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Wusor II:
A Computer Aided Instr uction Pr .ogr am

With Student Modellin g Capabilities ~~

Abstract

Wusor II is the second program that has been developed to tutor student in

the game of Wumpus. From the earlier efforts with l4usor I it was possible to

produce a rule—based expert which possesed a relatively complete mastery of the

game. Wusor endeavours to teach the know l edge embodied in the rules used by the

Expert. The Student Mode l represents Wusor’s estimation of the student’s

know ledge of said rules, and this estimation is based pr imarily on analyses of

the player ’s moves. The Student Model allows IJusor to personalize his

exp l anations to the student according to the student’s current know l edge of the

game. The rebu t s a system ,thich, according to pr~limin a , y reselts, is highl~,j

ef fect ive at tutor ing students of var ied abi l i t ies.

N

This report describes research done at the Artificial Intelligence Laboratory of
the Massachusetts Institute of Technology. It was supported in par t by the
Advanced Research Projects Agency of the Oepartment of Defense under Office of
Nava l Research contract N00014-75-C-8643, and in part by the Division f or Study
and Research in Education , Massachusetts Institute of Techno l ogy.

~~ This document has been submitted to the Oepartment of Mathematics in partial
fulfillment of the requirements for a Master of Science Degree under the
supervision of Professor Ira Goldstein of the Department of Electrical
Engirrnerirtg/ Computer Science.
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The Wumpus Advisor The Introduction

The I n trod uct ion

Chapter 1

One of the purposes of our educationa l system is to teach better ways to

think about problems In general. This is a key justification for the study of

higher mathematics and the sciences by the general student. Similar l y, games can

be an i deal teaching instrument. Most games represent some facet of life but in a

much simp l er domain , thereby allowing the student to deve l op his problem solving

abilities in an env i ronment which is more conducive to l earning. Such games can

be fun while teach i ng va l uable skills. However, students can reach a plateau in

their game playing and cease to try new strategies. When this occurs, the

l earning process halts. A solution to this prob l em is to encourage the student

to i mprove by occasionally offer i ng suggestions , regarding i mproved game

strateg ies. Unfortunately, the cost of providing human teachers to watch the game

(and offer suggestions) is prohibitive. However, it is possible to use the

computer to monitor the progress of the game and to offer suggestions when

warranted. With this goa l in mind , a program was written to serve as just such

an advisor for a computer game referred to as “Wumpus hunting ” or “Wumpus ” (i)~~

The relationship of the Wumpus Adv i sor to the player is illustrated in

Figure 1.1. The Advisor analyzes the interaction between the game and the player ,

giving adv i ce when appropriate. When the Wurnpus Advisor chooses to give advice ,

it can intercept the player ’s messages to the game and allow the player to mod i fy

his move if he so desires. Also , from the player ’s point of view , the Wumpus

~~ The game of Wumpus was originally descr i bed by Yob in Creative Computing, and
this particu lar variation was implemented in LISP by Greg Clemenson .
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The Wumpus Advisor The Introduction

Adv i sor receives exactly the same information as the player. The Wumpus Advisor

can alter the game (shown in dotted lines) to a certain degree. It does so to

create situations which are more conduc i ve to l earn ing.

Figure 1.1
Conceptua l Mode l of a Tutor.

Player Player ’s Move
Wumpus
GameGame Response

Advice .

Player ’s ,.. Game
Response Modifications

Wumpus
Advisor

The game “Wumpus” is an example of a game wh i ch encourages deductive

processes and develops a sense of probabilities. The player must seek out and

kill a monster, the Wumpus. The player moves in the Wumpus’s warren, a network of

interconnecting caves containing the Wumpus and other dangers, namely bats and

pits. At the start of the g~mi the player i~ told the number of ‘aves n the

warren and the number of bats and pits. ~~~~ Before every move the player is

told which cave he is in and the nei ghboring caves that he can move to. If

any of the nei ghbor i ng caves contain a bat he will be informed that he hears

squeaki ng. Likewise , if a neighbor i ng cave contains a pit , the player wi l l  be

informed of a draft (as pits are bottomless chasms), but in neither case is the

player told which of the caves are dangerous. Whenever the player is within two

In a normal game, there are twenty c ’ves, three pits , and three caves with
bats.

(lii ) Each cave is i dentified by number.

Page 4
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The blumpus AJ~’isor The Introduction

caves of the Wumpus he wi ll  smell its horrible stench. If the player enters a

cave wit h a pit he loses the game, whereas i f he enters a cave containing a bat,

he will be carr i ed to a random cave whi ch may contain another bat, a pit , or the

Wumpus. The Wumpus eats unwary players who stumble into his lair. The player

tries to visit enough caves (avoiding bats and pits) to locate the Wumpus withou t

actually entering its cave. Once the player has found the Wumpus, he can shoot

an arrow into the Wumpus’ lair from a neighbor i ng cave, killing the beast. If the

player shoots an arrow into a cave and the Wumpus is not there, his arrow wi l l

ricochet through the warren at random for roughly four caves and may kil l  either

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

Figure 1.2

18 15 pit (?)

bat

STENCH Circled caves have been visited.
Upper Case: Given Facts
Lower Case; Deductions

Playing the game can i nvo l ve simple deductions and risk minimization s as

well as more comp l ex strategies and considerations. At the simplest level , the

player can deduce that certain caves are absolutely safe by the absence of

warnings. These caves should be exp l ored before any others. At a higher l evel

the player can perceive that certain caves are probably safe, i.e. less likely to

contain dangers than other caves. These perceptions are based or. the patterns of

the warnings and require application of probabilistic heuristics wh i ch are

Page 5



The Wwnpu .s Advisor The Introductton

commonly used by knowledgeable persons. An advanced player can usually deduce the

exact l ocation of the Wumpus through a quite thorough applicati on of logic , but

most players deve l op a general i dea of its location without completing al l the

required deductions (though they are wrong often enough to encourage them to

i mprove their deductive powers). There are also unusual situations wh i ch 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 beg i nner as w ell as the

advanced player.

In the development of the Adv i sor, 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 deve l opment of

Wusor 1 , and then the rema i nder of the paper wil l discuss Wusor II , the most

recent Wumpus Adv i sor.

S
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The Wunipus Advisor Wu.sor 1’

The Original Wurnpus Adv i sor, Wusor I

Chapter 2

Wusor I can be viewed as a continuation of the work Burton and Brown (1976)

wi th the game of West. West Is an al gebraic game for wh i ch they deve l oped an

Advisor program. However, West was a relatively simpl e domain ~hich was not

conduc i ve to more advanced Advisors. As a result , it was decided that Wumpu s was

a domain that was sufficiently diffi cult to allow the development of more

advanced Advisors , though it was still simple enough to allow the deve l opment of

a functiona l program. With this goal in mind , work was begun on Wusor I.

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

M.I.T. with its deve l opment being supervised by Jim Stansfield and Ira Goldstein.

As the Wumpus Advisor was required to discern the quality of the different moves

as well as be able to explain itself when appropriate , it qu i ck l y became a very

complex program. To keep everything manageable , the program was written in a

modu l ar fashion. This aided in the deve l opment of the Adv i sor as it allowed the

modules to be written , debugged, and modified relatively i ndependently. After

its initial development , Wusor I was extensively modified by the author.

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

modules were the Executive , the Bat/Pit Locator, and the Wumpus Locator.

Associated with the three main modules were var i ous sub-modules wh i ch are

Wusor I is fully descr i bed in Stansfie id, Carr, and Goldstein (1976).

The Bat/Pit Locator was written with the help of Will  Clinger , John
Avgoustis , and Fred Knowle . The Wumpus Locator was originally written by Neil
Rowe, Beth Levin , and Robin Gross. The Route Planner was written by Ginny
Grammar.
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The Wumpus Ad&.isor Wusor I

Figure 2.1
Dotted lines represent significant flows of lnthrmatlon.

Soli d lines illustrate the hierarchy of control.

~~~~~~~~~~~~~~ er

~~~~~~~~~~~~~~~ EE~~ve

[Executive [Executive1
Evaluator ExPlainerj

7~~~~~~~~~~~~~T” .
[Combination) [~~ombinatio 1 

I [wumpus ~~. — - —
j
Evaluator 

~ 

Explainer ] : [~
Evaluator j 1

Explainer

Bat/Pit ~~~ ~~~_ _ _ ~~~~~t/Pit
Evaluator J Explainer
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The Wurapus Advisor Wusor I

Illustrated In Figure 2.1. Each of the Locator modu l es had two sections, the

Eval uator section which computed the mer i ts of the var i ous caves, and the

Explainer section whIch explained the results of the Eva l uator. Also , the —

Bat/Pit Locator had two l evels, the leve l which considered bats and pits

separatel y, and the Combination leve l which combi ned these result8. Finally, the

Executive 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

Executive had the option of calling upon the Explainer routines to generate

exp l anations for the student. This structure is rather contorted and

unnecessarily hard to understand, but this is pr i marily due to an i ncomplete

understand i ng of the domain at the start of the project. However, from the work

on Wusor I it was possible to gain many insights which finally led to the

development of Wusor II.

The Bat/P it 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

arr i ve at estimation of the risks from the Wumpus; it only determined which caves

could not contain the Uumpus and which caves were likely t’, return information

about the IJumpus’ l ocation. The Executive Eval uator could not directly

compare the risks involved from Bats/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 to these categories. The different Evaluator routines taken together

compr i sed the Uumpus “Expert” (Iv) wh i ch possessed a know l edge of the game.

The IJumpus Locator was sufficiently advanced to locate the Wumpus, but it
could not dea l with i ncomplete information.

(iv) The concept of design i ng the tutor around an expert was developed by Brown
(1973) in his Sophie program.

Page 9
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The Wumpus Advisor Vusor I

Figure 2.2
Wusor I uses eight classifications for unvisited caves.

Type 1. A cave that is absolutely safe and that gives information about the
Wumpus .

Type 2. A cave that is absolutely safe .

Type 3. A cave that has no bats or pits , but that could contain the Wumpus . This
cave inherently gives information about the Wu mpus .

Type 4. A cave that might contain bats or a pit , but not the Wumpus and which
gives information about the Ijumpus .

Type 5. A cave that might contain bets or a pit , but not the Wumpus .

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 certain death. (Either a pit or the Vumpus).

Throughout the deve lopment of the Expert , heuristics were always used in

preference to l engthy cal culations. This was partly because the exact

cal culations were so l engthy that it was unrealistic to compute them, but also

because such heuristics were, In fact, used by humans players. (v) This

corr~spondence between human and computer reasoning greatly simplified

exp l anations. An example of this was the manner in which the Bat/Pit Locator

determined the likelihood that a cave contained a bat or a pit. It might have

been possible to compute the exact probability of a cave containing a bat or a

pit , but this ca l culation would have been time consuming and comp l ex. Worse yet,

any exp l anation of an exact probability would have had to discuss the re l evant

permutations and combinations , which would almost certainly have been above the

l eve l of the student.

(v) In particu l ar, the heuristics were those used by the designers of Wusor I.
Further exper i mentation is required to determine how common these heuristics are.
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The Wumpus Advisor The Expert

The Information Propagator.

For each of the three dangers the Info-nation Propagator marks each cave

with three pieces of information , the max i mum distance to the closest danger , the

m i n i m u m  d i s tance to the closest danger , and, when the first two numbers el iminate

all other possibilities , a marker for the exact distance to the closest danger.

There are eight theorems wh i ch allow the Propagator to update this information

about a given cave. The first two are that any time a cave is visited it can be

marked as either more than zero away or exact ly zero away. ~~ A l s o , in the

special case of the Wumpus , if the player shoots an arrow into a cave and does

not ki l l  the Wumpus, then that cave is more than zero away. ~~~ Next , i f  a cave

is visited and has no warning, then that cave can be marked as more th.~n N away,

where N is the distance that a warni ng for the given danger trave~~. Likewise ,

i f  a wa rn ing  is  sensed , then the cave must be less than (N#i) away. The last

theorems deal with the propagation of information through the warren. If a given

cave is more than N away, then all of its neighbors must be more than (N-i) away.

Conversely, if all of a cave’s neighbors are more than (N-i) away, then said cave

‘an be classified as more than N away. The above theorems correspond to rule9

zero through seven shown in Figure 3.2. Using additiona l theorems , more

information coul d be propagated , but thes e e i g h t ru l es are s u f f i c ie nt  t o ma rk

each cave with all the information relevant to playing the game. Many caves can

be classified as be i ng safe just through the use of the more than N away tag.

There are examples of the deductive process in Figures 3.3 and 3.4.

~~ Except for bats, the classification of zero away attained in this fashion is
rather pointless as it also signifies the end of the game.

(ii ) Note that in some imp l ementations of Wumpus , the Wumpus moves when an arrow
is shot (if it does not ki l l  him ) . Wusor II does not permit this prima ril y
because it would require degrading the data base. This could create situations
which were too comp licated to readily be explained to children.

Page 13 



Uusor I had only a very limited model of the user’s knowledge.

keep track of different players , but , instead , asked the user at

each session for an estimation of his abil ity. For the rest of the

Expert would make all of its computations at a level of complexity

sl ight ly above that of the student. This had the disadvantage I

player entered an unrealistic eva l uation of his ability, he wou l

overwhe lmed by ma terial wel l  above his level , or he would find t

adv ice over simplif ied. There was also the problem that Wusor I

fine gradations in the l evel of Its advice (it had four l eve l s)

expense of program &ng the Expert to function at more levels ,

Wusor I was tested on a very limited basis and was found to I

effective at teaching better Wumpus strategies. However, it was mc

M. I.T. related personne l (inc luding children and graduate studer

assume, already possessed a logical bent. In these cases it was el

It was not attempting to teach a better way to think about prob

players already possessed the desired thinking habits ) but merely bi

thirk about a ,articu l ar prob l em. In those very few cases where i t

students who did not already have the desired thinking habits , the

Wusor I were readily apparent. It was not able to carefully guid

through the more basic steps (its simplest level was not basic enougi

to confuse and frustrate the student. Because of these limitatio

started on a more advanced Wumpus Advisor wi th a more detailed etudi

the ab i l i ty  to tune it~ exp lanations to the particu lar student.
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The Wun,pus Advisor The Expert

The Expert

Chapter 3

Overview of the Expert

From the work which was done on the expert of Wusor I, it was possible to

deve lop a much more powerfu l and general Expert. The deductions required in

l ocating the dangerous caves and the heuristics necessary to arr i ve at an

estimation of the danger in cases of uncertainty have been simplified to the

point where there is a Locator Algor i thm which requires only very general

information (such as the number of caves, the number of bats, how far a bat

• warning propagates, etc.) to determine the relative dangers of each cave. The

Locator Algor ithm has three basic steps as shown in Figure 3.1. It is executed

once for each danger being consi dered, and the resu l ts are then combined

probabilistically. The first step Is the acceptants and propagation of any and

all information supplied by the Wumpus game.

Figure 3.1

First Step I Second Step Third Step

Game Information I [possibility : Probability Risk
I H .

Information ~~~ pagator ] LEv~~
t0r I Estimator Estimations

Page 12 
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The Wumpus Advisor The Expert

The Information Propagator.

For each of the three dangers the Information Propagator marks each cave

with three pieces of information , the maximum distance to the closest danger, the

minim um distance to the closest danger, and, when the f i r s t  two numbers e l i m i nate

all other possibilities , a marker for the exact distance to the closest danger.

There are eight theorems wh i ch allow the Propagator to update this inform ation

about a g i ven cave. The first two are that any time a cave is visited it can be

marked as either more than zero away or exactly zero away. ~~ Also , in the

special case of the Wumpus, if the player shoots an arrow into a cave and does

not ki l l  the Wumpus, then that cave is more than zero away.~~~ Next , if a cave

is visited and has no warning, then that cave can be marked as more than N away.

where N is the distance that a warning for the given danger travels. Likewise ,

if a warning is sensed, then the cave must be less than (N.i) away. The last

theorems dea l with the propagation of information through the warren. If a given

cave is  more than N away, then all of its neighbors must be more tha4. (N-i) away.

Conversely , if all of a cave’s neighbors are more than (N-i) away, t hen sa id cave

‘an be classified as more than N away. The above theorems correspond to rules

zero through seven shown in Figure 3.2. Using additiona l theorems, more

information could be propagated , but these e ig h t ru les  are s u f f i c ie nt  to ma rk

each cave with all the information relevant to playing the game. Many caves can

be classified as bei ng safe just through the use of the more than N away tag.

There are examples of the deductive process in Figures 3.3 and 3.4.

Ci ) Except for bats , the classification of zero ~‘way attained in this fash i on is
rather pointless as it also signifies the end of ~he game. 

-

(i i ) Note that in some imp l ementations of Wumpus , the Wumpus moves when an arrow
is shot (if it does not kil l  him ). Wusor II does not permit this pr i m ar il y
because it would require degrading the data base. This could create situations
wh i ch were too complicated to readily be explained to children.
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The Wwnpus Advisor The Expert

Figure 3.2
The Logical Rules of the Expert

L8 A cave can be marked as “zero away” if it was visited and found to contain
a danger.

Li A cave can be marked as “more than zero away” if it was safely visited .

L2 I f  the player shoots an arrow into a cave and does not kiLt the Wumpus.
then that cave can be marked as “more than zero away” (Wumpus).

L3 If a cave is visited and there is not a warning , then that cave is “more
than N away” where N is the distance that the warning propagates.

L4 If a cave is visited and there is a warning, then that cave is “less than
(M+l) away”.

1.5 If a cave is marked “more than N away” then alt of its neighbors must be
“more than (N—I) away”.

L6 If all of a caves neighbors are “more than (N—i) away”, then it must be
“more than N away”.

L7 if a cave is “more than (N—i) away” and “Less than (N.i) away”, then it is
“N away”.

L8 When the algorithm is creating cave-sets and it encounters a cave which
would be N caves away but which is also “more than N away”, then that
cave can not have any contributions to the cave—set .

L9 If the player encountered a danger in a cave, then the cave does not
contain a danger of higher priority, i.e. the l~Jumpus eats the player
before he can fall into a pit, and he will fall into a pit before he is
picked up by bats.

1.18 Certain caves can be marked as “more than zero away” based on
consideration of the different complete cave—sets and the number of
dangers.

In Figures 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. Circ led

numbers represent caves which have been v is i ted by the player. To the top right

of each v is i ted cave is a marker for whether or not any warnings were sensed.

(“U” indicates that a warn ing was sensed, and a “NW” means that a warning was not

sensed) To the bottom left of each cave is any classification that the cave may

Page 14
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The ljumpus Advisor The Expert

Figure 3.3

The Danger is Pits .
- U indicates a warning.
NW indicates the absence of a warning.

A warning propagates for one cave.

7 3

I ~ o I > o
I Figure 3.3A

NW NW

15 11 6 19

>0 ).1 ‘•1.

12 9

>0

17

Figure 3.3B
w H

7 3 8

1
,.0

NW NW

15 

>o 

t :: : 

>~~ 

19
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The Wumpus Advisor The Expert

• have. (i.e. more than N, 7.ss than H, and J away) The reader is cautioned that,

while the the diagrams of the warren In the examples are very regul ar (planar) ,

• normally warrens are much more random in their arrangement. ~~~~

In Figure 3.3, the danger being considered Is pits. Hence, warnings

propagate for a distance of one cave. In Figure 3.3A , the player has visi ted two

caves, nei ther of which had any warnings. Therefore, the visited caves are more

than one away and all the neighbors are more than zero away (i.e. safe). Upon

visiting cave 3 (Fi gure 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

one away (i.e. cave 3 is next to a pit).

In Figure 3.6 the danger Is the Wumpus whose warning propagates for a

distance of two caves. At the start (F i gure 3.4A), the player has visited

various caves and has discerned that caves 7 and 18 must contain pits. He has

al so visited two caves of relevance, caves 5 and 6. As no warnings of the Wumpus

were sensed, eaves 5 and 6 were marked as more than two away. Al I the

neighbori ng caves were then marked as more than one away. Next the player visited

cave ~ (Fi gu’-e 3.48) and sensed a warning. This indicated that cave 3 was less

than three away. As It was also more than one away, cave 3 was marked as being

exactly two caves from the Wumpus. Caves 2 and 4 were marked as more than zero

away by dint of cave 3’s classification of more than one away. In Figures 3.4C

and 3.40 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 (Fi gure 3.4E) and could then conclude that the Wumpus must be In cave 1

(by a process to be descri bed later).

~~~~ An interesting experiment Is to determine whether the restriction to
regu l ar warrens Increases the speed at which people learn the game.
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Figure 3.4

7 pit 7 pit 4 9

3 .4A
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7 pit 7 pit 4
‘1 ~0 . ~1 >0 9 Figure
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~~~~~~~~ 

3.4D

Figure 3.4E

• • 6 10 pit The Danger is Wumpus.
>2 >1 U indicates a warning . •

NW indicates the absence of a warning .
A warning propagates for two caves.

-

• 
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The Wumpus Advisor The Expert

The special classif icat ion of N caves away is made because It is the only

classificat ion used extensively in the later steps of the Locator Algor i thm. In

parti cular, If one can determine all caves that are exactly N caves away from a

cave which is classified N away then one has what is referred to as a complete

cave—set. (A partial cave—set is one in which all the caves wh i ch are known to

be N caves away are listed , but the set is not necessarily complete). In the case

of bats and pits, the determination of the complete cave-set is especially simple

since the only classification of relevance is one away and the complete cave—set

is just the i mmediate neighbors. Cave—sets are i mportant because at least one

member of each complete cave—set must contain one of the given dangers.

Therefore one can eliminate from the cave—set those caves wh i ch can not possibly

contain the given danger for other reasons (as indicated in the data base). The

result after this elimination is called a reduced cave—set. (Logical rule L8 in

Figure 3.2 is the formal statement of the rule to reduce cave—sets).

In Figures 3.3 and 3.4 there are several examples of cave—sets. In Figure

3.3B the complete cave—set is caves 6, 7, 8. and 17. However , as caves 6 and 7

are both more than z~ro away, the reduced completn cave—set s lust caves 8 and

17. This means that either 8 or 17 must contain a pit. In Figure 3.4C the

partial cave—set is caves 6, 7, 1, 18, and 9. As caves 6, 7, and 18 are safe

from the Wumpus, the reduced partial cave-set is caves 1 and 9. In Figure 3.40

there is an excellent example of the application of logica l rule L8. The reduced

cave—set is caves 1 and 9, but this cave-set is also a complete cave—set as the

nei ghbors of cave 4 are known and, wh ile the neighbors of cave 10 are not known,

cave 18 is marked as more than one away and none of its neighbors can possibly

contain the Wumpus. (Hence they can not be members of any reduced cave—set for

the Wumpus). When the playsr visIts cave 9 (Fi gure 3.4E) he Is taking a b ig

Page 18
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chance, but once he has visited It he can eliminate it from the reduced complete

cave—set (it is more than zero away). Then the player can conc l ude that the

Wumpue must be in cave 1 as it is the only member of the reduced complete cave—

set. In all future references, it will be assumed that a cave—set is actuall y a

reduced cave—set, since the Locator Algor i thm always reduces the cave—sets.

The PossibiLity Evaluator
• The Possibility Eva l uator marks certain caves as “more than zero away” by

• consider i ng the different complete cave-sets and the number of dangers. It

Imp l ements logica l rule L18 shown in Figure 3.2. If the number of complete cave—

sets exceeds the number of dangers, then It is likely that this step of the

Algor i thm will deduce that certain caves can not contain a danger. For example ,

If there are only three caves with the given danger, and there are complete cave—

sets of:

(1,2)
(3,4,5)
(6,7,8)
(8,9),

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

must contain one of the given dangers. The result after the application of the

second step is:

(1,2)
(3,4,5)
(8).

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

must be safe as there are only three pits. You know that there must be a pit in

either cave 1 or 2, just as you know that there must be a pit in one of the caves

3, 4, and 5. Likewise, there must be a pit either cave 6 or 9. This accounts for

• all three pits and hence there can not be a pit in cave 6.”
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An algor i thm to determine which caves are safe in this case Is to choose N

(lv) complete cave—sets that have no Intersections (i.e. no members in common).

Then any caves that are not a member of the union of the N cave—sets must, of

necessity, be safe. The sel ection of the N complete cave—sets is carried out by

exhaustively trying all possibilities.

Unfortunately, this al gorithm does not find all possible caves that must be

safe. For example, if there are only two dangers and there are cave—sets:

(1,2)
(2,3)
(1,3)
(1,3,4),

then cave 4 can not possibly contain one of the given dangers. An algor i thm to

find all safe caves is to construct all combinations of N caves from the set of

all caves that are members of any cave—set, eliminate combi nations which do not

fulfill the requirements (i.e. do not have at . least one cave from every cave—

set), and mark those caves which are not a member of any of the remaining

combinations as safe. This al gori thm is roughly as efficient as the first

algor ithm, but, unfortunately, it is sometimes not possible to explain the

• results of this last algor i thm in simple terms. This Is especially true in those

unusual cases where the first algor i thm failed. For example, the explanation for

the example above would read, “Cave 4 can not contain a pit because there are

only two pits. If a pit 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 be a pit in one of caves 1 and 3).

Likewise, if the remaining pit were in cave 3 there could not be a pit in either

(iv) N is the total number of dangers of the type being considered.
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of caves 1 and 2 (and we know that there must be a pit in one of caves I 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 wh i ch the first algor i thm fails , float other cases are

significantly more complicated (and virtually unexplainable) . 1”~ For this

reason, the first al gor i thm was used instead of the second algor i thm.

The Probability Estimator

The third step of the Locator Al gor ithm estimates the probability that each

cave contains a danger. It considers all the cave—sets, complete and partial ,

and is guided by five basic principles. The first pr i nciple (P11 of Figure 3.5)

Is that each member of a cave—set has an approx i mate probability of 1/N where N

is the number of caves in the cave—set. In the case of partial cave—sets, N is

an estimate of the size of the complete cave-set. For example , in Figure 3.4C the

partial cave—set Is caves 1 and 9, but N would be four as one would expect that

the nei ghbors of cave 4 would add roughl y two more caves to the cave—set. In any

case, the probability of 1/N is not exact because it is often possible that some

cave—sets will contain more than one danqerou8 cave. However, the estimate does

give a relative measure of the rIsks Involved with the different caves.

The next general pr i nciple is that if a cave has been i dentified as

definitely containing a danger, that cave will explain the warn i ngs responsible

for any cave—sets of which it Is a member. ~~~ This makes it less likely that

the other members of these cave—sets will contain a danger. The third pr i nciple

(v) Interested readers are challenged to wr i te an explanation in simple terms for
why cave 11 can not contain a pit if there are three pits and cave—sets
(1,7,3,11), (1.2,3), (3,4,5), (5,6,7), (7,8,9), and (9,10,1). The exp l anation
should not contain any new terms like “cave-sets”.

(vi) Every cave—set with more than one member can be attr i buted to an orig inating
cave at which a warning was received.
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FIgure 3.5

P11; Equal Likelihood Principle set P—i/N here N is the number of ccv ii in Ut. sm al iest
cave—a ct of which acid cave Is a member. It corresponds to the si m p l i fy ing as*uiplion that each
cave—set had •xact iy one danger randomly assigned to it.

P12; Redundant Evidence Pr inciple Uhsn it is noted th at a given cav e—set is a super sst of
another cav,—s.t, then the superset cave—set is no longer considered as the warnings involve d are
completely explained by the subset cave—set. For the caves remaining in th . super..t after the
subset I~ removed, the probabi lI ty is sat tot

U

1-I—s
whsres I. the number of identif ied dangers. (The number of independent complst . cave-sets).

U. fIt, number of unidentified dangers. (The total number of dangers minus I).
S. th. total number of saf, caves based on the present evidence.
T. th. total number of caves.

• This probability I. also app l icable to caves for which there I. no evidence to estimat, the danger by.

P13; Ilu l tip le Ev i dence Pr i nciple for those caves which are members of mor, than one cave—set the
prob abi l i ty  is set to,

P1 = 1 = 1 x (1-~~—) x 
(1_ ~ !~

_) x (1_ N
i—) x

A B C
where , N. the number of caves in the given cave—set of which said ccv. Is a member.

This ex pression corresponds to thu s im pl ifying assu mption that exactl y one danger is rando mly
assi gned t o each cave—set. It is P (dang.r ) —1—P(no danger ) where
P(no danger) —P (no danger from first cave—s.t)*P (no danger from second cav.—s.t)*...

P14; A’ljust For Mu ltiple Evidence Principle ‘or ~aves which are members of cav e—sets to
which the abov , formula ii applied , the prob abi l i t ies are adjust.d to t

FP 1 
= 1 - 

~~~~~~~~~~~~~~~~~~~~~~~~~~ (N 1 -1J 2Aç~~
”
~~~ (N 2-1)~~~”}

wh ere, FP. the final prob abi l i ty  for the specified cave .
N. th. number of cav es in the specified cave -ut.
P. the probability initiall y calculated (øbove) for the specified cave.
N. the number of cave—sets of which the specified cave is a memb.r.

Numeric subscripts are for th. var i ous cave—sets of which Ii. ItI, cave is a member .
Letter subscripts associated w i t h  numeric subscripts ar. for th. various members of th~ specified

cave—se t, omittin g the Ith cave .
Th is expression average , the changes from P13 out amongst the other memb.rs. It has no theoretical

just i f icat io n, but i t works very n icely.

P15; Shooting Pri nciple Uhsn.ver ~~~~ exceeds 
~c~t OH ~ is reset lot

FP~1 = (1 - P~) x wheret 

~~ Off = (1 - PcU~ Off x 5; 
~Cut Off = .25
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is that if a cave is a member of more than one cave—set , it is more likely that

the cave does, in fact, contain a danger. Conversely, the other 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 Numpus before visiting them. This pr i nciple

considers the fact that if the Wumpus is not in the cave, then the arrow wi l l

start ricocheting with roughly a one third chance of killing the player. It is

applied only if there are sufficient arrows so that the loss of an arrow wi l l  not

end the game. These five principles are stated as rules with their accompany i ng

formulas in Figure 3.5. The formulas are not referred to in any explanations but

are simply used internally to allow the Advisor to evaluate the relative merits

of the different moves more prec i sely.

Combination of the Results

To complete the compar i sons between the different moves, the Expert calls

the Locator Algor i thm three times , once for each respective danger. Then it

comb i nes the probability estimates to come up with an overall estimation of the

value of vi8iting each cave. The Expert is guided by eight basic pr i nciples in

computing the overall eva l uations. They are:

C8: Safe unvisited caves are preferable to all others.

Cl: Given that it is necessary to take some risks, those moves with the
lower risks for all dangers are preferable.

C2: Riskin g multiple dangers is worse than risk i ng a single danger,
presuming there is a common danger and that the common danger is equall y likely
in both cases.

C3: Presuming that there are common dangers that are equall y likely, it is
preferable to visit those caves where the unequal risks are lower.

C4: Bats are riot as dangerous as pits or the Wumpus.

CS: Locating the Wumpus is an i mportant goa l , and it is worthwhile to visit
caves wh i ch are likely to give information about the Wumpus’ location.
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CS: When the player is in a very dangerous section of the warren with no
known route to a safer area, it is sometimes advisable to seek out bats in the
hope that they wi l l  carry the player to a safer section of the warren.

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

Thesa principles were I ncorporated into the formulas shown in Fi gure 3.6 and are

used to compute the index for each cave. This index Is an estimation of the

va l ue of visiting each cave.

Sunrmary

It is worth noting that the Expert described herein does not always find

the best move possible. In several cases it was dec i ded to use less accurate

al gor i thms in order to make the computations of the Exper t more understandable to

humans. An example of this at a globa l l evel is the manner in wh i ch cave—sets are

imp l emented. In fig ure 3.7 there is a diagram of a section of the warren. The

actual Locator Algor i thm would conc l ude that caves 5, 6, and 7 are all equal l y

likely to contain the Wumpus. In fact it is more likel y that cave S contains the

Wurnpus, as a L4umpus in cave 5 or cave 7 does not explain all the warnings

directly. (vii ) An i mproved al gor i thm could apply probability rules throughout

the propagation of cave—sets. A simplistic approach to this would be to assign

to cave 3 and cave 4 a probability of- one half of being next to the Wumpug .

(vi ii ) In this manner one achieves the results shown beneath Figure 3.7. These

results are more realistic , but the i mproved algorithm has the unfortunate

drawback of destroying the prec i se division between the probab~ li t y rules and the

(vi i ) An additiona l connection is required between cave S and 7 to explain all of
the warnings.

(viii)  Thi8 is one of the general approaches suggested in Stansfield , Carr , and
Goid3tein (1976).
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Figure 3.6
The Combination Pri nciples were converted into the following formu l ae:

COST— 1— ( l— C 5.~)* ( 1—C,,11) *( 1—C~1,~5) (Cø thru C3)

C -PMumpu s liuSpus

Plt = Pit

E~1 t+N uumpus
(C4)

Ncaves Eaat

GAIN Vca +V5at

V
~.v, B* ( lP

~5~
) ( 1P

~ 1) ~~~~uumpus~ 
(CS)

~~~~~~~~ ted—Epi ~~~~~~
V Bat =PBat* (1—P ,,~ ) 

~
‘4’Uumpus~ * Ncav.s E

~at

where : P. The prob abii i ty for the specified danger for the cave bei ng considered.

B. A mea sure of the va lue of the informati on to be gained at that cave. (normally oni

~ Is Inc reased if the cave is l i t ety to give information about the liumpus .

N. Thu number of caves of the type speci fied.
E. An es timation of the number of caves with the spe cified danger that do not contain

another danger of a higher prior i ty. The priorit ies from highest to lowest are Uumpus, p its ,

and bats. For example ,
Nuumpus

E~at =N8at*(l~ 
) (1— )

• N~.v,, Ncav ,s
The above formulas can be used to give an ind,x of :

GA IN
INDEX—

COST

The caves can then be ordered accordi ng to the INDEX. If COST—B , the INDEX would go to in fi n

there ,~~uid have to be differen t glz.s of in fin i ty. Instead , i f the COST-B, the INDEX I. set
very large number time s the GRIN.
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logica l rules. It al8o makes it much more difficult to break the rules into

bite—sized chunks wh i ch are easy to teach. For such reasons, the i mproved Exper t

does not carry out its computations in the most accurate manner possible.

Figure 3.7

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Probabilities For Wumpus
F Cave Old Algorithm New Algor i thm

Probability Probability

5 .3333 .2S

6 .3333 .50

7 .3333 ( .25

The sixteen danger specific rules (the eleven log ica l rules in Figure 3.2.

and the five probability rules in Figure 3.6) together with the eight comb i nation

rules are a concise definition of the Wumpus Expert. Many of the intricacies of

the expert, such as the pr i orities of the different probability rules when there

are conflicts , have been omitted. Such details were worked out in the actua l

program , but are not worthy of note in this paper. The different rules have been

presented in (and are num bered in) order of increasing comp l exity and, to a

certain degree, in order of logical dependency. Normally , each rule uses only

the i nput data and the results of l ower numbered rules. The 24 rules taken

together compr i se the knowledge which the Wumpus Adv i sor endeavors to teach. In

this sense, the entire l4umpus Advisor centers around the Expert.
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The Improved Wumpus Adv isor. Wusor I i

Chapter’ 4

The Overa l l Structure

Wusor II has been imp l emented with the structure shown In Figure 4.1. The

Wumpus Expert module Is an Imp l ementatIon of the exper t just described. The Move

Comparer analyzes the different moves noting the know l edge required to justif y

their relative merits. The Psychologist uses this information to determine how

the player’s actions (moves) reflect upon his knowledge of the game and informs

the Student Mode l as 8uch. The Student Model can then decide what the player is

presum ed to know, and, from this, it determines what material i8 at the student’s

level. ~~ The Wumpus Advisor uses this information (added to the results of the

Move Comparer) to determine what to explain to the student .(H) If It decides to

give advice to the student, it wil l  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 in light of the player ’s current know l edge. The

Wumpus Executive coordinates the activities of the Wumpus Advi8or and Wumpus game

and imp l ements the conceptual mode l of a tutor shown in Figure 1.1.

As the Wumpus Expert performs its calculations , it keeps a record of the

processes It went through to arrive at its results. The information relevant to

Note that within this paper, “Student Model” will be used to refer to more
than just the data about the student, but also the routines wh i ch maintain and
eva luate the data. In ef fect , the Student Model is a “black box” wh i ch answers
queries about the student ’s current state , and we w i l l  not be concerned about the
deta ils of its functioning until later.

~~~ Burton and Brown (1975) describes a previous Adv i sor program for the game of
West which was built around an Expert and which util ized a primitive Student
Model.
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each cave i s kept on the cave’8 property list so that the information Is easily

accessible. Tags are also put on the property lists wh i ch correspond to the

unique numbers assigned to each of the rules listed in Figure 3.2 and Figure 3.5.

In this manner the Expert provides a complete set of sub—conclusions and 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.
Figure 4.1

Diagram of Wusor II
Arrows Represent Data

Psychologisl

I

Move

1 Comparer

1~ I 7 ,

Wumpus 
1 _____ 

Wumpus Wumpus Student
Executive _j Advisor Expert Model

Wumpus
English ~~~

Game Generator

The Wumpus Advisor also has the ability to modify the Wumpue game to create

situations more conduc i ve to l earning. This has been done pr i marily by allow ing

the Wumpus Advisor to define the number of bats, pits , Uumpi i , and caves

appropriately as well as choosing the initia l caves encountered by the student.
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The starting cave Is selected by the Advisor , and the player ’s first move is

transposed to the desired cave (all of the choices for the first move are

I somorphic). This prevents the player from losing on the first move before he

has sufficient information to make intelli gent decisions and also allows the

Wumpus Advisor to challenge the student with simple idealized prob l ems that are

appropriate for a student of his level. Examples of prob l ems sel ected for

students of differ i ng levels are shown in the Append i ces. As a further addition ,

the Uumpus Adv i sor could be gIven the ability to restructure the warren as the

game progresses. This modification is non—trivial since these changes must be

transparent to the player , but , more Importantly, the Wumpus Adv i sor must be able

to fully describe the situation it is trying to create. The current Wumpus

Adv i sor does not have sufficient information available to it to allo w it to fully

spec ify more comp licated situations, but it could attempt to move dangers so

that, If the student were playing w isely,  he would gain positive reinforcement.

Conversely, If the player were playing unwisely , negative reinforcement would be

supplied.

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

Wumpue Adv i sor. In the next chapter, we will fully describe the Student Mode l

and Its relationship to the Move Comparer and the Psycho l ogist. Then in Chapter

6 we will  discuss the tutor ing strategies which have been selected for Wusor II.

In Chapter 7 we will descr ibe the English Generator before we discuss (in Chapter

8) the exper i mentation wh i ch Is appropriate for the Wumpus Adv i sor.
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• The Curriculum

There is a definite hierarchy for the different rules used by the Exper t,

which makes it logical to have a correspond i ng hierarchy in the curriculum of the

Wumpus Adv i sor. It is not realistic to explain the differen t probability rules

until the student has mastered some of the log ica l rules used in the der i vation

of the cave—sets because the probability rules are so dependent on these cave—

sets. Because of such dependencies , the curr i cu l um of the Wumpus Advisor has

been broken down into f i ve  phases.~~ ’~~ In each phase, the Wumpus Advisor

attempts to teach certain rules , and the student will not be advanced to the next

phase until he has mastered those rules which are the foundations for the next

phase. In the zeroth phase, the student is taught the basic rules of the game.

In particu l ar, the player is taught that he is allowed to backtrack . and

that , if a cave neigh bors on a cave in which there were no warnings , that cave is

necessar i l y  safe. In phases one through four , the p layer is a l l o w e d to advance

separately with respect to each danger and each danger has its own curriculum.

This is necessary because the comp l exity of the different rules varies widely

a’~cording to the distance through wh i ch warnings propagate. For this reawri..

there are two basic curricu l ums: a curriculum for when warnings propagate one

cave and a curricu l um for when warnings propagate further.

The curricu l ums for bats and pits presumes a warning distance of one cave.

In the fi rst phase of this curriculur ., the player is taught how to perceive which

~~‘ ‘ ‘ ~~ BIP . (Barr , Beard , and Atkinson , 1975) a CAl program for teaching
el em entary  programmin g s k i l l s , has considered the i ssue of the conceptual
dependencies between the skills which are taught. BIP takes the more general
approach of formall y stating these dependencies in an Information Network. This
task is performed implicitl y in the phases of the I4umpus Adv i sor, along w i t h
various other functions.
(i v) Know l edge of backtracking is essential for good play , and some new players
do not grasp it on their own.
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caves are 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 logica l rules

before he can advance to phase three. In phase three, the player is taught the

reasonably complicated probability rules (P12 and P13) and must master both of

them before he can advance to the last phase. In the last phase, the player Is

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

the last as it has a conceptua l dependence on the two preceding rules. All of

the rules taught In each phase are shown in Figure 4.2 along with the necessary

conditions for advancement to the next phase. (v)

Figure 4.2
Rules taught in each phase.

0 1 2 3 4

Bats Li LB L3 L5 L4 L7 P11 L6 L10 P12 P13 P14

Pits Li LB L3 L5 IA Li P11 L6 L9 L10 P12 P13 P14

Wumpus Li LB L2 L3 L5 119 L4 L7 L6 L8 L9 LiB Ph P15 P12 P13 P14

Rules which must be mastered to advance to the next phase.

Phase 8 1 2 3

Ba ts Li L3 L5 L4 L7 P11 P12 P13

Pits Li L3 L5 L4 L7 P11 P12 P13

Wumpus Li L3 L5 119 L4 L7 P11

(v) In Figure 4.2, there is a new rule , T19, in the first phase of the Wumpus
curricu l um. ThIs rule Is a specialization of the logical rule L5. It is
relevant whenever a “More Than” classification i nvo l ves N applications of rule 15
where N is the warning distance. It is necessary In cases where the warning
distance is greater than one because in these cases students will sometImes not
apply LS to the limit.

Page 31

_



- -•~~— ~~~- --~~~~ —-- - - -• -•- _  - — - - —

The Wumpus Advisor Wu.sor Ii

The Wumpus curriculum presumes a warning distance of more than one cave.

In the first phase of the Wumpus curriculum , the player is taught the logical

rules necessary for perceIving which caves are safe from the l4umpus. This phase

has the same rules as In the bat/pit curricu l um, but because of the Increased

warning distance, the rules are more complicated to apply. In the second phase,

the Wumpus Advisor teaches the player those rules necessary to arrive at cave—

sate. This separation of the rules f or deriving cave-sets from the first

probability rule is made possible because of the special va l ue assigned to caves

wh ich are likely to give Information about the Wumpus. The Advisor can speak of

the va l ue of completing cave—sate without actually getting i nvolved with the

details of probability. The separation of the log i cal rules used in the

der i vation of cave—sets from the probability rules is necessary because of the

extra comp l exi ty of a warning distance of two caves. Thie not only makes the

log i cal rules more complicated, but also makes the probab ility rule P11 more

complicated as it now i nvo l ves estimates for the size of the cave—set. In the

third phase, the player is taught Phi and P15. He must have mastered Phi before

he can go on to the fourth and fina l phase. In the last phase the Wumpus Adv i sor

attempts to teach the P12 and P13. This is not possible in the standard game as

there is only one l4umpus and there are no situations to demonstrate these rules.

As a result , the Wumpus Advisor changes the game so that there are two lJumpii in

the warren as soon as the student advances to the last phase. (vi)

The player Is allowed to advance Independentl y through the last four phases

of each danger. This allows for the possibility that the player mi ght learn the

uee of a rule with respect to one danger, but might not recogn i ze that it also

(vi) Note that sInce there Is only one Wumpus for the earlier phases, the logica l
rule wh i ch considers the number of dangers (LiB) becomes much simp l er and is
taught in the same phase with Phi.
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applies to another danger. However, once the player has mastered a few of the

log i ca l rules for bats and pits , it can be expected that he will recognize their

correspondence f or other rules. For this reason, there is a function in

the Student Learning Mode l which notes when the player has l earned several

correspond i ng rules for bats and pits;, thereafter , It presumes that the player

wi l l  recognize the correspondence between any other rules for bats and pits and

adjusts the Familiarity Values according ly. The player is taught the combination

rules (rules CO thru C7) independently of the different phases. However , in

teaching the Combination rules , the Wumpus Adv i sor takes into consideration the

conceptual dependencies of the rules.

The curr i cu l um 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 know l edge is broken down into specific i tems, and these

i tems are grouped into phases so that each phase has applications that can be

taught directly. This allows the Wumpus Advisor to make short but mean i ngful

exp l anations to the student at all times.

(vii ) This statement is based upon the players wh i ch the author has observed.
The author has observed fifteen or so students in their interaction s with Uusor;
in all cases the students qu i ckly learned the correspondence between applicable
bat and pit rules. However, this issue warrants further exper i mentation.
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The Psychologist and Studen t Model

Chapter- 5

An Overview of the Move Comparer , Psychologist , and Student Model

The Student Mode l along with the Move Comparer and Psycholog ist have the

purpose of determining just what moves can be explained to the student and of

determining what rules can be pruned from the exp l anations to be given. These

two goals require that the Student Model be able to determine which rules are

known to the student. If a human tutor were faced with such a prob l em, his

Student Model would be based on several sources of information. This sort of

• generalized Student Mode l is shown in Figure 5.1, The decision of whether or not

the student knows a particu l ar rule is based on the follow i ng inputs.

1. How often the student seems to have applied the rule.

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

3. The student’s know l edge of other rules (upon which this rule depends).

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

4. How quickly the student learns.

5. The student’s initial knowledge of the rules.

6. The time period that has elapsed and how forgetful the student is.

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

certainly very i mportant considerations. Our Student Mode l w i l l  take all of these

Inputs Into consi deration.
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Figure 5.1
Generalized Student Mode l

Rules

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

Comparer. Psychol ogist, and Student Mode l as well as the various sub—modules of

the Student Model. The Move Comparer takes any two moves and determines wh i ch

rul es are necessary to justify their relative merits with respect to a single

danger. ~~ It also queries the Student Model to determine whether or not 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 know l edge of any danger—

specific rules while the Wumpus Advisor uses them according to the Combination

Rule s to determine which of the Expert’s results it w i l l  explain to the user.

The l oop in Figure 5.1 representing the student’s know l edge of other rules is

implemented through the l oop from the Learning Model to the Move Comparer to the

Psycho l ogist to the Knowledge Model and back to the Learning Model. The Studen t

Know l edge Modal maintains Familiarity Values which represent the student’s

familiar i ty with any gi ven rule. The Student Learning Model uses its estimate of

the student’ s l earning ability to interpret the Familiarity Values and determine

In Appendix C there is a complete description of how the Move Comparer
functions.
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which rul es the player is presumed to know. ~~~ With these rules , the Studen t

Learning Model can imp l ement the curricu l um of the Wumpus Advisor by computing

whi ch rules are acceptable for teaching. Finally, the Student Model Critic

anal yzes the interactions between the Psychol ogist and the Learning Mode l and

adjusts the Learning Mode l as appropriate. ( i i i)

Figure 5.2 -

Arrows Represent Oata

Explanation
Player ’ S Knowledge

Psychologist Model Given
Move

Student
Model
Critic

- 

Explanation Move Learning

Complexi ty Comparer Model

Knowledge of

Information Particular Rules

About the
Warren

~~~ In this chapter there will be many references to the student’s kn owled ge of
the differen t rules. This wi l l  normally refer to the Student Learning Model’ s
estimate of the 8tudent’s knowledge,

(iii ) The Studen t Mode l also main tains disc files on all of the users. These
file s are keyed on the student’s first and last name; any time a new player uses
the Wumpus Advisor , a new file is created. It Is copied onto disc at the end of
each session, and his file is reloaded at the start of a new session. The file
contains the var i ables and arrays of the Student Knowledge and Learning Models as
well as var i ous other information.

Page 36

_ _



• The Wumpu.s Advisor The Student Model

The Psychologist and Combination Rules 
-

The Psychologist begins its analysis when the player asks to visit a cave

i n the fringe area (iv) , and it assumes that , if the player  has moved to a cave

wh i ch is distan t from the starting cave, he must have discerned that something

was wrong with those moves which were closer to the starting cave. (v) The

assumption that the player recognized a fault with each of the worse moves is

qualified by consider i ng the route which the player took to his move .,,~ If the

route taken was non—optimal , the Psychologist w i l l  consider only those caves

which were very close to the starting cave. (vi) If the player takes a

particu larly lengthy route, the Psychologist will consider onl y the i mmediate

nei ghbors of the starting cave. Likewise , if the I4umpus Adv i sor has

recently adv i sed the player to go to the move wh i ch he finall y se l ected , the

Psychol ogist will not consider his move as it can not be certain just how much of

the advice the player actuall y understood. (v iii )

(iv) The fringe area contains those caves which the player has not visited and
wh i ch are accessible to the player through caves which he hes already visited. -

(v) The start ing cave Is the last fringe cave which the player visited or the
last cave at which the player shot an arrow or received adv i ce from the Wumpus
Advisor.

(vi) The l4umpus Adv i sor has severa l features which are intepded to aid the player
dur i ng the game. One of these is a route planner wh i ch will 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 directl y, the
Psycho l ogist will presume that the player recogn i zed some fault in all caves
wh i ch were worse than the selected move.

(vii) Random chance becomes very likely when the player takes an extremely
indirect route. Therefore, the Psychologist only considers caves that are within
N caves of the starting cave where N-20-L—1, L is the l ength of the route
actually taken by the player , 0 is the l ength of the optimal route, and N has a
minim um value of one.

(v i i i)  Correspond ingly, the Psycho logist w i l l  not consider worse moves which the
Adv i sor had prev i ously informed the player were bad.
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Presum i ng that there were worse moves for the Psychologist to consider , it

would determine if the player has 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

no ot her p laus i b l e expla na t i on for why the p lay er’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 5.3A, the

last fringe cave v i s i ted  by the player was cave 5. The player then moved

directl y to cave 12. Cave 6 is a worse move because it risks pits and the Wumpus.

However, in this case the Psycho l ogist wou l d do nothing as it is not clear

whsther the pla yer perceived the danger from pits and/or the danger from the

Wumpus. The player also bypassed cave 3, a cave that was unsafe for bats, but ,

In this case, the Psychol ogist would presume that the player had perceived that

cave 3 was unsafe (the default ) and that cave 12 was safe from bats. It would

note that the playe r had demonstrated a working knowledge of those rules wh i ch

made cave 12 safe from bats. (Logica l Rules L3 and LS for bats and Combination

Rule 1Ø ). In Figur- r~ 5,3B, the player started at cave 18 and choee ths better

move , cave 14, bypassing cave 17. In this case, there was a common danger from

bats and a lesser risk from pits. The Psycho l ogist would assume that the player

saw that there was a smaller rIsk from p i ts  in cave 14 because there was

absolutely no difference in bats for the player to perce i ve. It would note that

• the player had demonstrated a working know l edge of the rules necessary to explain

both caves ’ probabilities for pits. (Logical Rules Li, L4, and Li for pits ,

Probability Rules P11 and P12 for pits , and Combination Rule C3). ~~‘>~~

(ix) The Wumpus Adv i sor also imp l ements the different Combination Rules , but i t
uses a less restrictive definition of the Combination Rules. While the Wumpus
Adv i sor wi l l  only explain why a move is better because of a single danger, it is
acceptable for the move to be better for reasons other than those explained. If
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Sometimes a player wi l l  make a lucky move wh i ch gives the appea

mastery of certain rules but wh i ch does not really indicate a know l ed

rules. To restrict this possi bility, the Psycho l ogist first checks

that the rules in question are not well above the expected 1ev

student.~~~ If they are, the Psychologist wi l l  consider his move a I

the player asked to move to cave 6 in Fi gure 5.3A, the Wumpus Adv
adv i se hrn to move to cave 12 instead because of a smaller risk from I
The Wunipus Adv i sor would only cursorily mention the smaller danger fr
it mentioned pit g at all because it tries to keep its exp l anations thor

(x) Ruies are considered to be above the expected l eve l of the stude
are not rules which are cOn8idered acceptable for teaching.
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As a further precaution , the Psycho l ogist compares the move sel ected by the

player with all the better moves available to him. If there are any moves wh i ch

are better than the se lected move and which the user should have known were

better , the Psycholog ist wi l l  degrade the Student Know l edge Model appropriately.

The Psycho l ogist determines if the student should have recognized the better move

by insur i ng that the move in question was better than or exactly the same as the

selected move in every way. It then insures that the student was thought to know

all those rules wh ich indicated the quality of the better move, and, if so, it

w i l l  degrade the appropriate rules of the Student Know l edge Model. In some cases,

this degrading of the Student Know l edge Moda l w i l l  cause the Student Learning

Model to deci de that the player does not actually know the rule (s) in question.

and it w i l l  move the player to as low a phase as necessary.
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The Student Learning Model

Just as the Student Knowledge Model can be viewed as an over l ay of the

rules (and know l edge) of the Exper t, the Student Learning Mode l is an over l ay of

those tutor i ng capabilities possessed by the Advisor . It is composed of those

abilities wh i ch are deemed appropriate for each student. ~~~ In Goldstein ’s Coach

proposa l (1977) , an Advisor is envisioned capable of different explanatory

strategies so that the Learning Model contains those explanatory strategies wh i ch

are appropriate f or the particu l ar 8tudent. However , the Wumpus Advisor does not

have this degree of freedom (as it has only one exp l anatory strategy) ~~, and

the Learning Model is pr i marily concerned with a vector which represents each

stu dent ’s l earning ability in the three dimensional Learning Space. The first

[ dimens i on of the Learning Space is how l ong i t  takes the student to lea rn

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 dimens ion and ind i cates how often the student likes to be spoken to. How

often the Advisor gives the student adv i ce depends or, the student’s Receptivity

Factor. There is a l arge region within the three dimensional Learning Spare ~n

which the Wumpus Adv i sor can function effectively.

The fir st dimension of the student’s learning ability (the Repetition

Factor) is a var iable which determines how high a Familiarity Value the student

must have before it can be presumed that he knows a rule. The Familiarity Value

for a rule is i ncremented for one of two reasons. If the player is not deemed to

have heard of the ru l e  in question , then the Familiarity Value w i l l  be

(xi) Over l ay modelling is discussed more fully in Carr & Goldstein (1977).

(xii ) Later versions of the Wumpus Adv i sor wi l l  have expanded exp l anatory
abil i t i es with a corresponding ly increased Learning Model.
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i ncremented when the player is told the rule in question. xi i i )  Likew i se, the

Familiar ity Value w i l l  be incremented if the student demonstrates a working

knowledge of the rule (as determined by the Psycho l ogist). ~~~~ Whenever the

Familiarity Value exceeds th e Repetition Factor, the Student Learning Mode l w i l l

presume that the student knows the rule in question. (x v) When it notes that the

student has l earned a rule , It also checks to see if he has l earned the rules

requisite to advancing to the nex t phase. If so, the Student Learning Model w i l l

note that it is acceptable to teach the additiona l rules of the new phase. (xvi)

The second dimension of the student ’s learn ing a b i l i t y  is the Forgetfulness

Factor. The Student Learning Mode l 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 Forgetfulness Factor

and how l ong the student has been away from the Wumpus Adv i sor. ~~~ i )  The

Familiarity Values are decremented by an amount equal to the lop of the number of

days that the player has been away from the l4umpus Advisor ~plus one). The base

of the log i s  the inverse of the Forgetfulness Factor.

(xii i ) Whether or not the player ir deemed t~ ‘iave heard of the rule in question
is decided by comparing the number of times he has been told the rule with a
var i able that is dependen t on his Repetition Factor. Note that this requires the
Student Knowledge Mode l to keep track of how often the player has been told a
rule as well as his familiarity.

(xiv) Famil iar ity Values are a rather primitive imp l ementation of the Mode l in
Figure 5.1 as the two externa l i nputs are comb i ned linearly.

(xv) It is worth noting that the test value for having heard of rules is such
that it is not possible for the Student Learning Mode l to presume that the player
knows a rule without the player hav ing demonstrated a working know l edge of the
rule at some 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.

(xv i i )  The values representing how often the player has been told each rule are
al so decremented as his memory of the adv i ce given is presumed to have decreased
over the given time period.
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The Student Model Critic

The Student Model Critic analyzes the player ’s behav i or whenever the player

makes a move wh i ch ind i cates a working knowledge of a rule wh i ch he is not

presumed to know , and when he makes a move whic h he shoul d have recogn i z ed as

better (these situations are Identif ied by the Psycho logist , of course) . In such

cases the Cr i t ic  w i l l  often adjust the student’s Repetition Factor or

Forgetfulness Factor , wh ichever is appropriate. Also , i f the p layer f o l l o w s  the

adv ice of the Wumpus Advisor , the Critic wil l  i ncrease 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 wi l l  decrease the player ’s

Receptivity Factor. ~~~~~~ These s m a l l  incremental change8 to the key var i ables

of the Student Learning Model are intended to adjust the Learning Mode l to the

actual student ’s learning abi l i ty .

The Student llodeJ Critic makes an anal ysis of the situat ion before mak i ng

any changes to the Forgetfulness Factor or Repetition Factor. Its analysis is

gu i ded by the six Critic rules shown in Figure 5.4. The Critic first notes

whether or not the player is a new player; in such cases, it is quite likel y that

the init i a l es t imate  of the student’s know l edge was i ncorrect, and so the Critic

w i l l  only make immediate adjustments to the Know ledge Model. This is formal ly

stated in the first two Critic rules of Figu re S.4. the Critic wi l t  presume that

it has an acceptable approximation in the Know l edge Mode l when it has to undo a

decision made earlier. For example , if the Cr itic repeatedly decreased its

estimation of the student ’s knowledge , it would stop adjusting the Know l edge

Mode l as soon as the player l earned a rule wh i ch he had previously demonstrated

(xv iii ) The amount which the Critic i ncreases or decreases the student’s
recep t iv i ty depends on how rece n t l y  the adv ice wa~ given.
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that he did not know.~~
1
~~ This is formally stated as the third Critic rule.

Once the Critic feels that the Knowledge Model has been adequately adjusted, I t

w i l l  begin adjueting the Repetition Factor and Forgetfulness Factor. However , the

Advisor wil l  not make any changes to the Factors if the student’s Famil iar i ty

Val ue f or a rule in question is not relatively close to the Repetition Factor.

If it is not fairly close, it is far more likely that this case is not indicative

of the student ’s l earning ab i l i t y ,  but, in stead, a fluke (a m istake on the part

of the player or a l ucky move).~~°’~
Once it is determined that the move in question involves a rule with a

marginal Famil iari ty Value , the Critic will make the adjustment which is

in dicated by the last two Critic rules.

(xix) Because game situations often allow the student to more quickly demonstrate
a knowledge (or the l ack thereof) of rules with respect to certain dangers, the
Critic notes whether or not the Know l edge Model has been adjusted with respect to
each danger.

(xx) The Critic wil l  not make any changes to the Learning Mode l if the
Familiarity Value was set in the initialization per i od.
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Figure 5.4

CR1 If a new player demonstrates a working know l edge of a rule which he was
not initially presumed to know, adjust the Familiarity Value to ind i cate
a know l edge of said rule.

CR2 If a new player indicates that he does not know a rule which he was
initially presumed to know , adjust the Familiarity Value to indicate that
he does not really know said rule.

CR3 Cease adjusting the initializations of the Familiarity Values as soon as
some decision made according to CR1 or CR2 is contradicted.

CR4 If the player demonstrates a work i ng knowledge of a rule wh i ch he was not
presumed to know, then

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

B Otherwise , decrease the player ’s Repetit ion Factor.

CR5 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 Factor if this was a rule wh i ch the
player was presumed to have l earned in a prev i ous session.

B Otherwise, i ncrease the player ’s Repetit ion Factor.

In this manner, the Student Mode l Critic adjusts the values of the Student

Learning Mode s as appropriate. (xxi)

The Student Model Critic also i dentifies 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 be advanc i ng after an

extended per i od and, more impo rtantly, by noting those situations in which the

limitations of the I4umpus Adv i sor are exceeded. For example , w ithin a two

d i mens iona l  Learning Space composed o f th e Repetition Factor and the

Forge t fulness Factor , the Wumpus Adv i sor is competent at advising students within

(xxi) At th is point i t should have become clear to the reader that the Student
Mode l keeps track of when a player is presumed to have learned/un l earned each
r u l e, which ru les  were forgotten , etc..
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the area shown graphically in Figure 5.5. The Student Learning Mode l can

represent a user as a vector anywhere within the marked area. (xxii) Any time the

student’s Learning Vector falls outside of this region , the Student Mode l Critic

calls for human help as the limits of the Wumpus Adv i sor wi l l  have been exceeded.

FIgure 5.5

Time Before Forgets

Because of the limitatio n on the Repetition Factor, the Wumpus Advisor can

not always keep up with extremely quick students, but the Advisor is not reall y

necessary in such cases, However, the limitation of the Forget fu lness Factor may

~e very si gnificant , as the Wumpus Advisor can not deal effectively wit h students

who are extremely forgetful. The limitation is caused by the fact that the Wumpus

Adv i sor keeps track of time in days, which could be too large a unit of measure

in extreme cases. Further testing is requi red to determine if this is an

acceptable limitation. Otherwise, it would be necessary to mod i fy the Wumpus

Adv i sor to keep track of time in hours or, possib ly,  minutes.

It is essential that the Student Model have the ability to recogn i ze its

(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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own l imi tat ions.  From observing various students and their interactions w i t h  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 good representation, i t  does not seem to be possi b le

to advance to the more advanced phases. In all cases, the students have

eventually developed a good representation on their own (the Wumpus Advisor does

not currently have the ability to teach good ways to draw warrens). However , i t

Is likely that som e students would not overcome this obstacle on their own.

While it is simple to add in the ability to graphically disp l ay “good warrens” to

the student , this is almost certainly onl y one of many possible pitfalls for the

student that the Wumpus Adv isor would not be able to deal with. In such cases ,

It is essential that the Wumpus Adv i sor have the ability to monitor itself and

determine when something has gone awry.

The Initializations

The Student Model is in i t ia l ized according to information e l i c i t e d  from the

user. Whenever a user starts up Nusor and the Wumpus Advisor does not already

have a f i l e  on disc about him, the Advisor wi l l  ask the new user a series of

questions wh ich are used to in i t ia l ize the Student Model. First , the Wumpus

Advisor w i l l  ask the student 1) how old he is , 2) how many years of education he

has comp leted , and his general att i tude to Math/Sc iences. Wi th  this i n f o rm a t i o n ,

the Adv i sor wil l  calculate the student’s Repetition Factor and Forgetfulness

Factor under the assumption that older , better educated students who enjoy the

Math/Sci ences are better prepared to learn about the Uumnpus domain. Once the

Student Learning Model has been calculated the Adv i sor wil l  ask the student how

many games of Wumpus (if any) he has played. This w i ll be combined with whether

or not the student chose to read the instructions and his estimated l earning
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ability to select one of the four possible starting states for the Studen t

Know l edge Model. From exper i mentation it has been found that the Advisor advances

the Student Model more qu i ckly and accurately than it degrades the Student Mode l

(as i ncreasing know l edge of the game is normal), and so the initial state of the

Knowledge Model is generally a conservative estimate. In this manner the Student

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

the student. In any case, it is not of great i mportance that the Student Mode l

be initialized with extreme accuracy as the Student Mode l has the ability to

compensate for such errors.
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t Tutor i ng Str ’at~ gies

Chapt~ i- 6

Model of Tutor/Student Interactions

In Figure 6.1 there is a model of the interactions between a tutor and a

student. It is intended to emphasize the cyclica l natures of their

commun i cations. The tutor communicates his explanations to the student and the

student communicates his understanding to the tutor (feedback). The tutor

mod ifies his instructions according to the feedback and wil l  elicit feedback if

he is receivin g insufficient feedback. Typ i call y, the in struct i ons are the

exp l anati ons of a teacher, while the feedback includes everything from facial

expressions (boredom , non—comprehension , etc.) to test scores. This mode l is of

a generalized tutor wh ich could be a human instructor or a computer program.

Figure 6.1

Instruction -,

~~~~~~~~~~ 
Student

Feedback

There are several limitations in the computer ’s ability to commun i cate.

This difference is prima rily due to the fact that the computer ’s communications

are restricted to the domain of typed responses. The computer can not rely on

facial expressions or verba l signals to emphasize key points. Also , i t  can not

use facial expressions as a source of feedback. For example , i t  is i nappropr i a te

for a computer program to use jokes as a feedback elicitor because the computer

can not evaluate the response (laughter , snor ing, etc.).
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In general , a computer program must rely on more formal avenues of

communication for its instructions , feed back e l i c i t o r s , and sources of feedback.

Instruction

The instructions can have var i ous forms. These different approaches to

teach i ng can be laid out along a spectrum which represents the amoun t of think i ng

required of the student. This is shown in Figure 6.2.~~~ A point at the left

end of the spectrum Indicates that the tutor simp l y presents algor i thms abou t the

domain. This approach requires little thought on the part of the student and can

be highly effective at quickly giving the student mastery of the fie ld .~~~~ The

opposite extreme is to simply present the prob l ems to the student and state the

solutions. This requires the student to work out a technique for solving the

problems. This process is generally very slow and painstak i ng and leaves open

the possi bility that the student will  never master the given problem domain.

However, once the student has mastered the domain with the latter approach, he is

very unlikely to forget the l earned material and those lessons which the student

learns in the given domain are more likely to be applied in other domains.

Fiqure 6.2
Spectrum of Instruction Emphasis

Teaching Explaining Giving
Al goritms Examples Results

,~ A
Algebra Wumpus ‘~Jumpus
Tutor Advisor Game

~~ The idea qualifying the type of teach i ng according to the effort required of
the 8tudent is presented in Winston (1970) .

Of course this discussion presumes that the strategy selected w i l l  be
developed in the best means possible. The approach of presenting algor i thms to
the student could be complicated by using very complex language , thereby
requiring significant effor t of the student just to comprehend the tutor. Thh3
is contrary to the intent of the al gor i thmic approach, and we do not consider
such cases here.
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In deve l oping the Wumpus Advisor , it was decided that the Wumpus Adv i sor’s

instructions should be biased toward explainin g results. This is shown in the

spectrum of Figure 6.2. The Wumpus game itse lf could be located at the extreme

end of the spectrum (as shown in Figure 6.2) as it simply supplies the player

with resu l ts and the player is left on his own to deve l op better techniques for

avoiding dangers. The disadvantage of the game without an Advisor is , as sta ted

ear l i e r , that the player can reach plat eaus in hi s deve l opment and not advance to

higher l evels. The Wumpus Advisor generates exp l anations wh i ch are intended to H

l ead the student to the accepted solutions. With this purpose, the most direct

approach would be to present the student with a somewhat simplified version of

the algor i thms used by the Expert, but this approach does not seem to be

conducive to teaching better ways to think about prob l ems.

The author has tutored various students in the game of L4umpus, and, when he

presented the algor i thms of the expert, the players qu i ckly mastered the game.

but there were also no indications that these students developed any improved

th ink i ng habits. However , when the author relied on the Wumpus Advisor and its

exp l anations of the results (as opposed to the actual algor i thm), he found that

the learning process var i ed. Those players who were already log ica l iy or i ented

(such as M.I.T. graduate students) quickly developed algor i thms of their own. The

players who did not possess the desired thinking habits (i.e. those who were not

mathematically /scientifically inclin ed ) found the ideas presented intr iguing and

rather difficult. They would put ser i ous thought into the exp l anations and after

many t r ies mastered the mater ia l .  Comments were made such as ~Oh ujow , this is a

completely new way of thinking .” , but after having mastered the material they

found it difficult to accept that the material was so dif ficult ( but its so
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ObviOU3~~).~~~~~
1) Because of such ev i dence, the Wumpus Advisor generall y does not

state ite rules formally to the student but rather gives explanations of the

results.

In domains where the mater ia l  to be taught is though t to have more

intrinsic value (such as Algebra which , it can be argued, can be of use in every

day chores such as balancing checkbooks), there is a better justification for

teaching w i th  a more al gor i thmic approach. A computer tutor for Al gebra mi ght

factor several prob l ems, showing all the steps to the student. Then it could

give the student var i ous prob l ems to do on his own to help him remember the

algorit hms presented. This form of instruction is appropriate in those domains

where the subject matter has Intrinsic va l ue (rather than helping to develop

improved think i ng habits).~~”~

‘eedback

It is also possi ble to lay out the different approaches to feedback along a

spectrum. Such a spectrum is shown in Figure 6.3. The point pt - th e l e f t  end of

the spec t rum is for tutors wh i ch ask the student direct questions about the

subject matter.  The point at the ri ght end indicates that the tutor estimates the

student ’s know l edge solely by observing his behavior. An Al gebra tutor wh i ch

presents prob lems to the student and observes how he solves them, would be toward

the m iddle of the spectrum.

The above observations were made with about fifteen students in separate
sessions, each of wh i ch lasted an average of three hours. All results were the
subject ive evaluat ions of the author.

(iv) Socratic i n s t r u c t i o n  (through leading questions ) can be viewed as another
approach to the problem of non-a l gor i thmic tutor i ng strategies. Socratic
q u e s t i o n i n g  i s  discussed full y in Collins.
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Fi gure 6.3
Methods of Gaining Feedback

Questions About Giving Problems Obse

Domain Knowledge Requiring Knowledge Beha

Algebra Wumpus
Tutor Advisor

The methods used by a tutor to gather feedback are large l y deter

the teaching environment and the subject matter that is being tauc

teach ing environment restricts the options available to the tutor so t

techni ques , such as jokes, are not available to a computerized tutor. A

subject matter l ends itself to var i ous feedback approaches. Geography is

In which it is very d i f f icult  to eva l uate the student’s retention of the

without d i rect ly  ask ing questions concerning tha t know l edge. (v)

The l4umpus game is a domain wh ich is conducive to obtaining fee

observ ing  the studen t ’s behav i or. This is true of most games environment

game presents the student with problems to solve; an Adv i sor need onl y

the reqults. In such environment s , it is important that the Advisor be

to take ful I advantage of these observations and minimize the number of c

which it asks of the 8tudent. If the Advisor does resort to “ test

student as a normal proce dure, the student ’s enjoyment of the qame is I

be greatly diminished , and he is l i ke ly  to resent the minist rations

Advisor. For these reasons, the Wumpus Advisor relies almost sc

(v) A geography tutor would be expected to ask questions such as, “Wha
capital ot Braz il?” , which is a direct testing of the knowledge that
taught. Just such a geography tutor has been developed by Carbonel I anc
in SCHOLAR.
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ob3ervations of the student for its evaluations of his knowledge of the game.

The only way in wh ich the IJumpus Adv isor can be said to be e l i c i t i n g  feedback is

the manner in which it defines (and perhaps alters) the game in order to create

environments wh i ch are more conducive to l earning and the evaluation of the

student.

The above two spectrums are, of course, simp lification s . but they help to

emphasize two very i mportant issues of tutor i ng strateg ies. Other issues that

must be considered (and warrant further experimentation ) are such issues as

graphica l versus verbal exp l anations and the types of instruction wh i ch are most

effective (such as proof by contradiction , wh i ch is one the key methods of the

Adv isor for simple proofs). It Is expected that Wusor III w i l l  be able to vary

its tutorin g strategies according to the student and wi l l  consider each of the

above issues as w e l l  as other of such issues. These additions wi l l  increase

W usor ’s Learning Mode l to the dimensions described in Gold stein ’s proposa l for

the Coach Project (1977).

Conclusion

In designing Wusor II, there were several possible approaches to the

problem s of presenting the material and evaluating the student’s response. The

Advisor presents exp l anations of the results of the algorithms , instead of the

al gor i thms themselves , as this seemed to be more conduc i ve to teaching better

ways to think about prob l ems. Likewise, it was decided that the feedback from

the student should be gathered primarily by observing the students 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 Adv i sor.

(vu) For the purpose of testing the validity of the Advisor ’s deductions , a
useful exper iment is to ask questions of the student to determine the correctness
of the Advisor ’s estimation of his know l edge.

Page 54 -

- ---- ~~~~~~~ --~ -- 



The Wumpus Advisor The English Generation Routines

The English Generat ion Routines

- Chapter 7

The English used by the Wumpus Adv i sor is generated in a conceptuall y clear

manner. For each of the routines/rules of the Exper t, there is a correspond i ng

English routine/rule. If a routine of the Exper t uses the results of a l ower

level routine , the corresponding Eng lish routine wi l l  likewise inser t the text

gener ated by the corresponding lower level English routine into it g text. In

this fash i on, it is a quite simple to wr i te short functional English generation

routines. The problem wi th  such an arrangement Is that the English thereby

generated tends to be rather long and awkward. For this reason , var ious

add it ions were made to the basic framework just described to improve on the

output of the English routines. In the remainder of this chapter, we w i l l

descr i be 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 p layer already knows. In this fash ion, the English routines can omit

those portions of exp l anations which the player is thought to already know. This

is not extremely i mportant in the earlier phases of the curricu l um , but it

becomes more important later on. As the Wumpus Advisor teaches progre s s i v e l y

more advanced rules, it re l ies increasingly on the simp ler rules wh i ch have

already been taught. If the English routines do not omit the lower l eve l

exp l ana t ions , the exp l anations become quite long (and it becomes extremely

unlikely that the student wil l  read the explanation at all ). The general

solution to this problem is to have each English Routine first check to see if

The approach of hav i ng the exp l anation routines model the decision mak i ng
routines is fully descr i bed in Stansfield (1975).
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the pl ayer already knows a l l  of the rules invo lved in its exp lanation. If so ,

then the English routine wi l l  not generate a complete exp l anation , but wi l l

instead only summar i:, its results. This simple check generally suff ices to

prune out the unnecessary parts of the exp l anations.

Fi gure 7.1

pit BREEZ~~ ,~~~~~~~~ STENCH

10 —___ (3),,, 
5 

/
8 pit

BREEZE

0
9 SQUEAK

SQUEAK
2 15— 19 _7 wumpus (?)

STENCH
SQUEAK bat (?) BREEZE

16

Circled caves have been visited.
Upper Case: Given Facts
Lower Case : Deduct ions

For example , a moderately advanced player was faced with warren shown in

Figure 7.1 and he received the follow i ng exp l anation of why cave 15 was very

likely to contain bats (P131.

One of caves 15 and 7 contains bats. Likewise , one of caves 5

and 15 conta ins bats, and one of caves 16, 15, and 9 contains bats. As you

have multiple evidence for bats in cave 15, it is very likely that cave 15

contains bats.

This exp lanation presumed that the player already knew all the rules necessary to

derive cave—sets, so that the exp l anation routines simply listed the cave—sets
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concerned ra ther than explaining each one. However , once the student mode l was

modified to indicate no knowledge of the required rules , the following

exp lanation was obtained:

One of caves .15 and 7 contains bats. Cave 19 must be next to

bats because we heard squeaking in cave 19. Hence one of caves 15, 7, 8,

and 4 conta ins 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 as cave 8 Is next to cave 4. This means that one of

caves 15 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 0.

Therefore one of caves 5, 15, 4, and 3 contains bats. However we have

safe ly visi ted 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

be next 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 that one of caves 16, 15, and 9 contains bats. As you have multiple

evidence for bats In cave 15, it is very likely that cave J5 contains bats.

The Wumpus Adv i sor would never have made such an exp lanation under norma l

ci rcumstanc es ~~~~~~~- , but this example does point out the importance of pruning the

English for even moderately advanced exp l anations. Without prun i ng, exp l anations

qu i ckly become so long that the the overall thread of the exp l anation is lost.

Another prob lem w i th  the very simple model of the Eng lish routines is that

such a model does not consider the idiosyncracies of the Eng li sh l anguage. For

ex amp le, the English routines should not say “one cave away from” or “zero caves

(ii ) Normally the Curr i culum would prevent the Advisor from explaining rule P13
before the student had thoroughly mastered all of the rules invo l ved In
explaining cave— sets , but f or th is e x a m p l e  the Cu r r i c u lum was disab l ed.
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away from” (as was common in this paper), but rather it should say “next to ” and

“con t a i n s ”. There are a great many of such special cases (most of wh i ch center

around the end conditions) , and the Eng l ish routines must have t h i s  knowledge

programmed into them. Such problems can be handled with little deviation from

the conceptua l model if they are hand l ed modu l arly . ( t t ~~~~

In order to finely tune the English routines so that its output

cons istent ly sounds natu ral , each English routine should be written with an idea

of the context in which it w i l l  be used. An example of this is the amount of

intro duction given by an English routine for a lower level English routine ’s

exp lanation. If the lower level routine returns only a short summary, then onl y

a short introduction (if any) is warranted. In contrast, if the l ower l eve l

rout ine returns a l engthy response, a lon ger int roduct ion is warra n te d, and, in

some cases, the entire exp l anation shou l d be restructured. Such issues can be

reuo l ved relatively easily by consider ing the curr i culum, and the overall

hierarchy of the rules. It is unrealist ic to presume that the English routines

wh i ch explain comp l ex probability rules wil l  ever be called before the student

has .njstered the si,np h~r protia~ i l ity  rules. 11 th this in mind, it is rca~ onably

safe for the more comp lex probability routines to presume that the studen t w i l l

have thoroughly mastered cave—sets by the time they are called. This reliance on

the structure of the curricu l um allows the context sensitivity to be static.

The addition of var i ous checks to the conceptua l framework orig inall y

descr i bed has changed what would have been very simple routines into relatively

l ong and comp l ex routines. An alte rnative method of i mproving on the English

generated by simple routines Is to use a standard Eng lish Generation Front End as

The solut ion to the problem stated above is simply a routine that converts
“N caves away from” into it s English equivalent.

- 
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• shown in Figure 7.2. The Front End would accept the relati vely “rough” output of
$

the English Generator and then i mprove on it by performing such tasks as pronoun

in se r t ion , in t roduct ion  m o d i f i c a t i o n , phrase rep l acement , etc.. This would have

the effec t of Improv i ng the overall quality of the English generated (as great

effor t has gone into developin g such Front Ends) (iv) and wou l d a lso  make the

task of generating English simp l er. (Less knowledge of the English l anguage

would have to be programmed into the Advisor ’s routin es as that know l edge is

already programmed into the Front End) ,

Figure 7.2
Diagram of an English Generat ion Sy s tem

Arrows Represent Data

~~~~~~~~~~~~~~~~~~~~~~

( i v )  For more cietaHed infor m at ion about Eng l i s h Generation Front Ends, see the
work of McDona ld , Novak , Simmons , Schank, etc.
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Testing the Advisor’

Chapter’ 8

The Wumpus Adv i sor is currently being tested to ver i fy that is does, In

f act , func tion as described. Also , a great many of the decisions wh ich were made

dur ing the design of the Wumpus Advisor were based on the judgement of the

author; these i ssues warrant further study to determine if the approaches taken

were correct. Finally, it is important to determine whether the Advisor succeeds

in teach ing better ways to play Wumpus and, more importantly, better ways to

think about prob l ems. The tests can be divided into two general classes. They

are l oca l tests designed to test the ability of the Adv i sor to perform specific

func t io ns and g lobal tests intended to test the overall ability of the Wumpus

Adv i sor.

Local Tests -

Loca l test s have been made w i th  two different approaches to the prob l em.

The first was a series of sessions in wh i ch students used the Uumpus Advisor in

the presence of the author. In one such session, it was noted that negative

logic (explaining the absence of warn i ngs) was mucn more understandable than the

approach then being used by the Advisor. Prior to this , the Wumpus Advisor would

generate exp l anations like:

Cave 0 can not contain the Wunipus because we did not smell the Wumpus
In cave 2. This means that cave 2 Is more than two caves away from the
Wumpus, cave 1 Is not next to the Wurnpus , and cave 0 can not contain the
Wumpus.

This (positive logic) seemed unnatural to students, and they responded much

better to the negative logic wh i ch is currentl y used by the Uumpus Advisor. In

the earns s i t u a t i o n , the Wumpu s Adv isor would explain:

Cave 0 can not contain the Wumpus because , If the Wumpus were there ,
we would have smelled the Wumpus In cave 2.
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There were approximatel y ten such sessions of roughly three hours duration ,

and , based on subjective evaluations of the sessions, it was determined that in

general the Adv i sor functioned as desired , but it was not possible to determine

how well the Wumpus Adv i sor would function in the wide range of situations It

would eventually face.

The next group of exper i ments to test the Wumpus Advisor ’s abi l ity to

function as planned i.era conducted with a Synthetic Student.~~
’1 The Synthetic

Studen t (Syndi) was esi gned to play the game of Wumpus in conjunction with the

Wumpus Adv i sor (L4usor). Synd i is a pe. turbation of the Expert of Wusor with the

main change be i ng the addition of cond1tiona l statements wh i ch allow Synd i to

p l ay w i th  som e subset of the full Expert. Syndi has a Know l edge Mode l of her own

and her Expor t w i l l  not apply any rule unless the Know l edge Model indicates that

she possesses know l edge of said rule at that time. Using Synd i . a great deal of

debugging of Wusar was achieved uith relative ease. Uusor’s analysis of the

student’ s move i nvolves several inherent assumptions and Syndi was desi gned to

test Wusor’s analy sis given that these assumptions are true. The assumptions

are:

1. The etudent does not apply paradigms unknown to the Wumpus Advisor.

2. When faced with several equall y desirable choices for moves, the player
w il l  choose that move which is closest (and hence easiest to get to).

3. The pl ayer is consistent in his appl icat ion of rules. He does not have
partial or incomplet e understand i ng of a given rule (the unde sirability
of this assumption is decreased by the almost atomic rules of the
Expert).

4. The player does not make mistakes. IJusur’s relative caution is
necessary because this assumption is obviousl y fal se.

5. The player comprehends the exp l anations given by Uusor.

(i) The idea of using a Synthetic Student to test an Advisor program was
originally descr i bed in Goldstein ’s Coach Proposal (1976).
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Syndi was designed to satisf y all of the above assumptions. Also , as she had a

d istInctly diagnosable knowledge of the game at all times , it was quite simple to

verify any results obtained by the Adv i sor. Several exper i ments were run with

Synd i and Wusor, and they can be grouped into three types;

1. Experiments in wh i ch Wusor initially presumed Syndi had no knowledge of
the game and Synd i played with a constant know l edge state. Ideall y.
I4usor should advance his estimation of Syndi’s knowle dge to exa c t l y
correspond to her actual state and not beyond.

2. Exper i ments in wh i ch Wusor initially presumed Syndi had a complete
know l edge of the game and Syndi played with a constant know l edge state.
Ideally, I4usor should degrade his estimation of Syndi’s knowledge to
agree with the actual state. .

3. Exper i ments in which Synd i started as a new player with no knowledge of
the game, and “learned” rules as Wusor explained them to her. Ideall y,
Syndi’s knowledge should increase to complete know l edge of the game
with Wusor’s estimation lagging a little beh i nd each change.

These exper i ments are relatively complete and thoroughly test the Advisor ’s

functioning given that the above assumptions are true. In experiments of Type 1

(advanc i ng to a fixed knowledge state), it is acceptable to always start with

Wusor presuming Synd i has no knowledge of the game because Wusor must advance his

estimation through all of the phases up to the desired phase to ach i eve the —

desired result. This also justifies starting all Type 2 experiments (degrading

to a f ixed know ledge state) from an in i t ia l  estimation of complete mastery of the

game. Exper iments of the f i rs t  two types serve to test the existence of

s i tuat ions wh ich w i l l  a l l o w  Wusor to make deduct i ons as w e l l  as test ing the

correctness of said deductions. The third type of exper i ment is necessary to

insure that there are situations wh i ch allow Wusor to tutor a student from the

very basics to the most advanced skills in a moderate amount of tine.

When conducting the above experime n ts , several modifications were found

necessary. Many of the exper i ments wit h Syndi did not achieve the desired

-l
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results on their first run, wh i ch required that Wusor be modified in li ght of the

pre liminary results. Then the process would be repeated. In this section , we

wi l l  discuss the exper i ments which were run, the problems wh i ch arose, the

solutio ns whi ch were found (if any), and the final results achieved. All this

w i l l  be in general terms with the specifi c results achieved shown in Appendix F.

The first exper i ments were run with - Syndi having a complete knowledge of

the game and Wusor initiall y presuming that she had no knowledge of the game. It

was found  t h a t  Wusor advanced the student rapidly with respect to the Wumpus

domain, but unreasonably slowly with respect to the bat/pit domain. Because of

th is, severa l modif icat ions were required before Wusor would correct its

estimation of the student’s knowledge to complete mastery of the game within a

reasonable amount of time. The f,rst prob l em was that Syndi would risk bats far

more regu l arly than pits (as bats are not necessarily fatal) so that Uusor had

very few chances to observe the application of the probability rules with respec t

to pits. This required the modification of the student model ling components so

that the bat/pit Familiarity Values would be associated together once Wusor had

determined that the player had mastered the rules to determine which caves are

safe (i.e. Wusor would presume a transference of bat/pit know l edge once the

player had mastered Phase 1). The next modification was required because there

were often long per i ods in wh i ch there were no situations which would allow Wusor

to deduce a mastery of probability rule P11 for bats/pits. In order to overcome

t h i s  d i f f i c u l ty , IJusor was given the ability to mod i fy the initial game situation

to create idea l sit uations appropriate for a player of the given phase. These

ideal situations are described in Appendix C and illustrated in Appendix 0. The

desired results were achieved by combining the above modification with another

modification; the cr i teria for deducing that the player had mastered a given
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skill was l owered somewhat. Previously, the situation had to have been such that

the sel ected move was better than some other move with respec t to a single danger

and i dentical (no differences ) with respect to the other two dangers. Then Wusor

would note that the player had given the appearance of mastery of those rules

wh i ch were required to justify the super i or i ty of the better cave for the

relevant danger. This was relaxed so that , if there were a sing le deciding

danger which made the selected move superior , the ~wo moves had to be one of the

following with respect to each of the two remaining dangers: 1) identical , 2)

such that the player should have perce ived that they involve d the same risk , or

3) such that the player should have perceived that the better move i nvolved a

greater risk. These two modifications , along with fixing var i ous outrigh t bugs,

allowed Wusor to advance the student to complete mastery of the game in rough l y

thirty games (a figure which is considered acceptable for a tutor desi gned to

work wit h children).

The next series of exper i ments were such that Synd i used a fixed subset of

the expert’s knowledge and Wusor started with an initial estimation of no

know l edge of the game. In these exper i ments , Uusor advanced rapidly to the actua l

state (as it did before), but rath er than stoppi ng, it continued to advance the

stu dent  s l o w l y , al beit surely. This required the addition of the more complete

analysis for probabilities described in Appendix B. Of course the origina l

experiments had to be run over again , but it was found that in all cases Uusor

would advance to the correct knowledge state and then make no further

presumption s of the student’s know l edge. The advances proceeded at an

acceptable rate. The only non-optimal performance by Wusor was due to prob l ems

in imp l ementing Syndi. In developing Syndi it was found that it was necessary

that she have some minimal knowledge of the game at a ll times In order to mode l
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even beginning players. The required knowledge was an understanding of what it

meant to have encountered a danger, what it mean t to have safely visited a cave,

and a rudimentary understanding of what it meant to shoot into a cave. The

problem was that the rudimentary understanding of the shooting pr i nciple (P15)

woul d occa s i o n a l l y cause Wusor to advance the student slightl y beyond the actua l

knowle dge state, assuming a full mastery of rule P15 and the rules associated

with It when, in  fact , there was only a partial mastery (i.e. Assumption 3 was

v io l ated) .

The next set of experiments were of the Type 2 described earlier . Synd i

was started w ith a fixed , but limited know l edge of the game, while Wusor

initially assumed that she had complete mastery of the game. The ideal was that

Wusor wou l d degrade his estimation of Syndi’s knowledge until it corresponded to

the actual know l edge and then make no further change. Several exper i ments were

run w iti , different know l edge states for Syndi. Many of the same prob l ems that

were encountered in advancing the student were encountered in degrading thR

know l edge estimation. It was found that there were not sufficient game

situations wh i ch wou l d clearly reflect on the application of rules P11 for

..ats/plts (as in advancing the student for the same rules). The prob l em was that

the idea l situations wh i ch had been introduced to aid in the advancement of the

student were a lways one level more advanced than would be necessary to degrade

the student’s know l edge model. Fortunately the implementation of the ideal

situations had been such that Wusor was onl y able to create an i dea l situation

approx i m a t e l y  one four th of the t i me ~~, and this allowed Wusor to try to

create an ideal situation for a student of the next lower level (and the next

(ii ) This was done to restrict the possibility of the student deducing that IJusor
was modifying the game.
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more advanced level) if it failed to create the idea l situation for the given

level. This was sufficient to overcome this problem.

Another prob l em that was encountered when runmng the Type 2 experimen ts

was that Syndi som etimes would not risk pits often enough to allo w L.Jusor to

analyze her knowledge of the pi t rules. This problem had been encountered

earlier when testing Wusor ’s ability to advance the student and had beeri so’ved

by assuming that knowledge in one of the bat/pit domains would be transferred to

the other domain. A solution to the pr oblem would have been to completel y tie the

two domains together w ith a resultin g l ack of fle x i b i l i t y  (since L4usor would not

be able to diagnose failures to transfer knowledge from one domain to the other).

It was decided that the decrease in flexibility was not warranted in light of the

fact that decreasing Wusor ’s estimation of the student ’s knowledge wa~ not the

nor m a l mode in  w h i c h  ~usor would funct ion. This same trade off came up when it

— 

was noted that Wusor would som eti res (though rarely ) note that the pl ayer had

demonstrated a knowledge of rules which the student did not , in fact , possess.

This was caused by the reduced requirements for dem onstrating knowledge of a rule

~-h ich were imp l emented while running the Type 1 exper i ments. In particular ,

because Wusor assumed that the student wou m d recognize that a move was worse

because of a certain danger (and in this case that was a false assumption ) , and

therefore conclude that he he must have seen the virtues of the move with respect

to another danger (since he chose the move ). This was determined to be a m inor

prob l em because the problem was very unlikel y in normal situations (since Wusor

woul d not be that far off in his est imation of the student ’s knowledge) and

because Wusor eventuall y corrected for the error .  To return to the more

stringent requirements would decrease Wusor ’s ab i l i ty to advance the student

(his norma l mode ) without significantl y affecting Wusor’s ability to decreame his

esti m ation of the student ’s knowledge.
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• The above two sets of experiments showed that Wusor was completel y

in its a b i l i t y  to increase its estimation of the student ’s knowledge

appropriate level (and not beyond) when its intrins ic assumptions were va

was also found that , when the assumptions were violated (in part i cu

assumption that the student would not have partial or incomplete understa

a rule) , L4usor could diagnos e the general leve l of the student , th

estimation of the student ’s knowledge of particu l ar rules was not

reliable. It was also found that Liusor had a lim i ted ability to decr

estimation of the student’ s knowledge , though this mode was not n~

reliable. In light of these results , Wusor ’s initializations of the s

knowledge were always kept on the conservative s~de.~~ ’ ’~ Having verif

— L4usor ’s ana l ysis of the student ’ s actions were working, it was then app

to insure that Wusor could give advice on all the different aspects o

play. Th is was to insure that , if the student could understand

exp l a n a t i o n s , it would be possible for him to become an expert in ~.lum

without any outside help (i.e. there were not any holes in Wusor ’s curric

The fina l set of experiments were of Type 3, n which Si~ind i starte

m i ni m a l  knowledge of the game , but would learn each rule as soon as

explained to her. After a certain level , Syndi would begin trar

knowledge between the bat and pit domains. Wusor started with a

estimation of Syndi ’ s ability. Of course , Syndi’ s ability to learn I

artificial. When Wusor notes that he has just explained a rule to the

Syndi w i l l  be so informed as well (thereby allowing her to beg in app i

The claim that I.Jusor’s i nitia l ization s of the Student flodel ten
conservative is justif i ed by the fact that , in rea l usage, Wusor typica l I
the student at a certain level and quick l y advances the student to
appropriate level; after which advances tend to come more slow l y.

Page 67

~ 

- - -- 



- - ~~~~~~~~~

The Wumpu,s Advisor  Testing the A dv iso r

rule i~i question). Another technical problem was to dec i de how Syndi should

modify her behavior when she first learned a rule. Should she recalculate her

entire data base or change it as her attention was cal led to it. This was very

important as human players do not take either extreme (but , in stead , do a l i t t l e

bit of both ). The general tack that was taken was to emulate a human player as

much as possible , For example , if a player did not previousl y understand the

significance of warnings/ nowarnings, it is unlikely that he would have kept a

record of this informat ion. When he di d learn their meaning, h~ wo u ld have to

revisit a cave before he would able to use the information of its warnings. So

it was with the data base with Syndi . This is not true of the more co r oli cated

rules as they simp l y involve better usage of the available informat ion. This

aspect of human players was also modelled in Syndi.

In the Type 3 experiments it was found that Wusor was able to find

situation s to advise the student for all levels of knowledge of the bat/pit

doma in (again , this was largely due to Wusor ’s ability to modify the game t-D

create idea l situations for bat/pit knowled ge), but L4usor was not able to ever

advise the student with respect to the rules of Phase 2 of the Wumpus. This was

because of a bug wh i ch made Wusor unnecessarily restrictive in the situations

where i t  would advise the player about these rules .~~”~ This bug was fixed , and

I1usor then began explaining to Syncii the rules of Pha9e 2 for the L.Juriipus . Once

this obstacle was overcome , it was found that the situations in wh i ch Wusor would

explain the rules of Phase 3 for the L4unipus were extremely rare. This problem

woo fixed by creating a new Combination Rule , Comb i nation Rule 7,~~1) The above

(iv) The bug was mutuall y exclusive requirements pr i or to the exp l anation of
Combination Rule S.

(v) Previou sl y, there had only been the first six combination rules , but it was
found necessary to add the seventh to a l low L4usor to adv i se the student to shoot
in the normal course of the game.
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two modifications allowed Wusor to advance Syndi from the most basic levels to

the most advanced levels by first exp laining a rule and then observing when Syndi

applied the rule. In Appendix C there is the first part of the protocol taken in

a Type 3 exper i ment. It is indicative of what all the protocols l ook like.

The last three of the five assumptions are most questionable. The above

experiments indicate that Wusor functions as desired even when the third

assumption (the assumption about incomp lete understanding of rules ) is violated.

The fourth assumption that the player does not make mistakes is obviousl y

i nvalid , but , because of this, Wusor was designed to be cautious in its

conclusions (thereby decreasing the detrimental effects of mistakes ). The

remaining questionable assumption is the assumption that the playe r understands

L.lusor’s exp l anations. There is evidence that Wusor is , in fact , effective at

tutoring students in his game strateg ies. While the above experiments were being

carried out , Wusor was accessible to the general community at the Art i f i c i a l

Intelligence Lab so that anyone who was interested could p lay with Wusor.

Roughly iS students played with Wusor extensively with reasonable results

but there was one disturbing anomal y. It was known that there were more

situations which allowed the student to demonstrate knowledge of the Wurupus

domain because Wusor advanced his estimation of Syndi in this domain much more

quickly than in the bat/pit domain. However , when Wusor was being used by actua l

students it was observed tha t knowled ge of the bat /pit dom ain far exceeded the

Wumpus domain beyond Phase 1. It was feared that this indicated that Wusor

assump t i o ns wer e not v a l i d, but then it was discerned that Wusor was unable to

tutor students on the more advanced Wumpus rules , This , in itself , is indicative

(vi) This is the subjective evaluation of the author based on his study of the
complete protocols kept by Wusor.
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that students do tend to adopt those strateg ies explained by L1usor , though

stronger ev i dence wi l l  be gained if students advance more qu i ckly in the L4umpus

domain now that L4usor can advise them in these skills . (Vii)

When a large tutorial program , such as Wusor , is designed with such var i ed

behavior , it is extremel y difficult to determine whether or not the program

function s as desired. However , this testing can be vastly simplified through the

use of a Synthetic Student. Sijndi served to test IJusor in closed experiments

where all  variables could be controlled (Syndi never had a bad day). Of course ,

experiments with Synthetic Students do not conclusivel y show the effectiveness of

a tutor , but they do serve as a wonderful debugg ing 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 taken has to be determ ined

through other exper i ments which are of a more global nature. We w i l l  go on to

describe these globa l exper i ments in more detai l .

Gl obal Testin g

The Glo bal Testing i s  the next step in testing the Wumpus Adv i sor. One of

the goals of this phase of experimentation is to test out the rel~~t i v e  mer i t s  of

different tutoring strategies , such as graphical versus verbal. However , the

main goal of these experiments is to determine how well the Wumpus Adv i sor

actually teaches better game play ing (if it does, in fact , hel p students master

the game). The experiment would probably be a rather simple arrangement

i nvolving a total of roughly ten students. Five of these students would be

allowed to play the game of IJumpus (as modified in this paper ) without the

Advisor. The remaining five would be allowed to play the game with the advice of

(vii ) The reader can also verify that Wusor ’s exp l anations are comprehensible by
study ing the scenarios in Appendix E and Appendix C.

Page 70 

~~~~~~~~ --— ~~~~~~~ -~~~~~ -~~ - —~~~ -- - - -



-

~~~~~~~

t

The Wunzpu,s Advisor Testing the Advisor

the Wumpus Advisor. At the end of the testing period (which would almost

certainly extend over a per i od of about two weeks to a month ), the s t u den t s  wo u l d

be tested on their understanding 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 should also be subjective results. The students

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 with the Advis or w i l l  not onl y play bette r (as indicated by

their percentages of wins and losses) but also have a bett~” understanding of the

game.

The fina l experiment is to test the Wumpus Adv i sor’s ability to teach

bette r ways to think about problems. Only a general outline of the exper i ment

w i l l  be g iven as the details w i l l  be dependent on the results of the previous

tests. The experiment bhou ld i nvo l ve about 150 students to allow for statistical

evaluation. At the start , all iSO students wi l l  be given a test that measures

their abi l i t y  to think about prob l ems (probabl y an l.a. test with emphasis on

thinking ability ) . After the test , the students wi l l  be separated into

homogeneous groups of 60. The first group of 52 students w i l l  be left a l o i e for

six months. The second group wi l l  play the game of Wumpus without the L4urupus

Advisor. The last group wi l l  play the game with the l4umpus Advisor. The

experiment w i l l  continue for six months with the active students play ing Wumpus

for a specified period each week. Finally, all the students w i l l  be g iven a

variat ion of the origina l test. In this manner , it should be possible to test

both the game of Wumpus and the Advisor in their ability to teach better thinking

habi ts.

The Jar e size of the groups to be tested is essential as it is doubtful
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that any one force can be that significant in i mproving thinking habits. With a

smaller sampling size it is possible that the smal l increments in thinkin g

ability would be lost in the norma l noise that accompanies such tests. It is

al so possible that the resul ts would not be conclusive even with such a large

sampling, but there is no way to predict this. A significant number of the

subjects in the standard curricu l um of the public schools are justified by the

hope that mastery of the g i ven field w i l l  help the student develop better ways to

thi nk about problems, However , no one seems to have made a significant effort to

verif y these claims of i mproved thinking habits , and so it is very difficult to

estimate the samp le size which wi l l  be necessary to arrive at conclusive results.

The proposed test should help to clarify how large a sample is required to arrive

at conclusive resu l ts in such a test.

Conc l usion

The L4umpus A dv i sor has been thorough l y tested to debug i t  and f i n e tu ne i t s

tutorial ability. Concurrently, consideration was given to the var i ous

programm ing decisions wh i ch were made according to the judgement of the

programmer due to the lack of concrete evidence. The Advisor has been determined

to be “ready, ” testing is in progress to determine the Adv i sor’s ab i l i ty to teac h

better game playing . This exper i ment wi l l  be on a relatively sma ll scale because

it is expected that the results wi l l  be conclusive in any case. However , when

the Wunipus Adv i sor is tested on its ability to actually teach better ways to

think about prob l ems , the results are not expected to be as obvious. For this

reason , a la rger sample size is necessary if the experiment hopes to be

conclusive. F i na ll y, based on the results of these experiments , further work

l ead i ng to Wusor III could be warranted.
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The Conc Ius~~on

Chapter 9

A new generation of Computer Aided Instruction (CAl) is evolving wh ich

transcends past l imi tat ions by using Ar t i f i c ia l  Intel l igence (Al ) techniques.

These new programs are A ICAI programs since they i ncorporate the concepts of

A r t i f i c i a l  Intel l igence wh i le  maintaining the goals and object ives of Computer

Aided Instruction. AICAI is a field which contains many interesting and

challeng i ng prob l ems, the Wumpus Adv i sor being just one example.

The Wumpus Adv isor applies many of the techniques developed in Artificial

Intelligence. It centers around a rule-based Expert wh i ch uses heuristics to

arr i ve at results that are both reliable and understandable to humans. The rules

of the Expert are organized into a curr i cu l um wh i ch is taught by the Wuinpus

Advisor as appropriate. The rules of the Exper t are also the foundations for the

Student Knowledge Model. The Student Learning Mode l interprets the Student

Know ledge Mode l and determines which rules the student is presumed to have

learned and which rules are acceptable for teach i ng. In making these

determinatiune, the Student Learning Model makes extensive use of the Student

Learning Vector. The Expert’s rules are also the basic framework around wh i ch the

English generation routines are built . The fact that both the Student Model and

the English Generator are desi gned around the rules of the Exper t allow the

Eng l ish routines to prune their Eng l i s h accord ing to the stu den t’s knowledge. The

log ica l group ing of the Expert’ s ru les in the curriculum also a l l ows  the English

routines to be context sensitive without lengthy computations. The essence of

the i mproved Wumpus Adv i sor is the di f ferent rules of the Expert and their

interrelationships.
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The main limitations of the ori ginal Wumpus Advisor were due to the lack of

a clear understand i ng of the knowledge to be taught. Once this know l edge had

been broken down into specific i tems, the development of the remainder of the

IJumpus Advi sor was relatively straight forward. In more interesting prob l em

domai ns (such as chess), it w ill  probably not be as difficult to develop the

rules for the expert , because the prob lem domain w i l l  have been analyzed before

the program is begun. The main ta3k w i l l  be to break down the knowledge of the

prob lem domain into rules. This w i l l  a l l ow  more ef for t to be directed into those

areas which are of more theoretica l interest (such as the Student Model).

The next logica l step beyond the Wumpus Adv i sor wi l l  be a program that

teaches skills in a prob l em domain that can not be analyzed with absolute

certainty. An i mportant asset of the game of Wumpus was that it was possible to

discern a single best move and explain why. In problem domains Such as chess, it

is not pos ble to know absolutely the quality of most moves. This would handicap

an advisor since there would always be the possibility that the expert would not

give correct adv i ce. However, this is a hand i cap shared with human teachers. An

advantage of more comp l ex prob l em domains is that the Adv i sor wi l l  be able to

teach principles and concepts which can not be represented within the limited

doma in of Wumpus. For example , the forma l methods of decision theory could not

ba taught effectively within the Wumpus domain , but it could be taught in more

complicate d domains. An adv i sor which functioned in a more complicated domain

could be built along the general l ines of the Wumpus Adv i sor, but its Student

liode l would require significantly more effort. An advisor for a more complicated

domain wou l d need to be more flexible in its explanations to the student since

the advisor would not be as certain of the results of i ts expert. The primary

source of thi s i ncreased flexibil i ty would be the Student Model.
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Modu l ar D i a g r am of the Wump us A d v i s o r

App endix A

Each sub—module of the t4umpus Adv isor has a unique prefix which identifies

a l l  the routines of that sub—modu le. These pre f ixes  are used to identify the

sub—modules in the f l o w  chart. Each sub-module performs a particu l ar task which

is descr ibed in the remainder of this Appendix.

The Wumpus Executive

WE— is the prefix for the Wumpus Exec utive routines.

140— is for the L4umpus game.

The Wumpus Advisor

WA— is the prefix for the Wumpus Advisor routines.

WAt4— is for the routines of the Wunipus Advisor which keep track of the
route taken by the player.

WAD— is for the routines wh i ch compute the distance to different caves from
a given starting point. They also compute routes , etc..

UAII — is  for  the l4urnpu~ Adv i s3r routines wh ch rnod i fy tl.e game and create
the various start ing situations.

The Exper t

XX— is for the executive for the l4umpus Expert. It activates the other sub—
modules and then combines their results.

XO— is the pref ix for the routines wh i ch maintain the data base for the
Expert. They also compute the “MORE—THAN ” and “EXACTLY” valu es.

XS— routines keep track of the different cave—sets, notin g wh i ch are
complete , etc. .

XR— routines identif y those caves which must be safe based on g lobal
consideration of the cave—sets for a particular danger and the number of the
dangers in the warren.
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XP— is the prefix for the routines which compute the probabilities for the
different dangers.

The Move Comparer

CX— is the pref ix  for the Result Explainer routines. They return the ru les
wh i ch are necessary to j u s t i f y  the resul ts of the Expert.

CII— is for the Explanation Comparer , which compares the rules returned by
the Result Explainer and determines how f am i l i a r  the student is w i t h  the rules in
question.

The Psychologist

PS— is the prefi x of the Psycho l ogist.

The Student Model

SK— is the prefix of the Student Know ledge Model. These rout ines keep track of
the  s t u d e n t’s know ledge of the d i f ferent  rules.

SL— is the pref ix of the Student Learning Model . These routines estimate how
quickly the student learns mater ia l , forgets same , etc..

SC— is the Student Model Cr i t i c .  It adjusts the Student Learning Mode l as
appropriate.

SF— routines maintain the disc files on the different users.

The Eng lish Generat ion Itodule

EX— is the prefix for the routines which generate English to explain the results
of the Expert.

EG— routines generate clauses in English that convey a particular concept
(such as “N caves away from ”).

Utility Routines

GP— is the prefix for general purpose ut i l i t y  functions wh i ch expand the
ab il i t i e s  of LISP.

C— routines are the I/O routines of the L4umpus Advisor.
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GQ— routines query the student with standard questions and return his
response once it is in an acceptable form.

Cli— are general purpose routines wh ich do mapp ing (such as a routine to do
MAPC non—destruct ivel y).

CC— routines do the processing of the circu l ar list which are used in
English generation and FIFO stacks.

PLAYER i s an ex traneous var iable in an otherwise conce ptual ly clear fra mework.
This anachronism w i l l  be e l im ina ted  as soon as possib le.
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Modular Diagram of the L4umpus Advisor
Dotted l ines represent s ign i f i can t  f l o w ~i of infc r~ at ion.

So l i d  l ines i l l u s t r a t e  the hierarchy of cont ro l .
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Move Comp ar - i s ons

App endix B

The Move Comparer is responsible for taking two moves and justif yin ç~ their

relative merits with respect to a sin gle danger with specific ru le numbers. For

th is purpose there are two separate sub—modu les to perform this task. These two

sub—modules are the Result  Explainer and the Exp lanat ion Comparer. F i rs t ,  the

Result Explainer determines which rules were used by the Expert to arrive at a

specific result .~~~ Then the Explanation Comparer takes two results and compares

the different rules i nvolved. In this fashion , the Move Comparer can return the

rules which justify the difference between two possible moves with respect to a

single danger. The Move Comparer also performs various other functions;

primarily, the Explanation Comparer consu lts the Student Learning Mode l and

de t e r m i n e s  i f the s tudent  knows t he r u l e s  i n que st io n , are they acceptable for

teaching, etc.. This is a cursory overview of the process, but we have

over l ooked many of the problems of such compar i sons. In the remainder of th is

Appendix we w i l l  look at these issues more c lose l y.

When the I4umpus Adv i sor is compar ing ti~o dif ferent moves it must

occasionall y consider which of the probability rules is involved. This is true

if the L4uinpus Advisor is anal yzing the student ’s move to update his Student

Model , or if the t1umpus Advisor is deter m ining if it can explain a pa -ticu lar

good move to the player. In any case, the Move Comparer must be able to decide

wh i ch probability rules are applicable in different situations.

The L4umpus Expert onl y considers the most accurate probability rules in its

In this light , the Result Exp lainer is structured almost exactl y like the
Expert.
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a n a l ysis , but the Wunipus Advisor must be able to determine when les

probability rules are invo l ved in a particu lar compar i son. For e

Fig ure B.1 there is a common situation that is presented to nioderatel

players. Cave 8 is very like ly to contain a pit because of the doub l

of a pit (i.e. the breezes which were felt in caves 3 and 12). Thi

rather unlikely that either of caves 4 and 18 contain a p it since a pit

— would explain the breezes in caves 3 and 12. The rule wh i ch just i fi e

probability of a pit in cave 8 is P13. The rule which justif i e

probability for caves 4 and 18 is rule P14. Now,, if the I4umpus Ad ’

compar ing the two p robab i l i t i es  for caves 4 and 8, it mi ght note that

and P14 were both involved in the compar i son. However , a studen t could

rule P13 and not rule P14, and he would s t i l l  choose the bet

Correspond ingly, the Wuinpus Advisor could expla in wh y cave 8 was a ba

simply explaining how P13 applied.

Fi gure 0.1

l8~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~4

Such situations require that the Wunipus Adv i sor (in particular ,

Comparer ) make a detailed analysis when two probabilities are being

For this purpose, the L4urnpus Expert computes the probability for every

respect to each probabilit y rule. It then chooses the prefered probab

most reliable ) and saves al l of the different p robabilities. The fir ~
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the Llumpus Advisor ’s analysis is to insures that one cave actuall y does have a

lower r isk than the other move .~~~ It then determines wh ich of the f o l l o w i n g

cases app l i e s  by checking them in order.

A) If the better cave (Better) is safe , then the onl y app l i cab le  rules are
the rules which make Better safe.  This is because the presumption is
that caves are moderately dangerous unless there is some evidence
ind icat ing that they are safe.

B) CorrespOndiri ç~l y, i f  Worse is cer ta in  to contain the danger , then the
only app l icab le  rules are the rules which show that Worse contains the
danger (no, i l  ly Lø) . This is because the presumption is that Better
is nioder~ te ly  unsafe.

C) If both of the above two rules are app l i c a b l e , then choose the s impler
of th~ two  explanations (least advanced ) as the necessary exp l anation.

0) If the co mparison of the two P11 p r o b a b i l i t i e s  w i l l  j u s t i f y the q u a l i t y
of the Better move , then P11 is the onl y app l i cab le  rule.

E) If P12 is applicable for the Better cave ’s p robab i l i t y , then P12 is the
onl y rule that is app l i cab le .

F) If the P13 probability for Worse is greater than the P11 p r o b a b i l i t y
fo r  Better , then P11 and P13 are the appropr iate probabi lity rules.

6) If the P14 probability for Better is less than the P11 p robab i l i t y  for
Worse , then the probability rules which are applicab le are rules P11
and P14.

H) !f none of th~ above apply, then use the simp lest prc ’bab il ity rules
wh i ch w i l l  justify the “preferred’ p r oba b il ity . ’ ’ ’ ’ ~

In this fashion , the L4umpus Advisor determines the simplest poss ible rules wh i ch

can justif y the difference between two caves. This infor mation is used in

analyzing the student’s move as well as in determini ng whether or not the better

move is suitable for explaining for the student. Once the l4umpus Advisor has

discerned that a move can be exp lained to the student , it then determines the

This compar i son is based on the “preferred ” probabilities of the Wumpus
E~~ ert .

( i i i )  If a cave is only a member of one cave—set , then the probabilities for
P11 , P13 , and P14 wi l l  be equal in most cases. Therefore , P11 is applicable
for that particular cave.
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best rationale to explain to the student. In ~.he examp le above , the ~4umpus

Adv isor might decide to explain to the student that cave 4 is a better move.

Depend i ng on t4usor ’s estimation of the student ’ s know l edge , Wusor would choose to

explain e i ther rule P13 or rule P14. l4usor ’s exp l anation would center on rule

P14 if the student alrea dy knew rule P13 , and the explanation would cent er on

rule P14 if the player was not yet advanced enough to allow the explanation of

rule P14.

Once Wusor has decided to explain the comparison between two moves and has

selected rationales to be explained , it must then create an explanation with the

— appropriate emphasis. The points of emphasis of such exp l anations are shown in

Tab l e B.2.

Tab le B.2
Rationale For Rationale For
Better Cave Worse Cave Emphasis of Explanation

Rule P11 Rule P11 The Cave—Sets invo lved
Rule P12 Not Rule P12 The exp l anation of P12
Rule P14 Not Rule P14 The explanation of P14

Not Rule P13 Rule P13 The exp l anation of P13
Rule P15 Not Rule P15 The explanation of P15
Any Other Any Other Both Probabilities

I4usor w i l l  generate the explanation which first fits. Examples of seine of these

exp l anations are in Appendix 0.
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AnaI y~~ã s  of Came M o d i f i c a t i o n s

Appendi x C

Before the start of a game , the Wunipus Advisor w i l l  attempt to modify the

game to create a situation wh i ch is though t to be a challenging prob l em to the

student. This is done by l ook i ng for a starting cave within the warren which

rieets all the requirements of the situation desired. Typically, the requirements

w i l l  i nvolve the warnin gs at the cave in question as we l l as the warnings in one

of its neighboring caves. If a cave is found that meets all of the requ i rements ,

the Wumpus Advisor w i l l  move the starting cave to the desired cave. Then , the

player w i l l  be informed about his starting location (the one selected by the

l.Jumpus Advisor) and what the neighbor i ng caves are that he can move to. Once the

player has se l ected a cave (at random since he does not have enough information

to choose wisely ) , Wusor wi l l  transpose the caves of the warren so that he moves

to the neighbor i ng cave selected by the l4unipus Advisor. The requiremen ts for

starting situations vary for students of different phases. These requiremen ts

are shown in Table C.1.

Table C.1
Starting Cave Neighbor ’s Requirement On Teaching

1
Phase Require ments Warning Overal l Situation Point

0 No Warnings Some Warning None Backtracking

1 Bat or Pit Warning Other Warning Nei ghbor in Common L3 and LS

2 Bat or Pit Warning Sane Warning Smaller Cave—Set P11

3 Bat or Pit Warning Same Warning Nei ghbor in Common P13

4 } No Wumpus Warning Any Warning None P13 (Wurspus)

Examp l es of each of these situations are shown in Appendix 0. There are not
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acceptable starting caves in many warrens, so that the Wumpus Advisor onl y

creates these situations roughly half of the time. This , when added to the fact

there are var ious possible start ing configurations for each phase , s h o u l d  be

sufficient to prevent the student from ever recognizing the similaritie s of the

start ing s ituations before he is in a new phase. ~~ However , even when the

W umpue Advisor does not modify the game to create an ideal s i tua t ion , it w i l l

transpose the player ’s first move if it is to a cave containing a danger , thereby

preventing the player from ever losing on the first move (wh i ch can have very bad

effect on morale). This ability to transpose moves can easily be extended to

give positive or negative reinforcement as necessary.

(I) This is a hypothesis wh i ch has not yet been ver i f ied through exper imentation.
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Examp l es of Idea l Si t u a t i o n s  and Pi—obab ility Compaz—isons

App endix D

This appendix contains xamples of the “ideal situations ” that were created

for students in diff erent ph3ses along with the corresponding explanations. The

requirements for the situations are g iven in Appendix C and the structure of the

exp l a n a t i ons i s g iven in Appendix B. These are actual situations created by the

Wumpus Advisor and the actua l exp l anations given.

A beginning player (Phase 0) who is being taught the rules would be faced

w ith a situation very similar to this.

Figure 0.1

5 6

13

This situation would give rise to the follo wi ng explanation if the player asked

to move to cave 18.

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 safel y go
to cave 13 without risking the bats. It is not wise to visit
caves with bats because while THEY wi l l  not harm us they w i l l
carry us to another cave which could contain a pit or the
Wumpus.

Would you like to go to cave 18 anyway?
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A player who was slightl y more advanced (Phase 1) and presumed to have

gotten a basic understanding of the rules , w o u l d  be face d w i t h t he fo l l o w ing

situation.

Figure 0.2

~~~~~~~e1~~~~~~~~~~~~eak
0

This situation would give rise to the following exp l anation if the player asked

to move to cave 0.

Br i a n , we don ’ t need to risk bats in cave 0 as cave
16 is safe. Cave 16 can not contain bats because , if  bats
were there, we would have heard squeaking in cave 11. It
is best to avoid bats as they could carry us to a fa ta l
cave.

Would you like to go cave 0 an yway ?

A player who is presumed to have mastered the rules necessary to discern

wh i ch caves are safe (Phase 2) , wou ld be faced with a situation similar to this.
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Fi gure 0.3

U
11

Start

12

16

This  s i t ua t i on  would g ive r ise to the f o l l o w i n g  exp lanation i f  the player asked

to move to cave 18.

Brian , it isn ’t necessary to take such 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 one
of caves 18 and 11 contain s bats because we heard squeaking
in cave 13. This Tna’Kes it less f lke ly that cave 0 contains
bats. Therefore , Brian , we might want to explore cave 0
instead- .

Would you l i ke  to go cave ~8 anyway?

A player who has mastered the simp le probability rules would be given a

situation like thi3.

Figure 0.4

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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This situation would g ive rise to the following explanation if the player 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 contains a pit.
Likewi se, one of caves 3, 2, and 6 contains a pit. This
is mult i ple evidence of a pit in cave 3 wh i ch makes it
probable that cave 3 contain s a pit. It is less likely
that cave 8 contains a p i t .  Hence , Br ian, we mi g h t  w a n t
to explore cave 8 instead.

Would you like to go to cave 3 anyway?

In the course of playing a game , a player of this level could be faced with

a s i tuat ion l ike this.

Figure 0.5

9 Visited Bat ,16

18-- 

~~~~~~~~~~~~~~~:: ~~~~~~~~~ ak

This situation would give rise to the following exp l anation if the player asked

to move to cave 16.

Brian , i t  i sn ’t necessary to take such large risks
with bats. It is true that one of caves 18, 0, and 9
c o n t a i n s  ba t s , but cave S contains bats because we were
picked up by bats when we visited it before. This explains
all the evidence for bats in caves 18, 0, and 9. As we do
not have any ev i dence of cave 0 containing bats , we can
presume that it is unlikel y that cave 0 contains bats.
There is evidence of bats in cave 16 which makes it a more
dangerous cave. Therefore , Brian , we might want to explore
cave 0 instead.

This is an exp l anation of rule P12 for bats as described in Appendix B.
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Samp le. Wumpus Adv i sorS Scenar-io

A p p e n d i x  E

In the fo l  lowing scenarios , both t4usor ’ s state ment s and the player ’s responses

w i l l  be indented to the actual fields used; the player ’s response w i l l  be

und erlined. These scenarios have been constructed by combining advice actual l y

g i ven by L4usor , but they are not realistic because Wusor would never g ive advice

so often and because there is not a consistent Student Model throughout. ~~ This

Appendix is intendea to g ive the reader some idea of Wusor ’s ability to g ive

advice in a wide range of situations. In this regard , it is not all inclusive

since Wusor has given advice in many situations far removed from the ones shown.

He l l o , my name is Wusor VII .  What is your name? JIM STANSF IELO

Do I have your name right , Jim Stans f ie ld?  Yes

Would you l ike instruct ions? No

Just a second w h i l e  I erase niy blackboard.

In this game , Jim , there wi l l  be 22 caves all total , three
p its , and three caves w i t h  bats.

In fact a new player would not be put in a warren with so many bats and pits.

O.K., now I w i l l  draw up a new warren.

We are now at cave S.
The neighbor ing caves are caves 3, 12, and 5.

What now ? 12

We are now at cave 12,
The neigh bor i ng caves are caves 1, 8, 18, and 6.
Squeak. I hear bats they must be in one of the neighbor inç
caves.

(v) Wusor ’s behav i or is highly dependent on the current Student Model , and t he
fol lowin g scenarios have been desi gned wit h a successively more advanced Student
Mode l . In fact , the Student Mode l would not be advancing in such a manner
because of the consistent mistakes by the player.
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What now? 1

Fi gure E.1

3 1 2 1

St a r t  ~~~~ squeak

8

Jim , did you know that we can backtrack to caves that we
have already visited? No

Well we can , so why not go back to cave 6 where we didn ’t
get any w arn inç~s at a l l .  From there we can safely go to cave 3
without risking bats. We should avoid bats because they could
drop us in a cave with a pit or the Wumpus .

Would you l i ke  to go cave 1 anyway ? No

We are now at cave 12.
The nei ghboring caves are caves 1, 8, 18, and 6.
Squeak. I hear bats.

What now? G

We are now at cave 6.
The nei ghboring caves are caves 3, 12, and S.

What now? 3

We are now at cave 3.
The nei ghboring caves are caves 2, 6, 5, and 17.
Brrrr. I feel a breeze , we must be next to a pit.
Whew , what a stench ! That is th~ smell of the Wumpus. It
means that we are within two caves of the Wurnpus .

What now? Shoot
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Figure E.2

2~~~Ø~1:11~3Breeze Squeak

17 8

Into wh i ch cave would you like to shoot? 17

Cave 17 can not contain the Wurnpus because , if the Wumpus
were there we would have sm elle d hi m in cave 6 as cave 6 is
wit hin two caves of cave 17. If we shoot an arro i into cave 17,
it could ricoche t back and ki , ! us.

Would you like to shoot into cave 17 anyway ? Yes

Poing
Po ing
Poing

We are now at cave 3.
The neighbor i ng caves are caves 2, 5, 5, and 17.
Brrrr. I feel a breeze.
What a stench ! The Wutupus is near.

What now? 17

Hum mm .
Jim , we don ’t need to risk a pit in cave 17 as cave 5 is

safe. Cave 5 can not contain a p it because , if a p it were there ,
we would have felt a breeze in cave 6. We should try not to
stumb le into a pit as it would be fatal.

Would you like to go to cave 17 anyway ? No

We are now at cave 3.
The neighboring caves are caves 2, 6, 5, and 17.
Brrrr.
What a stench !

What now? S

We are now at cave S.
The nei ghboring caves are caves 15, 6. 9, and 3.
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Brrrr.

What now? g

Figure E.3

2 
/

~~~~ reeze 18

Squeak

Hummm .
Well , Jim , I think that I would rather risk bats in cave 18

than pits in cave 9.

Would you like to go cave S anyway? No

We are now at cave S.
The nei ghboring caves are caves 15, 6, 9, and 3.
Brrrr.

What now? Route

What cave would you like to go to? 18
To get to cave 18, J im , we could  mo ve to caves 6, 12, and 18.

Wou l d you like a route to another cave? No

We are now at cave 5.
The nei ghboring caves are caves 15, 6, 9, and 3.
Brrrr.

What now? B

We are now at cave 6.
The neighbor i ng caves are caves 3, 12, and S.

What now? 12

We are now at cave 12.
The neighbor i ng caves are caves 1, 8, 18 , and 6.
Squeak.
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What now? 18

This game wou ld continue along the same lines. We wi l l  shift to a more advanced
player.

Hello , my name  is Wusor V I I .  What is your name? Brian CArr

Do I have your name right , Brian Carr? Yes

I believe tha t we have hunted L4unip ii together before. Is that
right? Y

Just a second while I erase my blackboard.

In this game , Brian , there w i l l  be 22 caves all total , three
pits , and three caves with bats.

O.K. , now I w il l  draw up a new warren.
We are now at cave 8.
The neighboring caves are caves 6. 9, 13, and 10.
Brrrr.

What now? B

We are now at cave 5.
The neighbor ing caves are caves 8, 5, and 3.
Brrrr.

What now? 0

Fi gure E.4

JBreeze 
BreeZe \

\

~~~

Humru ni.
Brian , i t  i s n’t necessary t o take such large r isks  ~ i t h

pit s . It is true that one of caves 13. 3, and 12 cont~ 
- - - -

pit because we felt a breeze in cave S. Howev~-~ . one - - ‘ - -
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0 and S contains a pit because we felt a breeze in cave 6.
This makes it less like l y that cave 9 conta ins a pit , and so,
Br i an, we might want to exp l ore cave 9 instead.

Would you like to go cave 8 anyway? No

We are now at cave 6.
The ne i ghbor i ng caves are caves 8, 5, and 8.
Brrrr.

What now? 8

We are now at cave 8.
The nei ghbor i ng caves are caves 6, 9, 13, and 18.
Brrrr..

What now? 9

We are now at cave 9.
The neigh boring caves are caves 4, 13, 8, and 7.
Brrrr.

What now? 13

Figure E.5

0 10

I Breeze / Breeze

~~~~~ree z e

Hu r nm m.
Br ian , i t  isn ’t necessary to take such l arge risks with

pits. One of caves 18 and 13 contain a pit. Also, one of
cav es 7, 4, and 13 conta ins a pit. This is multiple evidence
of a pit in cave 13 wh i ch makes it quite likely that cave 13
contains a pit. It is less likely that cave 4 contains a pit.
Hence, Br i an, we might want to exp lore cave 4 instead.

Would you like to go cave 13 anyway? No

We are now at cave 9.
The neigh bor i ng caves are caves 4, 13, 8, and 7.
Brrrr.
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What now? Info

What cave would you lik e to know about? ~

The neighbors of cave 8 are caves 8, 9, 13, and 10.
It has warning 1’Brrrr 0

Would you like to know about another cave? ~~

We are now at cave 9.
The nei ghbor i ng caves are caves 4, 13, 8, and 7.
Brrrr.

What now? 4

We are now at cave 4.
The ne i ghbor i ng caves are caves 7, 3, and 9.
What a stench!

l4hat now? 7

Fi gure E.G

~~~~
reez:

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Hummm.
Cave 3 is a very good cave to exp l ore, Br i an. Cave 3 must

be next to the Wumpus because we smelled the Wumpus 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. One of caves 2, 16, and 0
must be next to the Wumpus , but we also know that caves 7 and
S are not next to the Wumpus . Therefore, cave 3 must be next
to the Wumpus , and , if we visit cave 0, we will gain
information about the l ocation of the Wumpus.

Would you like to go cave 7 anyway? ~~

We are now at cave 7.
The neighbor i ng caves are caves 17, 4, and S.
Squeak.
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What now? 4
4

We are now at cave 4.
The neighbor i ng caves are caves 7, 3, and 9.
What a stench !

What flow? 3

We are now at cave 3.
The ne i ghbor i ng caves are caves 4, 12, 10, and 18.
What a stench!

What now? 18

Fi gure E.7

~~~~~ eez:
8
~~~~~~~~~~~~~~~~~~~~~~~~~

4

S t h

Squeak
As it is quite possible that cave 18 contains the Wumpus ,

Br i an, you might want to shoot an arrow into cave 18 before we
visit it.r
Would you like to shoot an arrow into cave 18 instead? 

~~!

Congratulations , Brian , you have shot the Wumpus .
Your record is eight wins and four losses.
Wou l d you like to play again? No

Well , Br i an, have a nice day. Please l ook me up next time
you want to go on a Wump il hunt.

I am returning you to ODT.... -

Page 97



_______________________________ 

The Wurivpus Advisor Appendices

Results of Experiments W ith the Synthetic Student

Appendix F

The following are the “results” of the Synthetic Student exper i ments. The

complete protocols are, in fact, much more revealing, but altogether amount to

well over a thousand pages of computer output. An editted portion of the last

exper i ment is shown in the following Appendix. This protoco l is representative

of all of the protocols (except that Syndi normall y had a fixed state and did not

“learn”). In analyzing the tables, the actua l numbers shown are of little

i mportance. The key var i able is whether or not the given rule is known (as

ind i cated by an aster i sk following the Familiarity Values). The first group of

exper i ments were of the Type 1 descri bed earlier.

Exper i ment with Syndi Possessing Full Knowledge

Uusor’s Student Knowledge Mode l Syndi’s Student Mode l
Rule Bats Pits Wumpus Bats Pits Uumpus

0 6.7838712* 2.78307113* 0.8-. 0.0* 0.0* 8.0*
1 386.78307* 278.78387* 385.78387* 8.0* 0.0* 8.8*
2 0.8 0.8 4.7830712* 8.8* 0.0* 8.8*
3 79.78307* 80.78387* 100.78307* 8.8* 0.0* 8.8*
6 27.7830712* 27.7830712* 62.7830715* 0.0* 8.8* 0.0*
5 79.78307* 88.78387* 100.78307* 0.0* 0.8* 8.0*
6 0.0— 0.0— - 9.78307116* 0.8* 0.0* 8.8*
7 22.7838712* 27. 7830712* 62.7830715* 0.0* 8.0* 0.0*
8 8.0 8.8 31.7830712* 8.0* 0.8* 8.8*
9 0.0 8.0- 0.0- 8.8* 8.8* 8.0*
18 8.78387127* 8.78387127* 4.7830712* 0.0* 0.0* 8.0*
11 18.7830712* 18.7838712* 24.7830712* 8.8* 8.8* 0.8*
12 3.78387113* 2.78387113* 8.8- 8.8* 0.8* 8.0*
13 5.7830712* 3.78387113* 7.7838712* 8.8* 0.0* 8.8*
14 2.78307113* 2.78307113* 8.8 0.8* 0.0* 8.0*
15 0.8 0.8 25.7830712* 8.0* 0.0* 0.0*
19 0.0 8.8 29.7830712* 8.0* 8.8* 0.8*
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Experiment with Syndi Possessing Knowledge up to Phase 2

Wusor’s Student Know l edge Mode l Syndi’s Student Mode l
Rule Bats Pits Wumpus Bats Pits Wumpus

0 0.0— 8.8- 0.0- 1.0* 1.8* 1.8*
1 437.78307* 235.78307* 235.78307* 11.0* 11.8* 11.0*
2 8.0 0.8 8.8-. 8.0 0.0 1.8*
3 27.7838712* 33.7830715* 8.78307127* 1.0* 1.0* 1.0*
4 1.8— 1.0- 3.78307113* 8.0 0.8 8.8
5 27.7830712* 33.7830715* 8.78307127* 1.8* 1.0* 1.0*
6 0.8 0.8 0.0- 0.0 8.0 0.0
7 1.8— 1.8- 3.78307113* 0.0 8.8 0.0
8 0.8 8.8 8.0- 0.0 8.0 0.0
9 8.8 0.8 0.0- 0.0 0.0 0.0
18 0.0 8.0 0.0- 0.0 8.0 8.0
11 1.0— 1.0- 8.0- 0,0 8.0 0.0
12 0.0 0.8 8.0 8.0 0.8 8.8
13 0.0 8.8 8.8 8.8 8.8 8.8
14 0.8 0.8 8.0 8.0 0.0 8.8
15 0.0 0.8 0.0- 0.0 0.0 0.0
19 8.0 0.8 2.78307113* 8.8 0.8 1.0*

Exper i ment with Synd i Possessing Know l edge up to Phase 3

Wusor’s Student Knowledge Mode l Syndi’s Student Model
Rule Bats Pits Wumpus Bats Pits Uumpus

0 2.78307113* 2.78307113* 0.0- 1.8* 1.8* 0.0
1 138.78387* 92.78307* 95.78387* 34.0* 34.0* 34.8*
2 0.0 0.8 4.7838712* 8.0 0.0 2.0*
3 21.7830712* 24.7830712* 21.7838712* 1.8* 1.0* 5.0*
4 8.78307127* 8.78387127* 15.7830713* 2.8* 2.8* 4.0*
5 21.7830712* 24.7830712* 21.7830712* 1.0* 1.0* S.0*
6 0.0-. 0.8- 4.7830712* 8.0 8.8 0.0
7 3.78307113* 8.78307127* 15.7838713* 2.0* 2.8* 4.0*
8 8.0 0.8 8.78307127* 0.0 8.0 0.0
9 8.0 0.8- 0.0- 0.0 0.0 0.0
10 3.78307113* 3.78307113* - 1.0- 2.0* 2.0* 0.8
11 6.7830712* 6.7830712* 8.78307127* 1.0* 1.0* 0.8
12 1.0— 1.0- 0.0- 8.0 0.0 0.0
13 1.0— 1.8- 0.0- 0.0 0.8 0.0
14 0.0 0.0 - 

8.0 8.0 0.0 0.0
15 8.0 8.8 8.78387127* 0.0 8.0 8.0
19 LB 0.8 8.78307127* 8.0 0.0 3.0*
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The next set of exper i ments were of the Type 2 with Wusor initially

assuming that Synd i had a complete knowledge of the game. Because of the nature

of the Phases, once the player is no l onger presumed to know a simple rule (like

rules 3 and 5), the higher rules can no longer be degraded. In any case, the

player was reduced to the appropriate phase, and adv i ce would only be given at

— the appropriate level.

Exper i ment With Uusor Oegrading his Student Mode l

Wusor’s Student Knowledge Mode l Syndi’s Student Mode l
Rule Bats Pits Wumpus Bats Pits Wumpus

0 0.84— 1.0*.,. 0.0 1.0* 1.0* 1.0*
1 128.0*,. 112.0*÷ 113.0*+ 1.0* 1.0* 1.0*
2 0.0 0.8 8.0- 8.0 0.8 1.0*
3 0.34-f 0.34-+ 8.34-f 0.0 8.0 0.8
4 3.8*.,. 2.8*... 3.0*... 0.0 8.8 8.8
5 8.34-... 8.0-f 8.34-+ 0.0 0.8 8.8
6 0.0— 0.8 0.0 8.8 0.0 0.0
7 3.0*,. 2.0*-.. 3.0*-.. 0.0 0.0 0.8
8 8.8 0.0 2.8*... 0.8 0.8 0.8
9 8.0 8.0 1.8* 8.0 0.0 0.0
10 1.O*+ 1.8*+ 8.8 0.0 0.0 8.0
11 3.0*.,. 2.8*.,. 0.0 + 0.8 0.8 8.0
12 1.0*... 1.0*,. 8.0 + 0.0 8.8 8.8
13 1.0*... 0.0 + 1.0*-i. 0.0 8.0 8.0
16 1.8*.,. 8.34 + 0.0 0.8 8.0 0.0
15 0.0 8.0 8.0 4 8.0 0.0 S.C
19 0.8 0.0 0.8-i. 0.0 0.0 0.0
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The last eet of exper i ments were of the Type 3, where Synd i started with a

minimal know l edge of the game (rules 8, 1, and 2) and “learned” rules as they

were explained to her.

Experiment with Syndi Learning

Wusor’s Student Knowledge Mode l Syndi’s Student Model
Rule Bats Pits L4umpus Bats Pits Wumpus

0 18.0*,. 4.0* 0.0- 3.0* 1.0* 1.8*
1 517.8*.. 486.0*-,. 423.0*.,. 6.0* 4.0* 29.8*
2 0.0 0.0 7.0*+ 0.0 - 8.8 9.0*
3 118.8* 118.0*.,. 68.0*..- 1.0* 1.0* 29.0*
4 50.0*... 51.8* 52.0*-.. 3.0* 3.0* 27.0*
5 118.8* 118.0*-,. 68.8*-,- 1.0* 1.0* 29.0*
6 8.0- 8.8- 2.8* 8.0 8.8 8.8
7 33.0*... 51.0* 52.8*-i. 4.0* 3.0* 32.0*
8 8.8 0.0 35.8*,. 0.8 0.0 32.0*
9 8.8 8.0- 0.0- 0.0 0.0 8.8
18 13.0*-,. 13.0* 6.0*.i. 1.0* 1.0* 11.0*
11 38.0*-.. 39.8* 28.0*-.. 1.0* 1.0* 4.0*
12 8.0— 0.0- 8.8- 0.0 0.0 0.0
13 18.0* 3.0*-,. 4.0* 1.0* 1.0* 0.8
14 8.0 0.8 0.0 8.8 8.0 8.8
15 0.8 0.8 31.0* 8.8 8.0 0.8
13 0.0 0.0 22.8*-,. 0.8 0.0 8.8
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Scenario Between Synd i Learn and Wusor

Appendix G

What follows is a typica l protocol with the Synthetic Student and Wusor. At

vari ous points each had inserted their current student mode l va l ue3 into the

file , but these were deleted to save space. Also , between every move both Wusor

and Syndi would output their analyses of each move, but most of these have also

been deleted to conserve space (the remaining are shown in italics ). The complete

protocols from all the exper i ments are available through the author.

Comments made by Wusor which would not normally be disp l ayed - f or the

student are enclosed in “***“. They constitute a trace of Wusor’s reasoning and

make Wusor more believable to a human teacher as well as serving as an i nvaluable

debugging aid. Syndi’s comments are much less frequent and are enclosed in

“###“. Syndi’s replies are all listed in upper case characters and underlined.

Hello , my name is Wusor VIII . What is your name? (Please
type In your first and last name. Follow all responses with
a space.) SYNOI LEARN

Do I have your name righ t. Syndi Learn? YES

I believe that we have hunted Wump li together before. Is
that 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 alter i ng the game to create a situation appropriate
for a player of phase 0. *~ ic
We are now at cave 11.
The nei ghbor i ng caves are caves 14, 1, 9, and 19.

What now?

### The following is my estimation of the moves .
Cave Cost Ga in Index
19 0.198270723 0.80131674 4.0415233
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9 0.198270723 0.80131574 4.0415233
1 0.198270723 0.80131574 4.0415233
14 0.198270723 0.80131574 4.0415233

A “““ after the cave number indicates that these
figures reflect shooting into the cave before visiting i t .

F Cave Cost Gain Index
19 0.0 1.0 10000.0 ‘1
9 0.0 1.0 10000.0
1 0.0 1.0 10000.0
14 0.0 1.0 10000.0

14

We are now at cave 14.
The ne i ghbor i ng caves are caves 16, 5, 19, and 11.
Brrrr. 1 feel a breeze ! We must be next to a pit.

What flow?

### The following is my estimation of the moves .
Ca ve Cost Gain Index
9 U.198270723 0.79707436 4.0201313
1 0.198270723 0.79707435 4.0201313
19 0.198270723 0,79707435 4.0201313
5 0.198270723 0.79707435 4.0201313
16 0.198270723 0.79707435 4.0201313

A “ “  after the cave number indicates that these
figures reflect shooting into the cave before visiting it.
Cave Cost Gain Index
5 0.5 0.5 1.0
16 0.5 0.5 1.0
9 0.0 1.0 10000.0
1 0.0 1.0 10000.0
19 0.0 1.0 10000.0

16

Syndi , why not go back to cave 11 where we didn ’t
get any warnin gs at all. From there we can safely go to
cave 1 wit hout risk i ng the pit. We should try not to
stumble into the pit as it would be fatal.

*** I have used: (rule 1 for the Wumpus), (rule 1 for the
pi t) , and (rule 1 for the bats) in explaining comb ination
rule 8. ***Would you like to go to cave 16 anyway? ~Q
We are now at cave 14.
The neighbor i ng caves are caves 16, 5. 19, and 11.
Brrrr. I feel a breeze.

What now? 11

*** I have stopped i n i t i a l i z i ng  the player ’s knowledge model
for the bats because he seems to be learning rule 1. ***
*** I am advancing the student to phase 1 for the bats as he
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has mastered rule 1. *** 
-

*** I have stopped initializing the player ’s know l edge mode l
for the pit because he seems to be learning rule 1. ****** I am advancing the student to phase 1 for the pit as he
has mastere d rule 1. ***• *** I have stopped initializing the player ’s know l ed ge model
for the Wunipus because he seems to be learning rule 1. ***
*** I am advancing the student to phase 1 for the Wuinpus as
he has mastered rule 1. ***We are now at cave 11.
The neighbor i ng caves are caves 14, 1. 9, and 19.

What now? 1

*** I am upgrading the player ’s receptivity because his move
to cave 1 is a move that I told him was good very recentl y.

We are now at cave 1.
The ne i ghbor i ng caves are caves 0, 15, and 11.
Whew , what a stench ! That is the smel l of the Wurnpus. It
means that we are within two caves of the l4urnpus.

What now?

### The following is my estimation of the moves ,
Cave Cost Gain Index
5 0.198270723 0.79283295 3.9987394
16 0.198270723 0.79283295 3.9987394
19 0.198270723 0.79283296 3.9987394
9 0.198270723 0.79283295 3.9987394
15~ 0.1 2.792833 27.9283297
0 0.1 2.792833 27.9283297

A ~~~ after the cave number indicates that these
figures reflect shooting into the cave before visiting it.
Cave Cost Gain Index
5 0.5 0.5 1.0
16 0.5 0.5 1.0
19 0.0 1.0 10000.0
9 0.0 1.0 10000.0
16 0.0 1.1 11000.0
0 0.0 1.1 11000.0

SHOOT

Into wh i ch cave would you like to shoot? ~

Cave 0 can not contain the Wumpus because, i f the
Wumpus were there , we would have sme ll ed the Wumpus in cave
11 as cave 8 is within two caves of cave 11, and , i f  we
shoot an arrow i n to cave 0, it could ricochet back and ki l l
us.

*** I have used: (rules 3 and S for the Wurnpus) in
explaining combination rule 9. ***f/fl/I I have just “learned ” rul e 3 for the Wumpus. fl/I/I
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fl/I/I I have just “learned” rule 5 for the L4umpus. fl/I/I
Would you like to shoot into cave 8 anyway? NO

We are now at cave 1.
The ne i ghbor i ng caves are caves ~~, 15, and 11,
What a stench! The Wumpus is near.

What now? SHOOT

Into which cave would you like to shoot? 15

Poing
You have just shot yourself.
Wou l d you like to take back your last move? YES

• We are now at cave 1.
The nei ghbor i ng caves are caves 0, 15, and 11.
What a stench!

What now? 16

We are now at cave 15.
The neighboring caves are caves 1, 6, 3. and 10.
Squeak. I hear bats, they must be in one of the neighboring
caves.
Wha t a stench !

What now?

### The following is my estimation of the moves .
Cave Cost Gain Index
5 0.198270723 0.78859156 3.0773476
16 0.198270723 0.78859156 3.9773475
19 0.198270723 0.78859156 3.9773475
9 0.198270723 0.78859186 3.9773475
o 0.198270723 0.78859156 3.9773475
lOW 0.1 2.78859156 27.8859157
3W 0.1 2.78859166 27.8859157
6 0.1 2.78859166 27.8859157

A after the cave number indicates that these
figures reflect shooting into the cave before visiting it.
Cave Cost Gain Index
5 0.5 0.5 1.0
16 0.6 0.6 1.0
10 0.227228693 0.7828629 3.4452203
3 0.227228693 0.7828629 3.4452203
6 0.22 7228693 0.7828529 3.4452203
19 0.0 1.0 10000.0
9 0.0 1.0 10000.0
0 0.0 1.1 11000.0

SHOOT

Into which cave would you like to shoot? 6
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Congratulations , Syndi , you have shot the Wumpus.
Your record is one wins and one losses.
Would you li ke to play again? ~~~

In this game. Syndi , there wi l l  be 28 caves all
tota l , two p i t s , and two caves with bats.

Just a second while I erase my blackboard.

*** Time is 149. ***O.K., now I w i l l  draw up a new warren.

*** I am alter i ng the game to create a situation appropriate
for a play er of phase 0. ***
We are now at cave 3.
The neighbor i ng caves are caves 7, 8. and 15.

What now? 7

We are now at cave 7.
The ne i ghbor i ng caves are caves 6, 3, 13 , and 18.
Squeak. I hear bats.
Brrrr.

What now?

### The following is my estimation of the moves .
Cave Cost Gain Index

O 0.114270098 0.88430289 7.7387077
15 0.114270098 0.88430289 7.7387077
18 0.114270098 0.88430289 7.7387077
13 0.114270098 0.88430289 7.7387077
6 0.114270098 0.88430289 7.7387077

A I # W t ~ after the cave number indicates that these
figures reflect shoottng into the cave before vtsitinfi ~.t.Cave Cos t Gain In dex
18 0.36856813 0.6279084 1.70364266

• 13 0.36856813 0.6279084 1.70364266
6 0.36856813 0.6279084 1.70364266
0 0.0 1.0 10000.0
15 0.0 1.0 10000.0

6

Hummmm .

*** Better moves wh i ch I have not mentioned to the student
recently are caves 15 and 0. ***Syndi , we don’t need to risk bats and pits in cave 6
as cave 15 is safe. Cave 15 can not contain a pit because,
i f a p i t  were t here , we would have fe lt a breeze in cave 3.
We should avoid pits as they are fatal. Likew i se, cav e 15
is safe from the other dangers.

*** I have used: (rules 3 and 5 for pits ) in explaining
combination rule 0. ***fl/I/I I have just “l earned” r u l e  3 for pits. fl/I/I
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fl/I/I I am transferring my knowledge of rule 3 for pits to
bats. ///I/I
fl/I/I I have just “lea rned ” rule S for pits. fl/I/I
fl/I/I I am transferring my know l edge of rule 5 for pits to
bats. fl/I/I
Would you like to go to cave S anyway? NO

We are now at cave 7.
The ne i ghboring caves are caves 6, 3, 13, and 18.
Squeak.
Brrrr.

What now? 3

We are now at cave 3.
The ne i ghbor i ng caves are caves 7. 15, and 0.

What now? 15

*** I am upgrading the player ’s receptivity because his move
to cave 15 is a move that I told him was good very recentl y.

We are now at cave 15.
The neighbor i ng caves are caves 1, 4, 3, and 8.

What now?

### The following is my estimation of the moves .
Cave Cost Gain Index
18 0.114270098 0.87938217 7.6956455
13 0.114270098 0.87938217 7.6956455
6 0.114270098 0.87938217 7.595G455
0 0.0 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 “ “  after the cave number indicates that thes e
figures reflect shooting into the cave before visiting it.
Cave Cost Gain Index
18 0.36856813 0.61575847 1.67057747
13 0.36856813 0.61575847 1.57057747
6 0.36866813 0.61576847 1.67067747
O 0.0 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

1

We are now at cave 1.
The neigh bor i ng caves are caves 15 , 2, 14 , and 9.
Squeak.
What a stench !
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Wha t now? 15

We are now at cave 15.
The nei ghbor i ng caves are caves 1, 4, 3, and 8.

What now? 4

*** Iloves wh i ch the student seems to have correct’y
identified as worse are caves 2, 14, and 9. ****** According to comb i nation rule 0, I am marking rules 3
and S for bats because his move is better than cave 2. ***We are now at cave 4.
The neighbor i ng caves are caves 15, 11, 18, and 2.
Squeak.
Brrrr.

What now? 16

We are now at cave 15.
The ne i ghbor i ng caves are caves 1, 4, 3, and 8.

What now? 8

*** Moves wh i ch the student seems to have correctly
identified as worse are caves 2. 11, and 18. ****** According to combination rule 0, I am marking rules 3
and 5 for bats because his move is better than cave 2. ****** I am advancing the student to phase 2 for bats as he has
mastered rules 3 and S. ****** Acco rd in g to com bi na t ion  ru l e 8, I am marking rules 3
and 5 for pits because his move is better than cave 11.

*** 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 neighbor i ng caves are caves 15, 19, 13, and 2.
Brrrr.

What now? a
We are now at cave 2.
The neigh bor i ng caves are caves 9, 1, 8, and 4.
What a stench !

What Now? 9

We are now at cave 9.
The neighbor i ng caves are caves 10, 2, 1, and 5.
What a stench !

What now? 1

We are now at cave 1.
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The nei ghbor i ng caves are caves 15, 2. 14, and 9.
Squeak.
What a stench !

What now? 16

We are now at cave 15.
The nei ghbor i ng caves are caves 1, 4, 3, and 8.

What now? 3

We are now at cave 3.
The neighbor i ng caves are caves 7, 15, and 0.

What now? 0

*** Moves wh i ch the student seems to have correctl y
i dentified as worse are caves 10 , 5, 14, 19, 11, 13,
and 18. ****** According to combination rule 8, I am marking rules 3
and 5 for the Wumpus because his move is better than cave 10.

*** According to combination rule 0, I am marking rules 3
and 5 for bats because his move is better than cave 14.

*** According to comb i nation rule 0, I am marking rules 3
and S for pits because his move is better than cave 19.

We are now at cave 8.
The ne i ghboring caves are caves 11, 16 , and 3.
What a stench !

What now?

### The following is my estimation of the moves .
Cave Cost Gain Index
18 0.114270098 0.84985783 7.4372723
6 0.114270098 0.84985783 7.4372723
19 0.100000001 0.9 8.99999988
13 0.100000001 0.9 8.99999988
5W 0.1 2.9 29.0000002
10 0.1 2.9 29.0000002
14 0.0158556625 0.9442865 69.555159
16 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 Cos t Gain Index
18 1.0 0.0 0.0

• 19 0.5 0.5 1.0
13 0.5 0.6 1.0
14 0.158556688 0.442864964 2.79310346
5W 0.16665 3.416685 20 .5021603
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lOW 0.16665 3.416685 - 20 .5021603
6 0.0 2.0 10000.0
11 0.0 1.0 10000.0
16 0.0 1.1 11000.0

11

Hummmm .

*** Better moves wh i ch I have not mentioned to the studen t
recently are cave 16. ***We are now at cave 11.
The neighbor i ng caves are caves 0, 4, 17, and 18.
Squeak.

• Brrrr.

What now? 0

We are now at cave 8.
The ne i ghbor i ng caves are caves 11, 16, and 3.
What a stench !

What now? 16

*** Moves wh i ch the student seems to have correctl y
i dentified as worse are caves 17 and 18. ***We are now at cave 16.
The neighbor i ng caves are caves 13, 6, 10, and 0.
Brrrr.
What a stench !

What now?

### The following is my estimation of the moves.
Cave Cost Gain Index
6 U.114270098 0.8400164 7.3611479
18 0.114270098 0.8400164 7.3511479
17 0.114270098 0.8400164 7.3511479
19 0.100000001 0.9 8.99999988
13 0.100000001 0.9 8.99999988
10 0.1 2.9 29.0000002
5W 0.1 2.9 29.0000002
14 0.0158556625 0.93335155 58 .865503

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 0.0
13 1.0 0.0 0.0
14 0.158566588 0.333516684 2.1034483
10 0.16665 3.416685 20.5021603

• 5W 0.16665 3.416685 20 .5021603
19 0.0 1.0 10000.0
6 0.0 1.0 10000.0
17 0.0 1.0 10000.0

0
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We are now at cave 0. -

The nei ghboring caves are caves 11, 16, and 3.
What a stench !

What now? 3

We are now at cave 3.
The neighbor i ng caves are caves 7, 15, and 0.

What now? 16

We are now at cave 15.
The neighbor i ng caves are caves 1, 4, 3, and 8.

What now? 1

We are now at cave 1.
The neighbor i ng caves are caves 16, 2, 14, and 9.
Squeak.
What a stench !

What now? 14

*** Moves which the student seems to have correctlyi dentified as worse are caves 13 and 18. ***Hurnmmm.

*** Better moves wh i ch I have not ment ioned to the student
recently are caves 19, 17, 10, and S. ***Bon Voyage!
We are now at cave 8.
The ne i ghbor i ng caves are caves 15, 19. 13, and 2.
Brrrr.

What now?

### The following is my estimation of the moves .
Cave Cos t Gain Index
14 0.158556588 0.333516584 2.1034483
6 0.114270098 0.8400164 7.3511479
17 0.114270098 0.8400164 7.3511479
18 0.114270098 0.8400164 7.3511479
13 0.100000001 0.9 8.99999988
19 0.100000001 0.9 8.99999988

• 
5W 0.1 2.9 29.0000002
20 0.1 2.9 29.0000002

f l W~~P after the cave number indtcates that the se
figures reflect shooting into the cave before visiting it.
Cave Cost Gain Index
18 1.0 0.0 0.0
.13 1.0 0.0 0.0
14 0.158556588 0.333515584 2.1034483
5~ 0.16665 3.416685 20 .6021603
lOW 0.16666 3.416685 20.5021603
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6 0.0 1.0 ‘ 10000.0
• 17 0.0 1.0 10000.0

19 0.0 1.0 10000.0
2

• We. are now at cave 2.
The nei ghbor i ng caves are caves 9, 1, 8, and 4.
What a stench !

What now? S

We are now at cave 9.
The neig hbor i ng caves are caves 10, 2, 1, and S.
What a stench !

What now? SHOOT

Into wh i ch cave woul d you like to shoot? 10

Poing )
We are now at cave 9.
The ne i ghbor i ng caves are caves 10. 2, 1, and 5.
What a stench!

What now?

### The following is my estimation of the moves .
Cave Cost Gain Index
14 0.168556588 0.333516584 2.1034483
6 0.114270098 0.8400164 7.3511479
17 0.114270098 0.8400164 7.3511479
18 0.114270098 0.8400164 7.3511479
13 0.100000001 0.9 8.90999988
19 0.1O66~O0O1 0.9 8.99~)9..)988
5W 0.1 2.9 29.0000002
10 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 Gain Index
18 1.0 0.0 0.0
13 1.0 0.0 0.0
14 0.158556588 0.333515584 2.1034483
6 0.0 1.0 10000.0
17 0.0 1.0 10000.0
19 0.0 1.0 10000.0
10 0.0 1.0 10000.0
5W 0.0 6.1 61000.0

10

Hummm m.

*** Better moves which I have not mentioned to the student .J
recentl y are cave 5. ***We are now at cave 10.
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The nei ghbor i ng caves are caves 17. 9. 19, and 16.
What a stench!

What now? 17

Hummmm .

*** Better moves wh i ch I have not mentioned to the student
recentl y are cave 5. ***We are now at cave 17.
The ne i ghboring caves are caves 6, 18, 12, and 11.
What a stench!

What now? S

*** I am degrading the player ’s recep t i v i t y  because h i s move
to cave C is a move that I told him was bad very recently.

We are now at cave 6.
The neighbor i ng caves are caves 7, 12, 17, and 13.
Brrrr.
What a stench!

• What now? 12

Hummmm .

*** Better moves wh i ch I have not mentioned to the student
recently are cave 5. ***F We are now at cave 12.
The neighbor i ng caves are caves 5, 6, 14, and 17.
Squeak.
What a stench!

What now? 17

We are now at cave 17.
The neighbor i ng caves are caves 6, 10, 12, and 11.
What a stench !

What now? 10

We are now at cave 10.
The ne i ghbor i ng caves are caves 17, 9, 19, and 18.
What a stench !

What now? 19

*** Moves wh i ch the student seems to have correctly
i dentified as worse are caves 14 and 13. ***
*** According to combination rule 0, I am mark i ng rules 3
and 5 for bats because his move is better than cave 14.

*** According to comb i nation rule 0, I am markin g rules 3
and 5 for pits because his move is better than cave 13.
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Hummmm. —4
**~m Better moves wh i ch I have not mentioned to the student
recentl y are cave 5. ***We are now at cave 19.
The ne i ghboring caves are caves 14, 8, 18. and 10.
Squeak.
Brrrr.
What a stench !

What now?

### The following is my estimation of the moves .
Cave Cost Gain Index
14 0.158556588 0.060142154 0.37931034
18 0.114270098 0.81541279 7.135837
13 0.100000001 0.9 8.99999988
5W 0.1 2.9 29.0000002

A (IW II after the cave number indicates that these
figures reflect shooting into the cave before visiting it. )
Cave Cost Gain Index
13 1.0 0.0 0.0
18 1.0 0.0 0.0
14 0.158556688 0.060142164 0.37931034
5W 0.0 6.1 61000.0

We are now at cave 10.
The neighboring caves are caves 17, 9, 19, and 16.
What a stench !

What now? 16

We are now at cave 16.
The neigh boring caves are caves 13, 5, 10, and 0.
Brrrr.
What a stench !

What now? SHOOT

Into wh i ch cave would you like to shoot? ~

Congratulations , Synd i , you have shot the Wumpus .
Your record is two wins and one losses.
Wou l d you like to play aga i n? ~~~

In this game , Syndi , there wil l  be 20 caves all
total , two pits , and two caves with bats.

Just a second while I erase my blackboard.

*** Time is 208. ***O.K., now I will draw up a new warren.

*** I am alter i ng the game to create a situation appropriate
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f or a player of phase 0. ***
We are now at cave 5.
The neighbor i ng caves are caves 8, 12, 3, and 19.

What now? 8

We are now at cave 8.
The neighbor i ng caves are caves 5, 4, 6, and 7.
Squeak.
Brrrr.
What a stench!

What now?

### The following is my estimation of the moves .
Cave Cost Gain Index
7 0.114270098 0.88430289 7.7387077
6 0.114270098 0.88430289 7.7387077
4 0.114270098 0.88430289 7.7387077
19 0.0 1.0 10000.0
12 0.0 1.0 10000.0
3 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 Gain Index
7 0.36856813 0.67235283 1.82422945
6 0.36856813 0.67235283 .1.82422945
4 0.36866813 0.67235283 1.82422945
19 0.0 1.0 10000.0
12 0.0 1.0 10000.0
3 0.0 1.0 10000.0

We are now at cave S.
The nei ghbor i ng caves are caves 8, 3, 12, and 19.

What now? 3

*** Moves wh i ch the student seems to have correctly
i dent ified as worse are caves 4, 6, and 7. ***We are now at cave 3.
The ne i ghbor i ng caves are caves 18, 9, and 5.

What now? 18

We are now at cave 18.
The ne i ghbor i ng caves are caves 3, 17, and 14.

What now? 17

We are now at cave 17.
The neigh bor i ng caves are caves 15, 18, 11, and 14.
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Brrrr.

What now?

### The following is my estimation of the moves .
Cave Cost Gain Index
7 0.114270098 0.86954073 7.6095211
6 0.114270098 0.86954073 7.6095211
4 0.114270098 0.86964073 7.6095211
11 0.100000001 0.9 8.99999988
15 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 after the cave number indicates that these
figures reflect shooting into the cave before visiting it.
Cave Cost Gain Index
11 0.6 0.5 1.0
15 0.5 0.5 1.0
7 0.36856813 0.63590305 1.7253338
6 0.36856813 0.63590305 1.72.53338
4 0.36856813 0.63590305 1.7253338
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 ne i ghboring caves are caves 0, 11, 18, and 17.
Squeak.
Brrrr.

What now? 18

We are now at cave 18.
The neigh bor i ng caves are caves 3, 17, and 14.

What now? 3

We are now at cave 3.
The nei ghbor i ng caves are caves 18, 9, and 5.

What now? S

*** Moves wh i ch the student seems to have correctly
i dentified as worse are caves 8 and 11. ****** According to combination rule 8, 1 am ma rk in g ru les  3
and 5 for bats because his move is better than cave 8. *** •

*** According to combination rule 0, I am marking rules 3
and 5 for pits because his move is better than cave 11.
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We are now at cave 9.
The ne i ghbor i ng caves are caves 3, 6, 18, and 2.
What a stench !

What now? B

We are now at cave 6.
The ne i ghbor i ng caves are caves 8, 9, 11, and 1.
Brrrr.
What a stench !

What now? 9

We are now at cave 9.
The neigh bor i ng caves are caves 3, 6, 18, and 2.
What a stench !

What now? 10

*** Moves which the student seems to have correctly
i dent ifie d as worse are caves 1, 4, 7, and 11. ****** According to comb i nation rule 0, I am marking rules 3,
5, and 19 for the Wumpus because his move is better than
cave 1. ****** I am advancing the student to phase 2 for the Wumpus as
he has mastered rules 3, 5, and 19. ****** According to combination rule 0, I am marking rules 3
and S for pits because his move is better than cave 11.

We are now at cave 10.
The neighbor i ng caves are caves 9, 2. 15, and 13.
What a stench!

What now? 2

We are now at cave 2.
The ne i ghboring caves are caves 10, 0, 16, and 9.
Squeak.
What a stench!

What now? 10

We are now at cave 10.
The ne i ghbor i ng caves are caves 9. 2, 15, and 13.
Wha t a stench !

What now? 16

*** Moves which the student seems to have correctly
i dent ified as worse are caves 16, 13, and 8. ****** According to combination rule 0, 1 am marking rules 3
and S for the Wumpus because his move is better than cave 16.
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*** According to combination rule 0, 1 am marking rules 3
and 5 for bats because his move is better than cave 0. ***We are now at cave 15.
The nei ghboring caves are caves 17, 19, and 18.

What now?

### The following is my estimation of the moves .
Cave Cost Gain Index -

7 0.114270098 0.8400164 7.3511479
4 0.114270098 0.8400164 7.3511479
11 0.100000001 0.9 8.99999988
j  0.1 2.81 28.1
18W 0.1 2.8400164 28.400154
0 0.0158556625 0.93335155 58.865503
12 0.0 1.0 10000.0
13 0.0 1.0 10000.0
19 0.0 1.0 10000.0

A I IW~~S after the cave number indicates that these
figures reflect shooting into the cave before visiting it.
Cave Cost Gain Index
11 1.0 0.0 0.0
7 0.53983915 0.358378894 0.6641084
4 0.53963915 0.358378894 0.6541084
0 0.158556588 0.333515584 2.1034483
1 0.161094997 3.5061289 21.764356
1& 0.127765 4.0427918 31 .642405
12 0.0 1.0 10000.0
19 0.0 1.0 10000.0
13 0.0 1.1 11000.0

19

Hummmm.

*** Better moves wh i ch I have not m ent ic~ned to the student
recen t l y are cave 13. ***Cave 13 i s a very good cave to exp l ore, Syndi , as we
know that one of caves 2 and 13 must be next to the Wurnpus.
Cave 18 must be exactly two caves away from the Wumpus
because we smelled the 1.Jumpus in cave 10. This means that
cave 18 is within two caves of the Wunipus . We also know
that cave 18 is not next to the Wumpus. Hence cave 18 is
exactl y two caves away from the Wumpus. Therefore one of
caves 9, 2, iS, and 13 must be next to the I4umpus . but
neit her of caves 9 and 15 are next to the Wumpus. This
means that one of caves 2 and 13 must be next to the Uumpus,
and so if we visit cave 13 we wi l l  gain information about
the location of the Wumpus.

*** I have used: (rules 8, 4, and 7 for the Wumpus ) in
explaining comb i nation rule 5. ***### I have just “learned ” rule 8 for the Wumpus. ###
### I have just “learned ” rule 4 for the Wumpus. ###
### I have just “learned” rule 7 for the Wumpus . ###
Would ~ou like to go to cave 19 anyway?

Page 118 

- -- --- ~~~~~ --



pr -

The Wumpu.s Advisor Appendices

This exper i ment continued on for many more games.
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