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Abstract

Even though the methodologies for warehouse design are
taught in traditional industrial engineering programs, stu-
dents often find it difficult to develop the skills necessary
to complete actual designs. The difficulty in translating the
textbook knowledge of using the analytical and mathemati-
cal tools for design stem from their lack of experience in us-
ing such tools for designing warehouses of reasonable lev-
els of fidelity compared to real systems. It is often very
difficult to incorporate large datasets and the computational
algorithms necessary during the different phases of ware-
house design into the course material. As part of a larger
research effort to develop a comprehensive collection of on-
line teaching materials integrated into the undergraduate and
graduate curricula, we have developed a warehouse design
tutor in which additional functionality is constantly being
added. Certain key details of the tutor are discussed in this
paper.

1 Introduction

Warehouses and distribution systems no longer play their
traditional roles of catering to a single corporate entity or
division, even though such roles are still present. Most func-
tions are contracted out, or “outsourced,” to third parties that
handle goods from many different vendors or manufactur-
ers, and service their clients. Therefore, warehouses must be
designed so that they are flexible and often reconfigurable as
the needs evolve.

From a design perspective, warehouses can be characterized
by the primary functions they perform: receiving, storage,
order picking and consolidation, packing, and shipping. In
some cases, these are also value-added operations. Design is
generally a two step process, the determination of the over-
all system architecture, followed by the detailed design of
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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data. These data are processed to extract information con-
cerning relative sizes of various storage areas, technologies
that are appropriate for efficient storage and order picking
with a desired level of accuracy etc. While the processes
by which expert designers arrive at the designs of actual
warehouses are far from well known, several useful “tricks”
can be identified for teaching novice designers, i.e., students
with a basic background in warehouse terminology and op-
erations.

Current courses on warehouse design focus on the opera-
tion of warehouse systems, such as storage or order-picking,
with little attention to integrated design. Large-scale case
studies are not feasible because there are no comprehensive
computational tools to support them. However, the avail-
ability of emerging integrated warehouse design tools can
potentially make it possible to teach subsystem optimization
in the context of overall system design.

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
designs, assisted by an interactive system that guides them
through constraints and performs routine, low level, com-
putations, leaving the students to experiment with different
configurations. We describe such a system in this paper.

A key motivation for our approach is to offer the student the
rich context characteristic of actual warehouses by provid-
ing a range of scenarios that exemplify the general ware-
house design problem. Information concerning data orga-
nization and processing, as well as appropriate design algo-
rithms are integrated and made available during design.

A brief survey of computer-based tutoring systems is pro-
vided next, together with a discussion of factors that
make the problem of teaching warehouse design somewhat
unique. Description of a warehouse tutor module follows.
We conclude with a discussion of the overall context in
which this tutor is being implemented.
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2 Computer-Based Tutors

2.1 Background

Computer-based tutors or instructional systems have been
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
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 steam
power plants ([10], [11]) and glass cockpit aircraft [12].
With the rapid fall in the costs of computational equipment
and increased affordability of multimedia capabilities, in-
structional materials are being developed in physical and bi-
ological sciences, and in many fields of engineering. These
systems, employing educational technologies, have mostly
dealt with simulations of processes to help visualize physi-
cal or natural phenomena, such as Newton’s laws of motion
and fluid flow, or with providing the software infrastructure
to enable experimentation using computational tools for the
solution of equations of dynamics.

Traditional computer based tutors (CBT) are not signifi-
cantly different from simple programmed instructional sys-
tems that generate responses based on simple decision trees.
Intelligent Computer Assisted Instruction (ICAI) systems
are more sophisticated, and incorporate student models, in-
structor or pedagogical models, knowledge bases, and “user
friendly” interfaces (e.g., [13]). Student actions are continu-
ously monitored and responses are generated that are appro-
priate to the level of student’s understanding and miscon-
ceptions. The instruction offered is tailored to each student,
in a manner that is similar to what a live instructor or tutor
would do.

It is safe to assert that there have been no major conceptual
advances or breakthroughs in tutoring or instructional sys-
tems for at least over a decade1. The only major change
has to do with the falling prices for hardware, together with
authoring systems, that has lead to the development of in-
structional material in a form that can be delivered on the
computer. In the form of simulations, perhaps accompanied
by means for visualizing difficult physical concepts or to
complex procedural or process information, these systems
or software can help augment traditional teaching. Such sys-
tems can possibly even substitute for teaching material that
do not involve complex reasoning or problem solving skills
that can only be taught in a traditional classroom. How-
ever, the tutors are generally stand-alone, and students in-
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
([14], [15]). What distinguishes this from the rest is the complex-
ity, generality, and scale of the system.

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
good pedagogical principles to offer context-sensitive help
and instruction tailored to each student in a way that mim-
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.

2.2 What is different

Almost without exception, the tutoring or instructional sys-
tems have dealt with problems or domains in which the
range of options available, or procedures and/or facts to be
taught have been finite, even though the the knowledge it-
self can be very complex. For instance, in troubleshooting
for problems and fault diagnosis in a power plant, or to teach
pilots the correct procedures to perform a flight maneuver,
the range of possibilities forms a closed set, even though
the selection of the correct response or instruction is by no
means trivial or straightforward. The “physics” the prob-
lem itself is well-understood; the difficulties arise from the
“combinatorial explosion” of the interactions and the differ-
ent ways to accomplish the same goals. The system or the
concepts to be taught can be assumed to be in a “steady”
state.

In contrast, there is a class of systems or problems where
the concepts, processes, or procedures to be taught are much
more open-ended and there is a lack of formal techniques or
methodologies to guide automated instruction in computer-
based, possibly “intelligent,” tutoring systems. Design prob-
lems in logistics, for instance in warehousing and distribu-
tion systems, fall under this category. Even though there
is a body of knowledge that is quite mature, especially for
analysis and design when the components are well-defined,
overall design itself continues to be more an art than sci-
ence [16]. Expert designers of warehouses develop their in-
sights after years of designing warehouses, learning from
their mistakes as well as their successes, and employing an-
alytical and computational tools only to solve well-defined
sub-problems, e.g., optimizing the rack size or lane depth.
In addition to the open-endedness of any design problem,
warehouse design is complicated by the fact that there are
many uncertainties and that the system is constantly evolv-
ing. Useful data are constantly changing, and e-commerce
is exacerbating this trend. Data accumulate over a long pe-
riod of time, and it is often difficult to clearly articulate and
identify what characterizes usefulness.

The ability to design efficient warehouses is a key compo-
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 Design Tutor

In warehouse design, a key strategic design issue is the deci-
sion concerning the problem of forward and reserve storage
areas. The primary consideration for the design of the re-
serve area is the efficiency of storage. The forward area,
in contrast, is designed to facilitate faster, and cheaper, or-
der picking of frequently ordered items, stock keeping units
(skus), or item families, even though it incurs a replenish-
ment cost to move material from the reserve storage to for-
ward area as items are depleted. Therefore, there is often
a trade-off between efficient storage, from which it may be
expensive to fill an order, and efficient order picking from
readily available storage area.

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
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-
prove performance. What is needed, in actual designs, is a
system that enables what-if analyses, facilitating interactive
optimization.

We have developed a simple tutor that incorporates these
ideas, by making it possible for the student to explore the
possibilities, within the system constraints. The system pro-
vides the student with the relevant data, guides her in the
steps required in the design process, provides information
of different storage alternatives and allows her to investigate
the cost structure of the design.

A student can, interacting with the tutor over the World
Wide Web, select a design scenario for which he designs
the relative sizes of forward pick area and reserve storage
area, together with appropriate selections of storage tech-
nologies and the assignment of products to the forward pick
area2. The scenarios include a computer distribution cen-
ter, an apparel warehouse, and a grocery store, all at a low to
moderate level of fidelity. The model evaluates the designs
specified by the student and provides feedback in terms of
cost and performance, based on models described in [17],
and [18].

The student can alter his design based on the model results
and attempts to reduce cost and/or improve performance.
The design database used by the course module stores in-
formation about the warehouse, products, as well as student
solutions. Multiple design sessions can be concurrently sup-
ported.

The design problem deals with a 150,000 square feet ware-
house facility that houses different kinds of products. The
facility has a forward area for full case picking and a unit
load reserve area, which stores incoming receipt stock.

Schematically, the warehouse facility looks as follows:
Products are picked within a flow rack, pick-to-belt opera-
tion in the forward area. Approximately 200 cu. ft. of space

2It is interesting to note that PLATO IV, the forerunner of
computer-based instructional systems, was characterized by its
developers as being a cost effective, distributed computer-based
system for instruction [1]. Perhaps it was a bit ahead of its time.
The web is now making it more affordable to develop and deploy
computer-based systems for instruction.

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-
natives are available to store the product: block stacking,
single-deep and double-deep rack. The load dimension of
the pallets 48 in x 40 in. (the second dimension is measured
along the pick face).

The decisions that the user need to make are: (1) the size of
the forward area, (2) the number of flow rack bays assigned
to each product, and (3) the storage equipment in the reserve
area used by each product.

When the student specifies the design parameters, the sys-
tem computes the overall operation cost and the used square
footage of the facility. She can continue to explore different
alternative designs until she is satisfied.

4 Discussion

Typical undergraduate curricula in industrial engineering
are comprised of general courses on methodologies, fol-
lowed by a few context-specific courses where the method-
ologies and tools are used. The methodologies include
economic analysis and modeling, decision making, statis-
tics, stochastic modeling and analysis, optimization, dis-
crete event simulation, human performance and organiza-
tional behavior, and information systems. Students are ex-
posed to the domain in the context of production planning
and control, facility design, material handling systems, man-
ufacturing processes and systems, warehousing and distri-
bution, and logistics systems.

The methodologies and the context in which they are ap-
plied are generally taught separately, until perhaps a cap-
stone design course that the students take during their last
term or two. This makes it hard for students to appreciate
the complexities or richness of real life problems, or the rel-
evance of the methodologies and tools until after they take
up real jobs. It is, therefore, very difficult for them to de-
velop good insights about the applicability of the method-
ologies for analysis and design and the complex interactions
among the variables that affect their decisions. In addition
to system complexity that students generally do not experi-
ence during their studies, they lack a feel for how text book
examples scale up to industrial systems.

The warehouse design tutor described above exemplifies the
essential features of the other instructional modules that are
under development. The overall goal is the development of
a comprehensive set of well-integrated course modules for
teaching industrial logistics. It is our objective to preserve
the rich context characterizing the domain, while simulta-
neously making it possible to organize the modules flexibly
to cater to multiple needs. As part of a larger, and more
comprehensive, research program, computational tools and
design environments are being designed in such a way to
make the decision processes and issues that characterize the
domain transparent by hiding the low level computational
details.

This warehouse design tutor can more appropriately be char-
acterized as an exploratory learning environment. This state
of affairs, where the tutor affords an environment for ex-
ploration, instead of functioning as a coach or tutor, arises
not from an inability to implement such a system for any
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methodological reasons. It is the result of inadequate under-
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 not 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 date3. The skills themselves are learned via exploratory
learning environments.

In our current research, we are developing models of com-
plex industrial systems (e.g., [20]) and implement appropri-
ate combinations of simulation and emulation in the form
virtual industrial systems(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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References

[1] D. L. Bitzer and D. Skaperdas, “Plato iv. an economi-
cally viable large scale computer-based education sys-
tem,” in Proceedings of the National Electronics Con-
ference, December 9–11 1968, Chicago, IL, pp. 351–
356, 1968.

[2] D. L. Bitzer and R. L. Johnson, “Plato. a computer-
based system used in the engineering of education,”
Proceedings of the IEEE, vol. 59, no. 6, pp. 960–968,
1971.

[3] D. Sleeman and J. S. Brown, eds.,Intelligent tutoring
systems. London: Academic Press, 1982.

[4] J. D. Hollan, E. L. Hutchins, and L. Weitzman,
“STEAMER: an interactive inspectable simulation-
based training system,”AI Magazine, vol. 5, no. 2,
pp. 15–27, 1985.

[5] B. P. Woolf and D. D. McDonald, “Building a com-
puter tutor: Design issues,”IEEE Computer, vol. 17,
no. 9, pp. 61–73, 1984.

[6] W. J. Clancey, E. H. Shortliffe, and B. G. Buchanan,
“Intelligent computer-aided instruction for medical di-
agnosis,” inThird Annual Symposium on Computer
Applications in Medical Computing, (Silver Springs,
MD), pp. 175–183, 1979.

[7] W. J. Clancey, Knowledge-based tutoring: The
GUIDON program. Cambridge, MA: MIT Press,
1987.

[8] D. M. Towne and A. Munro, “Intelligent mainte-
nance training system,” inIntelligent Tutoring Sys-
tems: Lessons Learned(J. Psotka, L. D. Massey, and
S. A. Mutter, eds.), pp. 479–530, Hillsdale, New Jer-
sey: Lawrence Erlbaum Associates, 1988.

[9] A. Lesgold, S. P. Lajoie, M. Bunzo, and G. Eggan,
“Sherlock: A coached practice environment for an
electronics troubleshooting job,” inComputer-assisted
instruction and intelligent tutoring systems: Shared
goals and complementary approaches(J. H. Larkin
and R. W. Chabay, eds.), pp. 201–238, Hillsdale, NJ:
Lawrence Erlbaum Associates, 1992.

[10] V. Vasandani and T. Govindaraj, “Integration of inter-
active interfaces with intelligent tutoring systems: an
implementation,”Machine Mediated Learning, vol. 4,
no. 4, pp. 295–333, 1994.

[11] V. Vasandani and T. Govindaraj, “Knowledge orga-
nization in intelligent tutoring systems for diagnos-
tic problem solving in complex dynamic domains,”
IEEE Transactions on Systems, Man, and Cybernetics,
vol. SMC-25, no. 7, pp. 1076–1096, 1995.

[12] A. R. Chappell, E. G. Crowther, C. M. Mitchell, and
T. Govindaraj, “The VNAV tutor: Addressing a mode
awareness difficulty for pilots of glass cockpit air-
craft,” IEEE Transactions on Systems, Man, and Cy-
bernetics, vol. 27, no. 3, pp. 372–385, 1997.



SMC 2000: Design tutor 5

[13] E. Wenger,Artificial intelligence and tutoring systems:
Computational and cognitive approaches to the com-
munication of knowledge. Los Altos, CA: Morgan
Kaufmann Publishers, 1987.

[14] A. R. Chappell and C. M. Mitchell, “Developing and
using cases to teach ‘trained novices’,” inProceedings
of the IEEE International Conference on Systems, Man
and Cybernetics, October 11–14, 1998, San Diego,
CA, pp. 944–949, Piscataway, NJ: IEEE, 1998.

[15] A. R. Chappell and C. M. Mitchell, “Gt-cbits: Ad-
dressing change in the workplace through computer-
based training,” inIEA 2000/HFES 2000 Congress
Proceedings (to appear), Santa Monica, CA: Human
Factors and Ergonomics Society, 2000.

[16] B. Rouwenhorst, B. Reuter, V. Stockrahm, G. J. van
Houtum, R. J. Mantel, and W. H. M. Zijm, “Warehouse
design and control: Framework and literature review,”
European Journal of Operational Research, vol. 122,
no. 3, pp. 515–533, 2000.

[17] E. H. Frazelle, S. T. Hackman, U. Passy, and L. K.
Platzman, “The forward-reserve problem,” inOpti-
mization in industry(T. A. Ciriani and R. C. Leach-
man, eds.), vol. 2, New York: John Wiley, 1994.

[18] G. P. Sharp, “Order picking: principles, practices,
and advanced analysis,” Tech. Rep. MHRC-OP-91-03,
Material Handling Research Center, Georgia Institute
of Technology, 1991.

[19] M. Freudenheim, “Physicians now face a wealth of
clinical information online,”The New York Times, May
30 2000.

[20] T. Govindaraj, E. E. Blanco, D. A. Bodner,
M. Goetschalckx, L. F. McGinnis, and G. P. Sharp,
“Design of warehousing and distribution systems: an
object model of facilities, functions and information,”
in Proceedings of the 2000 IEEE International Con-
ference on Systems, Man and Cybernetics, 8–11 Octo-
ber, Nashville, Tennessee, USA, Piscataway, NJ: IEEE,
2000.


