h in the DCC)
and is the one with the maximum number of aisles A.
The worst solution is the one with the lowest number of
aisles A and has a throughput time of approximately 3.0
sec (throughput equals 1200 totes/h in DCC), which is
11 times slower than the best solution. Table 2 (ii part)
shows SBS/RS configurations sorted by total cost of the
SBS/RS per year in the increasing manner. The solution
with the smallest total cost (price) has the narrowest
configuration with only two aisles A = 2 but is on the
other hand quite high with M = 14 tiers and very long
with C =179 columns. The smallest total cost of all solu-
tions equals 65100 EUR/year while the most expensive
solution of SBS/RS equals 326100 EUR/year. The ratio
between the most expensive solution and between the
solution with the smallest price equaled 5. This ratio is
smaller than the ratio in the throughput time, and can
also be observed in Fig. 4a. If the throughput time is re-
duced, the total cost (price) of the SBS/RS starts to rise
slowly at first and then the total cost (price) rises faster
and faster which indicates the inverse relationship be-
tween the throughput times of the SBS/RS and its total
cost (price). Table 2 (ii part) shows SBS/RS configura-
tions sorted by the energy consumption needed to op-
erate the SBS/RS over a one year time in an increasing
manner. The solution of SBS/RS, which needs the small-
est amount of energy consumption for its operation, was
also one of the slowest solutions in the generation, which
was somehow expected. This solution of SBS/RS needs
14.8 MW h of energy for the operation in one year. The
fastest SBS/RS in comparison needs 234.9 MW-h of en-
ergy for the operation in one year and is also one of the
most expensive solutions. The fastest SBS/RS solution is
11 times faster, 3.3 times more expensive and consumes
13 times the amount of energy as the slowest SBS/RS
solution.

Conclusions

This paper presented a multi-objective optimisation for
the design and optimization of SBS/RS. The analysis
deals with the selection of SBS/RS dimensions (A, M and
C), the velocity profile of the elevators lifting tables and
tier-captive shuttle carriers for the operation of a DCC.
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When designing SBS/RS, there is generally one objective
function to be optimised subject to some constraints.
Objective functions are usually throughput capacity, cy-
cle time, travel distance and other financially-oriented
performance metrics. This kind of optimisation is called
a single objective optimisation problem. As the SBS/RS
are relatively complex material handling systems, the
application of the multi-objective optimisation problem
proves to be most efficient comparing to single objective
optimisation problem. Therefore our optimisation model
consists of three independent objective functions named
throughput time - total cost — energy consumption. All
three objective functions are represented by an analyti-
cal model, which includes design variables, operational
parameters and costs. Due to the non-linearity, discrete
shape of objective functions and proposed design vari-
ables, the method of NSGA II GA has been applied in
order to optimise design variables in objective functions.
Based on the results of varying different design varia-
bles in objective functions, all relevant operational and
physical parameters, investment and operating costs, the
following main conclusions of the analysis can be given.
According to the results presented in the diagrams in
Fig. 4 a single solution from the Pareto optimal frontier
could be selected as the representative solution of the
SBS/RS. For example, if we deal with the fastest mate-
rial handling equipment installed in the SBS/RS this will
have an impact on high-energy consumption and conse-
quently on a high investment cost of the SBS/RS. When
comparing different combination of factors in Table 2,
it was found out, that high velocity profiles demand
high engine power, which has a consequence further on
the energy consumption and CO, emissions. In recent
years, the producers have introduced to the market some
equipment that is able to reach extremely high velocities.
The question is do we really need such extremely fast
material handling equipment, which further has an in-
creasingly high impact on the energy consumption and
CO, emissions. Opposite if, the throughput time is rela-
tively high, this will have impact on relatively low energy
consumption and relatively low investment cost of the
SBS/RS. In this case, the investment in the warehouse
is moderate in comparison with the selection of highly
efficient material handling equipment. According to the
proposed model for design and optimisation of SBS/RS,
we can conclude, that the presented results are useful
for engineering practice. Based on the results shown in
Fig. 4 and in Table 2, one can relatively quickly select the
most efficient type of SBS/RS. For the future work the
velocity-time relationship, which is associated with the
acceleration and deceleration only next to the current
velocity-time relationship (acceleration, constant veloc-
ity and deceleration) will be included in the proposed
travel-time model.
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APPENDIXES

Appendix A. Verification of Expressions (5) and (6)
A.1. Verification of the Expression (5)

Travel time of the elevator’s lifting table to the most dis-
tant tier in the SBS/RS is calculated by:

v, d
t(dy)=—y+—y,
a4y Yy
OSZde. (20)

Under the randomized storage policy, the proba-
bility distribution function F,(z) and probability density
function f),(z) of z; (i=1, 2, ..., n) are as follows. Prob-
ability distribution function F),(z) from Bozer and White
(1984) is calculated by:

Z 0<z<d,;
Fy(z)z d, (21)
1, zzd},.

Probability density function f,(2) is calculated by:

1
dF. (z —, 0<z<d;
fy(2)= ZZ( ) d, g (22)
0, zzdy.

The expected one way travel time E(ES); jpr for the
lifting of the elevator’s lifting table in the SBS/RS is equal
to the next expression:

d
v 1 7

E(ES)LIFT :éJFZ. Iz-fy (z)dz:
0

v d
DA A (23)

a, 2-vy

The expected SCC time E(SCC); ;pr when distance
d, equals Hgp, is calculated by:

E(SCC)LIFT =2-tps + 2 E(ES)jprs
v d
E(SCC)LIFT =2tp5+2- _y+2_y ,
v
y y
v H
E(SCC)LIFT =2ty +2 LR (24)
a4y Vy

where: tp/g stands for the pick-up and set-down times for
the elevator’s lifting table.
A.2. Verification of the Expression (6)

Probability distribution function Fy(z) from Bozer and
White (1984) is calculated by:

2
Z—Z—Z—Z, 0<z<d,;
F@)=1d, d, (5)
1, z>d

ye
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Probability density function f,(2) is calculated by:

dF, (z) i—ziz, 0<z<d,;

fy(z)ZTZ dy dy (26)
0, zzdy.

The expected travel-between time E(TB);py time
for two randomly selected tiers M,(y;) and M,(y,) in
the SBS/RS is equal to:

d
v 1} 2 2z
D A g 222 =
E(TB)LIFT—“ +v J.Z{d dz}dz-
y 7y oo y %y
y d

L2 (27)
a, 3-vy

The expected DCC time E(DCC); ;pr when distance
d, equals Hgp, is calculated by:
E(DCC)

et =4 s +2'E(ES)L1FT +E<TB)LIFT >

v d v d
E(DCC), . =4-tp +2:| L+ |+ L4+
LIFT 2. a, 3-v
Y Y Y Y
v 4 H
:4.tP/S +3._y+_.i’
a, 3 v
y y
where: t5/ stands for the pick-up and set-down times for
the elevator’s lifting table.

E(DCC) (28)

LIFT

Appendix B. Verification of Expressions (8) and (9)
B.1. Verification of the Expression (8)

Travel time of the shuttle carrier to the most distant stor-
age location (cell) in the SBS/RS is calculated by:
d
{(d, )=+ 2, (29)

ay Vi

0<z<d,.

Under the randomized storage policy, the proba-
bility distribution function F,(z) and probability density
function f(z) of z; (i =1, 2, ..., n) are as follows. Prob-
ability distribution function F,(z) from Bozer and White
(1984) is calculated by:

£, 0<z<d,;
F(z)=14d, (30)
1, z>d.

Probability density function f,(2) is calculated by:

1
dF —, 0<z<d;
fe(2)= Ziz) =1d, ‘ (31)

0, z=2d,.
The expected one way travel time E(ES) g4y for the
travelling of the shuttle carrier in the SBS/RS is equal to

the next expression:
dx

v 1
E(ES)SCAR :iJFZ' .[Z'fx(z)dzz
0

Vi e (32)

a, 2-v,

The expected SCC time E(SCC)gc4z When distance
d, equals Lgp is calculated by:

E(SCC)SCAR:2~tP,S+2-E(ES)SCAR;
v d
E(SCC =2 tpe+2-| 2 +—2—|;
v L
E(scc =2-tpg+2- S+ R (33)
( )SCAR . v,

where: tp/¢ stands for the pick-up and set-down times
for the shuttle carrier.
B.2. Verification of the Expression (9)

Probability distribution function F,(z) from Bozer and
White (1984) is calculated by:

2 2
X 0<z<dy,

F(z)=1d, d, (34)
1, z2d,.

Probability density function f,(z) is calculated by:

2 2z
dF, L 0<z<d;
fel2)= ;iz)= dy d? S ED)
0, z>d

x*

The expected travel-between time E(TB)gc4p for
two randomly selected location (cells) L;(x;) and L,(x,)
in the SBS/RS is equal to the following expression:

d
v 1 7 2 2z
E(TB)gepp =+ fz'[d——d—z}’“
X X 0

V_X+d_x. (36)

a, 3-v,

The expected DCC time E(DCC)gcgp When dis-
tance d, equals Lgp, is calculated by:
E(DcCC)

=4-tp;s+2-E(ES),, . +E(TB)

SCAR SCAR ;

— Yx dx Vx dx .
E(DCC)SCAR =4-tpg +2~(a—+—]+—+—,
X

X

E(DCC)

v, 4 L
SCAR=4-tP/S+3-a—x+—-ﬂ, (37)

v
X X
where: tp/¢ stands for the pick-up and set-down times

for the shuttle carrier.

Appendix C. Verification of Expressions (12)
and (13)

C.1. Verification of the Expression (12)

This section provides calculations for the required en-
gine power P of the shuttle carrier for travelling in the
horizontal direction.
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Travelling of shuttle carrier with constant velocity

When the shuttle carrier travels with constant ve-
locity only (a} =0), the traction force Fy, on the rear
driving wheel equals:

F, =G k,. (38)

It can be noticed that the traction force Fr, on the
rear driving wheel overcomes the rolling resistance (F =
G - k,) only.

The size of the traction force Fr, depends on the:

- combined mass of the shuttle carrier and the tote;

- rolling resistance coeflicient k,.

Required engine power Pr, of the shuttle carrier in
case of travelling with constant velocity (af =0 ) only,
is calculated by:

Ep, vy (39)

P, = .
710001

Travelling of the shuttle carrier with variable velocity

When shuttle carrier accelerates (a} #0 ), the trac-
tion force Fp, on the rear driving wheel equals:

Fy =Gk + 3 at -k, . (40)
g

It can be noticed that the traction force Fr, on the
rear driving wheel overcomes the rolling resistance (F =
G - k,) and the inertial resistance F;r.

The size of the traction force Fy, depends on the:

- combined mass of the shuttle carrier and the tote;

- rolling resistance coeflicient k,;

- size of the acceleration af;

- factor k;, that takes into account the resistance of

rotating masses with variable vehicle speed.

Required engine power Pr, of the shuttle carrier in
case of acceleratin g (a; #0), is calculated by:

Frg vy (41)

P, = .
a7 1000-7

When shuttle carrier decelerates (a; #0), the brak-
ing force Fy on the rear driving wheel equals (42):

F=C .ok, Gk (42)
g

It can be noticed that the braking force Fy on the
rear driving wheel overcomes the inertial resistance F;,
which is reduced for the rolling resistance Fy. The size
of the braking force Fy depends on:

— mass of the shuttle carrier with the container;

- size of deceleration a;

— factor k;, that takes into account the resistance of

rotating masses with variable vehicle speed;

- rolling resistance coeflicient k,.

Required engine power Py of the shuttle carrier in
case of deceleration (a; #0), is calculated by:
Fpove (43)

P, = .
B 10001

135

Time for acceleration t,.. of the shuttle carrier to
reach it maximum velocity v,, time for travelling of the
shuttle carrier with constant velocity t,,,; and time for
deceleration of the shuttle carrier until it stops at the
storage location t,,. are calculated according to velocity-

time expressions of the shuttle carrier:

2
PR S ——
acc a; acc 2-a;
2
PSP Sy B S
dec — _ dec_2 >
Ay Ay
l L
_ ‘cvel _ SR
Level = > lcvel _( J_(lacc + ldec)‘ (44)
Vy 2

C.2. Verification of the Expression (13)

This section provides calculations for the required en-
gine power P of the elevator’s lifting table for moving in
the vertical direction.

Hoisting of the elevator’s lifting table with constant
velocity

When the elevator’s lifting table is hoisted with con-
stant velocity only (a}, = 0), the traction force Fr, equals:

F, =G. (45)

It can be noticed that the traction force Fp, over-
comes the force of gravity G only. The size of the traction
force Fp, depends on the mass of the elevators lifting
table with mass of the tote.

Required engine power P, of the elevator’s lift-
ing table in case of hoisting with the constant velocity
(a;r =0), is calculated by:

Ep, vy,

Py =000 n (46)
Hoisting of the elevator’s lifting table with non-constant
velocity

When the elevator’ lifting table accelerates (a; #0),
the traction force F, is calculated by:

Fro =G+ a3k,
g
It can be noticed that the traction force Fp, over-
comes the force of gravity G and the inertial resistance
FIT.
The size of the traction force Fy, depends on the:
- mass of the elevators lifting table along with mass
of the tote;
- size of acceleration a?;
- factor k;, that take into account the resistance of
rotating masses with variable vehicle speed.
Required engine power Py, of the elevator’s lifting
table in the case of hoisting with non-constant velocity
(a; #0), is calculated by:

(47)

E. v
ZTa 7y (48)

P, = .
18710001
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When the elevator’s lifting table decelerates (a; #0),
the braking force Fy is calculated by:

FB:G+£-a;~kir. (49)
g
It can be noticed that the braking force Fy over-
comes the force of gravity G and the inertial resistance
F;r. The size of the braking force Fy depends on the:
- mass of the elevators lifting table along with the
container;
- size of deceleration a;
- factor k;, that takes into account the resistance of
rotating masses with variable speed.
Required engine power Py of the elevator’s lifting
table in case of deceleration (a; #0), is calculated by:

_ FB Ve

- , 50
1000-7 (50)

B
Time for acceleration t,. of the elevator’s lifting ta-
ble to reach the maximum velocity v, time for hoisting
of the elevator’s lifting table with constant velocity ¢,
and time for deceleration of the elevator’s lifting table
until it stops at the storage location t,,. are calculated
according to velocity-time expressions of the elevator’s
lifting table:

2
v 1%
acc =a_i’ hacc = 2'2+ >
Y y
2
t _v_y h, = Vy .
dec_a_’ dec_z.a_’
Y y
h H
_ "evel _ SR
Level = > hcvel - _( acc +hdec)' (51)
vy 2

Appendix D. Verification of Expression (15)

The cost definition of the SBS/RS consist of the invest-
ment for the elevators with lifting tables, the investment
for shuttle carriers, the investment for the storage lo-
cation, the investment for the storage area, cost for the
energy consumption of elevators lifting tables, cost for
the energy consumption of shuttle carriers and finally
the total cost.

The investment I} jpy for elevator’s with lifting tables
is calculated by:

Ipr =Crppr - A (52)

where: C; ;pr [EUR/unit] indicates the cost of the select-
ed elevator with lifting tables; A indicates the number of
aisles (number of SBS/RS).

The investment I,y for shuttle carriers is calcu-
lated by:

Iscar =Cscar M- A, (53)
where: Cgcyp [EUR/unit] indicates the cost of the se-

lected shuttle carrier; M indicates the number of tiers;
A indicates the number of aisles (number of SBS/RS).

The investment Igp for storage locations is calcu-
lated by:

Igp=Cgp-M-C-24, (54)

where: Cgp [EUR/unit] indicates the cost of storage loca-
tions; M indicates the number of tiers; C indicates the
number of columns; A indicates the number of aisles
(number of SBS/RS).

The investment Ig, for storage area of one aisle of
SBS/RS is calculated by:

ISA :CSA 'LSR 'WSBS/RS 'HSR 4 (55)

where: Cg, [EUR/m? - year] indicates the cost of storage
area per square meter year; Lgp indicates the length of
the SBS/RS; Wggg/rs indicates the width of the SBS/RS;
Hgy indicates the height of the SBS/RS.

Cost for energy consumption of the elevator’s lift-
ing tables is calculated by:

Cec wirr = e " Purr “Nurr * Tonife Mwd “Maweeks 1 A-
(56)

Amount of cost for energy consumption Cgc prpr
[EUR/year] counted on a yearly basis of the elevator’s
lifting tables depends on the cost for 1 kWh of electric-
ity cpc, engine power of the elevator’ lifting table Py jpr,
efficiency of the elevator’s lifting table n; jpr, number of
working hours in a shift T,z number of working days
in a week #,,;, number of weeks n number of lifting
tables n and number of aisles A.

Cost for energy consumption of shuttle carriers is
calculated by:

weeks>

Crc scar = Cec *Pscar “Mscar “ Tonife Mwd *Myeeks =M - A-
(57)

Amount of cost for energy consumption Cgc gcar
[EUR/year] counted on a yearly basis of shuttle carriers
depends on the cost for 1 kWh of electricity cg, engine
power of the shuttle carrier Pgq4p, efficiency of the shut-
tle carrier ngc g, Number of working hours in a shift
T i number of working days in a week ,,5, number of
weeks 71,,,.., number of tiers M and number of aisles A.
Appendix E. A Brief Description
of the NSGA II Algorithm

The first population is initialised as by ordinary GA.
Then the population is sorted based on non-domination
into individual fronts. The first front being the complete-
ly non-dominant set in the current population and the
second front being dominated only by the individuals in
the first front and so on. Each individual in the front is
assigned a rank (fitness) values based on the front it be-
long to. Individuals in the first front have a fitness value
of 1, individuals in the second front have a fitness value
as 2 and so on.
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In addition to fitness value a new parameter called
crowding distance is calculated for each individual. The
crowding distance is a measurement of how close an
individual is to its neighbours. Large average crowding
distance of the population results in larger diversity of
the population.

Then two parents are selected from the population
by binary tournament selection based on the rank and
crowding distance. From two random candidates a can-
didate with smaller rank or, when both ranks are equal,
smaller crowding distance is selected as a first parent.
The same procedure is then repeated for the second par-
ent. From the parents offspring is generated based on
crossover and mutation operators.

Current population and current offspring are added
into combined population, which is again sorted based
on non-domination. Then the best N individuals are
then selected for the new generation, where N is the
population size. The selection is again based on the rank
and on the crowding distance.
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