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This report describes the evolution of a problem solving model over_several generations of .
computer coaches. Computer coaching is a type of computer, assisted.instruction_in_which____.._.__
the coaching precgram obseives the performance of a student engaged in some intellectual
game. The coach’s -function is to intervene occasionally in student generated situaticns. to
discuss appropriate skills that might improve the student's piay. Coaching is a®natural
context in which to investigate the teaching and learning processes, but it is a demanding
task. The computer must be able to analyze the student’s performance in terms of a modei
of the underlying problem solving skills. This model must represent not.only.expertise for... .. .
the task but also intermediate stages of problem solving skill and typical difficulties
‘encountered by the learner. Implementing several generations of computer coaches to meet
these demands has resulted in a model that represents problem solving skills as an evolving
_ set of rules for a domain acting on an evolving representation of the problem and executed
by a resource-limited pronlem solver. This report describes this evolution from its starting
point as.a simple rule-based approach to its current form. .

Keywords: Information processing psychology, "artificial intelligence, computer assisted
instruction, cognitive science, knowledge representation, computer games.
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Computer coaching is an advanced form of Computer Assisted Instruction.
The Wumpus Game has served as our experimental testbed.
Our first step was to represent problem solving skills as a set of rules.

Our second step was to represent problem solving skills as an evolving set of rules.

Extending the coach's representalion of problem solving skills improves ils student,
modelling capabilities. . : : )

A Student Simulator was implemented to explore the behavior of different skill models.

Our third step was to represent the associated data structures.

A Display- based Wumpus game was implemented to explore the role of data representatlon

We are now in the process of implementing a coach for Display Wumpus.

Our fourth step was to represent the resource limitations of the problem solver.

An elementary method for estimating the complexity of the game was .impiemented.

A theory-based estimate of cognitive load is needed.

There are more steps to be takan in con§tructing an adequate problem solving model. *
; .
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A computational theory of problem solving has many educational applications.
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" Goldstein ' 3

For sceveral years, we have employed an unusual methodology to study problem solving skills.”
Rather thaﬁ observing students interacting with Iwuman teachers, we have ot crved thelr interactions
with computer coaches. 'Vhis has provided us with a controlled environment for studying teaching
and learning. Our cvaluation measurc has been the adequacy of a problem solving theory to
support successful tutoring by the coaching program.

- -

This paper describes research done with my students and c6llcaguqs at MIT, especially Jim Stansficld, Brian Carr, Kurt
van Lehn. Barbara White. David Ihric and Sandor Scheichet. It has also benefited from a close collaboration with John
Scely Brown and his colleagues at Bolt, Beranek and Newman,

Developing a computational representation for problem solving skills is obviously difficult.
Hence, our strategy has been to develop this representation in an incremental way.

The first step introduced a representation for expertise as a set of rules. This gave -
the coach a description of the goal state of the teaching process.

The sccond step added a representation for the evolution of these rules in which
different levels of skill were described explicitly. -

“Ihe third step added a representation for the data strucyires cmployed by the
student. since his problemn solving skills clearly include strategics for structuring the
problem.

“The fourth step added a representation for the cognitive resources of the student,
since otherwise the coach could not distinguish between problems rcquiring'thc
samec skills but making different demands on memory and processing power.

-~

Before recounting this cvolution, .it is uScful to observe that our rescarch differs significantly
. from traditional studics of problem solving typified by Polya [1957]. Polya concentrates on
cnumerating useful heuristics. Our rescarch is complementary, being less concerned -with problem
solving heuristics than with arriving at a general representation for such heuristics within the overall
problem solving context.  Hence, many of our‘rulcs arc domain specific.  But the overall -
architecture -- a processsor applying rules, manipulating data structurcs, and constructing new rulcs
from old - is general. ‘In a scnse, we have focussed morc on the form than on the content of ;

-problem solving. However, deriving a better understanding of the architecture of: problem solving is

crucial if we arc 10 embed the presentation of particular problem solving skills within a more
combrc_hcnsiblc framework. It is also cruci:llﬂ if we arc to develop an improved "cducational

technology  based: ON COMPULCTS. oo o 7
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“

Computer coaching is an advanced form of Computer Assisted Instruction.

K

In traditional computer assisted instruction, the computer’s understanding is minimal.- Generally,

material based on keyword responses to pre-programmed querics.
does not allow such cookbook methods.
context.

#*

[y

the material is represented as a script, and the computer’s function is to direct the presentation of
Computer coaching, however,
The coach must advise players in a constantly changing

To meet this objective, coaching systems have the structure shown in figure 1,

‘The FExpert module generates solutions to the student’s problem. Within the game
context, these solutions are analyses of the pros and cons of alternative moves. To
formulate these analyses, the. Expert uses a procedural representation of problem
solving skills for the domain. Thus, the design of the expert requires a formal and
complete study of the knowledge demanded by the task..

The Psychologist module must compare the Expert’s analysis with the student’s

performance to hypothesize which skills the student understands. “These hybothcscsf ’

arc stored in an Overlay Model, a terin T use to emiphasize that the model is defined

in terms of the coach’s overall understanding of the problem domain. Inferring this '

model is a difficult task for humap teachers. Hence, if the computer coach is to
succeed in :ts rcstrlctcd world, it must take recognizance of as many sources of

©

evidence as we can make available to it. lhantorc the ‘dcsrgrrof-thc—Psyeheloglst»— —_—

focusses on devcloping programs to cxamine the student’s _play, ask occasnonal
questions, request a background questionnaire and assess the intrinsic complexity of
material in- the syllabus. ’

. '

‘The Tutor module is alerted by the Psychologist to situations in which the student -

has not cmployed a skill and hence' made a less than optimal move. The Tutor

must then decide whether to mtcrvcnc and how much to say. This decision is made
by employing a set of tcaching heuristics. Hence, the design of the futor dircctly
raises both educational questions related to the nature of explanations dnd linguistic

questions related to . the cxpression of thcsc cxplananom in English. .

[ "
° - - . L g e T ST

[

N St

Thus, coaching systems are complex, requiring a representation both of the skills to be taught,

'bimd of the procedures by which modelling and tutoring can be accomiplished.

Our coaching

O

ERIC™
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. Goldstein : 5

programis reflect this complexity both in their size (ﬁcvcrzﬂ hundreed thousand words ol code) and
their development time (typically several man years). 'Fo date, coaching experiments have been
conducted for a limited, but interesting range of domains including geography [Carbonell, 1970),
clectronic troubleshooting [Brown, Burton & Bell, 1975], nuclear magnetic resonance spectra analysis
[Sleeman, 1975], medical diagnosis [Clancey, 1978, programming [Miller, 1978, and mathematical
games [Burton & Brown, 1976, Goldstein & Carr, 1977),

e

. )
"'{,na--lm.ghis paper, however, 1 shall eschew the broad view by applying a microscope to the central
box'of figure 1. Developing a satisfactory representation for problem solving skills is clearly

iy cssential to the design of coaches, as the centrality of the box in the diagram indicates.

\T/he Wumpus Game has served as our,expcrimental testbed.

.
v

5
[

In 1975, we began an cxamination of procedural models for problem solving in a game

cnvironment. We choose a game cnvironment based on Burton and Brown's [1978] cxperience with

a coach for the Plato projccl"s arithmetic game How the West was Won", They found games to be

’ a motivating but nevertheless constrained cnvironment that was well suited to the coaching
paradigm. ‘ .

X

» - . )

WEST is a simple board game in which the player moves by forming an arithinetic expression from three spinners.
‘The game is a race and hence the player's usual goal is to form the largest expression, with the typical alternatives of
bumping your opponent or landing on special squares. ‘The student gains experience with-arithmetic by scarching for the
optimal cxpression. The coach tracks the student's choice of move and offers advice about arithmetic skills not being
employed by the student in situations where their usc would be of value -

e

-

Following Burton and Brown's lecad, we dcsignev‘d‘ a coach for Wumpus, a computer game
invented by Gregory Yob [1975]. The game is a modern day Thescus and the Minotaur in which
the player’s goal is to slay the 'Wumpus.- The game’s virtue is that an interesting varicty of logical

- zind probabilistic rcasoning skills arc required t play skillfully. To define the game, 1 have

reproduced the introduction -printed by the coach.
’ []

~ e s -

‘ wyguwe{ljunlcr-descef1dz'ng—douv1”iﬁlb’7h??a—ves m&. lair

““““ T " of the infamous man-eating Wumpus. To win the game, you must kill the Wumpus
by s-hooiing one of your five arrows into his lair from a neighboring cave. If you go

“ into the cave of the Wumpus he will eat You. Within the warren there are two other

kinds of dangers. bats and puts. The pits are bottomless and fa.'al‘if you fall into -
of 111ém. If you visit the home cave of bats they will pick you wp and carry you to

ERIC
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another cave which might contain the Wumpus or a pit (vither of which is futal),

You can gain infornation about the warren fhrough exploration, If bats are in
one of the neighboring caves you will hear their /1ig/1-pitc/ml squeaking,  Likewise, {f
you dre next o a cave with a pit you will feel a chilling draft.  1f you are near the
Wumpus, you will smell his horrible  stench.

Before you shoot an arrow, you should consider the fact that if the Wumpus is
not in the cave, the arrow will start ricochetingsand may kill yqu (and it is an
agonizing death), If it does start ricocheting, there is roughly a one third chance that
it will kill you. If you run out of arrows without slaying the Wumpus, you are
doomed to wander forever unfil you die.
Your only companion in this endeavor is the wise old sage, Wusor. If you make
a hasty .move, Wusor may stop you and give you advice, but the final decision rests . -

with you.

.

-~ .

‘Following this introduction, a typical game might proceed 'as follows. The student is Mary, a 12
year old  player. ' ‘

Hi, Mary. There are 15 caves, 2 bats, 2 piis and | Wumpus. You are at cave IS5 . .
with neighbors 4, 14 and 0, Brrr! There is a drafl. You are near a pit. What now? '

sy | | ’
You are at cave 4 wil/x neighbors 15, 14 and 2. Brrr! There is a drafl. Squeak! A .
bat is near. '

As figure 2 illustrates, many players draw maps and/or tables to keep track of their cxplération
of the warren. Figure 2 shows the map drawn by Mary f‘or__ this purposc_as_well .as-alternative’

EEE’,«SQ!L@LLOBSJmploycd—By other-studeiits ™

. Wumpus is colorful and challenging, thercby capturing the intcrest of a wide range of players.
Adults typically invest several hours to master the game: children scveral days or weeks: locating

multiplc dangers in a randomly connected warren requires skills of logical deduction,” probabilistic S
inference, problem representation, ‘and overall strategy sclection.  For cxample, consider Mary's -
situation. o
Q I T T —— 7*_ T . . )
ERIC : S - - ‘ _ T ——
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From a logical standpolnt; Mary shouid Infer that cave 2 contalns a bat sluce (l)"lhc
squeak 1n cave 4 implies that a bat Is In elther cave 2 or 14, but (2) the absence of u
' squeak in 15 rules out 14 as a possibility, As Mary's game progresses, opportunitics
will he commonplage for arguments by climination, by cases or by contradiction,

From a probafnillslic standpoint, Mary should infer that cave 14 is more dangerous
with respeet to pits than 0 or 2 on the basis of the multiple warnings. The multiple
warnings for a pit do not determine the location of the danger. (If there were only

- one pit, this would be not be truc.) But multiple warnings do imply that cave 14
should be treated as more likely to contain the pit. An expert player typically makes
approximate numerical judgments of the probabilitics when logieal inferences are
insufficicnt to locate safe caves. . B

.

From a problem representation standpoint, Mary's map is a uscful artifact for
representing the problem.  Many students initially choose tabies, which make
‘ ) deductions about councctivity difficult. There are, however, other representational
devices that prove uscful such as lists or tables. The most challenging aspect of the
’ game for many players is to derive an adequate represcntational scheme.

From a stratcgic standpoint, Mary must recognize that her goal is to avoid the more
d‘;mgcrous caves while still gaining “information © about the warren. Strategic
considerations g'row more t:omplei as the number of arrows arc cxhausted or the
time to complete the game grows short.

... This-analysis-onl yskctches the requi
posc an intcllectual challenge. Indeed, the game is sufficiently complex to cxhibit a plateau

sitc knowledge, but it demonstrates that skilled play does

rhenomenon in which players occasionally stagnatc at particular levels of skill. Tutoring is then.

required to facilitate further learning. Hence, the game is not an artificial environment in which to
study problem solving. ' "

R

Q : ) : . ) . 8
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Our Mrst step was to represent problem solving skllls as a set of vules.

w

I 1976 we implemented a coach in which the mathematieal and probabilistic skifls needed to
play Wumpus were represented by approximately 28 rules [Goldstein & Carr, 1977] 'I'he rules fell
into two categoriest those that deduced evidence about the warren and those that made strategie
decisions on the basis of that evidence, A few are illustrated  below:

Typital vidence Rules: (These rules construct sets of caves that represent hypotheses about the
locations of different dangers. 'The context for all of these rules is that the player has just

ERI:

ER2P:

ER3P:

ERSP:

— T

"ER6P:

entered a cave in the warren and been told its ncighbors and its warnings.)
¢ ) . .

Add the unwszled neighbors to the set of FRINGE caves. The FRINGE sel

“records thoSe caves that have not yel been visited but can be reached from e

the player's current location in the warren.

N .
If there is "nol a pit warning, then add the neighbors 16 P11~ PIT- is the sel

of . ca@s that do not risk pits. . —

/
If there is.a pit warning, then add the neighbors to PIT+. PIT- RN llm of

caves that - risk pits I

e

If there is a pit ;var;/zing,and/one/oflhe neighbors is already in PIT+, then
add_that-neighbor to PIT2. PIT2 is the set of caves for which the player has
multiple ewdence of a pil

If there is a pit warning, and aII bul one of the nezghbors are known to be -
safe, then add that neighbor to P11=. PIT= is the sel of caves. that definitely

- 5,

contain a pit. . , . ;

Similar rules are defined for the other dangers. The convention is employed that

or W.

Typical Strategy Rules: (These fulcs are concerned with choqsing" the move based on the -~

special case rules for particular dangers are given names ending with the suffixes B, P

ae

L]

available evidence.)

SRO:

ERIC
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SRI: ixplore safe eaves, that is, explore any caves in the interseetion of PUL, BAT
and WUM-,

VSR Eixplore caves implicated by single warnings before caves implicated by
multiple warnings, that s, {f' possible, prefer eaves that are not-in DANGER?
Se1S,

SR Explore caves that only risk bats, that is, prefer elements of BAl'+,

SR4:  If no other sirategy rule applics, explore any available fringe cave, le. any
member of FRINGE,

Similar strategy rules express preferences for other combinations of visk as recorded in
the' various evidence sets,

These rules were’ applied in a-fixed order, with the strategy rules being more sensitive to the
ordering chosen than the evidence rules,

o
“

"These rules are problem specific.  Hence the question arises whether or not the coach conveys
any general problem solving knowledge. My reply is that these rules implicitly embody important

general skills such as (1) argument by climination, (2) the usc of sets to represent hypotheses, and

"(3) the sequential organization of a st of heuristics. It is truc that the coach does not understand

them in this fashion: its oricntation is problcm specific. However, a rcasonable hypothesis is that
gcncral problem solving skills can be profitably taught through problem specific situations, This is
"not a radical position since it accords with the traditional philosophy of learning by doing.
Eventually, we will conduct- cxpcnments to learn if the implicit skills of Wumpus do transfer to

_other situatiohs. But our current focus is on the prerequisite goal of developing an adequate

representational formalism to incorporate the requircd problem solving knowledge into a coach,

Within the computer, these rules arc represented as a sct of attribute value pairs.  The '

description for ER3P is shown below:

. . DESCRIPTION OF RULE ER3P

ATTRIBUTE T VALUE

TYPE EVIDENCE-RULE
ENGLISH _ % IF A CAVE HAS A DRAFI, THEN_ THE NEIGHBORS

“ . POSSIBLY "RISK PITS. -
CONDITION ~ IS "DRAFT" A WARNING OF THE CURRENT CAVE?
ACTION - ADD THE NEIGIIBORS OF THE CURRENT CAVE TO PIT+.
hi . A . ' . ' - 0
‘ -t
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The vules are represented In this form, vather than as Hnes of eode In a frge program, for two
reasons,  1irst, the eonch must dlagnose situations where the student knows the individual rales b
applies them In_ the wrong order,  Seeond, the coneh must know Faet for explaining the rale thit
are not essental tor thelr exeention, Indeed, this second polnt really eneapsulates the theme o' this
paper, Our (st rule-orlented, representation for problem solving sklils was adequate o define an
expert progeam, but was Insutficlent 1o gulde o teaching progeam,  Our three extensions addressed
tis thidtation by supplying knowledge about problem solving skifls that a teacher requlres
oxplain  them  successiully,

v,

Based on these rules, the coach was able to offer the (olowing kind of advice,  Mary has Just
chosen o move to cave 14 In the sitation iHustrated I (gure 2

Explanation E1: Mary, it isn’t necessary to take such large rvisks with pits,  Multiple
evidence is more dangerous than single evidence for pits. Here there is multiple
evidence for a pit in 14 and single evidence for a pit-in 0. Pérhaps we should explore |
cave 0 instead. Do you want o take back your move?

\

This explanation was generated b\"y a set of templates applied to a proof generated by the Expert
module that move 0 is better than move 14, ‘The term prbofis legitimate when the rules are viewed
as theorems of the domain.  For cxampic, the Expert produces the following (simplified) analysis.
The analysis is cxpressed in English rather than the cquivalent internal computer representation.

«

1

There is no squeak in cave I5. . ‘ ;Given. _

Therefore, cave 0 is @ member of bat-. - . /By evidence rule ER2B.

There is a draft in cave 15. o ' ;Given. .
Therefore, cave 0 is a member of pit+. ;By eviden'ce rule ER3P.

There is a draft in cave 15 and cave 4. > ;Given. ‘ o
Therefore, cave 14 is a member of pit2. By evidence rule LRSP.

C onclusion, 0 is superior to 14. ' :By strategy rule SR2.

Thus, our first Coach was essentially a mathematician in the scnsc that it viewed the tutoring -
" process fr_?/)m the theoremn proving standpoint. Its goal was to inform the student of the bugs in his
proof of the current situation. Our cxperience with this coach was that students gc'ncral]y cnjoyed
its advice. And, upon occasion, it successfully prodded students off platcaus by making them aware
of poor moves. However, viewing students as mathematicians who need only be told the

appropriate theorems is clearly insufficient as a model of the learning process. The next section

°
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disensses how the addidion of an histavical poespective an the develapment ol these theorems
signiticantly impraves the coach's explanatory - pawer,

Our.second step was to vepresent prohlem solving skills as an evolving set of vules,

‘Yo apprecinte why an historeal perspeetive of problem: solving skills must supplement the
coach's basle mathematleal understanding, vl usoful (o reexamine the adviee offered Mary in the
previous sectton, Recall that she has made o paor move o eave 1L The mathematieal explanation
provided Is that she has failed to apply the double evidence theorem,  ‘Fhe central issertlon was

Uxplanation E1: Mary, it isn’t necessary to take sueh large risks with' pits. Multiple
evidenee 'i.s' more” dangerous  thaen single -evidence  for pits, ...

‘Ihis advice might be sufficient,  Tndeed, in-our-experience, 1t :is just right for some students,  But
the explanation does not take advantage of Mary's history,  For example, i she has recently
encountered a similac situation for another kind of danger, then an explanation that emphasized the
analogy would be appropriate. - ' L

Explanation E2: Mary, it isn't necessary (o take sucli large risks with pits.  We have
seen. that multiple evidence is more dangerous than single “evidence for_bats. ...

0

Or alternatively an cxplanation that cmphasized the relevant generalizotio .

.

\e - |

Explanation E3: Mary, it isn’t necessary to take sz'wh large risks with pits.. Multiple’

0

evidence is more dangerous than single evidence for all dangers. <wr

Finally the explanation might cmphasize the relationship of the new strategy to an carlier; simplificd -

view of the gamc. \\,
. Moo ‘

Explanation E4: Mary, it isn't necessary to take such large risks with pits. " [n_the
past, we have distinguished between safe_and _dangerous,_evidence.  Now we should

distinguish between single and - multiple evidence for a dunger,
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b3
I am not saying that ar.y onc e».planation is the correct one. However, [ am Saying that a model
of learning and teaching must niake provision for these alternatives. A teacher can then muve
among them as ‘the student’s history and responses suggest.

The first mathematician coach did not have this flexibility. 1ts point of view was csséntizllly that
the student was an "empty buckef" in which knowledge was to be poured until skilled performance
was achicved. At any moment in time, the coach viewed the student’s skills as a subset of those of
the expert. [t lgnorcd the fact that acqumtnon f skills is a more complex process involving the use
of analogies, gencralizations and corrections to{und new rules from previously acquired ones. This
ignorance was reflected in its inability to structure an explanation in these terms. Clearly what was
nceded'was an cxtended representation -for describing the evolution of procedural knowledge from
one level “of skill to another.

& L o
N Wue"'pr()v»'TEd t'his ‘cxtcndcd representation by e-mplnying'a network forma-lism in which rules
were rcpr&scntud as nodes and their evolutionary relationships as labelled links between these nodes.
Thesc ldbL designated various relationships by which one rule might be built from another,
including gencralization, qpcuahzatlon, analogy. and refinement. Plngrc Jis a rcglon of the
Wuinpus rule network that cxhibits these rclannstups ‘Examine rule FRL of figure 3. ltis a
general stateinent that “[f @ wurning occurs, then the ne:ghbor; for the current cave should. be added
to'the set D+ representing possibl;; dangerous caves.” ER3 is a generalization of paiticular rules for
bats, pits and Wumpi. This is represented in the network by specialization linkj to ER3B, ER3P and
ER3W. (There arc inverse generalization links from ER3B, ER3P and ER3W to ER3 which arc not

_ shown,) _ EFach of the spccmh/atwns h connected to its brothers by analogy links. The analogy

relativnship is defined formally by the existence of a mapping from the variables of oné special case
rule to another.  Finally, ER3 is connected by refinement links to ER4 and ERS. A’ rcﬁncmcnt is
defined by breaking a rule’s condition or action into separatc cascs. Thus, ER4 and ERS are
produced by brcakmg the dction of ER3 into two cases: onc for single evidence and onc for double
cvidence. ER3-was in turn refined from rR1 by breaking the condition of that rule into two cases:

onc for warnings and one for no warnings. : .

2

- There is another vantagc pomt from Wthh to view the network. This is from the local

_“perspective of an individual rule rather than from the globalyperspective of the ovcrall network..-
Recall that ‘our first representation viewed rules n isolation; their description contained. only

properties for Lhc*i} condition and action. From a loeal perspective, the rule network is a derived
structure t]mt arises from augmcntmg individual rule descriptions with spccml connections to related
rules. The rule dc%crlpuon thus characterizes rules as members of a ‘society with both internal. and
external rclationships. In fact, the actuallcompulcr representation takes this form. Each rule is

2 . . 3
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supplicd with an augmented description, of which the one illustrated below is typical.

EXTENDED DESCRIFTION OF RULL ER3P

ATTRIBUTE VALUE

COMMENT: TIIIS' 19 THE  BASIC ™~ RULE - PESCRIPTION.

TYPE EVIDENCE-RULE -
3 ENGLISH IF A CAVE HAS A DRAFI, THEN THE NEIGHBORS
POSSIBLY RISK PITS.
CONDITION IS "DRAFT" A . WARNING OF THE CURRENT CAVE?
ACTION ADD THE NEIGIBORS OF THE CURRENT CAVE TO PIT+.

COMMENT: THESE RELATIONS DEFINE THE SKILL NETWORK. “
ANALOGOUSTO : ERIB ER3IW
SPLCIALIZATION-OF ER3

¢

The network itself is derived from the conncctions between rules specified in the' analogy,
specialization and refinement attributes.

The coach cannot perform the learning processes specified by these attributes: the programmer
sup;ilicd these intcrrcla;ionships However, givcn'thc availability of this network rcpresentation of
the skills to be taught, the new coach now being complctcd will be capable of a more diversc set of
explanations.  The variations E2, E3 and E4 will be generated by using anhsh lcmplatcs to be

. triggered by the existence of cvolunonary links between the spccnﬁc rule that "double evidence for
pits is more dangerous than single cvndence" and other rules in the skill network. The region of the
skill network containing this rule is shOwn in figurc 4, cmbedded within an Overlay Model .
describing the student’s knowledge state. , The rclationship of the network to.the student model is

the subject of the next scction.

Extending the coach’s representation of problem solving skills improves its student modelling

-~

capabilities.

e In ‘terms of modcllmg the student, our ‘notion of an Ovcrlay Model now becomes that of
identifying the. skill nodes employed by thc student and the cvolutionary *links followed in the
acquisition process.  Figure 4 is a graphic representation of an Overlay Model maintained by the

. coach. -The coach keeps track of which rules it believes the student already: possesses on the bgsis of

5
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his or her behavior as well as the explanations it has offered to facilitate this learning process.

The computer represents an Overlay model as additional information within each rule
description.  Thus, the description for SR2p would include the following propertics:

DESCRIPTION OF :RUI.F, SR2P

ATTRIBUTE -~ VALUE

COMMENT: TIIIS IS THE BASIC RULE DESCRIPTION. IT IS TIIS STRATEGY RULE TIIAT
OBJECTS TO MARY'S CIOICE OF CAVE [I4 AS IIER MOVE.

TYPE STRATEGY-RULE

ENGLISH IF THERE ARE CAVES THAT ONLY POSSIBLY RISK PITS, MOVE THERE
CONDl1'IdN IS PITl A NON-EMPTY SET? .

ACTION ' SET MOVES, ‘THE SET FROM WHICH Tlljliv NEXT MOVE WILL

BE CHOSEN,  TO PITL

COMMENT: OVERLAY MODEL INFORMATION FOR THIS RULE,

~ EXPLANATIONS EY - :EI IS THE EXPLANATION JUST GIVEN TO  MARY
REGARDING TIE INADVISAP'LITY OF MOVING TO CAVE M.
USED - 0 ‘THE COACH BRELIEVES THAT MARY IIAS NEVER USED TIIIS
B ’ i .
' RULE.
- ‘' APPROPRIATE 1 ‘TIIE .COACH BELIEVES THAT THE RULE IIAS BREEN °

APPROPRIATE ONCE. IN TIHIS ‘CASE, TIIIS IS IN CIIOOSING
NOT TO MOVE 1O CAVE I4.
FREQUENCY 0 “"FREQUENCY" IS TIIE RATIO OF "USED" TO "AI’PROI’RIAI’E"
' AND REPRESENTS AN FESTIMATE, OF HOW FREQUENTLY
MARY EMPLOYS TINS.SKILL. FOR SR2P, THE COACH
BELIEVES TIIAT MARY 1I4S NEVER EMPLOYED TIIS RULE.

KNOWS NO :"KNOWS" RECORDS THE COACH'S IIYPOTIIESIS FOR WHETIIER
OR NOT MARY KNOWS THIS RULE. IT IS "NO" IF TIE
"FREQUENCY" IS LESS “TIHIAN .5. .

A Student Simulator was implemented to cxplore the behavior- of different skill models.

'

N

, The Student Simulator is an environment for exccuting the rules specified in an Overlay Model.
Its function is to allow a teacher to cxplore the behavioral implications of different” hypotheses
about a student’s skills. Its valuc ariscs in those situatio}_ns in which the teacher is unable to predict

o ' | St | .' | ' 15 :
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a prz:ori the divergent behavior implicd by different student models for complex problem solving
E 3
situations.

[BrOWn & Burton, 1978, pp. 170-171) have demonstrated another utility of a student simulator, and this is as an
environment in which student tcachers can gain cxpericnce in building models of their pupils.  They cxposed student
teachers o a simulator for clementary arithmetic skills. Their results showed that exposure to their simulator slgnﬁcanlly
improved the student tcacher’s ability to dnagnOSc, procedural bugs in a student's bcehaviot.

Figure § illustrates the simulator by showing a trace of two simulated students on the same
game. The simulation in the upper half of the figure employs the rules specified by Mary’s Overlay
model. This rule sct docs not take account of double evidence, as was reflected in Mary’s carlier
choicc of cave 14. (Sce figure 2.) Hence when faced with the choice of cave 8 or cave 10, it
.chooscs cave 8, the riskier of the two. The simulator prints the cxplanatory message for the choice
of move 6 by fctchmg a description of the strategy rule that governed the decision. The sccond
simulation is constructed from the Overlay model for Jane, a more advanced: player who does
distinguish between single and multiple evidence as reflected in her use of BAT1 and BAT2 markers.
(Sce figure 2 for Janc's representation of the warren.) Here the Jane simulacrum correctly chooses
cave 10 as the better mdvé. Hence, the simulator can serve a tcacher who is interested in
understanding the  different behavior that tavo skill models might produce. '

>

Our third step was to represent the external‘ data structures employed by the stude_r;t.

Supplying an. historical perspective improves Lhe range of explanations that the coach can

deliver, but it is not sufficient as a teachable model of the problcm solving process. Absent is. a

rcprcscntanon of the objects on which problem solving rules operate. The coach, as yet, has no
understanding of the probiems involved in formulating a representation of the problem. chg both
mathematician and historian is insufficient: the coach must also be an epistemologist. A more’

~ careful scrutiny of the knowledge demanded by the -problem - solving . process is in order.

i

Our attention was focussed‘or; the need to consider the student's representation of the state of
the gamc, its history, and his hypothcscs about the task by the followmg kind of situation. Students
-would frequently be able to explain a skill in isolation, yct not apply it when appropriate.  This
point was illustrated by Thorson [1978], who conducted an experiment in which two populations of
students were exposed to Wumpus wnth dlffcrcnt aids to,represent the game. Some were provided

~only pencil and paper; others a dlsplay vcrsum of thccgame on which a ‘map was automatically .

drawn. The lattcr gloup played a much supcnor game of Wumpus, yet statistically” both groups

pussessed the samec skills.

16
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Hence, it was nccessary to cxtend our representation of problem solving to include a -

representation of the cvolving data representations employed by the student. To guide this
extension, we observed the various representations employed by students, as illustrated in figure 2.

We observed that some students built data rcpresentations that reflccted their ignorance of the

importance of certain information for example, Mary did not realize that distinguishing single from
multiple warnings for a dangcr was useful. Other students assumed too much: a conunon bug of
younger players was assuming that caves connected if thcy werc drawn close to onc another on the
map: Still a third group of students created representations that proved adequate while the game
was simple, but failed’ when its demands grew complex. Johnny's table will make inferences about
the connectivity of the warren complex as the game progresses. On the other hand, a fourth class
of students employed rcdundant representations to facilitate different inferences. For example, Jane
drew, both a map:and a list of visited caves: She used the former to reason about conncectivity and

‘the lattcr to infer the location of dangers by a proccss of ehmmauon\

A 'l)isplzl§'~bascd Wumpus game was implemented to f:c.\:p.l‘orc the ‘role of data representation.

To cxplore the role of data and hypothesis representations in problem- solving, we have

unplcmcntcd a dlspldy -based Wumpus in which the student can manipulate different data_

structures. The studcnt is not allowed pencil ‘and paper; hence, his entire external rcprcscntzmon is
in a form that the computcl coach can observe. Display Wympus :allows the student or the coach

to :sclect various data rcplcscnlatlons for the conncctivity of the warren and for hypothescs

formulated by the student rcgardmg dangers from -among thosc shown in ﬁgurc 6. Hcre arc some
of the. LhOlLCS Display Wumpus permits:

(1) The warren can be described via the usual teletype description which printé
the current caves, its neighbors and its warnings, or via a map.

“

k<

7(2)_ Caves that the player has visited can be represented eit_he‘r by dashing 'thcir
© outling or in the list labelled VISITED. oo ’

s

(3) The playc‘r’s current location can be represented cither by the cave with the”
face or by the last entry to the TRAIL list. Lo

Pal

[
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(4) An hypothesis that a cave risks a particular danger éan be grouped cither
under the heading of the cave (on the map) or under the: heading of the
danger (in the tabular evidence area). :

These representations arc only a subsct of those which a: student might design on his own. We
have restricted the student’s freedom in return forvincrcasing the coach’s insight into his problem
solving. However, Display Wumpus is only an experimental tool. To make it int6 a useful
educational environment, Display Wumpus could be provided with a tablet device so that the
student can design his own representation while still allowing the coach to obscrve his ‘behavior.

»

Formally, Dlsplay Wumpus is based on thc following point of view. For each type of cvidence
(that is, input and " outpﬁt variable of a rulc), there is a set of p0s51blc cxternal rcprcscntauons For
Wumpus, these representations include tables, maps, and the null rcprcscntauon Lhat is, no external’
chlcs.ntauon at all. This sclection of possible external rcprescntauons is based on our cxpcnmcns
with children. " We typically found an evolution-of representation from the null representation, to
(ablcs likc Johnnys to maps hkc Mary's, t¢ zombined rcprcsu\tauons like mes We have also
»"_ . seen rcprcs_entz\.uon“tnaps in wlmh the player persists -with a given ruprcscmat.on say Johnny's
tabular representation of the maze, and conscquently finds it cxtremely difficult to progrcss to. the
ac’quisition of ;morec complex réasoning stratcgics. '

<

We are now in the process of implementing a coach for Display Wumpus.

1.
. « 5
" LR 4 -
i . . . .

The current Display :AWum'pus has served as an -experimental medium for several months in

: which we have observed the untutored play of many -students. We arc now dcsigniﬁg a coach to

take advantagu of the larger wmdow for observing the student’s play which it provndcs ‘The new

coach will maintain an Overlay Model of the student’s use of the.data lcprcscnwuons supplied by

Display Wumpus. For cxample, consider again Mary s map of figure 2. If this map is drawn with

Display " ampus, then the coach would construct the followmg dcscnpuon to supplcmcnt its
ovcrlay modcl of her problem solving skllls o S T

_DESCRIPTION OF MARY'S PROBLEM RE PRI' SENTATION

)

_ Zmemum S VAL UF
WARNINGREPESENTATION MAP - GMARY . RECORDS “THE DRAFI' ON TIIE MAP
NEIGHBOR-REPRESENTATION  MAP  AND  THE NEIGIIBORS, o
DANGFR-REPRESENTATION . NONE .- .,BUI‘ NOT THE CAVES THAT RISK PITS, -

_\’ISl'flil)'RI‘II’RliSF,N'l':\TlON" NONE . :NOR THE VISITED CAVES.

£
n cot
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o

With this description, the coach will be capable of explaining ascertain representation if it
believes that the student knows the appropriate rules, but is not representing the data in a way that
would make their application cvident. For cxample, suppose Johnny 'sclcctcd cave 14 as his next

move. Recall that carlier, when Mary selected this move, the coach discussed with-her the incrcascd\
danger implicd by double evidence. But inny’s problem may simply be that he does not ‘realize ™ »

that cave 0 is implicatcd both by the warning in cave 15 and the ‘w*nrning in cave 4. His tabular
representation requires that he infer that 14 5, connected to both by examining two rows of the

table. It is not as casy an infercnte as it is"for N’t‘ary with her graphic representation of the warren.

In this situation, we “envision the following dialog: .

[

Explanation ES: Johnny, do you realize that cave 14 is risky both because of the
warning' in cave IS and the warning in cave 4? Using tables makes lhzs diffi cult to

. see,  Perhaps you would like to employ a map’

‘ The-coach would then instruct Display Wumpus to provide a map similar to the one shown in

figurc 6, but simplifid by removing the danger symbols (PIT1, PIT2, etc). These symbols along with "

~the list rcpréscntation would not be offered since Johnny's level of play does not yet warrant

‘ apprbpuatc drawing commands ‘of Display Wumpus. Thus, the coach does not cngage in a'

-

propoqmg this additional machmcry Johnny could then choosc to cmploy the ‘map. by usmg the

dlswssnon of the probabilities implicd by doublc evidence, but addlcsscs the prcrcqunsntc nccessity
to help Johnny with. his: representation.

Qur fourth step was to represent the resource limitations of the problem solver.

- N\

In the prcv;ous scction, “we - provnded the coach w1th knowlcdgc rcgardmg the various data

stmctures a student might employ to represent the problcm This knowlcdgc is necessary but not -

5uﬂlucnt to gundc the coach in its generation of. cxplanauons like E5; such knowlcdgc does not

. detérmine when the corresponding advncc is appropriate. For example, in the above situation, it

may ke premature to suggest a map to Johnny The game may still be too simple to stréss the table
represchtation. l"utonng lcvcragc will not exist until JJohnny pcrccnvcs the. madcquacncs of his
current rf‘prcscntauon schcmc rclative to the comp[exxty of-the problcm "lhtls whcthcr or not

- advice about a change in rcprcscntauon is appropriate depends on an estimate of the cognitive load

. that the probIc‘m imposcs on the student. Hence, an epistemologist’s insight into thc breadth of

knowledge required by the task must-be supplemented by, a psychologist's insight m_to the -relative

19
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complexity of the material.

An clementary method for estimating the complexity of the game was implemented.

The coach estimates the complexity of the game in terms of the nunber of dangers, the number
of caves, the propagation distance of warnings and the mobility of the dangefs. Incrcasing any of

‘these parameters is assumed to-increase the' complexity ~of ‘the task:~ This “is borne out-by-our

informal experiments with students and by the intrinsic computational work that the problem solver

is required to perform. ’ .
i :

The coach currcnlly emplqu its student model to guidg its sclection of thc complexity of the
Wumpus task presc.nlcd to the student. The fact that Mary was prescnlcd with a gamc of 15 caves,
2 bats, 2 pits and 1 staticnary Wumpus was not accidental, Had she been a novice, she would have
been exposed to only 1 bat,. 1 plt and a warren “of 10 gaves. When she becomes an expert, the
Wumpus is-allowed to move \vhcn dttackcd and the numbcr of bdtS and pits is mcrcascd to three.

@

A theory-based estimate of cognitive lo_ad is needed.

The clcmcnvtz\‘r'y method for csgirﬁating the complexity of the gane described above was_added to

. the the coach when it becamc clear that the advanceC game was 0o complex for beginners. But

this method was not based on a deep theory of cognition. Our current rescarch addresses this issuc
by conslructmg a more formal model of the problem solver. . Our plan is to include an cxplicit
representation of the resources required by -the probiem solving interpreter to apply a given sset of
Ski“b This would: include such process- onenled paramcters as: depth and bread(h of the scarch
-spacc; the complcxnty of thc data qtructurc% being maintained in terms of their sn7e the complexity

of the patterns of mdmdual rules in terms of the number: of variables they access and and the
" number of conjuncts or disjuncts in their pattern; and the number of rules matching particular
. patterns. [t Would also include a representation for memory load as reflected by the nuwber and
size of the data structures that must be mamtamcd ic cxtcnsnon then -is to represent vanous"‘

Al

'lhcrc is no « priori rcason ‘why the load points of thc Expcrl modulc S problcm solving program

' * should corrcspond to the lead points encountered by human problem solver.” Pcrhaps they solve.

problcms in.very different ways. l“lus is theoretically. possnblc However,- rcmcrqbcr that “the
problcm solvmg sknlls havc been formulated in a very anthrop()morphlc fdbhl()n They have been

- P
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. and observe that thc caves which risk bats are, represcnted exphcntly as a list under the label BAT+

-psychological perspective.)

“first “Tequires

carcfully broken into small plcccs comprchensible to the learner. This does not guarantce a
correspondence in workload, but it suggests one. Hence, our starting point for. a psychological
model of the studcnts resource hmlmnons will be the load points of our Expert program. Ther¢ is
a sccond rationale for this starting point. Recall that our oricntation is teacher-centered.  Hence,
these load points arc“thosc suggested to a teacher beginning his course from a particular pespective
on the syllabus. This does not obviate the need to investigate the psychological reality of this
resource model: it only provides a starting point. Hence, a future goal will be to correlate this
theoretically motivated formulation with the psychological litcrature on cognitive load. (Sce
Norman & Bobrow, 1975 for a discussioil of data-limitcd and resource-limited processes from a

L4

As usual, cxtending the underlying problcm solving rcpresentation allows the Overlay Model of
the student to be more accurate. ‘The ‘representation for this augmented model, however,. gocs
beyond the individual rules. An cxphcnt ‘model of the pfoblem solver ‘is required. Agam we
proposc to cmbloy an attribute value description. ‘T'he attributes are the load dimensions: the values

.are the thresholdsat which the student is expected to™ falter.

v

¥

DFSCRIPTION or MARY'S PROBLEM SOLVING CAPACITY

REPRESENTATION ) ESTIMATED CONFUSION _ TIRESIIOLD
NULL -, ’ ' . SET EXCEEDS 3 _ELEMENTS._.
IIST SET EXCEEDS 5 ELEMENTS.

MAP R ' 'SET EXCEEDS 15 ELEMENTS.

N {
l”ncse thresholds are cstlmatcs based on cxpcnencc with various students. The coach would have a
table * of such estimates for students of various age and skill backgrounds.

' ' <

Y

thc apparently rcdundant data structurcs provided by Display Wumpus. Examine figure 6 again

as wcll as by means of BAT+ symbols in the approprlate caves. lLogically" thcsc rcprcscntatlons arc
But cogmtlvcly, the list. rcprcscntauon ‘makes it checap to computc how many cavcs are

smglc data fetch on the BAT+ list while the. sccond requires a data fcu.h on cvery

cave to sce if it contains the BAT+ symbol On the other lmnd the map oricnted representation

makes it chcap to dcc1dc\f a parueular cave risks bats. Thus there is a rationale for both. This is- ‘

supportcd by thc our exp rience that cxpert players maintain both kinds of "data structurcs

" Goldstein L o R

An intercsting consequence of .representing cognitive load factors is that we have a rationalc for .

among 't .candidates for the bat’s nest, while thc map rcprcscntaUOn 'makes this cxpcnsnvc. ‘The -
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.Extensions to the underlying problem solving represcntation also improvc the utility of the
Student Simulator. The performance of a particular rule model and associated data ré,rprcscntzition
can be examined under different load thresholds. We plan to allow the user to set such thresholds -
as the maximum number of hypo[hcxs that can be remembered 1mphc1tly with no error or the
maximum number. of prcdlcatcs in a rule condition that can “be cxccutcd w1th no crror.

There are more steps to be taken in constructing an adequate problem solving
model. '

n °

“This paper has recounted the development of our problem selving model from an unorganized
sct of rulcs to a network represention of an cvolving sct of rules acting on'.an cvolying data
representation zmd cxecuted by a resourcc: Jlimited problcm solver., The forcing function has been. .
the design of an adcquatc-coaching systcm ‘Our responsc has been to provide the coach with
nultiple pcrspccuvcs on its subject matter by incorporating the vncwpomts of a mathematician, an
historian, an eptstemo[ogzst and a pSychologzvt The rcsult is a teaching artifact that exhibits a ducpcr
understanding of its subjcct matter as cxhibited by the range- ‘of cxplanauons it can gcncrate -

ax >
d 3

L]

N ’

The four steps we have descnb[cd howevcr do® not exhaust the knowlcdgc that a problcm
solving theory. must represent.- In this section, I cnumerate scvcral extensions,.with proposals for (1)
how t0 mcorporatc them into our: ;problem solving modcl and (2) how to extend the Wumpus game
cnvironment to improve its uuhty as an. cxpcrlmcntal basc for cxammmg these issues.” 'These

_extensions arc intended to mcmporate wnthm the coach the addmonal pcrspccuves of the manager
the learner _the scholar and the bookkeeper

\ -
-

n
o .

'ﬁie rﬁ.mvag,erv O'ur discussion of problem solving ignored " the grganizational ski[ls'nc'cded to
manage large numbers of individual skills, This management includes such functions as sclecting
appropriate skill scts to’ apply to the current problem, organizing - their ordc1 of . applxcauon, and
removing - inappropriate skill sets. In the- artificial mtclhgcncc:lltcraturc, this class of problem
solving knowledge -has been explored by Davis [1978] in the context of improving the problcm

' solvmg bchavmr of the MYCIN medical diagnosis program. Davxs supphcs mcta-rules to rcprc.scnt

“this class of knowlcdgc. The Wumpus rule network should ‘be cxtcndcd to incorporatc “this
knowledge exblicitly, providing, for example, an explicit representation, of meta:rules for governing

o the order’of application of individual strategics, By supplying these meta-rulcs, thcﬂcoaéh’ could

maintain an improved overlay model by mc:_lsuring the use and“appr@pi'iatencs:; of various meta-

[
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strategics in the student’'s play.

o

The learner. Our discussion of prublem solving also skirted the representation of learning skills.

A preliminary step was. taken by specifying potential cvolutionary relationships between rules in the
~skill network, but it did not characterize the learning processses involved. Again we plan to draw
from the artificial intelligence literature. Newelt and Moore [1973] describe the formal structure of
analogics in ‘erms of mappings between the attridutes .ot the objects being compared.  Hence, a
natural extension of our rule network is to replace the labels on analogy links with descriptions of
the lnappings between the attributes of the connected rules. Such descriptions would record, for

. example, that bats and pits arc analogous with respect to the distance their warnings propagate but
- not analogous with respect to the dcgree‘of‘ danger which they imply. Doing so would allow the
‘Tutor module 'to be more cxplicit in its advice about potential analogics. ’

v -

.The scholar. - Another, extension is required to represent declarative klzbvvledge. ‘We have taken a
procedulal viewpoint throughout this pabcr ‘Adding organizational and learning skills continues in
- this vein. Buit clearly not all of an individual’s problem solving knowledge is rule-like, ‘Such an
cmphasis fails to take account of the factual knowledge that an “individual uses to Jmuf‘y the
.+ application of pamcular rules or to deduce those rules in the first placc. The artlfcnl mtelllgenCL

llterature has explorcd the interplay between, detlarative knowledge, (oftcn expressed in the prcdlcate _

' calculus) and- procedural knowledge. For cxample Green [1969] cxplored the dcnvauon of '
progmms from proofs. This class of knowledge must ultimately be included if the coach is o~
understand how to offer advxce that emphasves the governing principle rather than the spccnfc
rules. As a-fi st step, we plan to include fact ‘nodes in the syltabus network to represent. the logtcal
axioms of Wumpus. For. example ‘the axiom of Wumpus that " A cave ezther contains’a a’anger oris
safe, but not both." would be represented explicitly. ThlS fact justifics several rulgs, but 15 not jtsclf |

' expllcltly proccdural The fact node would be linked to the rules it justifics. By addmg these fact
‘nodes “‘we will improve both the ovcrlay modellmg capabllnty of the coach and the rangc of. advnce

" that can be offcred ' _ - - o <

LI

*  The bookkeeper In our cmphasxs on rules, we_ have also largely 1gn01ed the (.’plSOdIC structure of
‘memory. The coach js based on the' presumptlon that tutormg by cxample is fundamental to
-learning. But the. cmch has no represcntauon for the mterrelatnonslnps between partlcular tutonal .

' cpisodes and the . rules they- cxplam Consistent wnth thc four steps taken in this paper, our. plan -is

" to broaden the atmbutc dcscnpuon of individual rules by ‘providing links to ‘nodcs describing

'-'tutonal interactions thh the student. . llns should have a visible return by giving the coach the .
ablllty to cstimate whcthcr or not a par tlcular lu]e w1l] be remembered.  The coach could basc tlns‘
'Y'hypothcsls on thc number of cxplanations, their frequency and thcxr reccncy, all of which would :be

- e—_— ; - -

. . 3
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recorded in the cxtended rule description. | '

£ . '

-

To increase our leverage to explore these cxtensions, we intend to generalize the Wuinpus game V

by multiplying “its cast of characters, We plan to cxtend its fairy t‘a_le‘._motif by adding such

characters as dwarves, dragons, -princes and princesses. Each character will have it own kind of ~

behavior and generate its own kind of evidence. )Nc ‘cxpect that these cxtensions will bring into B

clearer focus the organizational skills for managing larger sets of problem solving heuristics; the .
learning skills for taking advantage of the larger number of possible analogics, gcneralizations and ™
rdfinements that the cxtended world suggests; and the memory skills for properly organizing a morc

diverse sct of cxpericnces.: However, thesc cxtensions still preserve the closed and tractable

properties of the game cnvironment which make it a desirable experimental domain.

T

~ A computational theory df‘broblem solving has many educational applications..

- . : . ‘

Predicting drastic- rcductions in the cost of .computers is now commonplace. Less clcarly

' forcsccn is their potential to pcrform as problem solving tools. Of course, a'calculator is- such a_tool.

Butj ‘have in mind a more extensive role for these machines in Wthh they tculy know somcthmg

) about the task and conmbutc accordingly. In this paper, we conmdcred .only the coachmg role.

However, here are three rclatcd roles that, like the coach, are bascd upon a computatlonal

\*"‘\'\reprcscntauon for problcm solvmg skills.

(1) Computerb cou‘ld Scryc as pcrsoml ‘ISSlSt‘mtS in which the computer assumes some part of the
' problcm solviny task, thcrcby frecing the student to solve-more complex probleins. . Display.
Wumpus is a simple example of such an assistant. Thorson [1978] demonstrates the fashion in
-which ljisplay "Wijpus can free students to rcvason'abo'ut the logical complexity of the game
without being confused by its géom'c.tric structure. _ ’

(2) Computers could prov‘i‘dca Vcognitive prograniming environments in which' students implement
their own problem solving programs. -In this fashion, students can gain a morc intimate
tnderstanding of thc subject matter in an active and exciting fashion. To cxplore: thi§ role, we

-are. dcvclopmg a. Programmable Wumpus in which the- studcnt docs not play, but rather

specifics thes fules to be cmployed by a computer player who represcms hnm on the playmg :

ficld.” Thus ‘the -student acquires expcncnce with problem solving by acting as the ‘teacher
rather than the studcnt i

3 Computcrb could provndc cognltlvc smulatnon environments in which ‘the conscquences of

:

arlous lcarnmg and teaching. S[l'd[LglCS are. cxploreds Our Student Simulator is a forcrunncr

oo
! . N

‘
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. of this application. Potentially such simulations could scrvc' the same role in cducation as
wind tunnels do in acronautics, namely a low cost, low risk cnvironment for examining the
behavior of scale models of students.

The potential impact of computers as problem solving tools is interesting to project, but clearly
this projection mwust not blind us to the many difficult problems that must first be solved. . Thesc
-problems do not - lic in building powerful hardwar¢, but rather in developing an adequate
understanding of the problem solving process. This paper has described one methodology for
acquirﬁing this understanding -- the development of computer coaches. Future rescarch will
. undoubtedly include the development of consultants, assistants, and \simula'tors as additional
instruments for stressing and testing our theorics of cognitive skills.
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14

15

MARY

Warnings

Cave Neighbors
15 0 14 4 " DRAFT
DRAFT
SQUEAK
4 | 14 15 2 DRAFT
; SQUEAK -
' JOHNNY

CAVES 1% 3% 567 89 10 11 12 13 i 6m

PITS
BATS 2

14
PIT?
PIT?

0 15 ' 2

PIT? P BAT

JANE

Fig. 2. Player's representatilons of the game.
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,ER2
If no warning,
add N to D-

refinement

~ ER4

If warning,

add difference
of NandD +

to D1.

* Add difference
of Nand VISITED
to FRINGE.

< /

refinement

.\4

refinement

~ ER3
If warning,

add Nto D +..

refinement

.

ER5

If warning,
add intersection
of NandD +
to D2

specializations

ER3B

If squeak,
add N to
BAT + -

analogy
.,

If draft,
addNto .
PIT+ =

analogy

analogy ER3P® i
e :

If smell,
addNto
WUM +

ER3W

- N is the set of neighbors of the current cave.
VISITED is the set of caves that have been visited.
FRINGE is the set of unvisited caves adjacent to visited caves.

D+ are sets of caves that possibly risk a danger.
D- are sets of caves that are safe from a danger.

D1 are sets of caves for which there is single evidence of a danger.
D2 are sets of caves for which there is double evidence of a danger.

Fig. 3. A region of the Wumpus skill network concerned with evidence rules.

% . . X ’ -~
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SR1

‘Prefer safe
| to dangerous
.. caves.

‘“. .

refi nerpe'nt
E4 T

Prefer single
to multiple

dangers

1
3
specialization 1
1
f
1

specialization

]
" specialization
f E2\

rar:
3 forbats

analogy
- . : SR2P- L'/
" w===== definition --- for pits
E1 -

A dark outline signifies a rule hypothesized to be known by the player.

- A double outline signifies a rule explained to the player.
A dashed link sngmfles that an explanation correspondlng to that link has been generated.'

E1 through E4 are the corresponding explanations in the text
4.. .

- Fig. 4. An -ové'r'l‘éy"'rideel for a'region of the 'ski_ll network. '

1

) hY \‘ . 1 analogy SR2W
) , - . for Wumpi
| | |
. . B |
' ?
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imulation move 6: Move risks bats butis safe from pits.

SQUEAK
——— : =]
WUM + 1 1 1 BAT +1
1 = 1
. 1 I s 8y (oF
s
— (NS SN vy I
SMELL 2 4 SQUEAK 6 .~ .
: L_5__ _>l 1 7
TR b
3 z;/....._.l I I
' s 1 L )
P 1 d

1.
51 DRAFT . 1BAT +
. | PIT+
6
- . . . .
Jane simulation move 6: Prefer single evidence if we must risk bats.
' SQUEAK ' '
WUM1 1 1 : S BAT2
! ,
11 },‘\ ! B 8
1 TN .
SMELL 2 ™ goueg_f/
71 }' T '>} 1
57 N ) A
' 1 L
—_——#, "4 . lm el ~.. 6
¢ e | A < 4 » -
1 i [ PP,
5: i DRAFT BAT11
. PITT 21
6 B
T

Dashed arrows signify the path g_f the,simulated student.

Fig. 5. Divergent behavior of two simulated students.
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Display Wumpus
1
14 '
PIT2
BAT1
- SQUEAK
0 . q5 F==—== PR Sty 5
PITY : H H ! PIT1
1 1 1 1 .
1 1 1 1
1 1 1 ]
DRAFT ‘ , DRAFT
WARREN 0: 2 BATS, 2 PITS, 1 WUMPUS, 15 CAVES _ ~ TRAIL 15 4
: VISITED 15 4 ' : c FRINGE 014 2
BAT- 0 14 ' BAT+ ~ 2
. PIT- ‘ ‘ . E PIT+ 0142
WUM- 0142 o WUM +
: . R R
- Fig. 6. The map and list representations provided by Display Wumpus.
[} .
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