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Abstract

In this paper we present a reference framework and a classi®cation of warehouse design and control problems. Based

on this framework, we review the existing literature on warehousing systems and indicate important gaps. In particular,

we emphasize the need for design oriented studies, as opposed to the strong analysis oriented research on isolated

subproblems that seems to be dominant in the current literature. Ó 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The ever increasing trend towards more prod-
uct variety and short response times has placed a
tremendous emphasis on the ability to establish
smooth and e�cient logistic operations. These
operations even play a vital role in determining a
company's competitiveness, since logistic costs
constitute an important part of the overall pro-
duction costs. The e�ciency and e�ectiveness in
any distribution network in turn is largely deter-
mined by the operation of the nodes in such a

network, i.e. the warehouses. Indeed, the innova-
tions in warehouse technology are numerous dur-
ing the last decade. With respect to warehouse
management, topics like planning and control
have deserved wide attention in both the popular
and scienti®c literature, see e.g. Van den Berg [11]
and the references therein. In contrast, a sound
theoretical basis for a warehouse design method-
ology still seems to be lacking.

The logistic costs that are made inside a ware-
house are to a large extent already determined
during the design phase. Typically, a design runs
from a functional description, through a technical
speci®cation, to equipment selection and determi-
nation of a layout. In each stage, target perfor-
mance criteria (costs, throughput, storage
capacity, response times) have to be met. As such,
warehouse design is a highly complex task, where
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in each stage trade-o�s have to be made between
often con¯icting objectives. Another di�culty is
the large number of feasible designs. Up to now,
no overall accepted systematic procedure exists to
design warehouses. Therefore, there is a clear need
for research that can support such a systematic
design approach.

This paper is meant to provide a framework for
warehouse design and to review the literature
while using this framework as a reference model.
Within this paper, we restrict ourselves to topics
concerning the internal warehouse structure and
operations. Topics like economic justi®cation of
warehouses, the warehouse location problem and
external logistics are not addressed. Also, human
resource management and quality control are
excluded.

In this paper we analyze problems that are
encountered during the (re)design of a warehouse
or a warehouse subsystem. Based on these ana-
lyses, we review the existing literature on ware-
house design and control. We determine clusters
of publications concerning speci®c problems as
well as open areas for future research. An im-
portant drawback concerns the fact that the
overwhelming majority of scienti®c papers ad-
dress well-de®ned isolated problems and are typ-
ically of an analytical nature (performance
analysis, evaluation of control policies, etc). A
design oriented approach on the other hand pri-
marily aims at a synthesis of a large number of
both technical systems and planning and control
procedures. Since most problems encountered
during warehouse design are unfortunately not
well-de®ned and often cannot be reduced to
multiple isolated subproblems, design often re-
quires a mixture of analytical skills and creativity.
Anyhow, research aiming at an integration of
various models and methods is badly needed in
order to develop a methodology for systematic
warehouse design.

The paper is organized as follows. In Section 2,
we de®ne three di�erent axes along which ware-
houses may be viewed upon: processes, resources,
and organization. In Section 3 we discuss perfor-
mance criteria as well as the process of warehouse
design on a strategic, tactical and operational
level. Section 4 discusses the most important

problems encountered on each of these three
levels. Based on this framework, we review in
Section 5 the existing literature on warehouse de-
sign and control. In addition, we point out im-
portant areas that have received relatively little
attention so far and emphasize the need for more
design oriented research (Section 6). Finally, in
Section 7, we conclude the paper.

2. Warehouse characterizations

In order to provide a characterization, this
section discusses three di�erent angles from which
a warehouse may be viewed: processes, resources,
and organization. Products arriving at a ware-
house subsequently are taken through a number of
steps called processes. Resources refer to all means,
equipment and personnel needed to operate a
warehouse. Finally, organization includes all
planning and control procedures used to run the
system.

Some de®nitions are needed for clarity. A
product is de®ned as a type of good, for example
shampoo bottles of a speci®c brand. The individ-
ual bottles are called items (or Stock Keeping
Units, SKU's) and the combination of several
items of several products that are requested by a
customer is called a customer order.

2.1. Warehouse processes

The ¯ow of items through the warehouse can be
divided in several distinct phases, or processes.
· The receiving process is the ®rst process encoun-

tered by an arriving item. Products arrive by
truck or internal transport (in case of a produc-
tion warehouse). At this step, the products may
be checked or transformed (e.g., repacked into
di�erent storage modules) and wait for trans-
portation to the next process.

· In the storage process items are placed in stor-
age locations. The storage area may consist of
two parts: the reserve area, where products are
stored in the most economical way (bulk storage
area) and the forward area where products are
stored for easy retrieval by an orderpicker.
Products in the forward area are often stored
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in smaller amounts in easily to access
storage modules. For example, the reserve
storage may consist of pallet racks while the for-
ward storage may consist of shelves. The trans-
fer of items from the reserve storage to the
forward storage is called a replenishment.

· Orderpicking refers to the retrieval of items from
their storage locations and can be performed
manually or (partly) automated. In succession,
these items may be transported to the sorting-
and/or consolidation process. Consolidation here
refers to the grouping of items destined for the
same customer.

· At the shipping area, orders are checked, packed
and eventually loaded in trucks, trains or any
other carrier.

2.2. Warehouse resources

A number of resources can be distinguished (see
also Ref. [42] for an extensive review):
· The storage unit, in (or on) which products may

be stored. Examples of storage units are pallets,
carton boxes and plastic boxes.

· The storage system. This may consist of multiple
subsystems that store di�erent types of prod-
ucts. Storage systems are very diverse; they
may range from simple shelves up to highly au-
tomated systems, containing automated cranes
and conveyors.

· The retrieval of items from the storage system
can be performed manually or by means of pick
equipment. An example of often used pick equip-
ment is a reach truck.

· Other equipment that supports the orderpicker
are called orderpick auxiliaries, for example
bar code scanners.

· A computer system may be present to enable
computer control of the processes by a ware-
house management system.

· The material handling equipment for prepara-
tion of the retrieved items for the expedition
includes sorter systems, palletizers and truck
loaders.

· Finally, personnel constitutes an important
resource, since warehouse performance largely
depends on their availability.

2.3. Warehouse organization

In this subsection, we discuss organizational
issues in a warehouse.
· The far most important decision concerns the

de®nition of the process ¯ow at the design stage.
Examples include: the decision to use a separate
reserve area since this implies that a replenish-
ment process will be part of the warehouse
operation, the retrieval of items in batches or
the splitting of the pick area in zones which both
require a sorting process and/or a consolidation
process, or the use of separate storage and re-
trieval aisles.
Furthermore, some processes require speci®c

organizational policies:
· At the receiving process, an assignment policy

determines the allocation of trucks to docks.
· At the storage process, items are transported to

the storage system and are allocated to storage
locations. Several storage policies exist. A dedi-
cated storage policy prescribes a particular loca-
tion for each product to be stored, whereas a
random storage policy leaves the decision to the
operator. In between, a class based storage
policy (ABC zoning) allocates zones to speci®c
product groups, often based upon their turnover
rate. Other storage policies include correlated
storage or family grouping, aimed at storing
products at nearby positions if they are often re-
quired simultaneously. If the storage system has
a separate reserve area, a storage policy for the
reserve area is also needed. Which articles in
what quantity are stored in the forward area
and how replenishments are timed, is decided
by forward/reserve and replenishment policies, re-
spectively. Note that the latter control problems
highly depend on decisions made already at the
design stage.

· At the orderpicking process, (parts of) orders
are assigned to one or more orderpickers. Vari-
ous control problems deserve attention here.
First, the total pick area may be divided into
picking zones, to be served by di�erent orderp-
ickers, through a zoning policy. Two alternative
policies exist: parallel or sequential zoning. Sec-
ond, orders are picked one by one (single order
picking) or in batches (batch picking). If a batch
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picking policy is selected, this directly implies
that the picked orders must be sorted. Again,
two sorting policies exist: pick and sort (sequen-
tially) and sort while pick (simultaneously).
Third, a routing policy may de®ne the sequence
of retrievals and the route to visit the retrieval
locations. Finally, a dwell point policy may pre-
scribe the position of idle orderpick equipment.

· If a consolidation and sorting process is present,
orders are allocated to output lanes by a sorter
lane assignment policy.

· At the shipping process, orders and trucks are
allocated to docks by a dock assignment policy.

· Finally, allocation of tasks to personnel and
equipment are addressed by operator and equip-
ment assignment policies.

3. Warehouse design

From the preceding section it becomes clear
that the design of a warehouse system concerns a
large number of interrelated decisions. In this
section we attempt to structure these decisions in a
hierarchical framework. In addition, we discuss a
number of performance criteria that serve to
evaluate alternative designs.

3.1. Warehouse design methods

As mentioned already in Section 1, a design
process typically runs through a number of con-
secutive phases: concept, data acquisition, func-
tional speci®cation, technical speci®cation,
selection of means and equipment, layout, and
selection of planning and control policies. Alter-
natively, these decisions may be situated at a
strategic, tactical or operational level. For in-
stance, decisions concerning the process ¯ow and
the level of automation typically belong to the
functional and partly technical speci®cation and
are of a strategic nature. Also the selection of
basic storage systems is a strategic one, whereas
the dimensioning of these systems and the deter-
mination of a layout are tactical decisions. De-
tailed control policies typically belong to the
operational level. The conceptual and data ac-
quisition phase as well as the implementation

phase are beyond the scope of this paper and
therefore excluded. Obviously, most decisions are
interrelated but the hierarchical framework out-
lined above re¯ects the horizon of the decisions
(long term, medium term, short term) while
solutions chosen at a higher level provide the
constraints for lower level design problems.

Starting with limited detail, a rough ®rst design
is outlined while at subsequent stages this design is
re®ned. This is also known as the top-down ap-
proach, as opposed to the bottom-up approach.
The ideal design method clusters related problems
at the same design level and derives a solution by
simultaneously optimizing the various subprob-
lems in order to reach a global optimum. It
is important to recognize the relations between
subproblems, in order to avoid sub-optimal
solutions.

3.2. Warehouse performance criteria

In order to evaluate a particular warehouse
design, clearly de®ned performance criteria are
needed. Within the ®eld of warehousing we dis-
tinguish the following criteria: investment and
operational costs, volume and mix ¯exibility,
throughput, storage capacity, response time, and
order ful®llment quality (accuracy). In this section
we will discuss some criteria in more detail and
relate them to the various design levels and to
di�erent environments.

The relative importance of a particular criterion
varies with the types of warehouses. Two types can
be distinguished: the distribution warehouse and
the production warehouse.

The function of a distribution warehouse is to
store products and to ful®ll external customer or-
ders typically composed of a large number of order
lines (where each order line speci®es a quantity of
one particular product). The number of di�erent
products in a distribution warehouse may be large,
while the quantities per order line may be small,
which often results in a complex and relatively
costly orderpicking process. Therefore, distribu-
tion warehouses are often optimized for cost-e�-
cient orderpicking. The prominent design criterion
is the maximum throughput, to be reached at
minimum investment and operational costs. These
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two cost parameters are often combined in a single
cost performance criterion. The Net Present Value
(NPV) represents the value of the investment at the
present time. Costs and pro®ts that are planned in
the future are discounted. The Return On Invest-
ment (ROI) is another cost performance criterion,
de®ning the expected pro®t per year, divided by
the investment costs. These criteria are taken into
account primarily at the strategic and tactical de-
cision levels. Often, the combination of a desired
throughput and a required short response time
rules out already a number of technical solutions
and indicates the use of more automated systems.
A typical example of a warehouse system, suitable
for a distribution warehouse, is an A-frame, a
highly automated but costly orderpicking system.

The function of a production warehouse is to
store raw materials, work-in-process and ®nished
products, associated with a manufacturing and/or
assembly process. Raw materials and ®nished
products may be stored for long periods. This
occurs for example when the procurement batch of
incoming parts is much larger than the production
batch, or when the production batch exceeds the
customer order quantity of ®nished products.
Storage of goods for long periods must be cost-
e�cient and is usually done in large quantities in
an inexpensive storage system, such as a pallet-
rack. The prominent design criterion is the storage
capacity. The main design objectives are low in-
vestment costs and operational costs. The storage
of work-in-process has other requirements, since
the demand is mostly unknown in advance and the
retrieval from the warehouse must be fast, in order
to avoid delay in the production. This may lead to
a design constrain with respect to the time between
an order request and its completion, the response
time.

Performance criteria can be handled as either a
design objective or a design constraint. When
formulating a criterion as a constraint, we request
that a pre-speci®ed target value of the criterion has
to be met. In addition to constraints, related to
these target criterion values, a number of technical
or physical constraints are formulated. An exam-
ple of the latter is the maximum height of a storage
system in order to ®t in a speci®c building. In-
vestment costs are often treated as a constraint. A

severe limitation on the investment costs may lead
to a conventional warehouse design.

Finally, other performance criteria may be dif-
®cult to quantify, such as environmental or ergo-
nomic conditions. These conditions will not be
discussed further in this paper.

4. Warehouse design problems

In Section 2, we provided three views on
warehouse operations, and in Section 3 we de®ned
warehouse design as a structured approach of de-
cision making at a strategic, tactical and opera-
tional level, in an attempt to meet a number of
well-de®ned performance criteria. At each level,
multiple decisions are interrelated and therefore it
is often necessary to cluster relevant problems that
are to be solved simultaneously. We de®ne a
warehouse design problem to be such a coherent
cluster of decisions and we de®ne decisions to be
coherent when a sequential optimization does not
guarantee a globally optimal solution.

This section discusses problems arising at the
various design levels. For each level, the problems
are placed in perspective using the three axes
de®ned in Section 2: processes, resources and
organization.

4.1. Strategic level

At the strategic level we consider decisions that
have a long term impact, mostly decisions that
concern high investments. The two main groups
are the decisions concerning the design of the
process ¯ow and the decisions concerning the se-
lection of the types of warehousing systems.

The process ¯ow design de®nes the required
processes. A basic ¯ow consists of the stages re-
ceiving, storage, orderpicking, and shipment. Ad-
ditional processes may be included which have an
immediate impact on the selection of technical
means and equipment. For example, a sorting
process may be needed in order to batch and sort
orders, requiring a sorter system. The inclusion of
a forward/reserve replenishment system requires
the presence of a bulk storage and an orderpick
area.
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The selections of the warehouse system types at
the strategic level concern all systems that require
a high investment like the storage system and the
sorting system. As we have seen, the selection of
processes requires the availability of speci®c sys-
tems but the reverse statement is also true. For
example, a sorting process may only be selected if
a sorter system exists that is capable to handle the
products. Hence the two groups of decisions are
interrelated. However, the complete selection
process can be decomposed into two sequential
decision problems: one based upon technical ca-
pabilities and the other one based on economic
considerations.

The ®rst problem concerns technical capabili-
ties. The storage unit, the storage systems and the
equipment have to be suitable for the products,
suitable for the orders, and should not con¯ict
with each other. This warehouse design problem
concerns both the design of the process ¯ow and
the selection of the main warehouse system types.
The input for this problem are the characteristics
of the products and the orders. The output of this
design problem speci®es which combinations of
systems are technically capable of handling the
products and meeting the performance constraints.
Hence, the outcome is not a speci®ed system, or
even a small number of alternatives, but a, hope-
fully limited, number of possible combinations of
warehouse systems that ful®lls the technical and
performance requirements (in particular through-
put, response times and storage capacity).

The second warehouse design problem concerns
the design of the process ¯ow and the selection of
warehouse systems based upon economic consid-
erations. This results in an optimization over the
range of possible system combinations selected in
the preceding phase, aiming at minimum invest-
ment and operational costs.

The following observations can be made con-
cerning the relations between several decisions:
· The warehouse investment costs are mainly de-

termined by the (number of) resources.
· The warehouse storage capacity is mainly deter-

mined by the type and dimensions of the storage
system. Of minor importance is the storage pol-
icy (dedicated storage, class-based storage or
random storage).

· The maximum warehouse throughput is partly
determined by the type and dimensions of the
resources. A large number of other factors
may also in¯uence the maximum throughput:
the separate reserve area decision, the storage
policy, the batch policy, the routing policy and
assignment policies (personnel, equipment and
docks).

· The warehouse response time is partly deter-
mined by the factors related to the maximum
throughput. However, it is also in¯uenced by a
number of other organizational decisions, such
as the zoning policy, the sorting policy and the
dwell point policy.
These observations once again underline the

strong interrelationship between various decision
problems at the strategic level. Ideally, these
problems therefore should be grouped into one
simultaneous decision problem. For practical
reasons some decomposition seems unavoidable
but it remains extremely important to explicitly
model the relationships in any possible decom-
position.

Fig. 1 list a number of design problems at the
strategic level, related to the three axes de®ned in
Section 2 (see also Ref. [80]). All the decision
problems in the shaded area are related. Recall
that each individual decision on this level puts a
constraint and additional requirements at deci-
sions on lower levels. For instance, the strategic
decision to use a separate reserve area implies that,
at the tactical level, this reserve area is to be
dimensioned, and that, at the operational level,
replenishment policies have to be de®ned.

4.2. Tactical level

On the tactical design level, a number of me-
dium term decisions are to be made, based on the
outcomes of the strategic decisions discussed in the
preceding subsection. The tactical decisions have a
lower impact than the strategic decisions, but still
require some investments and should therefore not
be reconsidered too often. Tactical decisions typi-
cally concern the dimensions of resources (storage
system sizes but also number of employees), the
determination of a layout and a number of
organizational issues.
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Clusters of problems that arise at the tactical
level and should be treated simultaneously include:
· organizational problems including the dimen-

sioning of the picking zones and the ABC zones,
the determination of replenishment policies and
batch sizes, and the selection of a storage con-
cept (random, dedicated, class-based),

· determining the dimensions of the storage sys-
tems, including the forward and reserve areas,

· determining the dimensions of the dock areas,

· determining the number of material handling
equipment,

· establishing a layout of the overall system, and
· determining the number of personnel.

The design problems on the tactical level and
their interaction are visualized in Fig. 2.

The relations between the various problems is
less strong than at the strategic level. However, the
di�erent storage rules that constitute the storage
policy again are strongly interrelated. Also, the

Fig. 2. The tactical level.

Fig. 1. The strategic level.
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storage policies relate to the other organizational
policies, since they all in¯uence the maximum
throughput of the warehouse, and cannot be op-
timized independently.

All these design problems aim at optimizing
performance criteria, such as the throughput, the
response times and the storage capacities while
minimizing additional investment and operational
costs. Minimizing operational costs in particular
often boils down to minimizing the required work
force. Obviously, the outcomes of the decisions
made here have a strong impact on the remaining
problems to be solved at the operational level.

4.3. Operational level

At the operational level, processes have to be
carried out within the constraints set by the stra-
tegic and tactical decisions made at the higher
levels. Since interfaces between di�erent processes
are typically handled within the design problems at
the strategic and tactical level, this implies that at
the operational level policies have less interaction
and therefore can be analyzed independently. The
main decisions at this level concern assignment
and control problems of people and equipment.
Decisions concerning the storage process at the
operational level are:

· the assignment of replenishment tasks to per-
sonnel, and

· the allocation of incoming products to free stor-
age locations, according to the storage concept
determined at the tactical level.
Concerning the orderpicking process, decisions

are related to:
· batch formation or order sequencing, in line

with the batch sizes determined at the tactical
level,

· the assignment of picking task to orderpickers,
· the sequencing of picks per order (routing),
· the selection of a dwell point for idle orderpick

equipment, and
· the assignment of products to sorter chutes (or

lanes).
Finally, the assignment of arriving and de-

parting trucks to docks is also a control decision.
The design problems on the operational level

are visualized in Fig. 3.
In closing this section we again emphasize the

strong hierarchical relationships between decisions
made at the strategic, tactical and operational
level. In addition, various problems at the strategic
level appear to be highly interrelated as well. To a
lesser extent this holds also for the tactical level,
whereas decisions made at the operational level
often can be considered independently.

Fig. 3. The operational level.
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5. A review of warehousing models

In this section we present an overview of
models and algorithms proposed in the literature
for warehouse design, planning and control. In
doing so, we follow the classi®cation of problems
at a strategic, tactical or operational level. At each
level, we further discuss papers within speci®c
problem domains but in addition classify them
along the lines outlined at each of the three levels
in Section 4 (see also Fig. 4). Apart from the de-
sign problems, we brie¯y discuss some previous
literature overviews and some papers on ware-
house design methods.

5.1. Warehouse literature overviews

In 1971, 1982 and 1983, respectively, Miebach
[86], Matson and White [83] and McGinnis et al.
[47] reviewed the operations research and material
handling literature. They concluded that impor-

tant gaps in the research ®elds existed and that
most research seemed to concentrate on rather
limited problems. In 1992, Goetschalckx created a
WWW-page 1 with an extensive list of publica-
tions. In 1996, Van den Berg [10] surveyed the
literature on planning and organization of ware-
housing systems.

5.2. Warehouse design methods

Apart from speci®c warehouse design prob-
lems, a number of publications deal with the
structure of the design method as such.

Ashayeri and Gelders [3] review the literature
concerning warehouse design and concluded that
a pure analytical approach, as well as an
approach that solely uses simulation, will in

Fig. 4. An overview of the classi®cation.

1 http://www.isye.gatech.edu/people/faculty/Marc_Goe

tschalckx/research.html
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general not lead to a practical general design
method. However, they suggest that a combina-
tion of the two approaches may lead to a good
design method. Ashayeri and Goetschalckx [4]
provide a step-wise general design procedure.
Duve and B�ocker [29] propose a step-wise design
method for warehouse design and provide several
examples. Yoon and Sharp [125±127] suggest an
elaborate conceptual procedure for the design of
an orderpick system. Duve and Mantel [30] dis-
cuss Logitrace, a decision support system based
on a step-wise design procedure. Frazelle and
Hackman [43] provide an empirical study con-
cerning the evaluation of warehouses by means of
benchmarking. Brynz�er et al. [22] propose an
evaluation method based on the Zero-Based-
Analysis method. Rupp [109] suggests an hierar-
chical design method. Gray et al. [53] also
propose a hierarchical design method and de-
scribe the application of their method by an ex-
ample design. Rink and Waibel [99] describe
Lasys, a German decision support system for
warehouse design.

5.3. Warehouse design problems: Strategic level

At the strategic level, two problem clusters
have been identi®ed: one dealing with the selec-
tion of systems and equipment based on technical
capabilities, and the second one dealing with the
design of the process ¯ow and the selection of
warehouse systems based on economic consider-
ations. With respect to the ®rst cluster, we found
no publications that speci®cally concern this
problem. A limited number of publications deal
with problems in the second cluster. Roll et al.
[101] propose a systematic procedure for deter-
mining the size of a warehouse container. Oser
[88] provides an analysis of an automated transfer
car storage and retrieval system by comparing
this system to some alternatives, based on ap-
proximations of system performance. Keserla and
Peters [69] compare the performance of a stan-
dard automated storage (AS)/retrieval system
(RS) with a dual-shuttle AS/RS, using analytical
expressions and simulation. Dunkin [28] develops
a design algorithm for warehouses containing
tote-sized loads. A very interesting study has been

published by Sharp et al. [117], who compare, on
a cost basis, several competing storage and re-
trieval equipment types for item picking. Both
strategic design problems are discussed by Sch-
midt [111]. He evaluates an automated satellite
storage system, by analyzing the hardware attri-
butes, as well as the organization and the result-
ing warehouse performance.

In conclusion, the number of publications
concerning design problems on a strategic level
appears to be limited, despite the fact that at this
level the most far-reaching decisions are made.
Most publications analyze the performance of a
warehouse in order to be able to compare the
system with alternative ones. Only one publication
explicitly analyzes multiple competing warehouse
systems.

5.4. Warehouse design problems: Tactical level

At the tactical level, most decisions concern the
determination of resource dimensions and the de-
sign of the organization. The publications in this
subsection are classi®ed according to storage sys-
tem type. A classi®cation following the topics of
Section 4.2 is presented in Fig. 4.

Determining the size and layout of conven-
tional warehouses has been the topic of several
publications. Berry [13] and Bassan et al. [8] ana-
lyze the layout of a conventional warehouse. They
provide an optimization model to determine the
optimal dimensions of the layout, in order to
minimize handling distance, handling time, space
utilization or costs. Rosenblatt and Roll [103]
present a design procedure comprising both sim-
ulation and analytical methods in order to deter-
mine the size and layout of a conventional
warehouse, concentrating on the storage capacity.
Also, they present an analysis of the required
storage capacity as a function of product and or-
der characteristics [104]. Pandit and Palekar [93]
study the e�ect of the layout of a conventional
warehouse on the response time, using analytical
models and simulation.

De Koster [26] proposes a modeling and anal-
ysis method for pick-to-belt orderpick systems that
uses analytical expressions to approximate the
maximum throughput.
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Marnix and Sharp [81] and Sharp et al. [115]
evaluate the performance of several con®gurations
of a carousel system. Rouwenhorst et al. [108]
determine the maximum throughput and the re-
sponse time of a carousel system, using stochastic
models. Spee [118] analyzes a carousel system in
combination with an orderpick robot and derives
analytical expressions for the maximum through-
put.

Bozer and White [20] consider end-of-aisle
orderpicking systems. They model the perfor-
mance of a storage system that consists of mul-
tiple miniload systems by deriving analytical
expressions, and develop a design algorithm to
determine the optimal con®guration. In Ref. [21],
they generalize their algorithm to other con®gu-
rations of the orderpick system. Foley and Fra-
zelle [40] derive closed-form analytical expressions
for the maximum throughput of a miniload sys-
tem.

Karasawa [67] and Ashayeri et al. [2] analyze
the AS/RS by deriving formulas that approximate
the performance of the system as a function of
several design characteristics and provide an op-
timization model to design an economical AS/RS.
Bozer and White [19] present analytical expres-
sions for the travel time in an AS/RS. These re-
sults have been extended by Chang et al. [24] who
incorporate acceleration and deceleration e�ects.
Pan and Wang [92] provide analytical expressions
for the maximum throughput of an AS/RS with
dual commands and a class-based storage policy
and evaluate the approximation of the discrete
storage rack by a continuous rack. Meller and
Mungwattana, Karasawa [84] develope analytical
expressions for the maximum throughput of a
multi-shuttle AS/RS. Rosenblatt et al. [105] sug-
gest a procedure, including both simulation and
analytical methods, to determine the size of an
AS/RS system, considering constraints on the
maximum throughput and the response time.
Randhawa and Schro� [97] extend this study by
including an analysis of the storage capacity and
the in¯uence of the location of the I/O-point,
using simulation. Hwang and Ko [61] propose a
procedure to determine the size of multi-aisles
AS/RS's, based on analytical expressions, by
varying the number of cranes and the storage

policy. Meller and Mungwattana [85] analyze the
maximum throughput of a multi-shuttle AS/RS
by means of stochastic models and simulation.
Linn and Wysk [74] determine the dwell point,
the storage policy and the retrieval sequences of
an AS/RS with the aid of simulation, and propose
a decision tree. In addition, the authors propose
an expert system on the operational control of an
AS/RS [75]. Van den Berg and Gademann [12]
analyze multiple organization policies of the AS/
RS on the in¯uence on storage capacity, the
maximum throughput and the response time.
Forward/reserve division has been analyzed, to-
gether with routing, ABC-classi®cation and se-
quencing of the storage requests, with the aid of
simulation.

Stadtler [120] analyzes the impact of the size of
a Chaotic Direct Sorted (CDS) warehouse, pro-
posing a procedure consisting of simulation and
enumeration.

Apart from storage systems, some publications
concern other systems or are more general. By
means of a simulation study, Bozer and Sharp [18]
and Bozer et al. [15,16] analyze the performance of
a sorting system under variation of the number of
output lanes, order characteristics, and control
policies. Larson et al. [71] develop a procedure for
class-based storage, related to both the system
dimensions and the layout. Sharp et al. [116] per-
form a simulation study to analyze the con®gura-
tion of input/output conveyors of an AS/RS, and
focus both on layout and control. Grossmann [54]
analyzes the selection of equipment for the loading
of a truck with packages, providing a qualitative
comparison. Sharp et al. [114] determine the se-
lection of orderpick equipment; they compare
pick-to-light systems to alternative systems
through both a quantitative and a qualitative
comparison within some case studies. Bunde and
Graves [23] provide analytical expressions of the
maximum throughput of a palletizer system as a
function of its dimension. Pliskin and Dori [96]
propose an evaluation procedure for warehouse
layouts by a multi-criteria analysis based on user
preferences.

In conclusion, many papers at the tactical level
concern the performance of, mostly automated,
warehousing systems.
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5.5. Warehouse design problems: Operational level

At the operational level, most decisions concern
the assignment of tasks to, and the scheduling and
control of people and equipment. The publications
in this subsection are grouped according to list of
topics discussed in Section 4.3.

5.5.1. Batching
Elsayed and Stern [36] test 24 batching algo-

rithms with the aid of simulation. Elsayed and
Unal [37] derive analytical expressions to evaluate
batching algorithms. Rosenwein [107] analyzes the
maximum throughput in a conventional ware-
house with batching by means of a simulation
study. Gibson and Sharp [45] analyze order
batching procedures for sort-while-pick orderpick
operation, and in [46] study two new batching
procedures, again by simulation. Armstrong et al.
[1] evaluate batching algorithms for a pick-to-belt
warehouse with a sorter system. Pan and Liu [91]
analyze batching for a person-on-board AS/RS
using simulation in an attempt to maximize the
throughput. Elsayed [34] proposes an algorithm
for batch formation in a multi-aisles AS/RS system
with a sorting system. Hwang et al. [60] and
Hwang and Lee [62] analyze batching algorithms
for an AS/RS with the aid of simulation.

5.5.2. Storage policies
Goetschalckx and Ratli� [51] evaluate storage

policies for block storage through an analytical
study. Marsh [82] has been working on the same
problem but evaluates two alternative policies.
Jarvis and McDowell [65] propose a heuristic for
the storage policy in a conventional warehouse.
Roll and Rosenblatt [100] analyze the storage ca-
pacity of conventional warehouses with alternative
storage policies, using simulation. Van den Berg
and Sharp [122] propose a procedure based on
linear programming for product allocation in a
warehouse consisting of a forward and a reserve
area, to minimize the costs of orderpicking and
replenishment. Bartholdi and Platzman [7] provide
a storage policy for a carousel, based on the
numbering of bins. Van Oudheusden and Zwu [90]
propose a storage algorithm for a person-on-board
AS/RS with recurrent orders, and evaluate the

algorithm by means of a simulation study. Wil-
helm and Shaw [123] present an empirical study
concerning the storage policy of an AS/RS.
Hausman et al. [59], Yang [124], Rosenblatt and
Eynan [102], Goetschalckx and Ratli� [50], Eynan
and Rosenblatt [39], Kouvelis and Papanicolaou
[70], and Malmborg [78] all analyze class-based
storage in an AS/RS, assuming single commands.
They develop analytical methods to determine the
optimal dimensions of the zones, considering
storage capacity and maximum throughput.
Malmborg [77] evaluates the storage policy for an
AS/RS with zoning constraints, and proposes a
simulated annealing algorithm, to maximize the
storage capacity. Ashayeri et al. [5] evaluate the
maximum throughput of an AS/RS under di�erent
storage policies, by deriving analytical expressions.
Jaikumar and Solomon [64] analyze the relocation
of items in an AS/RS and develop an algorithm.
Muralidharan et al. [87] evaluate three heuristics
for the same problem through a simulation study.
Guenov and Reaside [56] and Lee [72] analyze
class-based storage for a multi-command AS/RS
through simulation. Kaylan and Medeiros [68]
evaluate storage policies for a miniload system
with multiple I/O points. Stadtler [119] suggests
storage algorithms for the Deep Lane Storage
System that minimize the number of relocations.
Frazelle and Sharp [41] and Rosenwein [106] an-
alyze correlated storage policies and develop a
general solution approach. Beavers [9] presents a
paper on the same topic and discusses a comput-
erized implementation. Malmborg and Bhaskaran
[79] evaluate the Cube per Order Index storage
policy for di�erent kinds of warehouses, based on
analytical expressions for the maximum through-
put. Park and Webster [94] derive analytical ex-
pressions for the maximum throughput of multiple
three-dimensional storage systems with the cubic-
in-time storage policy.

5.5.3. Routing and sequencing
Gelders and Heeremans [44] analyze routing in

a conventional warehouse. Goetschalckx and
Ratli� [48,49], Hall [57] and De Koster and Van
der Poort [27] determine analytical expressions to
evaluate the routing in a conventional warehouse.
Ratli� and Rosenthal [98] present an algorithm
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for the routing in a conventional warehouse,
based on dynamic programming, which focuses
on the maximum throughput. Guenov and Rea-
side [55] analyze three heuristics for two-dimen-
sional item picking in a conventional warehouse.
Bozer et al. [17] suggest an algorithm for routing
in a two-dimensional rack with more than two
locations to be visited, and test its performance
with the aid of a simulation study. Kanet and
Gonzalo-Ramirez [66] evaluate sequencing poli-
cies in an AS/RS. In addition to the usual costs
associated with retrieval, this study considers also
the cost of a location breakdown. Cormier [25]
presents an algorithm for sequencing retrievals
with due-dates in a AS/RS, using dynamic pro-
gramming. Linn and Xie [76] suggest an se-
quencing rule for the same problem. Elsayed et al.
[35] and Lee and Kim [73] extend this problem
with penalties for early retrieval and suggest a
sequencing procedure. Han et al. [58] analyze the
nearest-neighbor and the shortest-leg retrieval
policies for an AS/RS, based on analytical ex-
pressions and simulation. Eynan and Rosenblatt
[38] evaluate the nearest-neighbor retrieval policy
for an AS/RS with class-based storage. Eben-
Chaime [31] analyze the di�erence between block
scheduling and dynamic sequencing in an AS/RS.
Seidmann [113] proposes an adapted sequencing
rule that incorporates seasonal demand ¯uctua-
tions of the products.

5.5.4. Dwell point selection
Egbelu [32] presents an algorithm for the dwell

point selection, using linear programming. Also,
Egbelu and Wu [33] evaluate several dwell point
policies with the aid of simulation. Hwang and
Lim [63] improve these algorithms. Peters et al.
[95] present an analysis to approximate the re-
sponse time for multiple AS/RS con®gurations
and dwell point policies.

5.5.5. Storing and sequencing
Graves et al. [52] evaluate the impact of se-

quencing and class-based storage policies on
warehouse performance, based on analytical ex-
pressions for continuous racks and numerical
procedures for discrete systems. Van Oudheusden
et al. [89] analyze this problem for a person-on-

board AS/RS, by means of a case study using
simulation. Stadtler [119] proposes a concept for
the operational control of an CDS-warehouse,
which incorporates tabu search. Schwartz et al.
[112] use simulation to approximate the maximum
throughput of an AS/RS as a function of storage
and sequencing policies.

5.5.6. Miscellaneous
Sarker and Babu [110] review the literature

concerning the operational control of AS/RS's.
Van den Berg [11] analyzes a number of opera-
tional control problems: forward reserve alloca-
tion, class based storage, routing in carousels and
AS/RS's, and dwell point selection. Askin and
Standridge [6] make some general remarks on or-
ganizational issues for conventional and auto-
mated warehouses.

5.6. Overview

Fig. 4 presents a clustering of the literature
discussed above, following the list of topics dis-
cussed in Section 4. Publications that cover more
than one category are accounted more than once

From Fig. 4 we observe that most of the re-
search seems to concentrate on ®ne-tuning the
warehouse organization, i.e. on the tactical and in
particular on the operational level. About 70
publications analyze isolated optimization prob-
lems concerning warehouse organization, which
sharply contrasts with the six publications con-
cerning strategic design problems. Since most costs
of a warehouse are determined at an early stage,
more research on strategic issues is badly needed.

Also, the review indicates that most of the re-
search concerning the tactical and the operational
design level analyzes automated storage systems.
In particular the AS/RS is a popular research
theme; only a few publications discuss conven-
tional warehouses or warehouse equipment. More
research on conventional systems should be en-
couraged. Furthermore, no publications were
found on tactical design problems like the dimen-
sioning of the dock area and the determination of
the number of personnel, although these problems
are far from trivial and often represent substantial
costs.
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In addition, most papers seem to focus on iso-
lated warehouse organizational policies. Optimiz-
ing such a policy may at best lead to a local
optimization. As an example, consider an optimal
batch size policy that neglects the possible e�ects
of ABC-zoning. We strongly advocate research
aiming at an integration of problems that have to
be clustered at one level (compare the discussion in
Section 4).

In conclusion, the overall picture that emerges
seems to suggest that current research, although
useful in itself, is still too much scattered, almost
completely analytical of nature, and much less
oriented towards a synthesis of models and
methods. In particular more research is needed on
strategic design problems and on the integration of
various models and methods in order to develop a
systematic design methodology.

6. Design oriented research

In the preceding section, the literature review
showed that most of the current research is pri-
marily devoted to the analysis of relatively clean,
isolated systems, instead of to a synthesis of
models into an overall design model. Basically, a
similar remark holds for the majority of studies
devoted to operations management problems. The
lack of design oriented papers is in sharp contrast
with the need for integrated models and tech-
niques. In this section we elaborate on the di�er-
ences between analysis oriented and design
oriented research and o�er some guidelines to
support a greater emphasis on the latter.

Typically, analysis oriented research is con-
cerned with limited, well-de®ned problems. These
problems often satisfy the following properties (see
also Ref. [14]):
· the performance function (or goal function) can

be expressed analytically or can be quanti®ed;
· the set of available alternatives is fully known;
· the probability of uncertain events is known and

the e�ects can be quanti®ed;
· the interaction with the environment is neglect-

ed or easily modelled.
Although analysis oriented research may com-

prise highly complex models and methods, it is

generally easy to value and to communicate. The
review presented in Section 5 reveals that the re-
search on warehousing systems primarily falls
within this category. An example is provided by
the optimization of routes in an AS/RS. This
problem concerns the sequencing of storage and
retrieval operations in an AS/RS, in order to de-
crease the expected route length and thereby to
increase the throughput. This problem has all
properties mentioned above. Indeed, no less than
42 publications concern route length optimization
for an AS/RS.

In contrast, problems encountered on a strate-
gic level during warehouse design often are less
well-de®ned:
· The performance function that evaluates a solu-

tion is often complex; it consists of multiple ob-
jectives, and is partly qualitative. For instance,
¯exibility is hard to quantify.

· The set of alternatives is large, since many alter-
natives of warehouse hardware systems and or-
ganization policies exist and can be combined in
multiple ways; e.g., a warehouse may have three
or more types of warehouse storage systems and
may use multiple organization policies. Enumer-
ation of all feasible designs in order to ®nd the
optimal solution is often practically impossible.

· Stochastic behavior such as the failure of ware-
house equipment and human faults during or-
derpicking are di�cult to quantify.

· The judgement of a complete design can at best
be partial, since future warehouse capacity de-
mand, as well as the future product types to be
stored, are hard to predict.

· The design of subsystems or policies cannot be
isolated, due to the interaction with other sub-
systems and policies. In Section 4 we found that
warehouse design problems at a strategic or tac-
tical level cannot easily be decomposed into
multiple isolated subproblems.
Although we do not o�er a complete road map,

we strongly advocate a more design oriented re-
search approach for warehousing problems. Be-
low, we o�er some guidelines that may help in
pursuing such research.
· The use of reference model to place design prob-

lems in a general perspective. The characteriza-
tion along the three axes processes, resources
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and organization of Section 2, and the classi®ca-
tion of problems in Sections 3 and 4 may pro-
vide the basis for such a reference model.

· An inventory of warehouse systems, equipment
and techniques is indispensable as a basis for
comparing alternatives (see also Tompkins et
al. [121]). In particular, the suitability of systems
for particular product market combinations
(slow movers or fast movers, item picking or
case picking) should be investigated.

· At the strategic level, the development of more
cost oriented models is needed. Also, the trans-
lation from a functional to a technical speci®ca-
tion, based upon knowledge of existing systems,
deserves more attention.

· Studies that aim at an integration of various
subsystems and that concentrate on interfacing
problems should be encouraged.
In summary, we emphasize the need for re-

search oriented towards a synthesis of currently
isolated models and techniques, as a basis for de-
cision support in designing complete warehousing
systems. Such research is felt to ®ll an important
gap between the scienti®c literature and the prac-
tice of warehouse design and management.

7. Conclusions

In this paper, we have presented a character-
ization of warehouses along the views processes,
resources and organization. In addition, we have
presented a classi®cation of warehouse design and
control problems along these three axes at a stra-
tegic, tactical and operational level, respectively.
In addition, we presented an extensive review of
the literature and concluded that the majority of
papers is primarily analysis oriented and does not
pursue a synthesis of models and techniques as a
basis for warehouse design. Some guidelines to-
wards a more design oriented approach have been
o�ered.

Future work will concentrate on the develop-
ment of a complete reference model and a sys-
tematic design approach for warehousing systems.
In particular trade-o�s between costs and opera-
tional performance of integrated systems will be
the subject of future studies.

References

[1] R.D. Armstrong, W.D. Cook, A.L. Saipe, Optimal

batching in a semi-automated order picking system,

Journal of the Operational Research Society 30 (8)

(1979) 711±720.

[2] J. Ashayeri, L. Gelders, L. van Wassenhove, A micro-

computer-based optimisation model for the design of

automated warehouses, International Journal of Produc-

tion Research 23 (4) (1985) 825±839.

[3] J. Ashayeri, L.F. Gelders, Warehouse design optimiza-

tion, European Journal of Operational Research 21 (1985)

285±294.

[4] J. Ashayeri, M. Goetschalckx, Analysis and design of

order picking systems, in: Ninth International Conference

on Automation in Warehousing, 1988, pp. 125±135.

[5] J. Ashayeri, R. Heutz, H.C. Veraart, A new approach for

the determination of expected traveling time in an AS/RS

under any assignment policy, in: Progress in Material

Handling Research: 1996, pp. 51±69, The Material

Handling Industry of America, Charlotte, NC, 1996.

[6] R.G. Askin, C.R. Standridge, Modeling and Analysis of

Manufacturing Systems, ch. 10, Wiley, New York, 1993.

[7] J.J. Bartholdi, III L.K. Platzman, Design of e�cient bin-

numbering schemes for automated warehouse carousel

storage systems, Technical Report MHRC-TR-85-09,

Georgia Institute of Technology, Atlanta, GA, 1985.

[8] Y. Bassan, Y. Roll, M.J. Rosenblatt, Internal layout

design of a warehouse, AIIE Transactions 12 (4) (1980)

317±322.

[9] M.K. Beavers, An an automated system for dynamic

recon®guration of forward picking areas, Technical Re-

port MHRC-TD-93-19, Georgia Institute of Technology,

Atlanta, GA, 1993.

[10] J.P. van den Berg, A literature survey on planning and

control of warehousing systems, Working Paper, LPOM-

96-12, University of Twente, Fac. Mech. Engrg., Ensch-

ede, The Netherlands, 1996.

[11] J.P. van den Berg, Planning and control of warehousing

systems, Ph.D. Thesis, University of Twente, Fac. Mech.

Engrg., Enschede, The Netherlands, 1996.

[12] J.P. van den Berg, A.J.R.M. Gademann, Simulation study

of an automated storage/retrieval system, Working Paper,

LPOM-97-11, University of Twente, Fac. Mech. Engrg.,

Enschede, The Netherlands, 1997.

[13] J.R. Berry, Elements of warehouse layout, International

Journal of Production Research 7 (2) (1968) 105±121.

[14] S.J. de Boer, Decision methods and techniques in

methodical engineering design, Ph.D. Thesis, University

of Twente, Fac. Mech. Engrg., Enschede, The Nether-

lands, 1989.

[15] Y.A. Bozer, M.A. Quiroz, G.P. Sharp, An evaluation of

alternative control strategies and design issues for auto-

mated order accumulation and sortation systems, Mate-

rial Flow 4 (1988) 265±282.

[16] Y.A. Bozer, M.A. Quiroz, G.P. Sharp, Throughput

analysis of order accumulation and sortation systems:

B. Rouwenhorst et al. / European Journal of Operational Research 122 (2000) 515±533 529



Part ii, Technical Report MHRC-TR-87-03, Georgia

Institute of Technology, Atlanta, GA, 1991.

[17] Y.A. Bozer, E.C. Schorn, G.P. Sharp, Geometric ap-

proaches to solve the Chebyshev traveling salesman

problem, IIE Transactions 22 (3) (1990) 238±254.

[18] Y.A. Bozer, G.P. Sharp, An empirical evaluation of a

general purpose automated order accumulation and

sortation system used in batch picking, Material Flow 2

(2) (1985) 111±131.

[19] Y.A. Bozer, J.A. White, Travel-time models for automat-

ed storage/retrieval systems, IIE Transactions 16 (4)

(1984) 329±338.

[20] Y.A. Bozer, J.A. White, Design and performance models

for end-of-aisle order picking systems, Management

Science 36 (7) (1990) 852±866.

[21] Y.A. Bozer, J.A. White, A generalized design and

performance analysis for end-of-aisle order picking sys-

tems, IIE Transactions 28 (4) (1996) 271±280.

[22] H. Brynzer, M. Johansson, L. Medbo, A methodology for

evaluation of order picking systems as a base for system

design and managerial decisions, International Journal of

Operations & Production Management 14 (3) (1994) 126±

139.

[23] L.M. Bunde, R.J. Graves, The multi-line palletizer mate-

rial ¯ow problem, in: Progress in Material Handling

Research: 1996, pp. 179±191, The Material Handling

Industry of America, Charlotte, NC, 1996.

[24] D.-T. Chang, U.-P. Wen, J.T. Lin, The impact of

acceleration/deceleration on travel-time models for auto-

mated storage/retrieval systems, IIE Transactions 27 (1)

(1995) 108±111.

[25] G. Cormier, On the scheduling of order-picking opera-

tions in single-aisle automated storage and retrieval

systems, in: A. Kusiak (Ed.), Modern Production Man-

agement Systems, Elsevier, North-Holland, 1987, pp. 75±

87.

[26] R. de Koster, On the design of a high capacity pick-and-

pass orderpicking system, in: Progress in Material Han-

dling Research, The Material Handling Industry of

America, Charlotte, NC, 1996, pp. 253±269.

[27] R. de Koster, E. van der Poort, Routing orderpickers in a

warehouse: A comparison between optimal and heuristic

solutions, Technical Report, Erasmus University Rotter-

dam, 1996.

[28] A.E. Dunkin, Analysis and design of storage and retrieval

systems for tote size loads, Technical Report MHRC-TD-

88-01, Georgia Institute of Technology, Atlanta, GA,

1989.

[29] B. Duve, T. B�ocker, Automatische Kommissioniersyteme

± Planung, Gestaltung und Realisierung, Hebezeuge und

F�ordermittel, 33 (1,2) (1993) 30±34.

[30] B. Duve, R. Mantel. Logitrace: A decision support system

for warehouse design, in: Progress in Material Handling

Research, The Material Handling Industry of America,

Charlotte, NC, 1996, pp. 111±124.

[31] M. Eben-Chaime, Operations sequencing in automated

warehousing systems, International Journal of Production

Research 30 (10) (1992) 2401±2409.

[32] P.J. Egbelu, Framework for dynamic positioning of

storage/retrieval machines in an automated storage/re-

trieval system, International Journal of Production Re-

search 29 (1) (1991) 17±37.

[33] P.J. Egbelu, C.-T. Wu, A comparison of dwell point rules

in an automated storage/retrieval system, International

Journal of Production Research 31 (11) (1993) 2515±2530.

[34] E.A. Elsayed, Algorithms for optimal material handling

in automatic warehousing systems, International Journal

of Production Research 19 (5) (1981) 525±535.

[35] E.A. Elsayed, M.-K. Lee, S. Kim, E. Scherer, Sequencing

and batching procedures for minimizing earliness and

tardiness penalty of order retrievals, International Journal

of Production Research 31 (3) (1993) 727±738.

[36] E.A. Elsayed, R.G. Stern, Computerized algorithms for

order processing in automated warehousing systems,

International Journal of Production Research 21 (4)

(1983) 579±586.

[37] E.A. Elsayed, O.I. Unal, Order batching algorithms and

travel-time estimation for automated storage/retrieval

systems, International Journal of Production Research

27 (7) (1989) 1097±1114.

[38] A. Eynan, M.J. Rosenblatt, An interleaving policy in

automated storage/retrieval systems, International Jour-

nal of Production Research 31 (1) (1993) 1±18.

[39] A. Eynan, M.J. Rosenblatt, Establishing zones in single-

command class-based rectangular AS/RS, IIE Transac-

tions 26 (1) (1994) 38±46.

[40] R.D. Foley, E.H. Frazelle, Analytical results for miniload

throughput and the distribution of dual command travel

time, IIE Transactions 23 (3) (1991) 273±281.

[41] E.A. Frazelle, G.P. Sharp, Correlated assignment strategy

can improve order-picking operation, Industrial Engi-

neering 4 (1989) 33±37.

[42] E.H. Frazelle, Material Handling Systems and Terminol-

ogy, Lionheart, Atlanta, GA, 1992.

[43] E.H. Frazelle, S.T. Hackman, The warehouse perfor-

mance index: A single-point metric for benchmarking

warehouse performance, Technical Report MHRC-TR-

93-14, Georgia Institute of Technology, 1994.

[44] L. Gelders, D. Heeremans, Het traveling salesman prob-

leem toegepast op order picking, Tijdschrift voor Econ-

omie en Management (In Dutch) 39 (4) (1994) 381±388.

[45] D.R. Gibson, G.P. Sharp, Order batching procedures,

Technical Report MHRC-TR-90-05, Georgia Institute of

Technology, Atlanta, GA, 1991.

[46] D.R. Gibson, G.P. Sharp, Order batching procedures,

European Journal of Operational Research 58 (1) (1992)

57±67.

[47] L. Mc Ginnis, J. Trevino, J.A. White, A bibliography on

material handling systems analysis, Technical Report

MHRC-TR-83-06, Georgia Institute of Technology, 1983.

530 B. Rouwenhorst et al. / European Journal of Operational Research 122 (2000) 515±533



[48] M. Goetschalckx, H.D. Ratli�, An e�cient algorithm to

cluster order picking items in a wide aisle, Engineering

Costs and Production Economics 13 (1) (1988) 263±271.

[49] M. Goetschalckx, H.D. Ratli�, Order picking in an aisle,

IIE Transactions 20 (1) (1988) 53±62.

[50] M. Goetschalckx, H.D. Ratli�, Shared storage policies

based on the duration stay of unit loads, Management

Science 36 (9) (1990) 1120±1132.

[51] M. Goetschalckx, H.D. Ratli�, Optimal lane depths for

single and multiple products in block stacking storage

systems, IIE Transactions 23 (3) (1991) 245±258.

[52] S.C. Graves, W.H. Hausman, L.B. Schwarz, Storage-

retrieval interleaving in automatic warehousing systems,

Management Science 23 (9) (1977) 935±945.

[53] A.E. Gray, U.S. Karmarkar, A. Seidmann, Design and

operation of an order-consolidation warehouse: Models

and application, European Journal of Operational Re-

search 58 (1) (1992) 14±36.

[54] G. Grossman, Development of a mobile handling robot

for packages, in: Progress in Material Handling Research,

The Material Handling Industry of America, Charlotte,

NC, 1996, pp. 193±205.

[55] M. Guenov, R. Raeside, Real time optimization of man

on board order-picking, in: 10th International Conference

on Automation in Warehousing, 1989, pp. 89±94.

[56] M. Guenov, R. Raeside, Zone shapes in class based

storage and multi-command order picking when storage/

retrieval machines are used, European Journal of Oper-

ational Research 58 (1) (1992) 37±47.

[57] R.W. Hall, Distance approximations for routing manual

pickers in a warehouse, IIE Transactions 25 (4) (1993) 76±

87.

[58] M.-H. Han, L.F. McGinnis, J.S. Shieh, J.A. White, On

sequencing retrievals in an automated storage/retrieval

system, IIE Transactions 19 (1) (1987) 56±66.

[59] W.H. Hausman, L.B. Schwarz, S.C. Graves, Optimal

storage assignment in automatic warehousing systems,

Management Science 22 (6) (1976) 629±638.

[60] H. Hwang, W. Baek, M.-K. Lee, Clustering algorithms

for order picking in an automated storage and retrieval

system, International Journal of Production Research 26

(2) (1988) 189±201.

[61] H. Hwang, C.S. Ko, A study on multi-aisle system served

by a single storage/retrieval machine, International Jour-

nal of Production Research 26 (11) (1988) 1727±1737.

[62] H. Hwang, M.-K. Lee, Order batching algorithms for a

man-on-board automated storage and retrieval system,

Engineering Costs and Production Economics 13 (1988)

285±294.

[63] H. Hwang, J.M. Lim, Deriving an optimal dwell point of

the storage/retrieval machine in an automated storage/

retrieval system, International Journal of Production

Research 31 (11) (1993) 2591±2602.

[64] R. Jaikumar, M.M. Solomon, Dynamic operational

policies in an automated warehouse, IIE Transactions

23 (4) (1990) 370±376.

[65] J.M. Jarvis, E.D. McDowell, Optimal product layout in

an order picking warehouse, IIE Transactions 23 (1)

(1991) 93±102.

[66] J.J. Kanet, R. Gonzalo Remirez, Optimal stock picking

decisions in automated storage retrieval system, Omega 14

(3) (1986) 239±244.

[67] Y. Karasawa, H. Nakayama, S. Dohi, Trade-o� analysis

for optimal design of automated warehouses, Interna-

tional Journal of Systems Science 11 (5) (1980) 567±576.

[68] A. Kaylan, D.J. Medeiros, Analysis of storage polices for

miniload AS/AR, Engineering cost and Production Eco-

nomics 13 (1988) 311±318.

[69] A. Keserla, B.A. Peters, Analysis of dual-shuttle auto-

mated storage/retrieval systems, Journal of Manufactur-

ing Systems 13 (6) (1994) 424±434.

[70] P. Kouvelis, V. Papanicolaou, Expected travel time and

optimal boundary formulas for a two-class-based auto-

mated storage/retrieval system, International Journal of

Production Research 33 (10) (1995) 2889±2905.

[71] T.N. Larson, H. March, A. Kusiak, A heuristic approach

to warehouse layout with class-based storage, IIE Trans-

actions 29 (4) (1997) 337±348.

[72] M.-K. Lee, A storage assignment policy in a man-on-

board automated storage/retrieval system, International

Journal of Production Research 30 (10) (1992) 2281±2292.

[73] M.-K. Lee, S.-Y. Kim, Scheduling of storage/retrieval

orders under a just-in-time environment, International

Journal of Production Research 33 (12) (1995) 3331±3348.

[74] R.J. Linn, R.A. Wysk, An analysis of control strategies

for an automated storage/retrieval system, INFOR 25 (1)

(1987) 66±83.

[75] R.J. Linn, R.A. Wysk, An expert system framework for

automated storage and retrieval system control, Comput-

ers & Industrial Engineering 18 (1) (1990) 37±48.

[76] R.J. Linn, X. Xie, A simulation analysis of sequencing

rules in a pull-based assembly facility, International

Journal of Production Research 31 (10) (1993) 2355±2367.

[77] C.J. Malmborg, Optimization of cube-per-order index

warehouse layouts with zoning constraints, International

Journal of Production Research 33 (2) (1995) 465±482.

[78] C.J. Malmborg, Storage assignment policy tradeo�,

International Journal of Production Research 34 (2)

(1996) 363±378.

[79] C.J. Malmborg, K. Bharkaran, A revised proof of

optimality for the cube-per-order index rule for stored

item location, Applied Mathematical Modelling 14 (2)

(1990) 87±95.

[80] R.J. Mantel, B. Rouwenhorst, A warehouse design model,

in: Progress in Material Handling Research, The Material

Handling Industry of America, Charlotte, NC, 1998.

[81] I. Mardix, G.P. Sharp, Cost and e�ciency analysis of the

carousel storage system, Technical Report MHRC-TR-

85-08, Georgia Institute of Technology, Atlanta, GA,

1985.

[82] W.H. Marsh, Elements of block storage design, Interna-

tional Journal of Production Research 17 (4) (1979) 377±

394.

B. Rouwenhorst et al. / European Journal of Operational Research 122 (2000) 515±533 531



[83] J.O. Matson, J.A. White, Operational research and

material handling, European Journal of Operational

Research 11 (1982) 309±318.

[84] R.D. Meller, A. Mungwattana, Multi-shuttle automated

storage/retrieval systems: Analytical models and an ap-

plication, Technical Report, Department of Industrial

Engineering, Auburn University, Auburn, Al, 1995.

[85] R.D. Meller, A. Mungwattana, Multi-shuttle automated

storage/retrieval systems: analytical models and an appli-

cation, in: Progress in Material Handling Research, The

Material Handling Industry of America, Charlotte, NC,

1996, pp. 345±373.

[86] J. Miebach, Die Grundlagen einer systembezogenen

Planung von St�uckgutlagern, dargestellt am Beispiel des

Kommissionierlagers, Ph.D. Thesis, Technische Univer-

sit�at, Berlin, Germany, 1971.

[87] B. Muralidharan, R.J. Linn, R. Pandit, Shu�ing heuris-

tics for the storage location assignment in an AS/RS,

International Journal of Production Research 33 (6)

(1995) 1661±1672.

[88] J. Oser, Design and analysis of an automated transfer car

storage and retrieval system, in: Progress in Material

Handling Research, The Material Handling Industry of

America, Charlotte, NC, 1996, pp. 457±466.

[89] D.L. van Oudheusden, Y.-J.J. Tzen, H.-T. Ko, Improving

storage and order picking in a person-on-board AS/R

system, Engineering Costs and Production Economics 13

(1988) 273±283.

[90] D.L. van Oudheusden, W. Zhu, Storage layout of AS/RS

racks based on recurrent orders, European Journal of

Operational Research 58 (1) (1992) 48±56.

[91] C.H. Pan, S.Y. Liu, A comparative study of order

batching algorithms, Omega 23 (6) (1995) 322±328.

[92] C.H. Pan, C.H. Wang, A framework for dual command

cycle travel time model in automated warehousing

systems, International Journal of Production Research

34 (8) (1996) 2099±2117.

[93] R. Pandit, U.S. Palekar, Response time considerations for

optimal warehouse layout design, Journal of Engineering

for Industry 115 (1993) 322±328.

[94] Y.H. Park, D.B. Webster, Design of class-based storage

racks for minimizing travel time in a three-dimensional

storage system, International Journal of Production

Research 27 (9) (1989) 1589±1601.

[95] B.A. Peters, J.S. Smith, T.S. Hale, Closed form models for

determining the optimal dwell point location in automat-

ed storage and retrieval systems, International Journal of

Production Research 34 (6) (1996) 1757±1771.

[96] J.S. Pliskin, D. Dori, Ranking alternative warehouse area

assignments: A multiattribute approach, IIE Transactions

14 (1) (1982) 19±26.

[97] S.U. Randhawa, R. Shro�, Simulation-based design

evaluation of unit load automated storage and retrieval

systems, Computers and Industrial Engineering 28 (1)

(1995) 71±79.

[98] H.D. Ratli�, A.S. Rosenthal, Order-picking in a rectan-

gular warehouse: A solvable case of the travelling

salesman problem, Operations Research 31 (3) (1983)

507±521.

[99] H. Rink, P. Waibel, Serie: Strukturierte Lagerplanung,

lasys ± ein Program zu Lager Systemplanung, Der

Betriebsleiter 11 (1995) 28±32.

[100] Y. Roll, M.J. Rosenblatt, Random versus grouped

storage policies and their e�ect on warehouse capacity,

Material Flow 1 (1983) 199±205.

[101] Y. Roll, M.J. Rosenblatt, D. Kadosh, Determining the

size of a warehouse container, International Journal of

Production Research 27 (10) (1989) 1693±1704.

[102] M.J. Rosenblatt, A. Eynan, Deriving the optimal bound-

aries for class-based automatic storage/retrieval systems,

Management Science 35 (12) (1989) 1519±1524.

[103] M.J. Rosenblatt, Y. Roll, Warehouse design with storage

policy consideration, International Journal of Production

Research 22 (5) (1984) 809±921.

[104] M.J. Rosenblatt, Y. Roll, Warehouse capacity in a

stochastic environment, International Journals of Pro-

duction Research 26 (12) (1988) 1847±1851.

[105] M.J. Rosenblatt, Y. Roll, V. Zyser, A combined optimi-

zation and simulation approach for designing automated

storage/retrieval systems, IIE Transactions 25 (1) (1993)

40±50.

[106] M.B. Rosenwein, An application of cluster analysis to the

problem of locating items within a warehouse, IIE

Transactions 26 (1) (1994) 101±103.

[107] M.B. Rosenwein, A comparison of heuristics for the

problem of batching orders for warehouse selection,

International Journal of Production Research 34 (3)

(1996) 657±664.

[108] B. Rouwenhorst, J.P. van den Berg, G.J. van Hou-

tum, W.H.M. Zijm, Performance analysis of a carou-

sel system, in: Proceedings of the 1996 International

Material Handling Research Colloquium: Develop-

ments in Material Handling Research, The Material

Handling Industry of America, Charlotte, NC, 1996,

pp. 495±511.

[109] M. Rupp, Vorgehenskonzept f�ur Lagerplanungen, In-

dustrie Anzeiger (15) (1980) 23±26 (in German).

[110] B.R. Sarker, P.S. Babu, Travel time models in automated

storage and retrieval systems: A critical review, Interna-

tional Journal of Production Economics 40 (1995) 173±184.

[111] R. Schmidt, Satellitenlagersysteme ± Leistungsbestim-

mung und Betriebsstrategien, T �UV Rheinland, K�oln,

Germany, 1991.

[112] L.B. Schwarz, S.C. Graves, W.H. Hausman, Scheduling

policies for automatic warehousing systems: Simulation

results, AIIE Transactions 10 (3) (1978) 260±270.

[113] A. Seidmann, Intelligent control schemes for automated

storage and retrieval systems, International Journal of

Production Research 26 (5) (1988) 931±952.

[114] G. Sharp, R. Handelsmann, D. Light, A. Yeremeyev,

Productivity and quality impacts of pick-to-light systems,

in: Progress in Material Handling Research, The Material

Handling Industry of America, Charlotte, NC, 1996, pp.

513±530.

532 B. Rouwenhorst et al. / European Journal of Operational Research 122 (2000) 515±533



[115] G.P. Sharp, J. Eckert, D. Gibson, Order picking using

horizontal carousels, Technical Report MHRC-TR-89-01,

Georgia Institute of Technology, Atlanta, GA, 1990.

[116] G.P. Sharp, R. Kittell, K. Hollender, Conveyor input/

output systems for pallet AS/RS, Technical Report

MHRC-TR-89-02, Georgia Institute of Technology, At-

lanta, GA, 1991.

[117] G.P. Sharp, R. Kittell, K. Hollender, Economics of

storage/retrieval systems for item picking, Technical

Report MHRC-OP-94-02, Georgia Institute of Technol-

ogy, Atlanta, GA, 1994.

[118] D. Spee, Automated orderpicking system with horizontal

racks, in: Progress in Material Handling Research, The

Material Handling Industry of America, Charlotte, NC,

1996, pp. 545±550.

[119] H. Stadtler, An operational planning concept for deep

lane storage systems, Production and Operations Man-

agement 5 (3) (1996) 266±282.

[120] H. Stadtler, Optimal dimensions for automated storage/

retrieval systems, in: Progress in Material Handling

Research, The Material Handling Industry of America,

Charlotte, NC, 1996, pp. 551±571.

[121] J.A. Tompkins, J.A. White, Y.A. Bozer, E.H. Frazelle,

J.M.A. Tanchoco, J. Trevin, Facilities Planning, Wiley,

New York, 1996.

[122] J.P. van den Berg, G.P. Sharp, Forward-reserve allocation

in a unit-load warehouse operation with picking periods,

in: Progress in Material Handling Research, The Material

Handling Industry of America, Charlotte, NC, 1996, pp.

625±638.

[123] M.R. Wilhelm, J.L. Shaw, An empirical study of the

closest open location rule for AS/RS storage assignments,

in: Progress in Material Handling Research, The Material

Handling Industry of America, Charlotte, NC, 1996, pp.

639±650.

[124] M. Yang, Analysis and optimization of class-based

dedicated storage systems, Ph.D. Thesis, Georgia Institute

of Technology, Atlanta, GA, 1988.

[125] C.S. Yoon, A structured procedure for order pick system

analysis and design, Technical Report MHRC-TD-91-13,

Georgia Institute of Technology, Atlanta, GA, 1992.

[126] C.S. Yoon, G.P. Sharp, Example application of the

conitive design procedure for an order picking system:

Case study, European Journal of Operational Research 87

(1995) 223±246.

[127] C.S. Yoon, G.P. Sharp, A structured procedure for

analysis and design of orderpick systems, IIE Transac-

tions 28 (1996) 379±389.

B. Rouwenhorst et al. / European Journal of Operational Research 122 (2000) 515±533 533


