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Abstract

Cluedo is a detective board game where players have to obtain information about an
imaginary murder by making suggestions about this murder. The aim of this research
is to make a computer player for the game Cluedo and investigate what is needed for
such computer player to compete with human players. In this paper three programs
are described, each with a way different way to store and maintain knowledge about
the cards in the game in a knowledge base, introducing knowledge about knowledge of
opponents into the game Cluedo. Each program makes use of different reasoning for
deciding which observation grants the most utility for winning the game, using the gain of
information as measure for utility. The game results show that the increase of information
gain from observations does not increase the performance of the program. The main
result of the research is that the kind of knowledge base used for maintaining knowledge
about the cards held by opponents does effect the chances of winning the game, and that
the programs do outperform human players.

1 Introduction
A: The game of Cluedo

The board game Cluedo is a detective game
with the purpose of determining the guilty sus-
pect, the weapon and room of an imaginary mur-
der inside a mansion. Players are able to get in-
formation about this murder by entering rooms,
making suggestions about the murder and ob-
taining responses from other players refuting or
supporting these suggestions. A game of Cluedo
includes 21 different playing cards representing
possible suspects, weapons and rooms.

At the start of a game of Cluedo three cards,
one suspect card, one weapon card and one
room card are randomly picked, and placed in
the middle of the board. These three cards are
not shown to any player in the game and de-
termine the actual guilty suspect, the murder
weapon and the room in which the murder took
place. The players of the game have to find out
which these three cards are in order to win the
game. The rest of the cards are shuffled and
equally distributed among the players.

When a turn goes to a player, he gets to role
a dice which indicates the amount of steps that
player can take to move around on the board.
There are nine different rooms on the board,
and if a player enters a room, he gets the op-
tion to make a suggestion about the murder. A
suggestion about the murder involves naming
three cards; one suspect, one weapon and one
room. The room named in the suggestion has
to be the room where player is making the sug-
gestion from. Once a player made a suggestion,
other players have to respond to this suggestion,
in a clockwise direction, until the suggestion is
refuted or reaches the player who made the sug-
gestion. There are two ways in which players
can respond to suggestions; supporting it or re-
futing it. A player has to refute a suggestion if
that player holds one of the cards mentioned in
the suggestion by showing the player that made
the suggestion that card. The other players do
not get to see this card. When a player is not
able to refute a suggestion, he supports the sug-
gestion by saying so, in a way that every player
can hear it.



When a player thinks he knows which cards
are in the middle of the board, he can make an
accusation, naming the three cards. That player
then checks whether his accusation is right. If
so, he wins the game, if not, he is not allowed to
make another accusation and is no longer able
to win the game, but still has to keep responding
to suggestions.

B: Research

In this article the development of an intel-
ligent computer program that can play Cluedo
is researched, where the requirements of such
program, to be able to successfully defeat ex-
perienced human players, are investigated. The
moves of a player in Cluedo allow the player
to get access to observations, which will grant
him an increase in utility for winning the game.
Therefore the game of Cluedo can be viewed
at as a preposterior decision problem, in which
the expected increase in utility obtained from
gaining access to additional observations is cal-
culated before making a decision. The same
principles arise in modern surveillance systems,
where autonomous vehicles move around in an
environment in order to collect measurements.

In Cluedo the observations are the responses
of opponent players to suggestions made by all
players. When a player has the option to make a
suggestion, the responses from each opponents
have to be predicted to calculate the increase
in utility from the observations. The problem
that arises in deciding which observation grants
the most utility in a game of Cluedo is that the
responses from opponent players are based on
which cards they hold. Since the cards are ran-
domly distributed among the players, a player
does not know which cards his opponents hold.
Therefore the response from that opponent, and

the increase in utility, is a matter of chance.

So far the reasoning about which suggestion
grants the most utility has only been researched
in such way, that the calculation of the increase
in utility from an observation only involves the
knowledge a player gets from this observation.
In the game Cluedo, the observations made by
one player also give knowledge to opponent
players. Thus trying to maximize the amount of
knowledge obtained from an observation might
not give an advantage and therefore might not be
the optimal way to win the game. Consequently
an addition to such preposterior decision solu-
tion can be made where the utility of an obser-
vation is calculated using not only the increase
of knowledge that the player gets, but also the
knowledge about the increase of knowledge all
opponent players get. This way, maximizing
the utility, it is possible to maximize the ad-
vantage a player gets over his opponents. This
could also be used in the modern surveillance
systems, where for example in case of hostile
environments, we want to minimize the knowl-
edge others get about our obtained knowledge.

The performance of such program that also
takes knowledge about knowledge of opponent
players into account will be compared to the per-
formance of a program that only uses the knowl-
edge of the program itself. The performance
against human players as well as the perfor-
mance against each other is measured, to come
to an answer to the question: What is needed
for a computer program to compete with human
players in the game Cluedo?.

2 Related work

Previously to this work, some articles have been
published about the game Cluedo. A way for
players to store and handle the knowledge ob-



tained during a game of Cluedo is developed by
H.P. van Ditmarsch [6], where he shows by ex-
ample what knowledge can be derived from dif-
ferent observations. H.P. van Ditmarsch has also
made an article fully dedicated to the description
of game actions in Cluedo [7], describing what
actions are possible and what kind of knowledge
can be deduced from these actions. The research
of van Ditmarsch is used in the program design
for the research in this paper.

Clare Dixon has made a similar paper show-
ing how to specify Cluedo using temporal logics
of knowledge and proving statements about the
knowledge of the players using a clausal resolu-
tion calculus for that logic [2]. The same clausal
resolution is used in the program design in this
paper. Chenghui Cai and Silvia Ferrari made a
Bayesian network approach to develop an auto-
mated computer player for Cluedo, viewed at as
a preposterior decision problem [3]. Later Silvia
Ferrari, Senior Member, IEEE, and Chenghui
Cai researched an information-driven sensor
management problem, where hidden variables
are inferred by selecting a sequence of measure-
ments associated with multiple fixed targets dis-
tributed in a sensor workspace [4]. The method-
ology of the research is illustrated through the
board game Cluedo, where they created a con-
nectivity graph to plan the best paths for Cluedo
pawn movement.

3 Program design

Four different type of programs are imple-
mented:

1. A simple program, which does not try to
find an observation which grants the high-
est utility.

2. A dumb program, which does make sug-
gestions like the simple program, but

does not make any accusations during the
whole game.

3. A program, which we refer to as: “Pro-
gram K”, that only uses obtained knowl-
edge for calculating the observation which
grants the highest utility.

4. A program that in addition to the obtained
knowledge, also uses knowledge about
the knowledge of the opponents for calcu-
lating the observation that gives the high-
est utility, which we refer to as: “Program
K&KaK”.

A: Knowledge base

The intelligent computer program needs
a knowledge base to store obtained knowl-
edge, and derive new knowledge from this
stored knowledge. The knowledge stored in
this knowledge base is used to reason about the
moves the program will make during the game.
The knowledge base is constructed with propo-
sitional logic [1] clauses containing knowledge
about the cards in the hands of opponents. For
each opponent a main clause which includes
multiple knowledge clauses about cards is main-
tained, where the number in front of the main
clause represents the player of which the knowl-
edge is about. The variables in the knowledge
clauses represent the cards. The main clause for
each opponent has the logical value true, and
so do all knowledge clauses inside this main
clause. When a knowledge clause inside the
main clause of certain opponent contains one
variable of a card without negation, it means
that opponent holds this card. When a knowl-
edge clause contains one variable with negation
of a card, it means that opponent does not hold
this card. When a knowledge clause contains
multiple variables, it means at least one of the



variables within that clause is true. For example,
a main clause with knowledge clauses about the
cards of one opponent:

11[{14}, {—|B}, {C, D, E}, {—|F, —|G, —|H}]

The knowledge base of the simple program and
Program K contain one of these main clauses
for each opponent. For example in a game with
3 players where Program K is player 1, Program
K holds the cards A and B and has the knowl-
edge that player 2 holds the card C. This results
into a knowledge base containing the following
database:

2:{~A}, {=B},{C}]
3:{~A}, {=B}, {=C]]

The knowledge base of Program K&KaK con-
tains this database, plus another database like
this for each opponent, containing the knowl-
edge of the program about their information
about their opponent cards. For example in a
game with 3 players where Program K&KakK is
player 1, Program K holds cards A and B and
he has the information that his opponents know
that Program K holds card A, this results in:
{2:[{-A}, {-B}] 3:{~A}, {~B}]}

2{1:[{A}] 3:{-A}}

3{L[{A)] 2:[{-A}]}

The knowledge base gets updated every time
new knowledge is obtained by the program.
New knowledge can be obtained in three differ-
ent ways, which is also described in the paper of
van Ditmarsch [7] :

1. At the beginning of the game. When the
cards are distributed, both programs add
one knowledge clause per card they hold,
containing the negation of that card, to
each main clause of the opponents, be-
cause their opponents can no longer hold
these cards.

2. When the program makes a suggestion,

and other players respond to this sugges-

tion,

there are multiple cases situations

where the knowledge base gets updated:

(a)

(b)

When an opponent player supports
the suggestion, referred to as “sup-
porter”, this means he does not
hold any of the three cards men-
tioned in the suggestion. There-
fore both programs add three knowl-
edge clauses, one for each card, con-
taining the negation of this card,
to the main clause of the supporter
in their database. Since the re-
sponse to this suggestion is known
by every player of the game, Pro-
gram K&KaK now knows that all
his opponents know that the sup-
porter does not hold any of the three
cards. Therefore Program K&KaK
also adds the same three knowledge
clauses to the main clause of the sup-
porter in the database of all other op-
ponents.

When an opponent player refutes the
suggestion, referred to as “refuter”,
he shows one of the cards men-
tioned in the suggestion to the pro-
gram. This means the program now
knows the refuter has that card and
all other opponents do not have this
card. Thus both programs add multi-
ple clauses to their knowledge base:

1. One knowledge clause, contain-
ing the shown card, to the main
clause of the refuter.

ii. One knowledge clause, contain-
ing the negation of that card to
the main clause of all other op-
ponents.

Since all opponents see the refuter
showing a card to the program, they



know the refuter has one of the three
cards mentioned in the suggestion.
Therefore Program K&KakK:

1. Adds one knowledge clause,
containing the three cards men-
tioned in the suggestion, to the
main clause of the refuter in the
database of all other opponents.

ii. Adds one knowledge clause,
containing the three cards men-
tioned in the suggestion with
negation, to the main clause of
all opponents excluding the re-
futer in the database of all other
opponents.

3. When an opponent makes a suggestion,
referred to as “suggester”, and other play-
ers respond to this suggestion.

(a)

(b)

When the program supports the sug-
gestion, Program K does not ob-
tain any knowledge, but Program
K&KaK knows all his opponents
know he does not hold any of the
three cards mentioned in the sugges-
tion. Therefore he adds three knowl-
edge clauses, one for each card, con-
taining the negation of this card, to
the main clause of himself in the
database of all opponents.

When the program refutes the sug-
gestion, the program shows one card
to the supporter. Program K does not
obtain any knowledge, but now Pro-
gram K&KaK knows that the sup-
porter knows the shown card, and
all other opponents know he has
one of the three cards. So Program
K&KakK:

i. Adds one knowledge clause,
containing the shown card, to

(©)

(d)

the main clause of himself in the
database of the suggester.

ii. Adds one knowledge clause,
containing this card with a
negation, to the main clause of
all other opponents of the sug-
gester in the database of the
suggester.

iii. Adds one knowledge clause,
containing all three cards men-
tioned in the suggestion, to the
main clause of himself in the
database of all opponents, ex-
cluding the suggester.

When another opponent player sup-
ports the suggestion, the knowl-
edge base update is the same as de-
scribed above, where the program it-
self makes the suggestion, and gets
supported by an opponent.

When another opponent player re-
futes the suggestion, he shows the
suggester one of the cards men-
tioned in the suggestion. The pro-
gram now knows that the refuter has
one of those three cards. Because
the refuter holds one of these cards,
the program knows that the other op-
ponents can not hold one of these
cards. Now both programs:

i. Add one knowledge -clause,
containing the three cards men-
tioned in the suggestion, to the
main clause of the refuter in the
programs database.

ii. Add one knowledge clause,
containing these three cards
with a negation, to the main
clause of the other opponents in
the programs database.

Since all players see that the re-



futer shows a card to the suggester,
they know the refuter has one of the
three cards mentioned in the sugges-
tion, and all other opponents of those
players do not hold one of the three
cards. Program K&KaK does not
know which of the three cards was
shown to the suggester, he still only
knows that the suggester knows that
the refuter has one of the three cards.
Therefore Program K&KakK:

i. Adds one knowledge clause,
containing the three cards men-
tioned in the suggestion, to the
main clause of the refuter in the
database of all opponents ex-
cluding the refuter.

ii. Adds one knowledge clause,
containing these three cards
with a negation, to the main
clauses of all players, exclud-
ing the refuter, in the database
of all opponents, excluding the
refuter.

After a knowledge base update, both pro-
grams check the clauses of each opponent to see
whether resolution can be applied. Resolution
can be applied to clauses that contain multiple
variables, referred to as “multi-clauses”, with
the use of clauses that contain only one variable,
referred to as ‘ ‘single-clauses”, and is applied
in the same way for both programs. Resolution
is only applied within one main clause of a cer-
tain player and is done in two steps, which is
also explained in the paper of Dixon [2]:

1. First, when there exists a multi-clause,
which contains a certain variable of a
card, and there also exists a single-clause
with a variable of the same card with a
negation, a new clause can be created.
This new clause includes the same vari-

ables of the original multi-clause, exclud-
ing the variable of which the negation was
found in a single-clause.

When a clause of a certain opponent is
reduced to containing one card without
negation, none of the other players can
hold this card. Thus when this happens,
both programs add a clause with the nega-
tion of that card to the clauses of all other
players. When Program K&KaK adds
such clause to a clause of a player of an
opponent, he also adds the the negation of
that clause to the clause of all other play-
ers of that opponent.

2. If there exists a certain clause which
subsumes a multi-clause within a main
clause, that multi-clause is deleted from
the knowledge base.

Whenever a new clause is added to a main clause
in the knowledge base, resolution is again ap-
plied to that clause.

With the use of this knowledge base, the first
two different kind of reasoners can be made to
decide which suggestions they make during the
game:

1. Simple reasoning:

The program uses the knowledge base to
answer suggestions from other players.
To make a suggestion, the program checks
the database to see which cards are not
hold by any of the players. The first sus-
pect, weapon and room found which are
not known to be hold by any player will
be the suggestion he tries to make.

2. Dumb reasoning:
The program makes the same suggestions
as the Simple program, but does not make
any accusations at all.



B: Utility Reasoning

In order to reason about which suggestion
to make, the program has to calculate the av-
erage amount of clauses it will obtain into his
knowledge base from each possible suggestion.
The number of clauses obtained from a sugges-
tion depends on the response from the oppo-
nents. When a suggestion is refuted by a certain
player, the other players sitting clockwise next
to that player do not get to respond to that sug-
gestion. This means the suggestion can be re-
futed by only one player, or by none of the play-
ers. When there are s players in a game, there
are s — 1 opponents that can refute the sugges-
tion, thus there are s ways a suggestion can be
handled.

The amount of new clauses the program ob-
tains from a response from an opponent depends
on whether the opponent refutes or supports the
suggestion. A player p, responding to a sugges-
tion is noted as Response,,, thus p refuting a sug-
gestion is noted as Refute,, and p supporting a
suggestion is noted as Support,. Where p indi-
cates the seat of the player with respect to the
program, with 1 being the first player clockwise
next to the program. To calculate the number
of new clauses obtained from a response from a
player p, the average amount of clauses obtained
from the possible responses is calculated, noted
as Clauses(Response, ). Some of the clauses ob-
tained by a response might already be contained
in the knowledge base of the program, and are
thus no longer new clauses obtained from that
response, the amount of such clauses is noted as
Containedclauses(Response,). To calculate the
amount of new clauses obtained from a specific
response, the program takes the maximum num-
ber of clauses obtained from that response and
subtracts the number of contained clauses from
that response.

The maximum number of clauses that are
obtained from an opponent supporting a sugges-
tion is three, one clause for each card which the
player does not hold when he supports a sugges-
tion. Since there is only one possible response
when a player is supporting a suggestion, he can
only say he has neither of the cards, this gives
us the following formula:

Clauses(Support,,) =
3 — Containedclauses(Support,, )

The maximum number of clauses that are
obtained from a single refute, in a game with
s players, equals s — 1, because one clause is
added to the main clause of the opponent refut-
ing the suggestion, and one clause is added to
main clause of all other opponents. Since a sug-
gestion involves three cards, and a player refutes
a suggestion by showing one of the cards men-
tioned in that suggestion, there are three ways
for an opponent to refute the suggestion. For
each card mentioned in the suggestion, the max-
imum number of possible clauses from refuting
equals s — 1. Since the program only gets to see
one of the cards, the average amount of clauses
obtained from a player refuting a suggestion
is calculated by dividing the total amount of
clauses by 3. Therefore the amount of clauses
obtained from an opponent p refuting a sugges-
tion for the knowledge base of program K is
calculated by the following formula:

Clauses(Refute,) =

>~ [(n—1)—Containedclauses(Refute, (Card)]
Card

3

Since Program Ké&KaK also takes the
knowledge of its opponents into account, it cal-
culates the the amount of clauses obtained from
a suggestion, compared to the amount of clauses
its opponents gain from this suggestion. Pro-
gram K&KakK calculates the amount of clauses



an opponent gains from a player supporting a
suggestion in the same way as calculating the
amount of clauses the program itself gains, but
then applied to the databases of those opponents
noted as Containedclauses,,,,, where opp is the
seat number of an opponent with respect to the
program. The program calculates, and adds, the
amount of clauses gained for each opponent, ex-
cluding the opponent who supports the sugges-
tion because he does not get any new informa-
tion:

OpponentClauses(Support ) =
> 3 — Containedclauses,,(Support,)

o

When a player refutes a suggestion made by
the program, the program gets to see the card
shown by that player, but the other opponents
do not get to see this card. Therefore a differ-
ent formula is used for calculating the amount
of clauses obtained by the opponents when a
player refutes a suggestion. The opponents only
know that the player showed one of the three
cards mentioned in the suggestion, therefore a
multi-clause, with three cards, will be added
to the database of those opponents. Since this
clause has less information than a single-clause,
a multi-clause will have a value of one divided
by the amount of cards within this clause. When
such clause is added to a database, there is a
possibility of resolution onto this clause, which
will make the clause more valuable. In order to
apply resolution onto this clause, that database
has to contain single-clauses with the negation
of the cards mentioned by the suggestion noted
by Resolutionclauses(Suggestion):

Value(Clausesyggestion) =
1

3—Resolutionclauses(Clausesyggestion)

Therefore the maximum amount of clauses ob-
tained by an opponent from a player refuting a
suggestion, in a game with s players, still equals

s —1. For opponents there is only one way
for a player to refute (showing a card), because
the opponent does not get to see which card is
showed by the refuting player. This leads to the
following formula for calculating the amount of
clauses contained by the opponents:

OpponentClauses(Refute,) =

8*21 Sil Valuey,|, (Clausesyggestion) iftm=np
2;}: m=1 Valuen”m(—' ClauseSuggesﬁon) if m 7§ P

With n being the opponents of the program,
and m the opponents of those opponents, and
Value,,, meaning the value of the clause ob-
tained in the database of opponent n, in the
main clause of player m.

To calculate the amount of clauses obtained
from a player supporting or refuting a sugges-
tion for Program K&KakK can now be calculated
with the following formula:

Clausesrgiax (Response,) =

Clauses(Response,,)

OpponentClauses(Response,, )

To calculate the average amount of clauses
obtained from a suggestion, the chances for each
player to respond to a suggestion in a certain
way have to be calculated. To calculate these
chances, the chance for each opponent to sup-
port, as well as the chance for each opponent
to refute the suggestion have to be calculated.
An opponent will support a suggestion when
he does not hold any of the cards mentioned in
the suggestion. Therefore the chance for an op-
ponent holding a card has to be calculated. If
the knowledge base of the program contains a
clause which holds the information that a cer-
tain opponent holds a card, the chance that this
opponent holds that card equals 100%. If the
knowledge base contains a clause which holds



the information that a certain opponent does not
hold a card, the chance that this opponent holds
that card equals 0%.

When such clauses do not exist, first the
chance that the card is not in the middle of the
board is calculated. Since both the three cards
in the middle and the suggestion include a card
of each category (Weapon, Suspect, Room), the
chance for a card, Card, of a certain category
mentioned in the suggestion to be in the mid-
dle, equals one divided by the possible amount
of cards of that category that can still be in the
middle, noted as Poss(Cat(Card)) :

Chance(Cardmid) = m

A card is no longer able to be in the middle
if the knowledge base of the program contains a
clause which contains information that a certain
player holds that card. The chance for a card not
to be in the middle, equals one minus the chance
this card is in the middle:

Chance(Card,jqyers) = 1 — Chance(Card,y,;q)

When it is known that the card is not in the
middle, it can still be in either players hands.
The chance a certain player holds a card given
the card is not in the middle, equals the amount
of cards that player p holds of which the pro-
gram does not know which card that is, noted as
Countypinown(p), divided by the total amount
of cards of which the program does not know
which card that is:

Chance(Card, |Card,,ye,s) =

Countynknown (P)

Z Countunknoum(Player)
Player

The chance for a card to be a specific card
in one of all players hands, equals the chance
this card is not in the middle times the chance

that card is in that players hand given it is not in
the middle. Therefore the following formula is
used to calculate the chance player p holds card
“Card”:

Chance (Card,) = Chance(Card,|Card,,yc;s) *
Chance(Card,qyers)

The chance a player does not hold a card, equals
one minus the chance a player does hold that
card:

Chance (Card-,) = 1 — Chance (Card,))

Since a player only supports a suggestion
when he does not hold any of the three cards
mentioned in the suggestion the chance player
p supports a suggestion is calculated with the
following formula:

Chance (Supportp) =
I1

SuggestionCard

Chance (SuggestionCard_,)

The chance player p refutes a suggestion, equals
one minus the chance that player supports the
suggestion:

Chance (Refute,) = 1 — Chance (Support,))

The average amount of clauses obtained
from a suggestion can now be calculated by
making a summation over the multiplication of
the chances for each possible way the sugges-
tion can be handled, with the amount of clauses
are averagely obtained in that way. In a game
with s players there are s —1 ways in which
the suggestion can be handled where an op-
ponent refutes the suggestion. When a certain
player refutes a suggestion, the players in front
of that player must have supported the sugges-
tion. Therefore the total amount of clauses ob-
tained for each player to refute a suggestion is
calculated with the following formula:

10



TotCl(Refute,,) =

p—1
n

Clauses(Refute,) +
> Clauses(Support,,)

=1

Since all players in front of the player re-
futing the suggestion have supported the sug-
gestion, the total chance for a certain player to
refute a suggestion is calculated with the follow-
ing formula:

TotCh(Refute,,) =
p—1
[ Chance(Support,,)

n=1

Chance (Refute,,)

Now there is still one way left for the sugges-
tion to be handled, where all players support the
suggestion. The amount of clauses for this way
is calculated with the following formula:

s—1
Clauses(Support ;) = > Clauses(Support,)
p=1
The chance for all players to support the sug-
gestion is calculated with the following formula:

s—1

Chance(Support 4, ;) = ! Chance(Support,,)

p

Now the average amount of clauses can be

calculated by calculating the amount of clauses

obtained for each way the suggestion can be

handled and multiplying that with the chance
for this to happen:

Averageclauses(Suggestion) =

s—1

>~ (TorCI(Refute,) * TorCh(Refute,)) +

p=1

Clauses(Support 4, ; ) * Chance(Support ,; ;)

Where s is the amount of players in the game.
Since a player has to move towards a certain

room, which is included in the suggestion, in
order to make that suggestion, the utility from

a suggestion depends on the amount of turns
it takes for the program to reach that room.
Therefore for each suggestion, the distance to
the room mentioned in the suggestion has to
be calculated. The playing board of Cluedo in-
cludes multiple secret passages that lead from
room to room, and players are also able to move
trough rooms to create shortcuts. In order to cal-
culate the distance from a player on the board
to a certain room a connectivity graph is used,
where the available number of adjacent nodes
or rooms for each possible node or room on the
board are connected (see Figure 1).

Figure 1: Connectivity graph with connections from
nodes and rooms to adjacent nodes and rooms from
the paper of Chenghui Cai and Silvia Ferrari [3]
where a r, node is a room, the other nodes are places
where players can walk.

Before the program reasons about which
suggestion to make, he throws the dice. After
throwing the dice, there are two possibilities to
calculate the amount of turns it takes for the pro-
gram to make the suggestion:

1. If the distance to the room mentioned in
the suggestion is shorter than the number
rolled with the dice, the amount of turns
to get to that room equals one.

Turns(Suggestion) = 1

11



2. If the distance to the room mentioned in
the suggestion is longer than the number
rolled with the dice, the program has to
calculate the amount of turns by taking
the total distance, subtracting the current
number rolled with the dice, and expect-
ing an average 3.5 rolled from the dice for
each following turn and adding one for
the current turn.

Turns(Suggestion)
_ distance(Suggestion) —currentRoll
=1+ 3.5

With the use of these formulas a way for
Program K to reason about which suggestion
to make can be developed. In order to make
a move, the Program K and Program K&KaK
have to decide which suggestion it wants to
make. First the program will throw the dice to
know the distance it can move. Then the pro-
gram reasons about a suggestion, and move to-
wards the room he needs to be in to make the
suggestion. To calculate the suggestion which
grants the most utility for winning the game Pro-
gram K and K&KaK search through all pos-
sible suggestions they can make and find the
suggestion which causes program K to obtain
the most average number of clauses or Program
K&KaK to obtain the most average number of
clauses compared to his opponents, divided by
the amount of turns it takes to make that sugges-
tion. When a program has enough information
about the cards held by his opponents to be cer-
tain about the cards that are in the middle, the
program makes an accusation about these cards,
causing him to win the game.

4 Game setup

The performance of the programs are mea-
sured with an interactive simulation of the game

Cluedo in Eclipse [5]. Each simulation, two dif-
ferent type of players; human, Simple, Program
K or Program K&KakK, are set up to compete
against each other. When a game of Cluedo is
played with only two players, there is not much
reasoning involved, since the cards which are
not held by the player himself can either be in
the middle, or in the hand of his only opponent.
To make the game more interesting and com-
plex, a player must have multiple opponents.
At the start of a game the players may not get
an advantage over other players, and need to
have equal chances of winning if the same strat-
egy is used. To ensure this, at the end of every
game the players switch seats, so that a differ-
ent player starts the game. This way all players
will be in the same position equally. A game
of Cluedo includes 18 cards to be distributed
among the players, which need to be distributed
equally. Therefore the simulation of each game
of Cluedo involves three players, to ensure mul-
tiple opponents as well as equally distributed
cards. Since we only want to measure the per-
formance of two programs against each other,
the third player must have the least effect possi-
ble on those performances.

It is possible to make the third player not
make any suggestions at all, and just sit on
the board doing nothing but answering to other
players suggestions. This way the two players
are only playing against each other, with the in-
creased complexity of multiple opponents. This
seems like a perfect way to measure the perfor-
mance of those two programs, but in practice
shows great advantage to players sitting clock-
wise next to that player. The reason that player
gets an advantage is because when a player re-
futes a suggestion, the other players do not get to
react to this suggestion. For example in a game
with three players, 1, 2 and 3, where player 2 is
the player who makes no suggestions:
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1. When player 1 makes a suggestion, it can
either be refuted by player 2 or 3, or sup-
ported by both. When the suggestion is
refuted by player 2, this will also give
knowledge about the cards to player 3.
When it is refuted by player 3 it means
player 2 supported the suggestion, and
player 3 will also obtain knowledge about
the cards when player 2 supported the
suggestion. Also when both players sup-
port the suggestion, player 3 will obtain
knowledge about the cards for player 2
supporting the suggestion.

2. When player 3 makes a suggestion, it can
either be refuted by player 1 or 2, or sup-
ported by both. When the suggestion is re-
futed by player 1, this will not give player
1 any knowledge about the cards, since he
already knows what cards he holds him-
self. Only when player 1 supports the sug-
gestion, so player 2 gets to respond to it,
player 1 will obtain knowledge about the
cards.

Therefore player 1 will get significantly less
knowledge about the cards, and is less likely
to win the game. This is shown in an exper-
iment where player 1 is Program k, player 2
is the program that makes no suggestions and
player 3 also is Program k. After each game the
players 1 and 3 switch seats, to change the start
position, which give the results shown in table
1. The columns of the tables declare the type
of player, the seat of that player and the total
amount of wins. Where p#l means the player
at seat 1, starting the game, with p#2 and p#3
respectively sitting clockwise next to him. The
percentages below the seats are the games won
at that seat, and the percentage below Total is
the total win percentage of all games.

Table 1: Player 2 making no suggestions
10.000 games played, showing the win percentages

Player p#l p#2 p#3 Total
Program K 14% 0% 35% 49%
Program K 15% 0% 36% 51%

NoSugg 0% 0% 0% 0%

The player sitting clockwise next to player
2, who makes no suggestions, is more than dou-
ble as likely to win the game. Since the chances
of winning at each place is about equal with
each player being the same type (see Table 2),
the player of which the performance is not mea-
sured has to make suggestions to make sure the
other players have equal chances to win. To
make sure this player does not win the game,
he is not allowed to make any accusations, so
the measurement of performance is still only
between two programs. This is done by making
that player the Dumb program (Table 3). The
results in table 3 show that each program now
has equal chances of winning.

Table 2: Three players of the same type
10.000 games played, showing the win percentages

Player p#l p#2 p#3 Total
Program K 12% 11% 13% 36%
Program K 10% 12% 11% 33%
Program K 11% 10% 10% 31%

Table 3: Introducing the Dumb program
10.000 games played, showing the win percentages

Player p#l p#2 p#3 Total
Program K 24% 0% 25% 49%
Program K 25% 0% 26% 51%

Dumb 0% 0% 0% 0%
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5 Results

As shown in Table 4, when the Simple pro-
gram is put up against Program K, both pro-
grams win about equal amount of the games.
The Simple program is able to beat the Program
K because he guesses possible accusation sug-
gestions about three cards that can all still be
in the middle, then when all opponents support
that suggestion, he knows that those cards have
to be in the middle. This gives the program a
chance to instantly win the game, by making
the perfect suggestion. The reason the Simple
program performs just as good as Program K
could be that the suggestions made by Program
K also give too much information to the Simple
program. Then again Table 5 shows that Pro-
gram K&KakK also performs just as good as the
Simple program, while making suggestions that
give the least amount of information to his op-
ponents. Table 6 shows the performance of Pro-
gram K put up against Program K&Kak, where
they again win equal amount of the games.

Table 4: Simple vs Program K
10.000 games played, showing the win percentages

Player p#l p#2 p#3 Total

Simple 17% 16% 14% 47%
Program K 15% 20% 18% 53%

Dumb 0% 0% 0% 0%

Table 5: Simple vs Program K&KaK
10.000 games played, showing the win percentages

Player p#l  p#2 p#3 Total

Simple 18% 15% 17% 50%
Program K&KaK  15% 17% 18% 50%

Dumb 0% 0% 0% 0%

Table 6: Program K vs Program K&KaK
10.000 games played, showing the win percentages

Player p#l  p#2 p#3 Total
Program K 16% 16% 17% 49%
Program K&KaK  13% 20% 18% 51%
Dumb 0% 0% 0% 0%

The human players that are put up against
the programs are given a Detective Notebook
(see Figure 2), that is originally from the game
Cluedo. In this notebook they can cross off
suspects, weapons and rooms to eliminate them
from the possible cards in the middle. When
asked about how the human players reason
about which suggestions they make, they said:
”Any card that can still be in the middle, in
the most nearby room”. Table 7 shows the per-
formance of the Simple program against some
human players, Table 8 shows the performance
of Program K against some human players,
and Table 9 shows the performance of Program
K&KakK against some human players. The hu-
man players knew the rules of the game and had
experience in playing the board game.

SUSPECTS

WEAPONS

ROOMS

Figure 2: Original Clue Detective Notebook page
used by the human players.
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Table 7: Simple vs Human
25 games played, showing the win percentages

Player p#1 p#2 p#3 Total
Simple 12% 16% 12% 40%
Human 16% 20% 24% 60%
Dumb 0% 0% 0% 0%

Table 8: Program K vs Human
25 games played, showing the win percentages

Player p#l  p#2 p#3 Total

Human 12% 12% 8% 32%
Program K 20% 20% 28% 68%

Dumb 0% 0% 0% 0%

Table 9: Program K&KaK vs Human
25 games played, showing the win percentages

Player p#l  p#2 p#3 Total
Human 8% 12% 8% 28%
Program K&KaK  20% 28% 24% 72%
Dumb 0% 0% 0% 0%

When the programs are put up against hu-
man players, different results occur compared to
when the programs are put up against each other.
The programs all seem to do very well against
human players, having a significant majority of
wins.

6 Conclusion

In the results we see that when the programs are
put up against each other, the simple program
performs just as good as the other two programs,
which have improved reasoning about making
a suggestion which grants them the most util-
ity. This means that in the game Cluedo, try-
ing to make suggestions that grant you the most

information, or the most information compared
to your opponents, is not the best strategy for
winning the game. The reason for the Simple
program to perform so good against these two
reasoning programs, is that the Simple program
makes a lot of suggestions about cards, which
are not held by any of the players, making him
instantly win the game. The other programs
also make suggestions about cards of which they
already have knowledge about, if the sugges-
tion involving that card grants more clauses per
turn. The simple program gets the same chance
for making perfect suggestions as the other pro-
grams, because he still gets a lot of informa-
tion from the suggestions made by the other pro-
grams. This means that trying to get the most in-
formation from suggestions, is not working out
as intended. The reason for this is that the calcu-
lation for these suggestions is based on chance.
And even tough the program might get lucky
and find the most information he wants from
a suggestion, this does not make him win the
game, but another program making that lucky
perfect suggestion about the cards in the mid-
dle, will win that program the game. The same
goes for the program trying to obtain the most
information compared to his opponents. From
this we can conclude that getting the most in-
formation from a suggestion does not improve
your chances of winning in the game Cluedo,
and guessing the possible cards that can be in
the middle is a sufficient strategy for winning
the game.

Then again, when we put up the programs
against human players, the programs are out-
performing the humans. The reasoning about a
suggestion from the human players is about the
same as the reasoning of the Simple program.
Since we already concluded that the reasoning
about the suggestions from the other programs
do not improve the chances of wining the game,
the reason the programs beat the human play-
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ers is not found in the reasoning about mak-
ing the suggestions. This means the difference
in performance is found in the way the play-
ers maintain their knowledge base. The human
players used the standard Clue Detective Note-
book, which only gives them the ability to cross
off the cards, which they know are held by cer-
tain players, of which they are sure they are not
in the middle. The programs, on the other hand,
also maintain information about which cards are
not held by certain players, and the cards that are
possibly in certain players hands(multi-clauses).
Therefore the programs gain their knowledge
about which cards are possibly in the middle in-
creases significantly faster than the knowledge
about these cards of the human players. This
leads to the programs having a higher chance of
making the perfect suggestion about the cards
in the middle, and thus having a higher win-
percentage. Since Program K&KaK does not
have a better performance than Program K, the
improvement of the knowledge base where the
knowledge of opponents is also stored does not
increase the performance.

From this we can conclude that for the game
Cluedo, increasing the utility for winning the
game by increasing the amount of knowledge
gain from suggestions is not an effective win
strategy. We can also conclude that improving
your knowledge base, in such way that more
information about the cards held by the play-
ers can be stored and maintained, does improve
your chances for winning the game. Therefore

all that is needed for a program to compete with
human players, is a simple reasoner for mak-
ing suggestions, where the cards mentioned in
the suggestions are cards which can still be in
the middle, and a knowledge base to store and
maintain knowledge about the cards held by the
opponents.

We can also conclude that the standard
Cluedo Detective Notebook has insufficient pos-
sibilities to store the information which is ob-
tained from answers to suggestions. To make
the notebook good enough to be able to han-
dle this information more columns have to be
added, where each column represents the cards
held by the players. In these columns players
can then set crosses to note that a player does
not hold that card, or check marks when they
know that players does hold that card. To han-
dle the multi-clauses as described in the knowl-
edge base section above, players can set charac-
ters in the columns. For example when a player
sees that an opponent shows a card to another
opponent, he can set an a at each of the cards
mentioned in the suggestion in the column of
the opponent who shows the card. Then the
player can cross off the a whenever the knowl-
edge that the player does not hold that card is
obtained, until only one a remains. The player
then knows the opponent holds that card, and
must have shown that card. An example of such
notebook is shown in figure 3. A similar note-
book is also described by H.P. van Ditmarsch

[6].
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SUSPECTS

Pl

Figure 3: Improved Clue Detective Notebook page to allow equal chances for human players against the
programs.
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