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There are many and varied intelligent tuloring systems ATS)
described in the literature. Few have been subjected to rigor-
ous, controlled evaluations. This paper addresses what is re-
quired to evaluate the eflicacy of an ITS. Efficacy, in this pa-
per, refers to assessing if the system teaches what it was in-
tended to teach, to what degree, in comparison fo what, and
at what cost, Exhaustive and detailed coverage of this topie
would not be possible in a short article. Instead, we have at-
templed to overview the topic and provide illustrations, as
well as exemplar references, to direct the interested reader to
more delailed coverage. We begin by describing our general
approach to research and development of ITS. Then, seven
principles are presented that are believed to underlie a good
ITS evaluation study:(1) delineate the goals of the tutor, (2)
define the goals of the evaluation study, (3) select the appro-
priate design to meet the defined poals, (4) instantiate the de-
sign with appropriate measures, number and type of subjects,
and control groups, (5) Make careful logistical preparations
for conducting the study, (6) Pilot test the tutor and other as-

. pects of the study, and (7) Plan the primary data analysis as
you plan the study. We use these principles as.a framework
for organizing, discussing, and comparing ITS evaluation
studies.

For a long time, researchers have asserted that carefully-designed, in-
dividualized ttoring produces the most cffective and eflicient learning for
many people (c.g., Bloom, 1956, 1984; Burton & Brown, 1982; Carroll,
1963; Cohen, Kulik, & Kulik, 1982; Lewis, McArthur, Stasz & Zmuidzi-
nas, 1990; Sleeman & Brown, 1982; Wenger, 1987: Woolf, 1987). Auto-
mated instruction has long been: scen as a potentially affordable approach
to the delivery of individualized tutoring (e.g., Pressey, 1926, 1927, Skin-
ner, 1957). As carly as 1926, Pressey described a device which sought to
apply contemporary learning theery to the task of ‘automated instruction.
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The device, loaded with multiple-choice questions and answers by the
teacher, would drill the student on the questions and provide immediate
feedback in order to support learning:

The somewhat astounding way in which the functioning of the appara-
tus seems to fit in with the so-called ‘laws of learning’ deserves men-
tion in this connection. The ‘law of recency’ operates to establish the
correct answer in the mind of the subject, since it is always the last an-
swer which is the right one. The ‘law of [requency” alsa cooperales; by
chance the right response tends to be made most often, since it is the
only response by which the subject can go on to the next question. Fur-
ther, with the addition of a simple attachment the apparatus will
present the subject with a piece of candy or other reward upon his
making any given score for which the experimenter may have set the
device; that is the ‘law of effect’ also can be made, automatically, to
aid in the establishing of the right answer (Pressey, 1926, p. 375).

Today, intelligent tutoring systems (ITS) epitomize this nolion of theo-
ry-based, individualized, automated instruction. Unfortunately, although
such systems have been in existence for over a decade, the degree to which
they have been successful is equivocal because controlled evaluations of
ITS are scarce (Baker, 1990; Littman & Soloway, 1988).

There have been some systematic, controlled evaluations of ITS report-
ed in the literature. A few examples include: the LISP tutor (e.g., Ander-
son, Farrell, & Sauers, 1984) instructing Lisp programming skills, Smith-
town (Shute & Glaser, 1990, 1991), a discovery world that teaches scientif-
ic inquiry skills in the context of microcconomics; Sherlock (Nichols,
Pokorny, Jones, Gott, & Alley, in preparation; Lesgold, Lajoic, Bunzo &
Eggan, 1992), a tutor for avionics troubleshooting; and Bridge (Shute,
1991; Shute & Kyllonen, 1990) teaching Pascal programming skills. Re-
sults from the evaluations show that these tutors do accelerate learning
with, at the very least, no degradation in outcome performance gompared
to appropriate contrel groups.

What can we make of these findings? As always, there is a selection
bias for publication of unambiguous evidence of successful instructional in-
terventions. We are familiar with other (unpubtished) tutor-evaluation
studies that were conducted but were “failures.” In some cases, we fecl
these studies may have provided more information given a better experi-
mental design. Because of the interdisciplinary makeup of the ITS commu-
nily, it is not surprising that among some groups there is a lack of interest
in evaluation, or training in experimental design,

Before presenting the seven principles for evaluating intelligent tutor-
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ing systems, we bricfly present a general approach to research and develop-
ment of intelligent tutoring systems.

A GENERAL APPROACH TO RESEARCH AND DEVELCPMENT OF ITS

Experimental design involves arranging conditions to promolte the va-
lidity of an experimeni—the measure of effect produced by some indepen-
dent variable on a dependent variable. If the causal link between indepen-
dent manipulations and dependent measures is equivocal, the experiment is
said to lack internal validity. 1€ the ability ta generalize from the experi-
mental sample to the papulation of interest is equivocal, the experiment is
said 1o lack external validity. In this paper, we arguc that internal validity
is easier to accomplish in an cvaluation conducted within a controlled, lab-
oratory selting (addressing more basic research questions), while external
validity is easicr to accomplish in an evaluation experiment conducted in
“Ihe field” or natural setting (more applied research questions). [t is gener-
ally rare in research to find a study yiclding results which possess high in-
ternal validity and high external validity, concurrently. This represents a
classic (radeoff between internal and external validity. Figure 1 notionally
depicts this relationship: as internal validity decreases, external validity in-
creases. This relationship is particularly true with regard to research on
pedagogy. Research in field settings (c.g., high school classrooms) is desir-
able because all aspects of the targel seiling are present in the experiment.
Many of these aspects, however, are potential confounds to the experiment,
making it difficult to relate outcome performance measures (o the experi-
mental manipulation. Thus, ficld rescarch on pedagogy can have high ex-
ternal validity, but correspondingly low internal validity. On the other
hand, research in laboratory scttings is desirable because of the extreme ex-
perimental control that is possible in the laboratory. One can control for
prior knowledge, assign subjects to groups, counterbalance for teacher (ex-
perimenter, proctor) effects, and so on. But can these results be generalized
10 others beyond the immediate sample?

Qur approach to managing the trade-ofT between internal and external
validity is to begin with Iaboratory research (high experimental control and
internal validity) and slowly increase external validity, ultimately studying
the intervention in the target instructional context (field rescarch). We be-
lieve that ncither laboratory nor ficld research alone will give a complete
and accurate picture of the instructional clTectiveness of a particular inter-
vention. We further belicve that research on pedagogy should be driven by
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SEVEN PRINCIPLES IN ITS EVALUATION

Keeping in mind the general approach to 1TS research and develop-
ment, at onc or more points along the big arrow, in Figure 2, you will need
to evaluate your ITS. However, the outcome of the evaluation occasionally
rellects the goodness (or poorness) of an experimental design, rather than
the eflicacy of the ITS. In our experience, we have seen evaluation studies
fail due to poor cxperimental design, inadequately operationalized con-
structs and measures, or deficient Jogistical planning and implementation.
In the following seclions, we present seven main principles that may be
used to design, plan, and implement an effective ITS evaluation. These
principles are:

INTERNAL VALIDITY

FIELD

Low

Low High

clincate tl R I t
EXTERNAL VALIDITY (1) Delincate the goals of the tutor,

(2) Define the goals of the evaluation study,

(3) Select the appropriate design to meet the defined goals,

(4) Instantiate the design with appropriate measures, number and type of
subjects, and control conditions,

(5) Make carelul logistical preparations for conducting the study,

(6) Pilot test the tutor and the study, and

(7) Determine the primary data analyses as you plan the study.

Flgure 1. Simple inverse relationship between internal and external validity.

theory and constrained by empirical observation. By theory, we mean a co-
herent, plausible body of ideas about how people acquire, store, retrieve
and apply knowledge and skill. Theory is important in generating poten-
tially fruitful hypotheses about teaching and learning, and in driving gen-
eralizations about pedagogical effectiveness across instructional domains.
Empirical observation is important (o test, often and rigorously, how our
ideas fare in the real world, Empirical data about the clfectiveness of theo-
ry-based instruction provides feedback about how well our implementation
works, and also may cause us (0 rethink our theory. Figure 2 shows this
proposed cyclical relationship between theory and data, whereby research
commences with theory and becomes progressively modified by empirical
findings.

Given the plethora of tutors in the world, the relatively few controlled
evaluations, and the various pitfalls accompanying evaluation attempts,
this paper will describe principles for evaluating ITS. The purpose of the
paper is to provide a [ramework within which to organize, discuss, and
compare evaluation studies, codifly the process of designing and conducting
4 competent evaluation study, and maximize the wtility of future studies
concerned with evaluating ITS. Each of the principles will be addressed, in
turn,

PRINCIPLE 1: DELINEATE THE GOALS OF THE ITS

It is a good strategy to review and carefully delineate the goals of the
ITS prior to designing the evaluation study. In some cases, it may become
apparent that the instructional goals have shifted (subtly or markedly) over
the developmental life-cycle of the ITS. In any event, a clear understanding
of the ITS is useful at this stage. If the designer of the evaluation study is
not intimately familiar with the tutor, then designing a good evaluation is

INTERNAL VALIDITY

Larw kg
EXTERNAL VALIDITY
Figure 2. Cyclical process of experimentation: driven by theory and con-

strained by empirical findings.
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virtually impossible, We believe the evaluation designer should be knowl-
edgeable about the following critical issues.

What instructional approach underlies the tutor? This question ad-
dresses the general and specific instructional approach of the tutor. Is it a
tutoring system with pedagogical intelligence, a coached-practice environ-
ment, or a more free-form discovery microworld? Is the system supposed
to guide learning, or provide a rich environment for the induction of prin-
ciples, or allow students to practice skilts? How does the tutor diagnose
performance and select instructional interventions? What information
about the student is modeled and how is it used?

What learning theory doas it assume? This is an important, but oc-
casionally ignored, part of the ITS-building process. Is there a clear knowl-
edge or skill-acquisition theory in the literature that motivates the instruc-
lional approach of the tutor? Interpreting findings from the evaluation of a
theoretical, or intuition-based, tutors is difficult. Your ability to generalize
findings across instructional domains, or even within domains, is depen-
dent on a theoretical characterization of domain dimensions.

What exactly does it teach? Specific and measurable knowledge or
skills should be expressed clearly as the desired learning outcomes. Some
possible responses to this question include: The student should be able to
apply a mental model of clectricity concepts in solving a DC-circuit prob-
lem, execute procedural and psychomotor skills associated with an astro-
naut’s job of manipulating a robot arm in a weightless environment, solve
high school physics problems, or discover geometry concepts. }

What other impacts is it expected to have? After delineating what
the tutor is supposed to teach, you need to consider other ways that the tu-
tor is expected to effect the student. In some cases, these effects may be the
primary goal of the tutor. Othenwise, they may be considered subsidiary
treatment effects. Examples of such effects include enhancing transfer-of-
skills to another domain, influencing perceived self-efficacy, or modifying
attitudes about compulers.

In what context is it supposed to operata? You need to clearly speci-
fy the environment in which the tutor is intended to operate because evalu-
ation techniques are differentially suitable for various learning cnviron-
ments. Questions to consider in this section include: Is the system intend-
ed lo supplement a lecture or laboratory, or provide stand-alone instruc-
tion? Does the system teach to individuals or small groups? What prior
knowledge is assumed of the students? Is the tutor supposed to be used in
an academic setting to support declarative knowledge acquisition, or in an
industrial training environment to support acquisition of procedural skills?
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PRINCIPLE 2: DEFINE THE GOALS OF THE EVALUATION STUDY

Think carefully about the goals of the study. A clear understanding of
what you want to find out provides the basis for sclecting an experimental
design that will unequivocally address your research goals. You should
think about the difficulties involved in achieving the goals, and adjust your
goals at the outset to ones {hat are realizable. Consider the following ques-
tions.

What would you like to know after the study is completed? You
may simply want to sce if the ITS results in students learning something
beyond their incoming knowledge and skills. Or, you may want to test the
degree to which your tutor affects students’ capabilities to perform some
task. Another possible question you could pose concerns how the tutor in-
fluences learning in relation (o classroom instruction on the same
material—a comparative study. A different comparative study might ad-
dress how your tutor affects learning in rélation to a colleague’s tutor, in-
structing the same subject matter. This second kind of comparative study
would be of interest if there were different design principles motivating the
(utors, or different underlying learning theories. You should clearly specify
your research questions and hypotheses before you conduct the study and
analyze the data.

By what standard will you measure succass? Suppose you want stu-
dents to learn 12 problem-solving strategies. After working with your ITS,
students can state 6 aof these strategics, on average. Have you succeeded?
This question is intractable without some standard of comparison. If you
learn that a simple mnemonic allows students lo state 11 of the 12 strate-
gics, you may assume your ITS is relatively ineffective. Alternatively, sup-
pose you find that students learning from your ITS can both state and reli-
ably apply 6 of the 12 strategics, whereas students trained with the mne-
monic approach can state, but not apply, 11 strategics. Would you now as-
sume that your ITS is effective? This, of course, depends on your tutor’s
goals. After you've answered the question “What exactly does the ITS
lcach?” you need to identify ways (o measure whatever is being taught
(c.g., indices to assess the veracity of knowledge, or successful application
of problem-solving skills) and to whom your students will be compared on
these measures.

What are potential confounds, and which of these can you con-
trol? There are numerous ways in which unwanted influences can contam-
inate the results of your study. Pinpointing potential confounds before con-
ducting the study makes it casicr to control them (beforchand, by altering
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the design, or afterwards, statisticatly). For example, suppose you are inter-
ested in testing your ITS in two scparate schools. You suspect that the
schools may difTer in terms of one or morc¢ important dimensions (¢.g., stu-
dents’ mean 1Q, faculty training, per capita income, ethnicity). You may

choose to create treatment and control groups at bath schools, statistically ;

control for these dimensions, sclect four schools and counterbalance the de-
sign, and so on. All of these arc options if you identify the potential con-
founds, in advance.

Will you usa quantitative indices, protocols, or observational data?
These three types of data represent the most prevalent means of capturing
what a student is learning from the ITS. Because your subjects arc working
at computers, it is particularly easy to capture on-line, quantitative mea-
sures of performance, such as latencies, accuracies, and counts as learning
indicators. With some effort and creativity, protocol analyses can also yield
a wealth of information about learning that cannot be captured directly by
the computer (see, for example, Shute & Glaser, 1991). Trained observers
may also ascertain aspects of learning and performance that arc impossible
to apprehend by other means (Schofield & Evans-Rhodes, 1989).

PRINCIPLE 3: SELECT AN APPROPRIATE DESIGN TO MEET DEFINED
GOALS

After you have delineated the goals of the tutor and the goals of the
evaluation study, you are ready to choose 2 design to test your rescarch
questions. First, are you conducting a formative or a summalive evaluation
of your system? The basic distinction between the two is that formative
evaluations have an internal control condition, and ask the question: How
can we make the system better? In comparison, summative cvaluations
have an external control condition, and ask the question: How does this
system compare to some other systems or approaches? Examples of both
types of evaluations are provided.

Formative Evaluations

Formative evaluations arc conducted during the developmental phasc

of an ITS to find weaknesses early enough so that design changes can be
implemented. For example, very early on, one should verify that there is
support in the literature for the instructional approach and theoretical basis
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underlying the tutor design. At a later stage, formative evaluation might
involve novices interacting with the ITS and experts commenting on the
completeness and accuracy of curricular clements, as well as the validity of
the feedback provided by the tutor (where feedback can either be explicitly
ofTered by the computer, or implicitly occurring, as in discovery worlds un-
der “natural feedback” conditions). Results from the formative evaluation
can inform the tutor’s designer and programmer about bugs in the sofl-
ware, other software-related problems that students encountered, sugges-
tions from students and experts for modifying the interface, and conceptual
or procedural problems with the curriculum (e.g., an inaccurate depiction
of current flow through a parallel DC-circuit). Two examples of formative
evaluations follow, representing our own experiences with evaluating ITS.

Pilot study of the Bridge tutor. Prior 10 running a large-scale evalua-
tion of the Bridge tutor (Shute, 1991; Shute & Kyllonen, 1990), a pilot
study was conducted to determine if the tutor actually worked with “real”
subjects (i.c., not laboratory-related personnel). Approximately 200 pilot
subjects were run on the tutor, and, to our dismay, we discovered that many
of them had significant difficultics learning the programming curriculum
because they lacked (or forgot) some prerequisite knowledge presumed by
the system (c.g., not knowing what an integer or variable was). Findings
from the pilot study highlighted about 10 weak concepts in programming
and math; integer, real number, string, data, sum, product, constant, vari-
able, expression, and value assignment. Conscquently, we built a “pre tu-
tor,” an approximatcly 2-hour computer-assisted instruction (CAI) module
(hat instrucied those 10 concepts. Subjects received on-line definitions of
concepts, followed by a serics of questions pertaining to the concept (c.g.,
Is 7.34 an example of an integer?). After each response, feedback was pro-
Lided on both the accuracy of the response and the item in question (¢.£.,
“No, 7.34 is not an example of an integer because integers are positive or
negative whole numbers without decimal points, and 7.34 contains a deci-
mal™). This pre tutor presented items in a learning-by-doing format with a
strict mastery learning criterion. That is, the learner had to successfully an-
swer 16 consecutive questions about each concept (two blocks of 8 ques-
tions) before it would drop out of the learning cycle. In the large-scale
study, once subjects encountered the Bridge tutor, no longer did hands
wave and subjects lament, “What is a real number??” The problem was
solved, and learning Pascal programming skills was not confounded by in-
adequate knowledge of necessary concepls.

Protocol analyses with Smithtown. During the course of developing
Smithtown, we collected protoco! data on effective and less-effective inter-






