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Abstract: Storage policy performance in automated storageeval system is generally evaluated by
average single cycle time .This paper presentstaematical model for the computation of average one
way travel distance /time for warehouse with th{&BC) class based storage. In particular the asthor
provide a discrete method for the analytical forvaleation of the expected mean travel time for the
single command cycles in the multi aisles automatechge retrieval system. This system comprises of
set of racks disposed pairwise in parallel and isged by aisles. Each of these aisles gives atodssth
racks. A main aisle placed perpendicular to th& @mnects all aisles. This type of AS/RS is eqaipp
with a single storage/retrieval machine S/R that meve in three directions: vertically, along cohsnm
formants racks. Horizontally, along the aisles &aahsversally, along the main aisle which one ef th
extremities is equipped with one input output stat{l/O). In order to validate the proposed models
accordingly with a multi strategies analysis, awdation has been developed. The performance of the
system obtained by the adoption of the proposetytical travel-time models under different scenario
(dimensions of the different classes), have beenpeed evaluated and discussed.

Keywords multi aisles automated storage/retrieval systeimgles cycle time, class based storage,

simulation, modeling.

1. INTRODUCTION

Within a supply chain, products as raw materiailsistied

products or work in process must be physically ndofrem

the point of consumption to end-users. During firiscess,
they can be stored in some locations places witdled
automated storage retrieval system (AS/RS) for daice
period of time. Many activities are performed iwarehouse.
Among them, carry, store and retrieve items. Actwydo

the Material Handling Institute of America an Autatad

Storage and Retrieval System (AS/RS) is a comtmnatif

equipment and controls that handle, store and exedri
materials as needed with precision, accuracy aeddspnder
a defined degree of automation.

Between 1994 and 2004, there was a significaneas® in
the number of AS/RSs used in the industrial envirents in
the United States Roodbergen andVis, (2009) .Sinedast
decade, various kinds of AS/RS were developed nalleahe
increasing number of different types of productb¢ostored
or retrieved. Their classification is based on rttetiuctures
and their application. We can classify as followsit load

AS/RS, Mini-load AS/RS, Man-On-Board AS/RS, floncka
systems, Mobil racks AS/RS and multi aisles AS/RBe

latter comprises of a set of racks disposed pagriviparallel
and separated by aisles. Each of these aisles gogEss to
both racks. A main aisle placed perpendicular ® tack
connects all aisles. This type of AS/RS is equipp&ith a

single storage/retrieval machine S/R that can miavihree
directions: vertically, along columns formants rsck
Horizontally, along the aisles and transversallipng the
main aisle which one of the extremities is equipp&ti one
input output station (1/O).

Fig.1. is a graphical illustration of multi aisleSRS, its
components, and the adopted notations for its déines.

Rack

Fig. 1. Configuration of a multi aisle AS/RS

The S/R machine moves simultaneously in both hat&o
and vertical directions, in order to reduce thedtdime, this



is called Tchebychev travel. The S/R machine camkwoClass-based storage (CBS) policy distributes thedymts

under two different operating modesingle and dual

based on their demand or movements frequency, among

command cycleshe single-command cycle means that eitherumber of classes, and for each class it reservesgian

an item is moved from the I/O point to a storagedsifrom a

retrieval bin to the 1/0O point as shown in fig. 2a.

In the dual command mode, an item is moved fromii@e
point to the storage location and next another itsm
retrieved from the storage location in the rackshewn in

fig. 2b.
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Fig. 2a. Simple cycle in multi aisle AS/RS
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Fig. 2b. Dual cycle in multi aisle AS/RS

Several performances measures can be used to vana
AS/RS. Most important are: The utilization ratetbé S/R
machine and the average time necessary to semagstor a
retrieval request. This time is called simple cytitee. The
latter is among the most important parameters oASfRS.
It influences the overall system performances. Mamyks
was devoted to the cycle time of the S/R machinestivbf
these works concern unit load AS/RS. Hausman and
(1976) were among the first to develop an anallticadel

within the storage area. Accordingly, an incomiiogd is
stored at an arbitrary open location within its ssla
(randomized storage is applied within each class).

In this paper, the authors consider the cycle tohenulti
aisle AS/RS with class based storage policies. rAfie
literature survey of the various approaches of agjerin
AS/RS, We propose a discrete mathematical expmssio
estimating the simple cycle time. In section 2 ld§ tpaper,
some definitions and notations will be presented aill be
adopted later on.

Section 3 present the description and notatiorth@tystem
studied .Section 4 proposes our new mathematicdiehfor
calculating the cycle time with discrete mathenaltic
expression of different class A, B and C. Thesere&sgions
will be used in section 5 to obtain the expectedeyime
with different order frequency.

This paper ends with numerical and simulation eXangb
the presented mathematical expressions, in thr#erefit
cases.

2. LITERATURE REVIEW

The issue of AS/RS has received a great deal ehtidn
during the last two decades. Several researchemslaped
analytical models for evaluating the travel timetfoe pickup
and drop off activities.

Three storage assignment rules have been compased bn
expected travel time of S/R machines by Hausmanand
(1976). They pointed out that there is a signiftcaduction
in travel time by using dedicated storage policghsas full
turnover-based assignment rather than random stqaliry.
Graves and al. (1977) extended the work done bysian
and al. (1976) to compare the operating performaoice
several storage assignment policies by using baritircuous
and discrete evaluation models. Each rule is coetpan the
basis of expected travel time of S/R machines.

Schwarz and al. (1978) studied the effects of wewio
assumptions on AS/RS behaviour by simulation. Fait u
load AS/RS, Bozer and White (1984) developed and
compared travel time models for single and dual roamd
cycles. Wen and al. (2001) proposed travel time etmd
which consider a diversity of travel speeds withokn
acceleration/deceleration rates. Compacted formsranfel
fines cycles with class-based storage policies &
turnover-based storage policies have been resollite

for the analysis of unit load AS/RS. They addreke ¢ results prove that the exponential travel time madech is

problem of optimal
strategies:

assignment. They consider

Random storage policy allows the products to larest
anywhere in the storage area. With this policy, eafipty
locations have an equal probability of having acoming
load assigned to them.

Dedicated storage policy assigns each productttygefixed
location.

threl

roposed and the adjusted exponential model execute
satisfactorily and could be practical equipmentsr f
designing an AS/RS in existent world applicatiok&nsuri
(1997) has developed a computerized algorithm tyeted
dedicated storage allocation alternatives for ariR&Sbased
on cycle time of the S/R machine. Ashayeri and2002)
presented an exact geometry-based analytical moalel
compute the expected cycle travel time for an Siéhe
moved in single-command, dual-command, or both revhe
racks can be either SIT or NSIT.



Sari et al. (2007) presented closed-form, traveheti
expressions for a flow-rack AS/RS based on a caoatis
approach and compared them with simulation to detnate
that this analytical model can estimate performaneasures
by requiring less computing time than simulationtie same
kind of AS/RS, a heuristic was developed by Gaaumst al.
(2005), Gaouar and al., (2006) for reducing theeetgd
retrieval time. This heuristic has allowed an immment of
the expected retrieval time. After that, Bessenaund al.
(2010) extend this work and developed two metaktosi
algorithms, called taboo search and simulated dimgea
These metaheuristic algorithms are developed tdralotihe
retrieval machine of the flow rack AS/RS in order t
minimize the retrieval cycle time.
metaheuristic algorithms are compared to classieatistics
and analytical models found in literature of Gaoward
al.(2006).A new storage/retrieval method in FloweRa
AS/RS, called In- Deep Class Storage was establishe

Results of these

predetermined storage location. As results, thayndothat
the sequencing methods can significantly reduceskrame

by a storage and retrieval machine, thereby, isinga
throughput. After this and in the same domain manthors

like Eben-Chaime (1992); Eynan and Rosenblatt (199

and Schaefer (1996); Lee and Schaefer(1997); Malajd
al.(1998) studied the AS/RS sequencing problem and
developed heuristic algorithms that solved the load and

the order picking problem.

Park and Webster (1989b) propose a conceptual nibdel
can aid a warehouse schemer in the design of 3rdiimeal.

Park and Webster (1989a) deal with a new storagetste

layout method called 'cubic-in-time', for minimiginthe

expected travel time of selected handling equipmrianga

three dimension al palletized storage system.

Park and al. (1999a, b) extended previous work &6 n
squared racks with uniformly distributed and 2 stasbased

Cardin and al. (2012) for that Two algorithms wereatorage. Park and al. (2003a) calculate the medivamance

developed to prove the feasibility of the implenatioin of
this method. This study showed a reduction of nitian
60% of the average retrieval time, compared to raloe
retrieval algorithm.

Another heuristic was developed by Yu and De Ko&808)
to optimize the performance in sequencing theeeals in a
multi-deep rack. This heuristic allowed a great iayg@ment
relative to First Come First Served (FCFS) rule.

An optimization method developed by Duc and De t&oos
(2007) to determine the average throughput timeafoorder
batching problem in a 2-block rectangular warehobge
applying the well-known S-shape heuristic method.

Rosenblatt and Eynan (1989) presented an expre&sidhe
expected SC travel time in square-in-time (SITksaand a
general n-class-based storage policy, and in 1B84same
authors extended their previous work to rectanguenks
Eynan and Rosenblatt (1994).

A framework for obtaining mathematical expressiforsthe
expected throughput rate in AS/RS systems was piesdy
Kim and Seidmann (1990) that developed expresdmmthe
expected SC travel time for turnover-based storage n-
class storage. next this, Kouvelis and Papanicold®95)

proposed an approach for 2 class based storagenin a

optimally designed rack a(square rack) analyzingnidary
formulas that reduce the expected SC or DC traned &ind,
a year later, Pan and Wang (1996) proposed a steufor
the dual command cycle continuous travel time macheler
class-based assignment.

Hwang and Lee (1990) and Chang and al. (1995) sexpa
travel time models that considered acceleratiomlgeation
effects of the S/R machine. Chang and Wen (199%)iext
the impact of speed profiles on rack configuraton found
that the expected travel times are insensitiveh® minor
deviation in the optimal rack configuration.

Lee (1997) presented the effect of sequencing gtoend
retrieval requests on the performance of unit laatbmated
storage and retrieval systems (AS/RS) with a sisgleer
queuing mode, where a storage request is assigne

and its total throughput of single and dual-comménagel
times for NSIT racks with turnover-based storage
assignment. They also show how to adjust the midéke
class-based storage policies are used. In univeAS&IRSs
have racks of equally-sized cells. But, in somesaa higher
exploitation of warehouse storage can be archiyediding
not the same sized cells

Park and al. (2005) propose the distribution of éxpected
dual-command travel time and throughput of SIT saghth
high and low turnover class storage of a mini-I@&/RS.
Bozer and White (1990) approximated the DC trauelet
distribution by the uniform distribution.

Van den Berg (2002) investigated and proposed aitytan
expression for the optimal position for an S/R niagtwhen
the system is idle (called dwell-point positionipgoblem)
dwell point positioning in an AS/RS.

Lee and al. (1999, 2005) develop travel time mod@isan
AS/RS with unequal bins under a random storage
assignment, and both single and dual-command cy€le=y
also compare through simulation the proposed coaotis-
rack model with a discrete-rack model and conclilnde the
differences in expected travel times are small.

Manzini and al. (2006) also presented an analy§ishe
critical parameters involved in the design of ASfRGorder
picking systems managed by CBS policy Manzini ahd a
(2007).

3. SYSTEM DEFINITION AND ASSUMPTIONS

This section first describes the studied system.henT
mathematical notations and formulas used throughioigt
paper are defined.

We consider an automated storage/retrieval (ASE/Skem
consisting of a storage/retrieval (S/R) machineltinstorage
racks, multi aisles and one 1/O point positionedhea lower
left corner of the aisle, origin of axis. (See Hiy.

The assumptions adopted in this paper are sumrdadzse
follows:

- All storage locations have the same size.

-The 1/O is at the lower-left corner of the storagek, as

dShé)W” in Fig 1.



- The capacity of the machine is one item and drafes in a
single-command mode; the machine either storestdeves
one unit load each time.

- Storage/retrieval time is ignored.

- Acceleration and deceleration during the cycles @mot

considered.

- Items are ranked according to their marginal tbution to

the total demand. An item that has a smaller doution is

indexed with a larger number. (See Fig. 3).

Fig. 3.Scheme definition of class based storagatitti aisles
AS/RS

Also the following notation is introduced:
M: The number of racks in a multi aisle AS/RS;
M/2: The number of aisles in a multi aisle AS/RS;
Nu: The number of bins per line
Nv: The number of bins per column;
N: The entire number of bins;
N = M.NL.NV
Aw: Boundary limits per line of class A;
Bx: Boundary limits per line of class B;
Av: Boundary limits per column of class A;
Bv: Boundary limits per column of class B;
t'w: The horizontal travelling time from a cell to thext cell;
t'v: The vertical travelling time from a cell to thext cell;
t'p: The travelling time from an aisle to the neamst in a
multi aisle AS/RS and g=3*t'y
th: Time necessary to traverse the length of a mckhe
length of an aisle;
tv: Time necessary to traverse the height of a rack;
te: Time necessary to traverse the main aisle in traigle
AS/RS;
E (sca): Expected single cycle time of class A;
E (scb): Expected single cycle time of class B;
E (scc): Expected single cycle time of class C;
E (SCBS): Expected single cycle time;

4. SOLUTION METHODOLOGY FOR CLASS-BASED
STORAGE POLICY

Several mathematical models of the S/R machineectyaie
exist in the literature. In this section, we ar¢eiested to
develop discrete models for single cycle time afheelass in
multi aisle AS/RS.

First, the exact storage or retrieval average ctjgie can be
obtained by summing the time of storage or rettieva
allocations, and then dividing by the number ofaliens.
Sari (2003)

As shown in Fig. 2a and given that the machine awve
simultaneously in  the horizontal and  vertical
direction(Chebyshev travel), the travel time betwéee /O
station and the coordinates of bins(i, j) is:

The horizontal displacement to reach this cell

thi+ t'p.(k-l)

The vertical displacement needed to reach this sathe
t'v.(-1)

Thanks to Tchebychev travel, the total time thathize S/R
puts to reach this rack is the maximum betweenzbatal
and vertical displacement.

t(i, j) = the Tchebychev travel between the I/Onpand the
random S/R location (i, j), with:

t(i, j) =Max[(t'n.i + t'p.(k-1)), t'v.(j-1)]

To calculate the average cycle time for all théscel

———  AMAN : :

BSQ =1, Z22max (t,.i+te(k-1).t(-1)] (1)
k=1 i=1 j=1

Now, considering the case where there are threferdift

classes (A, B and C), which is the most popular one

practice.

4.1 Discrete model of single command cycle tindass A

Similar to the study presented in the section 4 aherage
cycle time depends on the number of bins in eaa$scl

So, it is necessary to calculate the total numbéirs in this
class which we note A\

Before to compute the number of bins in class A,skeuld
know the number of aisles where there are the ptsdof
class A. There are two cases:

Case n°l:

Class A is in the M racks. So; the number of aiglest
contain the class A equals the number of aisleb@tystem
M/2. As shown in fig. 4.
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Fig.4. Casel: class A in all the system



Case n°2

Class A is located in a set of racks lower then3d; the
number of aisles which include Class A equalft%:—“ +1
as shown in fig.5.

With:

Ay.try. .
~H—His rounded to integer.
P

Fig.5. Case 2: Class A in some racks <M

For each case, the numberof aislescontaining tbes|dA)
equals theminimumbetween the two cases

. Ay.tr
Ax = min (?4,*:,—;“—1-1)

So,

Na= 2*%05; Ay (A = 3(k— 1))

Using this equation, the expected single commaictedyme
of class AE (sca)can be evaluated as:

AH (3k-1)) 24

E(sca)— Z at@n ()

4.2 Discrete model of single command cycle tingasfs B

In the same manner we can calculate @&d N which
respectively represents the number of aisles wiselecated
class B and the total number of bins in thisskEs

By.try

Bk = min (;4 +1)

Ne= 2*Y,%, By (By — 3 * (k — 1))

Omitting the mathematical details,the expected Isin
command cycle time of classiEscbh) can be evaluated as

By—(3(k-1))
[Zl =Ay -3(k— 1)+1Z t(l D+

R YA

E(scb):N“
B

4.3 Discrete model of single command cycle tingasfs C

Concerning Class C the number of bins in this cleiide:
NC =N-NA-NB

Similarly to (2) (3).The expected single commandleyime
of class CE (scc) can be evaluated as

Ny (s s
E(SCC)_ Zk 1[21 By -3(ke1)+1 2] S+

ZBH 3(k-1) Z] BV+1t(i'j)] (4)

4.4, Single Command Cycle Time with class basedgo

The multiplication of (2) (3) and (4) by its ordeicking

proportion o, and vy respectively gives the cycle
timeE (SCBS)as follow:

E (SCBS) =oE (sca) +p E (scb) +v E (scc)

m= R VAT () Bt p

[ e 2, o =t 1)+

i=Ayg -3(k—1)+1
Ap-3(k-1 P
Y3 )Z_Av+1t(l,1)]]+v

K DI TR

S 3k-D g 1 A ])]] %)

Where:
a: order pickingproportion of items of class A
B: order pickingproportion of items of class B
v = (1-a- B): order picking proportionof items of class C

5. PRESENTATION OF THE CASE STUDY

In this section, an illustrating example for theavel

timeE (SCBS) analysis is presented for selected
configuration of multi aisle AS/RS (Table 1)
Table 1. System parameters
Total system capacity (N) _
M=8,X6,Nh=20 | N=3200
Time displacement @, t'v, t'p) unit time (10,10,30)
Boundary limit of class A
(}AI\H AV) (10.10)
Boundary limit of class B
(éH BV) (15.15)
Boundary limit of class C
(%H NV) (20,20)

The authors consider three different storage ctassamely:
A, Band C. In the class A, frequently ordered itemosupy
only a very small place of the total storage spaggically,
items occupying less of the storage space are msipe for
80% () of the picks. In the class C, no distinction bedw
items classes in the term of order frequency amplired
space can be made; items are randomly located nwitta
warehouse. Finally, the class B is between the &love
mentioned patterns.The order pickingproportioif3,f) are
listed in Table 2



Table2. Order picking proportion

Assignment ClassA | ClassB | ClassC
Class based storage 809 15% 5%
Medium 50% 30% 20%
Random 33.33% 33.33% 33.33M

Applying (5),the exact E(SCBS)value can be easily
determined for AS/RS parameters listed in tablepkrating
with a 3-CBS product assignment listed in tableThe
results of this inputs parameter can be summaiizéable 3

Table 3. Results

Assignment E(SCBS)
Class based storage  184.33
Medium 238.18
Random 275.18
300 E(SCBS)
250
200
150 -
100 -
50 -
0 - . . .
Class based Medium Random
storage

Fig. 6. Comparison between different strategies

Reading these results, and as shown in fig. 6.ddar that
class based storage is very efficient.lt is notibeahat there
is a reduction of expected single cycle time insslbased
storage compared to the random storage.

6. SIMULATION STUDY

The simulation is a process which comprises:

- Develop the model of the real system studied.

- Conduct experiments on this model.

- Interpret the observations provided by the prsgref the
model and make system decisions.

In this paper, Simulation is a technique appliecdstorage
systems, to study the behavior of this system hLiding a
software model of it.

The purpose may be to understand the dynamic bathafti
our system, comparing configurations, evaluate edffit
control strategies, evaluate and optimize perfoxraan

A simulation study was performed in order to vatédahe
mathematical expression suggested for the singite djme
with class based storage. To do so, a model wds di
Rockwell software Arena. The model was generatedgus
VBA function. The main objective of using Visual 8a was

to be able to adapt these functions very easilyotimers
AS/RS configurations.This section presents the raptions
made in the model, the validation process and the
experiments that were run.

6.1 Experimental design

This section presents the experiments that were toun
validate the mathematical expression presentedrdgefbe
aim of this section is to describe a classical igunétion of
the rack and of the behavior of the demand.

First, simulation experiments are performed withltimaisle
AS/RS which is assumed to have one S/R machinenar}
left corner of the storage rack. There are 8 raahkd 4
aisles.The size of one rack is 20 bins in horizoatad 20
bins in vertical, so the total number of bins ie thystem is
3200. The other Parameters used in the simulatimaenvas
listed in the previous table Tablel.

Then, about the order picking proportion of itemgrev
defined and are described on Table 2.

Fig.7.presents the flowchart which models thecfioming

of our model.

Entering the store AS/RS dimensions
- Number of aisles
- Numbe of bins per line

v

Generation of racks and S/R machine

v
Random generation of a Di destination in a cIJiss
AorBorCto storaige [retrieval of a product|
A 4
Movement of the S/R machine to the destination
Di
v
Movement the S/R machine to the I/O station
v
Saving the duration of the mission
v
i<N
v

Fig. 7. Simulation flowchart



6.2 Simulation and result analysis

A simulation study was run on Rockwell software #aeFor
each experiment 5 replications were made, eachhefmt
involving 100 000 observations.

Theresultsgiven in table 4 presents analytical sindilation

results for different scenarios. Column 1 providesases
witchpresented above in table 2. Column 2 showsrtnesl

time determined by the simulation models. A colu®n
provides the same travel time using analytical nedénd

finally columns 4 present the percent error betwéea

analytical and simulation travel time models.

Table4. Experiment resultsfor thethree scenarios

E(SCBS) | E(SCBS| Error
Replications simulation ) (%)
analytica
| model

1. Class based storage
(80%, 15%, 5%)

1 194.17
2 188.23
3 188.32
4 183.17
5 183.99

average 187.64 184.33 1%

2. Medium
(50%, 30%, 20%)

1 246.49
2 243.40
3 245,59
4 234.77
5 236.95

average 241.44 238.19 1%

3. Random storage
(33.33%, 33.33%, 33.33%

276,58
290,06
293,14
280,23

276,32

gabhwnN B

average 283,266 275.18 2%

Table 4 provides very interesting results. First afifthe
results given by simulation are very close to thedite
equation results. The largest relative error was 2%
Secondly, and even more important, Significant ipigé
reductions in simple cycle time in automatic wangiog
systems seem to be possible, based on class-basaedes
strategy rather than random policies.

7. CONCLUSIONS

This work explains an analytical model the expecssel
cycle times for multi aisles AS/RS with 3classessduh
storage (CBS) storage allocation of products. Tikisa
discrete approach that can also be applied to n-€BRSs.

This study showed a reduction of the average singtde
time delay in class based storage compared to donan
storage.

The closed form expected travel time expressicgsgmted in
this work, can be used to: establish performateredairds on
existing systems, evaluate throughput performancemulti
aisle AS/RS design configurations as well as comjtawith
other types of AS/RS for choice decision and a good
management of this kind of installation. In additithey can
be used as a basis of comparison for evaluatinfpnpeance
improvements of different storage techniques and tifie
developed heuristics in this field.

In the same optics, the researchers currently tlihkhe
possibility to develop a discrete expression foaldeycle
time in the same system, and then extend this wiayrk
computing and validating the results of the dualeyime
with simulation model.
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