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Abstract. Intelligent tutoring Systems (ITSs) adapt contandl activities with the
goals of being both effective and efficient instrasal environments. They have goals for
students to be challenged and guided in an optmagt-without being too overwhelmed
with difficult material or too bored with easy apetitive material. We propose a particular
definition of the zone of proximal development (P43 a general way to describe what all
ITSs try to do, and we propose a foundational aislpf instructional adaptivity, student
modeling, and system evaluation in terms of the ZRIe give an operational definition of
the ZPD and give an example of its use, and sunzmdmow instructional methods such as
scaffolding can be used to maintain ZPD-learniMje also explain how our definition of
the ZPD can lead to a more complete model for iefitcand effective instruction than
common mastery learning criteria.

Keywords: Intelligent Tutoring Systems, instructd strategies, zone of proximal development,
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Introduction

Many exposés in educational technology build upducational constructs such as scaffolding,
apprenticeship learning, and the zone of proxinegketbpment (ZPD), that can be traced back to Vygotd hese
concepts are rarely clearly defined or operati@edli{Wertsch 1984]. The field of intelligent tuta systems is
based on building models [Clancey 1982] and it lb&ks us to try to specify our principles in a comagional
form. Our goal in this paper is to give a speddfi concrete model showing one possible implertientaf the
concepts of zone of proximal development and stiiffg. We propose that the model is general, moeflecting a
general version of the diverse interpretations p&tskian constructs, but in its applicability TS design issues.

Our exposition centers around the idea of adaptisiguction to keep students within a "zone" whibey
are neither too frustrated nor too bored. We psepmparticular method for measuring this zoneveamélaborate
on the variety of means available to an ITS fonigyto keep students in this zone if it is inferthdt they have
slipped out of it (by using different types of doéding for instance).

We could say that the primary goals of all instiaetare for learning to be both efficient and effies. 1.E.
we want the learner to learn as much as possibks little time as possible . The primary methidgl's use to
attain these goals is to adapt instruction to #wds of the learner and to the pedagogical pregeofithe content.
To be both efficient and effective we want to pdevjust the right number and content of exposiiotgractions
(content and feedback) and interrogative interasti@xercises or activities). Vygotsky describeszbne of
proximal development as "the distance betweencthehdevelopment level as determined by indepemnateilem
solving and the level of potential development eednined through problem solving under adult gudgaor
collaboration of more capable peers" [Vygotsky8@g 86]. The ZPD is commonly used to articulate

page 1



ITS2002, Murray & Arroyo

apprenticeship learning approaches [Collins et@89]. In the prototypical description of learninghe ZPD the
learner is involved in a task that is realistiecénms of its complexity and context, and is appcémg with an expert
mentor. Instruction progresses from simply obsepnthe expert perform the task to taking on indregg difficult
components of the task (individually and in comkimr@ until the apprentice can do the entire tagkhout
assistance. The assistance is called "scaffolding"the removal of assistance is called "fadir§Lith a scenario
of learning in the ZPD has implications for theidasof learning environments and educational aii#isj but has
limited implications for adaptive instruction. THescription reminds us that authentic tasks invdhe use of
multiple concepts and skills in a concerted wayl @rat learners must be engaged ("situated") im@grated task
context to learn the sub-skills in their propertest and relationships (Lajoie & Lesgold [1992]Isdhis "holistic"
as apposed to didactic instruction). It articidadezone within which tasks are too difficult ta@amplish without
assistance, but which can be accomplished with $eipe However, it does not give much guidancéon to
determine that zone, what and when to scaffold,veimeh and what to fade. Our goal in this papeo give a
concise operational definition of the ZPD, andiszdss how to maintain learning in the ZPD.

Our sense of the term ZPD is compatible with hoig itsed in many contexts. We want to give agsista
in order to keep the learner at their leading edtpadlenging but not overwhelming them. The ZPD ban
characterized from both cognitive and affectivespectives. From the cognitive perspective we bayrmaterial
should not be too difficult or easy. From the efifee perspective we say that the learner shoubidathe extremes
of being bored and being confused and frustra{Bdit some cognitive dissonance is usually necessary). Both
boredom and confusion can lead to distractiontifatisn, and lack of motivation. Of course theimatl conditions
differ for each learner and differ for the samenea in different contexts.

iConfosed

ZPD

Bored
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Figure 1: ZPD lllustration

Figure 1 illustrates our meaning of the ZPD. K8k a "state space" (or "phase plane") diagram
illustrating a studefsttrajectory through time in the space of tutodahtent difficulty versus the student’s evolving
skill level. The dots on the trajectory indicatiher unit time or lesson topics, and are incluttedlustrate that
progression along the trajectory is not necesshingar with trajectory length. For example, ttesdare bunched
up in some placed and spread out in others. rdctige, each tutor (human or machine) has limigsdurces and
possibilities of assisting the student, so thee€@ffre ZPD" is defined by the difficulty of taskegsible if the
student is given thavailable help (Luckin & du Boulay [1999] call this the 'ze of available assistance"). We are
only concerned with the effective ZPD for a paricdearning environment. This zone will also diffaccording to
each student’s tolerance for boredom and confusidre ZPD is neither a property of the learningiemment nor
of the student; it is a property of the interactmiween the two. We say that the student or ilegiis "in the ZPD"
when the student demonstrates efficient and effed¢iarning. The delineation of the exact zon¢ ihthe goal for
instruction (shaded area in the figure) is defibgdhe instructional strategy, and is not a propeftthe student
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per-se. This is similar to saying that the crdarfor mastery learning is defined by the instroedil strategy. We
can not directly control the cognitive propertiéstee student, so it is thetor that must adapt to keep the student in
the ZPD.

Though this concept of ZPD makes intuitive sensk@ovides an attractive metaphor for designing
instruction and analyzing learning, it is not opienaalized. What is this zone and how do we deiteeri) if the
student is in it or 2) how to adapt instructiorké®p the learner in it? It might seem that thal @b measuring
when a student is in the ZPD is intractable andoissible to operationalize. But a human tutor ha®ikable
estimate of when the student is in the zone. Adtslents have a great deal of flexibility andratee for non-
optimal instruction, so we can reasonably aim # put them in the "ball park.” We can tell whestadent is
clearlynot in the ZPD at the two extremes. If a learneidatés that they are bored or if they consecutiasigwer
many similar problems correctly, we can infer tthegly are in the bored-zone. If a learner is unabkolve a
problem using the available means of assistaneeh@ve reached a non-constructive impasse) thexawenfer
that they are in the confused-zone.

Mastery vs. ZPD learning

Before describing our operational definition of #/@D we need to articulate a simple but general
framework for adaptive instruction upon which tebaur discussion. At a course level we can satyath
instruction is comprised of three elements: seqgugnmontent, providing opportunities for practieed giving
feedback. Intelligent tutors can adapt at alléHevels. For most of our discussion we will méhke simplifying
assumption that all content is organized into ‘tepand topic "difficulty levels." Difficulty lesls are used to
describe the different levels of performance orarathnding within a topic. We need to include diffty levels so
that we can define a problem "equivalency set's{mply "problem set") as a set of problems, adésit
interactions, etc. associated with a particularctapd difficulty level. We assume that a "magtearning”
instructional method is used. That is, the leammeepeatedly given problems (and feedback) fersdmme learning
goal until they demonstrate its mastery in some.waye repetition of this material does not neeld sequential,
i.e. the tutor can put the learning goal on hold eat different topics, but it does not forget goal to come back
and treat the unmastered topic. Note that the eumi'tries" (problem solution attempts) is thengaas the
number of hints plus one (a "hint" can be a singgéwrong, try again"), which is equivalent to thember of
mistakes made on a problem attempt.

Our assumption that mastery learning is used cairbest universally applicable to ITSs if we define
mastery learning broadly. Mastery does not ing@yfection, but satisfactory performance. Learwarsdo better
than the "mastery" level for a content unit, b thstructional goal of the system is for the stude achieve
mastery on a content unit (or units) before mowing Tonot use mastery learning implies skipping a conterit uni
when it is not mastered. However, missing prergtps will eventually have to be dealt with wheaytlare needed.
Thus for ITSs the goal of effectiveness is mett iBastery learning does not address efficiencypnly assumes
that there i€nough instructional material, practice opportunitiesg dnrelp (feedback and scaffolding) available to
the learner for them to eventually master eachlagrgoal. The mastery criterion does not measudetect
whether a student achieves mastery in an ineffigi@y, for example through a slow and tedious pgeae through
an inconsistent and frustrating one. IncorporativegZPD into systems goes "beyond mastery" imaeseby
introducing the goal of efficiency along with effeeness (mastery). We can say that ITSs have tatsg content
mastery (primarily effectiveness) and keeping tinelent in the ZPD (primarily efficiency). Of coerthese goals
are not independent. If the student is confuseaboed this inefficient learning will usually legalloss of
effectiveness.

Next we make the point that, in the ZPD paradidns, not desirable to have a student get all of the
answers correct. If a student consistently getditht 3 problems correct on every topic, and timaves on to the
next topic, the student is probably not being @majed enough. So the best case is for the sttmléait at some
items and to have multiple attempts at problems.

An operational definition of the ZPD

Wertsch [1984] and others have attempted to gidlearer definition of the ZPD than is availablenfro
Vygotsky's sketches of the construct, but even npoeeise operational definitions are required faichine tutors.
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Hadgaard [1991 p. 350] notes that the ZPD is "alyéio tool necessary to plan instruction and tplai its
results". Our operational definitions of tutoriwghin the ZPD can be used for both system evaduatind for
computer tutoring strategies, as we shall dematesimasubsequent sections.

Mastery criterion. First we will operationalize mastery learning in@nmon fashion. The mastery
learning criterion determines when the studentroname on to the next content unit, while the ZPD sueement
will determine whether the student learning wagiiit for the previous (or current) problem sktis not practical
to infer mastery (or ZPD) based on one task. Wecall P the minimum number of times a learneowsld be
given a problem exercise on a particular topic.eHeran example problem sequence showing the nuafitmts
given on problems in a problem set: (3, 1, 0, e student needed 3 hints on the first problehintlon the
second, and then got two correct without hintser€rare several possible methods for defining mastéerion for
a problem set. We choose the criterion of gettihgut of the previous N correct. This method tesproperty
that problems done before the moving window of blgfems do not affect the score (ancient errorgaggven). It
also tolerates guesses and slips as noted belawthef, we will allow N to be equivalent to P (timénimum
number of problems allowed), because this streawlihe method and we can think of no good reason to
complicate the scheme by making them differentt usdook at a number of possible sequences (Mctors") to
illustrate this "M out of P" mastery criterion.

, 0). A prototypical sequence. The leageds better and reaches mastery.
1, 0, 0). The first problem seems toehla@en a lucky guess.

0, 3, 0). The fifth problem seems toehbeen a "slip" or random error.
1,1

0

3.1
©, 4
(4, 4
2,2
(4, 4

, 1,0, 0). lllustrates very gradualteng or improvement.
). lllustrates sudden learning or inverent---an "aha" experience.

arwNE

0
3
0
2
0

All of these sequences achieve mastery under ttegion of getting two correct out of the last tare
problems (in #3 the final 2 problems would not haeen needed).

ZPD criterion.  Our criterion for ZPD assumes that thersoree mastery criterion in effect, but any
reasonable criterion for mastery could be usedaoepof the "M out of P" method above and the feitg analysis
of ZPD would still hold. Remember that our goaldschallenge the student just the right amountioo much, not
too little. Challenge level can be inferred frdme number of failed attempts or hints needed teesalproblem. It
does not make sense to measure whether the léainghe zone for one problem. Being in the zisngetermined
for a problenset (or more generally for some sequence of problegd. want just the right number of hints in a
problem set, which we will call "H." We do not watess than or equal to H" (this contrasts with teascriterion
where we could accept M "or more" correct answefsy with mastery learning, there are alternatiag/swto
implement this general idea. Compare problemeseeps #4 and #5 above, showing gradual and "ahaitey.
For these two sequences any criterion that cotietsotal hints in théast N attempts would give differential results
for what we think are equivalent examples in ZPibnte So our goal is to have the studentsgattly H hints in
the problem set, regardless of the number of prebleeen. Or, to be more practical, we want thiesiito stay in
the zone of getting H +/- DH (delta H) hints.

We say that the learner is in the bored zone amgtbblems are too easy if they need less than H-DH
hints. We say that they are in the confused zonetlze situation is too difficult if they need mdahan H+DH
hints. The exact values for P and H will strondpend on the content and pedagogical goals aled Sihese
values may even differ for different topics or gitji types in a tutorial. As we will note latehgy may also be
adapted based on the student model.

Let us give our operationalized definition of theZ a name: "Specific ZPD" @&ZPD (like "specific
heat" in material science). The SZPD has threarpatersH, the goal number of hints in each problem Bét,
the allowed variation in H to consider the situati@ithin the ZPD, ané, the minimum number of problems the
student is guaranteed to see (under normal ciramoss). The SZPD is a property of the systemfsuasonal
strategy. The measurable learner properly*isthe actual number of hints given in a problem séle definez, a
measurement of how close the stutiepérformance in a problem set is to the goat I — H. The area Z > DH
delineates the confused zone, and the area Z <dlirkdtes the bored zone. It is left to the indtamal designer
to specify the default SZPD parameters for a palgicsystem, and how the system will respond tdehmer being
in the bored or confused zones. Ultimately it imatter of empirical testing to determine the valogH, DH, and
P that correspond to the teaching and learning skysired.
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Finally we will mention another method for determtnwhether the learner is in the ZPD---asking them
The system can provide buttons for indicating thatlearner is confused or bored, or that the natsrtoo
difficult or easy. This information can be usadtead of or in combination with the more anal§#PD method in
determining how the system reacts to non-ZPD legtni

An example of using the SZPD to evaluate an ITS

In this section we describe how we are using ie[5to evaluate a pool of data obtained from use of
mathematics ITS, Animalwatch [Beal and Arroyo, iegs]. The analysis looks at a set of trials inctidifferent
hinting strategies were used. The goal is to dater which hinting (or "help") strategies are basted for
particular types of individual differences (suchgasider and cognitive developmental level). Tha daalysis is
not yet complete, and results will be published future paper. In this paper we simply use thdysto illustrate
use of the SZPD for system evaluation.

Animalwatch

Animalwatch is an Intelligent Tutoring System faslic arithmetic and fractions that offers word peats
about endangered species. It takes the studenighra series of word problems dynamically chosemfa large
database of word problem templates, which are ntisted with appropriate operands, depending orsthdent’s
current proficiency. When the student enters @orirect answer, Animalwatch provides help througbgpessive
hints.

The study

We are in the process of using our operationahi&fn of the ZPD in the analysis of a pool of data
obtained from the use of Animalwatch over seveedry. We have done some analysis of hint effettis® before
on this system and concluded that students behdiffedently with different hint styles [Arroyo, 00]This time, we
will integrate data from uses of Animalwatch ovgresiod of 3 years (including 300 subjects). Thia ipost-hoc
formative evaluation—the system was designed amdalta was gathered prior to the formulation of SPD
theory.

Our study focuses on how students with differegnitve abilities benefit from hints with differefevels
of abstraction (“concrete” and “formal” hints). &lproblem selection mechanism is the same forealions of the
ITS, only the hinting methods vary. We measuredents’ cognitive development level with a Piagetagnitive
development pre-test instrument [Arroyo, 01]. ®tud were randomly assigned to two different varsiof
Animalwatch: one providing concrete help, anothewvjging formal numeric help.

Analysis of Animalwatch data

We said before that the ZPD is a property of theraction between the learner and learning enviesmim
Thus, we expect similar students to have a diffeagarage number of hints (H*) for different hinethods (i.e.
they take longer or shorter to reach mastery)ouinanalysis we assume a goal value for H and cosrgitadents’ Z
values (how far they are from H) for sequencesjoivalent problems. A problem equivalency set mmalwatch
consists of problems for a particular topic (euptsaction) and a specific difficulty (e.g. threlgitsubtraction
involving borrowing). Due to the problem and topalection strategies (described in [Arroyo, Ob problems in
an equivalency set are not always seen sequenrtii@lyproblems from other sets may be interspgrsed

We have hypotheses about how Z values should cifang&udents of similar cognitive ability who have
been provided concrete or formal hints. Tabledwhfictitious data that illustrates our hypothetisit we expect
low cognitive development student to perform bettben given concrete help and high cognitive dgwalent
students to do better with formal help. The tadsumes a value of H=5 (for example, in the tapdafa cell
Z=H*-H=7-5=2). We also expect high cognitive deamhent students to have lower Z values than lomitiog
development students, as we expect them to neeat fants in order to reach mastery. Statisticsigynificant
findings in the data would enable us to create thapinting strategies in future versions of tigetem, where we
could change the hinting style based on cognitesetbpment level.
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High cognitive development Low cognitive development
Concrete help (3,2,1,1,0,0) zZ=2 (3,2,3,1,0,0) Z=4
Formal help (3,1,1,0,0) Z=0 (3,3,2,1,2,1,0,0) z=7

Table 1. Fictional Z values for low and high cogmtdevelopment students vs. help type

The example in Table 1 compares individual studdnisstatistical analysis requires aggregating ove
each of the four groups of students. Rather tisartle hint sequence for a single student and gmobkt, we
average the hints for all students in a group fpadicular problem set. We compare student desby averaging
the first problem seen by all students in a graolen the second problem, etc. So that the hirtbvein Table 1
becomes a sequence of the average number of bggived for the Nth problem in a problem set. r é@mple if
two students’ hint vectors were (4,2,1,0,0) an@,(31,0) the vector for the average hints is ( 3,5, 0.5, 0) and the
Z value for H=5 would be (7 - 5 =) 2. We plarctumpare these "composite Z values" for the fouugsdndicated
in Table 1, and across the various topic levelsl{l@am equivalency sets) in the tutorial.

The Z value gives us an overall look at ZPD behaaggregated over a problem set, but we may alst wa
to investigate at a smaller grain size what is kapyg within the problem sets. For example, thisild help us
distinguish the "gradual” vs "sudden" learning habig in example hint vectors #4 and #5 above.dd ¢his we
will be producing and inspecting graphs such astiein Figure 3, which illustrates four hint vastaveraged
over for each group in Table 1: A. is for High-CdEConcrete, B. is Low-Cdeve/Concrete, C. is High-
Cdevel/Formal, and D. is Low-Cdevel/Formal. Weid to use such graphs to visually compare (anthese
associated hint vectors to analytically comparepZ&arning among subject types and across probésa s

Average equivalency problem set for a group of students

Average mistakes

xth problem

Figure 3. Average hint vectors vs subject group

The ZPD for planning, scaffolding, & adaptation

In this section we look at the types of adaptatitias an ITS can make when it is determined that th
tutoring session has drifted outside of the ZPD.

page 6



ITS2002, Murray & Arroyo

Keeping the student in the ZPD involves maintairangoptimal degree of new material, and/or level o
challenge. The term "scaffolding” is used to diégctutorial interventions or decisions servingtpoal. It is not
our goal to give a definition of scaffolding thabst accurately reflects either Vygotsky's theonesnodern
theories of apprenticeship learning [Collins et &Jather, we make a reasonable appropriationeoteitim to refer to
any instructional decision or method that has the gf keeping the learner in the ZPD. The genmethods
commonly used include: adaptive content sequengirgy,ding cognitive tools, and hinting and relafedns of
feedback and help including partial problem solsio

"Hints" are problem solving assistance that givésrimation or focuses attention in ways that imgrthe
chances that the learner will be able to solveodlpm. The major other form of help is problemataposition
scaffolding. In this method the problem is broketio components which are individually easier ttveo Some
forms of scaffolding will assist with problem decpasition and other higher order skills to allow tearner to
focus on domain specific schema formation, whiteeoforms of scaffolding will assist the learnedimmain-
specific skills or answers so that they can pradfie overall approach to the problem.

It is also possible to "scaffold" both known andkmown skills. The case of scaffolding unknown Iski
clear. But the tutor can also automate a taslktingent already knows how to do or that is inconsatjal to the
current learning goals. For example, providingapbing tool for students that already know howreate graphs,
or where using and understanding graphs is impbbtaiiearning how to construct them is not an inguat goal.

We have already mentioned the common method ofigiray progressive levels of hints. Examples
include Lajoie & Lesgold [1992]. Arroyo [2000] ahdickin [1999] have found that different types el
differentially benefit learners with different claateristics. As mentioned above, this arguesifoviging not only
different levels of hints but different types ofits and help.

Conclusion

In this paper we offer an analysis of the Vygotakianstructs of scaffolding and the zone of proxima
development within the context of adaptive instiatil system design and evaluation. We say ttadfalding is
any instructional assistance, intervention, or piag that assists the learner in maintaining anliearexperience
that is within the ZPD. We define the ZPD as aezohinstructional interaction wherein the mategiaien to the
learner is neither too difficult nor too easy, torphrase it in affective terms, wherein the leaisaeither too bored
nor too confused, as they progressively masteruasonal objectives. In posing this definition wetend the
traditional concerns of instructional systems (extknd the traditional interpretation of the ZP@n one
concerning only effectiveness to also explicitlglirde the goal of efficiency. We assume that imnalividually
paced instruction there is some masterycriteriorthat learning effectiveness is guaranteed forpmiad topics.
When we add the goal that just the right amountstgpes of information, practice tasks and helgiven, we
address efficiency as well as effectiveness. Wiataia that the primary goals of all adaptive instional systems
are effectiveness and efficiency.

The learner’s state and progress can be deterrbinadalysis of pretests, task performance, direct
communication (as in "I'm confused") and other @i (such as tool use and navigation). We foctes tve task
performance and measure ZPD learning by countiegtimber of problem attempts (or hints given) feetof
equivalent problems. We define the "specific ZRSZPD) as having three parameters: H (the goabeurof
hints in a problem set), DH (the allowable deviatitom this goal), and P (the minimum number ofigems in a
problem set, as determined by the mastery critgridhe SZPD parameters are properties of thetictmal
strategy.

The SZPD can be used for post-hoc analysis andatbrenevaluation of systems, or it can be usednfor
dynamic adaptation in tutoring strategy rules. illistrate its use, we give an example of our ingwess use of the
SZPD in a post-hoc evaluation of a mathematics tuttne goal of the evaluation is to determinertiative
effectiveness of different hinting styles vs. leargender and cognitive development level.

Our proposal for an operational definition of thex (the SZPD) is a specific and practical methad fo

measuring ZPD-learning. In contrast, the questiomow adapt or respond to non-ZPD learning (iav o
scaffold and fade) is an under-constrained probiétim many degrees of freedom. We have describegtinposes
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and characteristic of various forms of scaffoldasya step towards articulating and discoveringfipropriate
applicability conditions for these various forms.
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