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PART ONE

THE PROLOG LANGUAGE

parent

female



An Overview
of Prolog

This chapter reviews basic mechanisms of Prolog through an example program.
Although the treatment is largely informal many important concepts are
introduced.

1.1 An example program: defining family relations

Prolog is a programming language for symbolic, non-numeric computation. It
is specially well suited for solving problems that involve objects and relations

between objects. Figure 1.1 shows an example: a family relation. The fact that
Tom is a parent of Bob can be written in Prolog as:

parent( tom, bob).

Here we choose parent as the name of a relation; tom and bob are its argu-

Figure l.l A family tree.
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ments. For reasons that will become clear later we write names like tom with an
initial lower-case letter. The whole family tree of Figure 1.1 is defined by the
following Prolog program:

parent( pam, bob).
parent( tom, bob).
parent( tom, liz).
parent( bob, ann).
parent( bob, pat).
parent( pat, jim).

This program consists of six clauses. Each of these clauses declares one fact
about the parent relation.

When this program has been communicated to the Prolog system, Prolog
can be posed some questions about the parent relation. For example, Is Bob a
parent of Pat? This question can be communicated to the Prolog system by
typing into the terminal:

?- parent( bob, pat).

Having found this as an asserted fact in the program, Prolog will answer:

yes

A further query can be:

?- parent( liz, pat).

Prolog answers

no

because the program does not mention anything about Liz being a parent of
Pat. It also answers 'no'to the question

?- parent( tom, ben).

because the program has not even heard of the name Ben.
More interesting questions can also be asked. For example: Who is Liz's

parent?

?- parent( X, liz).

Prolog's answer will not be just 'yes' or'no' this time. Prolog will tell us what is
the (yet unknown) value of X such that the above statement is true. So the
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answer ls:

X :  tom

The question Who are Bob's children? can be communicated to Prolog as:

?- parent( bob, X).

This time there is more than just one possible answer. Prolog first answers with
one solution:

X : a n n

We may now want to see other solutions. We can say that to Prolog (in most
Prolog implementations by typing a semicolon), and Prolog will find other
answers:

;g - pat

If we request more solutions again, Prolog will answer 'no' because all the
solutions have been exhausted.

Our program can be asked an even broader question: Who is a parent of
whom? Another formulation of this question is:

Find X and Y such that X is a parent of Y.

This is expressed in Prolog by:

?- parent{ X, Y).

Prolog now finds all the parent-child pairs one after another. The solutions will
be displayed one at a time as long as we tell Prolog w€ want more solutions,
until all the solutions have been found. The answers ar€ output as:

X - p a m
Y : bob;

X : t o m
Y : bob;

X : t o m
Y : liz;

We can stop the stream of solutions by typing, for example, a period instead of
a semicolon (this depends on the implementation of Prolog).
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Figure 1.2 The grandparent
relation expressed as a
composition of two parent
relations.

Our example program can be asked still more complicated questions like:
Who is a grandparent of Jim? As our program does not directly know the
grandparent relation this query has to be broken down into two steps, as
illustrated by Figure 1.2.

(1) Who is a parent of Jim? Assume that this is some Y.
(2) Who is a parent of Y? Assume that this is some X.

Such a composed query is written in Prolog as a sequence of two simple ones:

?- parent( Y, jim), parent( X, Y).

The answer will be:

X : b o b
Y - p a t

Our composed query can be read: Find such X and Y that satisfy the following
two requirements:

parent( Y, jim) and parent( X, Y)

If we change the order of the two requirements the logical meaning remains the
same:

parent( X, Y) and parent( Y, jim)

We can indeed do this in our Prolog program and the query

?- parent( X, Y), parent( Y, jim).

will produce the same result.
In a similar way we can ask: Who are Tom's grandchildren?

?- parent( tomn X), parent( X, Y).
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Prolog's answers are:

X : b o b
Y : ann;

X : b o b
Y - p a t

Yet another question could be: Do Ann and Pat have a common parent? This

can be expressed again in two stePs:

(1) Who is a parent, X, of Ann?

(?) Is (this same) X a parent of Pat?

The corresponding question to Prolog is then:

?- parent( X, ann), parent( X, pat).

The answer is:

X : b o b

Our example program has helped to illustrate some important points:

o It is easy in Prolog to define a relation, such as the parent relation, by
stating the n-tuples of objects that satisfy the relation.

o The user can easily query the Prolog system about relations defined in the
program.

o A Prolog program consists of clauses. Each clause terminates with a full
stop.

o The arguments of relations can (among other things) be: concrete
objects, or constants (such as tom and ann), or general objects such as X
and Y. Objects of the first kind in our program are called atoms. Objects
of the second kind are called variables.

. Questions to the system consist of one or more goals. A sequence of
goals, such as

parent( X, ann), parent( X, pat)

means the conjunction of the goals:

X is a parent of Ann, and
X is a parent of Pat.

The word 'goals' is used because Prolog accepts questions as goals that
are to be satisfied.

o An answer to a question can be either positive or negative, depending on
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whether the corresponding goal can be satisfied or not. In the case of a
positive answer we say that the corresponding goal was satisfiable and
that the goalsucceeded. Otherwise the gbalwas unsatisfiable anditfailed.

o If several answers satisfy the question then Prolog will find as many of
them as desired by the user.

Exercises

1.1 Assuming the parent relation as defined in this section (see Figure 1.1),
what will be Prolog's answers to the folrowing questions?

(a)

(b)

(')

(d)

parent( jim, X).
parent( X, jim).

parent( paffi, X), parent( X, pat).
parent( paffi, X), parent( X, Y), parent( Y, jim).

1.2 Formulate in Prolog the following questions about the parent relation:

(a) Who is Pat's parent?
(b) Does Liz have a child?
(c) Who is Pat's grandparent?

1.2 Extending the example program by rules

Our example program can be easily extended in many interesting ways. Let us
first add the information on the sex of the people that occur in the parent
relation. This can be done by simply adding the following facts to our program:

female( pam).
male( tom).
male( bob).
female( liz).
female( pat).
female( ann).
male( jim).

The relations introduced here are male and female. These relations are unary
(or one-place) relations. A binary relation like parent defines a relation
between pairs of objects; on the other hand, unary relations can be used to
declare simple yes/no properties of objects. The first unary clause above can be
read: Pam is a female. We could convey the same information declared in the
two unary relations with one binary relation, sex, instead. An alternative piece
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of program would then be:

sex( pam, feminine).
sex( tom, masculine).
sex( bob, masculine).

As our next extension to the program let us introduce the offspring
relation as the inverse of the parent relation. We could define offspring in a
similar way as the parent relation; that is, by simply providing a list of simple
facts about the offspring relation, each fact mentioning one pair of people such
that one is an offspring of the other. For example:

offspring( liz, tom).

However, the offspring relation can be defined much more elegantly by making

use of the fact that it is the inverse of parent, and that parent has already been
defined. This alternative way can be based on the following logical statement:

For all X and Y,
Y is an offspring of X if
X is a parent of Y.

This formulation is already close to the formalism of Prolog. The correspond-
ing Prolog clause which has the same meaning is:

offspring( Y, X) :- parent( X, Y).

This clause can also be read as:

For all X and Y,
if X is a parent of Y then
Y is an offspring of X.

Prolog clauses such as

offspring( Y, X) :- parent( X, Y).

are called rules. There is an important difference between facts and rules. A
fact like

parent( tom, liz).

is something that is always, unconditionally, true. On the other hand, rules
specify things that may be true if some condition is satisfied. Therefore we say
that rules have:

o a condition part (the right-hand side of the rule) and
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o a conclusion part (the left-hand side of the rule).

The conclusion part is also called the headof a clause and the condition part thebody of a clause. For example:

offspring( y, X) :- parent( X, y).

head body

If the condition parent( X, Y) is true then a logical consequence of this is
offspring( Y, X).

How rules are actually used by Prolog is illustrated by the following
example. Let us ask our program whether Liz is an offspring bt rom:

?- offspring( liz, tom).

There is no fact about offsprings in the program, therefore the only way to
consider this question is to apply the rule about offsprings. The rule ii genlral
in the sense that it is applicable to any objects X and Y; therefore it can also be
applied to such particular objects asliz and tom. To apply the rule to liz and
tom, Y has to be substituted with liz, and X with tom. We sav that the variables
X and Y become instantiated to:

X = t o m  a n d  Y : l i z

After the instantiation we have obtained a special case of our general rule. The
special case is:

offspring( liz, tom) :- parent( tom, liz).

The condition part has become

parent( tom, Iiz)

Now Prolog tries to find out whether the condition part is true. So the initial
goal

offspring( liz, tom)

has been replaced with the subgoal

parent( tom, liz)

This (new) goal happens to be trivial as it can be found as a fact in our program.
This means that the conclusion part of the rule is also true, and Prolog will
answer the question with yes.

Let us now add more family relations to our example program. The
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Figure 1.3 Definition graphs for the relations offspring, mother and grandparent in

terms of other relations.

specification of the mother relation can be based on the following logical

statement:

For all X and Y.
X is the mother of Y if
X is a parent of Y and
X is a female.

This is translated into Prolog as the following rule:

mother( X, Y) :- parent( X, Y), female( X).

A comma between two conditions indicates the conjunction of the conditions,
meaning that both conditions have to be true.

Relations such as parent, offspring and mother can be illustrated by
diagrams such as those in Figure 1.3. These diagrams conform to the following
conventions. Nodes in the graphs correspond to objects - that is, arguments of
relations. Arcs between nodes correspond to binary (or two-place) relations.
The arcs are oriented so as to point from the first argument of the relation to the
second argument. Unary relations are indicated in the diagrams by simply
marking the corresponding objects with the name of the relation. The relations
that are being defined are represented by dashed arcs. So each diagram should
be understood as follows: if relations shown by solid arcs hold, then the relation
shown by a dashed arc also holds. The grandparent relation can be, according
to Figure 1.3, immediately written in Prolog as:

grandparent(X, Z) :- parent( X, Y), parent( Y, Z).

At this point it will be useful to make a comment on the layout of our
programs. Prolog gives us almost full freedom in choosing the layout of the
program. So we can insert spaces and new lines as it best suits our taste. In
general we want to make our programs look nice and tidy, and, above all, easy
to read. To this end we will often choose to write the head of a clause and each
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goal of the body on a separate line. When doing this, we will indent goals in
order to make the difference between the head und th. goals more visible. For
example, the grandparent rule would be, according to this convention, written
as follows:

grandparent(X, Z) :-
parent( X, Y),
parent( Y, Z).

Figure 1.4 illustrates the sister relation:

For any X and Y,
X is a sister of Y if
(1) both X and Y have the same parent, ancl
( 2 ) X i s a f e m a l e .

female

Figure 1.4 Defining the sister relation.

The graph in Figure L.4 can be translated into Prolog as:

sister( X, Y)
parent( Z,
parent( Z,
female( X).

Notice the way in which the requirement'both X and Y have the same parent'
has been expressed. The following logical formulation was used: some Z must
be a parent of X, and this same Z must be a parent of Y. An alternative, but less
elegant way would be to say: Z1.is a parent of X, andz2is a parent of y, and Zt
is equal to 22.

We can now

sister( ann, pat).

The answer will be as expected (see Figure 1.1). Therefore we might
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conclude that the sister relation, as defined, works correctly' There is, how-

ever, a rather subtle flaw in our program which is revealed if we ask the

question Who is Pat's sister?:

?- sister( X, pat).

Prolog will find two answers, one of which may come as a surprise:

X : ann;

X-pat  U: /BR

So, Pat is a sister to herself?! This is probably not what we had in mind when

defining the sister relation. However, according to our rule about sisters

Prolog's answer is perfectly logical. Our rule about sisters does not mention

that X and Y must not be the same if X is to be a sister of Y. As this is not

required Prolog (rightfully) assumes that X and Y can be the same, and will as a
consequence find that any female who has a parent is a sister of herself.

To correct our rule about sisters we have to add that X and Y must be
different. We will see in later chapters how this can be done in several ways, but
for the moment we will assume that a relation different is already known to
Prolog, and that

different( X, Y)

is satisfied if and only if X and Y are not equal. An improved rule for the sister
relation can then be:

sister( X, Y) :-
parent( Z, X),
parent( Z, Y),
female( X),
different( X, Y).

Some important points of this section are:

Prolog programs can be extended by simply adding new clauses.

Prolog clauses are of three types: facts, rules and questions.

Facts declare things that are always, unconditionally true.

Rules declare things that are true depending on a given condition.

By means of questions the user can ask the program what things are true.

Prolog clauses consist of the headand the body.The body is a list of" goals
separated by commas. Commas are understood as conjunctions.

Facts are clauses that have the empty body. Questions only have the
body. Rules have the head and the (non-empty) body.

o

o

O

o

o

a
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In the course of computation, a variable can be substituted by another
object. we say that a variable becomes instantiated.

Variables are assumed to be universally quantified and are read as .for
all'. Alternative readings are, however, possible for variables that appear
only in the body. For example

hasachild( X) :- parent( X, y).

can be read in two ways:

(u) For all X and Y,
if X is a parent of Y then
X has a child.

(b) For all X,
X has a child if
there is some Y such that X is a parent of y.

Exercises

1.3 Translate the following statements into prolog rules:

(a) Everybody who has a child is happy (introduce a one-argument
relation happy).

(b) For all X, if X has a child who has a sister then X has two children
(introduce new relation hastwochildren).

1.4 Define the relation grandchild using the parent relation. Hint: It wilt be
similar to the grandparent relation (see Figure 1.3).

1.5 Define the relation aunt( X, Y) in terms of the relations parent and sister.
As an aid you can first draw a diagram in the style of Figure 1.3 for the
aunt relation.

1.3 A recursive rule definition

Let us add one more relation to our family program, the predecessor relation.
This relation will be defined in terms of the parent relation. The whole
definition can be expressed with two rules. The first rule will define the direct
(immediate) predecessors and the second rule the indirect predecessors. We
say that some X is an indirect predecessor of some Z if. there is a parentship
chain of people between X and Z, as illustrated in Figure 1 . 5 . In our example of
Figure 1.1, Tom is a direct predecessor of Liz and an indirect predecessor of
Pat.
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predecessor

Figure 1.5 Examples of the predecessor relation: (a) X is a direct predecessor of Z; (b)
X is an indirect predecessor of. Z.

The first rule is simple and can be formulated as:

For all X and Z,
X is a predecessor of. Z if
X is a parent of Z.

This is straightforwardly translated into Prolog as:

predecessor(X, Z) :-
parent( X, Z).

The second rule, on the other hand, is more complicated because the chain of
parents may present some problems. One attempt to define indirect pre-

decessors could be as shown in Figure 1.6. According to this, the predecessor

predecessor

predecessor

predecessor

Figure 1.6 Predecessor-successor pairs at various distances.
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relation would be defined by a set of clauses as follows:

predecessor(X, Z) :-
parent( X, Z).

predecessor(X, Z) :-
parent( X, Y),
parent( Y, Z).

predecessor( X, Z) :-
parent( X, Y1),
parent( Yl, YZ),
parent( Y2, Z).

predecessor(X, Z) :-
parent( X, Y1),
parent( Yl, Y2),
parent( Y2, Y3),
parent( Y3, Z).

This program is lengthy and, more importantly, it only works to some extent. It
would only discover predecessors to a certain depth in a family tree because the
length of the chain of people between the predecessor and the successor would
be limited according to the length of our predecessor clauses.

There is, however, an elegant and correct formulation of the predecessor
relation: it will be correct in the sense that it will work for predecessors at any
depth. The key idea is to define the predecessor relation in terms of itself.
Figure 1.7 illustrates the idea:

For all X and Z.
X is a predecessor of Z if
there is a Y such that
(1) X is a parent of Y and
(2) Y is a predecessor of. Z.

A Prolog clause with the above meaning is:

predecessor( X, Z) :-
parent( X, Y),
predecessor(Y, Z).

We have thus constructed a complete program for the predecessor rela-
tion, which consists of two rules: one for direct predecessors and one for
indirect predecessors. Both rules are rewritten together here:

predecessor(X, Z) :-
parent( X, Z).
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predecessor(X, Z) :-
parent( X, Y),
predecessor(Y, Z).

The key to this formulation was the use of predecessor itself in its definition.

Such a definition may look surprising in view of the question: When defining

something, can *" ut" this same thing that has not yet been completely

defined? Such definitions are, in general, called recursive definitions.

Logically, they are perfectly correct and understandable, which is also

intiitiveiy obvious if we look at Figure 1.7. But will the Prolog system be able

to use recursive rules? It turns out that Prolog can indeed very easily use

recursive definitions. Recursive programming is, in fact, one of the fundamen-

tal principles of programming in Prolog. It is not possible to solve tasks of any

significant complexity in Prolog without the use of recursion.

predecrcssor

predecessor

Figure 1.7 Recursive formulation of the predecessor relation.

Going back to our program, we can
cessors? That is: Who is a person that Pam

?- predecessor( pam, X).

X: bob;

X : ann;

X : pat;

I  = j im

ask Prolog: Who are Pam's suc-
is his or her predecessor?
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Prolog's answers are of course correct and they logically follow from our
definition of the predecessor and the parent relation. There is, however, a
rather important question: How did Prolqg actually use the program to find
these answers?

An informal explanation of how Prolog does this is given in the next
section. But first let us put together all the pieces of our family program, which

parent( pam, bob).
parent( tom, bob).
parent( tom, liz).
parent( bob, ann).
parent( bob, pat).
parent( pat, jim).

female( p.am).
mal{ tom).
mal{ bob).
femal{ liz).
female( ann).
female( pat).
male( jim).

offspring( Y, X) :-
parent( X, Y).

mother( X, Y) :-
parent( X, Y),
female( X).

grandparent(X, Z) :-
parent( X, Y),
parent( Y, Z).

sister( X, Y) :-
parent( Z, X),
parent( Z, Y),
female( X),
different( X, Y).

predecessor(X, Z) :-
parent( X, Z).

predecessor( X, Z) :-
parent( X, Y),
predecesso4Y, Z),

Vo Pam is a parent of Bob

Vo Pam is female
Vo Tom is male

Vo Y is an offspring of X if
Vo X is a parent of Y

%o Xis the mother of Y if
Vo Xis a parent of Y and
% X is female

Vo Xis a grandparent of Z if
Vo Xis a parent of Y and
Vo Y is a parent of Z

7o Xis a sister of Y if

X and Y have the same parent and
X is female and
X and Y are different

Rule prl: X is a predecessor of. Z

Vo Rlle pr2: X is a predecessor of Z

Vo
Vo
Vo

Vo

Figure l.E The family program.
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was extended gradually by adding new facts and rules. The final form of the

program is shown in Figuri 1.8. Looking at Figure 1.8, two further points are in

brder here: the first will introduce the term 'procedure', the second will be

about comments in Programs.
The program in Figure 1.8 defines several relations - parent, male,

female, pt.d.ce.ror, etc. The predecessor relation, for example, is defined by

two clauses. We say that these two clauses are about the predecessor relation.

Sometimes it is convenient to consider the whote set of clauses about the same

relation. Such a set of clauses is called a pr-Qcedure-
In Figure 1.8, the two rules abodT the predecessor relation have been

distinguished by the names'pr1' and'pr2', added as comments to the program.
These names will be used later as references to these rules. Comments are, in
general, ignored by the Prolog system. They only serve as a further clarification
to the person who reads the program. Comments are distinguished in Prolog
from the rest of the program by being enclosed in special brackets 'l*' and'* l' .
Thris comments in Prolog look like this:

/* This is a comment */

Another method, more practical for short comments, uses the percent charac-
ter'Vo'. Everything between'Vo' and the end of the line is interpreted as a
comment:

Vo This is also a comment

Exercise

1.6 Consider the following alternative definition of the predecessor relation:

predecessor(X, Z) :-
parent( X, Z\.

predecessor(X, Z) :-
parent( Y, Z),
predecessor( X, Y).

Does this also seem to be a proper definition of predecessors? Can you
modify the diagram of Figure 1.7 so that it would correspond to this new
definition?

1.4 How Prolog answers questions

This section gives an informal explanation of. how Prolog answers questions.
A question to Prolog is always a sequence of one or more goals. To

answer a question, Prolog tries to satisfy all the goals. What does it mean to
satisfy a goal? To satisfy a goal means to demonstrate that the goal is true,
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20 PROLOG PROGRAMMING FOR ARTIFICIAL INTELLIGENCE

assuming that the relations in the program are true. In other words, to satisfy a
goal means to demonstrate that the goal togically follows from the facts and
rules in the program. If the question containi variables, Prolog also has to find
what are the particular objects (in place of variables) for wtriitr the goals are
satisfied. The particular instantiation of variables to these objects is displayed
to the user. If Prolog cannot demonstrate for some instantiation of vaiiables
that the goals logically follow from the program, then Prolog's answer to the
question will be 'no'.

An appropriate view of the interpretation of a Prolog program in
mathematical terms is then as follows: Prolog accepts facts and rules as a set of
axioms, and the user's question as a conjectured theorem;then it tries to prove
this theorem - that is, to demonstrate that it can be logically derived from the
axioms.

We will illustrate this view by a classical example. Let the axioms be:

All men are fallible.
Socrates is a man.

A theorem that logically follows from these two axioms is:

Socrates is fallible.

The first axiom above can be rewritten as:

For all X, if X is a man then X is fallible.

Accordingly, the example can be translated into Prolog as follows:

fallible( X) :- man( X).

man( socrates).

?- fallibl{ socrates).

yes

Vo All men are fallible

Vo Socrates is a man

7o Socrates is fallible?

A more complicated example from the family program of Figure 1.8 is:

predecessor( tom, pat).

We know that parent( bob, pat) is a fact. Using this fact and rule prl we can
conclude predecessor{ bob, pat). This is a derived fact: it cannot be found
explicitly in our program, but it can be derived from facts and rules in the
program. An inference step, such as this, can be written in a more compact
form as:

parent( bob' pat) ::) predecessor( bob' pat)

This can be from parent( bob, pat) it follows predecessor( bob, pat), by
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rule prL Further, we know that parent( tom, bob) is a fact. Using this fact and

thederivedfactpredecessor( bob, pat)wecanconcludepredecessor( tom, pat)'

by rule pr|. We have thus shown that our goal statement predecessor( tom, pat)

is true. This whole inference process of two steps can be written as:

parent( bob, pat) ::) predecessor( bob, pat)

parent( tom, bob) and predecessor( bob, pat) :=) predecessor( tom' pat)

We have thus shown what can be a sequence of steps that satisfy a goal -

that is, make it clear that the goal is true. Let us call this a proof sequence. We
have not, however, shown how the Prolog system actually finds such a proof
sequence.

Prolog finds the proof sequence in the inverse order to that which we have
just used. Instead of starting with simple facts given in the program, Prolog
starts with the goals and, using rules, substitutes the current goals with new
goals, until new goals happen to be simple facts. Given the question

?- predecessor( tom, pat).

Prolog will try to satisfy this goal. In order to do so it will try to find a clause in
the program from which the above goal could immediately'follow. Obviously,
the only clauses relevant to this end are prl and pr?.These are the rules about
the predecessor relation. We say that the heads of these rules match the goal.

The two clauses,prl andpr2, represent two alternative ways for Prolog to
proceed. Prolog first tries that clause which appears first in the program:

predecesso(X, Z) :- parent( X, Z).

Since the goal is predecessor( tom,
instantiated as follows:

X : t o m ,  l - p a t

pat), the variables in the rule must be

The original goal predecessor( tom, pat) is then replaced by a new goal:

parent( tom, pat)

This step of using a rule to transform a goal into another goal, as above, is
graphically illustrated in Figure L.9. There is no clause in the program whose
head matches the goal parent( tom, pat), therefore this goal fails. Now Prolog
backtracks to the original goal in order to try an alternative way to derive the
top goal predecessor( tom, pa|. The rule pr2 is thus tried:

predecessor(X, Z) :-
parent( X, Y),
predecessor(Y, Z).
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Figure 1.9 The first step of the execution. The top goal is true if the bottom goal is true.

As before, the variables X and Zbecome instantiated as:

X : t o m , 7 : p a t

But Y is not instantiated yet. The top gbal predecessor( tom, pat) is replaced by
two goals:

parent( tom, Y),
predecessor( Y, pat)

This executional step is shown in Figure 1..1.0, which is an extension to the
situation we had in Figure 1.9.

Being now faced with rwo goals, Prolog tries to satisfy them in the order
that they are written. The first one is easy as it matches one of the facts in the
program. The matching forces Y to become instantiated to bob. Thus the first
goal has been satisfied, and the remaining goal has become:

predecesso( bob, pat)

To satisfy this goal the rule prl isused again. Note that this (second) applica-
tion of the same rule has nothing to do with its previous application. Therefore,
Prolog uses a new set of variables in the rule each time the rule is applied. To

parent(tom,Y)
predecessor( Y, pat)

Figure 1.10 Execution trace continued from Figure 1.9.
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indicate this we shalt rename the variables in rule prl for this application as

follows:

predecessor(X', Z') :-
parent( X', Z').

The head has to match our current goal predecessor( bob, pat). Therefore

X' : };p;b, Z' : pst

The current goal is rePlaced bY

parent( bob, pat)

predcesso(tomrpat)

by rule0,,1f lf ' ule pr2

prrent(tom,pat)
perent(tom,Y)
predecessor( Y, pat)

t f
Y=bob l l uyractpar,

predecessor( bob, pat)

1f
I I by rule prl

parent(bob,pat)

yes

paren(tom,bob)

Figure 1.ll The complete execution trace to satisfy the goal predecessor( tom, pat).
The right-hand branch proves the goal is satisfiable.

This goal is immediately satisfied because it appears in the program as a fact.
This completes the execution trace which is graphically shown in Figure L.11..

The graphical illustration of the execution trace in Figure 1.11 has the
form of a tree. The nodes of the tree correspond to goals, or to lists of goals that
are to be satisfied. The arcs between the nodes correspond to the application of
(alternative) program clauses that transform the goals at one node into the
goals at another node. The top goal is satisfied when a path is found from. the
root node (top goal) to a leaf node labelled 'yes'. A leaf is labelled'yes' if it is a
simple fact. The execution of Prolog programs is the searching for such paths.



24 PROLOG PROGRAMMING FOR ARTIFICIAL INTELLIGENCE

During the search Prolog may enter an unsuccessful branch. When prolog
discovers that a branch fails it automatically backtraclcs to the previous node
and tries to apply an alternative clause at that node.

Exercise

1.7 Try to understand how Prolog derives answers to the fotlowing questions,
using the program of Figure 1.8. Try to draw the correrponiing deriva-
tion diagrams in the style of Figures 1.9 to 1.11. Will any backlracking
occur at particular questions?

(a)

(b)

(c)

(d)

"l-

parent( pam, bob).
mother( p&D, bob).
grandparent( pam, ann).
grandparent( bob, jirn).

1.5 Declarative and procedural meaning of programs

In our examples so far it has always been possible to understand the results of
the program without exactly knowing how the system actually found the
results. It therefore makes sense to distinguish between two levels of meaning
of Prolog programs; namely,

o the declarative meaning and
. the procedural meaning.

The declarative meaning is concerned-only with the relations defined by the
program. The declarative meaning thus determines what will be the output of
the program. On the other hand, the procedural meaning also determines how
this output is obtained; that is, how are the relations actually evaluated by the
Prolog system.

The ability of Prolog to work out many procedural details on its own is
considered to be one of its specific advantages. It encourages the programmer
to consider the declarative meaning of programs relatively independently of
their procedural meaning. Since the results of the program are, in principle,
determined by its declarative meaning, this should be (in principle) sufficient
for writing programs. This is of practical importance because the declarative
aspects of programs are usually easier to understand than the procedural
details. To take full advantage of this, the programmer should concentrate
mainly on the declarative meaning and, whenever possible, avoid being
distracted by the executional details. These should be left to the greatest
possible extent to the Prolog system itself.



AN OVERVIEW OF PROLOG 25

This declarative approach indeed often makes programming in Prolog

easier than in typical procedurally oriented programming languages such as

Pascal. Unfortunately, however, the declarative approach is not always suffi-

cient. It will later become clear that, especially in large programs, the pro- i
cedural aspects cannot be completely ignored by the programmer for practical I
reasons of executional efficiency. Nevertheless, the declarative style of think- |

ing about Prolog programs should be encouraged and the procedural aspects

ignored to the extent that is permitted by practical constraints.

Summary

o Prolog programming consists of defining relations and querying about
relations.

o A program consists of clauses. These are of three types: facts, rules and
questions.

o A relation can be specifiedby facts, simply stating the n-tuples of objects
that satisfy the relation, or by stating rules about the relation.

o A procedure is a set of clauses about the same relation.

Querying about relations, by means of questions, resembles querying a
database. Prolog's answer to a question consists of a set of objects that
satisfy the question.

In Prolog, to establish whether an object satisfies a query is often a
complicated process that involves logical inference, exploring among
alternatives and possibly backtracking. All this is done automatically by
the Prolog system and is, in principle, hidden from the user.
Two types of meaning of Prolog programs are distinguished: declarative
and procedural. The declarative view is advantageous from the program-
ming point of view. Nevertheless, the procedural details often have to be
considered by the programmer as well.

The following concepts have been introduced in this chapter:

clause, fact, rule, euestion
the head of a clause, the body of a clause
recursive rule, recursive definition
procedure
atom, variable
instantiation of a variable
goal
goal is satisfiable, goal succeeds
goal is unsatisfiable, goal fails
backtracking
declarative meaning, procedural meaning
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Syntax and Meaning of
Prolog Programs

This chapter gives a systematic treatment of the syntax and semantics of basic

concepts of Piolog, und introduces structured data objects. The topics included

are'.

o simple data objects (atoms, numbers, variables)

. structured objects

. matching as the fundamental operation on objects

o declarative (or non-procedural) meaning of a program

o procedural meaning of a Program
. relation between the declarative and procedural meanings of a program

o altering the procedural meaning by reordering clauses and goals

Most of these topics have already been reviewed in Chapter L- Here the

treatment will become rnore formal and detailed.

2.1 Data objects

Figure 2.L shows a classification of data objects in Prolog. The Prolog system

reiognizes the type of an object in the program by its syntactic form. This is

portibl. because the syntax of Prolog specifies different forms for each type of

const
,/

atoms

data objects

/ \
, / \

simple objects structures
, / \

/ \
ants variables

\

numbers

Figure 2.1 Data objects in Prolog.
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data objects. We have already seen a method for distinguishing between atoms
and variables in Chapter 1: variables start with upper-case letters whereas
atoms start with lower-case letters. No additional iniormation (such as data-
type declaration) has to be communicated to Prolog in order to i".ognize the
type of an object.

2.1.1 Atoms and numbers

In Chapter L we have seen some simple examples of atoms and variables. In
general, however, they can take more complicaied forms-that is, strings of the
following characters:

o upper-case letters A, B, ..., Z
o lower-case letters 8, b, ..., z
o  d i g i t s  0 ,  L , 2 ,  . . . , 9
. special characters such as + - * I <) : : . & _-

\.
Atoms can be constructed in three ways:

(1) Strings of letters, digits and the underscore character, '-', starting with a
lower-case letter:

anna
nil
,Os
,L25
x-25A8
x_
x-y
alpha-beta-procedure
miss_Jones
sarahjones

(2) Strings of special characters:

When using atoms of this form, some care is necessary because some
strings of special characters already have a predefined meaning; an
example is ' :- ' .

(3) Strings of characters enclosed in single quotes. This is useful if we want,
for example, to have an atom that starts with a capital letter. By enclosing
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it in quotes we make it distinguishable from variables:

'Tom'
'South-America'
'Sarah Jones'

Numbers used in Prolog include integer numbers and real numbers. The

syntax of integers is simple, as illustrated by the following examples:

1313 -97

Not atl integer numbers can be represented in a computer, therefore the range

of integers is limited to an interval between some smallest and some largest
number permitted by a particular Prolog implementation. Normally the range
allowed by an implementation is at least between - 16383 and 16383, and often
it is considerably wider.

The treatment of real numbers depends on the implementation of Prolog.
We will assume the simple syntax of numbers, as shown by the following
examples:

3.t4 -0.0035 100.2

Real numbers are not used very much in typical Prolog programming. The
reason for this is that Prolog is primarily a language for symbolic, non-numeric
computation, as opposed to number crunching oriented languages such as
Fortran. In symbolic computation, integers are often used, for example, to
count the number of items in a list; but there is little need for real numbers.

Apart from this lack of necessity to use real numbers in typical Prolog
applications, there is another reason for avoiding real numbers. In general, we
want to keep the meaning of programs as neat as possible. The introduction of
real numbers somewhat impairs this neatness because of numerical errors that
arise due to rounding when doing arithmetic. For example, the evaluation of
the expression

10000+0.0001 -10000

may result in 0 instead of the correct result 0.0001.

2.1.2 Variables

Variables are strings of letters, digits and underscore characters. They start
with an upper-case letter or an underscore character:

x
Result
Object2
Participantlist

shrikant
Highlight
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Shoppinglist
r23
23

When a variable appears in a clause once only, we do not have to invent a
name for it. We can use the so-called'anonymous'variable, which is written as
a single underscore character. For example, let us consider the following rule:

hasachild( X) :- parent( X, y).

This rule says: foi all X, X has a child if X is a parent of some Y. We are defining
the property hasachild which, as it is meant here, does not depend on the nurni
of the child. Thus, this is a proper place in which to use an anonymous variable.
The clause above can thus be rewritten:

hasachild( X) paren( X, -).

feacntime a single underscore character occurs in a clause it represents a new
I anonymous variable. For example, we can say that there is somebody who has

a child if there are two objects such that one is a parent of the other:

somebody-has-child :- parent( _, _).

This is equivalent

somebodyJras-child parent( X, Y).

But this is, of course, quite different from:

somebody-has-child parent( X, X).

If the anonymous variable appears in a question clause then its value is not
output when Prolog answers the question. If we are interested in people who
have children, but not in the names of the children, then we can simply ask:

?- parent( X,

The lexical scope of variable names is one clause. This means that, for
example, if the name X15 occurs in two clauses, then it signifies two different
variables. But each occurrence of X15 within the same clause means the same
variable, The situation is different for constants: the same atom always means
the same object in any clause - that is, throughout the whole program.

2.1.3 Structures

Structured objects (or simpl y structures) are objects that have several compo-
nents. The components themselves can, in turn, be structures. For example,
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date(

I
I
I

functor
\/
arguments

(b)

Figure 2.2 Date is an example of a structured object: (a) as it is represented as a tree;
(b) as it is written in Prolog.

the date can be viewed as a structure with three components: day, month, year.
Although composed of several components, structures are treated in the
program as single objects. In order to combine the components into a single
object we have to choose afunctor. A suitable functor for our example is date.
Then the date 1st May 1,983 can be written as:

date( t, may, 1983)

(see Figure 2.2).
All the components in this example are constants (two integers and one

atom). Components can also be variables or other structures. Any day in May
can be represented by the structure:

date( Duy, may, 1983)

Note that Day is a variable and can be instantiated to any object at some later
point in the execution.

This method for data structuring is simple and powerful. It is one of the
reasons why Prolog is so naturally applied to problems that involve symbolic
manipulation.

Syntactically, all data objects in Prolog are terms. For example,

may

and

date( 1, may, 1983)

are terms.
All structured objects can be pictured as trees (see Figure2,.2 for an

example). The root of the tree is the functor, and the offsprings of the root are
the components. If a component is also a structure then it is a subtree of the tree
that corresponds to the whole structured object.

Our next example will show how structures can be used to represent some
simple geometric objects (see Figure2.3). A point in two-dimensional space is

l9E3

l,mayr 1983)

I may

(a)
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P2 = (2,3)

t 2 3 4 5 6 7 8

Some simple geometric objects.Figure 2.3

defined by its two coordinates; a line segment is defined by two points; and a
triangle can be defined by three points. Let us choose the following functors:

point for points,
seg for line segments, and
triangle for triangles.

Then the objects in Figure 2.3 can be represented by the following Prolog
terms:

p1 : point(l,l)
p2: point(2,3)
S : seg( Pl, P2): seg( point(l,1), point(2,3))
T : triangle( point(4,Z), point(6,4), point(7,l) )

p1 = proint

/ \

(4.2)

(7,1)

S = s e g

/ \
, / \

I point point

/ \ / \
/ \ / \
l 1 2 3

T = triangle

-/ l\
. / l \

point point point

/ \  / \  / \
4 2 6 4 7 1

Figure 2.4 Tree representation of the objects in Figure 2.3.



SYNTAX AND MEANING OF PROLOG PROGRAMS 33

The corresponding tree representation of these objects is shown in Figure 2.4.

In general, the functor at the root of the tree is called the principal functor of.

the term.
If in the same program we also had points in three-dimensional space

then we could use another functor, point3, say, for their representation:

point3( X, Y, Z)

We can, however, use the same name, point, for points in both two and three
dimensions, and write for example:

point( X1, Y1) and point( X,Y, Z)

If the same name appears in the program in two different roles, as is the case for
point above, the Prolog system will recognize the difference by the number of
arguments, and will interpret this name as two functors: one of them with two
arguments and the other one with three arguments. This is so because each
functor is defined by two things:

(1) the name, whose syntax is that of atoms;

(2) the arity - that is, the number of arguments.

As already explained, all structured objects in Prolog are trees, repre-
sented in the program by terms. We will study two more examples to illustrate
how naturally complicated data objects can be represented by Prolog terms.
Figure 2.5 shows the tree structure that corresponds to the arithmetic
expression

( a + b ) * ( c - 5 )

According to the syntax of terrns introduced so far this can be written, using the
symbols '*', '*' and '-' as functors, as follows:

*( +( a, b), -( c, 5) )

Figure 2.5 A tree structure that corresponds
( a + b ) * ( c - 5 ) .

\

/

./
+

\
b

/ \
5

to the arithmetic expression
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This is of course a legal Prolog term; but this is not the form that we would
normally like to have. We would normally prefer the usual, infix notation as
used in mathematics. In fact, Prolog also allows us to use the infix notation so
that the symbols '*' 

,'*' and '-' are written as infix operators. Details of how
the programmer can define his or her own operators will be discussed in
Chapter 3.

As the last example we consider some simple electric circuits shown in
Figure 2.6. The right-hand side of the figure shows the tree representation of
these circuits. The atoms tl, 12, 13 and 14 are the names of the resistors. The

r1 12
+
(a)

Figure 2.6 Some simple electric circuits and their tree representations: (a) sequential
composition of resistors r1 and 12; (b) parallel composition of two resistors; (c) parallel
composition of three resistors; (d) parallel composition of r1 and another circuit.

\
12

seq

/
I

par

/ \
/ \

rl 12

par

/ \
/ \

rl par

/ \
/ \

12 r3

per

/ \
/ \

rl seq

/ \
/ \

per r4

/ \
/ \
12 r3

r1

l-1.---,-l

H
(b)

r1

r:l
l r2  l- , -7

t-.,'LJ
(c) 

H

rl

Fr

I ' r l
#

(d)
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functors par and seq denote the parallel and the sequential compositions of

resistors respectively. The corresponding Prolog terms are:

seq( 11, 12)
par( r1, 12)
par( 11, Par( r2, 13) )
par( r1, seq( Par( 12, r3)' 14) )

Exercises

2.1 Which of the following are syntactically correct Prolog objects? What

kinds of object are they (atom, number, variable, structure)?

(a) Diana

(b) diana

(c) 'Diana'

(d) -diana

(e) 'Diana goes souttrl
(f) goes( diana, south)

(e) as
(h) s( x, Y)
(i) *( north, west)

(j) three( Black( Cats) )

2.2 Suggest a representation for rectangles, squares and circles as structured
Prolog objects. Use an approach similar to that in Figure 2.4. For
example, a rectangle can be represented by four points (or maybe three
points only). Write some example terms that represent some concrete
objects of these types using the suggested representation.

2.2 Matching

In the previous section we have seen how terms can be used to represent
complex data objects. The most important operation on terms is matching.
Matching alone can produce some interesting computation.

Given two terms, we say that they match if.:

(1) they are identical, or
(2) the variables in both terms can be instantiated to objects in such a way

that after the substitution of variables by these objects the terms become
identical.
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For example, the terms date( D, M, 19g3) and date( Dl, may, yl) match. one
instantiation that makes both terms identical is:

. D is instantiated to Dl
o M is instantiated to may
. Y1 is instantiated to 1983

This instantiation is more compactly written in the familiar form in which
Prolog outputs results:

D : D 1
M : m a y
Yl : 1983

on the other hand, the terms date( D, M, l9s3) and date( Dl, Ml, 1444) do
not match, nor do the terms date( X, y, Z) and point( X, y, Z).

Matching is a process that takes as input two terms and checks whether
they match. If the terms do not match we say that this process/ails. If they do
match then the process succeeds and it also instantiates the variables in both
terms to such values that the terms become identical.

Let us consider again the matching of the two dates. The request for this
operation can be communicated to the Prolog system by the following ques-
tion, using the operator ':':

?- date( D, M, 1983) = date( Dl, may, Y1).

We have already mentioned the instantiation D = D1, $t : hay, Yl = 1983,
which achieves the match. There are, however, other instantiations that also
make both terms identical. Two of them are as follows:

D = 1
D l  : 1
M:  may
Yl : 1983

D : third
D1 : third

.  M :  m i y
Yl : 1983

These two instantiations are said to be less general than the first one because
they constrain the values of the variables D and D1 stronger than necessary.
For making both terms in our example identical, it is only important that D and
D1 have the same value, although this value can be anything. Matching in
Prolog always results in the most general instantiation. This is the instantiation
that commits the variables to the least possible extent, thus leaving the greatest
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possible freedom for further instantiations if further matching is required. As

an example consider the following question:

?- date( D, M, 1983) : date{ Dl, maY, Y1),
date( D, M, 1983) : date( 15' M' Y).

To satisfy the first goal, Prolog instantiates the variables as follows:

D : D l
M:  may
Yl : 1983

After having satisfied the second goal, the instantiation becomes more specific
as follows:

D = 1 5
D l : 1 5
M:  may
Yl : 1983
Y:  1983

This example also illustrates that variables, during the execution of consecutive
goals, typicatly become instantiated to increasingly more specific values.

The general rules to decide whether two terms, S and T, match are as
follows:

(]*)

ffi

(3)i

The last of these rules can be visualized by considering the tree represen-
tation of terms, as in the example of Figure 2.7.The matching process starts at
the root (the principal functors). As both functors match, the process proceeds
to the arguments where matching of the pairs of corresponding arguments
occurs. So the whole matching process can be thought of as consisting of the
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triangle

triangle

Figure 2.7 Matching triangl{ poin(l,l), A, point(2,3) ) : triangl{ X, point(4,Y),
point(Z,Z) ).

following sequence of (simpler) matching operations:

triangle : triangle,
poin(l,l) : X,
A - point(4,Y),
point(2,3; : point(z,Z).

The whole matching process succeeds because all the matchings in the
sequence succeed. The resulting instantiation is:

;5 : point(l,l)
4 = point(4,Y)
Z : 3

The following example will illustrate how matching alone can be used for
interesting computation. Let us return to the simple geometric objects of
Figure 2.4, and define a piece of program for recognizing horizontal and
vertical line segments. 'Vertical' is a property of segments, so it can be
formalized in Prolog as a unary relation. Figure 2.8 helps to formulate this
relation. A segment is vertical if the x-coordinates of its end-points are equal,
otherwise there is no other restriction on the segment. The property'horizon-
tal' is similarly formulated, with only x and y interchanged. The following
program, consisting of two facts, does the job:

vertical( seg( point(X,Y), point(X'Yl) ).

horizontal( seg( point(X,Y), pornt(Xl,Y) ).

./
point

/ \
l l

./
x

\
point

/ \
2 3

\
point

/ \
2 Z

point

/ \
4 Y
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The following conversation is possible with this program:

?- vertical( seg( point(l,l), point(l,2) ) ).

yes

?- vertical( seg( point(l,l), point(2'Y) ) ).

no

?- horizontal( seg( point(l,1), point(2'Y) ) ).

Y : l

The first question was answered'yes'because the goal in the question matched
one of the facts in the program. For the second question no match was possible.
In the third question, Y was forced to become 1 by matching the fact about
horizontal segments.

point(X,Yl)

Figure 2.8 Illustration of vertical and horizontal line segments.

A more general question to the program is: Are there any vertical
segments that start at the point (2,3)?

?- vertical( seg( point(2,3), P) ).
p = point(Z,y)

This answer means: Yes, any segment that ends at any point (2,Y), which
means anywhere on the vertical line x : 2. lt should be noted that Prolog's
actual answer would probably not look as neat as above, but (depending on the
Prolog implementation used) something like this:

p : point(2,_136)

This is, however, only a cosmetic difference. Here -136 is a variable that has
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not been instantiated. -136 is, of course, a legal variable name that the system
has constructed during the execution. The system has to generate new names in
order to rename the user's variables in the program. This is necessary for two
reasons: first, because the same name in different clauses signifies different
variables, and second, in successive applications of the same Clause, its ,copy'
with a new set of variables is used each time.

Another interesting question to our program is: Is there a segment that is
both vertical and horizontal?

?- vertical( S), horizontal( S).

S : seg( point(X,Y), point(X,Y) )

This answer by Prolog says: Yes, any segment that is degenerated to a point has
the property of being vertical and horizontal at the same time. The answer was,
again, derived simply by matching. As before, some internally generated
names may appear in the answer, instead of the variable names X and Y.

Exercises

2.3 Will the following matching operations succeed or fail? If they succeed,
what are the resulting instantiations of variables?

(a) point( A, B) : point( l, 2)
(b) point( A, B) : point( X, Y, Z)

(c) plus( 2,2) -- 4

(d) +( 2' D) : +( 8,2)
(e) triangle( point(-l,O), P2, P3): triangle( Pl, point(l,0), point(O,Y) )

The resulting instantiation defines a family of triangles. How would
you describe this family?

2.4 Using the representation for line segments as described in this section,
write a term that represents any vertical line segment at x -- 5.

2.5 Assume that a rectangle is represented by the term
rectangle( Pl, P2, P3, P4) where the P's are the vertices of the rectangle
positively ordered. Define the relation

regular( R)

which is true if R is a rectangle whose sides are vertical and horizontal.

2.3 Declarative meaning of Prolog programs

We have already seen in Chapter 1 that Prolog programs can be understood in
two ways: declaratively and procedurally. In this and the next section we will
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consider a more formal definition of the declarative and procedural meanings
of programs in basic Prolog. But first let us look at the difference between these
two meanings again.

Consider a clause

P : -  Q , R .

where P, Q and R have the syntax of terms. Some alternative declarative
readings of this clause are:

P is true if Q and R are true.
From Q and R follows P.

Two alternative procedural readings of this clause are:

To solve problem P, first solve the subproblem O and then the
subproblem R.

To satisfy P , first satisfy Q and then R.

Thus the difference between the declarative readings and the procedural ones
is that the latter do not only define the logical relations between the head of the
clause and the goals in the body, but also the order in which the goals are
processed.

Let us now formahze the declarative meaning.
The declarative meaning of programs determines whether a given goal is

true, and if so, for what values of variables it is true. To precisely define the
declarative meaning we need to introduce the concept of instance of. a clause.
An instance of a clause C is the clause C with each of its variables substituted by
some term. A varianr of a clause C is such an instance of the clause C where
each variable is substituted by another variable. For example, consider the
clause:

hasachild( X) :- parent( X, Y).

Two variants of this clause are:

hasachild( A) :- parent( A, B).
hasachild( Xl) :- parent( Xl, X2).

Instances of this clause are:

hasachild( peter)
hasachild( barry)

parent( peter, Z).
parent( barry, small(caroline) ).
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Given a program and a goal G, the declarative

P : -  Q ; R '

is read: P is true if Q is true or R is true. The meaning of this clause is thus the
same as the meaning of the following two clauses together:

P: -4 .
P : - R .

The comma binds stronger than the semicolon. So the clause

P : -  Q , R ; S , T , U .

is understood as

P  : -  ( Q , R ) ; ( S , T , U ) .

and means the same as the clauses:

P : -  Q , R .
P : -  S , T , U .

Exercises

2.6 Consider the following program:

f( 1, one).

f( s(1), two).
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f( s((1)), three).

f( s(s(s(X))), N) :-
f( x, N).

How will Prolog answer the following questions? Whenever several

answers are possible, give at least two.

(a) ?- f( s(1), A).

(b) ?- f( s(s(l), two).

(c) ?- f( s(s(s(s(s(s(1)))))), C).

(d) ?- ( D, three).

2.7 The following program says that two people are relatives if
(a) one is a predecessor of the other, or
(b) they have a common predecessor, or
(c) they have a common successor:

relatives( X, Y) :-
predecesso( X, Y).

relatives( X, Y) :-
predecessor( Y, X).

relatives( X, Y) :-
predecessor( Z, X),
predecessor(2, Y).

relatives( X, Y) :-
predecessor( X, Z),
predecessor(Y, Z).

Can you shorten this program by using the semicolon notation?

2.8 Rewrite the following program without using the semicolon notation.

translate( Number, Word) :-
Number : 1, Word : one;
Number : 2, Word : two;
Number : 3, Word : three.

2.4 Procedural meaning

The procedural meaning specifies howProlog answers questions. To answer a
question means to try to satisfy a list of goals. They can be satisfied if the
variables that occur in the goals can be instantiated in such a way that the goals
logically follow from the program. Thus the procedural meaning of Prolog is a
procedure for executing a list of goals with respect to a given program. To
'execute goals' means: try to satisfy them.

Vo X and Y have a common Predecessor

%o X and Y have a common successor
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success/failure indicator

instantiation of variables

Figure 2.9 InpuVoutput view of the procedure that executes a list of goals.

Let us call this procedure execute. As shown in Figure2.9, the inputs to
and the outputs from this procedure are:

input: a program and a goal list
output: a successifailure indicator and an instantiation of variables

The meaning of the two output results is as follows:

(1) The success/failure indicator is 'yes' if the goals are satisfiable and 'no'

otherwise. We say that 'yes' signals a successful termination and 'no' a
failure.

(2) An instantiation of variables is only produced in the case of a successful
termination; in the case of failure there is no instantiation.

In Chapter L, we have in effect already discussed informally what pro-
cedure execute does, under the heading 'How Prolog answers questions?'.
What follows in the rest of this section is just a more formal and systematic
description of this process, and can be skipped without seriously affecting the
understanding of the rest of the book.

Particular operations in the goal execution process are illustrated by the
example in Figure 2.L0.It may be helpful to study Figure 2.l0before reading
the following general description.

PROGRAM

big( bear).
big( elephant).
smal( cat).

brown( bear).
black( cat).
gray( elephant).

dark( Z) :-
black( Z).

dark( Z) :-
brown( Z).

Vo Clause I
Vo Clause 2
Vo Clause 3

Vo Clause 4
Vo Clause 5
Vo Clause 6

Vo Clause 7: Anything black is dark

Vo Clause 8: Anything brown is dark

shrikant
Highlight
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QUESTION

?- dark( X), big( X).

EXECUTION TRACE

% Who is dark and big?

Initial goal list: dark( X), big( X).

Scan the program from top to bottom looking for a clause whose head
matches the first goal dark( X). Clause 7 found:

dark( Z) :- black( Z).

Replace the first goal by the instantiated body of clause 7, giving a new
goal list.

black( X), big( X)

(3) Scan the program to find a match with black( X). Clause 5 found:
black( cat). This clause has no body, so the goal list, properly instanti-
ated, shrinks to:

big( cat)

(4) Scan the program for the goal big( cat). No clause found. Therefore
backtrack to step (3) and undo the instantiation X: cat. Now the goal list
is again:

black( X), big( X)

Continue scanning the program below clause 5. No clause found.
Therefore backtrack to step (2) and continue scanning below clause 7.
Clause 8 is found:

dark( Z) :- brown( Z).

Replace the first goal in the goal list by brown( X), giving:

brown( X), big( X)

(5) Scan the program to match brown( X), finding brown( bear). This clause
has no body, so the goal list shrinks to:

big( bear)

(6) Scan the program and find clause big( bear). It has no body so the goal list
shrinks to empty. This indicates successful termination, and the corre-
sponding variable instantiation is:

X = bear

Figure 2.10 An example to illustrate the procedural meaning of Prolog: a sample trace
of the procedure execute.
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To execute a list of goals

G l ,  G 2 , . . . ,  G m

the procedure execute does the following:

t*#ffi 'ff,ffii'{ ffi'"'; e i * *in't

*l,,"lffiffi,.(r.wffiffi ffi ,ffi#,iffimej,,ffi #,#*,'i



SYNTAX AND MEANING OF PROLOG PROGRAMS 47

This procedure is more compactly written in a Pascallike notation in Figure
2.7r.

Several additiondl remarks are in order here regarding the procedure
execute as presented. First, it was not explicitly described how the final result-
ing instantiation of variables is produced. It is the instantiation S which led to a
successful termination, and was possibly further refined by additional instan-
tiations that were done in the nested recursive calls to execute.

Whenever a recursive call to execute fails. the execution returns to
SCANNING, continuing at the program clause C that had been last used
before. As the application of the clause C did not lead to a successful termina-
tion Prolog has to try an alternative clause to proceed. What effectively
happens is that Prolog abandons this whole part of the unsuccessful execution
and backtracks to the point (clause C) where this failed branch of the execution
was started. When the procedure backtracks to a certain point, all the variable
instantiations that were done after that point are undone. This ensures that
Prolog systematically examines all the possible alternative paths of execution
until one is found that eventually succeeds, or until all of them have been
shown to fail.

We have already seen that even after a successful termination the user
can force the system to backtrack to search for more solutions. In our descrip-
tion of execute this detail was left out.

Of course, in actual implementations of Prolog, several other refine-
ments have to be added to execute. One of them is to reduce the amount of

procedure execute (Program., GoalList, Success) ;

Input arguments:
Progranr: list of clauses
GoalLisl: list of goals

Output argument:
Success: truth value Success will become true if

GoalLisf is true with respect to Progrom
Local variables:

Goal: goal
OtherGoals: list of goals
Satisfied: truth value
MatchOK: truth value
Instant: instantiation of variables
H, ,  H ' ,  ,  81 ,  B I ' ,  ,  . . . ,  Bn ,  Bn ' :  goa ls

Auxiliary functions:
empty(L): returns true if L is the empty list
head(L): returns the first element of l ist L
tail(L): returns the rest of L
oppend(Ll ,L2): appends list L2 at the end of l ist L1
match(Tl ,T2,MatchoK,Instant): tries to match terms T1 and T2: if

succeeds then MatchOK is true and Instant is the corresponding
instantiation of variables

substitute(lnstant,Goals) : substitutes variables in Goals according
to instantiation Instant
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begin
if empty(GoalList) then Succes,s :_ true
else

begin
Goal :: head(GoalList);
OtherGoals : - tail(GoalLisr) ;
Satisfied : - false;
while not Satisfied and " more clauses in program" do

begin
Let next clause in Program be

H : - B I  , B n .
Construct a variant of this clause

H '  : -  8 7 '  ,  . . . , ,  B n '  .
match ( G oal, H', M atchO K,Ins tant) ;
if MatchOK then

begin
NewGoals :  -  append(fB] ' , . . . ,8n' f ,OtherGoals);
NewGoals : - substitute(Instant,NewGoalr) ;
execute(Progrem ,N ewG oals ,Satisfied)

end
end;

Success :- Satisfied
end

end;

Figure 2.ll Executing prolog goals.

scanning through the program clauses to improve efficiency. So a practical
Prolog implementation will not scan through all the clauses of the program, but
will only consider the clauses about the relation in the current goal.

Exercise

2.9 Consider the program in Figure 2.10 and simulate, in the style of Figure
2.10, Prolog's execution of the question:

?- big( X), dark( X).

Compare your execution trace with that of Figure 2.10 when the question
was essentially the same, but with the goals in the order:

?- dark( X), big( X).

In which of the two cases does Prolos have to do more work before the
answer is found?
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2.5 Example: monkey and banana

The monkey and banana problem is often used as a simple example of problem
solving. our Prolog program for this problem will show how the mechanisms of
matching and backtracking can be used in such exercises. We will develop the
program in the non-procedural way, and then study its procedural behaviour in
detail. The program will be compact and illustrative.

We will use the following variation of the problem. There is a monkey at
the door into a room. tn the middle of the room a banana is hanging from the
ceiling. The monkey is hungry and wants to get the banana, but he cannot
stretch high enough from the floor. At the window of the room there is a box
the monkey may use. The monkey can perform the following actions: walk on
the floor, climb the box, push the box around (if it is already at the box) and
grasp the banana if standing on the box directly under the banana. Can the
monkey get the banana?

One important task in programming is that of finding a representation of
the problem in terms of concepts of the programming language used. In our
case we can think of the 'monkey world' as always being in some state that can
change in time. The current state is determined by the positions of the objects.
For example, the initial state of the world is determined by:

(1) Monkey is at door.

(2) Monkey is on floor.
(3) Box is at window.

(4) Monkey does not have banana.

It is convenient to combine all of these four pieces of information into one
structured object. Let us choose the word'state' as the functor to hold the four
components together. Figure 2.12 shows the initial state repreSented as a
structured object.

Our problem can be viewed as a one-person game. Let us now formalize
the rules of the game. First, the goal of the game is a situation in which the
monkey has the banana; that is, any state in which the last component is 'has':

state( -) -, -, has)

state

atdoor onfloor atwindow hasnot

Figure 2.12 The initial state ofthe monkey world represented as a structured object.
The four components are: horizontal position of monkey, vertical position of monkey,
position of box, monkey has or has not the banana.
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Second, what are the allowed moves that change the world from one state to
another? There are four types of moves:

(1) grasp banana,

(2) climb box,

(3) push box,

(4) walk around.

Not all moves are possible in every possible state of the world. For example,
the move 'grasp' is only possible if the monkey is standing on the box directly
under the banana (which is in the middle of the room) and does not have the
banana yet. Such rules can be formalized in Prolog as a three-place relation
narned move:

mov{ Statel, M, State2)

The three argumentsof the relation specify a move thus:

State2Statgl --------)

M

Statel is the state before the move. M is the move executed and State2 is the
state after the move.

The move 'grasp', with its necessary precondition on the state before the
move, can be defined by the clause:

This fact says that after the move the monkey has
rernained on the box in the middle of the room.

In a similar way we can express the fact that the
walk from any horizontal position Pl to any position
this regardless of the position of the box and whether
All this can be defined by the following Prolog fact:

move( state( Pl, onfloor, B, H),
walk( Pl, P2),
state( P2, onfloor, B, H) ).

move( state( middle, onbox,
grasp,
state( middle, onbox,

middle, hasnot),

middle, has) ).

Vo Before move
Vo Move
Vo After move

the banana, and he has

monkey on the floor can
P2. The monkey can do
it has the banana or not.

Vo Walk from PL to PZ

Note that this clause says many things, including, for example:

the move executed was 'walk from some position Pl to some position P2'

the monkey is on the floor before and after the move;

o

o
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MOYC M

canget canget has

Figure 2.13 Recursive formulation of canget.

the box is at some point B which remained the same after the move;

the 'has banana' status remains the same after the rnove.

The clause actually specifies a
applicable to any situation that
Such a specification is therefore
the concept of Prolog variables

whole set of possible moves because it is
matches the specified state before the move.
sometimes also called a move schema. Due to
such schemas can be easily programmed in

Prolog.
The other two types of moves, 'push' and 'climb', can be similarly

specified.
The main kind of question that our program will have to answer is: Can

the monkey in some initial state S get the banana? This can be formulated as a
predicate

canget( S)

where the argument S is a state of the monkey world. The program for canget
can be based on two observations:

(1) For any state S in which the monkey already has the banana, the predi-
cate canget must certainly be true; no move is needed in this case. This
corresponds to the Prolog fact:

cange( state( -, -, -, has) ).

(2) In other cases one or more moves are necessary. The monkey can get the
banana in any state 51 if there is some move M from state 51 to some state
52, such that the monkey can then get the banana in state 52 (in zero or
more moves). This principle is illustrated in Figure 2.I3. A Prolog clause
that corresponds to this rule is:

canget( Sl) :-
move( 51, M, S2),
canget( S2).

This completes our program which is shown in Figure 2.14.
The formulation of canget is recursive and is similar to that of the

predecessor relation of Chapter 1 (compare Figures 2.I3 and 1.7). This prin-
ciple is used in Prolog again and again.
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% Legal moves

move( state( middle, onbox, middle,
grasp,
state( middle, onbox, middle,

move( state( P, onfloor, P, H),
climb,
state( P, onbox, P, H) ).

move( state( Pl, onfloor, Pl, H),
push( Pl, P2),
state( P2, onfloor, P2, H) ).

move( state( Pl, onfloor, B, H),
walk( Pl, P2),
state( P2, onfloor, B, H) ).

hasnot),
Vo Grasp banana

has) ).

Vo Climb box

Vo Push box from Pl to P2

Vo Walk from Pt to P2

Vo canget( State): monkey can get banana in State

canget( state( -, -, -, has) ).

canget( Statel) :-
move( Statel, Move, State2),
canget( State2).

can 1: Monkey already has it

can 2: Do some work to get it
Do something

Get it now

Vo

Vo

Vo

Vo

Figure 2.14 A program for the monkey and banana problem.

- We have developed our monkey and banana program in the non-pro-
cedural way. Let us now study its procedural behaviour by considering ttre
following question to the program:

?- canget( state( atdoor, onfloor, atwindow, hasnot) ).

Prolog's answer is'yes'. The process carried out by Prolog to reach this answer
proceeds, according to the procedural semantics of Prolog, through a sequence
of goal lists. It involves some search for right moves among the possible
alternative moves. At some point this search will take a wrong move leading to
a dead branch. At this stage, backtracking will help it to recover. Figure 2.15
illustrates this search process.

To answer the question Prolog had to backtrack once only. A right
sequence of moves was found almost straight away. The reason for this
efficiency of the program was the order in which the clauses about the move
relation occurred in the program. The order in our case (luckily) turned out to
be quite suitable. However, less lucky orderings are possible. According to the
rules of the game, the monkey could just as easily try to walk here or there
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grasp climb push walk( atdoor, P2)

climb push( P2,P2')

grasp climb walk

grasp

P2' =middle

Figure 2.15 The monkey's search for the banana. The search starts at the top node and
proceeds downwards, as indicated. Alternative moves are tried in the left-to-risht
order. Backtracking occurred once only.

without ever touching the box, or aimlessly push the box around. A more
thorough investigation will reveal, as shown in the following section, that the
ordering of clauses is, in the case of our program, in fact critical.

2.6 Order of clauses and goals

2.6.1 Danger of indefinite looping

Consider the following clause:

p : -p .

This says that 'p is true if p is true'. This is declaratively perfectly correct, but

.53

I
I
I backtrack
I
I
I
I

push

state( atdoor, onfloor, atwindow, hasnot)

state( P2, onfloor, atwindow, hasnot)

state( atwindow, onbox, atwindow, hasnot) state( P2', onfloor, P2', hasnot)

state( P2', onb oxlPz )hasnot)

state( middle, onbox, middle, has)
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procedurally is quite useless. In fact, such a clause can cause problems to
Prolog. Consider the question:

'!- p.

Using the clause above, the goal p is replaced by the same goal p; this will be in
turn replaced by p, etc. In such a case Prolog will enter an infinite loop not
noticing that no progress is being made.

This example is a simple way of getting Prolog to loop indefinitely.
However, similar looping could have occurred in some of our previous example
programs if we changed the order of clauses, or the order of goals in the
clauses. It will be instructive to consider some examples.

In the monkey and banana program, the clauses about the move relation
were ordered thus: grasp, climb, push, walk (perhaps .unclimb' should be
added for completeness). These clauses say that grasping is possible, climbing
is possible, etc. According to the procedural semantics of prolog, the order oi
clauses indicates that the monkey prefers grasping to climbing, climbing to
pushing, etc. This order of preferences in fact helps the monkey to solve the
problem. But what could happen if the order was different? Let us assume that
the 'walk' clause appears first. The execution of our original goal of the
previous section

?- canget( stat{ atdoor, onfloor, atwindow, hasnot) ).

would this time produce the following trace. The first four goal lists (with
variables appropriately renamed) are the same as before:

(1) canget( state( atdoor, onfloor, atwindow, hasnot) )

The second clause of canget ('c anz') is applied, producing:

(2) move( state( atdoor, onfloor, atwindow, hasnot), M,, S2,),
canget( s2')

By the move walk( atdoor, PZ') we get:

(3) canget( state(Pz', onfloor, atwindow, hasnot) )

using the clause 'can?'again the goal list becomes:

(4) move( state( P2', onfloor, atwindow, hasnot), M', s2"),
canget( s2")

Now the difference occurs. The first clause whose head
above is now 'walk' (and not 'climb' as before).

matches the first goal
The instantiation is



SYNTAX AND MEANING OF PROLOG PROGRAMS 55

52" = state( P2", onfloor, atwindow, hasnot). Therefore the goal list becomes:

(5) canget( state(P2", onfloor, atwindow, hasnot) )

Applying the clause ocan?'we obtain:

(6) move( state( P2", onfloor, atwindow, hasnot), M"' , 52"'),
canget( s2"')

Again, 'walk' is now tried first, producing:

(7) canget( state(P2"' , onfloor, atwindow, hasnot) )

Let us now compare the goals (3), (5) and (7). They are the same apart from
one variable; this variable is, in turn, P', P" and P"'. As we know, the success of
a goal does not depend on particular names of variables in the goal. This means
that from goal list (3) the execution trace shows no progress. We can see, in
fact, that the same two clauses, 'can2' and 'walk', are used repetitively. The
monkey walks around without ever trying to use the box. As there is no
progress made this will (theoretically) go on for ever: Prolog will not realize
that there is no point in continuing along this line.

This example shows Prolog trying to solve a problem in such a way that a
solutiort is never reached, although a solution exists. Such situations are not
unusual in Prolog programming. Infinite loops are, also, not unusual in other
progtamming languages. What l's unusual in comparison with other languages
is that the declarative meaning of a Prolog program may be correct, but the
program is at the same time procedurally incorrect in that it is not able to
produce an answer to a question. In such cases Prolog may not be able to satisfy
a goal because it tries to reach an answer by choosing a wrong path.

A natural question to ask at this point is: Can we not make some more
substantial change to our program so as to drastically prevent any danger of
looping? Or shall we always have to rely just on a suitable ordering of clauses
and goals? As it turns out programs, especially large ones, would be too fragile
if they just had to rely on some suitable ordering. There are several other
methods that preclude infinite loops, and these are much more general and
robust than the ordering method itself. These techniques will be used regularly
later in the book, especially in those chapters that deal with path finding,
problem solvirrg and search.

2.6.2 Program variations through reorderlng of clauses and goals

Already in the example programs of Chapter 1 there was a latent danger of
producing a cycling behaviour. Our program to specify the predecessor relation
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in Chapter L was:

predecessor( X, Z) '.

parent( X, Z).

predecessor( X, Z) :-
parent( X, Y),
predecessor( Y, Z\.

Let us analyze some variations of this program. All the variations will clearly
have the same declarative meaning, but not the same procedural meaning.

Vo Four versions of the predecessor program

Vo The original version

predl( X, Z) :-
parent( x, z).

predl( x, z) .-

parent( x, Y),
predl( Y, Z).

vo variation a: swap clauses of the original version

pred2( x, z) ,-

parent( x, Y),
pred2( Y, Z).

pred2( x, z) '-
parent( x, z).

Vo Variation b: swap goals in second clause of the original version

pred3( X, Z) :-
parent( x, z).

pred3( x, z) :-
pred3( X, Y),
parent( Y, Z).

Vo Variation c: swap goals and clauses of the original version

pred4( x, z) .-
pred4( X, Y),
parent( Y, Z).

pred4( x, z) .-
parent( x, z).

Figure 2.16 Four versions of the predecessor program.
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According to the declarative semantics of Prolog we can, without affecting the
declarative meaning, change

(1) the order of clauses in the program, and

(2) the order of goals in the bodies of clauses.

The predecessor procedure consists of two clauses, and one of them has two
goals in the body. There are, therefore, four variations of this program' all with

the same declarative meaning. The four variations are obtained by

(1) swapping both clauses, and

(2) swapping the goals for each order of clauses.

The corresponding four procedures, called predl, pted2, pred3 and pred4, are

shown in Figure 2.1"6.
There are important differences in the behaviour of these four

declaratively equiva-lent procedures. To demonstrate these, consider the

parent relation as shown in Figure 1.1 of Chapter L. Now, what happens if we

ask whether Tom is a predelessor of Pat using the four variations of the

predecessor relation:

?- predl( tom, Pat).

yes

?- pred2( tom, Pat).

yes

?- pred3( tom, Pat).

yes

?- pred4( tom, Pat).

In the last case Prolog cannot find the answer. This is manifested on the

terminal by a Prolog message such as'More core needed''
Figuie 1.11 in-Chapter L showed the trace of predl (in chapter L called

predeceJsor) produced for the above question. Figure 2.17 shows the corre-

sponding traces for pred2,pred3 and pred4. Figure 2.17(c) clearly shows that

pred4 islopeless, and Figure 2.17(a) indicates that pred2 is rather inefficient

compared to predl: pred2 does much more searching and backtracking in the

family tree.
This comparison should remind us of a general practical heuristic in

problem solving: it is often useful to try the simplest idea first. In our case, all

ihe versions of the predecessor relation are based on two ideas:

o the simpler idea is to check whether the two arguments of the predecessor

relation satisfy the parent relation;
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the more complicated idea is to find somebody 'between' both people
(somebody who is related to them by the parent and predicessor
relations).

of the four variations of the predecessor relation, predl does simplest things
first- on the contrary, pred4 always tries complicated things first. pred2 and
pred3 are in between the two extremes. Even without a detailed study of the
execution traces, predl should be clearly preferred merely on the grounds of
the rule 'try simple things first'. This rule will be in geneial a useful guide in
programming.

our four variations of the predecessor procedure can be further com-
pargd by considering the question: what types of questions can particular
variations answer, and what types can they not answer? It turns out that predl

pred2( x,z) :-
parent( x, Y),
prd2(Y,Zl.

pred2( x,7,) :-
parent( x,z),

Y'=  bob

Y" = pg;t

(a)

pred2( tom, pat)

parent( tom, Y )
pred2( Y'rpat)

pred2( bob, pat)

parent( bob, Y")
2(Y" rpat)

perent( bb, pat)

pred2(ann, pat)

parent(ann, Y"')
2{Y"'.rpat) perent( ann, Pat)

paren( Pet, Y"')
pr€d2( Y"' ,pat)

paruqpaLpar)

paren(jh, Y'-")
Prcdz(Y"",pd)

Y"' = jim
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pred3(x,z\ :-
parent(x,z),

pred3( x,z) :-
pred3(x, Y),
parent(Y,Z).

(b)

(c)

pped4(X,Zl :'
pred4(x, Y)n
parent(Y,Zl.

pred4{X,Zl :-
pflrent{xrz),

pred4(to+,Y')
parent(Y,pet)

pred4(tory, Y,')
pnrent(Y, ,Y )
psrent{Y 'Pat)

predr(togl,, Y;)
parent(Y,, ,{ )
perent(Y-, Y )
perent(Y,pat)

FiSurp 2.f? The behaviour of three forrnulations of the prpdegg$sof relation oq the

qu-estion: Is Tom a predegessor of Pat?

pred3(torrtr paO

parent(tom,pa9
pred3(top, Y')
parent( Y , pat)

1frl,
parent(tot,il
parent( Y., Pat)

1t
|  |  y '= bob
t l

parent( bob, pflO

yes
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and pred2 are both able to reach an answer for any type of question about
predecessors; pred4 can never reach an answer; and pred3 sometimes can and
sometimes cannot. One example in which pred3 fails is:

?- pred3( liz, jim).

This question again brings the system into an infinite sequence of recursive
calls. Thus pred3 also cannot be considered procedurally iorrect.

2.6.3 Combining declarative and procedural views

The foregoing section has shown that the order of goals and clauses does
matter. Furthermore, there are programs that are declaratively correct. but do
not work in practice. such discrepancies between the declarative and pro-
cedural meaning may appear annoying. One may argue: Why not simply forget
about the declarative meaning. This argument can be brought to an extreme
with a clause such as

predecessor( X, Z) i predecessor( X, Z).

which is declaratively correct, but is completely useless as a working program.
. The reason why we should not forget about the declarative m-eaning is

that progress in.programming technology is achieved by moving away from
procedural details toward_ declarative aipects, which are noro,uily easier to
formulate and understand. The system itself, not the programmer, should
carry the burden of filling in the procedural details. proiog "cloes 

help toward
this end, although, as we have seen in this section, it onr! herps partiaily: it
sometimes does work out the procedural details itseltproperly, and sometimes
it does not. The philosophy adopted by many is that ii is uettei to have at reast
some declarative meaning rather than noni (,none' is the case in most other
programming languages). The practical aspect of this view is that it is often
rather easy to get a working program on." *" have a program that is
declaratively correct. consequentry, a usefur practicar uppiouJh that often
works is to concentrate on the declarative aspecti otttre proutem, then test the
resulting program on the computer, and if itiails proceduraily try to rearrange
the clauses and goals into a right order.

2.7 Remarks on the relation between prolog and logic

Prolog is related to mathematical rogic, so its syntax and meaning can bespecified most concisely with referencei to logic. piolog is indeed often defined
that way. However, such an introduction tolrolog u.iu-", that the reader isfamiliar with certain concepts of mathematical lolic. These lon."p,, are, on
the other hand, certainly not necessary for understinding ana using irrolog as a
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programming tool, which is the aim of this book. For the reader who is
especially interested in the relation between Prolog and logic, the following are
some basic links to mathematical logic, together with some appropriate
references.

Prolog's syntax is that of the first-order predicate logic formulas written in
the so-called clause form (a form in which quantifiers are not explicitly writ-
ten), and further restricted to Horn clauses only (clauses that have at most one
positive literal). Clocksin and Mellish (1981) give a Prolog program that
transforms a first-order predicate calculus formula into the clause form' The
procedural meaning of Prolog is based on the resolution principle fot mechani-
cal theorem proving introduced by Robinson in his classical paper (1965).
Prolog uses a special strategy for resolution theorem proving called SLD. An
introduction to the first-order predicate calculus and resolution-based theorem
proving can be found in Nilsson 1981. Mathematical questions regarding the
properties of Prolog's procedural meaning with respect to logic are analyzed by
Lloyd (1984).

Matching in Prolog corresponds to what is called unification in logic.
However, we avoid the word unification because matching, for efficiency
reasons in most Prolog systems, is implemented in a way that does not exactly
correspond to unification (see Exercise 2.10). But from the prqtical point of,

view tiris approximation to unification is quite adequate. U €fgf t&e Lt

Exercise

2.10 What happens if we ask Prolog:

?-  x - f ( x ) .

Should this request for matching succeed or fail? According to the

definition of unification in logic this should fail, but what happens accord-

ing to our definition of matching in Section 2.2? Try to explain why many

Prolog implementations answer the question above with:

x - f(f(f(f(f(f(f(f(f(f(f(f(f(f(

Summary

So far we have covered a kind of basic Prolog, also called 'pure Prolog'. It is
'pure' because it corresponds closely to formal logic. Extensions whose aim is
to tailor the language toward some practical needs will be covered later in the
book (Chapters 3, 5,6,7).Important points of this chapter are:

Simple objects in Prolog are atoms, variables and numbers. Structured

objects, or structures, are used to represent objects that have several

components.
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Structures are constructed by means of functors. Each functor is defined
by its name and arity.
The type of object is recognized entirely by its syntactic form.
The lexical scope of variables is one clause. Thus the same variable name
in two clauses means two different variables.
Structures can be naturally pictured as trees. Prolog can be viewed as a
language for processing trees.
The matching operation takes two terms and tries to make themidentical
by instantiating the variables in both terms.

Matching, if it succeeds, results in the most general instantiation of
variables.

The declarative semantics of prolog
respect to a given program, and if
variables it is true.

defines whether a goal is true with
it is true, for what instantiation of

A comma between goals means the conjunction of goals. A semicolon
between goals means the disjunction of goals.
The procedural semantics of Prolog is a procedure for satisfying a list ofgoals in the context of a given progiam. th. procedure outputs the truth
or falsity of the goal list and the corresponding instantiations of variables.
The procedure automatically backtrurtr to examine alternatives.
The declarative meaning of programs in 'pure Prolog' does not depend on
the order of clauses and the order of goals in clauses.
The procedural meaning does depend on the order of goals and clauses.
Thus the order can affect the efiiciency of the p.ogru*; an unsuitable
order may even lead to infinite recursive calls.
Given a declaratively correct program, changing the order of clauses andgoals can improve the program's imiriency *triG retaining its declarative
correctness. Reordering is one rnethod of preventing inOefinite looping.
There are other more general techniques, apart from reordering, toprevent indefinite looping and thereby makl programs procedurally
robust.

concepts discussed in this chapter are:

data objects: atom, number, variable, structure
term
functor, arity of a functor
principal functor of a terrn
matching of terms
most general instantiation
declarative semantics
instance of a clause, variant of a clause
procedural semaRtics
executing goals
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Lists, Operators,
Arithmetic

In this chapter we will study a special notation for lists, one of the simplest and
most useful structures, and some programs for typical operations on lists. We
will also look at simple arithmetic and the operator notation which often
improves the readability of programs. Basic Prolog of Chapter 2, extended
with these three additions, becomes a convenient framework for writing
interesting programs.

3.1 Representation of lists

The /lst is a simple data structure widely used in non-numeric programming. A
list is a sequence of any number of items, such as ann, tennis, tom, skiing. Such
a list can be written in Prolog as:

I ann, tennis, tom, skiing]

Jhls is, however, only the external appearance of lists. As we have already seen
in chapter 2, all structured objects in Prolog are trees. Lists are no exception to
this.

How can a list be
consider two cases: the
list is simply written as
viewed as consisting of

(1) the first item, called the head of the list;
(2) the remaining part of the list, called the tail.

For our example list

I ann, tennis, tom, skiing]

the head is ann and the tail is the list

I tennis, tom, skiing]

64

represented as a standard Prolog object? We have to
list is either empty or non-empty. In the first case, the
a Prolog atom, tl. In the second case, the list can be
two things:
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In general, the head can be anything (any Prolog object, for example, a tree or
a variable); the tail has to be a list. The head and the tail are then combined into
a structure by a special functor. The choice of this functor depends on the
Prolog implementation; we will assume here that it is the dot:

.( Head, Tail)

Since Tail is in turn a list, it is either empty or it has its own head and tail.
Therefore, to represent lists of any length no additional principle is needed'
Our example list is then represented as the term:

.( ann, .( tennis, .( tom, .( skiing, tl ) ) ) )

Figure 3.1 shows the corresponding tree structure. Note that the empty list
appears in the above term. This is because the one but last tail is a single item
list:

I skiing]

This list has the empty list as its tail:

I skiingl = .( skiing, [J )

This example shows how the general principle for structuring data objects
in Prolog also applies to lists of any length. As our example also shows, the
straightforward notation with dots and possibly deep nesting of subterms in the
tail part can produce rather confusing expressions. This is the reason why
Prolog provides the neater notation for lists, so that they can be written as
sequences of items enclosed in square brackets. A programmer can use both
notations, but the square bracket notation is, of course, normally preferred.
We will be aware, however, that this is only a cosmetic improvement and that
our lists will be internally represented as binary trees. When such terms are

an

ten

\

/
nis

/

\

"/
\

/
ingski t l

Figure 3.1 Tree representation of the list I ann, tennis, tom, skiing].
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output they will be automatically converted into their neater form. Thus the
following conversation with Prolog is possible:

?- Ltstl = [a,b,c],
List2 = .( a, .( b, .( c, Il ) ) ).

Listl : [a,b,c]
Llst2 = [a,b,c]

?- Hobbiesl : .( tennisn .( music, [] ) ),
Hobbies2 = [ skiing, food],
[, = [ ann, Hobbiesl, tom, Hobbies2].

Hobbiesl = [ tennis, music]
Hobbies2 = [ skiing, food]
[, = [ ann, ltennis,rnusicl, tom, lskilng,foodl ]

This example also reminds us that the elements of a list can be objects of any
kind, in particular they can also be lists.

It is often practical to treat the whole tail as a single object. For example,
let

1e [a,b,c]

Then we could write

16;1 = [b,cl and L = .( a, Tail)

To express this in the square bracket notation for lisfs, Prolog provides another
notational extension, the vertical bar, which separates the head 4nd the tail:

L r I a l T d t l

The vertical bar notation is in fact more general: we can list any number of
elements followed by'l' and the list of remaining items. Thus alternative ways
of writing the aboye list are:

[a,b,c] = [x | [b,c] I : [a,b | fcl ] =[a,b,c | [] l

To summarize:

o A list is a data structure that is either empty or consists of two parts: a
head and a tail. The tail itself has to be a list.

r Lists are handled in Prolog as a special case of binary trees. For improved
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readability Prolog provides a special notation for lists, thus accepting lists
written as:

I lteml, Item2' ...]

or

I Head I TaiU

or

I Iteml, Item2, ... I Othersl

3.2 Some operations on lists

Lists can be used to represent sets although there is a difference; the order of

elements in a set does not matter while the order of items in a list does; also, the

same object can occur repeatedly in a list. Still, the most common operations

on lists are similar to those on sets. Among them are:

r checking whether some obiect is an element of a list, which corresponds

to checking for the set membershiP;

. concatenation of two lists, obtaining a third list, which corresponds to the

union of sets;

r adding a new object to a list, or deleting some object from it'

In the remainder of this section we give programs for these and some other

operations on lists.

3.2.1 tetnbershiP

Let us implement the mernbership relation as

member( X, L)

where X is an object and L is a list. The goal menrbed X, L) is true if X occurs in

L. For example,

rrember( b, [a,b,cl )

is truen

me,n$e( b, [a,[b,cll )

is not true, but

mernbert fb,cl, [a,[b'cll )
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is.true. The program for the membership relation can be based on the following
observation:

X is a member of L if either
(1) X is the head of L, or
(2) X is a member of the tail of L.

This can be written in two clauses, the first is a simple fact and the second is a
rule:

member( X, [X I Tait] ).

member( X, [Head I Taill ) :-
member( X, Tail).

3.2.2 Concatenation

For concatenating lists we will define the relation

conc( Ll, L2,L3)

Here Ll andL2 are two lists, and L3 is their concatenation. For exampre

conc( [a,b], [c,d], [a,b,c,d] )

is true, but

conc( [a,b], [c,d], [a,b,a,c,d] )

is false. In the definition of conc we will have again two cases, depending on the
first argument, L7:

(1) If the first argument is the empty list then the second and the third
arguments must be the same list (cail it L); this is expressed by the
following Prolog fact:

conc( [], L, L).

(2) If the first argument of conc is a non-empty list then it has a head and a tail
and must look like this:

IX ILU

Figure 3.2 illustrates the concatenation of [x I Ll] and some list L2. The
result of the concatenation is the list [X I L3] where L3 is the concatena-
tion of L1 and L2.ln prolog this is written as:

conc( [X I Lt], LZ, [X I L3] ) :-
conc( Ll, L2,L3\.
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tx lL3l

Figure 3.2 Concatenation of lists.

This program can now be used for concatenating given lists, for example:

?- conc( [a,b,cl, U,2,31' L).

[, = [a,b,c,1,2,3]

?- conc( [a,[b,c],d1, [a,[]'bl, L).

L:  [a,  [b,c] ,  d,  a,  [ ] ,  bl

Although the conc program looks rather simple it can be used flexibly in many

other ways. For eximple, we can use conc in the inverse direction for decom-

posing a given list into two lists, as follows:

?- conc( Ll, L2, [a,b,c] ).

t 1  : i l
L2 : [a,b,c];

tl : [a]
12: [b,c] i

11 : [a,bl
a: Ic l ;

11 : [a,b,c]
t2 = Il;
no

It is possible to decompose the list [a,b,c] in four ways, all of which were found

by our program through backtracking.
We can also use b.rr program to look for a certain pattern in a list. For
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example, we can find the months that precede and the months that follow a
given month, as in the following goal:

?- conc( Before, [may I After],
[jan,feb,mar,apr,may jun jul,aug,sep,oct,nov,dec] ).

Before = ffan,feb,mar,apr]
After = [iun jul,aug,sep,oct,nov,decl.

Further we can firrd the immediate predecessor and the immediate successor of
May by asking:

?- conc( -, [Monthl,may,Month2 | _],
ffan,feb,mar,apr,may jun jul,aug,sep,oct,nov,dec] ).

Monthl = apr

"on11r2 
= jun

Further still, we can, for example, delete from some list, Ll, everything that
follows three successive occurrences of z in Ll together with the thiee z's. For
example:

?. tl e la,b,zrz,e,z,z,z,d,el,
conc( L2, fz,z,z | _1, Ll).

Ll = fa,b rz,z,c,z,z,z d,el
U = la,b,z,z,cl

We have already programmed the
however, the membership 

-relation 
could

clause:

memberl( X, L) :.
conc( Ll, [X I L2l, L).

This clause says: X is a member of list L if L can be decomposed into two lists so
that the second one has X as its head. of course, memberl defines the same
relation as member. we have just used a different name to distinguish between
the two implementations. Note that the above clause can be-written using
anonymous variables as:

memberl( X, L) :-
conc( _, [X | _1, L).

It is interesting to compare both implementations of the membership relation,
member and memberl. member has a rather sfiaightforward procedural mean-
ing, which is as follows:

To check whether some X is a member of some list L:
(1) first check whether the head of L is equal to X, and then
(2) check whether X is a member of the tail of L.

membership relation. Using conc,
be elegantly programmed by the
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2nd clause of conc

Matching:

L l  =  tx lL l ' l
tb lL2l =L2'

la,b,cl  = tXl t3 ' l
This forces:
X=arL3 '= [b ,cJ

71

memberl( b, I a, b' c] )

I
I

conc(Ll, I b J L2J, I a, b, c] )

conc(Ll', tb I L2l, [b, c] )

lst clause of conc

Matching:

L l ' = [ ]

tb lL2l = [b,c]

This forces:

L2 = [cJ

succeed

Figure 3.3 Procedure memberl finds an item in a given list by sequentially searching
the list.

On the other hand, the declarative meaning of memberl is straightforward, but

its procedural meaning is not so obvious. An interesting exercise is to find how

memberl actually computes something. An example execution trace will give

some idea: let us consider the question:

?- memberl( b, [a,b,c] ).

Figure 3.3 shows the execution trace. From the trace we can infer that memberl
behaves similarly to member. It scans the list, element by element, until the

item in question is found or the list is exhausted.

Exercises

3. I (a) Write a goal, using conc, to delete the last three elements from a list L
producing another list LL. Hint: L is the concatenation of L1 and a
three-element list.

lst clause of conc
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(b) Write a sequence of goals to delete the first three elements and the
last three elements from a list L producing list L2.

3.2 Define the relation

Iast( Item, List)

so that ltem is the last element of a list List. write two versions: (a) using
the conc relation, (b) without conc.

3.2.3 Adding an item

To add an item to a list, it is easiest to put the new item in front of the list so that
it becomes the new head. If X is the new item and the list to which X is added is
L then the resulting list is simply

IX  IL ]

So we actually need no procedure for adding a new element in front of the list.
Nevertheless, if we want to define such a procedure explicitly, it can be written
as the fact:

add( X, L, [X I L] ).

3.2.4 Deleting an item

Deleting an item, X, from a list, L, can be programmed as a relation

del( X, L, Ll)

where L1 is equal to the list L with the item X removed. The del relation can be
defined similarly to the membership relation. we have, again,two cases:

(1) If X is the head of the list then the result after the deletion is the tail of the
list.

(2) If X is in the tail then it is deleted from there.

del( X, [X I Tail], Tait).

del( X, [Y I Tail], [Y I Taill] ) :-
del( X, Tail, Taill).

Like member, del is also non-deterministic in nature. If there are several
occurrences of X in the list then del witl be able to delete anyone of them by
backtracking. of course, each alternative execution will onlv delete one occur-
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rence of X, leaving the others untouched. For example:

?- del( a, [a,b,a,a], L).

L:  {b,a,al ;

L:  [a,b,a];

L:  [a,b,a];

no

del will fail if the list does not contain the item to be deleted.
del can also be used in the inverse direction, to add an item to a list by

inserting the new item anywhere in the list. For example, if we want to insert a

at any piace in the list !l,z,3lthen we can do this by asking the question: what is

L such that after deleting a from L we obtain ll,2,3l?

?- del( a, L, II,2,3l ).

f, : [a,1 ,2,31;

| - fl,a,2,3l;

| - fl,Z,a,3l;

| -, Il,2,3,al;

no

In general, the operation of inserting X

Biggerlist can be defined by the clause:
at any place in some list List giving

insert( X, List, Biggerlist) :-
del( X, Biggerlist, List).

In memberl we elegantly implemented the membership relation by using

conc. We can also use dei to test for membership. The idea is simple: some X is

a member of List if X can be deleted from List:

member2( X, List) :-
del( X, List, -).

3.2.5 Sublist

Let us now consider the sublist relation. This relation has two arguments, a list

L and a list S such that S occurs within L as its sublist. So

sublist( [c,d,e], [a,b,c,d,e,fl )

73
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member( X,L)

sublist( S, L)

Figure 3.4 The member and sublist relations.

is true, but

sublist( [c,e], [a,b,c,d,e,fl )

is not. The Prolog program for sublist can be based on the same idea as
lemberl, only this time the relation is more general (see Figure 3.4). Accord-
ingly, the relation can be formulated as:

S is a sublist of L if
(t) I- can be decomposed into two lists, Ll and L2, and
(2) l-Z can be decomposed into two lists, S and some L3.

As we have seen before, the conc relation can be used for decomposing lists. so
the above formulation can be expressed in prolog as:

sublist( S, L) :-
conc( Ll, L2,L),
conc( S, L3,L2).

of course., thesublist procedure can be used flexibly in severar ways. Arthough
it was designed to check if some list occurs as a subiist within unoti"r list it can
also be used, for example, to find all sublists of a given list:

?- sublis( S, [a,b,cl ).

S=U;

S:  [a l ;

s : [a,b];

S : [a,b,c];

S :  [ b ] ;

tx lL2l
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n
ll Permute L
\z

Ll is a permutation of L

insert X obtaining a permutation of IXlL]

Figure 3.5 One way of constructing a permutation of the list [X I Ll.

3.2.6 Permutations

Sometimes it is useful to generate permutations of a given list. To this end, we
will define the permutation relation with two arguments. The arguments are
two lists such that one is a permutation of the other. The intention is to
generate permutations of a list through backtracking using the permutation
procedure, as in the following example:

?- permutation( [a,b,c], P).

P: [a,b,c] ;

P: [a,c,b];

P: [b,a,c] ;

The program for permutation can be, again, based on the consideration of two
cases, depending on the first list:

(1) If the first list is empty then the second list must also be empty.

(2) If the first list is not empty then it has the form [X I L], and a permutation
of such a list can be constructed as shown in Figure 3.5: first permute L
obtaining Ll and then insert X at any position into LL.

Two Prolog clauses that correspond to these two cases are:

permutation( Il, Il ).

permutation( [X I L], P) :-
permutation( L, L1),
insert( X, Ll, P).
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One alternative to this program would be to delete
lT, list, permute the rest of it obtaining a list p, and
The corresponding program is:

permutation2( [], [J ).
permutation2( L, tX I pl ) :-

del( X, L, L1),
permutation2( Ll, p).

an element, X, from the
then add X in front of P.

It is instructive to do some experiments with our permutation programs.
Its normal use would be something like this:

?- permutation( [red,blue,greenl, p).

This would result in all six permutations, as intended:

I red, blue, greenl;

I red, green, blueJ;

I blue, red, greenJ;

I blue, green, redl;

I green, red, blue];

I green, blue, redl;

Another attempt to use permutation is:

?- permutation( L, [a,b,cl ).

our first version, permutation, will now instantiate L successfully to all six
permutations. If the user then requests more solutions, the program would
never answer 'no' because it would get into an infinite loop trying to find
another permutation when there is none. our second version, permutation2,
will in this case find only the first (identical) permutation and then immediately
get into an infinite loop. Thus, some care is necessary when using these
permutation relations.

Exercises

3.3 Define two predicates

evenlength( List) and oddlength( List)

so that they are true if their argument is a list of even or odd length

p :

p :

p :

p :

p :

p :

no
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respect ively. For example, the l ist  [a,b,c,dl  is 'evenlength'and [a,b,c] is
'oddlength'.

3.4 Define the relation

reverse( List, Reversedlist)

that reverses lists. For example, reverse( [a,b,c,d], [d,c,b,a] )'

3.5 Define the predicate palindrome( List). A list is a palindrome if it reads

the same in the forward and in the backward direction. For example,

Im,a,d,a,m].

3.6 Define the relation

shift( Listl, List2)

so that List2 is Listl 'shifted rotationally' by one element to the left. For

example,

?- shift( t1,2,3,4,51, Ll),
shift( Ll, L2).

produces:

l l :12 ,3 ,4 ,5 ,11
L2:13 ,4 ,5 ,1 ,21

3.7 Define the relation

translate( Listl, List2)

to translate a list of numbers between 0 and 9 to a list of the corresponding
words. For examPle:

translate( [3, 5, 1, 31, [three,five,one,threel )

Use the following as an auxiliary relation:

means( 0, zero). means( 1, one). means( 2, two). ...

3.8 Define the relation

subset( Set, Subset)

where Set and Subset are two lists representing two sets. We would like to
be able to use this relation not only to check for the subset relation, but
also to generate all possible subsets of a given set. For example:

?- subset( [a,b,c], S).

S - [a,b,c] ;
S - [b,cl;
g : l c h
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il;
[a,cJ;

lal;

3.9 Define the relation

dividelist( List, Listl, List2)

so that the elements of List are partitioned between Listl and List2, and
Listl and List2 are of approximately the same length. For example,
partition( [a,b,c,d,e], [a,c,e], [b,d] ).

3.10 Rewrite the monkey and banana program of chapter 2 as the relation

canget( State, Actions)

to answer not just 'yes' or 'no', but to produce a sequence of monkey,s
actions that lead to success. Let Actions be such a sequence represented
as a list of moves:

Actions : I walk(door,window), push(window,middle), climb, grasp]

3.11 Define the relation

flatten( List, Flatlist)

where List can be a list of lists, and Flatlist is List ,flattened' so that the
elements of List's sublists (or sub-sublists) are reorganized as one plain
list. For example:

?- flatten( [a,b,[c,d],[],[[[e]11,fl, L).
L = [a,b,c,d,e,fl

3.3 Operator notation

In mathematics we are used to writing expressions like

2"a * b*c

$ :

$ : -

S _

where * and * are operators, and 2, a,
* are said to be infix operators because
Such expressions can be represented
written as Prolog terms with + and *

+( *(2,8), *(b,c) )

b, c are arguments. In particular, * and
they appear between the two arguments.
as trees, iS in Figure 3.6, and can be

as functors:

Since we would normally prefer to have such expressions written in the usual,
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infix style with operators, Prolog caters for this notational convenience. Prolog

will therefore accept our expression written simply as:

2*a * b*c

This will be, however, only the external representation of this object, which

will be automatically converted into the usual form of Prolog terms. Such a

term will be output for the user, again, in its external, infix form'

Figure 3.6 representation of the expression 2*a * b*c.

Thus expressions are dealt with in Prolog merely as a notational exten-

sion and no ni* principle for structuring data objects is involved. If we write

a * b, Prolog wiil handle it exactly as if it had been written *(a,b). In order

that Prolog pioperly understands expressions such as a * b*c, Prolog has to

know thatlbinds stronger than *. We say that + has higher precedence than
*. So the precedence of operators decides what is the correct interpretation of

expressions. For example, the expression a * b*c can be, in principle,

understood either as

*( a, *(b,c) )

+

/
2

Tree

\

\

/
b

/

\
\

.L- rt \

LLrp b!+ rll*"-..jjor as

*(*(a,b),c) 
, 'M{q\

The general rule is that the operator with the highest precedehce is the n'x, /
principal functor of the term. If expressions containing * and * are to be v
underitood according to our normal conventions, then * has to have a higher

precedence than *. Then the expression a * b*c means the same as a * (b*c).

if another interpretation is intended, then it has to be explicitly indicated by
parentheses - for example, (a * b)*c.

A programmer can define his or her own operators. So, for example, we

can define the atoms has and supports as infix operators and then write in the
program facts like:

peter has information.
floor supports table.
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These facts are exactly equivalent

has( peter, information).
supports( floor, table).

A programmer can define new
special kinds of clauses, sometimes
definitions. An operator definition
expression containing that operator.
properly defined by the directive:

operators by inserting into the program
called directives, which act as operator

must appear in the program before any
For our example, the operator has can be

op( 600, xfx, has).

This tells Prolog that we want to use 'has' as an operator, whose precedence is
600 and its type is 'xfx', which is a kind of infix operator. The fo.m of the
specifier 'xfx' suggests that the operator, denoted by 'f', is between the two
arguments denoted by 'x'.

Notice that operator definitions do not specify any operation or action. In
principle, no operation on data is associated with an operator (except in very
special cases). operators are normally used, as functors, onry to combine
objects into structures and not to invoke actions on data, although the word'operator' appears to suggest an action.

Operator names are atoms, and their precedence must
which depends on the implementation. we will assume
between 1 and 1200.

There are three groups of
specifiers such as xfx. The three

be in some range
that the range is

operator types which are indicated by type
groups are:

(1) infix operators of three types:

xfx xfy yfx

(2) prefix operators of two types:

fx fy

(3) postfix operators of two types:

xf yf

The specifiers are chosen so as to reflect the structure of the expression where'f'represents the operator and'x'and'y'represent arguments. An'f'appearing
between the arguments indicates that the operator is infix. The prefix and
postfix specifiers have only one argument, which follows or precedes the
operator respectively.

There is a difference between 'x' and 'y'. To explain this we need to
introduce the notion of the precedence of argument. lf an argument is enclosed
in parentheses or it is an unstructured object then its precedence is 0; if an
argument is a structure then its precedence is equal to the precedence of its
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precedence 500

Interpretation 1: (a - b) - c

Figure 3.7 Two interpretations of the
precedence 500. ff '- ' is of type yfx,

precedence of b - c is not less than the
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Interpretation 2: a - (b - c)

e x p r e s s i o n a - b - c
then interpretation 2
precedence of ' - ' .

assuming that '- ' has
is invalid because the

principal functor. 'x'represents an argument whose precedence must be strictly
lower than that of the operator. 'y' represents an argument whose precedence
is lower or equal to that of the operator.

These rules help to disambiguate expressions with several operators of
the same precedence. For example, the expression

a - b - c

is normally understood as (a - b) - c, and not as a - (b - c). To achieve the
normal interpretation the operator '-' has to be defined as yfx. Figure 3.7
shows why the second interpretation is then ruled out.

As another bxample consider the prefix operator not. If not is defined as
fy then the expression

not not p

is legal; but if not is defined as fx then this expression is illegal because the
argument to the first not is not p, which has the same precedence as not itself. In
this case the expression has to be written with parentheses:

not ( not p)

For convenience, some operators are predefined in the Prolog system so
that they can be readily used and no definition is needed for them. What these
operators are and what their precedences are depends on the implementation
of Prolog. We will assume that this set of 'standard' operators is as if defined by
the clauses in Figure 3.8. As Figure 3.8 also shows, several operators can be
declared by one clause if they all have the same precedence and if they are all of
the same type. In this case the operators' names are written as a list.

The use of operators can greatly improve the readability of programs. As
an example let us assume that we are writing a program for manipulating

prec. 0

precedence 500
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:- op( 1200, xfx, ':-').

:- op( 12(X), fx, [ :-, ?-] ).'- op( 1100, xfy, ';').

:- op( 1000, xfy, ',').
'- op( 700, xfx, t -, is,
:- op( 500, yfx, [ + , -J ).
:- op( 500, fx, [ * , -, not] ).'- op( 400, yfx, [ *, /, div] ).'- op( 300, xfx, mod).

Figure 3.8 A set of predefined operators.

Boolean expressions. In such a program we may want to state, for example,
one of de Morgan's equivalence theorems, which can in mathematics be
written as:

-(A & B) qi :=:)  -A v -B

One way to state this in Prolog is by the clause:

equivalence( not( and( A, B)), or( not( A), not( B) ) ).

However, it is in general a good programming practice to try to retain as much
resemblance as possible between the original problem notation and the nota-
tion used in the program. In our example, this can be achieved almost com-
pletely by using operators. A suitable set of operators for our purpose can be
defined as:

:- op( 800, xfx, (:::)).
:- op( 700, xfy, v).
:- op( 600, xfy, &).
:. op( 500, fy, -).

Now the de Morgan's theorem can be written as the fact:

-(A & B) <::=;' -A v -B.

According to our specification of operators above, this term is understood as
shown in Figure 3.9.

To summarize:

o The readability of programs can be often improved by using the operator
notation. Operators can be infix, prefix or postfix.
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Figure 3.9 Interpretation of the term -(A & B)

In principle, tro operation on data is associated with an operator except in

special cases. Operator definitions do not define any action, they only

introduce new notation. Operators, ?S functors, only hold together com-

ponents of structures.

A programmer can define his or her own operators. Each operator is

defined by its name, precedence and type.

The precedence is an integer within some range, say between 1 and 1200.

The operator with the highest precedence in the expression is the princi-

pal functor of the expression. Operators with lowest precedence bind

strongest.

The type of the operator depends on two things: (1) the position of the

operator with respect to the arguments, and (2) the precedence of the

arguments compired to the precede'nce of the operator itself. In a

specifier like xfy, x indicates an argument whose precedence is strictly

lower than that of the operator; y indicates an argument whose prece-

dence is less than or equal to that of the operator.

83

/
A

\

i
B

\
\

\

/
,/

T
A

/
,/

/

&

\
B

Exercises

3.12 Assuming the operator definitions
'- op( 300, xfx, plays).
'- op( 200, xfy, and).

then the followitrg two terms are syntactically legal objects:

Terml - jimmy plays football and squash
Term2 : susan plays tennis and basketball and volleyball

How are these terms understood by Prolog? What are their principal

functors and what is their structure?
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3.13 Suggest an appropriate definition of operators (.was', .of,, ,the,) to be
able to write clauses like

diana was the secretary of the department.

and then ask Prolog:

?- Who was the secretary of the department.
Who = diana

?- diana was What.
What = the secretary of the department

3.14 Consider the program:

t( 0+1, 1+0).
t( x+0+1, x+1+0).
t(x*t*| ,  z) :_
t( x+1, x1),
t(xt+|, z).

How will this program answer the foilowing questions if .+' is an infix
operator of type yfx (as usual):

(a) ?- t( 0+1, A).
(b) ?- (  0+1+1, B).
(c) ?- t (  1+0+1+1+1, C).
(d) ?- ( D, 1+1+1+0).

3.15 In the previous section, relations involving lists were written as:

member( Element, List),
conc( Listl, List2, List3),
del( EJement, List, Newlist), ...

Suppose that we would prefer to write these relations as:

Element in List,
concatenating Listl and List2 gives List3,
deleting Element from List gives Newlist, ...

Define 'in', 'concatenating', 'and', etc. as operators to make this
possible. Also, redefine the corresponding procedures.

3.4 Arithmetic

Prolog is mainly a language for symbolic computation where the need for
numerical calculation is comparatively modest. Accordingly, the means for
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doing arithmetic in Prolog are also rather simple. Some of the predefined

operators can be used for basic arithmetic operations' These are:

+

*

I
mod

addition
subtraction
multiplication
division
modulo, the remainder of integer division

Notice that this is an exceptional case in which an operator may in fact invoke
an operation. But even in such cases an additional indication to perform the
action will be necessary. Prolog knows how to carry out the calculation denoted
by these operators, but this is not entirely sufficient for direct use. The
following question is a naive attempt to request arithmetic computation:

? -  [ :  t +2 .

Prolog will 'quietly' answer

X : l * 2

and not X : 3 as we might possibly expect. The reason is simple: the expression
1 * 2 merely denotes a Prolog term where * is the functor and 1 and 2 are its
arguments. There is nothing in the above goal to force Prolog to actually
activate the addition operation. A special predefined operator, is, is provided
to circumvent this problem. The is operator will force evaluation. So the right
wav to invoke arithmetic is:

? -  X i s l  + 2 .

Now the answer will be:

X : 3

The addition here was carried out by a special procedure that is associated with
the operator *. We call such procedures built-in procedures.

There is no generally agreed notational convention for arithmetic in
Prolog, so different implementations of Prolog may use somewhat different
notations. For example, the'l' operator may denote integer division or real
division, depending on the implementation. In this book, we will assume that'/'
denotes real division, and that the div operator denotes integer division.
Accordingly, the question

X is 312,
Y i s 3 d i v 2 .
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is answered bv

x-
Y -

1 .5
1

The left argument of the is operator is a simple object. The right argu-
ment is an arithmetic expression composed of arithmetic operators, numbers
and variables. Since the is operator will force the evaluation, all the variables in
the expression must already be instantiated to numbers at the time of execution
gfthis goal. The precedence of the predefined arithmetic operators (see Figure
3.8) is such that the associativity of arguments with operators is the same as
normally in mathematics. Parentheses can be used to indicate different associa-
tions. Note that +, -, *, land div are defined as yfx, which means that
evaluation is carried out from left to right. For example,

X i s  5 - 2 - l

is interpreted as

X i s ( 5  - 2 \ - r

Arithmetic is also involved when comparing numerical values. We can,
for example, test whether the product of277 and37 is greater than 10000 by the
goal:

277*37>10000 .

yes

Note that, similarly to is, the ')' operator also forces the evaluation.
Suppose that we have in the program a relation born that relates the

names of people with their birth years. Then we can retrieve the names of
people born between 1950 and 1960 inclusive with the following question:

?- born( Name, Year),
Year ): 1950,
Year :( 1960.

The comparison operators are as follows:

X
X
X } :
X : (
X  : : :
X  : \ :

Y
Y
Y
Y

X is greater than Y
X is less than Y
X is greater than or equal to Y
X is less than or equal to Y
the values of X and Y are equal
the values of X and Y are not equal
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Notice the difference between the matching operators':'and'-;='; for

example, in the goals X : Y and X ::: Y. The first goal will cause the matching

of the objects X and Y, and will, if X and Y match, possibly instantiate some

variables in X and Y. There will be no evaluation. on the other hand, X::: Y

causes the arithmetic evaluation and cannot cause any instantiation of varia-

bles. These differences are illustrated by the following examples:

? -  1+ / - i : 2+  1 .

yes

? -  1+2 -2+  1 .

no

? -  1+A :B+2 .

Let us further illustrate the use of arithmetic operations by two simple

examples. The first involves computing the greatest common divisor; the

second, counting the items in a list.
Given two positive integers, X and Y, their greatest common divisor, D,

can be found according to three cases:

(1) If X and Y are equal then D is equal to X.

(2) If X < Y then D is equal to the greatest common divisor of X and the
difference Y - X.

(3) If Y < X then do the same as in case (2) with X and Y interchanged.

It can be easily shown by an example that these three rules actually work.
Choosing, for example ,X:20 and Y :25,the above rules would give D = 5
after a sequence of subtractions.

These rules can be formulated into a Prolog program by defining a three-
argument relation, say

gcd( X, Y, D)

The three rules are then expressed as three clauses, as follows:

gcd( X, X, X).

gcd( X, Y, D) :-
x<Y,
Y l i sY-X ,
gcd( X, Yl, D).

A:2
S :1
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gcd( X, Y, D) :-
Y < X ,
gcd( Y, X, D).

of course, the last goal in the third clause could be equivalently replaced by the
two goals:

X l i s X - Y ,
gcd( X1, Y, D)

our next example involves counting, which usually requires some
arithmetic. An example of such a task is to establish the length of a list; that is,
we have to count the items in the list. Let us define the procedure

length( List, N)

which will count the elements in a list List and instantiate N to their number. As
was the case with our previous relations involving lists, it is useful to consider
two cases:

(1) If the list is empty then its length is 0.
(2) If the list is not empty then List : [Head I Tait]; then its length is equal to

1 plus the length of the tail Tait.

These two cases correspond to the following program:

length( [, 0).

length( [- | TaiU, N) :-
length( Tail, N1),
N i s l * N l .

An application of length can be:

?- length( [a,b,[c,d],e1, N).

N = 4

Note that in the second clause of length, the two goals of the body cannot be
swapped. The reason for this is that Nl has to be instantiated before the goal

N i s l * N l

can be processed. with the built-in procedure is, a relation has been introduced
that is sensitive to the order of processing and therefore the procedural
considerations have become vital.
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relation without the use of is. Such

Iengthl( [, 0).
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happens if we try to program the length

an atternpt can be:

lengthl( t- I TailJ, N) :
lengthl( Tail, N1),
| r [ : 1 + N 1 .

Now the goal

?- lengthl( [a,b,[c,dl,e], N).

will produce the answer:

N = 1*(1*(1+(1+0))).

The addition was never explicitly forced and was therefore not carried out at
all. But in lengthl we can, unlike in length, swap the goals in the second clause:

lengthl( [- [ TaiU, N) :-
N = 1 + N l ,
lengthl( Tail, N1).

This version of lengthl will produce the same result as the original version. It
can also be written shorter, as follows,

Iengthl( [- I TaiU, 1 * N) :-
lengthl( Tail, N).

still producing the same result. We can,
number of etements in a list as follows:

?- Iengthl( [a,b,cJ, N), Length is N.

N - 1+(1+(1+0))
Length - 3

however, use lengthl to find the

To summarize:

Built-in procedures can be used for doing arithmetic.

Arithmetic operations have to be explicitly requested by the built-in
procedure is. There are built-in procedures associated with the pre-
defined operators +, -, *, /, div and mod.

At the tirne that evaluation is carried out, all arguments must be already
instantiated to numbers.

o

o
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The values of arithmetic expressions can be compared by operators such
as <, :(, etc. These operators force the evaluation of their arguments.

Exercises

3.16 Define the relation

max( X, Y, Max)

so that Max is the greater of two numbers X and y.

3.17 Define the predicate

maxlist( List, Max)

so that Max is the greatest number in the list of numbers List.

3.18 Define the predicate

sumlist( List, Sum)

so that Sum is the sum of a given list of numbers List.

3.19 Define the predicate

ordered( List)

which is true if List is an ordered list of numbers. For example,
ordered( 11,5,6,6,9,121 ).

3.20 Define the predicate

subsum( Set, Sum, SubSe$

so that Set is a list of numbers, SubSet is a subset of these numbers, and
the sum of the numbers in SubSet is Sum. For example:

?- subsum( 11,2,5,3,21,5, Sub).

Sub : Il,2,2l;
5,16: [2,3];
Sub : [5];

3.21 Define the procedure

between( Nl, N2, X)

which, for two given integers Nl and N2, generates through backtracking
all the integers X that satisfy the constraint N1 S X S N2.
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3.22 Definethe operators'if"'then"'else' and'::' so that the following

becomes a legal term:

if X > Y then Z z= X else Z :: Y

choose the precedences so that 'if' will be the principal functor. Then

define the relation 'if' as a small interpreter for a kind of if-then-else'

statement of the form

if Vall > Val2 then Var :: Val3 else Var:: Val4

where Vall, Val2, Val3 and Val4 are numbers (or variables instantiated

to numbers) and var is a variable. The meaning of the 'if relation should

be: if the value of vall is greater than the value of val2 then var is

instantiated to Val3, otherwise to Val4. Here is an example of the use of

this interpreter:

? -  ) ( :  2 , Y :  3 ,
Yal2 is 2*X,
Val4 is 4*X,
if Y > Yal} then Z :: Y else Z :: Val4,
if Z > 5 then W :: 1 else W :: Q.

Summary

o The list is a frequently used structure. It is either empty or consists of a

headanda tailwhich is a list as well. Prologprovides a special notation for

lists.
r Common operations on lists, programmed in this chapter, are: list mem-

bership, concatenation, adding an item, deleting an item, sublist'

o The operator notation allows the programmer to tailor the syntax of
programs toward particular needs. Using operators the readability of
programs can be greatly improved.

o New operators are defined by the directive op, stating the name of an
operator, its type and precedence'

o In principle, there is no operation associated with an operator; operators
are merely a syntactic device providing an alternative syntax for terms.

o Arithmetic is done by built-in procedures. Evaluation of an arithmetic
expression is forced by the procedure is and by the comparison predicates
<, =<, etc '

x - /
Y:3
Z :$
\ l / : 1
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Concepts introduced in this chapter are:

l ist, head of l ist, tail of l ist
list notation
operators, operator notation
infix, prefix and suffix operators
precedence of an operator
arithmetic built-in procedures



Using Structures:
Example Programs

Data structures, with matching, backtracking and arithmetic, are a powerful

programming tool. tn this chapter we will develop the skill of using this tool

inrJugn programming examples: retrieving structured information from a

datab-ase, simulating inon-deterministic automaton, travel planning and eight

queens on the chesJboard. We will also see how the principle of data abstrac-

tion can be carried out in Prolog.

4.1 Retrieving structured information from a database

This exercise develops the skill of representing and manipulating structured

data objects. It also illustrates Prolog as a natural database query language.

A database can be naturally represented in Prolog as a set of facts. For

example, a database about families can be represented so that each family is

described by one clause. Figure 4.1 shows how the information about each

family can be structured. Each family has three components: husband, wife

and children. As the number of children varies from family to family the

children are represented by a list that is capable of accommodating any number

of items. Each person is, in turn, represented by a structure of four compo-

nents: name, surname, date of birth, job. The job information is'unemployed',

family

person

/l
tom fox date works

,4\ /\
7 may 1950 bbc 15200

person

/lFt-
ann fox date unemPloYed

/l\
person

/t\
pat fox Oate uneiployed

/t\
5 may 1973

9 may l95l
, / \

person t I

/lF.-
jim fox date unemPloYed

/t\
5 may 1973

Figure 4.1 Structuring information about the family.
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or it specifies the working organization and salary. The family of Figure 4.1 can
be stored in the database by the clause:

family(
person( tom, fox, date(7,may,1950), works(bbc,15200) ),person( ann, fox, dat{9,may, 195 1), unemployed),
I person( pat, fox, date(5,may,1973), unemployed),

person( jim, fox, date(S,may,1973), unemployed) I ).

our database would then be comprised of a sequence of facts like this describ-
ing all families that are of interest to our program.

Prolog is, in fact, a very suitable language for retrieving the desired
information from such a database. one nice itririg auout prolog is that we can
refer to objects without actually specifying all theiomponent, oith"r" objects.
we can merely indicate the structure of objects that we are interested in, and
leave the particular components in the struttures unspecified or only partially
lpecified' Figure 4.2 shows some examples. So *e 

"an 
refer to all Armstrong

families by:

family( person( _, armstrong, _, _), _, _)

(b) faa
(a) mily

l \

/

,/
,/

person

/) IN \
\

/

/ l
person

. /  l ' -
Name Surnam.\ 

\'

\

/ \

Figure 4.2 Specifying objects by their structural properties: (a) any Armstrong family;
(b) any family with exactly three children; (c) any fimity wiitr at ieast three children.
Structure (c) makes provision for retrieving the wife's name through the instantiation of
the variables Name and Surname.
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/
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The underscore characters denote different anonymqus variables; we do not
care about their values. Further. we can refer to all families with three children
bv the term:

- , - l )

To find all married women that have at least three children we can pose the
question:

family( -, person( Name, Surnam€, -, -), [-, -, - | -] ).

The point of these examples is that we can specify objects of interest not by
their content, but by their structure. We only indicate their structure and leave
their arguments as unspecified slots.

We can provide a set of procedures that can serve as a utility to make the
interaction with the database more comfortable. Such utility procedures could
be part of the user interface. Some useful utility procedures for our database
are:

husband( X) '-

family( X, -, -).

wife( X) '-

family( -, X, - ).

child( X) :-
family( -, -, Childr€n),
member( X, Children).

memhr( X, [X I Ll ).

memhr( X, tY I Ll ) .-

memhr( X, L).

exists( Person) '-

husband( Person);
wife( Person);
child( Person).

dateofbirth( person( -, _, Date, _), Date).

V o X i s a h u s b a n d

V o X i s a w i f e

V o X i s a c h i l d

Vo Any person in the database

salary( person( -, -, -, work{ -, S) ), S). Vo Salwy ofworking person

salary( person( j -, -, unemployed), 0). Vo Salary of unemployed

we can use these utilities, for example, in the following queries to the
database:

Find the narnes of all the people in the database:

?- exists( person( Name, Surnam€, _, _) ).
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o Find all children born in 1981:

?' 
;:H!*h( x, date( -, -,1e8r) ).

o Find all employed wives:

?- wife( person( Name, Surnam€, _, works( _, _) ) ).

o Find the names of unemployed people who were born before 1963:

?- exists( person( Name, Surname, dat{ -, -, Year), unemployed) ),
Year < 1963.

e Find people born before 1950 whose salary is less than 8000:

?- exists( Person),
dateofbirth( Person, date( _) _, Year) ),
Year ( 1950,
salary( Person, Salary),
Salary ( 8000.

o Find the names of families with at least three children:

?- family( person( -, Name, -, -), -, [-, -, - | -] ).

To calculate the total income of a family it is useful to define the sum of
salaries of a list of people as a two-argument relation:

total( Lislof-people, Surn-of-their-salaries)

This relation can be programmed as:

total( [], 0).

total( [Person I List], Sum) '-

salary( Person, S),
total( List, Rest),
S u m i s S * R e s t .

Vo Empty list of people

Vo S: salary of first person

Vo Rest: sum of salaries of others

The total income of families can then be found by the question:

?- family( Husband, Wife, Children),
total( [Husband, Wife I Children], Income).

Let the length relation count the number of elements of a list, as defined in
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mernber of less than 2000 bY:

?- family( Husband, Wife,
total( [Husbard, Wife I
length( [Husband, Wife
Income/N < 2000.
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all families that have an income per family

Children),
Childrenl, Income),
I Childrenl, N), Vo N: size of farnily

Exercises

4.1 Write queries to find the following from the family database:

(a) names of families without children;

(b) all employed children;

(c) names of families with employed wives and unemployed husbands;

(d) all the children whose parents differ in age by at least 15 years.

4.2 Define the relation

twins( Childl, Chitd2)

to find twins in the familv database.

4.2 Doing data abstraction

Data abstraction can be viewed as a process of organizing various pieces of
information into natural units (possibly hierarchically), thus structuring the
information into some conceptually meaningful form. Each such unit of infor-
mation should be easily accessible in the program. Ideally, all the details of
implementing such a structure should be invisible to the user of the structure -

the programmer can then just concentrate on objects and relations between
them. The point of the process is to make the use of information possible
without the programmer having to think about the details of how the informa-
tion is actually represented.

Let us discuss one way of carrying out this principle in Prolog. Consider
our family example of the previous section again. Each family is a collection of
pieces of information. These pieces are all clustered into natural units such as a
person or a family, so they can be treated as single objects. Assume again that
the family information is structured as in Figure 4.1. Let us now define some
relations through which the user can access particular components of a family
without knowing the details of Figure 4.1. Such relations can be calledselectors
as they select particular components. The name of such a selector relation will
be the name of the component to be selected. The relation will have two
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arguments: first, the object that contains the component, and second, the
component itself:

selector-relation( Object, Component_selected)

Here are some selectors for the family structure:

husband( family( Husband, _, _), Husband).

wife( family( -, Wife, _), Wife).

children( family( _, _, Childlist), Childlist).

We can also define selectors for particular children:

firstchild( Family, First) :-
children( Family, [First | _] ).

secondchild( Family, Second) :-
children( Family, [_, Second | _] ).

We can generalize this to selecting the Nth child:

nthchild( N, Family, Child) :-
children( Family, ChildUst),
nttLmember( N, Childlist, Child). Vo Nth element of a list

Another interesting object is a person. Some related selectors according
to Figure 4.1arel.

firstnam{ person( Narne, _, _, _), Name).

surname( person( _, Surnarne, _, _), Surname).

born( person( _, _, Date, _), Date).

How can we benefit from selector relations? Having defined them, we
can now forget about the particular way that structured information is repre-
sented. To create and manipulate this information, we just have to know the
names of the selector relations and use these in the rest of the program. In the
case of complicated representations, this is easier than always referring to the
representation explicitly. In our family example in particular, the user does not
have to know that the children are represented as a list. For example, assume
that we want to say that Tom Fox and Jim Fox belong to the same family and
that Jim is the second child of rom. Using the selector relations above, we can
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define two persons, call them Personl and Person2, and the family. The
following list of goals does this:

firstname( Personl, tom), surname( Personl, fox), Vo Personl is Tom Fox
firstname( Person2, jim), surname( Person2, fox), Vo Personz is Jim Fox
husband( Family, Personl),
secondchild( Family, Person2)

The use of selector relations also makes programs easier to modify.
Imagine that we would like to improve the efficiency of a program by changing
the representation of data. All we have to do is to change the definitions of the
selector relations, and the rest of the program will work unchanged with the
new representation.

Exercise

4.3 Complete the definition of nthchild by defining the relation

nth-member( N, List, X)

which is true if X is the Nth member of List.

4.3 Simulating a non-deterministic automaton

This exercise shows how an abstract mathematical construct can be translated
into Prolog. In addition, our resulting program will be much more flexible than
initially intended.

Anon-deterministic finite automaton is an abstract machine that reads as
input a string of symbols and decides whether to accept or to reject the input
string. An automaton has a number of states andit is always in one of the states.
It can change its state by moving from the current state to another state. The
internal structure of the automaton can be represented by a transition graph
such as that in Figure 4.3. In this examplel $1, s2, s, and sn are the states of the
automaton. Starting from the initial state (s, in our example), the automaton
moves from state to state while reading the input string. Transitions depend on
the current input symbol, as indicated by the arc labels in the transition graph.

A transition occurs each time an input symbol is read. Note that transi-
tions can be non-deterministic. In Figure 4.3, if the automaton is in state s, and
the current input symbol is a then it can transit into s, or sr. Some arcs are
labelled null denoting the 'null symbol'. These arcs correspond to 'silent

moves'of the automaton. Such a move is said to be silent because it occurs
without any reading of input, and the observer, viewing the automaton as a
black box, will not be able to notice that any transition has occurred.

The state s, is double circled, which indicates that it is a final state. The
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Figure 4.3 An example of a non-deterministic finite automaton.

automaton is said to accept the input string if there is a transition path in the
graph such that

(1) it starts with the initial state,
(2) it ends with a final state, and
(3) the arc labels along the path correspond to the complete input string.

It is entirely up to the automaton to decide which of the possible moves to
execute at any time. In particular, the automaton may choose to make or not to
make a silent move, if it is available in the current state. But abstract non-
deterministic machines of this kind have a magic property: if there is a choice
then they always choose a 'right' move; that is, a move that leads to the
acceptance of the input string, if such a move exists. The automaton in Figure
4.3 will, for example, accept the strings ab and aabaab, but it will reject the
strings abb and abba. It is easy to see that this automaton accepts any string that
terminates with ab, and rejects all others.

In Prolog, an automaton can be specified by three relations:

(1) A unary relation final which defines the final states of the automaton;

(2) A three-argument relation trans which defines the state transitions so
that

trans( S1, X, 52)

means that a transition from a state 51 to s2 is possible when the current
input symbol X is read.

(3) A binary relation

silent( 51, 52)

meaning that a silent move is possible from 51 to 52.
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first svmbol rest of string

(b)

Figure 4.4 Accepting a string: (a) by reading its first symbol X; (b) by making a silent
move.

For the automaton in Fieure 4.3 these three relations are:

final( s3).

trans( sl, a, s1).
trans( sl, a, s2).
trans( s1, b, s1).
trans( s2, b, s3).
trans( s3, b, s4).

silent( s2, s4).
silen( s3, s1).

We will represent input strings as Prolog lists. So the string aab willbe
represented by [a,a,b]. Given the description of the automaton, the simulator
will process a given input string and decide whether the string is accepted or
rejected. By definition, the non-deterministic automaton accepts a given string
if (starting from an initial state) , after having read the whole input string, the
automaton can (possibly) be in its final state. The simulator is prograrnmed as a
binary relation, accepts, which defines the acceptance of a string from a given
state. So

accept{ State, String)

is true if the automaton, starting from the state State as initial state, accepts the
string String. The accepts relation can be defined by three clauses. They
correspond to the following three cases:

(1) The empty string, [], is accepted from a state S if S is a final state.

(2) A non-empty string is accepted from a state S if reading the first symbol in
the string can bring the automaton into some state 51, and the rest of the
string is accepted from 51. Figure a.a@) illustrates.

101

(a)

stnng
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(3) A string is accepted from a state s if the automaton can make a silent
move from S to 51 and then accept the (whole) input string from s1.
Figure 4.4(b) illustrates.

These rules can be translated into prolog as:

accepts( S, tl ) .-

final( S).

accepts( S, [X I Restl )
trans( S, X, S1),
accepts( 51, Rest).

accepts( s, String) .-
silent( S, Sl),
accepts( 51, String).

Vo Accept empty string

Vo Accept by reading first symbol

Vo Accept by making silent move

The program can be asked, for example, about the acceptance of the string
aaab by:

?- accepts( sl, [a,a,a,b] ).
yes

As we have already seen, prolog programs are often able to solve more
general problems than problems for which they were originally developed. In
our case, we can also ask the simulator which state our automaton can be in
initially so that it will accept the string ab:

?- accepts( S, [a,b] ).

S : s l ;

S = s 3

Amusingly, we can also ask: what are all the strings of length 3 that are
accepted from state s,?

?- accepts( sl, [XI,X2,X3] ).

X l : a
X 2 :  a
X 3 : b ;

x l  -b
X 2 :  a
X 3 : b ;

no
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If we prefer the acceptable input strings to be typed out as lists then we can
formulate the question as:

?- String : [-, -, -J, accepts( sl, String).

String : [a,a,b];

String : [b,a,b];

no

We can make further experiments asking even more general questions, such as:
From what states will the automaton accept input strings of length 7?

Further experimentation could involve modifications in the structure of
the automaton by changing the relations final, trans and silent. The automaton
in Figure 4.3 does not contain any cyclic'silent path' (a path that consists only
of silent moves). If in Figure 4.3 a new transition

silent( sl, s3)

is added then a 'silent cycle' is created. But our simulator may now get into
trouble. For example, the question

?- accepts( s1, [a] ).

would induce the simulator to cycle in state s, indefinitely, all the time hoping
to find some wav to the final state.

Exercises

4.4 Why could cycling not occur in the simulation of the original automaton
in Figure 4.3, when there was no 'silent cycle' in the transition graph?

4.5 Cycling in the execution of accepts can be prevented, for example, by
counting the number of moves made so far. The simulator would then be
requested to search only.for paths of some limited length. Modify the
accepts relation this way. Hint: Add a third argument: the maximum
number of moves allowed:

accepts( State, String, Marmoves)

4.4 Travel planning

In this section we will construct a program that gives advice on planning air
travel. The program will be a rather simple advisor, yet it will be able to answer
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some useful questions, such as:

o what days of the week is there a direct flight from London to Ljubljana?
o How can I get from Ljubljana to Edinburgh on Thursday?
r I have to visit Milan, Ljubljana and Zurich, starting from London on

Tuesday and returning to London on Friday. In what sequence should I
visit these cities so that I have no more than one flieht each dav of the
tour?

The program will be centred around a database holding the flight information.
This will be represented as a three-argument relation

timetable( Placel, Place2, LislofJlights)

where Lislof-flights is a list of structured items of the form:

Departure-time / Arrivaltime / Flighlnumber / Lisloldays

Lislof-days is either a list of weekdays or the atom 'alldays'. one clause of the
timetable relation can be, for example:

timetabl{ london, edinburgh,
[ 9:40 / 10:50 lba4733 / alldays,

19:40 I 2O:50 lba4833 / [mo,tu,we,th,fr,su] I ).

The times are represented as structured objects with two components, hours
and minutes, combined by the operator':'.

The main problem is to find exact routes between two given cities on a
given day of the week. This will be programmed as a four-argument relation:

route( Placel, Place2, Day, Route)

Here Route is a sequence of flights that satisfies the following criteria:

(1) the start point of the route is Placel;
(2) the end point is Place2;
(3) all the flights are on the same day of the week, Day;
(4) all the flights in Route are in the timetable relation;
(5) there is enough time for transfer between flights.

The route is represented as a list of structured oblects of the form:

From - To: Flight_number: Departure_time
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We will also use the following auxiliary predicates:

(1) flight( Placel, Place2, Day, Flight-num, Dep-time, Arr-time)

This says that there is a flight, Flight-num, between Placel and Place2 on
the day of the week Day with the specified departure and arrival times.

(2) deptime( Route, Time)

Departure time of Route is Time.

(3) transfer( Timel, Time2)

There is at least 40 minutes between Timel and Time2, which should be
sufficient for transfer between two flights.

The problem of finding a route is reminiscent of the simulation of the
non-deterministic automaton of the previous section. The similarities of both
problems are as follows:

The states of the automaton correspond to the cities.

A transition between two states corresponds to a flight between two

cities.

The transition relation of the automaton corresponds to the timetable

relation.

The automaton simulator finds a path in the transition graph between the

initial state and a final state; the travel planner finds a route between the

start city and the end city of the tour.

Not surprisingly, therefore, the route relation

accepts relation, with the exception that here

have two cases:

o

o

can be defined similarlY to the

we have no 'silent moves'. We

(1)

(2)

Direct flight connection: if there is a direct flight between places Placel
and Place2 then the route consists of this flight only:

route( Placel , Place}, D"y, [Placel-Place2 : Fnum : Dep] ) :-
flight( Placel, Place2, Duy, Fnum, D.p, Arr).

Indirect flight connection: the route between places Pl and P2 consists of
the first flight, from Pt to some intermediate place P3, followed by a
route between P3 toP2. In addition, there must be enough time between
the arrival of the first flight and the departure of the second flight for
transfer.

route( Pl, P2, Duy, [P1-P3 : Fnuml : Depl I Routel ) '-

route( P3, P2, Duy, Route),
flight( P1, P3, Duy, Fnuml, Depl, Arrl),
deptime( Route, Dep2),
transfer( Arrl, Dep2).
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The auxiliary relations flight, transfer and deptime are easily programmed and
are included in the comprete traver pranning program in hidre 4.5. Also
included is an example timetable database.

. . ogr route planner_is extremery simple and may examine paths that
obviously lead nowhere. yet it will suifice ii the flight database is not large. A
really large database would require more intelligen-t planning to cope with the
Iarge number of potential candidate paths.

Some example questions to the program are as follows:

What days of the week is there a direct flight from London to Ljubljana?

?- flight( london, ljubUana, Duy, _, _, _).

Day - fr;

DaY : su;

no

Vo A FLIGHT ROUTE PLANNER

:- op( 50, xfy, l).

flight( Placel, Place2, Day, Fnum, Deptime, Arrtime) :-
timetable( Placel , Place2, Flightlist),
member( Deptime / Arrtime / Fnum t Daylist , Flightlist),
flyday( Day, Daylist).

member( X, tX I LJ ).

member( X, [Y I L] ) :-
member( X, L).

flyday( Day, Daylist) .-
member( Day, Daylist).

flyday( Day, alldays) :-
member( Day, [mo,tu,w€,th,fr,sa,suJ ).

route( Pl, P2, Day [P1-p2 : Fnum : Deptimel ) :
fligh( Pl, P2,D^y, Fnum, Deptime, _).

route( Pl, P2, Duy, [P1-p3 : Fnuml
route( P3, P2, Duy, Route),
flight( Pl, p3, Duy, Fnuml, Depl,
deptime( Route, Depz),
transfer( Arr1, Dep2).

Vo Direct flight

:- Vo Indirect connection: Depl I Routel )

Arrl),

deptime( [P1-P2 : Fnum : Dep | _1, Dep).

transfer( Hoursl :Minsl, Hours2:Mins2) .-
60 * (Hours2 - Hoursl) + Mins2 - Minsl >: 40.
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Vo A FLIGHT DATABASE

timetable( edinburgh, london,
[ 9:40 / 10:50 lba4733 / alldEyS,

13:40 | 14:50 | ba4773 lalldays,
19:40 | 20:50 lba4833 | [mo,tu,we,th,fr,su] I ).

timetable( london, edinburgh,
[ 9:40 / 10:50 lba4732 lalldays,

11:40 | 12:50 lba4752 | alldays,
18:40 / 19:50 lba4822 | [mo,tu,we,th,frl I ).

timetable( london, ljubljaro,

[ 13:20 | 16:20 / ju201 / [fr],
13:20 | 16:20 | ju2l3 llsul I ).

timetable( london, zurich,
[ 9:10 I 11:45 lba6l4 / alldays,

14:45 | 17:20 / sr805 | alldays I ).

timetable( london, milan,
[ 8:30 | ll:20 | ba5 l0 I alldays,

11:00 | 13:50 / a2459 / alldays J ).

timetable( ljubljatrE, zurich,
[ 11:30 | 12:40 | ju322 / [tu,thl ] ).

timetable( ljubljars, london,
[ 11 :10 | 12:20 / yu200 / [frJ,

11:25 | 12:20 I yu212 / [sul I ).

timetable( milan, london,
[ 9: I0 | 10:00 | a2458 / alldays,

12:20 | 13:10 / ba5 lI I alldays I ).

timetable( milar, zurich,
| 9:25 | l0:I5 | sr621 / alldays,

12:45 | 13:35 I sr623 / alldays I ).

timetable( zurich, ljubljara,
[ 13:30 / 14:4A I yu323 / [tu,th] I ).

timetable( zurich, london,
[ 9:ffi | 9:40 | ba6l3 / [mo,tu,we,th,fr,sa],

16:10 l16:55 /sr806/[mo,tu,we,th,fr,sul ] ).
timetable( zurich, milan,

[ 7:55 | 8:45 | sr620 | alldays I ).

Figure 4.5 A flight route planner and an example flight timetable.
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How can I get from Ljubljana to Edinburgh on Thursday?

?- route( ljubljano, edinburgh, th, R).

R - fljubljana-zurich:yu 322:1 1 :30, zurich-london:sr806: 16: 10,
london-edinburgh : ba 4822 :1 8 : 40 I

How can I visit Milan, Ljubljana and Zurich, starting from London on
Tuesday and returning to London on Friday, with no more than one flight
each day of the tour? This question is somewhat trickier. It can be
formulated by using the permutation relation, programmed in Chapter 3.
We are asking for a permutation of the cities Milan, Ljubljana and Zurich
such that the corresponding flights are possible on successive days:

?- permutation( [milan, Uubfana, zurich], [Cityl , City2, City3] ),
flight( london, Cityl, tu, FNl, Dep1, Arrl),
flight( Cityl , Cityl, w€, FN2, Dep2, Arr2),
flight( City2, City3, th, FN3, Dep3, Arr3),
flight( City3, london, fr, FN4, Dep4, Arr4).

Cityl : milan
Cityz: zurich
City3 - ljubljana
FNl : ba510
Depl : 8:30
Arrl : 11:20
FN2 : sr62I
Dep2:9:25
Arr2 : 10:15
FN3 : yu323
Dep3 : 13:30
Arr3 : 14:40
FN4 : yu200
Dep4 : 11:10
Arr4 : 12:20

4.5 The eight queens problem

The problem here is to place eight queens on the empty chessboard in such a
way that no queen attacks any other queen. The solution will be programmed
as a unary predicate

solution( Pos)

which is true if and only if Pos represents a position with eight queens that do
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not attack each other. It will be interesting to compare various ideas for
programming this problem. Therefore we will present three programs based on
somewhat different representations of the problem.

4.5.1 Program 1

First we have to choose a representation of the board position. One natural
choice is to represent the position by a list of eight items, each of them
corresponding to one queen. Each item in the list will specify a square of the
board on which the corresponding queen is sitting. Further, each square can be
specified by a pair of coordinates (X and Y) on the board, where each
coordinate is an integer between 1 and 8. In the program we can write such a
pair as

X/Y

where, of course, the '/' operator is not meant to indicate division,

combines both coordinates together into a square. Figure 4.6

solution of the eight queens problem and its list representation.

Having chosen this representation, the problem is to find such a list of the
form

Ix1/Y1, X2N2, X3/Y3, ..., X8/Y8l

which satisfies the no-attack requirement. Our procedure solution will have to
search for a proper instantiation of the variables Xl, Y l, Xz,Y 2, . .., X8, Y8. As
we know that all the queens will have to be in different columns to prevent
vertical attacks, we can immediately constrain the choice and so make the
search task easier. We can thus fix the X-coordinates so that the solution list
will fit the following, more specific template:

form

[  1 /Y1 ,2N2,3N3,  . . . ,  8 /Y8 l

I 8

This position can be specified byFigure 4.6
the list Ul4,

but simply
shows one

8
7
6
5
4
3
2
1

A solution to the eight
212, 317, 413, 516, 6lg,

queens problem.
715 ,9 /g l .
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We are interested in the solution on a board of size 8 by 8. However, in
programming, in general, the key to the solution is often in considering a more
general problem. Paradoxically, it is often the case that the solution for the
more general problem is easier to formulate than that for the more specific,
original problem; then the original problem is simply solved as a special case of
the more general problem.

The creative part of the problem is to find the
the original problem. In our case, a good idea is to
queens (the number of columns in the list) from 8
zero. The solution relation can then be formulated

case I The list of queens is empty: the empty
because there is no attack.

correct gene ralization of
generalize the number of
to any number, including
by considering two cases:

list is certainly a solution

Case 2 The list of queens is non-empty: then it looks like this:

t X/Y I Othersl

In case 2, the first queen is at some square )vy and the other queens are at
squares specified by the list others. If this is to be a solution then ihe following
conditions must hold:

(1) There must be no attack between the queens in the list others; that is,
Others itself must also be a solution.

(2) X and Y must be integers between 1 and g.

(3) A queen at square X/y must not attack any of the queens in the l,st
Others.

To program the first condition we can simply use the solution relation itself.
The second condition can be specified as follows: y will have to be a member of
the list of integers between I and 8 - that is, 11,2,3,4,5,6,7,g1. On the other
hand, we do not have to worry about X since the solution list will have to match
the template in which the X-coordinates are already specified. So X will be
guaranteed to have a proper value between I and s. *e can implement the
third condition as another relation, noaffack. All this can then be written in
Prolog as follows:

solution( pUY I Othersl ) :-
solution( Others),
member( Y, 11,2,3,4,5,6,7,91 ),
mattacK )UY, Others).

It now remains to define the noattack relation:

noattack( Q, Qlist)

Again, this can be broken down into two cases:



USING STRUCTURES: EXAMPLE PROGRAMS 11I

(1) If the list Qlist is empty then the relation is certainly true because there is
no queen to be attacked.

(2) If Qlist is not empty then it has the form I Ql I Qlistl] and two conditions
must be satisfied:

(a) the queen at Q must not attack the queen at Q1., and
(b) the queen at Q must not attack any of the queens in Qlistl.

To specify that a queen at some square does not attack another square is easy:
the two squares must not be in the same row, the same column or the same
diagonal. our solution template guarantees that all the queens are in different
columns, so it only remains to specify explicitly that:

the Y-coordinates of the queens are different, and

they are not in the same.diagonal, either upward or downward; that is,
the distance between the squares in the X-direction must not be equal to
that in the Y-direction.

Figure 4.7 shows the complete program. To alleviate its use a template list has

o

o

solution( [] ).

solution( [X/Y I Others] ) '-

solution( Others),
member( Y, f1,2,3,4,5,6,7,8J ),
noattack( X/Y, Others).

noattack( -, [J ).

noattack( >(N, [Xl/Yl I Othersl )
f  : \ -  Y l ,
Yl-Y :  \ :  Xl-X,
Y1-Y - \ :  X-Xl,
noattack( X/Y, Others).

member( X, [X I Ll ).

m e m b e r ( X , [ Y t L l ) : -
member( X, L).

Vo A solution template

Vo First queen at X/Y, other queens at Others

First queen does not attack others

Nothing to attack

Different Y-coordinates

Different diagonals

Vo

%

:-

Vo
7o

template( [INI,2N2,3/Y3 ,4N4,5/Y5 ,6N6,7 N7,8/Y8J ).

Figure 4.7 Program 1 for the eight queens problem.
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been added. This list can be retrieved in a question for generating solutions. So
we can now ask

?- template( S), solution( S).

and the program will generate solutions as follows:

s
S

S

: t
: t
: t

U4, 212, 317, 413, 516, 6lg, 715, g/1];

U5, 212, 314, 417, 513, 6lg, 716,9/11;

ll3, a5, 312, 4lg, 516, 614, 717, g/11;

Exercise

4.6 when searching for a solution, the program of Figure 4.7 explores
alternative values for the Y-coordinates of the queens. At which place in
the program is the order of alternatives defined? How can we easily
modify the program to change the order? Experiment with different
orders with the view of studying the executional efficiency of the
program.

4.5.2 Prognm 2

In the board representation of program 1, each solution had the form

[ 1/Y1, 2N2,3N3,. . . ,  g/Ygl

because the queens were simply placed in consecutive columns. No informa-
tion is lost if the X-coordinates were omitted. So a more economical
representation of the board position can be used, retaining only the y-coordi-
nates of the queens:

lY l ,Y2,  Y3,  . . . ,  Yg l

To prevent the horizontal attacks, no two queens can be in the same row. This
imposes a constraint on the Y-coordinates. The queens have to occupy all the
rows L,2, ...,8. The choice that remains istheorder of these eight numbers.
Each solution is therefore represented by a permutation of the list

fL,2,3,4,5,6,7,91

Such a permutation, S, is a solution if all the queens are safe. So we can write:

solution( S) :-
permutation( ft,2,3,4,5,6,7, 81, S),
safe( S).
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H
x-dist = I

Figure 4.8 (a) X-distance between Queen
Queen and Others is 3.

x-dist = 3

and Others is 1. (b) X-distance between

We have already programmed the permutation relation in Chapter 3, but the
safe relation remains to be specified. We can split its definition into two cases:

(1) S is the empty list: this is certainly safe as there is nothing to be attacked.
(2) S is a non-empty list of the form I Queen I Others]. This is safe if the list

Others is safe, and Queen does not attack any queen in the list Others.

ln Prolog, this is:

safe( [] ).

saf{ [Queen I Others] ) :-
safe( Others),
noattack( Queen, Others).

The noattack relation here is slightly trickier. The difficulty is that the queens'
positions are only defined by their Y-coordinates, and the X-coordinates are
not explicitly present. This problem can be circumvented by a small generaliza-
tion of the noattack relation, as illustrated in Figure 4.8. The goal

noattack( Queen, Others)

is meant to ensure that Queen does not attack Others when the X-distance
between Queen and Others is equal to 1. What is needed is the generalization of
the X-distance between Queen and Others. So we add this distance as the third
argument of the noattack relation:

noattack( Queen, Others, Xdist)

Accordingly, the noattack goal in the safe relation has to be modified to

noattack( Queen, Others, 1)

1 1 3

(b)
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solution( Queens) :-
permutation( 11,2,3,4,5,6,7,8], Queens),
safe( Queens).

permutation( [], [] ).

permutation( [Head I TaiU, Permlist) :-
permutation( Tail, PermTail),
del( Head, Permlist, PermTail).

del( A, [A I List], List).

del( A, [B I List], [B I Listl] ) :-
del( A, List, Listl).

safe( [ ).

safe( [Queen I Othersl ) :-
safe( Others),
noattack( Queen, Others, 1).

noattack( -, [, -).

noattack( Y, [Yl I YlistJ, Xdist) :-
Yl-Y - \: Xdist,
Y-Yl : \: Xdist,
Distl is Xdist + 1,
noattack( Y, Ylist, Distl).

Vo Insert Head in permuted Tail

Figure 4.9 Programz for the eight queens problem.

The noattack relation can now be formulated according to two cases, depend-
ing on the list Others: if Others is empty then there is no target and certainly no
attack; if Others is non-empty then Queen must not attack the first queen in
Others (which is Xdist columns from Queen) and also the tail of Others at
Xdist * 1. This leads to the program shown in Figure 4.9.

4.5.3 Program 3

Our third program for the eight queens problem will be based on the following
reasoning. Each queen has to be placed on some square; that is, into some
column, some row, some upward diagonal and some downward diagonal. To
make sure that all the queens are safe, each queen must be placed in a different
column, a different row, a different upward and a different downward diago-
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u = x - y

+7

v = x + y

Figure 4.10 The relation between columns, rows, upward and downward diagonals.
The indicated square has coordinates: x : 2,y = 4, u : 2 - 4 : -2, v : 2 + 4 : 6.

nal. It is thus natural to consider a richer representation system with four
coordinates:

columns
rows
upward diagonals
downward diagonals

The coordinates are not independent: given x and y, u and v are determined
(Figure 4.10 illustrates). For example, as

u = x _ l

v = x + y

The domains for all four dimensions are:

Dx :  [1,2,3,4,5,6,7,81

Dy = f1,2,3,4,5,6,7,81

Pu : [-7, -6, -5,-4,-3,-2,-1,0,1,2,3,4,5,6,7 |

Dv : f2,3,4,5,6,7,8,9,10,11, 12,13,14. I 5, 161

1 1 5

v

8
7
6
5
4
3
2
1

x
v
u
v
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The eight queens problem can now be stated as foilows: select eight
4-tuples (X,Y,U,V) from the domains (X from Dx, y from Dy, etc.), neier
using the same element twice from any of the domains. of cour.", on." X and
Y are chosen, u and v are determined. The solution can then be, roughly
speaking, as follows: given all four domains, select the position of ttre iirJt
queen, delete the corresponding items from the four domains, and then use the
rest of the domains for placing the rest of the queens. A program based on this
ide.a is shown in Figure 4.11. The board position is, again, re-presented by a list
of Y-coordinates. The key relation in this program is

sol( Ylist, Dx, Dy, Du, Dv)

which instantiates the Y-coordinates (in ylist) of the queens, assuming that
they are placed in consecutive columns taken from ox. Att y-coordinates and
the corresponding U and V-coordinates are taken from the lists Dv. Du and
Dv. The top procedure, solution, can be invoked by the question

?- solution( S).

This will cause the invocation of sol with the complete domains that correspond
to the problem space of eight queens.

solution( Ylist) :-
sol( Ylist,

I1,2,3,4,5,6,7 ,gl,
11,2,3,4,5,6,' , | ,91,
[-7,-6, -5,-4,-3,-2,-  1,0, 1,2,3,4,5,6,71,
12,3,4,5,6,7,9, g, 10, 1 1,12,13,14,15, 16J

sol( [, [, Dy, Du, Dv).

sol( [Y I Ylist], [X I Dxl], Dy, Du, Dv) :-
del( Y, Dy, Dyl), o/o
U is X-Y, Vo
del( U, Du, Dul), %
V is X+Y, Vo
del( V, Dv, Dv1), %
sol( Ylist, Dx1, Dyl, Dul, Dvl). Vo

del( A, tA I Listl, List).

del( A, [B I List], [B I Listl] ) :-
del( A, List, Listl).

Vo Y-coordinates of queens

Vo Domain for Y-coordinates

Vo Domain for X-coordinates

Vo Upward diagonals

). % Downward diagonals

Choose a Y-coordinate
Corresponding upward diagonal
Remove it

Corresponding downward diagonal
Remove it

Use remaining values

Figure 4.ll Program 3 for the eight queens problem.
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The sol procedure is general in the sense that it can be used for solving the
N-queens problem (on a chessboard of size N by N). It is only necessary to
properly set up the domains Dx, Dy, etc.

It is practical to mechanize the generation of the domains. For that we
need a procedure

gen( Nl, N2, List)

which will, for two given integers Nl and N2 produce the list

T, N2]L i s t :  I  N 1 ,  N l  +  1 ,  N 1  +  2 , . . . ,  N 2  -

Such a procedure is:

gen( N, N, [Nl ).

gen( Nl, N2, [Nl I List] )
Nl < N2,
M i s N l + 1 ,
gen( M, N2, List).

The top level relation, solution,

solution( N, S)

has to be accordingly generalized to

where N is the size of the board and S is a solution represented as a list of
Y-coordinates of N queens. The generalized solution relation is:

solution( N, S) :-
gen( 1., N, D*y),
N u l  i s 1 - N , N u 2 i s N - 1 ,
gen( Nul, Nu2, Du),
N v 2 i s N + N ,
gen( 2, Nv2, Dv),
sol( S, D*y, Dty, Du, Dv).

For example, a solution to the I}-queens problem would be generated by:

?- solution( 12, S).

S : [ 1,3,5,8,10,12,6,11,2,7,9,41

4.5.4 Concluding remarks

The three solutions to the eight queens problem show how the same problem
can be approached in different ways. we also varied the representation of data.
Sometimes the representation was more economical, sometimes it was more

r17
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explicit and partially redundant. The drawback of the more economical repre-
sentation is that some information always has to be recomputed when it is
required.

At several points, the key step toward the solution was to generalize the
problem. Paradoxically, by considering a more general problem, the solution
became easier to formulate. This generalization principle is a kind of standard
technique that can often be applied.

Of the three programs, the third one illustrates best how to approach
general problems of constructing under constraints a structure from a given set
of elements.

A natural question is: Which of the three programs is most efficient? In
this respect, program 2 is far inferior while the other two programs are similar.
The reason is that permutation-based program 2 constructs complete permuta-
tions while the other two programs are able to recognize and reject unsafe
permutations when they are only partially constructed. Program 3 is the most
efficient. It avoids some of the arithmetic computation that is essentially
captured in the redundant board representation this program uses.

Exercise

4.7 Let the squares of the chessboard be represented by pairs of their
coordinates of the form X/Y, where both X and Y are between 1 and 8.

(a) Define the relation jump( Squarel, Square2) according to the knight
jump on the chessboard. Assume that Squarel is always instantiated
to a square while Square2 canbe uninstantiated. For example:

?- jump( 1/1, S).

S : 3/2;

S = 2/3;

no

(b)

(.)

Define the relation knightpath( Path) where Path is a list of squares
that represent a legal path of a knight on the empty chessboard.

Using this knightpath relation, write a question to find any knight's
path of length 4 moves from square 2lI to the opposite edge of the
board (Y : 8) that goes through square 514 after the second move.

Summary

The examples of this chapter illustrate some strong points and characteristic
features of Prolog programming:

A database can be naturally represented as a set of Prolog facts.
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Prolog's mechanisms of querying and matching can be flexibly used for
retrievirg structured information from a database. In addition, utility
procedures can be easily defined to further alleviate the interaction with a
particular database.

Data abstraction can be viewed as a programming technique that makes
the use of complex data structures easier, and contributes to the clarity of
programs. It is easy in Prolog to carry out the essential principles of data
abstraction.

Abstract mathematical constructs, such as automata, can often be readily
translated into executable Prolog definitions.

As in the case of eight queens, the same problem can be approached in
different ways by varying the representation of the problem. Often,
introducing redundancy into the representation saves computation. This
entails trading space for time.

Often, the key step toward a solution is to generalize the problem.
Paradoxically, bi considering a more general problem the solution may
become easier to formulate.
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