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Abstract. A description of a novel domain-independent framework thabmati-
cally generates and fades scaffolding supports for taghv@d learning within ex-
ploratory environments. Both student knowledge and tatassistance is modeled
through plan-based interactive narrative.
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Introduction

This paper describes a domain-independent framework fewekind of tutor. This tutor
specializes in task-oriented procedural learning withipleratory virtual environments
like digital games. Student knowledge, learning goals, tatatial assistance are all ex-
pressed in terms of how actions affect, and are enabled bstdlte of the virtual world.
The most promising domains for this kind of tutor are thosé i inter-related tasks,
(e.g., photosynthesis, RNA transcription, or arthroscepirgery).

This framework is named “Annie”, in honor of Anne Sullivanhataught the blind
and deaf Helen Keller how to communicate through words. Aanopxploratory en-
vironment poses challenges that echo those faced by Anneaiind with Helen’s re-
stricted communicative bandwidth and high degree of auton&imilarly, Annie must
intelligently cope with a highly uncertain model of the stntls understanding while
continuing to gently guide the student through trial andelearning.

Annie is an extension of a system, called Z6calo [1], thaegetes interactive nar-
rative through a planning-based knowledge representaiiomie uses plan construction
techniques to build and dynamically adapt tutorial plared fuide learners’ actions in a
virtual environment. This adaptation takes the form of endtic generation and fading
of scaffolding tailored to the immediate knowledge requieats of the student.

The key contribution of this work is to outline an extensjtidemain independent
framework that automatically generates and fades scéifiplth a consistent manner
across a variety of exploratory virtual environments arfutesnding knowledge domains.
By abstracting the environment at the level of individudlats, Annie can work with a
wide range of computer-mediated exploratory environments



1. Related Work

Annie provides scaffolding for exploratory ITSs in the cexttof interactive narrative.
Therefore, the two veins of research most closely relatéhtue are the study of scaf-
folding in ITSs , and narrative centered learning environtae

1.1. Scaffolding in Exploratory ITSs

Although much of ITS research has benefitted from a sharedecmus of intelligent
scaffolding, [2,3], the group of systems variously deseditas exploratory, inquiry-
based, or scientific discovery share less common groundl. [WBereas much of the
work in traditional ITSs exploits a strong thread of verbiatdurse, the more exploratory
systems have a broader variety of user interfa@gshd thus fewer shared communica-
tive constructs on which to ground a common approach to clcifiy.

Although Quintana et. al, [5] purport to describe a scaffuddframework for ex-
ploratory ITSs, it is not much more prescriptive to a systarider than a catalogue
of design choices excerpted from existing systems. Morenthg de Jong noted [6]
the continuing lack of a general approach to balance instmal scaffolding and ex-
ploration “in such a way that learning is supported effesdtiybut the inquiry process
is not reduced to following cookbook instructions.” Annigempts to provide such a
foundation.

1.2. Narrative-Centered Learning

The field of “interactive narrative” studies the automatengration of stories within
virtual worlds in which human users interact with one or mooemputer controlled
agents, [7,8,9]. Mott found that adapting interactive a@we for exploratory learning
demands that user autonomy be sufficient to support explarat specific “hypothesis-
generation-testing cycles” [10]. Annie is built on the Ziicaystem [11], which builds
on the Mimesis [12] approach of balancing narrative and geats. Mimesis generates
plans for actions of agents in a story world based on hiereatbask decompositions
and discrete causal requirements. Annie leverages the@éaozhitecture to select the
task decompositions that best move the learner towardpheiicular Zone of Proximal
Development (ZPD) [13] at each point in execution of the@sg narrative. Narrative
provides a broad set of options for intervention, from lightor sound changes that draw
the user’s attention toward a learning opportunity [10tedi or indirect dialogue sup-
plied by non-player controlled (NPC) characters, and owteipt environmental control
that can be used to dynamically adjust world geographyachest, and other challenges.

2. The Annie System Architecture
2.1. Overview
Annie uses a planning-based knowledge representatiorderlyrthe student model and

drive the automated scaffolding, through libraries of diegtic and remediative tem-
plates. This section describes that knowledge represemt&atd describes how the plan



space created in Annie’s initialization can be mined forgmically useful informa-
tion. Next, the full initialization sequence is describdiowed by a stage by stage pre-
sentation of the execution cycle.

2.2. Knowledge Representation

Annie requires as input a planning-based library of the malable actions in the learn-
ing environment. The ITS author is free to instrument as nwaras few of these actions
as are deemed pedagogically relevant.

Given this planning library, Annie can derive conditionattdescribe the operators
and can be used to articulate learning goals. Key among toeshtions are “hasPrecon-
dition(operator, conditio)’ and “hasEffect¢perator, conditio)i’. For example, alelete-
File operator might be partly described by the following pretisa

e hasPreconditionlgleteFilg exists(?fileDescriptor))
e hasPreconditionlgleteFilg — inUse(?fileDescriptor))
e hasEffectfleleteFile— exists(?fileDescriptor) )

Annie’s student model contains estimates of the studetréngth of beliefs about
each operator in the Zécalo-mediated virtual wodd\porld). As the student makes ac-
tion choices, Annie updates the strength of beliefs in tlhielestt model as indicated
through a library of diagnostic templates.

2.2.1. Diagnostic Templates

Figure 1 shows an action attempthat fails due a preconditigmthat is negated between
the time it was established (actié) and the time the student attemgts
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Figure 1. Action Failure - Unresolved Threat

One or more of the diagnoses detailed in Table 1 may be iraticas misconceptions
which contributed to the failure. Table 1 is merely a parsip¢cification of just a few
of the many domain-independent planning scenarios endadéé diagnostic template
library.



Bug Source | ID | Nickname Propositional Description

Operator 2A | Unknown —Bel( has-effect(B,—p))
Schema Effect

Plan 2B | Sequencing Bel (time(A) > time(B) A
History Error - (time(A) > time(B) )
Plan 2C | Unobserved Bel (time(B) > time(C) A
History Threat - (time(B) > time(C) )
Plan 2D | Phantom Bel ( has-effect(X,p) ) A
History Intervention (‘has-effect(X,p) ) A

Bel (time(X) < time(C) )A
(action X has | Bel (time(B) < time(X) ) A
not happened), - (time(X) < time(C) )
Operator 1A | Unknown —Bel( has-precondition(C,p) )
Schema Precondition

Table 1. Unresolved Threat - Possible Diagnoses

2.2.2. Remediation Templates
Assume that Annie has nominated the following knowledgefgapemediation:
hasPreconditiordeleteFile — inUse(?fileDescriptor))

This means that Annie wants to increase the student’s strerfidpelief that thedelete-
file operator has a precondition that the file cannabkkse Annie chooses a remediation
template from the library to apply to the plan. The followxample shows one possible
instantiation of alemonstrateremediation template:

. show(inUse( filel, appl)). Show that filel is inUse by appl.

. deleteFile(Ann, filel), An NPC (named Ann) attempts #lelete F'ile on filel.
. close Application(Ann, appl),, where the appl is the current user of filel.

. show(—inUse( filel, appl). Show that filel is not inUse by app1.

. Ann, deleteFile(filel). Ann successfully deletes filel.

g~ wnN -

This fairly complex example was chosen to highlight thatrfreediation templates
are not simple atomic activations, but partially-specifiah structures that Annie must
dynamically weave into the particular state of the paréicgession to achieve defined
pedagogical goals. The template is “partially-specifiedthat it contains placeholders
that allow Annie to find the right combination of operatorglaground terms to bring
about the intended changes.

2.3. Plan Space Exploration

As the student progresses, Annie gains more and more infinmabout the state of
the student’s knowledge, but has less and less time rengaimiact on these inferences.
Annie leverages the richness of the plan space to estimatsttident’s proximity to
world goals. This is used to help determine the urgency whithvguidance should be
provided.



Figure 2. Alternative Plans From the Plan Space

For example, figure 2 depicts a situation where action B haspeted successfully.
The upper case letters represent actions and lower casesl@itthe figure represent
preconditions and effects. The most proximal actions tsictaT are those shaded yellow
{C, D, E, and G}. Any of those actions could be executed nextiheeir preconditions
are currently satisfied, i.e., zero intermediate stepseayeired before they can execute.
This group of actions can be called “Tier 0”. The next mosixpral tier of actions (Tier

1 = {H, F}: shaded orange) are those whose preconditions essalisfied by a causal
chain of length one. Followed by action K is in tier 2. Thus,lve&e a numerical method
to rank goal proximity across the plan space and guide diigno

2.4. System Inputs

Annie is a data-driven system. External libraries of doriadependent plan-based diag-
nostic and remediation templates encode all the partisofaknnie’s scaffolding. At ini-
tialization, these libraries are applied to the sessiatiic Learning Problem Descrip-
tion (LPD), which defines a set of domain-specific learning goals foni&rio achieve
in that particular session. The first component of tfRD is a ZLib, which describes
the plan operators, objects, conditions, initial and gtates of thezWorld, without ref-
erence to any learning states or goals. Théb is written in a restricted form of the
STRIPS-like language used for all interactive narrativegacalo’.

Because th&Lib necessarily contains a planning problem description, itld/de
possible to embed pedagogical goals into particular operaind states of objects in the
world to create a tutorial that does not exercise any of Aasiident modeling. Indeed,
most commercial games implement teaching by creatingrefior the student to per-
form that signify to the system that the student knows sonnécpdar thing. However,
one of the prime motivations for Annie is that it is often nobegh for the student to
simply “do” some action. It is possible for a student to perian action without fully
understanding it, either because the action was a “luckgsguor the student was dis-
tracted by other game elements when the action was perforRmedhese situations,
the second component of théD allows the author to specify learning goals as a set

1The plan-based interactive narrative representation g&bcalo is described more fully irf]



of explicit meta-knowledge of the operators in fkib, using derived predicates such
as “hasPreconditionperator, condition)” and “hasEffect{perator, conditio)’. These
predicates also form the basis of the student model,

At initialization, Annie uses the external template libear theZLib, and the rest of
theLPD to compile its knowledge base, calla@ase TheABasencorporates the entire
ZLib, and expands it with pedagogically-focused elaboratidhsis, Annie represents
the student’s state of belief for each precondition andcefiéeach operator in théLib.
Included in this construction phase is the compilation bfted remedial and diagnostic
templates to represent beliefs specific to the individuaragrs of the domain.

The final step of Annie’s initialization is creating a tut@rplan consisting of a plau-
sible partially-ordered sequence of student and systémted actions that is guaran-
teed to bring about a specific goal state for the world. Ansistthis plan to initiate the
tutorial session within th&World Because the planner is only concerned with the states
of the world, the tutorial plan does ngtiaranteethat the goal beliefs for the student
will be achieved. Rather, Annie monitors student behaunat @ptimizes the frequency
and extent of its tutorial interventions to increase thellhood that the goal beliefs are
acquired.

2.5. Execution Cycle: Overview

‘ Annie's Knowledge Base: Student Model, Goals, Plan Space, World Model ’

Analyze Update Update Review Update
Goals + Active WM + Plans, SM
Knowledge Plan Action Goals, Beliefs

Bugs SM

History

Stage 1: 5
g Yes Stage 2: Stage 3: Stage 5:

— —> —»|| Stage4: |
R:\'/I‘as"]on Action Execution Action Result
e Specification Processing

A Repeat Until

Tutorial Goals
Execute Report
Action Y Action
Result
Avatar

e — ‘\>

Remediation
Warranted?

Zécalo
Execution
Manager

Learning

Student Environment

Figure 3. Execution Data Flows

Annie’s run-time behavior consists of a loop that iteratashetime the student or
the system executes an action in the world. As van Lehn obdemany seemingly
dissimilar tutoring systems [2] employ cyclic executiondets. In fact, most of these can



be characterized as a pair of nested loops, where the ooieiterates over “tasks” and
the inner loop iterates over eastepin a task. Because Annie’s plans contain hierarchical
decompositions, its single loop sometimes iterates owkistand sometimes over steps
in a task. As depicted in Figure 3, Annie’s execution cycldivéded into fivestages

2.5.1. Stage 1: Remediation Consideration

First, Annie reviews the student model for unrealized pedazal goals. It then compares
the beliefs about upcoming tasks in the tutorial plan spaddentify knowledge gaps
that may hinder the student’'s immediate progress. Urgdmegholds for repairing these
knowledge gaps are derived based on the proportion of séepaining in the possible
successful plans. If the threshold is met, the most critieal is chosen for remediation
in Stage 2. Otherwise, if no candidate remediation is deesuffitiently urgent, the plan
is left unchanged and Annie proceeds directly to Stage 3.

2.5.2. Stage 2: Plan Revision

Annie consults a library of domain-independent plan tetgslao choose a “remedia-
tion” for the knowledge gap indicated in Stage 1. These tateglincorporate narrative-
based analogues of common ITS interventions inclugirggnpt, hint, demonstrate
teach do. Beyond these, the library contains more complex, muépstub-plans par-
ticularly particularly attuned to common domain-indepemidmisconceptions, as well
as hand-authored sub-plans tailored to a particular danddithis point, Annie may
consider switching from the currently active tutorial plarfavor of another potentially
successful plan in the plan space, if it offers a better fitlfier current plan history and
proposed remediation. For example, if the student’s ast&tow a pattern of increas-
ing divergence from the current plan, coupled with incnegsimilarity to an alternative
plan, Annie defers to the student’s initiative and switcteethe plan that seems to better
match what the student is doing. Otherwise, if a remedy icsedl, a sub-plan particu-
lar to the current plan context is generated, and the egistitorial plan is repaired to
include this new sub-plan.

2.5.3. Stage 3: Action Selection

In this stage, Annie selects the action of the current pldretperformed on this iteration
through the execution loop. Because Annie’s plans aregtigrordered, there may be
more than one potential action that could be executed negttl@ese actions may be
either student or system-initiated. Annie selects the aetibn based on its projected
pedagogical utility.

2.5.4. Stage 4: Execution

First, Annie checks its message buffer to see if it has be#fietbof any student actions
since the last iteration. If not, Annie sends a message texbeution manager telling it
the next action to be executed. The execution manager ad&dges this message and
the loop continues. It might seem reasonable that in theafesgtedent-initiated actions,
Annie should wait for an acknowledgement that the studesii&ct taken the action.
Instead, we allow those messages to arrive asynchronondlypaffer them. If, at the
beginning of this stage, such a message is in the buffer,gidiacards the action that had
been selected and simply carries the student-initiatedragsult message into stage 5.



2.5.5. Stage 5: Action Result Processing

The plan history, current state of t@&\Vorld and the student model are updated based
on the action result. An extensive catalogue of action tesidnarios guides Annie in
deciding how to update each component of the student model.

3. Conclusions

This paper described a novel framework, named Annie, thtanaatically generates and
fades scaffolding supports for task-oriented learnindniwiexploratory environments.
Annie builds on a plan-based approach to the generationafictive narrative in order
to provide narrative-based student guidance. A key cautidh of this work is that it
provides an extensible, domain-independent approachittagce in exploratory ITSs.
A test domain of a virtualized operating system vulnerabhetrious malware infections
has been created as a “mod” using the commercial game Unoeahdment 3. This
game “mod” will be used to empirically evaluate of Annie’a¢hing effectiveness in the
domain of malware infection removal.
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