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Abstract

In this paper, the model of AS/RS with the rack of modular cells is proposed first. In general, under the concept of

unit load, Automated Storage/Retrieval Systems (AS/RS) has the rack of equally sized cells. Many authors have studied

the design of AS/RS with the rack of equally sized cells. However, they are inadequate and inefficient in meeting the

various sizes of customers’ demands in today’s business environment. Higher utilization and flexibility of warehouse

storage can be achieved by using AS/RS with the rack of modular cells. The best size of modular cell is determined as a

decision variable and the effectiveness of the proposed model is also presented. The model developed in this research, is

one type of AS/RS that is more flexible to the size and has higher space utilization than those of existing rack structure,

could be a very useful alternative for the storage of different unit load sizes.

r 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Automated Storage/Retrieval Systems (AS/RS)
is widely used in numerous manufacturing fac-
tories and distribution centers in the world. A
typical AS/RS is composed of multiple parallel
aisles of racks with storage cells (slots), a storage/
retrieval (S/R) machine for each aisle, and input/
output (I/O) station. The S/R machine moves
simultaneously in horizontal and vertical direction
in order to reduce the travel time, which is called
e front matter r 2005 Elsevier B.V. All rights reserve
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as Tchebychev travel. The S/R machine can be
operated under single and/or dual command. In a
single command, only one operation of storage or
retrieval of item is conducted. However, in a dual
command both storage and retrieval of items are
conducted during one cycle of S/R machine with
an interleaving.

There are various types of AS/RS with equally
sized cells according to the size and volume of
items to be handled, storage and retrieval meth-
ods, and interaction of a S/R machine with the
worker such as unit load AS/RS, mini-load AS/
RS, man-on-board AS/RS, automated item-retrie-
val system, and deep-lane AS/RS (Groover, 1987).
The design of AS/RS involves the determination of
d.
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the number of S/R machines, their horizontal/
vertical velocities and travel times, the physical
configuration of the storage racks, etc. The design
of warehouses has been studied basically with two
approaches: analytical optimization methods and
simulation. As for the analytical methods, Roberts
and Reed (1972) presented an optimization model
to determine the warehouse bay configuration that
minimizes the cost of handling and construction,
ignoring the constraints on handling capacity of
equipment and building sites. Karasawa et al.
(1980) developed a non-linear mixed integer
programming (MIP) for a deterministic model of
an AS/RS to minimize the total cost. Their cost
model included storage racks, storage building,
handling machines and land. The decision vari-
ables involved were the number of cranes and the
height and the length of rack. Optimization was
performed as a function of sufficient storage
volume for all items and sufficient the number of
cranes to serve all storage and retrieval requests.
Ashayeri et al. (1985) presented a mathematical
model for the calculation of the optimal number of
cranes and the optimal width and length of the
warehouse subject to constraints on the constant
crane velocities, the throughput and the length and
width of building site.

In the simulation methods, Bafna and Reed
(1972) proposed a simulation program to evaluate
the alternative design of high-rise automated
warehouse systems. Rosenblatt and Roll (1984)
applied a search procedure to a simulation model
of an automated warehousing system to find an
optimum solution for minimizing the total cost of
construction and operation. Perry et al. (1984)
developed an optimum-seeking procedure and
applied it interactively to simulated models of
automated warehousing systems. Rosenblatt et al.
(1993) proposed a recursive heuristic optimiza-
tion–simulation model for obtaining optimal de-
signs parameters for an AS/RS. This model finds
the physical characteristics of the AS/RS, but the
relationship between dimension of rack and
capacity of S/R machine that could affect its
performance was not considered in their model.

Warehouse designs may be evaluated in several
ways, and different measures of effectiveness have
been considered by many authors. The most
common ones are: throughput as measured by
the number of pallets or orders handled per day
(Bafna and Reed, 1972; Perry et al., 1984), average
waiting time per customer/order or percentage of
customers/orders waiting to be served beyond a
prespecified figure (Perry et al., 1983; Azadivar,
1989), are average travel time of a crane per single/
dual command (Graves et al., 1977; Han et al.,
1987; Rosenblatt and Eynan, 1989; Lee, 1997). In
most cases, measures of effectiveness are affected
by the physical layout design and the method of
operation of the AS/RS.

As explained above, many authors have studied
the optimal design of AS/RS with the rack of
equally sized cells for using the concept of unit
load. However, in terms of the flexibility of storage
capability, the existing rack configuration using
the concept of unit load is inefficient and
inadequate for the storage of various types and
various sizes of customers’ demands. Moreover, if
the various sizes of products are to be stored in
existing systems, the space utilization will be
considerably decreased due to the increase of lost
space in each cell.

For the purpose of coping with the business
environment that is changing rapidly, Lee et al.
(1999) proposed the model of AS/RS with the rack
of unequal sized cells. That is, in their model cells
within the zone have the same size, but the sizes of
cells in the different zones are different in height
such that the rack can hold various types of load.
Their model will be a good alternative for coping
with those problems described above. However, if
the quantity of storage demands for different sizes’
products fluctuates in large, even the model
proposed by Lee et al. (1999) will not basically
be able to overcome inflexibility and low space
utilization problems in existing rack structure of
AS/RS.

In order to resolve these drawbacks, in this
paper the model of AS/RS with the rack of
modular cells is proposed first. Flexibility and
space utilization of proposed model are compared
to those of existing model through numerical
examples. The remainder of this paper is organized
as follows: we define the rack structure with
modular cells and describe assumptions used in
this research in Section 2. Section 3 presents the
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optimization model for the determination of mod-
ular cell size in height. In Section 4, the effectiveness
of proposed model is analyzed with respect to the
flexibility, space utilization and cost. Finally, a
summary of the research is presented in Section 5.
2. Assumptions and notations

The structure of rack with modular cells to be
modeled in this paper is depicted in Fig. 1. The rack
structure with modular cells, considered in this
research, is defined as follows: The rack can handle
different sized loads in height, while it maximizes
space utilization. The rack consists of modular cells,
which allows the loads to occupy more than one cell
according to their height. Modular cells have only 4
load-arms (brackets) and they have an open
structure with same height (refer the Fig. 1). It is
called ‘‘opening cell’’ because the top and bottom of
the cell are not closed from bottom to top of the
rack. Thus, the size of modular cell is determined by
the size of products so as to minimize total lost
spaces in the system.

2.1. Assumptions

The following assumptions are made in this
research.
(1)
(a)
The warehouse is divided into several aisles
with racks on both sides. Thus, there are
Hf

Lm

Hm

b b

(b)

Fig. 1. The structure of rack with modular cells.
double racks between aisles and single rack
along the walls. The rack has Nl levels and Nb

bays of modular cells.

(2)
 The number of S/R machines is equal to the

number of aisles. No traversing is allowed
between aisles, so they only can serve one aisle.
(3)
 There are no technical problems for the
construction of rack with modular cells pro-
posed. However, applying this model to the
storage of heavy product may be limited.
(4)
 The products of different size and various
types can be stored in the system, if the size of
width and length of product is fitted to that of
modular cell.
(5)
 The information for the size and expected
storage volume of each product is known in
advance. However, if the storage volume
information of products is unknown, it is
assumed that they have the same values, which
are calculated by ni ¼ n=k:
2.2. Notations

In this paper, the following notations are used.
n t
otal expected storage volume,
n ¼

P
ni
ni s
torage volume of each product
to be stored in the system,
i ¼ 1; . . . ; k
hi; li; wi h
eight, length and width of load
type i
H; L; W h
eight, length and width of an
AS/RS, respectively
Hm; Lm; Wm h
eight, length and width of
modular cell, respectively
H f ; Lf ; W f h
eight, length and width of cell in
existing systems, respectively
Na; Nl ; Nb n
umber of aisles, levels and bays
of an AS/RS with modular cells
N; N1; N2 n
umber of aisles, levels and bays
in existing AS/RS, respectively
Mi n
umber of cell occupied by a load
type i
qi r
atio of ni to n, qi ¼ ni=n
B l
ength of load-arm (bracket) in
the rack
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xd e d
efined as least integer greater
than or equal to x (ceiling
notation)
xb c d
efined as greatest integer less
that or equal to x (floor notation)
c1; c2 c
onstruction cost per modular
cell and equally sized cell,
respectively
3. Optimal design of rack with modular cell

3.1. Mathematical model

On the basis of given parameters and variables,
a mixed integer non-linear programming (non-
linear MIP) model is developed for minimizing
total lost spaces considering initial investment cost
subject to several constraints. The objective func-
tion is as follows.

MinTLSm ¼
Xk

i¼1

nqiðMiHm � hiÞ

þ 2NðH � N lHmÞ

þ 2NfL � NbðLm þ 2bÞg

þ 4bNaNb, ð1Þ

s.t.

Min hipHmpMax hi, (2)

Xp

i¼1

Minqip2NaNbN l

and c1NaNbN lpc2NN1N2, ð3Þ

X
qi ¼ 1, (4)

ðWm;LmÞ ¼
ðmax wi;max liÞ if Nw

a Nl
bXNl

aNw
b ;

ðmax li;max wiÞ; otherwise;

(

(5)

Mi ¼
hi

Hm

� �
; MiX1, (6)

Mi;Na;Nb;N l;N
w
a ;N

l
a;N

w
b ;N

l
b40; Integer;
where

Na ¼
W

3Wm

� �
; N l ¼

H

Hm

� �
; Nb ¼

L

Lm þ 2b

� �
,

N ¼
W

3W f

� �
; N1 ¼

H

H f

� �
; N2 ¼

L

Lf

� �

Nw
a ¼ W

max 3wi

j k
; Nl

a ¼
W

max 3li

j k
;

Nw
b ¼ L

max wi

j k
; Nl

b ¼ L
max li

j k
:

The objective function minimizes lost spaces
within each cell, in the rack height and rack length.
Constraint (2) specifies the physical bound of
modular cell height. Constraint (3) is a limitation
for total storage volume and cost required. Eq. (4)
is a constraint on the storage volume of each
product type i to be stored in the system. Eq. (5)
specifies the width and length of modular cells to
maximize storage volume within given area
physically. Constraint (6) indicates the number of
cell required for the storage of a load size hi:
Especially, the size of modular cell in height, Hm;
is affected by construction cost per cell. The total
lost space is in inverse proportion to the construc-
tion cost over Hm:

On the other hand, in case the different sized
loads are stored in existing AS/RS, total lost space
is calculated by Eq. (7). In this case, it is assumed
that the height of equally sized cell, H f ; is greater
than or equal to max hi:

Min TLSf ¼
Xk

i¼1

nqiLf ðH f � hiÞ

þ 2NðH � N lH f Þ

þ 2NðL � NbLf Þ. ð7Þ

3.2. Algorithm

The proposed mathematical model above is a
non-linear mixed integer-programming problem
(non-linear MIP). As we know, integer programs
belong to a class of problems known as NP-hard.
This means that there is no known algorithm for
solving these problems such that the computa-
tional effort at worst increases as a polynomial in
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Decide the value of Wm and Lm 

Let H
m

 = α = min hi

Calculate Mi , N, N1, N2 Na , Nl , Nb

Σ Mi nqi < 2NN1N2

c1NN1N2 < c2 Na Nl Nb

 Σ q
i 
= 1

Calculate objective function and add it to
a feasible alternative list 

TLSM ={(Hm , TLSM), (Hm , TLSM), … }

Choose TLSM* = min {(Hm , TLSM), (Hm , TLSM), … }

Hm < Max {hi}

Stop

Hm=Hm+ �
No

No

Yes 

Yes 

Initialize 

Fig. 2. The procedure for deciding modular cell size.
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the problem size. That is, we could formulate the
optimization model such as the proposed model
above and also the problem could be solved
theoretically by using optimization tools such as
GAMS, LINGO, C-PLEX, etc. But because it is a
NP-hard problem, an heuristic algorithm was
suggested in order to solve the problem more
effectively. Even though we could obtain the
optimal solution by investing so much time and
resources, it does not have any special advantage
and meaning in practice.

Basically, this problem is to find a best solution,
which minimizes objective function among the
feasible alternatives satisfying constraints. If the
required storage volume of product is larger than
the total storage volume of rack configuration
(
P

Minqi42NN1N2), or if it does not satisfy cost
constraint, these alternatives of rack configuration
will be removed from the feasible alternative list.
In order to solve effectively the model in this
paper, heuristic algorithm is suggested as follows.
Fig. 2 shows the procedure for deciding modular
cell size.

Algorithm for the decision of modular cell size
Step 1: Decide the value of Wm and Lm by Eqs.

(3)–(6) and known product sizes. Go to step 2.
Step 2: Determine the initial value (a) of Hm and

incremental step size, b. Let Hm ¼ a and go to step 3.
Step 3: Calculate the parameter of Mi and rack

dimension parameters, N, N1, N2, Na, Nl, Nb.
Step 4: Check the feasibility of the rack

configuration created by Hm ¼ a. If it satisfies
feasibility constraints, add it to a feasible alter-
native list and go to step 5. Otherwise, let
Hm ¼ Hm+b and go to step 3. Repeat step 4,
until the height of modular cells becomes less than
or equal to max hi, Hmpmax hi.

Step 5: Select a best alternative, TLSm� ; in the
feasible alternative list. The best solution can also
be altered among feasible alternatives by decision-
makers.
4. Numerical studies

In this section, the effects of proposed model are
investigated through numerical examples and their
results are compared to that of previous model. It
is also illustrated that how the objective function
behaves for decision variables. In particular, the
effect of the change of modular cell height and qi

on TLSm is investigated. Space utilization as the
measure of effectiveness for the proposed model is
used and it is calculated by (TLSf�TLSm)/TLSf.
The increase of space utilization will improve the
storage capacity and flexibility of the warehouse
system. Thus, the increase of space utilization will
come to the decrease of cost in terms of system
construction and operation.

The best solution of modular cell height is
determined such that the total lost space over the
Hm is minimized with satisfying storage volume
required for the all type of loads and cost
constraint. Tables 1 and 2 show the test data for
three examples and the summary of solutions,
respectively.
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Table 1

Test data for examples

i Ex. #1 Ex. #2 Ex. #3 li wi hi

qi nqi qi nqi qi nqi

1 10 3150 10 3150 20 6300 0.8 0.4 0.3

2 15 4725 10 3150 20 6300 0.9 0.6 0.5

3 20 6300 10 3150 20 6300 0.7 0.7 0.7

4 25 7875 10 3150 20 6300 1.0 0.8 0.8

5 30 9450 60 18900 20 6300 0.8 0.9 1.2

n ¼ 31500; L ¼ 90; H ¼ 20; W ¼ 25; Hf ¼ 1:2; Lf ¼ W f ¼ 1:0; b ¼ 0:05; c1¼ 5; c2¼ 50:

Table 2

The comparison of optimal solution between proposed model and existing model

Models Parameters Cell size Rack dimension Lost space Space utilization

Lm; Wm; Hm Na; Nl ; Nb TLSm

Proposed model CC 0.9, 1.0, 0.45 10, 44, 100 9690 25.4%

NCC 0.9, 1.0, 0.2 10, 100, 100 5417 58.3%

Existing model 1.0, 1.0, 1.2 10, 16, 100 12995

CC: Considering cost; NCC: Not considering cost.
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The number of alternatives satisfying the
feasible condition is limited by Hm: It is also
affected by the value of qi for each load type i: The
performance of proposed model for space utiliza-
tion is far better than that of existing model as
shown in Table 2. It is increased as much as 25.4%
in terms of space utilization when construction
cost is considered. It means that the proposed
model can store 119 unit loads more than the
model of equally sized cells. This value, also, can
be interpreted as the increase of shadow price or
the reduction of risk for the storage demands of
unexpected customers. As the rack size in height,
Hm; is decided based on the required storage
volume of each product type and size, the lost
space is always less than that of present model
which is considered in equally sized rack config-
uration under the unit load concept. It means that
the space utilization is improved in every case;
there is only the difference of large or small.

Fig. 3 shows the relationship between lost space
and construction cost according to the change of
Hm: As shown in Fig. 3, the construction cost can
also be reduced considerably in comparison with
the model of equally sized cells, H f ¼ 1:2: As
stated above, the optimal size of modular cells is
affected by the storage volume of each product
type i; rack configuration and construction cost
per cells.

In addition to these advantages, the perfor-
mance evaluation of proposed system could be
easily estimated by existing model according to the
storage policy. That is, the rack structure with
modular cells can accommodate all types of
storage policies that can be changed according to
storage demands. Consequently, all of these
advantages and effectiveness are entirely derived
from the structural changes of rack of an AS/RS.
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5. Conclusions

We have proposed the model of AS/RS with the
rack of modular cells that can hold different size of
unit loads. The mathematical model of cell size
was also developed considering storage volume for
each load type. Comparison between the previous
model with the rack of equally sized cells and the
proposed new model shows much of difference in
terms of capability for coping with a business
environment is changing. To the best of our
knowledge, an AS/RS with the rack of modular
cells is studied first in this paper.

The proposed model in this paper has clearly
much advantages compared to the model that has
been researched until now. It, of course, there may
be some limitations in practice, such as technical
problems for designing and constructing to deal
with heavy weight loads. However, the new model
of AS/RS with modular cells proposed in this
paper, under the concept of non-unit-load size,
could be a very useful alternative for meeting the
limitations and/or problems of existing systems
and the business environment that is rapidly
changing. AS/RS to be built henceforth should
be able to provide flexibility to variable customer’s
needs.
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