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Abstract. The plethora of different subfields in intelligent tutoring systems
(ITS) are often difficult to integrate theoretically when analyzing how to design
an intelligent tutor. Important principles of design are claimed by many
subfields, including but not limited to: design, human-computer interaction,
perceptual psychology, cognitive psychology, affective and motivation
psychology, statistics, artificial intelligence, cognitive neuroscience,
constructivist and situated cognition theories. Because these theories and
methods sometimes address the same grain size and sometimes different grain
sizes they may or may not conflict or be compatible and this has implications
for ITS design. These issues of theoretical synthesis also have implications for
the experimentation that is used by our various subfields to establish principles.
Because our proposal allows the combination of multiple perspectives, it
becomes apparent that the current “forward selection” method of theoretical
progress might be limited. An alternative “backward elimination” experimental
method is explained. Finally, we provide examples to illustrate how to build the
bridges we propose.
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1 Introduction

A very old story tells of 6 blind men who were asked to describe an elephant after
feeling a part of it. One described it as a wicker basket (ear), one as a ploughshare
(tusk), one as a plough (trunk), one as a granary (body), one as a pillar (leg) and one
as a mortar (back) and one as a brush (tip of the tail). An ITS researcher trying to be
faithful to basic theories of how people develop their capacity to think and act often
feels likes he is reading research from these blind men describing an elephant. The
ITS researcher turns to the fields of artificial intelligence, statistics, cognitive
psychology, cognitive neuroscience, perceptual psychology, all fields of design,
human computer interaction, computational modeling, constructivist learning
theories, behaviorism, embodied cognition and situated cognition, to name several,
and finds many alternative ways to characterize the development in proficiency that
we commonly call learning. Unfortunately, these many different sources often result
in more confusion than explanation because these multiple theories are difficult to
integrate into a mental model of learning that is consistent. It seems the only
alternative for the ITS researcher is to have several different inconsistent mental
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models of learning that must compete when it comes time to plan tutorial
interventions to improve student learning.

2 The Problem

We are not the first to notice this problem with sciences of behavior as we know
them. Donald Davidson in his influential paper “On the Very Idea of a Conceptual
Scheme” [1] has addressed this problem by laying the blame at the feet of
philosophers such as Thomas Kuhn. Kuhn has made the case that sciences progress
by large paradigm shifts in which new ideas and worldviews replace old conceptual
schemes [2], which are subsequently unintelligible from the perspective of the new
paradigm. In criticizing the absurdity of this, Davidson says:

Suppose that in my office of Minister of Scientific Language | want the new man to
stop using words that refer, say, to emotions, feelings, thoughts and intentions, and to
talk instead of the physiological states and happenings that are assumed to be more
or less identical with the mental riff and raff. How do | tell whether my advice has
been heeded if the new man speaks a new language? For all | know, the shiny new
phrases, though stolen from the old language in which they refer to physiological
stirrings, may in his mouth play the role of the messy old mental concepts. The key
phrase is: for all I know. What is clear is that retention of some or all of the old
vocabulary in itself provides no basis for judging the new scheme to be the same as,
or different from, the old. So what sounded at first like a thrilling discovery — that
truth is relative to a conceptual scheme — has not so far been shown to be anything
more than the pedestrian and familiar fact that the truth of a sentence is relative to
(among other things) the language to which it belongs. Instead of living in different
worlds, Kuhn's scientists may, like those who need Webster's dictionary, be only
words apart. [1, p. 10-11]

Davidson’s goes on to argue that the strong dualism of “scheme and content, of
organizing system and something waiting to be organized”, implied in Kuhn’s theory
of how ideas shift, is unintelligible. He makes the case that there is no duality of
theory neutral reality and relative theory, but rather he argues sensory experience
provide all our evidence for the acceptance of sentences as true or false. This being so
he appeals to this basis of truth as a way of making meaningful disagreement possible
between supposedly irreconcilable perspectives. He focuses on enlarging the basis of
shared belief by using individuals’ common beliefs and opinions as a starting point
from which to improve translation between perspectives.

We argue here that similar bridges of translation should be built between the
various education research subfields so that ITS will be more able to utilize multiple
perspectives in creating educational interventions. To further this goal we offer here
an integration of several of the major education research related subfields. We take a
balanced approach in this integration, emphasizing how to achieve harmony between
these sometimes combative, competitive subfields. This is not the same sort of
project that Allen Newell advocated in finding a unified model of cognition because
that project was a call for theoretical integration within a subfield [3], while this call



is for a valid method to integrate disparate perspectives on learning for more practical
reasons.

3 A Proposed Solution

Normally, a subfield of ITS can be partially defined by the units of analysis [4-5] it
chooses to study. Thus, behaviorists study behaviors, cognitive psychologists focus on
skills, situated cognition researchers study interactions, design specialists focus on
form and function, and cognitive neuroscientists focus on the brain but attach
cognitive labels to describe the actions of brain tissue. As we can see, one thing that
these I1TS-relevant behavioral scientists agree on is that a unit of analysis is necessary
to analyze a scientific problem. This assumption helps in translating and aligning the
subfields because, across each of the various perspectives, grain sizes are based on
sensory evidence. It seems that we should be able to align the related sensory bases of
each subfield (essentially agreeing that observation is a valid method) and thereby see
how the disparate subfields’ theoretical explanations map to each other. It seems in
such cases you have three essential ways such subfield alignments may turn out.

3.1 Combination

The first possibility is that two perspectives do not explicitly make scientific
conclusions about the same units of grain size. In this case we have two perspectives
that are essentially orthogonal to one another, and it seems that the reasonable thing
for an ITS designer to do is to incorporate both perspectives in the ITS being
designed. At first his might not seem intuitive, but this incorporation may be crucial
in both experimental and development ITS projects. This is because in ITS research,
unlike research in a field like experimental cognitive psychology, we are ultimately
interested in how educational research plays out in practical application. In other
words, we are more interested in the ecological validity of our results (that they work
in a real situation) because this utility within an ecological placement of the tutor is
the most important result we wish to generalize in showing that our ITS will benefit
real students in real classrooms. For example, in contrast, in cognitive psychology we
are often looking for pure main effects and interactions unconfounded by
manipulations of other variables. In cognitive psychology work, an assumption is that
one wants to remove confounding variables so that main effects can show through and
so that that the result that is found is not actually a hidden interaction with some
unmanipulated variable. While this is a valid method given the goals, it is likely to be
ineffective in establishing that our design has validity in ecological placements.

3.2 Integration
Our second situation is similar, where we have two perspectives, which, while not the

same, nevertheless have clear isomorphism. The work of the Jilk, Lebiere, Anderson
and O’Reilly illustrates how this is done in the case of aligning a cognitive theory



with neuroscience theory [e.g. 6]. Essentially, while there may be some differences
between the perspectives (see below on how to resolve conflict) in this situation the
perspectives complement and strengthen each other and it becomes more clear that
ITS research needs to pay attention to the learning related conclusions of such hybrid
perspectives. In their work, these authors have attempted to identify how the ACT-R
symbolic model can be mapped to connectionist architecture. They argue that this
process is mutually informative and constraining and propose that no single
perspective can capture the full richness of cognition. For instance, the authors note
that their collaboration has led to a realization that neither theory answers the question
of where symbols come from [6].

3.3 Resolution

Our final situation is when the ITS researcher encounters two perspectives that differ
in what they predict is best for learning at a grain size. While this disagreement
between perspectives may be hard fought in many cases, the ITS researcher might
note that often times the common sense resolution admits some truth in both
perspectives. Often this disagreement centers on issues of balance along a continuum.
For example, constructivists often argue that learning is most effective when the
student is able to participate in the building of understanding while direct instruction
advocates argue that clear communications of information with some repetition are
the most effective way of causing learning. In a case like this, most people’s sensory
experience probably supports some aspects of both theories, and this leads the ITS
researcher to suspect a case where balancing the perspectives is most appropriate.

The assistance dilemma is one way to frame this competition between competing
factors since the assistance dilemma describes considerations in balancing factors
when one side of a continuum between factors can be described as more assistance
and the other side of the continuum can be described as greater assistance [7-8]. For
instance, the resolution between the dispute about the effectiveness of direct
instruction compared to discovery learning [9] can be described as an assistance
question because direct instruction is typically characterized as providing more
assistance than is discovery learning. By characterizing the tradeoff along a
continuum we seemingly convert what was a dichotomous theoretical question into a
question about tradeoffs. Once characterized as a question about tradeoffs, it quickly
becomes clear that the endpoints of the continuum (completely unassisted discovery
and fully scaffolded problem solving) are both unlikely to be very useful. Rather it
seems clear that some balance between telling information to and withholding
information from the student will necessarily be optimal.

As we can see, by proposing that theoretical differences are defined by variation
along a continuum, we avoid diametrical arguments that are insoluble. Of course, not
all perspectives will hold up when their validity is inspected relative to other
perspectives. We won’t present examples of this here, but basically this admits that
this method of combining perspectives does allow falsification. Falsification is a state
where the ITS researcher has identified the predictions of 2 theories relative to some
instructional decision and has good experimental evidence that one of the perspectives
is incorrect in its conclusions relative the instructional design decision. If one accepts



the original notion that it is plausible to suppose multiple educational factors
moderate the influence of each other, then it is only in these cases where one
perspective’s predictions are probably incorrect that the predictions of that
perspective are safe to exclude.

3.4 Implications for Experimentation

When considering this proposal to unify subfields, we can note that the
combinatorics of exploring the space of the multiple principles becomes untenable if
we wish to use a bottom up strategy of assuming the traditional null hypothesis (an
unmanipulated, “vanilla” state of nature where everything except the tested principle
is left out ). However, when considering how to proceed with ITS research, it helps to
think back to the full meaning of the null hypothesis. In many subfields the null
hypothesis is typically considered to be a situation that is as “unmanipulated as
possible” and taken to be the default state of nature. It is this typically barren
backdrop against which we observe main effects when we manipulate a variable as
our alternative hypothesis. However, this bias for simple experiments might simply be
taken as a bias about our assumptions of the true default state of nature. If we instead
assume a true state of nature that includes multiple “confounders” we may be creating
a null hypothesis that is much closer to the default state of nature. Because of this, we
might expect that any conclusions we might make will generalize more easily to other
ecological valid states of nature (which would likely share many features).

Therefore, it seems that in ITS research we might validly consider the null
hypothesis as using as many “confounding factors” as seem plausible from a
naturalistic standpoint, determined from a review of the multiple ITS subfields. In this
sort of situation, TS research would begin with a many component ITS system well
integrated into coursework and the classroom, and then each of the many factors
could be varied experimentally, using typical experimental design to see if their
removal reduces performance in the system. For example, while cognitive psychology
experimentation answers questions like what is the effect of spaced practice given no
other confounding variables using a simple memory task, this new experimental
method would ask what is the effect of spacing and its interaction with the retention
interval given its use in a complex context of learning items that will need to be used
productively. In both examples then, our experiment might manipulate the spacing
interval.

The key difference in this approach is that we assume that unexplored factors are
present (and unmanipulated in our ecological null hypothesis) so that any conclusions
we make about the investigated factors will have validity in a natural situation where
we might expect some level of all plausible factors. This approach seems further
justified in the case of education research specifically because the plausible threat is
not that we will not include some highly effective components in each of our
respective systems, but rather the threat is that the highly effective aspects of our
systems will be nullified by factors that we have not included in our experiments
(perhaps to reduce possible confounds). In such cases, it is possible that what we have
considered confounding may actually be necessary to include so as to get valid
results. Essentially, we are describing a likelihood of positive moderating variables



that effectively gate the effect of the investigated variable. In such a situation, which
we propose to be closer to the default classroom situation, it seems logical to do one’s
best to include all the possible moderators so as not to preclude an effect of the
manipulated variable.

An analogy to the two most common ways statisticians have found to select terms
in regression equations is useful to help see the structure of the argument we have
made thus far. Unless you have time to search the entire combinatoric space of
possible terms, forward selection and backward elimination are the main methods of
trying to establish a best regression model. As we may recall, forward selection starts
out with an empty model and tests the significance of adding each predictor to the
model, adding the terms one at a time in the order of which is most significant. As we
may note, this is very similar to how the experimental method is used in behavioral
sciences. Like forward selection, behavioral science methods tend to begin with few
variables being manipulated so that the other confounders or moderators should not
have any effect. Obviously, like forward selection, our behavioral science methods
produce many successes, and allow incremental additions to our progress toward ITS
design that uses multiple principles to improve student learning in intelligent tutoring
systems.

An alternative to forward selection is backward elimination. Backward elimination
begins with all the variables and then begins to remove the ones that are discovered
not to influence the predictions. Backward elimination may actually be a superior way
to search for the best ITS because it allows us to retain all the potential moderators
from the start, unlike forward selection. As was noted by in a review of variable
selection, “It is often argued that forward selection is computationally more efficient
than backward elimination to generate nested subsets of variables. However, the
defenders of backward elimination argue that weaker subsets are found by forward
selection because the importance of variables is not assessed in the context of other
variables not included yet.” [10]

4 Specific Resolutions

Our goal of providing specific examples of the combination of subfields is depicted in
Table 1. Table one is organized with a partition of grain sizes in the left column and a
subset of the relevant subfields along the top. For reasons of space, we have been
forced to group subfields and ignore many findings to focus on some core principles
in each subfield. Within each cell then, are the principles that apply at the grain size
for the subfield. Using this chart we can then analyze cases where there is either no
explicit dispute at the grain size, cases where the perspectives offer complementary
approaches and finally cases where there is an explicit conflict to be resolved between
the subfields.

4.1 Example Resolutions

Examination of table 1 can be used to help identify places where theories are making
potentially conflicting predictions at matching grain sizes. From there, the theories



can be broken down further to more closely identify any grain size isomorphisms.
After this sensory process of object matching is completed, predictions relative to the
objects can be compared for inconsistencies, which can then be resolved as described
above.

However, this more clear analysis allows us to notice that many of the disputes
between the theories seem to be issues where either side would admit some truth to
the other. For instance, while situated/constructivist theorists specify the importance
of authentic contexts, there is very little work in the cognitive literature which
challenges this notion directly. While much cognitive work might be described as
ignoring the importance of authentic contexts, this is very different than proposing
that authentic contexts have a negative effect on student learning. Indeed, digging
deeper into the cognitive literature allows us to unearth many specific findings that
support the importance of context [e.g. 11]

Further, there appears to be no explicit reason why cognitive phenomenon would
not be important in situated learning. For example, consider cognitive load [12] in
real life situations. There seems to be no reason why the putatively cognitive
mechanism of cognitive load would not affect students in authentic tasks with real
world contexts. Indeed, because authentic contexts often include more details, it
seems that an integration of situated theory and cognitive load theory offers
advantages. By integrating these theories it would allow us to examine how much
authentic context is useful and how much causes extraneous cognitive load. While
this sort of synthetic approach is not always simple, it helps to explicitly reveal the
best resolution to any contradiction when examining different perspectives on an issue
important to ITS development.

5 Conclusions

What we are advocating here has much in common with design based research
methods [13]. We are also advocating doing experiments in naturalistic settings and
we also agree that “scientists must draw connections to theoretical assertions and
claims that transcend the local context” [p.8]. However, unlike design based research
advocates, we do not place a special emphasis on a theoretical starting point (e.g.
situated cognition theory) for our design based analysis, but rather acknowledge that
regardless of the perspective of the researcher (e.g. behaviorist, design theory, etc.)
there are distinct advantages of using a backward elimination method that begins with
a complex state of nature (the existing ITS system and its interrelations with students,
peers and teachers) and then makes experimental variations. In contrast, we have
argued that by beginning with a simple system and incrementally adding intervention
characteristics the ITS designer will face challenges to ecological validity and have
difficulty detecting effects that might be moderated by other factors. Since these
moderating factors (e.g. student motivation controls learning even in a cognitively
excellent ITS) may block effects that would show in a more natural design, it may
even be necessary to use such a backwards procedure depending on the intervention
being investigated.



Table 1. Map of subfield integration for each grain size.

Cognitive, Social, Situated Cognition, Artificial Intelligence, Neuroscience  Perceptual
Motivational Constructivism, Statistics, Psychology, HCI
Psychology Discovery Learning Computational and Design
Modeling
Societal Interaction across SEM models[15] Interaction
Learning levels[14] design[16]
Context Activity centered
design[17]
Individual Cognitive load[12] Scaffolding[27] Models of individual Working memory
Self-explanation[18] Affordances[28] differences[29] training[30]
Analogy[19] School
Worked examples[20-21] lunches[31]
Scheduling[22]
Testing[23]
Theory of intelligence[24]
Efficacy[25]
Goal orientation[26]
Peers Vicarious Modeling[32] Modeling[14]

ITS software

Teachers

Authentic contexts[33]
Exploration contexts[34]

Modeling and
Coaching[14]

Question generation[35]
User modeling[36]

Organization of
gestalt[37]
Pleasure[38]
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