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Abstract

Wusor II is the second program that has been developed to tutor
students In the'game of Wumpus.. From the earlier efforts wth Wusor I If

was possible to produce a rule-based expert which poisessed a relatively

complete mastery of the game. Wusor II endeavoOrs to teach the knowledge
embodied in the rules used by the Expert. The Student Model represents
Wusor's-sstimation of the student's knowledge of sail, rules, and this
gits;::tion is based primarily on analyses, of the player's' moves. The

t Model allows Wusor to persorialize its explanations to the student
according to the student's current knowledge of the game. The result is
a system which, according to preliminary results, is highly effective at
tytoring students of varied abilities.

\
This report describes research done at the Artificial Intelligence

Laboratory. of the Massachusetts Institute of Technology. It was

supported in part by the Division for ptudy and Research in Education,
Massachusetts Institute of Technology 'and has been submitted to the
Deportment of Mathematics In partial fulfilMent of the requirements for
a .Master of Science Degree under the supervision of Professor Ira

Goldstein of the Department'of Electrical Engineeripg/ Computer Science.
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The litimpus Advisor

The Introduction

Chapter 1/

- .

The Inttoductian

One of the purposes of our educational system ie to teach better

wage to think'about problems in general. This is a key justification
,
for

the study of higher yathematice and the eciendes by the general student.
, 7

Similarly, games can Ow' an ideas teaching instrument. Most games.

\
.

A

represent s me facet o4 life but in a much sir-pier doMbin, therbtiy
ti

allowing the student to deve p.his problem solving abilities in an

environment which is more co ducive to learning. Such.,gamee can be fun
4

while leaching valuable skill However,/etudents can each a'plateau in

their s-s-a-e playing and cease try new strata s. When this occurs,.

the learning process halts. A solution this. problem is to encourage

-the student to imprOVe by occdeionally offering suggestions regarding

improved game strategies. Unfortunately, the coat of Providing human

teachers to watch the game (and offer suggestions) is prohibitive.

Howeyer, it is possiblle,oto use a computer to monitor'thelprogreee of the

game and to offer duggeetione when warranted. With this goal in mind, a

program was written to serve acjust such an advisor for a computer game

referred to as "Wumput hunting' or Numpue" (1).

The relationship of the Wumpus'Advlsor toithe player is illustrated

in Figur4 1.1. The Advisor analyzes the interaction between the game and

the player, giving advice when appropriate. When the Wumpue Advisor

The gams, of Rumpus was originally descr ibed d.ti Yob in Creative
Computing, and this particular. variation 'was' implemented in LISP by Greg,

Clemenson.
Page 3



The Wumptis Advisor' The Introduction

chooses to give advice, it can intercept tile player's messages to the

:game and allow the player to- modify his move if he do desires. Also,

from the player's point of view, the Wumpus Adv)sor receives exactly the

same information Si the player. The,Wumpus Advisor can alter the game

(shown in dotted lines) to a certain degree. It does so to create

j situations which are more conducive to leaning.

7

Figure 1.1

Conceptual Model of a Tutor.

Player's Move

Response

Player's
Response

/ Game
Modifications

The game 'I'Wumpus" is an example of a game which encourages

deductive processes and develops a sense of probabilit.es. The player
"

must seek out and kill a monster, the Wumpue. The player moves ij the

Wumpus's warren, a network of interconnecting caves containing the Wumpus

and other dangers, namely mats and pits.. At the start of thegame the

player is told the number of caves in the warren and the number of,Uats

and pitti) (i) Eftioe every move the player is told which cave he is in

and the neighboring caves that he can move to.
(i i i) If any of the

neighboring caves contain a bat he will be informed that he hears

4

-(i0 In a normal gams, there are twenty caves, -three pits, -and three
Cayes with mats.

(11" Each cave is identified by number.
Page 4
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The Wumpus44duiso9' The Introduction

squeaking. Likewise, if a neighboring cave contains a pit; the player,/

will be inflormed of a draft as pits are bottomleds chasms), but in

neither case is the player told which of the caves are dangerous.
_ .

Whenever the player is within two caves of the Wumpus he-will smell its

horrible stench. If the player, enters a cave with 45 p it he loses the

game, whereas if he enters a cave containing a bat, he will be carried to

*a random cave which may contain another.bat, a pit, or the Wumpus. The

Wumpus eats unwary players who stumble pinto his lair. The player tries

to visit enough caves (avoiding bats and pits) to locate the,WuMpus

without actually entering its cave. Once the player has /found the

WOmpus, he can shoot an arrow into the Wumpus' lair .from a neighboring.

cave, killing the beast. If the player shoots an arrow into a cave and

the Wumpus is not there, his arrow will ricochet through the warren at

random for roughly four caves and may kill either the player or the

Wumpus. In Figure 1.2 part of a possible warren is shown.

4

Figure 1.2

15

Playing

STENCH

Circled caves have been visited.
Upper paie: Given Facts
Lower. Case: Deatittions

game can involve simple deductions

Page
r

and' risk
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Phe Wumpus Advisor FIN Introduction

minimizations as well as more ctmplax strategies and consideratiope. At

the .simplest level, the. player can deduce that certain caves are

absolutely safe by the absence of warnings. Thee* caves should be

explored before any othere. At a higher level the player'can perceive

that certain caves are'probably'saje, i:44. less likely lo contain dangers'

than other caves. These perceptions are based on the patterns of the

.warnings and require application of- probabilistic heuristics which are

commonly .used by knowledgeable persona. An advanced ,player can usually

deduce the exact' location of the Wumpus through a wits thorough

application of logic, but most players develop a general idea of its

location.without completing a1,1 the required deductions (though they "are

wrong often enough.to encourage them to 4mprove their deductive powers).
4.

There are also unusual situations whia require very advanced

Considerations of the risks involved in order to select the best move.

The Wumpus is a game that can be enjoyed by the beginner aslwell as the

. ,

advanced player.

In the detelopment of the Advisor, two different generations of

programs have been written. They are referred to as Wusor I ( Wumpus

Advisor I) and Wusor II. For the sake of perspective, the'next chapter

will discuss the development of Wusor I, and then the remainder,of the

paper will discuss Wusor II, the most recent Wumpus Advisor.

Page 6

4

4 , .

r

4



:The Wumpus Aduisor

Thee Or I gl na t liuretius Acivi ear-.

Chapter

'Wusor I can be viewed as a continuation of thb wbr k Burton and

Brown 11975) with the game of West. Wekt is an algebraic game for which

they developed an Advisor program. However, West was a relatively simple

domain which was not conducive to more advanced AOisors. As a result,

Wusor 1

Wusor I r

it was decided that Wumpus was a doMain that was sufficiently difficult,

to allow the development of more advanced Advisors, though it was still

simple enough to allow the deve lopment of a functional, program. With

this eal in mind, work was begun on Wusor I.

Wusor I was written as a course project for nine graduate students '

at M.I.T1/ with its development being supervised by Jim Stansfield and Ira

Goldstein. As the Wumpus Advisor was required to discern the quality of

the different moves as p11 as be able to explain itself when

appropriate, it quickly became a very complex program. To keep everythjng

manageable, the program was written in a modular fashion. This aided in

the development of the Advisor as it allowed the modules to be written,

debugged, and modified relatively independently. After its initial

development, Wusor I was extensively modified by the author. (i)

Wusor I had three main modules and several sub-mddules. The'three

-s"---'main modules were the.Executive, the Bat /Pit- Locator, and the Wumpus

Locator. °I) Associated with the three main modules were various' sub-
.

" Wusor I is fully descriOed in Stansfield,Carr, and Goldstein (1976).

(ii) The Bat /Pit Locator was written with the help of Will Clinger, John
Avgoustie, and Fred Knowle. The Wumpus Locator was originally written by

101
Pagej /I



The Woos Advisor Wusor I

Figure 2.1

Dotted lines represent signifitant flows of Information.
..18olid lines illustrate the nterarChg of control. /7-00,

Route
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The Wumpus Advisor Wusor r I

modules which are illustrated in Figure 2.1. Each of the Locator modules

had two sections, the Evaluator section which computed the meri-14k_of the

various caves, and the Explainer section which explained the results of

the Evaluator Ale6, the Bat/Pit Locator Naetwoolevele, the level which

considered .bate and pits separately, and-the Combination level, which

combined these resm,ts. Finally, theExecutiye Evaluator combined the

results from the Bat/Pit-Evaluator and the Wumpus Evaluator to come up;

with an overall utility for each cave. Then the, five had the option

of calling upon the Explainer routines to genera e explanations for the

Student. This structure is rather contorted'anci unnecessarily hard to

--understand, but this is primarily dUe to an inc4lete understanding of

the domain at, the start of the project. However, from the work on Wusor

I it was possible to gain many insights wt*4ch finally led to the

development of Wusor II.

The Bat/Pit Locator computed an estimate of the probability that

any cave contained a bat or a pit, but the Wumpus Locator was not,

advanced enough to arrive at estimation of the risks from the Wumpus; 'it

only determined which caves could not contain the Wumpus and which caves

were likely to return information about the Wumpus' location. (ji) The

Executive Evaluator could not directly compare the riskOinvolved from

Bate/Pits and the Wumpus as it did not have any probability estimates for

the Wumpus. Instead it broke down the different moves into the eight

categories shown in Figure 2.2 and evaluated the player's move according

Neil Rowe, Beth Levin, and4Robin Grose: The Route Planner was written by

Ginny Grammar.

(iii) The Wumpus Locator was sufficiently advanced to locate the'Wumpus,
but it could not deal with incomplete information.

Page
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/

to these categories. The different Evaluator' routines

comprised thel. Wumpus

game.

r

t Wusor

taken together

"Expert" (iv) which possessuld a knowledge of-,the

Figure 2.2

Wusor I uses sight classifications for unvisited caves.

Type 1. A cave thatvis absolutely safe,and that gives information abodt,,

the Wumpus.

Type 2. A cave that is absolutely safe.

Type 3. A: cave thalas no bati or pits, but that could contain the

Wumpus. This ve inherently gives tnformptionabout the Wumpus.

Type '4. A cave that might contain bats or a pit, but 14t the Wumpus and

which gives information about the Wumpus.

Type S. A cave that might contain bats ota pit, but not the WuMplus.

Type 6. A cave which could contain bats: pits or the Wumpus.

Type. 7. A cave that contains a bat. This classification is a very

special class that has varying value.

Type 8, A cave that is seftaii death. (Either a pit or the Wumpus).

eft

Throughout the development of the Expert, heuristics were al4ays

used in preference to lengthy calculations. This was partly because the

exact calculations were so lengthy that it was unrealistic to compute

them, but also because such heuristics were, in fact, used by humans

players. (v) This correspondence between human and computer reasoning

greatly simplified. explanations. An example of this was the manner in

which the Bat/Pit Locator d4terMined the likelihood that a cave contained

(iv) The concept of designing the tutor around an expert was developed Oy

.Srown (1973) in his Sophie program.

(v) In particular, the heuristics were those used by the designers of

Wusor I. Further experimentation is required to determine how common

these heuristics are.

4

Page 10
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Thi Wumpus Advisor Wusor

a bat or a pit. It might have been possible to compute the exact

probability of a cove'containing a bat or'a pit, but this calculation

would have been timp,consumihg and cOmplex. 'Worse yet, any explanation-of

an, exact probability would have, had to discuss the relevant permutations

and combinations, which would almost certainly have been above ther.level

of the student.

Wusor I had only a very limited model of the user's knowledge. It

did not keep track of different payers, 'but, instead, asked the user at

the start of, each session for an estimation of hi.s ability. For the rest'

of the session the EXpert would make al of its computations at a level

of complexity hoped to be slightly above that of\the student. This had

the disadvantage that, if the player entered an unrealistic Oaluatioh.of

his ability, he would either be overwhelmed by material well above his

lev el, ar he would find the Advisor 'adviCe over simplified. There was
,

also the problem that Wusor .1 did not have, fihe gradations it the' level

of its advice (it had four levels) due to ?the expense of programming the

Expert to functioniat more levels.

Wusor I was tested on.a veryT7te4lin-basis and was found to

reasonobly.effective at teaching better Wumpue strategies. Fiipwever, it

was mostly used by M.I.T. related 'personnel (including children and

graduate\ students) who, we assume, already possessed a logical bent. in

these cases it was effective, but it Was not attempting to teach a utter

way to think about problems (as the players already possessed the desired

thinking habits) but merely better ways to think about a particular

problem. In those very few cases where it was advising students who did

not already have the desired thinking habits, the handicaps of Wusor I

Page 11
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the Export
Chapror 3'

,

Overview of the Expert
. ..

, ,4

,

From the work "Which was done on the expert of.Wusoe 1. it was

e
possible to develop a much more powerful and general Expert. The

deductionexiipuired in locating the dangerous caves and the heuristics.

inecessary to arrive at an estimation of the dappr in cases of

uncertainty have been efmplified to the oint where there is a Locator

Algorithi which requires only very general information (such as the

number of caves, the number of sate, how far a Pat yarning p4agae.i ts

st.p..1 to determine the relative dangers of each cage. The Locator

Or

Algorithm has three tAsic steps as shown in Figurs1.1.. It is executed

A
once foreadh danger being considered, and the results are then combined

probabilistically% fhs first
4
step is the acceptance and propagation of

any and all inffr tiqn supplied by the Wumpue game.

an

Information

Figurer 3.1

rev Stops of the Locator Algorithm

First Step 1 Second Step

Information

Propagator
11.-

1 ,

Pbssi.bi 1 i ty'

Evaluator

Page 13
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Estimator,

Risk
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The Ekpert

Thefaformation Propagator.

4
For each of the three dangers thaInformation Propagator marks each

with three pieces of information, the maximum distance to the

closest danger, the minimum distance to the closest danger, and, when the

first two numbers eliminate all other possibilities, a marker for the

.,
exactdistance tb the closest danger. Thip,p are eight theorems which

('

allow the propagator to update this information abouf.i given cave. Thy,

first two.are that any time a cave is visited it can be Marked as either

more than zero away or exactly zero awe . (I) Also, in the special case

of, the Wumpus, if the player shoots a arrow into a cave and does no

kill the Wumpus, then that cave is more than zero away.h ") Next. if

Cave is via-ited and hip no warning, than that cave can be marked as more

than N away, where N distance that a warning for the given4danger

travels. Likewise,' if a warning is sensed, then the cave must be less

than (N+1) away. The last' 'theorems deal with the propagation of t

information through the warren. If a .given cave is more than N

then all of its neighbors must be more than (N-1) away. Conversely,

all of a cave's neighbors and more than (N-1) sway, then said cave can be

classified as "more than N away. Thejgove theorems correspond to rulesti
zero through seven shown in Figure 3.2. Usylg additional theorems, more

information could be propagated, but thesereight rules Are sufficient to

(1) Except' for bats, the'classificationof-aero away attained in this
fashion ia rather pointl s as it also signifies the end of the game../e%

(ii) Note% that i so implementatjins of Wumpus, the Wumpus moves when
an arrow is shot it does not kill hie). Wueor II does not permit
this primarily because it would require degrading the data base. This
could create. situations which were too complicated to readily be
explained to children.

/ Page 14
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The Wumpus Advisor
.

The Expert

mark each caves with, all the information relevant to playing the game.

.Many caves .can as .being safe just through the use of the
n..

more thfn N sway tag. Thire are examples ofthe deductive process in

Frguree 3.3 and 3,4:

'-- Figure 3.2
The Logical Rules of the Expert

L A cave.cae'be marked as "zero away" if it was visited and found to
contain a danger. O'

Ll A cave can.: be marked-as "more than zero away" if it was safetie

, L2 If the player shoots an arrow into a cave and does not kill the
Wumpus, then that cave can be marked as "more than zero away"
(Wumpus).

L3 If a cdve visited and there is not a warning, then that caves
"more than .e_g7ay" &here N is the.distance that the warning
propagates.

L4 - If a 'cave is visted_and there is a warning:then that cane is
"less than (N +1) way ".

LS If a cave is marked "mare than N away" then ait of its neighbors 4
must be innefe than (N-1) away". .1111P

L6 If all 9f accaves neighbors are "more than (N-1) away ", then it

must be "moils than N away".

L7 If a cove is. "more than (N-1) away" and "less than (N+1) away "..
then it is "N away".- » .

l/

L8 When thmAlporithm is creating cave-sets-and it encounters a cave
which wodfd be N caves away but which is also "more than N away",
then that cave can nor have any contributions to the cave-set.

L9 If the player encountered a danger in a cave,. then the cave does
not contain a dangeraf higher priority, i.e. the Wumpus eats the
player Wore he con fall-into a pit, and he will fall into a pit
before he is picked up by bats.

L18 tertaincaves can'be marked as ,"wore than zero away" based on
consideration of thq different complete.ceve-sets end the number
of deagers.

r. Page 15



4

TAB WWmpws Adstsor. TAe Expert

In Figmres 3.3 and 3:4 there is a standard notation for diagrams of

the warren. The nodes of the network are numbered and represent caves. ,

Circled numbers represtrit'caves which haVa been visited by the player.

To,the top right of each visited cave is a Marker for whither or notany

warnings wire sensed.' ("W" indicates that a warning was sensed, and a
t

° "NW" means that a warning was not sensed) To the bot left of each cave

is any classification-that the cave may have (i.e. more than N. less

than PI, and J- away) The reader is cautioned that, while the-the diagrams

of the marred., in the'exaspJes araverY regular (planar), normally warrens
1

are much more random' in their arrangement'. (iii)

, In Figure 3.3, the danger being considered is pits.

warnings propagate fciP1 distance of one cave. In Figure 3.3A, the

Hence,

player

has visited two caves,.neither of which hail any warnings., -Therefore, the

visited caves are more than one away and sir the neighbors are more than

zero' away (i.e. safe).. Upon visiting cave 3 (Figure 3.3B) , the player

receives a warning,, indicating that cave 3 is less than two away. Since

it is also more than zero away, it must be

'to a pit).
.

one away (i:e. cave 3 is next

. Figure 3.4 the danger is the Wumpus whose warning propagates for

a distance of two caves. At the start (Figure 3.4A), the player has

visited various caves and has discerned that caves 7 and 18 must)contain

10s. He has also visited two caves of relevance, caves ,5 and 6.- AT no

warningPf the Wumpus were sensed, caves 5 and 6 were marked as more

than two away. Ali the neighboring caves were then marked as aidre than

Urn An .interesting experiment is to determine whether the restriction
to regular warrens increapes the speed at which people learn the gami.

Page 16
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Figure 3.3

The Dealer is Pits.
indicetss a earning.

NW talicetss the chooses of e earning.
A warning Dropout's for ono cove.-
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>0

9

an-

>0

-,0
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The Monads Advisor The Expert

one away. Next the player visited cave 3 (Figure 3.4B) and sensed, a

warning. This indicated that cave 3 was less than three away. As it was

also more than and aWy, cave 3 Uas'aarked as being exactly two caves

from the Wumpusl Caves 2 and 4 were marked as jpmea, than zero away by

dint of cave 3's classiricati:on' of more than one away. In Figures 3.4C

and 3.410-the player visited caves 2 and 4 which he knew to be safe. At

these caves he .sensed a warning and marked the caves accordingly.

Finally he visited cave 9 (Figure 3.4E) and could then conclude that the

iJuapys must be in cave 1 (by a process to be described later).

The special classification of-N caves away is made because it is

the only classification used extensively the later steps 'of the

Locator Algorithm. particular, if one can determine all caves that,

are exactly,N caves y from a cave which is classified N away then' one,
'

has What is refs d to as a complete cave-set. (A partial cave-set is

one in which all the laved which are known to be N caves away are listed.

but the= -.set is no! n cessarily ccmplete). In the case of bats and pits,

the determina,tionif the complete ca4e-set is especially simple since the

'only classification of relevance is one away and the complete cave -set is

just the immediate 'neighbors. Cave-sets are important because at least

one member of each complete cave-set must contain one of the given

dangers. Therefore one can eliminate frTm the cave-set those caves which

cap not possibly contain the given danger for-other reasons (as indicated

.

in the data bade). The resuit after this elimination is called a reduced

cave-pet. (Logical rule L8 in(Figure 3.2 is the formil statement of the

rule to reduce cave-sets).

In Figures 3.3 and"3.4 there are several examples of cave-sets. In

Page 18
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Figure 3.38 the complete cave-set is caves 6, 7, 8,and 17. However, as

caves 6 and 7 are both more then zero sway, MO-educed complete cave-set

is just caves 8 and 17. This means that either 8 or 17 must contain a

pit. In Figure 3.4C the partial cave -set is raves 6, 7, 1, 18, and 9.

As caves 6, 7, ajle are safe from the WumOus, the reduced partial cave-
.

set is caves 1 and 9. In Figure 3.40 the is an excellent example of

the application of logical rule L8. The reduced cave-set ie.caves 1 and

9, but this cave-set is,also a complete cave-set ae the neighbors of cave

4 are known and, while the neighbors of cave 18 are not known, cave 10 is

marked aemore thin one away and none of its neighbors can possibly

contain the Wumpus. (Hence they can not be members ofany reduced cave-

17t for the Wumpus) . When the player visits cave 9 (Figure 3.4E).he is

taking a big chance, but once he has v6ited it he can eliminate it from

the reduced complete cave-set (it is more than zero why). Then the

player can conclude that the Wumpue *yet be in cave ,'1 as it is the org y

member of the reduced complete cave-set. In all future references, it

will be assumed that a cave-set is actually a reduced cave-set, since the

Locatpr Algorithm always reduces the tave-sets.

The Possibility Evaluator

The Poesibi ity Evaluator marks certain caves ae "more, than zero

away* 'by considering the different compleze cave-sets and the number of
4

dangers. It implements logical rule L16 shown in Figure 3.2. If the

number of complete cave-sets exceedi the-number of dangers, then it ,is

likely that this step of the Algorithm will deduce that certain caves roan

not contain a danger. For example, if there are only three caves with the

\ ; given clanger, andand there are complete cave-se sof:
1

.)
(1,2)

Page 28
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(3,4,5)

(6.7,8)

(8,9),

then one,, can deduce that caves 6, 7, and 9 must be safe. This means that

4 cave 8 must contain one of the given dangers. The 6ssult after the

application of the second step is:

(1,2)

(3,4,6)
(8). e."

An explanation. for why cave 6 must be safe could be, You can deduce that

cave ,6 must be safe as there are eoly three pits. You know thqt there

must be a pit in either cave 1 or just as you know that there must be

a4pit in` one or the caves 3,41, and Z. Likewise, there must be a pit

either cave 8 or 9. This accounts for all three pits and hence there can
__-,/

not be s+ pit in cave 6."

An algorithm to determine which caves are safe in this case is to

choose N (iv) complete cave-sets that have no intersection; (i.e. no

members in common). Then any caves that are not a member of the union of

the N cave-sets Joust, of necessity, be safe. Theiltelection of the N

compete cave-sets is carried out by exhauitively all

#

possibilities.

.
Unfortunately, this algorithm does not find all possible caves that

must- be safe. For example, if there are only two dangers and there are,

cave-sets: I

(iv) N isithe total number of dangers of the type being considered.

NO 21
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then cave 4 can not possibly contai4 one of the given dangers. An

The Expert

4

algorithm to find all safe' caves is to construct all comb;inations'of N

caves frOm the set of all caves that are members of any cave -set.

eliminate combinations which do not fulfill the requirements (i.e, do not

1

have at leaej one cave from every cave-set) , and .mark those caves which

are not a member of any of the,remaininp combination's as safe. This

algorithm is roughly as efficient' as the first algorithm, but.

unfortunately, it is sometimes not possible to explain the results of

this list algorithm in simple terms. This is especially true in those

unusual cases where the first algorithm failed. For example, the -

expianatidn for the example above would read, "Cave 4 can not contain a

pit because there are only two pitp. If apit were in cave 4, there would

only be one other pit to explain all the evidence. We know that there

must be a pit in either cave 2 or cave 3, but if the remaining pit were

in cave 2 there could not be a pit in one of caves 1 and 3 (and we know

that there must bee pit in one of caves 1 and 31). Likewise, if the

remaining pit were in cave 3 there could not be a pit in either of caves

1 and 2 (and A* know that there must be a pit in one of caves 1 and 2).

Therefore there can not be a pit in cave 4." If this explanation seems

rather obtuse, the reader is cautioned that the case explained above is

.

the simplest possible case in which'the first algorithm fails. Most

other, cases are significantly more complicated !land virtually

uneXplainablel. "'V For this reason, the first algorithm was used instead

of the second algorithm,

(v) Interested readers are challenged t'(write an explanation in simple°
terms for why cave 11 can not contain a it.if there are three pit6 and
cave-sets' 11,7,3,11), (1,2,3), (3,4,5), (6:6,7), (7,8,91, and (9,10,1).

_ The 'explanationYshould.not Contain any'new terms like "cave-sets".
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The Probability Estimator

The third step of, the Locator Algorithm estimates the probability'

,that each cave contains a danger. It considers all the cave-sets,

.

complete and partial; andjis guided by five basic peinciples.$1.he first

The

principle 1P11 of Figure 3.5) is that each member of a cave-set has an

approximate probability bf 1/N where N the number of .caves in the

cave-set. In the case of partial'cavf-sets, N is an estimate of the size

of the complete cave-setTor example, in Figure 3.4C %he- partial cave-

set is caves. 1 and 9, but N would be four as one would expect that the

neighbore'of cave 4 would add roughly two more caves to the cave-set. In

thy case, the probability of 1/N is not exact because it is often >

possible that some cave-sets will contain more than one dangerous cave.

However, the estimate does give a relative meaeure of the risks involved

with the different caves.

The next general principle is that if a cave has been identified as

definitely containing a danger, that cave,4will explain the warnings

reepontible f6r any cave-sets of which it is a member. (vi) This makes

it less likely that the other members of these cave-sets-will contain a
0

danger. The, third principle is that if a cave is a member of more than

I

one' cave-set, it is more- likely that the cave does, jn fact, contain a

dftnger. Conversely, the otp,ar members of these cave-sets are less likely
: (

to contain .dangers. Lastly, it is better to shoot into caves that are

/ ....

likely to, contain the Wumpus before visiting them. Thi pFinciple

1;/

. ,

considers the fact that If the Wumpus is not the cave, th n the arrow

(vi) Every cave-set with more than one member can'be attributed to an
-originating.oalve at which a warning was received.-

Page 23
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P111 Equal L i kr Ilooloa Pr l. .nc.p.e .61 P -1 /N where N Is the number .f caves in the smallest

eave-let of whist+ said ear is a member. it eerrespende t the simplifying a'sumptlen that eacW--'

Nisidat had smelly one *danger randsiths assigned to it.

P12; Redundant Evidence:Principle Nhen It Is noted that's given eve -set is superset of-

another save -eet, then the egmmimrt-acveet is ne long& oeneldered as the mornings involved are

eeepltely explained by the subset save -met. rip the eaves regaining in lhi superset after the

subset Is removed, the probability igget met

U '

T-I-S 4

'shores the number of identified dangers. (The amber of indepenNent oemplet eave-bets).

U. the number of unidentified dangers. (The total number of dangers minus I).

So the faXe+4141mber of-safe caves based en the present evidence.

To the total number of Wives.

This probability is also applicable to eaves for whisk there is no evict nee to estimate the danger by.

P13$ Multiple Evidence Principle fir these eaves whisk are members efgere than one cave -set the

probability is set tot

P1 = 1= 1 x (1 -
1

) x ( 1

"A
- 1,-,)
"B

x (1 - "7,) x

Iv

Worst N. the member of eaves in the given save -met if uhlmh said save id a ember.

This expremelen serrespends to the simplifying asaumptien that meetly one danger is randgmly

assigned. to eacificave-eet. It is Hdanger)ol-P(ng-danger) MAWS

Nne danger/242(ne danger free first eave-es t)*Nne danger Mgt semend eroe-est/$16..

P141 Adjust For Multiple Evidenc Principle for caves uhich are
ultlelt the above 'grouts is applied, the probabilities are adjusted tot

1 I " lA
14. 1prfp 1 rfp _ 4. . ; .

1B
_

Ni

1 4. ...1
P1-1 17-

A.

" 2A NA
)

1A%

mheres, P. the final probability for the sposified cave.

N. the nulber of caves in the specified cave -set .

Pe the probability initially caloulatad (above) for the specified save.

No the number of cave-sets of ultieh the snuffled cave is a member.

N umeric subscripts are for the various cave-ste of which the Ith cave is a member.-

L etter subeeripte associated with newt, subscript, sr. for the various members of the specified

eavgibet; omitting the Ith save.

This oulression averages the champs from 13 lin amongst the ether member,. Iii has no theoretical

igetifleatien, but It torte very nicely.

FP = 1

members of ceve-oets to

P151 Shooiing Principle Mower %era exceeds Pct 1 t i reset tot

1FPw e'.(1 - P
W

) x olpres
PCut Off

(1 - P
Cu t Off' x ; Cut Off

=
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will start ricocheting with roughly a one third chance of killing the /-

player, It Is applied only if there are sufficient irrows so that the

nLloss Of an arrow will tenjE'the game. These five principles are stated

as rules with their accompanying formulas ,in Figure 3.5. The' fprmulas
1

are not referred to in any explanations but are simply used internally to

allow the Advisor to evaluate the relative merit! of the different moves

mere precisely.

-Combination of the Results

To complete the C6eparisops.between the different moves, the Expert

calls the Locator Algorithm three times, once for each respective danger.

, Then it combines the probability estimates to 8pme up with an overall

estimation pf the value of visiting each cave. The Expert is guided by

eight, basic principles in computing the overall evaluations. They are:

CO: .Safe unvisited caves are preferable to all;bthers.

Cl: Given that it is necessarm,to take IMMO, rieke, those moves with
the lower risks for all dangers are Preferable.

C2: Risking multiple. dangers is worse than risking a single danger,
'presuming there is a common danger and that the common danger is equally,
likely in both cases.

C3: Presuming that there are common dangerei that are equally

likely, it ie preferable to visit t5Ose caves where the Unequal risks are

lower.
--t

C4: Bats are.not ai dangerous as pits or the Wumpus.

CS: Locating the Wumpus is an Importantsgoal, and it is worthwhile

to visit caves which are likely to give information about the Wumpus'

location)

CS: When the player is in a very dangerous section of the warren
with no krilwn rotate to .a safer area, it is sometimes adVisable to seek
out bats imahe hope that they will.carry the player to a safer section

of the warren.

C7: When the location of the Wumpus is probably known,.it is best
to shoot into the cave:

Page 25
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Figure 3.6, NALCombigation Princi-ples were converted into the 'following formulas:'

.COST 1- (1-Cut)*(1-Ceit)*(1-Cmumou.)

'c lamp,aPliustpus

,CPit Pit

L
ril

+N
Wumpus

csal-Pst*

GAIN.
Vcay.+Vsa

NCavas.'EBat

-(C8 thru C3) .

(C4) ,

V(
434C(1'4)Bat (1'3;it) (1 -3wu O )

e
m MM 5)

N -4g .E -iq
0% Caves* Visited -Pit Wumpus

.

./, =P Ag ( IL -D ) (i-P )* 4

(CS)
Bat Bat ,Pit Bulapus .

N

Ir
A 4

N
Cavais Bat

.beret P. The probability-for the specified danger for the cave being consid ered;

Be A measure of the value of the information to be gained at that cave. (normally one).

It is-increased if IA. cave Is 114814 to give infermilflon about the Wumpus.'

N. The number of caves of- the type sPlcified.,

E In estimation of the number of caves with the specified danger. ahat do not contain

another danger of a'higher priority. The priorities from highest to lowest are liumpus, pits,

and bats. For exempts;

Npvi N
Sump...2

AP
ri

s .

-1-}

Es41418m* (1 ) (1
-

)
t *

NCaves NCaves
TN, above formulas can be used to give an in4ax of'

,

GAIN

COW

The caves, can. then be Ordpred according to the INDEX. If COP.6, the INDEX would go to Infinily,

there would liavi 4o be different sizes of .infinity. Instead, If the COST0, the INDEX is set to

verb large number times the CAIN.

I
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N.
/Wise principles were incorpopated'into the formulas shown in Figure 3.6

and are usedv to compute the index for each cave. This index is an
1

estimation of the value of visiting eacK cave.

411,

Stslitry
i *

It is worth noting .tht the Expert described herein does not always

fiend the best move possible. In se4tral cases '1t was ilecideld to useless

accurate algorithms- in order to sake the computations of the Expert more

understandable to humans. An example of this at a global level is the

manner din which cave-sets are implemented. In Figure 3.7 there is a

41diagram of a section of the warren. The actual Locator Aigor)' hm would

conclude that cave's 5, 6, and 7 are all equally likely to contain the
...,,

Wumpus. In fact it Vs more likely that cave 6 contains the Wumpus, as a

Wumpus, in cave 5 or cave 7 does not explain all the warnings directly.

IMP (vii) An improved algorithm cduld'aPply probability rules throughout the

propagat:on of cave-sets. A simplistic approach to this would be to

. ..
,

. alsign to cave 3 and cave 4 a probability of one half of being next to
r

.

the Wumpus. 4viir) In this manner one achieVes the results Shown beneath

.P. Figure 3.7. These results are more realistic, but the improved algorithm

has the unfortunate. drawback of destroying the precise division between

the probability rules and the'logical rules, It also makes it much more

difficult to break the rules into bite-sized chunks which are easy to

teach. For such -reasons, theimproved Expert does not carry out its

computations in the most,accurate manner-possible.

No
(vii) An additional `Connection is required ,between cave 5 and 7 .t

explain all of the warnings._

(viii) This is one of the general approaches suggested in
Carr, and Goldstein (1976).

A

4
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Figure 3.7

No Smell Smell,

Cave

5

6

7

Probabilities For Weems
Old Algorithm New Algorithm
Probability Probability

.3333

.3333

..25

.58

.3333 .25

y.

The sixteen danger specific rules (the eleven 41dgical rules in

Figure 3.2, and the five probability rules in Tigg 3.5) together with

the eight combination rules are a concise deftnition of the Wumpus

Expert. Many of the intricacies of tha expert, such as the pricrities of

the different probability' rules when there are conflicts, have been

Such details were worked oyt in the actual program, but are not

worthy of note' in this paper: The differbnt rules have been presented in

landmre numbered in) order of increasing complexity and, to a certain

degree indegrein order of logical dependency. -Norially, each rule uses only

the input data and the results of'lower numbered rules. The 24 rules

taken together comprise the knbwledge which the Wumpus Advisor endeavors

to teach. In this sense, the.entire Wumpus Advisor centers around the

Expert.

4P
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/Chapter 4

Wusor TT

Theituerap-Structure

Wusor II has been implemented with the structure shown in Figure

4.1.' The Wumpus Expert moduLis is an implementation of the expert just

described; The Move Comparer analyzes the different moves noting thee

knowledge 'required to justify theii- relative merits: The Peychologiet

uses this: information ta determine how the player's actions (moves)

reflect upon his knowledge of the game and infmlis the Student Model as

such. The Student Model can the lecjde what the player is presumed to

know, and, Aram this, it determines what' material is, at the student's

level. '(i)'' The Wumpus Advisor uses this information (added to the

results of the Move Comparer)' to determine what to explain to the

e'tudent.(ii) If it decides to give,advice to the student, it will call

upon the English routines to explain certain of the results of the

Expert. The English routines .use the Student Model to prune their

explanations lig of the player's current ,knowledge. The Wumpus

Executive coordina/tes the activities of the Wumpue Advisor and Wumpus

game and imillements the coreptual model, of a tutor shown in Figure 1.1.

(i) gotitt,that within flee paper, "Student Model" will be used to refer to

more th40 just the data about the student, but also the routines which

maintain and evaluate the data. In effect, the Student Model is a "black

box" which answers queries about the student's current staN,e, and we will
not be'concer6ed about the details of its functioning until later..

'(ii) Burton and Brown (1975) d
gre of West which-was bunt
pPimiti.ve Student Pods!.

ibei a previous Advisol program for the
nd an Expert and which utilized a
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As theaLlumpue-Expert performs .its calculations, it .keeps a record

of the" processes it went through to arrive at its results. The

information relevant to each cave is kept on the cave's property list so

that the information is easily accessible. Tags are also put on the

property lists which correspond to the unique numbers assigned to each of

the rules listed in figure 3.2 and Figure 3.5. In this manner the Exper\

provides a complete set of sub-conclusions ant sub-results along with the

final results. These property lists are used extensively by the English

Generator. and Move Comparer. Both of these modules contain a structure

modelling that of the Expert.

Wumpus

Executive

Figure 4.1
Diagram of Wusoi II

Arrows Represent Data

Wumpus

Game

1(

/1

Wumpus

Advisor

-

psychologis

Move

Comparer

Wumpus

1

Expert

English

Generator

Page 38 31
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The Wumpus Advisor also has th, abili-ty to modify the llumpus game

to create situations more conducive, to learning. This has been done

primarily by allowing the L4umpus Advisor to define the number of .bats,

pits, Wumpii, and caves appropriately as wel,i as choosing the initial

41
caves encountered by the student. The starting cave Is selected by the

Advisor, and the player's first move is transposed to the desired cave

tall of the choices for the first move are isomorphic). This prevents

the pladril.' from losing on the first move, before he has sufficient

information to make intelligent decisions and also allows the Wumpus

Advisor to challenge the student with simple idea-lized problems that are

appropriate for a student of his level. Examples of proriems seleged

-
for students of'djffering levels are 'shown in the Apperldices. As a

4110

further addition, the Wumpus Advisor 'could be given the ability to

restructure the warren as the game progresses. Thie modification it non -

\

trivial since these changes moat be transparent to the player, but, more

impo-tantly, the Wumpus Advisor must be able to fully describe the

situation it is trying to create. The current Wu'Mpue-'Advisor does not

have sufficient information availatole to it to allow it to fully specify

more Complicated situations, but it.could attempt to move dangers so

that,' if ,the student were playing wisely, he would gain positive

)

reinforcement'. Conversely, if -the player were playing unwisely, negative

reinforcement would he supplied. I

In the remainder of -this chapter we will discuss the curriculum of

-the Wuipue Adviior. n the next chapter, we will fully describe, the

Stvdent Moglel and its' relationship to the Move Comparer and the

Psychologist. 'Then in Chapter 6 we will distues the tutoring strategies

Page 31
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which have been selected for Wusor II. In Chapter 7 we will describe the

English Generator before we discuss tin Chapter 8) the experiMenTalion

which is appropriate, for the Wumpus Advisor.

Page 32
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The Curriculum
,

. . .

Tftrei a definite hierarchy for the different rules used by the

* .
,

Expert, which makes, it'logical to have a corresponding hierarchy in the

curriculum of the Wumpus Advisor. It is not. realistic to explain the

different probability rules until the student has mastered some Of the

logical rules used in the derivation of the cave-sets because. the

probability rules are so dependent on, these cave-sets. Because ofs such

dependencies, the curriculum of the .Wumpus Advisor has, been broken down

into five phases.(iiii In each phase, the Wumpus Advisor attempts to

teach certfin rules, and the student will not be advanced to. the next

phase until he has masteredithose rules which are the foundations for the

next phase. In the zeroth phase, the student is taught the basic rules

-

of the game. In particular, the player is taught that he is allowed to

backtrack, (iv) and that, if a cave neighbors on a cave in which there

were no warnings, that cave is necessarily safe., In phases one through

,

four, the player is allowed to advance separately With respect to each

danger and each danger has its own curriculum. This is necessary because

the complexity of the different rules varies widely according to the

distance through which warnings propagate. For this reason, there are

t4 basic curriculums: a curriculum for when warnings propagate one cave

and a curriculum for 'when warnings pPopagate further.

(iii) BIP,, (Barr, Beard, and Atkinsoh, 1975) a CAI program for teaching
elementary programming skill's, has considered the issue of the conceptual
dependencies'between the skills which are taught. BIP takes the more

general approach of formally stating these dependencies in an Information

Network. This task is performed implicitly in the phases of the Wumpus

Ndvisor, along with various other functions.

(iy)4Knowledge of backtracking is essential
prayers do not grasp it on their own/
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The 'curriculums for bats and pits, presumes a warning distance of

one cave. In the first phase of this curriculum, the player is taught

how to pirceive which caves ace safe from the absence of a warning. He

must master these rules before he can advance to phase two where he is

taught the first probability 'rule (P11). The player must master this

probability rule and its supporting logical rules before he can advance

to phase three. In phase three, the player is taught the reasonably...

complicated probability ruled (P12 and P13) and must master both of them

before he can'advance to the last phase, In thelast phase, the player

is taught the most advanced of the probability rules.(P14). This rule is

left to the last as it has a-conceptual dependence on .the two preceding

rules. All of the rules taught in each phase are shown ifytigure 4.2,

along with the necessary conditions for advancement to the ne.'. phase.

(v)

f

-(v) In Figule 4.2, there is a new rule, 119, in thlirst phase of the
Wumpus curriculum. This rule is a Specialization of the logical role L5.
It ie relevant whenever a "More Thzn" classification involves N
applications of rule LS where N is the warning distance. It is recesvy
in cases where the warning distance is greater than one because in these

,cases students will sometimes not apply LS to the limit.

Page 34
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Figure 4.2
Rules taught in each phase.

Wusor II

Phase 9 1 2 3 4

Bats Ll L8 L3 L5 L4 L7 P11 L6 L19 P12 P13 P14.

Pits. Ll
I

LO
\
L3 L5 L4 L7 P11' L6 L9 L18 e12 P13 P14

.

Wumpus )..1 Le L2 L3 LS T19 L4 L7 L6 L8 L9 L18 P11 P15 P12 P13 P14

Rules which must be mastered to advance tiolhe next phase.

Phase -8 -1

.

Bats Li L3 L5 L4 Li Pll P12 P13

Pits
,

Ll L3 -LS L4 L7 P1.1 -112 P13

Wumpus Ll L3 LS T19 L4 L7 P11

The Wumpus curriculum presumes a warning distances bf more than one

Cave. In the first:phaseof the Wumpus curriculum, the player is taught

the logical rules necessary for perceiving which caves are safe from the

Wumpus. This phase has the same,rtiles as in the bat pit curriculum, but

because of the increased warning distance, the rul are more complicated

to apply. In the second phase, the Wumpus Advisor tdaches the player

those rules necessary to arrive at cave -sets. This separation of the

. ., .

,rules for deriving cave-sets from the first probability rule is made

.)
possible because of the special -varlie assigned to caves which are likely

. .

to give information about the Wumpus. The Advisor can speak of the value

of completing, cave-sets without 'actually getting involved with the

details of probability. Ths_separation of the logical rules used in the
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derivation of cave-sets from Ihe probability rules is necessary because

of the extra complexity of a warning distance of two caves. This not

only .makes the logical rules more complicated, but also makes the 4

probability rule fill more complicated as it now involves estimates for

the size of the cave-let. In the third phase, the player is taught P11

and P15. He must have mastered P11 before he 'can go on to the fourth and

final phase. In the last phase the Wumpus Advisor attempts to teach the

P12 and P13. This is not ibis in the standard game al theOs is only

one WumpcI and there are no situations to demonstrate these rules. As a

result, the Wumpus Advisor changes the game ad that there are two WUmpii

in the warren as soon as the student advances to the last phase.

The player' is allowed to advance independently through the last

)

four 'phases of each danger. This allows for the possibility that the

Weyer might rn the use of a rule with respect to one danger, but

might not recognize that it also applies to another danger. However.

once the player has mastered a few of the logical rules .for bats and

pit's. it can be expected that he krii recognize their correspondence for

other rules. (vii) For this reason, there is a function in the Student

Learning Model which notes when the player has learned several

corresponding rules for bats and pits; thereafter, it presumes that the

player will recognize the correspondence between any other rules for bats

(v"-Note that since there is 9nly one Wumpus for the aarlibr phases, the
logical rule which considers the number of dangers (L1S) becomes much
simpler and is taught in the same phase with P11.

(vii) ,This statement is based upon the players which the author has
observed. The author has 'observed fifteen or eo students in .their

interactions with Wusorl. in all casts the students quickly learned the
correspondence between applicable bat /and pit rules. However, this issue
warrants further b?4erimentation.
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and pits and adjuete the familiarity Values accordingly. The player is

taught the combinaticn rules (rules C8. thru C7) independently of the

different phases. However, in teaching the Combination,76les, the Wumpus

Advisor takes into consideration the conceptual dependencies of the

rules.

The curriculum that is taught by the Wumpus Advisor is designed to

first teach the student the basic rules and then the more complicated

applications of these rules, The total knowledge is broken down into

specific items, and these'items are grpuped into phases so that each

phase has applications that can be taught directly. This all ws the
e-

Wumpus Advisor to make short but meaningful explanations to th student

at all times.
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The Psychologist and Student Model
,Chailloter.

An Overview of the Move Conierer, Psycholoeist.seed Stiident Model

The- Student Model along with the Move Comparer and Psychologist

have the purpose ofdeterminihg.just what moves can be explained to the

student and of determining what rules can be pruned from the explanations

to be glven. These two, goals require that the Student Model be able to

determine which rules are known to'theistudent. .1f a huian tutor were

faced with such a problem, his Student Model, would be .based on several

sources of information. This sort of generaltized Student Model is shown

in Figure 5.1. The decision of whether or not the student knows a

particular rule is based on the following inputs,

1. I-14w often the student seems tp have applied the rule..

2. How often the student has had the rule explained to him.

3. The student's knowledge of other rules. (upon which this rule
depends).

Consideration must also be given to other important points. They are:

4. How quickly the student learns.

S. The student's initial knowledge of the rules.

6. The time period that has elapsed and how fetgefful fhe student
is.

Of course, these are not the only things considered by a human tutor but

they are certainly very important considerations. Our Student Moder will

take all of these inputs into consideration.
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Figure 5.1
Generalized Student Model

jy

Apparent Application

Of Rules

Explanations Given

The Student Model

Knowledge of
Prerequisite Rules

Knowledge of

Expert's Rules

In Figure 5.2 there is a diagram of the data flow between the Move-

151

Comparer, Psychologist, and Student Model ae well as the various sub-
.

modules of the StucOnt Model. The Move Comparer takes any two moves and

determines which rules and necessary to justify their relative merits

with respect to a single danger,n) If also querles the-Student Model to

determine whether or t these rules are known to the student, acceptable

for teaching, etc.. The Psychologist uses the results of the Move

Comparer according to the Combination Rules to determine if the student

has demonstrated a working knowledge of any danger-speCjfic rules while

the Wumpus Ad$,:isor uses them accordift to the Combination Rules to

determine which of the Expert's results it will explain to the user. The

loop in Figure 5.1 representing the student's knowledge of other rules is

implemented through the loop from the Learning Mtlidel to the Move Comparer

to the Psychologist to the Knowledge Model and back to the Learning

Model. The Student.Knowledge Model Maintains Familiarity Veluei which

represent the student's familiarity kiith any given rule. The Student

Learning Model uses i.ts estimate of the student's learning ability, to

(i) In Appendix C there is 8 complete description of how the Move
Comparer. functions.
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interpret 'the Fanilieri0 Values and determine which rules the play,er; is

ipresulsod to know.' (i ) With theie rules, the Student Learning Model can

1

implement thercyrriculum of the Wumpus Advisor by computing which rules

are acceptable for teaching. Finally, the Student Model 1:ritic 'analyzes 41

On

the ;interipions betlyeen the Psychologist and the Learning Model and

Itt
adjusts the Learning Model as appropriate.

t

"11'''
l

Player's

Move

1

Explanation

Complexity

.0 0

Figura
Arrows Represent

5.2 ,

Date

Explanation'
A

Knowledge
Psychologist

Model Given

Student
Model
Critic

Move

Comparer

Information.
About the
Warren

Learning

Model

Knowledge of
Particular Rules.

1,

4 (I° In thiii chapter there will be Many references to the student's
knowledge of the different rules. This will normally refer to the

Student, Learnihg'Model's estimate of the kident's knowledge.
.

V
('ii) The Student Modal also maintains disc files on all, of the users.
These flies are keyed on the student's first wildolaername; any time a
new player.uses the Wumpue AdVisor, a new file is created. Iris, copied
ontt disc at the.and of each session,- his file-44 reloaded at the

--,_ stert of 4 new oession.° The -file contp nil the variables and arrays of
4 the Student Knowledge and Learning' Models as wellies ivaridUs .ocher

information. . ,
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\41he Psychologist and Combination Rules

The Rsychologist begins its analysiewhen the player asks to visit

a cave in the fringe area (iv), and it assumes that, if the player has

.moved to a cave which is ;natant from the starting cave, he must,hage

discerned that something was wrong with those moves which were closer to
.

the starting cave. (y) TheLessumption that the player recognized a fault

)with each of the Worse moves is qualified by considering the route which

they yer took to his move. If the route taken was ,non- optimal, the

Psychologist ,wiif consider only those caves which were very close to the

starving cave.(vi) If the player takes a particularly lengthy route, the

Psychologist will consider only the. immediate neighbors of the starting

cave. (vii). Likewise, if the Wumpus Advisor has recptly advised 'the

player-to go to the move which,he 'finally selectedc the Psychologist will

not consider hie move as it cannot be certain just how much of the

(iv) The fringe area contains those caves which the player has not
visited. and which are accessible to the player through caves whichmhe has
already visited.

(v) The starting cave is the last fringe cave which the player visited or
the last cave at which the player shot an arrow or received advice frp
the Wumpus Advisor.

The Wumpus Advisor help,deveral features which are intended to aid
the player during the game, One of these is a route planner which
explain an optimal route to any cave that is'accessible through visited
caves. If the player uses this feature to find a route to a cave and
then goes there directly, the Psychologist will presume that the other
recognized some fault in all caves which were worse than the selected
MOW).

(v))) Random chanCe becomes very likely when the Pllager takes an

extremely indirect route., Therefore, the Psychologist only considers
caves that are within N cave, of the starting cave where N-20=1 -1. L is
the length of the route actually taken by thipplayer, 0 is the length of
the optimal route, and N has a minimum value of one.

I.
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advice the player actually understood. (viii)

Presuming. that there were worse_moves for the Psychologist to

consider, it would determine if the player-hae demonstrated a Working

knowledge of any rules. The Psychologist would conclude that the player

has demonstrated a working knowledge of a group of rules with respect to

a Certain danger only if there were ro other. plausible explanation fdr

why the player's move was the, better move. These conclusions are based

on a restrictive definition of the first four Combination Rules. There

are examples of this in Figure 5.3. In Figure-5.34, the last fringe cave

visited by the player was cave S. The player then moved directly Jo cave

12. Cave 6 is a worse move because it risks pits and the Wumpus.

However, in this case the Psychologist iwowict do

clear whether the player perceived the danger from

from the Wt.mpus. The player also bypassed cave 3,

nothing as it is not
4.

pits and/or the danger

a cave that was unsafe

for bate, but, in this case, the Psychologist would presume that the-

player had perceived that cave 3 was unsafe (the default) and that cave

12*wis safe from bats,. would note that the player had demonstrated a

workini knowledge of those rules which made cave 12 safe from bats.

(Logical Rules L3 and LS for b and Combination Rule C8), In Figuf.e

5.38, the player started at cave 18 and chose the better move, cave 14,

bypassing olive 17. Ili this case, there was a common danger from bats and

a lesser risk from pits. The Psychologist would assume that the-player

saw that-there was a smaller risk from pits in cave 14 because there'was
a

absolutely no difference in bate for the player to perceive. Ft-would

0

(viii) Correspondingly, the Psychologist will not consider Uorse moves
which the Advisor had prevlously informed.the pleoar were bad.

Page 42

r



T

The Wumpus Advisor The Student Model

9
noto",that the' player had demonetrited a working knowledge of the rules

necessary to explain both caves' probabilities for)Oits. (Logical.Rules

L1,,L4, and L7 Ar pits, Probability Rules P11 and P12 for pits, and

Combination RuJe C3). '(ix).
4

6"

Figure 6.3,

17

Figure 5.3A

Nti

(Selected Mo

C
Orr

.4

it

art

Squeak4
Breeze

17 !`

..... _ -
if ") The WumRus Ad s

,bUi it uses*: a less

While the Wumpus Adv
of a single danger
reasons other than
6 in Figure 5.3A,
instead because of
would only cusori
1Di'ts at all becaus

1

Squeak

Breeze

Figure 5.3B

14 (Selected Move)

also implements th% dIffernt Combination Rules,
estrictive definition of the Combination Rules.
or will only explain why a move is better because
it is. acceptable for thb move. to be better for

ose explained. If the player asked to move to cave
Wumpus Advieor would advise him to move to cave 12

a smaller risk from the Wumpus. The Wumpus Advisor
mehtion. the smaller danger from pits if it mentioned
it tries to keep its explanations short.
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Sometimes a player will makes a lucky move which gives the

appearance of a mastery of pertain rules but Aohich does not realty ,

indicate a knowledge.of laid rules. To restrict this possibility, the

Psychologist first checks to insure that the rules in question are not

well above the expected level of the studint.(x) If they are, the

Psychologist will consider his move a lucky move. As ,a further

precauti4t6.. the Psychologist compares themove selected by the player

with all the bitter moves available to him. If there are any moves which

are better than the selected move and which the user should have known

were better, the Psychologist will degrade the Student Knowledge Model

appropriately. The Psychblogist determines if the student should have

recognized the better move by insuring that the move in_Aluestion was

better than or exactly the same as the selected move !ri every way. It

then insures thtt the student, was thought to know all those rules wnich

indicated the quality of the better move, and, if so, it will degrade the

appropriate rules of the Student Knowledge Model. In some cases, this

degrading of the Student Knowledge Model will cause the Student Learning

Model to decide that the player does not actually know the ruleisi in

..-

questionyand it will move the player to as low a phase as necessary.

(x) Rules are considered to be above the expected level of the student if
they are not rules which are considered acceptable for teaching.
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The Student Learning Model

Just as the Student Knowledge Model can be viewed as an overlay of

the rules (and knowledge) of the Expert, the Student Learning Model is an

overlay of those tutoring capabilities possessed bythe Advisor. It is

composed of those abilities which are deemed appropriate for each

studen4v(xi) In Goldetein's Coach proposal (1977), an Advisor is

envisioned capable of different explanatory strategies so that the

Learning Model contains those explanatory strategies which are

appropriate for the particular student. However, the Wumpus Advisor does

not have this degree of freedom (as it has only one explanatory

strategy) (xii), and the Learning Model' is primarily concerned with a

,

vector itich represents each student's learning ability in the three

dimensional Learning Space. The first dimension of the Learning Space is

how long it takes the student to learn something (the Repetition Factor)

and the next dimension is how long it takes him to forget something (the

forgetfulness Factor). -The Receptivity Factor is the last dimension and

indicates how often the student likes to be spoken t . How often the

Advisor gives the student advice depends on the student's Receptivity

Factor. There is a large region within the three dimensional Learning

Space in which the Wumpus Advisor can function effectively.

The first dimension of the student's learning ability, (the

Repetition Factor), is a variable which determines how high a Familiarity

Value the student must have before it can, be presumed that' he kndws a

(xi) Overlay modeltincO is discussed more fully in Carr 8 Goldstein
t (1977).

(xii) Later, versions of the Wumpus Advjsor will have expanded'
explanatory abilities with a correspondingly increased Learning Model.
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rule. The Familiarity Value for a rule Is incremented for one of two

reasons. tf the Olawer is not deemed to hays heard of the rule in

I
questiono then the Familiarity Value will be incremented when the player

is told the rule in question.(xiii) Likewise, the Familiarity Value will

be incremented if the student demonstrates a working knowledge of the

(xiv)rule as determined by the Psychologist). (x Whenever the

Familiarity Value exceeds the Repetition Factor, the Student Learning,

Model will presume that the student knows the rule in question. lxv)

When it notes that the student has learned a rule, it also dheclip. to see

if he has learned the rules requisite to advancing to the next phase. If

so, the Student Learning Model will note that it is acceptable to teach

the additional rules of the new phase. (xv)

The second dimension of the student's learning ability is the

Forgetfulness Factor. The Student Learning Model normally presumes that

the 'student has forgotten certain of the more recently acquired rules

between sessions. This is done by decrementing the Familiarity Values

according to the Fkgetfulness Factor and how long the student has been

(xiii) Whether or no4 the player is deemed to have heard or the rule in
question is decided by comparing the number of times he has been told the
rule with a variable that is dependent on his Repetition Factor. Note
that this requires the Student Knowledge Model to'keep track of how often
the player has been told a rule as well as his familiarity.

(xiv)

Model
Familiarity Values are a rather Kimitive implementation of the

in Figure 5.1 as the two external iAputs are combined linearly.

(xv) It is worth noting that the test value for having heatd or rules is
such that it is not possible for the'Student Learning Model to presume
that the player knows a rule without the player having demonstrated a
working knowledge of the rule at dome time.

(xvi) Even after the student is presumed to have mastered a rule, the

Familiarity Value is updated whenever the student demonstrates a working
.knowledge of the rule.
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. )

away from the Wumpus Advisor. (xvi) The Femlilarity Values are

decremented by an amount equak to the log of the number of days that the

player has been away from the Wumpus Advisor (plus one). The base of the

log'i the inverse of the Forgetfulness Factor.

The Student Model Critic

The Student Model Critic analyzes the player's behavior whenever

the player makes a move which indicates a working knowledge of a eule

which he is not prssumed to know, and wAen he makes a move which he

snould have recognized as better (these situations are identified by the

Psychologist, of course . In Mach cases the Critic will often adjust the

student's Repetition Factor or Forgetfulness Factor, whichever is

P.
apprqpriate. Also, if the player follow the advice of the Wumpus

Advisor, the Critic will increase his Receptivity Factor. In contrast,

if the player ignores the advice of the Advisor and makes moves which the

Advisor has noted as bad, the Critic will decrease the player's

Receptivity Fectir. (xvi4.0) 'These small incremental changes to the key

variables of the Student Learning Model are intended to adjust the

Learning Model to the bctual student's learning ability.

The Student Model Critic makes an analysis of the situation before

making any changes to the Forgetfulness Factor or Repetition Factor. Its

analysis is guided by the six Critic rules shown in Figure 5.4. The

Critic first notes whether or nottfle" player is a new player; in such

(xvii) The values representing hoCoften the player has been told each
rule are also decremented as his memory of the advice given is presumed'
to have decreased over the given time pefiod.

(xviii) The amount which the Critic increases or decreases the student's
receptivity depends on how recently the advice was given.
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.

cases, it is quite likely that the initial estimate of the student's

knowledge was incorrect, and so the Critic will ,only make immediate

adjustments to the Knowledge Model. This is formally stated in the .first

two Critic rules of Figure.5.4. The Critic will' presume that it has aas

acceptable approximation in the Knowledge Model when it has to -undo a

decision made earlier. For example, if the Critic repeatedly decreased

its estimation of thewAtudent's knowledge, it would stop adjus ing the,

Knowledge Model as soon as the player learned a rule which he had

previously demonstrated that he did not.know.("-x) This is formally

stated as the third Critic rule. Once the Critic feels that the

Knowledge Model has been adequately adjusted, it will begin adjusting the

Repetition Factor and Forgetfulness Factor. However, the Advisor will not

make any hanges to the Factors tf the student's Facflferfty Value fo:- a

rule in question is not reiativelij close to the Repetition Factor. If It

is not fairly close,. it is far sore likely that this case is mot

indicAli.x.f\of the studert's learning ability, but,'` instead,, a fluke flp

mistake on the part of the player or a lucky novel. (-ww-- )

Once it is determined that the move inr !pelt-ion involves a ru,e

with a. marginal Familiarity Value, the Critic will make the adjustment

which is indicated by the last two Critic rules.

(") Because. game situations often allow the student to more quickly
demonstrate 8 knowledge (or tne lack thereof) cf rules with respect to
certain dangers, the Critic notes whether or not the Knowledge Model has
been adjusted with respect to each danger.

(xx)
The- Critic will not make any changes to the Learning Model if the

Familiarity Value was set'in the initialization period. .
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'Figtee 9.4

The Student Model

CR1 if a new player demonstrates a working knowledge of a rule which
he was not initially presumed to know, adjust the Familiarity
Value to indicate a knowledge of said rule.

CR2 If a new player indicates that he does not kna a rule which he
- was initially presumed to knoH, adjust the Familiarity Value to

indicate that he does not realty know said rule.

CR3 Cease adjusting the initializa,tions of the Familiarity Values as
soon as some decision 'made= according to CR1 or CR2 is

contradicted.

,CR4 If the player demonstrates a working knowledge of a rule which he
was not presumed to know, then

A Decrease the player's Forgetfulness Factor if this was a
. rule which he was presiJme to have forgotten recently.

8 Otherwise, decrease the players Repetition Factor.

CR6 If the-player's actions indicate that he does not really know a

rule which he was presumed to know, then

A Increase the Forgetfulness Facto>4f this was a rule
which the player was presumed to have learned in a
previous session.

A Otherwise, increase ',he player's RepatjI404...iactor..

In this manner, the Student Model Critic adjusts the values of the

Student Learning Model as appropriate.6,mi)

The Student Model Critic also identifies those situations in which

the limits of the Wumpus Advisor are exceeded and a human teacher is

necessary. This is done by noting when the player does not seem to -de

advancing after an extended period and, more importantly, by noting those

situations in,which the limitations of the Wumpus Advisor are exceeded.

For example, within a two dimensional Learning Space composed of the

Repetition Factor and the forgetfulness Factor, the Wumpus Advisor is

(xxi) At this point it should have become clear to the reader that the

Student Model keeps, track of Oen a player is presumed to have
learned7unlearned eaCh rule, which:rules were forgotten, etc..
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competent at advising students within the area shown graphically in

Figure 5.5. The Student Learning Model can represent 'a user as a 4ectorr

anywhere withiW-Nrearked area.(xxii) Any time the student's Learning

Vector fells outside,of this region, the Strident Model Critic calls for
4'

human help 'es the limits of the Wumpus Advisor will have been exceeded.

Repetition

Necessary

To Remember

Nur' i.;

Time BeforNorgets

Because of the limitation on the Repetition Fee:or: the Wum

Advisor can not always keep up with extremely quick-students, but the

Advisor is not really necessary in such cases. However, the limitation of

the Forgetfulness Factor may be very*Significant, as the Wt..mus Advisor

can not deal effectively with (tudents who are extremely forgerul. The

limitation is caused by the fact that the WUmpus Advisor keeps track of

time in days, which could be too large a unit of measure

cases. Further testing is required to determine if this is an acceptable.

;imitation. Otherwisar it would be necessary to modify the Wumpus

Advisor to keep track of time in hours r, possibly, minutes.

(xxii) The reader should note that the Wumpus Advisor is not able to
finely tune its advice for players whose vectors are close to the limits

of the Wumpus Advisor's abilities.
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It is essential, t at the Student Model have the ability to

recognize its own limitations. From Observing various students and their

:nteractions with the Wumpus Advisor, the author has noted that one very

important step in the student's learning is the development of a good

representation for information about the warren. Without. a_ goopb

representation, it does not seem to be possible to advance to the more

advanced phases. In all cases, the atuddnts have eventually developed a

good representation on their own (the Wumpue Advil/or does not currently

have the ability to teach good ways to draw warrens). However. it is

likelij that some students would not overcome this obstacle on their own.

While it is simple to add in the ability to graphically display "good

warrens" to the student, this is almost certaisvilr only one of many

possible pitfalls for the student that the Wumpus Advisor would not be

able to deal 'wlfh. In such cases, it is essential that the Wumpus

Advisor have the ability to-monitor itself and determine when something

has gone awry.

The IlOttaltzattons
4t

The Student Model is initalized according to information elicited

from the user., Whenever a user starts up Wusor and the Wumpus Advisor

does not already have a file on disc about him, the Advisor will ask the

new user a series of questions which are used 'to initialize the Student

Model. First, the Wumpus Advisor will ask the student 1) how old he is.

2) how many years of education he has completed, and his general attitude
ti

to Math/Sciences. With this information, the Advisor will calculate the

student's Repetition Factor and Forgetfulness'Factor under the assumption

that older, better educated students who enjoy the Math/Sciences are
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better prepared to learn about the Wumpus domain. Once the Student

Learning Model has been calculated the Advisor will ask the student' how

many games of Wumpus (if any) he has played. This will be combined with

whether, or not the student chose to read the instructions and his

estimated learning ability to .select one of the four possible starting

itate for the Student Knowledge Model. From experimentation it has been

found, that the Advisor advances the Student Model more quickly and

accurately than it degrades the,Student Model' (as increasing knowledge of

the game is normal), and so the iNtial e4is/of the Knowledge Model is

gelerally a conservative estivate. In this manner the Student Model Is

initialized to a state which is hoped to be close to the actual state of

the itudent. In any case, it is not of great importance that the Student

Model be initialized with extreme acburacy as the Student Model has the

ability to compensate for such errors.
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Tutoring Strategies

Chapter 6

Model of Tutor/Student Interactions

Tutoring Strategies

In Figure 6.1 there is aliodel of the interactions between a tutor

and a student. It.is intended to emphasize the cyclical natures of their

communications. The tutor communicates his.,sxplanations to the student

arld the student cymmurlicates his understanding ta the tutor (feedback).

The tutor modifies his instructions according to the feedback and-will

elicit feedback if he is receiving insufficient feedback. Typically, the

instructions are the explanations of -a teacher, while the feedback

includes everwthirlg from facial expressions (boredom, non-comprehensioh,

etc.) to test scores. This model is of a generalized tutor which could

_Joe a human instructor or a computer program.
0

Figure 6.1

Model of Tutor/Student Intonations

Tutor

Instruction

Feedback Elicitor

Feedback

Student

tip
A

d

There are several' limitations in the computer's ability to

communicate. This difference is primarily due to the fact that the

-computer's communications are restricted 'to the domain of typed

responses.. The computer can not rely on fadial expressions or verbal-

signals to emphasize keij points, Also; it can not use facial expressions

fir

)
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4:0.ipotards Oof fimdback. 'For exa!ple, it is inapprdpriate-for a computer

program to use jokes as a feedback elicitor becare the computer callPnot,.
. ,

,evaluate theresponse (laughter, en g, etc.).
,

.00 In *general., 11 tompattr program must rely on more formal avenues of

t.

.

,
-...

.

communication for its instructions, feedback elicitors,, and sources of
N

..

le

Tutoring Strategies

e feedback. . 7,

) \
. -

. Instruction
/

..)

.._

The inetcuctione can have various 'forms. These different

q
.approaches: to teaching,:can,be laid out eking a- spectrum which represents

the amount 'of think.in0 required of, the 'student., This. is Mown in Figure
"

I3.2. (k) A point at iheleft end .of the spectrum, indicates that thesAu tor
C2 , ,

e
simply Preventw algorithms about the domain. This approach requires

little thought on the-part of-.the student and can be highly_, fective at

quickly giving the stu dent mastery a/ the fieed." The opposite
A

the problems to the student and state the

solutons. This requ es the ,student to.workout a tecliiique for s

extreme is to simply Present

F

4

the problems. Thi's process is generally v ry slow and paingtaking and

1M
leaves open the possibility

.

that the etude will 'War master the given

problem domain. However, once the student has mastered the domain with
S

the latter approach, he is very unlikely to forget the learned mateqiI,

and those lessons which the student learns in (he given domain are more

.
likel4 le,appliel in other domains.

I" The idea qualifying the type of teaching according .fo the effort
rewired of thestudenels presented in Wintton (157)

. 1 - V

1
p.

(ii) Of course this disCUssion presumes thaethe strategy eeilected*will
.

be ,developed in the 'best meanspossi140., The approach on presenting
algorithms to the student cauldwte co licated by using' very complex.
language,' thereby requiring significan
compreKend the tutor. This ig contrar

effort of the student just to

o the intent oaf the aigorithmip
approach, and we do,not consider such cases here.
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Teaching
Algoritms

/

Tutoring Strategies

Figure 6.2
,f

'Spectrum of:Instructien Emphasis

Explaining
Examples

Algebra Wumpus
-Tutor Advisor

Giving
Results

A
A

Wumpus
Game

In developing the Wumpus Advisor, it was decided that- the Wumpus

Advisgr's instructions should be biased toward explaining results. This

is shown the spectrum of Figure 6i2. The Wumpus game itself could be

loCated at theextreme end of the spectrum (as shown in Figure 6.2) as its

simplyftlipplies the player with results and the player is left on his own

'to develop better techniques for avoiding dangers. The disadvantage of

the game without an Advisor is, as stated earlier, that the player can

reachooplateaus in his develogme4hd not advance to higher levels. The

Wumpus Advisor generates explanations which are intended to lead the

student*tb thd accepted solutions. With this pur ose, the most direct fa

approach would be to present the student with a somewhat simplified

version of the algorithme uted'b he Expert, but this approach does not1 ,

seed to be conduchie to teaching better ways ..o think about problems.

The author has tutored various students in the game of Wumpus, and.

liken he presented the, algorithms of the expert, the players quickly

maptered the game, but there 4pre also no indications that, these students

developed any improved thinking -habits. However, when the author relied

on the Wumpus Advisor and its explanations of the results (as opposed to

the actual algorithm), he found that t learning process varied. Those

prayers who were already logically oriented (such as M.I.T. graduate
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students) quickly developed algOrithms of their_own. The players' who did

not possess the desired thinking habits' (i.e. those who we're not,

eathematical4y/scientifically inclined) found the ideas' presented

intrjgUing and rather difficult. They would put serious thought into the

explanations and after 'many tries mastered the material. Comments were/

made such as "Oh wow, this is #a completely nets way of .thinking.", but

after having mastered the material they found it difficult to accept that

the 'material was so difficult ( "put its so'obutous").(4ii) Because of

idonct, the Wumpus Advisor generally does not state its rules

ly to the student but rather gives explanations of the results.

In, domains where thelmaterial 'to be,taught ie thougnt to have more

intrinsic value (suchtas Algebra which, it can be argued, can be pf.use

in overy day chores such as bilancing checkbooks), there is a'better

justification for teaching with a more algorithmic approach. A computer

tutor forAlgebra might facto'- several problems, showing all the steps to
41 S,-

the student. Then it could give the student various problems to do on
-

his own to help him remember the algorithms presented. This form of

instruction is appropriate in those domains where the subject matter has

'4 intrinsic value (rather than helping to develop improved 'thinking
.

habite).(iv)

'Feetlback

It is also poselbleto lay out the different approaches to feedback

The aboye obseftvations were made with about fifteen .students in

aeparata 'sessions, each of which lasted:an average of three hours. All

results were 'the subjective evaluations of the authoriip

(iv) Socratic instruction (through* leading questions) can be viewed,. as

another approach to -`the problem of non-algorithmic tuto-ing strategies.
Socratic questioning is discussed fully in Collins.
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4

along a spectrum,. Such a s ctrtbr;41_,Hown in Figure 6.3. The point, at

the hellitgoepd of. Ake spectrum i for tutors which ask the student direct

questionsfabout the subject matter. he'poipt at the right end indicates

that the tutor, estimates the student's wledge soleily by observing his

behavior. An Algebra tutor which presents p ms to the student and

observes how he solvec them, would be toward the middle

Figure,G-.3

Methods of Gaining Feedback

Questions About Giving ProblerELs

Domain Knowledge Requiring Kno&edge

ctrum.

Observing
Behiriour

'1

A
Algebra Wumpus

Tutor Advisor

4

The rethods used -by a tutpr to gather feedback are largely

determined by the teaching environment and the subject matter that is

being taught. The teaching environment restricA4e options available to

the tutor so that many techniques, such as jokes, are not available to a

computerized tutor. Also, the subject matter lends itself to various.,

feedback approaches. Geography is a field in which it is very difficult

to evaluate the student's retention of the material without directly

asking questions concerning that knowledge..

The Wumpue game it; a doMain which is conducive to obtaining

feedback by. observing the student's behavior. This is true of most games

environments be the gas presents the student with problems to solve: an

(v)

(v) A geography tutor would bift expectEd to ask questions such as, "What
is the capital of Sraz11?'", which is a direct testing,of the knowledge
that is being taught. Just such &geography tutor has been developed by
Carbonell and Collins In SCHOLAR.
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Advisory need only observe the results, In such environments, it is

important that the Advisor be careful to take full advantage of these

observations and minimize the number of questions which it asks of the

student. If the Advisor does resort to "testing" the student as a normal

procedure. the student's enjoyment of the game is likely to be greatly

diminished, and he is likely to resent the ministrations of the Advisors

For these reasons, the Wumpue Advisor relies almost solely on

observations of the student for its evaluations of his knowledge of the

game. (vi) The only way in which the Wumpus Advisor can be said to be

"l,), eliciting feedback is the manner in which it defines (and perhaps alters)

the game in order to create environments which are more conducive to

learning and the evacuation of the student.

The above two spectrums are, of course, simplifications. but they

help to emphasize two very important issues of tutoring strategies.

Other issues that must be considered (and warrant further

experimentVion) are such issues as graphical, versus verbal explanations

and the twee of instruoltion which are most effective (such as proof by

contradiction, which is one the key methods of the Advisor for simple

proofe). It expected that Wusor III will be able to vary its tutoring

strategies according. to the student and will consider each of the above

issues as well as other of such issues, These additiow w i I I. increase

Wusor's Learning tlodel;, to the dimensions described in Goldstein's

Proposal for the Coach Project 11977).
4"., V

Conclusion

(vi) For the purpose of testing the validity of the Advisor's deductions,
a useful experiment is to ask questions of the student to determine the
correctness of the Advisor'S estimation of his knowledge.
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In designing Wusor II,' there were several possible approaches to
OS

the problems of presenting the material and evaluating the student's

response. The Advisor presents explanations -of the results of the

algorithms, instead of the algorithms themselves, as this seemed to be

more conducive to. teaching better ways to think about problems.

Likewise, it was decided that'the feedback from the student should be

gachered primarily by observing tliewstudents behavior as this would not

detract from the students enjoyment of the game and would help maintain a

positive feeling on the part -of the ,student toward the Advisor.

Page 5.9.
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The English Generation Routines

Chapter 7

The English used by the Munroe Advisor is generated in a

conceptually clear sanner. For each of the routines/rules of the Expert.

there is a corresponding English routine/rule. If a routine of the Expert

uses the results of a lower level routine, the corresponding English

routt(s will likewise Insert the text generated by the corresponding

lower level English routine into its text. Xi) In this fashion, it is a

quite ;ample to writs she of functional Engliih generation routines. The

prebles with Ouch an arrangement is that the ,English thereby generated

tends to be rather ldng and awkward. For this reason, various additions

were made to the basic framework just described to improve on the ottput

of the English routines. In the reseinder of this chapter, we

destribe those additions which were made to this simple approach.

A very important addition to the English routines was to make them

aware of what the player already knows. In this fashion, t'4 English

will

rout ines can mit. those port lilt of explanations which the player is

thought t4 already Know. This is not extremely important in the earlier

phasic of the curriculum, but it becomes more important later on. As the

WumpUs AdAsor teaches progressively more advanced rules, it relies

Increasingly on the simpler rules which have already been taught. If the

English routines do not omit the lower level explanations, the

explanations become quits long (end it becomes extremely unlikely that

0 The approach of having the explanation routines Model the decision
easing routines is fully described in Stansfield 1$9175).

f.rk
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the student will,read the explanation at all). The general _solution to

this problem is to have each English Routine first check to see if the

player already knows all of the rules involved in its explanation. If,

so, then the English routine will not generate a complete explanation,

but will instead only summarize its results. This simple check generally

4 suffices to prune out the-unnecessary parte of the exp4anations.

Figure 7.1

pit BREEZE STENCH

401 5 401

BREEZE

10

16

15

SQUEAK

SQUEAK bat (?)

pit

SQUEAK
7 bus (.7)

STENCH
BREEZE

Circled caves have been visited.
Upper Case: Given Pacts

Lower Case; Deductions

For example, a moderately advanced player was faced with warren

shown in Figure 7.1 and he received the following explanation of why cave

15 was very likely to contain bats (P13).

One of caves 15 and 7 contains bats. Likewise, one or

caves_5 and 15 contains bats, and one of caves 16, 15, and 9

contains° bats. As you have albltiple evidence for bats in cave 15,

it is very likely that cave 15 contains bats.

This explanation' presumed that the player 'already knew al.1 the rules

e.
necessary to derive cave-sets, so that the explanation rouli.naI simply
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listed the cays-sets concerned rather than explaining each one. However,

-once the student model. was modified to indicate no knowledge of the

requil-ed rules, the following explanation was obtained:

One of caves 15 and 7 contains bats. Cave 19 must be-

next to bate because we heard squeaking in caverl9. Hence one of

caves 15, 7, 8, and 4 contains bats, but we have safely visited

cave 4. Also, cave 8 can not contain bats because if bats were in

cave 8 we would have heard squeaking in cave 4 es cave 8 is next to

cave 4. This means that one of caves 16 and 7 contains bats.

Likewise, one of caves 5 and 15 contains bats. Cave 0 must be next

to bats because we heard squeaking in cave O. Therefore one of

cave.; 5, 15, 4, and 3 contains bats. However we have safely

visited caves 3 and 4. This means that one of caves 5 and 15

contains bats, and one of caves 16, 15, and 9 contains bats. Cave

2 must benext to bats because we heard squeaking in cave 2, and so

one of caves 16, 15, 9, and 3 contains bats, but we have safely

visited cave 3. This means thst one of caves 16, 15, and 9

contains bats. As you have Multiple evidence Pbr bats in cave 15,

it is very likely that cave 15 contains bats.

TI54 Wumpult Advisor would never have made such an explanation under normal

circumstances "I), but this example doss point out ,the importance of

pruning the English for even moderately advanced explanations. Without

pruning, explanations quickly become so long that thettle overall thread

of 'the explanation is lost.

1110

(H) Normally the Curriculum would prevent the Advisor from explaining
rule P13 before the student had thoroughly mastered of the rules
involved in explaining cave -sets, but for this example the Curriculum was
disabled.
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Another problem with the very simple model of the English routines

is that such a model does not consider the idioeyncraties of the English

language. For exampie, the English routines should not say "one cave

away from" or "zero caves away from' (as was common in this paper), but

rather it should say "next to" and 'contains". There are a great many of

such special caseslmost of which center around the end conditions), and

the English routines must have this knowledge programmed into theml. Such

problems can be handled with little deviation from the conceptual model

if they are handled mooularly. (iii)

In order to finely tune the English routines so that its Output

consistently sounds natural, each English routine should be written with

an idea of the context in which it will be used. An example of /his is

the amount o' introduction given by an English routine for a lower level

English routine's explanation. if the lower level routine returns only a

short summary, then only a short introduction (if any) is warranted. In

contrast, if the lower level routine returns a lengthy response, a loner

introductiOn is'warranted, and, in some cases, the entire explanation

should,be restructured. Such isciri can be resolved relatively easily by

considering the curriculum, and fhe overall hierarchy of the rules: It.

is unrealistic to presume that the English routines which explain complex

probability rules will ever. be called,before the student has mastered the

simpler probability rules. With this in mind, it is reasonably safe for

the more complex probability routines to.presume that the student

have thoroughly mastered cave-sets by.the time they are called. This

(iii) The solution to the problem stated above is simply a routine that
converts "fi caves away from" into its English equivalent.
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reliance on the structure of the curriculum allows the context

sensitivity to be static.

The addition of various checks to the conceptual framework

originally described has changed what would have been very simple

routines into relatively long and complex routines. An alternative method

of improving on the English generated by slap!. routines is to
w
use a

standard English Generation Front End as shown in Figure 7.2. The Front

End would acceptiee relatively "rough" output of the English Generator

and then improve on it by performing such tasks as pronoun insec,tion,

introduction modificition, phrase replacement, etc.. This would have the

effect of improving. the overall quality of the .English generated (as

great effort has gone into developing such Front Ends) (iv) and would

also make the tpsk of generating English simpler. (Less knowledge of the

English language would have to be programmed into the Advisor's routines

as that knowledge is already programmed into the,Front End).

Figure 7.2
Diagram of OR English Generation System

Arrow Represent Date

1-
WUnpus Expert

---------

Rough

- - - - --

Normal
--

t>1 English English

Front End

InformarioM

4 GeneratorStudent Model
English I English

'Information
i

M.

(iv) For more data-Had information about English Generation Front.Ends.
see the work of MODohald, Novak, Simmons, Schenk, etc.
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Testing the Advisor

Chapter 8

The Wumpus- Advisor is currently being tested to verify that is

does, in fact, function as described. Also, a great many of the

dsbcisions which were made during the design of the Wumput Advisor, were

based on the judgement of the author; these issues warrant further study

4 determine if the approaches taken were correct. Finally, it is

important to determine whether the Advisor succeeds in teaching better

ways to play Wumpus and, more importantly, better ways to think abbut

problems. The tests can be divided into two general classes. They are

local tests designed to test the ability of the Advisor, to perform

specific ',unctions and global tests intended to test the overall ability

of the Wumpus Advisor.

Local Tests

'ocal tests have been made with two different approaches to the

problem. The first was a series of sessions' in which students used the

WuMpus Advieols( in the presence of the author. In one such session, it

was noted that negative logic (explaining the absence of warnings) was

much more understandable than the approach then being used by the

Advisor. Prior to this, the Wumpui Advisor would generate explanations

like;

Cava 0 t contain the Wumpus because we did not ime77 the

Wumpus in cave T s means that cave 2 is more than two caves

away from the lamp , cave 1 is not next to the Wumpus, and cave 0

can not contain the Wumpus.

This (positive logic) seemed unnatural to students, and they responded
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much bettor to the negative logic which is currently used by the Wump\is

Advisor. In the same situation, the Wumpus Advisor would explain:,

Cave 0 can not contain the Wumpus because, it the Wumpus were
there, we would have sashed the Wumpus in cave 2.

There were approximately ten such sessions` of roughly three houers

duration, and, based on subjective evaluations of the sessions, it was

determined that in general* the Advisor 'functioned as desired, but it was

not possible to determine how well the Wumpus Advisor would function in

the wide rani)e of situations it would eventually face.

The next group of experiments to test the Wumpus Advisor's- ability

to functior as planned were conducted with a Synthetic Student.") The

SyntheticStudent (Syndi) was designed to play' the game of Wumpus in

conjunction will the Wumpus Advisor ( Wusor). Syndi is a perturbation of

the_gxpert of Wusor with the main- change being the addition of

conditional statements which allow Syndi to play with saes subset Of the

full Expert. Syndi has a Knowledge Model of her own and her. Expert will,

not apply any rule unless the Knowledge Model indicates that she

possesses knowledge of said rule at that time. Using Syndi, a great deal

of debugging of Wusor wasachieved h relative ease. Wusor's analgsis

of the student's move involves several inherent assumptions and Syndi was
4111

designed to test Wusor's analysis given that these assumptions are true.

The assumptions are:

1. The student does not apply paradigms unknown to the Wumpus
. Advisor.

2. When faced with several equally desirable choices.for moves,
the player will choose, that, move whi,ch is closest (and hence
easiest to get to).

1

(i) The idea of .using, a Synthetic Student to test an Advisor program was
originally described 'in Golditein's ?tech Proposal (1977).
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3. The player is consistent in hill application of rules.-He does ,
not have partial or incomplete understand'rng of a given ruler
(the undesirability gof this assumption is decreased by the

almo4t-atomic rules of the Expert)..
'

4. The player does not make mistakes. Wusor's relative caution is

necessary because this assumption is obyl.ausldfalse.

S.:The player comprehends the explanations given by Wusor.

Syndi was deSigned to satisfy all of the above assumptions. Also, as .the

had a distinctly diagnosable knowledge of the'game at all times,' it was

quills simple to verify any results obtai'bed by the Advisor, Several

experiments were run with Syhdi And Wusor, and they can be grouped into.

three types;

1. Experiments in which Wusor initially presumed Syndi had no,.

knowledge of the game and Syndi, played with a constant

knowledge state. Ideally, Wusor should advance-his estimation
of SybOi's knowledge to exactly correspond to her acrual state
and not begond. g

2. ,Experiments in which Wusor initially presumed Syndi had a

complete khowledge of the game andSyndi played with a constant

Knowledge state. Idbally, Wusor -should degrade his estimation

of Syndi's knowledge to agree with the actual state.

-3. Experiments in which Syndi, started as anew player with no
knowledge ot the game, and "learned" rules.as Wusor explained
them to her. Ideally, Sy i's,knowledge should increase

complete knowledge ol the g me with Wusoeb estimation lagging
a little behind each change.

-s.

These experiments are relatively complete and thoroughly test the

AdviSor'e functigning given that the above assumptions are true. In

exper iments of Type' 1 (advancing to 'a fixed knowledge .state), it is

acceptable to always start with Wusdr presuming Syndi has no knowledge Of

the game because Wusor must advance his estimation through all of the

phases up_to'the desired phase to achiive the'desired result. This also

justifies starting all Type 24emperiments (degrading to a fixed knowledge
111

0
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initial lest)mation of complete mastery' of

Experiments of the first two types' serve to test' the
a

situations which will allow WusOr to make deductions as well

game.

exist ce, of

as testing

-the correctness of said deductions..The third-type of experiment is

necessary 'to insure Ilhat there are situations which allow Wusor to tutor

a student"from the very basics to the most advanced skills in a moderate'
e

_..

amount of time. .
,

a
i 1 .4,

When conducting the above experiments, seve9411 modifications were

.- fond neNseary. Many pf the experiments with Syndi 'did not achieve the

1,...

. .

.

,

. ,
desired results on their first run, which required thotWusor be modified

in light of the preliminary results. Then the process would be repeated.

in this sect:log, we, will discuss the experiments which were run, the4 t

t probleste which arose, the solutions' which were found (lif any), and thelir

final results achieved. All this will be in general terms with the

.
,

specific results 'achieved shown in Appendix F."
/

4 4
The first experiment;

.
'were run with Syndi hav'ing

knowledge of the game and Wusor initially presuming that

4
knowledge afthe game. It was found t4Wusor advanced the student

ow"

rapidly with respect to the Wumpus domain, but unreasonably elo!y width

. respect to the bat/pit domain. Because of this, -several" modifidatiors

were required,beftire Wueor would correct its estimation of-the student's

knowledge to complete masteryof the game within a reasonable amount of

'time. The first problem was that Syndi would risk bate far more

regu I.ar ly than"Ote (as date are not necessartily fatal) so- that Wusor had

very few chances to ObserVe the applicationof the probability rul1 with

respedt to pits. This required the modification of *he student Modelling
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components so that the.bat/pit Familiarity Wires would be associated

;

together orice"Wuscr'had determ'ned, that the player had mastered the rules

to 'determine which caves are safe (i.e. Wusor would presume a

transference of bat/pit knowledge once the player hid mastered Phase 1).

The next modification was required because there were often low periods

4 in which there we'e no situations which would alloW Wusor to deduce a

mastery Of prodability rule P11 for bats/pits. In order to overcome this

.dfficulty, Wusor was given the ability to modify the initial game

eituation to create ideal situations appropriate for a player of the

given phase. These idealsituations are described in Appendix C and

, illustrated in Appendix D. The des;red results were achieved by combining

the above- modification' with another 'modification; the criteria for

deducing that t"e player had mastered a given skill was, lowered somewhat.
4

111

Previou.sly, the situation had to have been such that the selected move

was better than some other move with respect to a single danger and

identical (no differences)-with respect to the other two dangers. Then

Wusor Lipid note that the player had given the appearance of mastery of

those rules which were required to justify the superiority of the better

_

cave for the relevant danger. This was relaxed eo that, if there were a

single deciding dangerlUhich made the selected move superior, the two

moves had to be one of-the following with respect to each of the two

s.

remaining dingers: 1) iden.jcal, -2) such thht the player should have a
s. \

B *

perceived that they involved the same risk, or 3) sUch.t the player

should have perceived that the bet r move in 0)yed ter

r

These two modifications, along with fixing various outright bugsAllow ed

.
Wusor 'to advance the student to complete 4stery of the game in rough16"\\,
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thirty games (a figure which is considered acceptable for a tutor

t

designed to work with children).

The next series of experimentd were such that Syndi used a fixed
4-

subset óf the expert's knowledge_ and Wpior started with an initial

estimation- of no knowledge,df the; game. In these experiments, Wusor

.

advanced rapidly to the ictual state ear it did before), but.rather than

stopping, it continued to advance the student slowly, albeit 'sorely.

Tie required the addition' of the more, comptete anstysis foc

probabilities described in Appendix S. Of course the original

experiments had to be run over again, out -t was found that in all -cases

WUso would advance to'the correct knowledge stateand then .make no

further presumptions of the student' -s knowledgs. The advances .proceedeo

at ap acceptable rate. The only non-optimal performance by Wusor. was due

to problems in implementing Syndi. In developipg Syndi it was found that

it was necessary that she.have some minimal knowledge of. the game at all

times in order to model evem beginning players. The required kibwdedge

was are understanding of what it meant to have encountered aAangec, what

it meant to have safely visited a pee, eftr a rudiMentary understanding.

11. of :what it meant to shoot into a cave." The problem was that the

rudimentary undersending of the shooting principle, (NS) wo6id

occasionally cause Wusor to advance the studeht slightly beyond the

actual knowledge state, assuming a full. mastery of rule P15 and the-rules

associated with it when, in fapt, there was Only a partial mastery (i.e.

Assumption 3 was violated).

The next set of experiments were of theType 2 described earlier.

Syndi was started with a fixed, but limited knowtedgi 1:if the game, while
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cl

Wusor initially assumed that she had complete, maeterg of the game. The

ideal was that Wusor Ho04d degrade his estimation of Syndi's knowledge

until it corresponded to the act al knowledge and then make no further
4 ,

change. Several experiments were run with different knowledge states for

Syndi. Many of the same problems that were encountered in adva ing the

Ola

1

student we-e encountered in degrading the knowledge e41.1mat' n. It was
14

found that there were not sufficient game situations which would clearly

reflect on the application of rules P11 for bats/pits (as in advancing

tne studera for the same rules). The problem was that the 'del

situptions which had been introducedto aid in tft. advancement of the

student were arrays -one level more advanced than mould be necessary to

degrade the-student's knOuledge
a
mOdel. Fortunately the implementation of

the ideal situations had been such:that Wusor was only able to create an

ideal 'situation ii)ion approximately one fourth of the time . and this

allowed Wusor to trN4.42 create.an Thsai situation for a student of the

,',
,

6

next lower ,level (and. the'next more
..P.

adfanced level) if it failed to

create the ideal situation for the givep 461. This was sufficient to

overcome this problem.

Another 'problem that was *iincouotaked when running the Type 2

experiments was that Syndi sometimei would not'risk1 pitp often enough lop

alloH Wusor to analyze her knowledge of the pit rules. This problem had

been encountered earlier wh testingWusorls, ability to advance the

student and had been solv d by assuming that knowledge in one 01 the

bat/pit domains would be transferred to the other domain. solut on to

(") This was done torestrict, the ribssibility bf the student deducing
that Wusor was modifying the pine.
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1

the problem would have been to completely tie the two domains together

with a resulting lack of )1exibility (since Wusor would not be able to

diagnose failures to transfer knowledge frig* one domain to the other).

It was decided that the.dect'ease in flexibility was not warranted in

light of the fact that decreasing Wueor's estigation of the student's

knowledge was notthe normal 'mode in which,Wusor would function.\ This

tome trade off came up when it was noted that Wusor would sometimes

ugh rarely) note' that the player had desonsti-ated a knowledge of

r1es which the student did not, in fact, possess. This was caused by1114

the reduced cequintments for demonstrating knowledge of a rule which were

.fieplemented,while running tfie Type 1 experiments. In particular. because

Wusor assumed that the student would recognize that A move was worse

because cf a certain danger- (and !r1 this case that was a ,false

assumption), and thecefore conclude that he he ayst have seen the virtues

of the move with respect to another danger (since he chose the move).

'This was determined to be a minor problem because the' problem ..as very

unlikely in normal situations .(since Wusor would not be that far off in

,sr

his.estimation of the student's knowledge) land because Wusor eventuaHy
F

oorrected for
AP
the error. ,To return to the more,stringent requirements

would .decriase Wusor's ability to advance Ahistudent -(his normal mode)

withouA significantly affecting yuear's ability to decrease his

estimation of the student's knowledge.

The -above two testis of exp4iments showed that Wusor was completely

accurate in its ability to increase its estimations of the student 'd

knowledge to the appropriate level Aand not beyond) when ite intrinsic

assumptions were valid. It was.also found Ahat, when the assumptions
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were violated (in'particular, the as

have partial or incompltte understandi

the gersral level of the student,

Testing the Advisor

mption that the student would not

g,of a rule), Wusor could diatnose

hits estimation of the student's

knowledge of particular rules was n always reliable. It was also found

thaA Wusor had a limited ability to decrease his estimation of the

student's Wowledge, though this mode ,was not nearly as reliable. In

light of these results, Wusor4s initializations of the student's

knoUledge were 'alwAis kept on the conservative

verified

side.( "') Haying,

that Wusor's analysis of the student's actions were working, it

was then appropriate to insure that Wusor could. give advice on Sll the

different aspects of Wumpus play. This was to 'insure that, if the

student could understand Wvsor's explanations, it would be possible for .

him to become an expert in Wumpus play without any outside help (i.e.

there were not any holes in Wusor's curriculum).

The final set of experiments were of Type 3, in wttlich Syndi. started

with a minimal knowledge of the game, but wou'd learn each rule as soon

as it was explained to her. After a certain leve), Syndi would begin

transferring knowledge between the bat and pit domains. Wusor started

with a correct estimation of Syndi's ability. Of course, Syndi's ability

to learn is rather artificial. When Wusor notes that he, has just

explained a rule to the student, Syndi will be ea. informed ''SsiOell

(thereby allowing her to beg.inapplying the rule in question). Another

technical problem was to decide how Syndi should modify' her behavior when

(i") The claim that Wusor's initializations of the Student Model. tends
to be conservative is justified by the fact that, in real. usage. Wusor

typically starts the student at a certain level and quickly advances the
student.to a more appropriate level; after which advances tend to come
more slowly.

Page 73

7



0

The Wvapos Advisor

6

rutin the AdVior

she fire learned a rule. Should the recalculate her entire data base or

change it as her attention was called to it. This.was very important as

human iplayers do not take either extreme (but, instead, do a little bit

of both). The general tack that was taken !me to emulate a human player

as much as possible. For example, if a player did not previously

understand the signi.ficance of warnings/nowarnings, it is unlikely that

he would have kept a 'record of this information. When he did learn their

meaning, he would hays to revisit 8 cave before he would.ableto use the

information of its warnings. So it was with the data base with Syndi.

This .18 not true of the more complicated rules as they simply involve

better usage of the available information. This aspect of human players

was also modelled in Syndi.

In the Type 3 experiment& it was found that Wusor was able to find

situations to advise the student for all levels of knowledge of the

bat/pit domii.- (again, this was largely due to Wusor's abiLity to modify

the game to create ideal situations for 'bit/pit knowledge), but Wusor was
F

not able to ever advise the student with respect to the rules of Phase 2

of the Wumpus. This was because of a bug which made Wusor unnecessarily

restrictive in the situations where it would advise the player about

these rules.(iv) This bug 'was fixed, and Wusor then began explaining to

Syndi the rules of Phase 2 for the Wumpus. Once this obstacle was

overcome, it was found that the situations in which Wusor would explain-
!

the rules of Phase 3 for the Wumpus were extremely rare. This problem

was fixed by Creating a new Combination Rule, Combination Rule Seven. The

(iv) The bug was mutually,exclueive requirements prior to the explanation
of Combination Rule S.
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above two modifications ,allowed Wusor to advance Syndi from e most'

basic 'oval, to the most adv'Enced levels bW first explaining a rule and

then observing when Syndi applied the rule. In Appendix G there is the

first part of thebrotocoltaken in a Type 3 experiment. It is indicative

a of what all the protocols look like.

The last three bf the five assumptions are most questionable. The

above experiments inoicate that Wusor functions as desired even when the

third assumption (the assumption about incomplete-understanding of rules)

is violaed. The fourth agsumPtion that the 'player does not make

mistakes is obviously invalid, but, because of this, Wusor was designed

to be cautious in its fconclusions (thereby decreasing the detrimental

effects of mistakes). The remaining questionable assumption is the

assumption. that the player understands Wusor's explanations. Tt2ere is

eviderce that Wusor ;s, in fact, Affective at tutoring students in his

gane strategies. Whi!e' the above experiments were being carried out

Wusor was accessible 'to the general community at the Artificial

Intelligence Lab so that anyone who was interested could play with Wusor.

Roughly 15 students played with Wusor extensively with reasonable

results (v)
, but there was one disturbing anomaly. It was known that

there were more situations which allowed the student to demonstrate

knowledge of the Wumpue domain because Wusor advanced his' estimation of
e")

Syndi in this domain much more quickly than in the 'bat/pit domain.

However, when Wusor was being used by actual students it was observed

that knowledge of the bat/pit domain far exceeded the Wumpus domain

N,

(v) This is the subjective evaluation of the author based on his study of
the complete protocols kept by Wusbr.
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beyond Phase 1. It was feared that this indicated that Wusor assumptions

fere not valid, but then it. was discerned that Wusor was unable-to tutor .

students on the more advanced Wuspus rules. This, in itself? is

indicative that'students do tend to adopt those strateg414F explained by

Wusor, though stronger evidence will be gaineo if students advance more

quickly In' the Wumpue domain now that Wusor can advise them in these

When a large tutorial program, such as Wusor, is des.igneo with such

varied behavior, it is extremely difficult to determine whether or not

the program functions as desired. Howeverlthis testing can be vastly

simplified through the use' of a Synthetic Student. Syndi served to test

Wusor in closed experiments where all variables could be controlled

(Syndi never had a bad day): Of course, experiments with Synthetic

Students do not conclusively show the effectiveness of a tutor, but they

do serve.as a wonderful debugging aid. With a Synthetic Student, it is

possible to determine whether or not the program functions as desired:

the determination if.the correct approach was tficen his to b; determined

through other experiments which are of a more global nature. We will go

on to delwri these global experiments in more d &tail.

Global resting
4

The Global Testing is the next step in testing the WuMpus Advisor.

One of the' goale of this phase of experimentation is to test out the

relative merits of different tutoring strategies. such as graphical

# versus verbal. However, the main goal of these experiment; is to

(''') The reader can also verify that Wusor's explanatidns are

compOphensible by studying the scenarios in Aremondix E'and Appenoix G.
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determine how well the.WUmpus Advisor actually teaches better game

playing (if it does, in fact, help students master the gams). The

experimer4 would probably be a rather simple arrangement involving a

total of roughly ten students. Five of these students.would be4allowed

to play the game of Wumpus (as modified in this paper). without the

A

Advisor. The remaining five would be allowed to play the game .witn the

advics. of the Wumpus Advisor. At the end of the testing period (which

would almost certainly extend over a period of about two weeks to a

month), the students would be tested on their understaeding of the game.

There would be the objective results of the percentage of games won and

lost when the students were allowed to play, without any help, but there
it

should also be subjective results. The tuderits should be tested on

their ability to make deductions. their ability to estimate dangers, and

their general understanding of the game. It is expected that the

students who played w;th the Advisor will not only play better (as

indicated by their percentages of wins and losses) but also Maya a better

understanding of the game.

The finpl -experiment is to test the Wumpue Advisor's ability tP

teach knitter ways to think about problems. Only a general outline of the

experiment will be given as the details will be dependent on the results

of the previous tests. The experiment should involve about 150 students

to allow for statistical evaluation. At the start-, all 150 students will

be given a test that measures their ability to think 'about problems

(probably an I.Q. test with emphasis on thinking ability). After the

test, the students will be separ:ated into homogeneous groups of SO. The

first group of SO Students will be left alone for six months. The second

r
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group will play the gams of Wumpus without the Wumilous Advisor. The laet

group will play the game with the Wumpus Advisor. The experiment will

continue for. six months with the active students playing Wumpus for a

specified period each week. Finally, all the students will be given a

variation of tritlariginal test. In this manner, it should be possible to

test both the game of Wumpue and the Advisor in their ability to teach

better thinking habits.

The large size of the groups to be tested is essential as it is

doubtful that any ore force can be that significant in improving thinkng

habits. With a smaller sampling size it is possible that the small

4

increments in thinking /ability would be lost in the normal noise that

accompanies such 'testi. It is also possible' that the results would rot

be conclusive even with such 'a large sampling, but there is no way to
4 1111

predict this. A significant number of the subjects in the standard

curriculum of the public ecroole are justified by the hope that mastery

of the given field will help the student develop better ways to think

about problems. However, no one seems to have made a significant effort

to verify these claips of improved thinking habits, and so it is very

difficult to estimate the sample size which will be necessar6 to arrive

at conclusive results. The proposed test should help to clarify how large

a sample is required to arrive at conclusive results in such a test.

Conclusion

The Wumpus Advisor has been thoroughly tested to depug it and fine

tune its tutorial ability. Concurrently, consideration was given to the

, various programming decisionswhich were made according to the judgement

of the programmer due to the lack of concrete 'evidence. The Advisor has

Page 78

N

C



TAe Wen us Advisor !eating the Advisor

been determindd to be "ready,"'testing is in progress to determine the

Advisor's ability to teach better game playing. This experiment will be

on a relati ely tmall scale because it'is expected that the results will

be conclusiv in any case. However, when the.Wumpue Advisor is teste'don

its abilitY to tually teach better ways to think about probleft. the

results are not expectigd to be as obvious., For this refson, a larger

sample size is necessary if the experiment hopes to be 'corivlusive.
A

Finally, based on the results bf these experimenis, further work leading

to*Wusor III could be warranted.

O
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The Conclusion c

Chapter 9
A new' generation of Computer Aided Instruction (CAI) is evolving

which transcends past limitations by using Artificial 'Intelligence (Al)

'techniques., These new,programs are AICAI programs since they incorporate

the concepts of ArtifiCial Intelligence while maintaining the goals and

objectives o.f Computer Aided Instruction. AICAI is a field which

contains many interesting and challenging problems, the Wumpus Advisor

being just one example.

The Wumpus Advisor applies many of the techniques developed in

.ArtificiarrIntelligenCe. , ltdpenters around a rule -based Expert Ahich

uses heuristics to arrive' at resillts that are both reliable and

understandable to humans. The rules of the Expert are organized into a

'' curriculum which is taught by the WumOus Advisor as appropriate. The

rules of the Expert are also the ,foundations for the Student Knowledge

Model. The Student'Learning ModeJ interprets the Student Knowledge Model

and determines which rules the student is presumed to have'learned and

ft II"Mich rule, are acceptable for teaching. n making these determinations.
,.. . ''

the Student Learning Model makes-extensive use of the Student'Learning

Vector. The Expert's rules are also the basic framework around which the

Engliih generation routines are built. The fact that both the.Student

4 Model and the English Generator are designed around the rules of the

Expert alJow the English routines to prune their-English a ccording to the

student's knowledge. The logical grouping of the Expert's rules in the.

curriculum alb° allow. tha English ,routines to be context 'sensitive
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without 'lengthy computations. The essence of the improved Wumpus Advisor

is the different rules:of the Expert and thr interrelitionships.

The main limitations of the original Wumpus Advisortere due to the

lack of a clear understanding of the wledge to be taught. Once this

,knowledge had been broken dcx,ri specific items, the development of

the remainder.of the Wumpus Advisor was relatively straight forward. In

more interesting problem domains (such as chess), it will probably not be

as difficult to deVelop the rules for the expert, because the problem

domain will have been analyzes before the program is begun. The, main task

will be to br:.eak down the knowledge of the problem domain into rules.

'Tr;s will. allow more effort_to_be directed into those areas which are of

more theoretical interest (sUcn as the Student Model).

. The next logical step d.iyond,the Wumpu, Adv-i sor will be a program

that teaches-skills in a problem domain.lhat can not. be analyzed with

absolute certainty. An important asset of the.game of Wumpus was that it

4as possible to discern a single best move and' explain why. In problem

ar

domains such as chess, it his not possible to.know Absolutely the Afiblity

of most moves. This would handicap an advisor since there would always,be

the possibility that the expert would not give correct advice. However.

this is a handicap e'ared with human teachers." An advantage of -more

complex problem domains is that the Advisor will be able qo teach

- principles and concepts which can not be represented within the limited

domain of. Wumpus. For example, the formal methods of decision theory

could not be taught effectively within the Wumpus domain, but it could be

taught in more complicated domains. An advisor Which functioned in a

more complicated domain could be built along the general lines of the
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*nit, 1 allir. -DI aireloom of the Wi1.pua itch i ecHr.

,Append A
. . 1.

Each sub-module- of the aumpus Advisor. has a uniques;4,,jx which
-.

identifies al I the routines of that sub-module. Theeegtif i xei are used
.

.

. .v

t? identify the club - modules i n, the flow char t. Each sub - module performs

a particular task which is destribee *in the remainder of this Apptridix. .

TQe Wunpus Executive

WE- is the _prefix for the Wumpus Executive routines..

'WG- it for the Wumpus game.
4

c*-

The Wmpus Advisor ,

WA- is the prefix for *the Wulmpus Advises- routines.
Iv *a - .

.-

.
WAW- is for the tout inee of t,. wumpu*Adv i scr which. keu track cf

the route taken by -the playerk-,,,... ...WAD- .ie for the rout Ird;'-u0r.i4 Compute the distance to di f ferent.

/caves from a give starting point. They also compute routes, etc.:
M .

. .

WAll- is for the Wumpus Ach,isor routines. which sod i fij the game.. and

, create the varibue starting situations. ,
.

-

The Exper ,
- XX-es for the -65ecUp ve for the lot pus Expert.- It activates tne other
--i sub-modules and then combines their resu I to. .

. .
. 04

A

XD- is the prefix for the 'routines which-maintain the Oata base for
,the Expehj. They a I so 'compOs.,., the "MOtif-TI 'Ind "EXACTLY' va I ues. -

t , . .

.
.

. . 1.2.-.- / *

X roOtines keep track of the different cave-sets, notIthg which
,

;

fire co te, etc; J

\ ' .
1 .

A \
f . , . .

7e
XR- rout Inds identify those capes which must be safe baeed on

global cons i der a t i on of the cave-sets 4or i particular danger and the
. mik number of the dangers in the warren. 0 .

%

T
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XP- is the prefix for the routines which compute the probabiliti'es
for the! different dangers.

The Move Compares
%

CX-, is the prefix for the Result Explainer routines. They return
the rules whidh are necessary to justify the results of the Expert,

CM- is for the'°E4lanation Comparer, which compares the rule
-eturried by the.Reeult 6(1319:trier and determines how familiar the studept
illwwth the rules in question.

The Psychologist

ie

PS -,is the prefix of the Psychologist. tr

The Student Model /-

SK- is.the prefix of the Student Knowledge Model. These routin s keep
track'of the student's knowledge the different rules.,

AL- is the prefix 'of the Student Learning Model. These routines estimate
how Quickly the student learns material, forgets same, etc..

\\ SC- is the Student Mbdel,CritLc. It adjusts the btudeni.Learning Model
as appropriate.

SF- routines mainteim thaiiiecfilei on the different users.

The English Generation Module

EX- i3 the prefix for the routines which generate-English to explain the k

rilsults of the Expert.

. EG- routines generate cieuses in English that convey a partiCular

(I m
propt (such as "N.caves away from").

"
t ,

-Utility Routines
,

. .

ZIP- is the prefix fdllOgeneral purpose utility fun6tions which expand the

abllities of LISP.

G- routines are ,the I/O routines of the Wumpue Advisor.

4 v : Page 85
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routines query the student with_standard questions and return
Ipie response once it is in an acceptable form.

GM- are general purpose routines which do napping (such as a

routine to do MAPC non-destituctLveN).

GC- routines do the processing of the circular list which are used
in Englidh generation and FIFO stacks.

PLAYER is an extraneous variable, in an otherwise conceptually clear
framework. This anachronism will be eliminated as soon as possible.

.
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Hove Coespar a sone

Appendix B

O

Apistadites

The Move Conover is responsible for taking two moves and'

justifying their relative merits with respect to a single danger w*Ltel\'

specific rule numbers. For this purPosslipers are two separate sub-',

module to perforditis task. These two sub-aodules are the Result

. . . 1.ir
, . e ,

.Explainer and the Explanation ,Comparer., First, the Result Explainer

determines which ruies were 'used by the Exart to arrive at a specific
. .

result.") Then the Explanation Comparer takes (wo results and compares !

the different rules y,nvo lved. In this lash,lion, the Move Comparerlican

retyrn the rules w

with respect to a

justify the difference between two possible moves

Is danger. The Move Comeareralso performs various

other functions; primarily, the Explanat)op Comparer consults the Sfuden:-

Learning Model and determines if the'etudent knows the rules in question.

are they acceptable for teething, etc.. This is iicursory overview of

the process, but we have overlooked many. of the problem of such

comparisons. In the remainder of this Appendix we Miiir look at these

issues more*closely.
1

When the Wunpue Advieor :is comparing two diftsrent-ivies it must%

*
. r- , .

occasionally consider which of the probability rules is involved. .4.1is ..,

is true if the Wumpus Advisor
N

an lyzing-tne itudent!s move to update t

his Student Model, 'or if the Wumpus Adv.iso5.is determining ....if it can

explain a particulacgood move to the ,player. In any 'case, the Move

4

(I) In.this light. the Result Explainer is structured almost axactiy like,

the Expert. . r
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4W
Comparer most be able to decide which probability rules are applicable in

different situations.

The Wdmpus Expert only considers the most accurate probability

rules.in its analysis, but the Wumpue Advisor mubt be Wok" to determine

'}hen less advanced probability rules are involved. in a particular

comparison. /For ample, iA Figurb B.1 there it a common situation that,
,00P.

is presented to moderately advanced players. Cave 8 it very likely to

contain a pit because of the double evidence of apit (i.e. the breezes

which were felt in caves 3 and 12). This makes it rather unlikely that

either of caveel4 _and __18 contain a pit since a pit in cave 8 would

explain the breezes in caves 3 and 12. The.rule which justifies the high

-probability of apit in cave 8 ie P13. The role which justifies the low

probability for caves 4 and 18 is rule'Pl4. Now, if the Wumpul Adv-isor

were comparing the two probaio:lities .for caves 4 and 8, it might note

that rules P13 and P14 were both invol;red in the comparison. However, a

itudent could know only rule P13 and not rule P14, and he would still

'Phoole the better move. Correspondingly, the Wumpus Advisor could

.N .

44
s ain 'wtly cave 8 was a bad move by simply,.explaining how P13 applied.

4 F 'pure B.1

4

reeze reeke

it
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Such situations require that the Wumpus Advisor in particular, the

Move Comparer) make a detailed analysis when two probabilities are being
Ok

Compared. for this purpose, the Wumpa Expert computes the probabiliAy

fore every cave, with respect to each probability rule. It then chooses

the prefaced Olobability (the most reliable) and saves all of the

different probe:611We.. The first step of the Wumpus Advisor's analysis

is to insures that one cave actually does have a lower risk than the

4

other move."" It ,Mien determines which of the following cases applies

by checking them in order.

A) If the better cave (Better) is safe, thin tKi only applicable
rules are the rules which make Better is because
the presumption is that caves are 'so irately dargero unless
there is sortie evidence indicating that they are safe.

8) Correspondingly, .if 'Wons, is captain to contain the danger,
.then the only applicable rults are the rules which show that
Worse contains...the danger (no merle L8). This is because the
presumption is that Better is moderately unsafe.

C)- If- both of the above two mires are applicable, then chooie the
sjmpler of the Iwo explanations (least advanced) as thd

necessary explanation.

p-

04 If the comparison of the two P11 peobabilitiet will jpstify the
quality of the Better ecve, thin P11 is the only applicable
rule;

, E) If P12 is applicable for the Better cave's probability, thpn

P12 is thi only rule that is applicable.

F) If the P13 probability for Worse is greater than the P11

probability for Better, then P11 and PI3 are the appropriate
probabil.ity rules.

6) If the P14 probability fdr- Bet:tr is 'less than :the P11

probability for Worse, then the probaVity rules which are
applicable are rules. P11 .and P14.

H) If none of the above apply, then, Utethe simplest probabillAy
,

-

"" V
This comparison based on

I4uopus Expert.'
the "preferred" probabilities of the

. . .
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4110

il(r.

rules whi.ch will justify the "preferred" probability..(iii)

In this fashion, the Wumpus Advisor determines the simplest p ssible

rules which can jUstify the difference between two caves. This
r

inforiat4bn is used in analyzing the student's move as well as in

10,- ./ .

determining whether or not the better move is suitable for explaining for

J

the student. Once .the Wumpus Advisor has discerned that a move 'can be

explained to' the student, it then determines the best rationale,

.explain to the student. In the example above, the Wumpus Advisor might

decide to explain to the student that cave 4 is a better move. Depending

on Wusor's estimation of the student's knowledge, Wusor-would choose to

'explain either rule P13 or rule P14. WAor's explanation would center on.

rule P14 if the student already knew rule P13, ilnd the explanation woullii

center on rule P14 if the player was not yet advanced enough to allo tlhe

explanation of rule P14.

Once Wusorhas decided to explain the comparison between two moves

and has selected rationales to Os-explained, it must then create an

explanation with the appropriate emphasi.e. The points of emphasis Of

such explanations are shown in Table B.2.
A

Table B.2

Rationale For
Better Cave.

Rationale For
Worse Cave Emphasis of ,Explanation

We P11 Rule P11 The Cave -Setts involved

Rule P12 Nett Rule P12 The explanation of P12
Rule-P14 'Not Rule P14 The explanation of P14

Niit Rule P1 Rule P13" The explanation of P13

Rule P.15 Not Rule P15 The explanation of P15

. Any Other Any Other Both Probabilities

(iii)
'I4, a cave is only a member of one cave -set, then the

probabilities for P11, P13, and P14 win be equal in most Cases.

Thereforel P11 is applicable for that particular cave.
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'Weir will generate the explanation-which first Mg. Examples of some

of Owes explanations are in Appendix D.
t .

I

I
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Appendices

Analysis of Game Modifications

Appendix C

Befc-e the start Of a game, the Wuipus Advisor will attempt to

,modify. the game to create a aituation'qwhith is thought to be a

challenging problem to the student., This is done 'by
A

looking for a

starting zave within the warren which meets all the requirements of the

situation desired, Typically, the requirements will involve the warnings

at the cave in question as well as the warnings in one of. its neighboring

caves. if a cave is found that meets all of the requirements, the Wumpus
.

Advisor will move the starting cave to the desired cave. Then, .tHe

player will be informed about his starting location (the.one Selected by'

toe Wumpus Advitior) and what the neighboring cave., are thatabe can move

to. Once the elayer: has selected ,a cave at random since he does not
.

have enough information to choose wisely), Wusor will transpose the caves

of the warren so that he moves to, the neighboring cave se:ected by this

Wumpus Advisor. The requirements for Starting situations vary jor

*
'students of different pOses. These requirements are shown in Table C.1.

Table C.1.

Phase.
Starting Cave
Requi(tments

Nei.ghbor's

Warning
Requirement On

Overall Situation
Teaching

' Point

8 No Warnings Some Warning None * - Backtracking

1

.

Bat or Pit Warning ,Other Warning
.

Neighbor in Common L3 and LS .

1 .

2 Bat or Pit ng Same Warning' Smaller Cave-Set P11

3 Bat or Pitiarning Same Warning
- -r

Neighbor in Common P13

4 No Wumpue.Warning Any Warning. j None..6.....=....www..iwwiP13 (Wumou*s)

4

N
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Examples tkf each of these situations are shown in Appendix D. There are.
_

not acceptable startingbaves in many warrens, so that the Rumpus Advisor
,

only creates these' situations roughly half of the time. This,41when added
.

-

to the fact there are various possible starting gonfigurations for each
)

phase, thould-be -sufficient to prevent the studioti from ever recognizing

the similarities of the starAN situations before he is in anew phase.

(iv) However. even when lhe_Numpus Advieor'doit not lucidity *-the, game. to

_

create an ideal- eiluation, itoujil transpose the player's. f irat move. if

it s o a cat's containing a danger, thereby preventing the player from

ever losing on the first move (which Ob:have vi(y bad effectron'morale).

This ability to transpose moves-can easily be extended to give positive

or-negative reinforcement as niceseary.

- - r - ------

/ tJ

(1° This a 'hypotheels which .hie not yet been ',.41,
-,.

experimentation.

I', 4 OP 's
/.'
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.

Examples of Idea l Situation and Probability Compa
Append lx D

This appendix contains amples of .the "ideal situations" that were

created- for students, in different phases along with the corresponding

explanatidne. The requirements for the situations are given in Appendix

C and the structure of the'explanations is given inAppendix B. These

are actual situations created by the WuMpus Advisor and the actt.ral

explanations given.

A beginning pAayer (Nage 0) who is being taught the rules woUld be

faced with a situation very similar to this.

13

FigUrs 0.1
4

This situation would give rise to the

asked to mote to cave 18.

18

explanation if the player

Brian, did you know that we can backtraCk to caves that we
have already. visited? Yes

Oh..... Well then why not go back to cave 3 where we
didn't get any warnings at all. 'From there we can safely go
to cave 13 without risking the bate,.It ie,hot wise to visit
caves with bate because while THEY will not harm us they will.
carry, us to another cave which could contain a pit or the '
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Wumpue.

ft Would you like to go to cave 18 anyway?

A-player who was slightly more advanced (Phase 1) and presumed to

,have"gotten a basic underetanding of the rules, would be faced with the

.14

Appendices

-following situation,

17

FI 0:2

Breeze. WSque4k

This situation would give rise to the following explanation if th player

asked to move to cave 8.

Elhan, we don't need to risk bats in cave 8 as cave,
16 is safe. Cave 16 can not contain pate because, if bats
were, there, we would have heard sqUlking in cave 11. It

is beet to avoid eats as they could carry us to a fatal -

cave.

Would you like to go cave 0 anyway?

A'player who is presumed to' have mastered the rules necessary to

diecern'which caints_are 509 (Phase 2), would be faced with asituation

ysimilar to this.

I

11
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1-2

8

0

Figure 0.3'

Appendices

16

.This situation would give rise to the.folloing explanation if the playr

asked to move to cave 18.

Brian, it isn't necessary to take sych Large risks
with bats. It is true that one of caves 0, 12, and.16
contains bats because we heard squeaking in cave 1, but me
of caves 18 and 11 contains bate because we heard squeaking
in cave 10. This makes it less likely that cave 8 contain.
ba*s. Therefore, Brian, we.might want to exOlore cave 0
instead.

4'
Would WOU:like to go cave 18 anyway?

A player who has mastered the simple probability rules would be

given_saspituation like this.
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. . ,

\--

.

This situation would give rise to the followinb'explanation if the pldger,

asked to move. to cave 3.

Brian, it- isn't necessary to take such large risks

with pits. One of caves 3, 7, and 8 contaihs a pit.
Likewise, one of caves 3, 2. and 6 contains a pit. 'This
is multiple evidencevf JO in cave 3 which makes it
probable that cave 3 contains a pit. It is less likely

tnat cave 8 contains a pit. Hence, Brian, we might want,

to explore cave 8 instead.

Wdruld you like.ta go to crs 3 anyway?

In the course of playing a game, a player of this level Could be

faced with a situation like this. .

18

Figure 13.5

Visited Bat 16

This situation would give rise tifthe followingexplanation if the player

asked /Ito move to cave 16.

4

. Brian, it isn't necessary to take such large risks
with bats. it is true that one of: caves 18, 0, and 9,
contains bate, but cave 9 confeins bats because we wore
picked up- bats when we. visited it before. This explains

all the evidence for bate in caves 18, O. and 9. As ,we do

not have any'evidence of cave 0 containing bats, we can
presume-that it is unlkety that cave 0 contal-ne hats.

'There is evidence of bats in cave 16 which makes it amore
dangerous cave. Therefore, Brian, we might want to explore

cave 0 instead.

4

This is an explanation of rule P1? for -bats as deecri,bed in

Appendix B.

Page 98

4



.

.

fiumpus Advisor

Scamp I e Wuespus Achei sot- Scenar I o

Append i E

Appendices

0

In the following scenarios,\ both Wusor's statements and the player's

responses will be indente* to the actdal fields udedi the player's

reepponse Gill be underlined. These scenarios have been coditructed by

combining advice actually given by Wusor, but they are not realistic

becaute Wusor wouldtriever give advice so often and because there 4s not a

It

consistent Student Moder throughout. ) This Appendix is intended to

ea. ,

give the reader some idea of Wusor's ability to give advice'in a wide ,.:,

7 range of situations. In this regard, it is not all inclusive sinoe Wusor

has given advice in many si>ations far removed from the ones shown:

Hello, my name is Wusor VII., What is your name? JIM STANSFIELO'

,Do I have your name right, Jim Skansfield? Yes

Would you like instructions? No,

Just a second while I erase my blackboard.

In this game, Jim, there 20 caves all total, three

pits, and three caves with bats.

In fact a new player would not be putin a warren with so many bats a4d

Pits.
0

O.K., now I will draw up a new warren!

We are now at cave 6.
The neighboring caves are caves 3, 12, and S.

What now? 12

(v) Wusor's behavior is Aighly dependent on the Curren Student Modell
I
and the following pcenarios;have been designed with a successively more

advanced Student Model. in fact, the _Student Model would not be

advancing in such a ,manner because of the consistent eistakes by the

player. %
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>

or
We are now at cave 12.
The neighbdring caves are caves.1, A, 18, and 6.
Squeak. I hear'bate they must be in one of the neighboring
caves.

What now?' 1

Figure E.1

8
,

'Jim, did you know tr4t we can backtrack to caved that we
have already visited? No

.
.

1 Well ws can, so why not go back to cave 6 where we didret
get any warnings at all. From there we'can safely go to cave 3

without risking bate. We should avoid bats beOuse Mew could

(.

drop us in a cave with a pit or the Wumpus.

ould you like to go.'cave i anyway?'No

*We are Flow at cave 12.,

The neighboring caves pre Caves 1, 8,, 18, and 6.

Squeak. rhear bats;

What now? 6

We are now at cave 6.
The ,neighborkng caves are caves 3, 12, and 5.

-What riqf 3.

We are-row aetave ,

The neighboring' caves are caves 2, 6, 5, and '17.

Brrrr. I feel a breeze, we must be next to a pit.

Whew; what 0,etenchi That lithe smell of the Wumpus. It

means that we are wi.thig.two caves of the Wumpue.

Whafylow? Shoot
f
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Figure 5.2

Appendices

Breeze
Stench

a

Into which Cave would you like to shoot? 17

Cave 17 can not contain th Wumpus because, if the Wumpus
Were there 140 would have pmerie hie in cave 6 as cave 6 is
within two caves of cave 17. If e shoot an arrow into'cave 17,
it co'ld ricochet back and kill u

Would you shoot into cave 17 anyway? Yes

Poing
Poing
Poing

We are now atitave 3.
The neighboring caves are caves 21 6, 5, and 17.
Brrrr. I feel-a breeze.
What a stench! The Wumpus is near.

What now? 17 .

Hummm.

Jim, we don't need to risk a pitlin cave 17 as cave 5 im
safe. 'Cave 5 can not contain a pit becauie,. if a pit were there,

we would have felt a breeze in cave 6. Ws shoOetry not td
stumble into a pit as it would be fatal.

Would you like to go to cave 17 anyway? No

-1*

We are now at cave 3.
Themdighboring-aves are caves 2. 6, 5. and 17.
Brrrr.
What a stench':

41s

What now? 5

A

We are now at cave 5.
The neighboring caves are caves 15, 6, 9, and 3.
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Brrrr.

What now? S

Fi E.3

Appendices

17

Humma. j

Well% Jim, I think that I would rather risk bats in cave 18
than pits in cave S.

Would you to to go cave 9 anyway? No

We are now at cave 5.
The neighboring caves are caves 15, 6, 9, and 3.
Brrrr.

Breeze
Stench

8

Squeak

What now? Route

What cave would you like to go to? 18
To get to cave 18, Jim,, we could move to caves G, 12, and 18.

Would you,like a route to anOt4r cave? No
hp'

We, are now at cave 5.
Tho neighboring caves are caves 15, 6, 9, and 3.
Brrrr.

Wat.now? 6

We are now at cave 6.
The neighboring caves are caves 3, 12, and 5.

What nai? 12

We are now at cave 12.
The neighboring caves are caves 1, 8, 18, and 6.

Squeak.
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What now? 18

This game would cetinue along the same lines. We will shift,to a more

advanced player.

Hello, my name is Wusor VII. What is your name? Brian CA

0o I have your name right,jrian Carr? Yes

\.,I believe that we have hunted Wumpii together before: that
right? Y

Just a pecond while I erase my blackboard.

In this game, Brian, there will be 28 caves all total, three
pits, and three caves with bate.

') q.K., now I will draw up a new warren.
We are now at cave'8.
The rleighboring'caves are caves 6, 9, 13, and 10.
Brrrr.

4'

What now? 6

We are now at cave 6.
The neighboring caves are cavee 8, 5, and 8.
Brrrr.

What now? 0

Figure E.4

10

Start '

Breeze Breeze

13

Hummm.

Brian, it Isn't necessary So take such large riek with
pits. It Is true that one of cave, 13, 5, and 18 contains a
pit becaUse we felt I breeze in cave 8. However, one of caves-
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0 and 5 contains'a pit because we felt a breeze in cave 6.
This makes it lees likely that cave 9 Contains a pit,and so,
Brian, we might want to explore cave 9 instead. -

Would you like to go cave 0 anyway? No

We are now at. cave 6.
The neighboring) caves.are caves 8, 5, and O. To es

Brrrr.

What now? 8

We are now at cave 8."'
!The neighboring caves are caves'6, 9, 13, and 10.

Brrrr.

What now? a

We are 'now at cave 9.
The neighboring caves are caves 4, 13, 8,. and 7..

Brrrr.

What now? 13

.1 Figure E.5

Breeze Breeze

Breeze

.5 13

4

Hummm.
Brian, it isn't necessary to take such large rifice with

pits. One of caves 10 and 13 contain a pit. Also, one of
caves 7, 4% and 13 contains a pit. This is multiple evidence
of a pit in cave 13 which makes it vita likely that cave 13
contains a pit. It is less likely that cave 4 contains a pit.
Hence, Brian, we might want to'explore cave 4 instead.

Would you like to go cave 13 anyway? No

We aye now at cave 9.
The neighboring caves are cave's 4, 13, 8, and 7.
Brrrr.
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What now? Info

What cave would you like to know about? 8

The neighbt.s of cave 8 are caves 6, 9, 13, and 10.
It has warping "Brrrr.". ts,

World you like to know about- another cave? No

We are now at cave 9.
The neighboring caves are caves 4t 13, 8, and 7. .

Brrrr. .

What now? 4

We are now at caS;\*.
The neighboring caves are caves '7, 3, and 9.

What a stench!

Whit now? 7 )

Figure E.6

Huammi.

Cave 3 is a very good cave to
.

explore, Brian. Cave 3 must
be next to the Wumpus beCause we smelled the Wumpue in cave 4.
We know that cave 4 is not next to the Wumpus and so cave 4
is two caves away from the Wumpus. Ope of caves 2, 16, and 0
must be next to the Wumpusr but we also know that caves 7 and
9 are not next to the Wumpus. Therefore, cave 3 must be next
to the Wumpus, and, if we visit cave 0, we kill gain
'information about the location of the Wumpue.

Would you like to go cave 7 anyway? Yes

'We are now at cave 7.
The neighboring caves are caves 17. 4, and 9.
Squeak.
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What now 4

We are now at cave. 4.
The neighboring caves are caves 7, 3, and S.

What a stench!

.
,

What now? 3
1

Weirs now at cave 3.
The neighboring caved are caves 4, 12, 18, and 18.
What a stench!

What now? 18

0

Breeze.

Figure E.7

10 0
18

Breeze

tench'
),

Appeadtces

12

0 0 0 4.Breeze" _ Stench

3 0
-,. Squeak

,A111 it is quits possible that cave 18co:tlos the Wumpue.
Brian, you might want to shoot an arrow into cave 18'before we
,visit it.

17

Would you like to shoot an arrow into cave 18 instead? Yes

Congratulations, Brian,,you have sho the Wumpue.
,NoUr record. is eighfwins and four 1,9 es. , ,

Would yourlike tolday again? Nd N----

7-----1
.

Well, Brian, have a nice day. Please look me up next time
you want to go on a Wumpii hunt/ .

I am returning you toDOT:...
,

.., ./ fr. ..,
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letou I to 411.f gxperimente. With the Synthetic Studernt

Appendides :

e

The

Appendix FF --

following are the ."rasults" of the -Synthetic Student

. - experi .t s. The complete protocols Amhe, in fact, much more revdalilkg,
k

, '" k

b(at*altogether amount to.well'aVer a thousand pages of computer' outpu1-t. ,-

' ' - 44 . , .

A- , editted p&Ntion of the last- experiment iu.shown in

.

the, fol low:mg

Appendix. . This piotocoi is repfasentative of all of the, protocol

lb
(eXcedt that Syndi n maLly had a fiXed 'state and did not "'let-n"). In d ,t

1 ,

analyzing the tatiteef e actual numbers shown ari4a1 lit00 importance.

The -key variable is whether or not the given rUle'is 1064n 4as indicated
. ,,,0 *

.

by tan- asterisk following the Familiarity Values). The first group of

experiments were of the Type 1 described earlier.

Experlient withlyndi Possessing Full Knowledge
,

.

^-4% Student Knowledge Model .Syndi's-Student Model

'Itul Sate Pits Wumpus' Bats - Pits . .Wumpue

8 6.7838712* 2.78307U3* 8.9- . 8.8* 8.8* 0.

-,.. 1 386.78387* 278.78387* ' 385.78307* 0.8* 8.8* 8.0*

2 0.8 0.8 4.7838712* 0.8* 8.0* 4.8*
79.78387* 88.78387* 188.78387* '8.810 8.0* 40.8*
27.7838712* 27.7838712* 62.7838715v 8.8* 8%0* 0.0*

.79.-78387*. 88.78387* ,188:78387* 8.8* 0.8* 0.8*
6r- 8.0- , 0.8-* , 9.78307116* 8.8* 8.0* 0.0*
7 22.7830712* 2 7830712* 62,7838715*

:!:
. 8.8* 8.8*

Al. 0.8 317838712* : 8.8* 8.8*
.

. 9 .8.8 9.8- 0.87. 8.8* 8.8* . 8.8*.

18 8.78387127* 8.78387127* 4.7838712* 8.8* 8.8* 8.8* Y

. 11 18.70387121% 18.7830712* 24.7830712* 8.e* e.ei 8.8*

-12 3.78387113* 2.78387113* ' 8.0- . 8.8* 8.8* 8.0*

131 5.7838712* - 3.78307113* 7.7838712* 8.0* ' 8.0* 0.0*

-,p

14 2.78387113* 2.78387113* 8.8 8.0* 0.0* 0.0*

15 0.0 .8.8 25,7838712* .8.8* 0.0*

19 8.8 .. 8.8 ,23.7838712* .8.6, tit 8.4*
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with Syndi Possessing Knowledge up to Phase*2

c Wusor's Student Knowledge
Bats Pits '

,1

2
3
4

6 .

7

8

12

13
14
15
19

8.8-
437.78387*
0.8
27.7838712*.

27.7838712*
9.8
1.8-
0.8
8.8
8.8
.8-

8.8 .

8.8
9.6

8.8-
235.78387*
9.8
3.7838715*
1.8-
33./838715*

4111Aj
8.8
e.8
8.8

, 1.8-
8.8
8.8
8.8
8.8
8.8

Model

Wumpos

Syndi's Student Model
Bets Pits Wumpus

A

8.8- '- 1.8* 1.8* 1.8*

235.78367* I 11.6* 11.8* 11.8*
8.8- 8.8 8.8. 1.8*
8.78387127* 1..8* 1.0er 1.8*
3.78387113* 0.0' 8.0
8.78387127* 1.8* 1.8* 1.8*
8.8- 9.8 8.0 0.8
3.78387113* 8.0 42.0 8.8
8.0- 8.8 8.8 8.8

8.8- 0.8 8.8 0.8
0.8 8.8 8.8

8.8- 8.8 8.8 8.0
8.0 8.8 0.8 8.8
8.8
8.8

8.8
8.8

8.8
8.8

lie
e

8.Q- 8.8 8.8 0.8
2.78387113* 8.8 8.8 1.8*

Experiment wit h SyncliPossessing Knowledge up to Phase 3
4

Wusor'a Student Knowledge Model
Rule, . Bats Pits. . Wumpus

Syndi's Strident Model
Bats Pits WUmpue

. 8 2.78367113* 2.7838713*
1 139.76387* 92.78
2 8.8 8.8
3 21.7838712** 24.

4 8.78387127* - 8,782171 *

5 21.7839712* 24.7838712

8.8-
95.78387*
4.7838712*

21.7838712*
4.15.7838713*
21.7838712*

048- 0.8- 4.7838712*

7' 3.78387113* 8.78387127* 15.7838713*

8 8.8 , , 8.8 8.783871274

9 8.8* 8.8- 8.8-

18 2,78207113* 3.78387113* 14.. t 41.

11 6.7838712* 6.7838712* 8.783871274'

12 1.8- 1.0-.. 0.0- 7

13 1.8- 1.8- 8.8-

14 8.8 0.8 8.8

15. 8.8 8.8 6.78387127*

19 8.8 8.8 8.78387127*
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1.8*
34.8*
9.8
1.8*
2.0*
1.0*
8.8
2.0*
8.8
8.0
2.8 *'

1.8*
8.0
8.8
8.9
8.8
8.8

1 8*
34.8*
8.8
1.0*
2.0*
.1.0*

8.0
2.8*
8.8
0.8
2.8*
1.8*
0.0
8.8
8.9
8.8
8.8

0.0
34.0*
2.8*
5.8*
4.0*
5.8*
0.8
4.8*
0.8
8.8
.e

0'

8.0
0.8
0.8
8.0
3.0*

J.
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The next let of experiments

'
4'

Appen2es

were-of the Type 2 with Wusor initially

aseOming that Syndi had arcamplete knowledgelf.the game. Because of the

:-........:_!20efe<of the Phases, once the player is no longer presumed to know a

simple rule (like rules '3 and 5), the higher rules can no longer be
I

degraded. In any case, the player was reduced to the appropriate phase.

and ifPite 44culd only be given at the appropriate levml.'

Rule

2
3.

4

6
7

4 8
9
18
11
12
13

15
19

ExOiriment Witn,Wwor Degrading hi, Student Model

Wusor's Student Knowledge Model SyndrerStudent Model ,

WumpusBate Pits Wumpus Bats Pigs

0.84- i.0*+ 8.8 1.8* 1.0*

128.0*+
8.8

112.8/0+

8.8
113.8*+
8.8-

1.8*
8.8

1.0*
8.8

0.34-+ 8.34-+ 8.34-+ '8.0 8.8

3.8*+ 2.8*+ 3.8*+ 8.8 8.8

8.34-+ 8.8- 8.34-+ 8.8 8.0
0.8- 8,0 8.8 8.0 8.0

3.8*+ 2.8*+ 1.8*+ 8.8 8.8

0.0 8.8 2.8*+_ 8.8 0.8

9.8 e.b 1.8* 8.8 8.8

1.0*+
3.8*+

11(8*+

2 8*+ f8.8.8 +

8.8
8.0

8.8
8.8

1.0*+ 1.8*+ 8.8 + 8.0 8.0

1,8*+ 8.8 + 1.8*+ 8.8 8.8

1.8*+ 8.34 + 8.8 8.8 8.8

8.8 8.8 8.8 + 8.8 8.6.

8.9 . 0.8' ,6.8-+ 8.0 9.8
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1.8*

11:8.

8.8
8.8
8.8
,8.8
0.8
0.8
8.8
8.8
8.0
8.0
8.8

8
6.6
8.8
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Appendices

The lett 'set o .WaMOseimiente were or the Type 3, where Syndi started

with a minimal knOwletlge40- theAgame (rules:0, 1, and 2) and "learned"

_-

rules as .they were elipleined to her,
k . 4

Rule

1

2
3
4

6
7

. 18
11

12
*13
14

1.9

Experiment with:Biondi Learning

Ulissor's Studentilnexiedge Model

Bats Pits

18.8** 4:8* 8.1-
517.60+ 4qq.e*+ ,423.8*+
9.8 818N 7.8m+
118.8* 11819m4 68.8*+
58.8*+ 51-.0* 52.8*+
118.8* 114.604. 68.8*+
8.8- . 8.8NT 2.8*
.33.610 51.8* .11r. 52.8*+
8.9 8.8 35.8*+
8.8 0.8- 8.8-
13.0m+ -13.8s 6.8*+
38.8m+ 39.8* Or. 28.8*+
8.6,- 8.8. sp 8.8-
18.8* 3.8*+ 4.8i
8.8 'e.e e.e
8.8 31.8*
9.8 8.8 22,49*+

V-
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%Indies Student Model
Sate Pits Wumpus

3.8* 14* . 1.8*
6.8* 4.0* 29.8*
8.8 8.8. 9.8*
11.8* 1.8* 29.8*
3.8* 3.8* 27.8*
1.8* . 1.0* 29.8*.
ce 8.8 11. 8.8
4.8* 3. e* 32.e*
8.8 8.e 32.8*
8.8 0.0. 8.8
1.8* 1.8* . 11. 8*

1.e* 1.8* 4.0*
8.8 8.8 e.e
1.8* 1.8* 8.8
e. 8 8.8 8.8
8.8 8.8 8.8
8.8 8.8 8.e

1 1
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-.The WUMWMA Advisor- Appendices

".

Scenarici Between.Syndi Learn and-Wilior.-
,

Appencii x G

What follows is a typical protocol with 'the Synthetic Student and

Wusor. At various 'points each had inserted thilir,,current strident model

,values intb the file, .but these were deleted to save 'pace. Also,

between every move both Wusor and Syndi would output their analyses of

heac mole, but most' of. tReie.have also been deleted to conser4e space

(the remaining are shown in italics). The comprete protocols from 411,the

-experiments are available through the author,

' Comments made by Wusor which would not normally be displayed for

the student are enclosed in "***". TKey constitute a trace of Wusor's

reasoning and make Wusor more believable to a human teacher as .well as

serving as an invaluable debugging aid. Syndr's comments area much less

frequent' and are enclosed in "04". .Syndi/s replies are all listed in

upper case characters and undOriined.

Hello, my name is lJusor VIII. What is your name? '(Please

,,type in yoUr first and lait name. Follow all responses,with
,a space;) SIND' LEARN

Do I have your name right, Syndi Learn? YES -

I beliive that we have hunted Wulpii together before, Is

VIM right? YES

In- this game, Syndi, there will be 28 caves all

total, one pit,' and one cave with bats.

Just a second while I erase my blackboard.
*** Time is 198. ***
O.K., now I will draw up a new warren.
*** I am altering the game to create a situation'appropriate
for a player of phase 8. ***
We are now at cave 11.
The neighboring caves are caves 14, 1, 9, and 19.

What now?
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000. The following is my estimation of the Mores.
Come Cost Gain Index

le 0.198270723 0.80131674 4.0416288
9 0.198270723 0.80131674 4.0416233
1 0.198270723 0:80131674 4.0416233
14 0.198270723 0.80181674 4.0416233

A "" after the cave number 4 d.n.icetes that these
figures reflect shooting Into the cove bolero visiting tt.

,Cove Cost Gain Index
19 010 1.0 10000.0
9 \,0.0 '1.0 10000.0
1 0:0 1?0 .10000.0
14 0.0 1.0 10000.0

4
S

1.

We are now at cave 14...

The neighboringkcaves are caves 16, 5, 19, and 11.
Brerr. I feel a breeze! We must be next to a pit.

. /

IP What now? .r.-
,

-,.._ if,

OOP The following is my estimation of the moves.
Cave Cost Index .

9 0.196270723 0.79707436 4.0201313
1 0.198210721 0.79707436 4.0201313 *0
19 0.198270723 '4.79707435 4.020t313

,

6 0.198270723 0.79707436 4.0201313
18 0.194270723 '0.79707436 4.0201313

A ""-efter the cave number indicates that: these
figures reflect shooting into the cave before visiting
Cave Cost Gat* Index

,

6 0.6 0.6 . 1.0 .

10 0.6 1.0
,9 0,0' , 1.0 10000.0
1 0.0 1.0 10000.0
19 0'. 1.0 10000.0

16

Syndi, why notgo back to cave 11 where we didn't
get.any warnings at all. From there we can safely go to
cave 1 without risking the pit. We shbUld try not to
stumble into the pit as itOwould NO fatal.
*** I have tailed: (rule 1 for the Wumpus) , Iruie 1 for the
pit)'., and (rule 1 for el in explaining combination
rule 8. ***
Would you like o go to cave way? NO

We are now at cave. 14.
The neighboring caves are caves 16..6, 19, and 11.
Brrrr. I feel a brmia.

What nowrll
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The Wumpus Advisor Appendices,

*** I name stopped initializing the player's knowledge model
for the bate because he seems to be learning rule 1. ***
***, I am advancing the Student to phase 1 for thb bate as he
has mastered rule 1. **4
*** I ha", stopped initializing the player's knowledge model
for the pit because he seem' to be learning rule -***

*** I am advancing the student to wiase 1 for the pit as he
has mastered rule 1. ***
*** I have stoppedAnitializing the player's knowledge model
for the Wumpus because l?e seems to be learning rule 1. ***
.*** I am advancing the etudent to phase 1 for the Wumpus as
he had`' mastered rule 1. ***

We are noWat cave 11.'
The.neighboring' caves are caves 14, 1, and 19.

What now? 1

*** I am upgrading the pl'ayer's receptivity because his move
to cave 1 is a move that I told him was good very recently:

r

***
We are:noW at cave 1.

1
The neighbot7ing caves are caves.8, 15, and.11.
Whew, what a stench! That is the smell ofthe'Uumpue. It

m ans that.we ire.withio two caves of the Wumpue.

-\

## The following Wing estimation of Ole moves.
Cave Cost Gain 'Indei -

at now?-

6
18

0.198270723
0.198270723

0.79283296
0.79283296

3.9987394
- 8.9987394

101- 0.198270'23 0.79283296 3.9'987394

9 0.198270 23 0.7928320 3.9987394

16' 0.1' 2.792833 27.9283297
0' 0.1 2.792833 27.9483297

. A "6" after the cave number indicates that these
figures reflect shooting into the cave before visiting tt.
Cave Cost -Gain . Index

6 0.6 0.6 1.0

16 0.45 0.6 1.0

19 0.0' . 1.0 10000.0

9 0.0 1.0 l000q.o

16 0.0 1.1 11008.0

- 0 0.0 1.1 11000.0

SHOOT , )

Into which cave would you like to shoot? a

Cave 8 can not contain the Wumpus because, if the

WumpUe were there, we would have emelled.the'Wumpus. in cave
11 as Cave 0, mis within two of cave 11, and, if we

shoot an arrow into cave 0, it could ricochet,back and kill

us.
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,

*** I have used: (rules 3 and 5 for the Wumpus)in
explaining combination rule 9. w

.

#1% I have just, learned" rule 3 for the Wumpus. 101#
plat I have just "learned" rule 5 for the Wumpus. mg#
Would 'you, like to shoot into cays.8 anyway ?' NO

We are now at cave 1.
The neighboring caves are caves 8, 15, and 11.
What a stench! The Wumpus is near.

, What now? SHOOT

,into which cave would you like to shoot? 15-

6

Poing- 0
You have just shot yourself.
Would you like to take back your last move? YES

We are now at cave 1.
The neighboring caves are caves 8, 15, and 11.
What a stench!

What now? 0

We are now at cave 15.
The neighboring caves are caves 1, 6, .3, and 18.

Squeak. I hear bate, they must be in one of the neighboring
caves.
What a stench!

p

c,

Appendices

What now?

000 The following is my estimation of the moves.
Cave
.45

id
A 19

9
0

Cost

0.198270723
0.198270723
0.198270723
4.198270723
0.198270723

Gain
0.78869166
0.78)159166

0.78860166
0.78869166
0.78869166

jidex
3.9773476
3.9773476
39773476
4.9773476
3.9778476

10' 0.1 2.78869166 27,8869167
3' 0.1 .2.78869156 27.8859167
6' 0.1 2.78869156 27.8869167

A "'" after the cave number indicates that these
figures reflect shooting into the cave before rtaitimajt.
Cave Cost Gain Index
6 0.6, 0.6 1.0

10 0.6 0.6 1.0

10 Q.227228693 0.7828629 3.4452203
3 0.227228693.0:7828629 3.4462203
6 0.227228693 0.7828629 3.4462203
19 0:0 1.0 10000.0
9 ' 0.0 1.0 10000.0
0 0.0 1.1 11000.0
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SHOOT
h^.

Into which cave woLld you like'to shoot? 6

Congratulations, Nndi, vop have shot the Wapus.
Your record 's one wins and\one losses.
Would you like to play again? YES

In thig gage, Syndi, there wi.II be 28 caves all
total, two pits, 'and two caves with bats.

/r-\
Just a second while I erase my blackboard.
*** Time is 149. ***

tc.0.K.,,now I will dr up'a new warren.
*** I am altering he game to create a situation appropriate
for a player of phase 0. ***

We are row at cave 3.
The neighboring caves ar'e caves 7, 8, and 15.

What now? 7

We are now at cave 7.,
The neighboring caves are caves,6, 3, 13, and 18. ,

411/

Squeak. I hear bats.

Brrrr.

What now? IP

000 The following is my estimation off the moves.

Cave Cost Gain Index

0 0.114270098. 0.88430289 7.7387077

16 0.114270098 0.88480289 7,7387077

18 0.114270098 0.88430289 7.7387077

.13 0.114270098 0.88430289 7.7387077

6 0.114270098 0.88430289 7:7387077

3

A "" after the cave number indicates that tilts.
figures reflect shooting intWhe cave before visiting tt.
Cave Cost Gain Index

18 0.36868813 0.8279084 1.70364288

13 0.36856813 0.6279084 1.70364286

6 0.36866813 0.6279084' 1.70384266

0 0.0 1.0 . 10000.0

16 0.0 1.0 10000.0

6

Hummmm.
*** Better moves which 1 have not mentionedAo the student
recently are caves 15 and 0. ***.

Syndi, we don't need to risk bats and pits in cave 6

as cave ls is safe. Cave 15 can not contain a pit because,

% if a pit were there, we would-have felt a breeze in cave 3.
We should avoid pits as they are fatal. Likewise, cave 15
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is safe from the other dangers:
m I have used: (rules 3 and 5.tor pits) in explaining
combination rule 0. ***
### Ihave just "learned" rule 3 for'plts. ###
### I an trineferring`my knowledge of rule 3 for pits to
bats. ##d
00 I havi-jUst "learned' rule 5 for pits. ###

4 * ### I am transferring my knowledge of rule 5 for pits to
bate. ###
Would you like.to go-to cave 6- anyway? NO

We are now at cave 7.
The neighboring caves are caves,6, 3, 13, and 18.
Squeak.
Brrrr.

What now? 3

We are now at cave 3.
The neighboring caves are caves 7, 15, end 8.

What pow? 15

***.1 am upgrading the player's receptiyity because his move
to cave 16 is a move that I told him was gdod very recently.

We are nbfartave 15.

The neighboring caves are caves 1, 4, 3, and 8.

What now?

Oii The following is my estimation of the moves.
Cave Cost

18 0.114270008
'16 0.114210098

J0.114270098

Gain
0.81988217

1'4.87931217

0.87988217

Index
7.8966466
7.896646 6

7.8966466

I) ' 040 1.0, 10000.0

8 0:0 1.0 10000.0

4 0,0 1.0 10000.0

1 0.0 1.0. 10000.0
A "I" after the cave number indicates that these

figures rokflect shooting into the cave.before visiting it.
Cave Cost Gain Index

t 18 0.36864813 0.61676847, 1.87087747 1

13 0.36864813 0.81676847 1:67067747
6 0.36864818 0.81676847 1r87087747 1

0 0.0 1.0 10000.0

8 0.0 t.0 10000.0

4 0.0 .1.0 10000.0

1 0.0 1.0 10000.0

We are now at cave 1.
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/

Ttile neighboring caves are caves 15, 2, 14, and 9.
Squeak.
What a stench!

Whit now? 15

We are now at cave 15.
The neighboring caves are caves 1, 4, 3, and 8:

Appendices

What now? 4

*** Moves which the student seems to have correctly
iiientified as worse are caves 2$ 14, and ***
*** According to combination rule 8, 1 am marking-rules 3
and 5 for bats because his move is better than cave 2. ***
We are now at cave 4.
The neighboring caves are caves 15, 11, 18, and 2.
Squeak.
Brrrr.

What ncw? 19
---5

We are noralk.cave 15. .

The neighboring caves are caves 1, 4, 3, and 8.

What now? 8

*** Moves which the student seems to have correctly.
identified as worse are caves 2, 11, and 18. ***

*** According to combination rule 8, 1 am marking rules 3
and S for bats because his move is better than cave 2. *0
*** I am advancing the student to phase'2 for bats,as he has
mastered rules,3 and 5. ***
*** According to combination rule 8 I am marking rules 3

and S for pits because his move Vs betfer than cave ;1.
***
*** I am advancing the student to phase 2 for, pits as he has
mastered rules 3 and 5. ***
We are now at cave 8.
The neighboring caves are caves 15, 19, 13, and 2.
Brrrr.

What now? 2

We are now at cave 2.
The neighboring caves are caves 9, 1, 8, and 4.

What a stench!

What, Now? 9

We are now at cave 9.
The neighboring caves are caves 18, 2, 1, and 5.
What a stench!
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What now? 1
. ,

We are POW at cave 1.*
The neighboring caves are Caves 15, 2,,14. and $.
Squeak.
What a stench!

Whit now? 15

We are now at cave 15:
Thl -neighboring caves are caves 1, 4, 3, and 8.

What now? 3

We are now at cave 3.
The neighboring caves are caves, 7, 15, and 8.

What now? 8

*** Moves which the student seems to have correctly
identified as worse are caves 18, 5, 14, 19, 11, 13,
and AL ***
* c* According to combination rule 8, I am marking rules 3
and 5 for the Wumpue because his move is better than cave 18.
***
* c* According to combination rule 8, I am marking rules'3
and 5 for bats because hismove is better than oeve 14.

*** According to combination rule 8, I am marking rules 3
and 5 forpits becausa his move is better than cave 19.
***
Ue are now at cave e:
The neighboring caves are caves 11, 16, and 3.
What a stench! /

What now?

.

000 'The PILOWtnt i4 my estimation of the moves.
,CoVe

18.
6

ost .
0.114270098
0.114270098

Gain Index

0.84986788 ,7.4872723

0.84986788 7.4872723
19 0.100000001' 0:9 ,. 8.99999988
18 0.100000001 0.9 8.99999988

6' 0.1, , 2.9 N 29.0000002
- 10'

14

_4.1
#.0168666826

2.9
0.9442866

29.00000a
69.666169

.00

,1C 0.0 . , 1.0 10000.0 .

11 0.0 1.0 '10000.0

A "" after the cave number indicates that these
figures reflect shooting. into the cave before visiting it.
Cave Cost Cain Index

1# 1.0 0.0 0.0

is 0.6 0.6 1.#

1 2 0
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13 0.5
14 0.168660588

0.5
0.442864964

, Appendices

1..0

2.79310346-
P .\)0.18886 3.418086 (20.6021803
10' 0.10t506 3.414086 20.6021003
6' ' o.p 1.0 10000.0
11 0.0 i.o. 100'00.0

16 , '0.0 1.1 11000.0

V
Hummmm.
*** Better roves which I have ao-t-mentioned to the student

recently are cave 16. ***
We are now at cave 11.
The neighboring caves are caves 8, 4, 1,7, and 18.

Squeak.
Brrrr.

What now? 0.
ar

We are no a cavei0.
The neighboring laves are caves 11,16, and 3.
What a stench!

What ntw? 16

*** Moves which the student seems to-have correctly
identified as worse are caves 17 and 18. ***
We are now at cave 16.
The neighboring caves are caves 13, 5, 18, and 8.

Brrrr.
What a stench!

What now?

140 The following is my estimation of the moves.
Cave

8

Coit Gain

0.114270098-0.8400184
Index

.7.3611479

18 4.114270198 :0.8400184 7.3611479

17 0.114270098 0.8400184 7.3611479

19 0.100000001 0.9 8.99999988,

13 0.100000001 0.9 8.99999988
10' 0.1 2.9 29.0000002
6' 0.1 2.9 29.0000002
14 0.016441,826 0.93336166 68.886603

A "'" after the cave number indicates that these
figures reflect shooting into the cave before visiting it.
Cave Cost Gain Index

18 1.0 0.0' 0.8

13 1.0 0.0 0.0

14 0.168668688 0.333616684 2.1034483

10' 0.0886 3.410086 20.6021803

6' 0.18806 3.410086 20.6021803

19 0.0 1.0 10000.0

It

Page 119

-1 Aw_g,

dr-



t- -J

The Wunpus Advisor AvOndites

6 . 1.0

17 0.0 1.0

8

. We are now at cave 0. .

10000.0

10000.0

The neighboring caves are caved 11, 16, and 3.
-,-What-.a stench!

What now? 3

We are now at cave 3.
The neighboring caves are caves 7, 15, and 0.

Wh94 now? 15 .

\e,are now at cave 15.
_The Neighboring caves 1, 4, 3, and 8.

What now? 1

We are now at cave 1.
The neighboring caves are caves 15, 2, 14, arid-9.
Squeak.
What a stench

Whit now? 14

a

*** Moves-which the student seems to have correctly-
identified is worse are caves 13 and 18. ***
Hummmm.

*** Better moves which I have not mentIted to the Stydent
recently are caves 19, 17; 10, and 5.
Bon Voyage!
We are now at cave 8.
The neighboring caves are caves 15,16, 13; and 2.
Brrrr.

'What now ?'

00 The following is my estimation of the moves.

0

J

A

,1

Cave Cost Gain Index

14 0 168666688 '0.333616684 2.1034483
6 0.114270098 0%6400164 7.3611479
17 0.114270098 0.8400164 7.3611479
18 0.1:127,9098 0.8400164 7.3611479

0.10000-0001 0.9 8.99999988
19 0.100000001' 0.9 8.99999988
66 0.1 , 2.9 29.0000002
106 0.1 ) 2.9 29.0000002 41I

A "" after the cave number indicates that these
figures reflect shooting into the cave before visiting it.
Cave Cost Gain Index ;

18 1,0 0.0 p . 0 .
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18

\ . 14

411

./.0 4

e0.168660688.
0.10006 ''

Da 0.18866.
0 0.0
17 0.0 . -

19 0.0 '

,

#.0 / '10.0

0.833606W 2.1084488
,8.410086 20.6021008
3.410066 20.6021608
1.0 10000.0

1.0 10000.0
1.0 10000.0'

Appendias
Am

Ile are now at cave 2. 11,

the neighboring caves are caves 9, 1, 8, and 4.
Whata stench!.

What nein 9

We are now at cave 9.
The,,neighboring cave8
What a stench!

What now? SHOOT

Into w ch cave would you'liks to

are caves 10, 2, 1, and S. /

shoot? 10

Piping
%low

We are now at OM S. ,.

The neighboring caves are caves 10. 2, 1: and-S.'
k What a stench!

What now?

OH The followiii is mw estimation of the moves.
Cave Cost gain 'Index

14 0.158556588 0.33351 2.1034483

8 ' 0,114270098 0.84001

17 0.114270098 0. 0164

18 0:114270098 Q. 00164
13 , 0,100000001 .9-

19 '0.100000001 0.9

6' 0.1 2.9
10 0.0 1.0

A "a" after the cave number
figures reflect shooting into the
Cave Cost Cain

18 1.0 6.0

13 1.0 1, f 0.0

14' .0.158436588 0.336516584

1 0.0
17 0.0
VP 0.0
'10 0.0

0.0
10 C.

.

7;3511479
7.864470
7.3611479
8.99999988
819999988
29.0000002
10000.0
indicates that these
upehefore Visiting it.
/Index
0.0
0.6
2.1034488

. 10000.0

1.0 10000.0

1.0

1.0

10000.0
10000.0

0.1 (01000.0

Pads 121'
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Nwmaime.
*** Better moves which I have ndt mentioned to the student
recently ere cave 6. ***
We are now at cave 18.
The neighboring caves are eaves 17, 9, 19,. end 16.

What a stench!

What now? 17
av

Kamm
*ai* Better moves whic have not mentioned to tqs student

recently are cave 5.
We are now at cave 17,
The neighboring pavan ar caves 6,'18, 12, and 11.

What a stench)

What nc$14 6

*** I am degrading the player's receptivity because his move

to cave 6 is a move that I told him was bad very recently.

***
We are now at Cave G.,
The neighboring caver\are caves-7, 12, 17, and 13.

Brrrr.
What a stench!

400'What now? 12

Hummom.
*** Better moves which I have not mentioned to the student

recently are cave 5. ***
'We are now at cave 12..
The neighboring caves are caves 5, 6, 14, and 17.

Squeak.,,

40.1hat a stench! 4

What now? 17

We are now at cave 17.
The neighboring caves are caves 6, 18, 12, and 11.

What a stanch!

What now? 18
1

We are now at cave 18.
The neighboring caves arecam 17,,9, 19, and IC
What a stench!

What now? 19

*** Moies which the student seems to have correctly
identified as worse are caves 14 and i3. ***
*** According to combination rule 8, I am marking rules 3
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and 5 tot_pate because his move Is better than cave 14.
silos

*** According to combination rule 8, I am marking rule: 3
and 5 ,for pits because .hie move is Otter than cave 13.
*son

Hummmm.
*** Better moves which I have not mentioned to the student
recently are cave S. *i*
We are now at cave 19.
The neighboring caves are caves 14, 8, 18, and 10.
squeak.
Brrrr.
What a stench!

What now?

OOP The following is my estimation of the moves.
Cave tost Gain Index

14 0.168664688 0.0801421640.37981084
18 0.114270098 a.81641279 7.186887
13 0.100000001 0.9 8.99999988
61 0.1 2.9 2'9.0000002

A
/NNfigures

Cave

18

"" after the cave number indicators that these
reflect shooting into the cave before visiting it.
Cost Gain Index 4

10

13 1.0 0.0 0.0,

18 1.0 0.0 0.0

14 0.168668688 0.080142164 0.37931434
o.o 8.1 01000.4.

Wm are now at cave 18.,
The neighboring caves are .caves 17, 9, 19, and 16.
What a stench!

t now? 16

We are now at cave 16.
AtThe.neighboring caves are caves 13, 5, 18, and O.

Brrrr.
What a stench!

What now? SHOOT

Into which cave would you itke to shoot?

Congratulations, Syndi, you have shot the Wumpus.
Your record is two wine and ore losses.
Would you like to play again? YES

In this game, Byndi,- there will be 28 caves al
ctOTZ two pits, and two caves with bat's.

C
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Just a second Wills I
* Time 10-288.'noki

O.K.! now I draw
*** I as altering the
for a player of phase

U. are now at cave 5.
Therneighbbrang caves

IF

"What now?

Appendices

erase my,blackboard.

up a now,,warren.

game to louts I situation appropriate
8. *** /

are caves 8,12, 3, and 19.

We are now at cavel.
The neighboring caves are caves'6, 4, 6, and 7.
squeak.
Brrrr.
What a stenchF

What now?

000 The Ptleming is my estimation of the moves:
Came Cost Gain Index

7 0.114270098 0.88480289 7.7887077

0 0.114270098 0:88480289 7.7887077

4 0.111170098 0.88430289 7.7387077.

19 .04 '7 1.0 10000.0

12 0.0 4 1.0 10000.0

8. 0.0 1.0 10000.0

A "4" after the came number indicates that these

liguresireflect shooting into the coif before visiting it.

Cape Cost Gain Index

7 0;00000818 0.67286288 1.82422946

0 0.88868818 0.87236283 1.82422944

4 0.36866818 0.87236288 1.82422946

19 b.0 1.0 10000.0

12 0.0 1.0 10000.0

a '0,6 1.0 10000.0

5

We are now at cave 5.,
The neighboring cass ars caves 8, 3, 12, and 19.

...-What now? 3

*** Mom; which the etwlant seems to have correctly
identlf144 as worse are cavep,4, 6, and 7. W
We are now at cave 3.
The neifihboring caves4re caves 18, 9, and 5.

What noki? 18

We are now at cave.18.
The neighboring caves ire caps 3. 17, and 14.
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What now? 17b

We are..now at cave 17.
The neighboring caves are caves 15, 18, 11, and 14.
Brrrr.

What now?

iii The following is my estimation of the moves.
Gave Cost Gain Index

7 0.114270098 0.88964073 7.6096211

-6 0.114270098 0.88964078 7.6096211
4 0.114270098 0.88964073 7.6096211

11 0.100000001 0.9 8.99999988
16 0.100000001 0.9 8.99999988
19 0.0 1.0 10000.0

12 0.0 1:0 10000.0

-9 '0.0 1.0 10000.0

14 0.0 1.0 10000.0

A "I". after.the cave number indicates that these
figures reflect shooting into the cave before visiting it.
Cave Cost Gain Index

11 0.6 0.6 1.0

16 0.6 0.6* 1.0

7 0.38866818 0.83690306 1.7263338,

6 0.36866813 0.63690306 1.7263388

4 0.36$66813 0.63690806 1.7268888 ,
19 0.0 1.0 10000.0

12 0.0 1.0 10000.0

9-, 0.0 1.0 10000.0

14 0.0 1.0 10000.0

14

We are now at cave 14.
.The neighboring caves are caves 8, 11, 18, and 17.

Squeak.
Berrr.

What. now? 18.

We are now at cave 18.
The neighboring caves are caves 3, 17, and 14.

What now? 3 '

We are now at cave 3.
The neighboring caves are caves 18, 9,-and 5.

What now?

*** Moves which the $, dent seems to have correctly
identified as worse are caves 8 and 11. ***
***1Accerding to combination rule 8, 1 dm marking rules 3

g
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and 5 for bats because his move le,better
*** According to combination rule 8, 1 as

and 5 for pits because-his move is better

$11*
Iii are now at cave 9.
The neighboring caves are caves 3, 6, 18, and 2.
What a stench!

Appendices

than cave 8. w
markVng rules 3
than cave 11.

What now? 6
0;)

We are ,,fou at cave 6.

Thenelghboring caves are caves 8-, 8, 11, and 1.
Brrrr.

What a stench!

What now? 9)b'

We are now st*cave 9.
The'neighboring caves are caves 3, 6, 18,
What a stench!

What now? 18

*** Moves which thestudent seems to have
Identified as worse are caves 1, 4, 7; and
*** According to combination 'mils 8, 1 as

5, and 19 for the Wumpus because his move
cavepl. w
m I as advancing the student to phase 2
he has'mastermd rules 3, 5, and 18. ***
s According to combinailonrule 8, 1 em
and 5 for pits because his move is better.
***
We are now at cave 18.
The neighboring caves are cites 9, 2, 15t and 13.
-What a stench! 4'

and 2.

correctly
11. *a*

marking rules 3,
is better than

for tie Wumpus as

arking rules 3
than cave 11.

What no 2 ,

.).

We are now,at cave 2.
The neighboring caves are
Squeak.
What a stench!

caves 18, 8, 16, and 9.

What now? 10

We are now at cave 18.
The neighboring caves are covet 9, 2, 16, and'13.
What a stench!

What now? a
4, nave Moves which the student aseees, to have correctly
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identified as worse are caves .6, 13, and Ø. 400*

m According to combination rule 8, I am marking rules 3

and 5 for the Wumpus because his move le better than cave 16.
***
*** According to combination rule 8, I am marking rules 3

and G for bats because his move is better than cave ,8. ***
We are,how at cave 15.
The neighboring caves are cave017, 19, and 18.

What now?

POO The following is my estimation of the moves.

Cave Cost Gain Index I

7 0.114270098 0.8400184 7.3611479 I

4 0.114270098 0.8400104 7.3611479

11 0 400000001 0,9 8.99999988

1' 0.1 2.81 28.1

1e 0.1 2.8400104 28.400104

0 0.0168660026 0.93336166 68.886603-

,12 0.0 1.0 10000.0

13 0.0 1.0 10000.0

19 0.0 1.0 10000.0

(

A ""'after the cave number indicates that these
figures reflect shooting Wolk, cave before visiting it.
Cave Cost Gain Index

11 1.0 0.0 0.0

7 0.63983916 0.358378894% 0.0041084

4 0.63983916 0.358378894 0.8041084

0 0.168660668 0.333616684 2.1034483

1' 0.101094297 3.6001289 21.704360 '

10' 0.127706 4.0427918 81.442406

12 0.0 1.0 10000,0

,19 0.0 1.9 10000.0

13 0.0. , 1.1 11000.0

19

Hummmm.
w Better moves which I have not mentioned to the student
recently are cave 13.'***

Cave 13.is a very good cave'to explore, Ilyndi,-as we
know that one of caves 2 and 13 must be next to the Wuppus.
Cave 18 must be exactly two caves away from the Wumpus
because we smelled the Wumpus in cave 18. This means that

cave 18 is within two caves of the Wuepus. We also know

that cave 10 is not next to the Wumpus. Hence cove 18 is

e xactiy two caves away from the Wumpus. Therefore one of

caves 9, 2, 15, and 13 must be next to the Wumpus, but
neither-of caves 9 and 15 are next to the Wumpus. This

means that one of cayse.2 and 13 must benext Ito thetWumpus,

and so if wi visit cave 13 we will gain information *bout
the location of the Wumpus.
*** I have used: (rules 8, 4, and 7 for the Wumpus) in
e xpilining combinatiOn rule 5: ***
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aaa I have just "lear4ted" rule 8 for the Wuepue. aaa
aaa have just '"learned" rule 4 for the Wumpue. aaa
an !shave just,"leernedg rule 7 for the Wuapus. INN
Would you like to go to'cave 19 anyway?

This experiment continued on for many more games.

."4

13u
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