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Problem-Based L earning and Industrial Engineering
Abstract

Problem-based learning (PBL ), also called inductive learning, is a well-known approach for
teaching engineering courses. We undertake a study of concepts that can be taught via PBL,
along with an analysis of courses and topicsin the industrial engineering (IE) curriculum suitable
for PBL. Whilein the traditional deductive style of teaching, one usually starts with explanation
of principles followed by examples, PBL is primarily characterized by providing examples first
and then generalizing to the underlying principles. A great deal of literature cites evidence of
PBL being more effective than deductive learning. However, PBL also provides numerous
challenges to the instructor — especially to those used to teaching deductively. Some of these
challenges include taking afresh ook at how the same topics that were taught via deductive
methods can potentially be taught using PBL, the tradeoff between the increased amount of time
it consumes with the amount of material to be covered in the class, and ensuring that the student
is not confused and does not walk away with an incorrect understanding of the topic.

While PBL has been studied in the literature in the context of engineering in general, thereis
little by the way of how PBL can be used in IE courses. Hence, we first enumerate a number of
topics from some | E courses that could potentialy be taught with PBL. Then, we illustrate how
PBL can be used in |E with two specific examples drawn from the following courses:
Probability and Statistics and Discrete-Event Simulation. Finally, we present adiscussion on |E
topics/concepts that are perhaps unsuitable for the PBL style.

I ntroduction

A great deal of evidence in the literature shows that engineering studentsin all disciplines learn
better via generalizing from examples. Thiskind of learning is often called problem-based
learning (Wilkerson and Gigselaers'®; Grasha®; Woods**), which is commonly abbreviated as
PBL. In PBL, one begins with an example (or multiple examples), and then generalizes to the
underlying principle. PBL is opposed to the deductive learning (teaching) style in which the
principle isintroduced first and examples follow (Felder and Silverman®). But PBL has many
dimensions other than just being diametrically opposed to deductive learning: PBL is
experiment-based (M cKeachie”); PBL is based on inquiry (Hmelo-Silver et a.%); PBL uses open-
ended examples/problems (Prince and Felder®). The evidence that PBL is very effective has
appeared in numerous studies (that we will specify later).

The focus of thiswork isto present an analysis of how PBL can be used within the |IE
curriculum; we present examples from two important | E courses: (i) Probability and Statistics
and (ii) Discrete-Event Simulation. We believe that there is no literature that analyzes the use of
PBL within IE. Hence, thiswork seeksto fill thisgap in the literature. We caution the reader
that our work is based on a preliminary study of what should work and what is not likely to work
in IE when PBL isused. Further, every instructor is unique and what may work for one
instructor may not work for another. But should an instructor choose to use PBL in an |E course,
we hope that our account here will be helpful in providing aroadmap for devel oping PBL -based
teaching material.
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The rest of this paper is organized as follows. We first discuss the advantages of using PBL in
general. Thereafter, we present a discussion on why deductive teaching seems to be a preferred
approach in textbooks and the impact that has on our teaching in the IE discipline. Then, ina
separate section, we cover the topics that can be potentially covered using PBL in IE, focusing
on the two specific |E courses named above. In that section, we also present some examples of
discussions that the instructor can have in the classroom in order to extract the greatest advantage
of the PBL style. Finally, we conclude with asummary of our discussion and enumerate some
topics that are perhaps best taught via a deductive mechanism.

Advantages of PBL

A few studies that show PBL to be beneficial are: Pierrakos et al.**, Mergendoller et a8, Dochy
et al.!, Patel et a.™®, and Vernon and Blake'. Some studies, however, point in the opposite
direction, e.g., Kirschner et al.?, but these have been far outnumbered by those that show positive
outcomes with PBL. Some of the positive outcomes shown in the literature that are particularly
relevant to us are:

a  Students retain what they have learned over a long period of time (Dochy et al.%).

b. Studl%;]ts can generalize what they have learned to other areas in related fields (Patel
eta™).

c. Students are encouraged to be curious (Hmelo-Silver et a.>).

d. Students gain more domain knowledge (Mergendoller et al.%).

e. Students are encouraged to think simultaneously rather than sequentially and question
prior learning (Gallow?®).

It is necessary to explain how these claimed benefits can result from using PBL. PBL forces
students to think on their own. Very importantly PBL helps them recognize that many concepts
in 1E were developed for areason and that they did not always exist in the body of knowledge.
This thought process, especially when stimulated in the context of many fundamental concepts
related to the subject (e.g., Discrete-event simulation, Production Planning and Control, Linear
and Non-linear Programming, and Quality Contral), is often the reason for outcomes c and e.
When students are forced to think and research atopic on their own, they have been seen to have
an increased long-term memory of the topic (outcome a). Outcome b can be an indirect
consequence that islikely to occur when students start seeing the whys behind the fundamental
topics. The outcome d is seen when students spend time researching the topic on their own.

In contrast to PBL, deductive learning has some obvious drawbacks. One advantage with
deductive learning is that there is no danger of confusing the student. However, it isnot easy to
engage students in discussion since you (as the instructor) are expected to provide the examples
after you have discussed the principle, and this can make a mathematical subject appear dry.
Also, unless the instructor goes back and provides some historical perspective, the student does
not see how and why a given concept was invented or derived. Thus, it appears that in contrast,
PBL makes for a more engaging style for communicating information, since students are likely
to be more attentive (Hmelo-Silver et a ).

The positive outcomes that can accrue from using PBL are accompanied by numerous challenges
for theinstructor. The most important challenge is the amount of time PBL requiresin the
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classroom. It isnot difficult to see where thisincreased amount of timeis needed: itisin
discussions on generalizing from the example that are not needed in a deductive style of
teaching. These discussions are likely to result in numerous questions from students, and
answering them is time consuming. Note that many of these questions, coming from students
who are trying to grasp the topic, could be potentially misleading, and hence the instructor hasto
spend time in correcting the path of the discussion. The second challenge for the instructor is
ensuring that the student does not walk away with an incorrect understanding of the concept.
Thirdly, the instructor used to teaching deductively is likely to have his’her own learning curve
in getting used to a PBL style. This could result from the fact that most textbooks do not use
PBL, since deductive learning islikely to take alot of space. It could also result from the fact
that teaching a concept that the instructor learned deductively as a student may require creative
thinking on the instructor’s part. Hence, preparing material to be used in a PBL format is likely
to increase the time needed by the instructor to prepare for class. Finally, we must add that a
PBL-style discussion in the classroom islikely to require a one-on-one discussion with many, if
not all, students, and increasing the classroom size beyond a reasonable number (e.g., twenty) is
likely to provide a significant obstacle to using PBL in the classroom. Itismost likely that in a
class of size say eighty, students are unlikely to engage in the kind of discussions that PBL
would require.

Use of Deductive Learning in Textbooks

Interestingly, most | E textbooks use a deductive approach. While we need not name such texts,
it will be challenging to find a textbook on Probability, Statistics, Quality Control, Production
Planning, Operations Research (stochastic or deterministic), or Discrete-Event Simulation that
usesaPBL format. Itisnatural hence that the instructor follows a deductive format. However,
with some effort, it is possible to develop the material needed for supplementary reading that can
be used with texts (written in deductive style) to teach some conceptsin a PBL style. We will
provide some examples later.

Since engineers are required to solve problems rather than model phenomena (which is more
typical of what is expected of social scientists and economists), it isusually vitally important that
they develop the skills needed to apply these ideas in areas other than those in which they were
introduced (see outcome b above). Thisisan aspect that deductive learning stays away from,
and as aresult, | E textbooks, which the authors have found to be highly deductive, do not train
studentsin the ability to generalize beyond the subject at hand. (Thisis probably true of other
disciplines, but the authors do not have the experience/expertise to comment on that.) The
ability to reason that PBL helps students acquire islikely to be of asignificant advantage in
seeing the big picture — a skill that the industrial engineer is supposed to possess. It appears thus
that |E instructors interested in using a PBL style need to use supplementary material that goes
with the textbook they are using.

PBL-Friendly Conceptsin IE Curriculum
Our goal in this section isto highlight a subset of conceptsin IE that can be taught using a PBL

style. Itisnot our intent to provide an exhaustive list. Also, after providing alist, we then
provide some guidelines on how to develop PBL material for introducing a concept that has been
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taught using a deductive style in textbooks.

Some of the core high-level courses taught in the curriculum of 1E (or aclosely related
discipline) are (in no particular order):

e Engineering Economics
Probability and Statistics
Operations Research
Production Planning and Control
Facilities Layout
Quality Control
Discrete-Event Simulation
Human Factors
Safety and Ergonomics

In what follows, we first enumerate some of the main concepts in some of the above mentioned
courses that can be taught in a PBL style.

Engineering Economics:
e Interest rate formulas
e Decision making using Net Present Value

Probability and Satistics:

e Random variables
Means, variances, and standard deviations
Addition and multiplication laws of probability
Random variables
Conditional probabilities
Distribution and density functions

Operations Research:

e Decision variables
Objective functions
Optimal solution(s)

Linear programs

Integer programs

Average wait in a queue
Average Length of a queue

Production Planning and Control:
e Forecasting
Economic Order Quantities and Newsboy Models
Continuous and periodic review
Inventory measurement
Bullwhip effect
Scheduling
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e Making to order Vs making to stock
e PushVsPull

Facilities Layout:

e Designing arearequirementsin alayout
Product layouts Vs process layouts
Cdlular layouts
Materia handling equation for material handling cost
Optimal layouts that minimize the material handling cost
Designing optimal locations for facilities

Quality Control:

e Acceptance Sampling
Tolerances
Online process control
Control charts
Sampling

Discrete-event Smulation:

The need for simulation models
Random number generation
Confidence intervals
Distribution fitting

We now discuss two specific concepts that can taught in a PBL style rather than in the deductive
format used in most books. We begin with the elementary concept of sample standard deviation
when the population mean is unknown. In adeductive style, it is often taught as the following

formula:
_ ’ i1 (g — X)?
o = —_—
n—1

where x; denotes the ith sample, x denotes the sample mean, and n denotes the number of
samples; the sample mean is defined as:

izt X

n

X =

The instructor then may (or may not!) explain why one uses (n-1) rather than n in the above
definition of sample standard deviation. The process described above is very commonly used in
most textbooks to introduce the concept of standard deviation. We now discuss how this can be
donein aPBL-friendly manner. Our discussion follows a conversational style typically adopted
in teaching by the instructor.
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We provide you (students) the following sample:
(1,4,3,5,7).
Let’s compute its arithmetic mean and denote it by x. Then, clearly,

1+4+3+5+7
- =

X =

It is not difficult then to generalizethisto x = % (although this generalization may not be

necessary, since most students are familiar with arithmetic mean from high school). We are
interested in generating an estimate of the “average value” of the deviations above from the
mean. The goa isto determine how much variability from the mean exists in the sample.

One approach could be to measure the deviation of each sample from the mean and then average
it. Let'sseewhat happens if we try to measure it. The deviations of each of the samples from
the mean, 4, are:

(1-4),(4-4),3-4),5-4),(7—4) or
Let’s compute the mean of these deviations:

340-141+3
5 =0

Of course, at this point, it is necessary to convince the students via other examples, or from the
formula of the deviation, that the arithmetic mean of the deviations will always be 0, regardless
of the data. Clearly, then, developing an estimate of the average value of the deviation will not
provide any useful information. At this point, we must look for an alternative metric that
measures the “average value’ of the deviations from the mean. Let’s see what happens if we
sgquare the deviations and then add them. Will they sum up to zero too?

(—=3)24+ 0%+ (-1)% + (1)*+ (3)2 = 18.

Clearly, they did not sum up to zero. Now, note that although we have 5 samples, we do not
have 5 independent samples: if we are supplied with any (n-1) samples from the set of deviations
above, we can predict the value of the nth sample. Thus, for instance, if we know, the first four
samples, —3,0, —1, 1, then since the samples sum to zero, clearly the last sample must be

-(-34+0—-1+1) = 3. Of course, this must be shown to be true for any sample, not just the
last sample. Once the student seesthis, it is not hard to convince the class that we have in fact
only 4 (= n-1) independent samples here and not 5 (= n). Hence, if we now average the five
sguared deviations, we should divide the sum by 4 and not 5. Thus, a reasonable metric for the
“average” value of the squared deviation will be:
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(=3)2+ 0%+ (—1)2 + (1)%2 + (3)*
2 .

To obtain the “average” value of the deviation in the same units as the sample, it appears
intuitive to take the square root of the above:

j(_S)Z +02 + (—1)2 + (1)2 + (3)?
. .

One can now explain that what has been obtained above isin fact the so-called “ sample standard
deviation” and is a reasonable measure of an “average’ value of the deviation from the mean.
We can then also show that it generalizes to the formula of the standard deviation.

The above PBL-style approach to teaching sample standard deviation has many advantages.

First of all, students recognize the need for dividing by (n-1) rather than by n. Secondly, they see
the standard deviation as a metric that isindeed useful sinceit is some sort of an estimate of the
“average” value of the deviation. Thirdly, they recognize that statisticians have indeed done
something remarkably clever here in defining the sample standard deviation, since anaively
computed arithmetic mean of the deviationsis aways zero, regardless of what values the
samples have. Of course, as alluded to above, this discussion may take up to 15-20 minutes,
whereas a deductive approach may require less than 5 minutes of classtime.

We now consider another example; this example is chosen from discrete-event smulation. Here
our goal isto show that PBL teaching may not require the elaborate “reverse engineering” of a
concept that was needed in the example above (standard deviation). Here the PBL approach will
be simply to illustrate the use of a concept before formally defining it. The example we consider
is the concept of computing confidence intervals on means of random variables (that are outputs
in asimulation model) viathe replication method, which is an important topic typically covered
in the simulation course. Here, we will restrict our discussion to motivating the need for
generating confidence intervals (rather than the actual formula and how it is derived).

If possible, we run a simulation model repeatedly, using a new set of random numbers, to obtain
values for means of output random variablesin our simulation model. The standard practiceisto
use values obtained from each replication as samples to compute the mean and the standard
deviation in the sample. The standard deviation, under suitable assumptions, is then used to
compute the confidence interval on the mean. Usually, when the student performs the associated
arithmetic, it is assumed that thisis a necessary step that accompanies the computation of the
mean of the random variable we are interested in. It isaso explained in many texts that as one
increases the number of replications (or samples), the estimate of the mean becomes more
accurate. A PBL-friendly explanation of thistopic would be dightly different.

When one obtains the mean of arandom variable from atheoretical closed form (mathematical)
model, one obtains the exact value of the mean (provided the mathematical model is exact.)
However, when one runs simulation models, the mean we obtain from running the ssmulation is
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only an estimate and not its exact value (provided it is a stochastic system). The instructor
should run several replications, without initializing statistics between the replications, and then
show the differing estimates of the mean for the same random variable produced via the different
replications.

At this point, the instructor should write out the means obtained from the different replications
on the board, and then explain that when standard deviations are to be estimated from samples,
the samples need to be independent. When the simulation is run with a new set of random
numbers (the meaning of areplication in the context of computer simulation), independent
estimates of the random variable’s mean arein fact generated. Now, when the standard
deviation is computed on the board from the samples obtained, the confidence interval on the
mean should be computed using the t-statistic.

Now, some additional replications should be run to generate additional values for the random
variable whose mean we areinterested in. First, the standard deviation and mean should be
recalculated. Thereafter, the confidence interval should be recalculated. It isthen necessary to
show that when the additional values from the replications are used, the confidence interva
shrinksinitswidth. At this point, the instructor can explain that the confidence interval
computed in this styleisin fact the error in estimating the mean — that gradually diminishes as
one performs additional replications.

Conclusions

Our goal in this paper was to highlight the advantages of using PBL in the |E curriculum. We
cited some of the well-known advantages of PBL for teaching engineering, and then discussed
how they also apply to the | E discipline. We also discussed the challenges posed by PBL.
Thereafter, we enumerated some concepts that can be taught in a PBL-friendly manner in a host
of courses taught within an IE curriculum. We concluded with an account on two specific topics
that can be taught in a PBL style although they are invariably covered in a deductive stylein
most books. We now present alist of topics that perhaps ought to be covered in a deductive
style.

Discrete-event simulation: Event clocks; modd verification and validation.

Probability and Satistics: joint probability density functions and joint distribution functions,
Chi-squared test.

Facilities Layout: Cell formation viasimilarity coefficients, warehouse designing.

These topics, we believe, are more appropriately taught in a deductive style because the logic
behind them is more difficult to extract from students, because either an in-class problem cannot
substitute for the experience that led to the development of the idea, or a PBL approach would
take excessive amounts of time. It isalso perhapstrue that using a PBL style for more
complicated/advanced topics may not be feasible, since the instructor may not be aware of the
entire sequence of the historical development of the process. For instance, expecting students to
see on their own (in a brainstorming session) how cells can be formed via similatiry coefficients
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may not be appropriate. Similarly, it is unreasonable to expect the students to derive, on their
own, the basic ideas underlying the construction of asimulation clock.

Clearly, alot of further research can be performed in thisarea. A more exhaustive study needsto
be carried out that should cover many of the concepts identified above; further it isalso
important to determine which of the findings that are claimed to hold for engineering aso apply
to IE. It will be also interesting to (statistically) test the differences in outcomes from a section
of an |E class that uses deductive teaching versus another section that uses PBL teaching.
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