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Abstract data. These data are processed to extract information con-
cerning relative sizes of various storage areas, technologies

Even though the methodologies for warehouse design ardhat are appropriate for efficient storage and order picking
taught in traditional industrial engineering programs, stu- With a desired level of accuracy etc. While the processes
dents often find it difficult to develop the skills necessary Py which expert designers arrive at the designs of actual
to complete actual designs. The difficulty in translating the Warehouses are far from well known, several useful “tricks
textbook knowledge of using the analytical and mathemati- ¢an be identified for teaching novice designers, i.e., students
cal tools for design stem from their lack of experience in us- With a basic background in warehouse terminology and op-
ing such tools for designing warehouses of reasonable lev£rations.

els of fidelity compared to real systems. It is often very cyrrent courses on warehouse design focus on the opera-
difficult to incorporate large datasets and the computationaltjion of warehouse systems, such as storage or order-picking,
algorithms necessary during the different phases of wareith Jittle attention to integrated design. Large-scale case
house design into the course material. As part of a largerstydies are not feasible because there are no comprehensive
research effort to develop a comprehensive collection of on-computational tools to support them. However, the avail-
line teaching materials integrated into the undergraduate anGyility of emerging integrated warehouse design tools can

graduate curricula, we have developed a warehouse desigotentially make it possible to teach subsystem optimization
tutor in which additional functionality is constantly being | the context of overall system design.

added. Certain key details of the tutor are discussed in this . o .
paper. One approach to teaching design is to develop simple sce-

narios that are representative of actual designs, at least qual-
itatively, and take the student through the steps in a realistic,
yet simplified, problem environment. Students are given the
: opportunity to explore the design problem by trying out their
1 Introduction designs, assisted by an interactive system that guides them
through constraints and performs routine, low level, com-
Warehouses and distribution systems no longer play theirputations, leaving the students to experiment with different
traditional roles of catering to a single corporate entity or configurations. We describe such a system in this paper.

?_ivision, ever': thc;ugh S?Ch fP'etS are Sti(ljl ’ptrefﬁné. 'V'Ot.St fo{ECIEA key motivation for our approach is to offer the student the
1ons are contracted out, or outsourced, 1o third parties that e, tontext characteristic of actual warehouses by provid-
handle goods from many different vendors or manufactur—ing a range of scenarios that exemplify the gene)r/aﬁ)ware-

ers, and service their clients. Therefore, warehouses must bﬁ : : ;
¢ . 4 > ouse design problem. Information concerning data orga-
designed so that they are flexible and often reconfigurable agization ang er())cessing, as well as appropriategdesign alggo-

the needs evolve. rithms are integrated and made available during design.

From a design perspective, warehouses can be characterizqg bri ; .
; : ’ e rief survey of computer-based tutoring systems is pro-
by the primary functions they perform: receiving, storage, yigeq  next, ¥ogetherpwith a discussiong 0¥ factors tphat

order picking and consolidation, packing, and shipping. In naye the problem of teaching warehouse design somewhat
some cases, these are also value-added operations. Design|jqye. D%scription of a Wargehouse tutor modgule follows.

generally a two step process, the determination of the over ; ; : :
all system architecture, followed by the detailed design of = SO1CUAe Wi 2 discussion of fhe overall context in

the components including the choice of relevant technolo-
gies and the computation of parameter values that satisfy
constraints and result in optimal or acceptable performance.

A significant component of warehouse design is the gath-
ering and processing of large volumes of data concerning
orders. Designers often work with inadequate or uncertain
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2 Computer-Based Tutors programmed instruction, not much different from comput-
erized flash cards, to ICAI, where the tutor monitors student
actions closely and offers advice and instruction based on an
analysis of the student’s level of understanding at any point
in time. These advanced tutors are designed to incorporate

e900d pedagogical principles to offer context-sensitive help

and instruction tailored to each student in a way that mim-

2.1 Background

Computer-based tutors or instructional systems have be
in use for over thirty years (e.g., [1], [2], [3], [4], [5]). The

technologies used and the methodologies on which the sys
tems were based have followed the advances in computing
instructional systems design, artificial intelligence, and the

ics what a live instructor would provide. A number of tu-
tors have been evaluated in real-life environments and found
to be quite effective in providing instruction, comparable to
traditional training.

cognitive sciences. With rare exceptions, the tutors were
primarily concerned with instruction in basic arithmetic, hu-
manities and social sciences, programming languages, and
with imparting procedural or factual knowledge in a variety
of domains. The exceptions have been in medicine ([6], [7])
and engineering systems ([8], [9]).

In our past work, we have developed intelligent tutoring sys-

tems (ITS) in complex engineering domains, such as steamalmost without exception, the tutoring or instructional sys-
power plants ([10], [11]) and glass cockpit aircraft [12]. tems have dealt with problems or domains in which the
With the rapid fall in the costs of computational equipment range of options available, or procedures and/or facts to be
and increased affordability of multimedia capabilities, in- taught have been finite, even though the the knowledge it-
structional materials are being developed in physical and bi-self can be very complex. For instance, in troubleshooting
ological sciences, and in many fields of engineering. Thesefor problems and fault diagnosis in a power plant, or to teach
systems, employing educational technologies, have mostlyilots the correct procedures to perform a flight maneuver,
dealt with simulations of processes to help visualize physi-the range of possibilities forms a closed set, even though
cal or natural phenomena, such as Newton’s laws of motionthe selection of the correct response or instruction is by no
and fluid flow, or with providing the software infrastructure means trivial or straightforward. The “physics” the prob-
to enable experimentation using computational tools for thelem itself is well-understood; the difficulties arise from the
solution of equations of dynamics. “combinatorial explosion” of the interactions and the differ-
Traditional computer based tutors (CBT) are not signifi- €Nt Ways to accomplish the same goals. The system or the
cantly different from simple programmed instructional sys- CONCepts to be taught can be assumed to be in a “steady
tems that generate responses based on simple decision treedate.

Intelligent Computer Assisted Instruction (ICAI) systems In contrast, there is a class of systems or problems where
are more sophisticated, and incorporate student models, inthe concepts, processes, or procedures to be taught are much
structor or pedagogical models, knowledge bases, and “usemore open-ended and there is a lack of formal techniques or
friendly” interfaces (e.g., [13]). Student actions are continu- methodologies to guide automated instruction in computer-
ously monitored and responses are generated that are apprgased, possibly “intelligent,” tutoring systems. Design prob-
priate to the level of student’s understanding and miscon-lems in logistics, for instance in warehousing and distribu-
ceptions. The instruction offered is tailored to each student,tion systems, fall under this category. Even though there
in a manner that is similar to what a live instructor or tutor is a body of knowledge that is quite mature, especially for
would do. analysis and design when the components are well-defined,

It is safe to assert that there have been no major conceptu(':{?"er""l|1geslizgn its%:f c_ontinue? to b% more ?jn arlt th"’h” sci-
advances or breakthroughs in tutoring or instructional sys-€Nce€ [16]. Expert designers of warehouses develop their in-
tems for at least over a decadle The only major change sights after years of designing warehouses, learning from

: : . ... their mistakes as well as their successes, and employing an-
has to do with the falling prices for hardware, together with ; ; ! e
authoring systems. that has lead to the development of in alytical and computational tools only to solve well-defined

; o ; ‘sub-problems, e.g., optimizing the rack size or lane depth.
structional material in a form that can be delivered on the | "= Yition to the open-endedness of any design problem,

2.2 What is different

computer. In the form of simulations, perhaps accompaniedW

by means for visualizing difficult physical concepts or to
complex procedural or process information, these system

tems can possibly even substitute for teaching material tha
do not involve complex reasoning or problem solving skills
that can only be taught in a traditional classroom. How-

n

or software can help augment traditional teaching. Such sys-

arehouse design is complicated by the fact that there are
any uncertainties and that the system is constantly evolv-
g. Useful data are constantly changing, and e-commerce
s exacerbating this trend. Data accumulate over a long pe-
iod of time, and it is often difficult to clearly articulate and
identify what characterizes usefulness.

ever, the tutors are generally stand-alone, and students inThe ability to design efficient warehouses is a key compo-

teract with them individually. Their capabilities range from

1A notable exception in complex engineering domains is an
intelligent tutor for (airplane) pilot training that incorporates a
rich pedagogical model based on a comprehensive intent infer-
encer with a high fidelity simulation and interactive interfaces
([141, [15]). What distinguishes this from the rest is the complex-
ity, generality, and scale of the system.

nent of the expertise in industrial logistics. We are in the
process of designing and implementing instructional mod-
ules that deal with the comprehensive set of design tasks.
The instructional module described next, dealing with the
relative sizing of the forward-reserve area in a warehouse,
exemplifies the scope of the overall design problem and il-
lustrates the range of data and student interactions necessary
in the instructional modules.
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3 A Des1gn Tutor is available for storage within each 4-ft. x 7-ft. x 10-ft. flow
rack bay. In the reserve area three different storage alter-
_ _ L _ natives are available to store the product: block stacking,
In warehouse design, a key strategic design issue is the deckjngle-deep and double-deep rack. The load dimension of

sion concerning the problem of forward and reserve storagehe pallets 48 in x 40 in. (the second dimension is measured
areas. The primary consideration for the design of the re-ajong the pick face).

serve area is the efficiency of storage. The forward area . .

in contrast, is designed to facilitate faster, and cheaper, or-1 he decisions that the user need to make are: (1) the size of
der picking of frequently ordered items, stock keeping units the forward area, (2) the number of flow rack bays assigned
(skus), or item families, even though it incurs a replenish- 0 €ach product, and (3) the storage equipment in the reserve
ment cost to move material from the reserve storage to for-area used by each product.

ward area as items ar.e _depleted. Thel’efore,. the.re IS Oftelv\/hen the student Specifies the design par‘ar‘neters7 the Sys-
a trade-off between efficient storage, from which it may be tem computes the overall operation cost and the used square
expensive to fill an order, and efficient order picking from footage of the facility. She can continue to explore different
readily available storage area. alternative designs until she is satisfied.

Even though analytical or heuristic algorithms may be avail-
able for optimizing design parameters, once the structure or
architecture of the system is fixed, the most difficult design 4
problem concerns the determination of appropriate param-
eter values for a given architecture. The structure can also

be altered if it is determined that an alternate design can im-ypjcal undergraduate curricula in industrial engineering
prove performance. What is needed, in actual designs, is &re comprised of general courses on methodologies, fol-
system that enables what-if analyses, facilitating interactive|gwed by a few context-specific courses where the method-
optimization. ologies and tools are used. The methodologies include

We have developed a simple tutor that incorporates thes€conomic analysis and modeling, decision making, statis-
ideas, by making it possible for the student to explore thetics, stochastic modeling and analysis, optimization, dis-
possibilities, within the system constraints. The system pro-Crete event simulation, human performance and organiza-
vides the student with the relevant data, guides her in thetional behavior, and information systems. Students are ex-
steps required in the design process, provides informatioriPosed to the domain in the context of production planning

of different storage alternatives and allows her to investigateand control, facility design, material handling systems, man-
the cost structure of the design. ufacturing processes and systems, warehousing and distri-

: : . bution, and logistics systems.
A student can, interacting with the tutor over the World . ) )
Wide Web, select a design scenario for which he designsThe methodologies and the context in which they are ap-
the relative sizes of forward pick area and reserve storagePlied are generally taught separately, until perhaps a cap-
area, together with appropriate selections of storage techstone design course that the students take during their last
nologies and the assignment of products to the forward pickterm or two. This makes it hard for students to appreciate
area. The scenarios include a computer distribution cen- th€ complexities or richness of real life problems, or the rel-
ter, an apparel warehouse, and a grocery store, all at a low t&Vance of the methodologies and tools until after they take
moderate level of fidelity. The model evaluates the designsUP réal jobs. Itis, therefore, very difficult for them to de-
specified by the student and provides feedback in terms of/€/0P good insights about the applicability of the method-

; ; ologies for analysis and design and the complex interactions
g(r)lgt[?gij. performance, based on models described in [17]among the variables that affect their decisions. In addition

. ] to system complexity that students generally do not experi-
The student can alter his design based on the model resultence during their studies, they lack a feel for how text book
and attempts to reduce cost and/or improve performanceexamples scale up to industrial systems.

The design database used by the course module stores i

formation about the warehouse, products, as well as studelzl{he warehouse design tutor described above exemplifies the
solutions. Multiple design sessions can be concurrently Sup_essentlal features of the other instructional modules that are

under development. The overall goal is the development of
ported. . .
] ) a comprehensive set of well-integrated course modules for
The design problem deals with a 150,000 square feet wareteaching industrial logistics. It is our objective to preserve
house facility that houses different kinds of products. The the rich context characterizing the domain, while simulta-
facility has a forward area for full case picking and a unit neously making it possible to organize the modules flexibly
load reserve area, which stores incoming receipt stock. to cater to multiple needs. As part of a larger, and more

Schematically, the warehouse facility looks as follows: COMprehensive, research program, computational tools and

Products are picked within a flow rack, pick-to-belt opera- d€Sign environments are being designed in such a way to
tion in the forward area. Approximately 200 cu. ft. of space make the decision processes and issues that characterize the

domain transparent by hiding the low level computational
details.

Discussion

21t is interesting to note that PLATO IV, the forerunner of . . .
computer-based instructional systems, was characterized by its This Warehouse design tutor can more aPprop“ateW be char-
developers as being a cost effective, distributed computer-based aCte“Z_ed asan exploratory Ieamlng enVWO_nmem- This state
system for instruction [1]. Perhaps it was a bit ahead of its time. of affairs, where the tutor affords an environment for ex-
The web is now making it more affordable to develop and deploy ploration, instead of functioning as a coach or tutor, arises
computer-based systems for instruction. not from an inability to implement such a system for any
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methodological reasons. It is the result of inadequate underReferences

standing of the processes that characterize the “right” de-
sign process. In other words, the “physics” of design is not
known or understood to the same level of “precision” with
which a physical or engineered system such as an airplane
or power plant are known. As a result, an exploratory en-
vironment, accompanied by gradual and continuing updates
of knowledge, e.g., best practices, incorporated into a design
guide, is more appropriate. This is the approach or philoso-

phy that underlies the design of the tutor.

In spite of a long history of development, the impact of
computer-based instructional systems is hot commensurate
with the amount of intellectual capital devoted or monetary
resources expended towards their pursuit. One reason for
their lack of impact is that by nature they are “desk top”
systems, instead of being “distributed.” This makes it diffi-
cult to keep current, manage them effectively etc. What is
needed is a tutoring system built in conjunction with a dis-
tributed information system, where the tutor imparts critical
thinking and problem solving skills while the distributed in-
formation system provides the rich context that significantly
improves the fidelity while making it possible to keep it up

to date®. The skills themselves are learned via exploratory

learning environments.

In our current research, we are developing models of com-
plex industrial systems (e.qg., [20]) and implement appropri-
ate combinations of simulation and emulation in the form
virtual industrial systemg§VIS) that function as exploratory
learning environments. High degree of fidelity is achieved in
terms of complexity, interconnectedness, and dynamic be-
havior, so as to provide integrated access to realistic engi-
neering tools for visualization, representation, analysis, and

synthesis.

The VIS are being designed and implemented by incorpo-
rating software tools that are likely to be used in practice
to describe, characterize, analyze, and synthesize industrial
systems, and to provide the rich context in the form of a suf-
ficiently detailed large-scale case study. The goal is to sup-
port computational exercises for all the methodology-related
topics contained in the curriculum, in a high fidelity environ-

ment that illustrates the concepts via guided exercises.
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3For instance, in medicine, distributed information systems
[19] are likely to have more of an impact than the tutor, even
though much of the underlying information structure and inter-
faces may have been greatly influenced by tutors (e.g., [7]).
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