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1. Here the treatment is more formal and detailed.

2.1: Data objects section

2.1.1: Term types discussion. Figure 1 shows a classification of data objects in SPARCL. The
SPARCL system reflects the type of an object in its representation. There is a different kind of
visual representation for each type of objeafure 2 shows some examples of these data object
(term) types.

We have already seen representations for text constants and variables in Chapter 1: text
constants are represented by text, variables are represented by small circles. This is shown in the

first and third entries ifigure 2. There are no explicit variable data type declarations in SPARCL
programs. In SPARCL, text constants are used to represent numeric and non-numeric data.
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Sets are objects which contain any number of objects. The contained objects can, in turn, be
sets. There are several representations of sets in SPARCL. Each representation is associated with
a particular special set organization. We have already seen most of these set representations.
They have been used to display other information in the examples of Chapter 1 and the earlier

examples of this chapter.

Figure 3 shows most of the various types of set representations (some types of tables are not
shown). The most general of the representations is the partitioned set. Any thing which can be
represented using one of the other representations (e.g. N-Tuples) can be represented using a
partitioned set, but the partitioned set representation may be much less concise.

The partitioned set is a collection of objects which is all in one part, or is divided into several

parts. The example in the first entryrgure 3 divides a set into three parts. The division means



that these three parts are all subsets of the whole set, that the union of these three sets is the
entire set, and that no two parts "overlap"—every pair of parts has an empty intersection. This
last constraint is the "pairwise disjoint" constraint. There are many uses of the single-part
partitioned set in this section and in section 1.

The top part of the example partitioned set contains two terms, a constant and a variable. The
variable could be bound to the same value as the constant, making it so that (after instantiation)
this part contained only one distinct member. Or, the variable may be bound to a distinct term
making this part contain two distinct members. The middle part contains no terms. It can be
instantiated to a set of any number of terms; none (the empty set), 1 or many. This is, strictly
speaking, another representation of a variable, where the vamabktde bound to a set. The
bottom part contains a single variable.Whatever the variable is instantiated to, this part must
contain exactly one member. Due to the pairwise disjointness constraint on parts of a partitioned
set, the variable in the top part and the variable in the bottom part can not be instantiated to the
same term. This is an implicit "inequality” constraint.

There is an example of an N-tuple in the second entFigfre 3 An N-tuple is a set of a
particular construction:

» A 2-tuple (ordered pair) of <X, Y> is the set {{X}, {X, Y}};

e An N-tuple of <X1, ..., X(n-1), Xn> equals <<X1, ..., X(n-1)>, Xn>;

* An N-tuple of <X> equals X.

N-tuples have been used several times already in figures in this chapter and in Chapter 1.

The Intensional Set, or IntenSet, is a way of expressing "the set of all terms X such that X has
property P"; symbolically this is "{X|P(X)}". An example of an IntenSet is shown in the third
entry of Figure 3 The intensional set is a shorthand for the use of the "setof" builtin predicate: a
way to specify the set of all terms such that some particular property (conjunction of literals) is
true of those terms and no others. We will discuss it more in a later chapter.

Tables come in four basic varieties. Three examples are shown in the last three entries of
Figure 3 Figure 3is itself an example of a table (a “Function Table”). The basic types of tables
are developed from combinations of two types of rows, N-tuple and function, and two types of
row collections, set and N-tuple. Also, any kind of table may be "factored”, where columns that
are the same in all rows are extracted from the table and shown in a separate place. Finally, a
table may have an initial row (a “O-th” row) which is treated as a single term instead of an N-tu-
ple of terms. This last facility is particularly useful in defining a table which is a list of lists,
where a list is an N-tuple with ‘empty list’ as its first element.

The N-Tuple Table (shown in entry four Bigure 3 is a set of rows, where each row is an
N-tuple. All of the rows must be the same length. In this case, the rows are 2-tuples. The
Function Table (shown in entry five Bigure 3 is a set of rows, where each row is a function. A



function is a set of ordered pairs (2-tuples), where the first element of the pair is the domain
element and the second element of the pair is the range element. No two pairs in the function set
can have the same domain element and different range elements. Such a set defines a function
mapping from a domain to a range. All of the rows must have the same domains. In this case, the
rows have the domain {"Column A", "Column B"}. The Ordered, Factored Function Table
(shown in entry five ofigure 3 is an N-tuple of rows, where each row is a function, as for the
Function Table. In this example, the ordered pair "<b, 2>" has =, _3 | _p
factored out of the two rows.
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2.1.2: Discussion of simple geometry representation. The two Figure 4:  Two triples
. . . representing the points
most widely used set representations are partitioned sets and N-w(l 1) and (2.3).
We can use these to conveniently represent many different kinds of
structures. In this section we see how some simple

point —@ 1 —@ 1 geometric objects can be represented.

segmer —’

The two 3-tuples irFigure 4 show a way to represent

geometric points, one with X =1 and Y = 1 and the other
Figure 5 An ordered pair represent. with X =2 and Y = 3. An N-tuple is used here to provide
ing a line segment with end points @ concise "naming" via element position to distinguish
at(1,1) and (2,3). the X and the Y value.

The ordered pair (2-tuple) irigure 5 represents a line segment with endpoints at (1,1) and
(2,3). The 2-tuple is used here to "name" the endpoint data (telling us it defines a "segment").
The endpoint data is placed in a set, rather than in more elements of a N-tuple. This reflects the
fact that there is no distinctio g —p
between the two endpoints (this isn' point —f» 4 —» 2 point — 7 — 1
directed line). point —» 6 —@ 4

The ordered pair iRigure 6 repre-
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sents a triangle with three "corners”rigyre 6 : An ordered pair representing a triangle with
(4,2), (6,4), and (7,1). The ordercamers at (4,2), (7,1), and (6,4).

pair is used to "name" the collection of points as describing a "triangle". The points are in a set
since no ordering of the points is needed.

1. Exercise for section 2.1.

Develop a representation for rectangles, squares, and circles as structured SPARCL
objects. Use an approach similar to that given in the "Geometry Example" program. Write
single argument clauses which have example terms of each of these in their argument and use
a comment in the argument to explain the elements of the terms (e.g. "a triangle is



represented by a set of three (X,Y) points which are the corners of the triangle"):
1. write a Rectangle clause of one argument which contains a term for a rectangle with
diagonally opposite corners at (1,2) and (34,-5.8)
2. write a Circle clause of one argument which contains a term for a circle centered at
(93,4) with a radius of 16
3. write a Square clause of one argument which contains a term for a square with upper

left corner at (14, 23) and sides of length 123.

2.2:Term matching. In the previous section we have seen how terms can be used to represent
complex data objects. The most important operation on termmsaishing A special kind of
matching is used in SPARCL callenhification Matching alone can produce some interesting
computation.
Given two terms, we say theyatchif:
(1) they are identical e b [T >R 0
(2) the variables in both terms can be instantic
to objects in such a way that after the substitutiot
variables by these objects the terms become iden
and these instantiations don't violate any "curr(,:igurerClause defining the Vertical’/1
partitioning constraints. predicate.
Using example predicates which define proper Horizontal
of line segments, we illustrate how matching alc | _ —»>
can be used for interesting computation. Let us re point. —fp Q —p»
to the simple geometric objects of the previc
example and define a piece of program
recognizing horizontal and vertical line segments.
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‘Vertical’/1 predicate inFigure 7 is a property offigure8:  Clause  defining  the
) ) ) ‘Horizontal’/1 predicate.

segments, so it can be formalized in SPARCL as a
unary 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 ‘Horizontal’/1 is similarly formulated
in Figure 8, with only the x and y interchanged.

The query inFigure 9 asks for the y value of a point such that there is a horizontal segment
from (1,1) to that point with x = 2. The resultAigure 10 shows the desired y value to be 1.

Matching with the partitioned set term provides a very powerful tool. The ‘Union’/3 predi-
cate inFigure 11 relies entirely on this mechanism to relate two sets to the set which is their
union.
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same (i.e. they must unify with each
other)--they must all "refer" to the same set

which we'll call X. Since these parts are in sets

_ _ . A and B, X must be a set of terms common to
Figure 9 : Clause for posing the query “What is

the value of Y such that there is a horizontal A and B.
segment from (1,1) to (2,Y).” The top part of set A and the bottom part of

set C are connected and thus must be the same—must refer to the same set which we'll call Y.
Since one of these parts is in set A, set Y must be a subset of set A. Since one of these parts is in
set A with a part for set X (mentioned earlier), X and Y must have nothing in common (the
pairwise disjointness constraint).

The bottom part of set B and the top part of set C are connected and thus must be the
same—must refer to the same set which we'll call Z. Since one of these parts is in set B, set Z
must be a subset of set B. Since one of these parts is in set B with a part for set X (mentioned
earlier), X and Z must have nothing in common (the pairwise disjointness constraint).

Since Y and Z are referred to by these two parts within the same partition, Y and Z must not
have any terms in common.

To summarize what we know about the sets A, B, C, X, Y, and

Z: Union
A=X0OY ‘

B=XUOZ
C=X0OYQo<Zz

XnY=0 { fromthe partitioningof A}
Xnz=0 { fromthe partitioningof B}

Set \l. Fhis is the union of A ani
YnZ=0 { fromthe partitioningof C}
From these equations we can infer:
X=AnB
Y=A-B Figure 11: Clause defin-
Z=B-A ::nagte.the Union’/3  predi-

To infer the equation for X, suppose there is some term P which
is common to A and B but is not in X, then this element must be in both Y and Z, but this



violates the constraint that Y and Z are disjoint. The equation for Y derives from the equation for
A as the union of X and Y and the equation for X as the intersection of A and B. The equation
for Z is derived similarly to the equation for Y.
Finally, substituting the solutions for X, Y and Z into the equation for C:
c=(AnB)O(A-B)O(B-A)
which is equivalent to:

P
C=AOB E\%

This is the desired result. The third argument

‘Union’/3 (“C”) is the union of the first two argumen ADELAY*
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2.3: The declarative meaning of SPARCL. We have I

already seen in section 1 that SPARCL programs ca _

. . Figure 13: ‘P’/2 example with two
understood in two ways: declaratively and procedurally iterals.
this and the next section we will consider a more formal
definition of the declarative an dprocedural meanings of programs in basic SPARCL. But first let
us look at the difference between the two meanings again.

Consider the clause mgure 12. Some alternative declarative readings of this clause are:

P is true if Q and R are true. 5
From Q and R follows P.
Q
Alternative procedural readings of this clause are: -
To solve problem P, solve the subproblems Q and R. —
To satisfy P, satisfy Q and R. Figure 12: ‘P’/0
example with
two literals.

These procedural readings do not say the order in which to solve or
satisfy Q and R. The information given (the lone clause for P) doesn't allow us to infer any par-
ticular ordering. However, SPARCL is a fundamentally sequential language. It will choose an
order in which to solve Q and R. The programmer may affect this choice using *DELAY*/2
clauses, the ‘ordered_disjunction’/2 builtin predicate, and the ‘if'/3 builtin predicate.

To see the use of the *DELAY*/2 clause, consider the examplegiune 13. Predicates
‘P12, ‘Q’/2, and ‘R’/2 each have two arguments and there is a *DELAY*'/2 clause.

The ‘P’/2 clause has a similar declarative reading as for the ‘P’/0 clakigerén.2:
P(X,Y) is true if Q(X,A) and R(A,Y) are true.



From Q(X,A) and R(A,Y) follows P(X,Y). 5

The *DELAY*/2 clause makes the procedural reading of ~ °rdered.disjunction

example inFigure 13 different from the procedural reading of t
example inFigure 12. There is now a constraint on when the ‘R F
subgoal may be attempted: Figure 14 .
To solve problem P(X,Y), solve the subproblems Q(ordered_disjunction exam-

and R(A,Y). Delay any attempt to solve R(A,Y) as long ad& ..

an unbound variable.
Since the first argument of ‘R’/2, in the clause for ‘P’/2, can only be bound before attempting to
solve ‘R’/2 if ‘Q’/2 has been solved, this *DELAY*/2 constraint on ‘R’/2 has the effect of
ordering attempts at solving the subgoals of ‘P’/2.

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

2.3.1. A formalization of declarative meaning. The declarative meaning of programs
determine whether a given goal is true, and if so, for what values of variables it is true. To
preciesly deinfe 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 goal G is true (that is, satisfiable, or logically follows from the program) if and only if
(1) there is a clause C in the program such that
(2) there is a clause instance | of C such that
(a) the head of | is identical to G,
(b) all of the goals in the body of | are true,
(c) the instantiation of C to create | does not violate any partitioning constraints in C or |
This definition extends to SPARCL questions as follows. In general, a question to the
SPARCL system is a set of goals. A set of goals is true if all of the goals in the set are true for
the same instantiation of variables and that instantiation of variables does not violate any
(implicit) partitioning constraints.
A set of goals, as just described, denotes the "conjunction” of those goaksj theye to be
true. There is a builtin predicate in SPARCL which implements “disjunction”;
‘ordered_disjunction’/2. This builtin is used in the clause for ‘P’/Bigare 14. The declarative
reading of this is “P is true if Q or R is true.” The procedural reading of this is ordered: To solve
problem P, first try to solve subproblem Q. If this succeeds, then P is solved. Otherwise, if



solving subproblem Q fails, then solve subproblem R. If this succeeds then P is solved.

The ‘P’/0 clause with the ‘ordered_disjunction’/2 literaFigure 14 has the same declarative
meaning as the two ‘P’/0 clausesrigure 15. The difference in meaning is only procedural. With
these two clauses, there is no guarantee which ordering of the P clauses the SPARCL interpreter
will use when attempting to solve the P problem.

2.4: The procedural meaning of SPARCL. The procedural meaning specifiemv SPARCL
answers questions. To answer a question means to try to satisfy a set of goals. They can be
satisfied if the variable 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 SPARCL is a procedure for
executing a set of goals with respect to a given program. To “execute goals” means try to satisfy
them.
Let us call this procedure “execute set”. The inputs and the out~ 't
for this procedure are: P P
input a program, a goal set, and a set of partitioning constraints Q R
output a success/failure indicator and an instantiation of variable
The meaning of the two output results is as follows: E;gureofls :(;f;j/l?ni)t(iir:'
(1) The success/failure indicator is “yes” if the goals are satisfimplemented using
and “no” otherwise. We say that “yes” signals a successful termintﬂf}oﬂauses'
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 section 1, we discussed informally what procedure “execute set” does, under the heading
“How SPARCL answers questions.” What follows in this section is a more formal and
systematic description of this process.

To execute a set of goals {G1, ..., Gm} with partitioning constraints P the procedure
“execute” does the following:

» Order the goal set to create a list {G1', ..., Gm'}

* invoke "execute list".

To execute a LIST of goals [G1', ..., Gm'] with partitioning constraints P the procedure
"execute list" does the following:
« If the goal list is empty then if the delayed goals list is empty terminate with "success", else
terminate with "failure”.
« If the goal list is not empty then divide the list into the first goal, G1', and the OtherGoals.



» If G1' is the special "marker" goal 'end_body', then replace it with the DelayedGoalsList
([DG1, ..., DGK]) to create [DG1, ..., DGk, G2, .., Gm'] and recursively invoke
execute_list with this new goal list and an empty delayed goals list. The result of the
recursive invocation is the result of this invocation.

* Else, if G1'is a goal which should be delayed according to the *DELAY* definitions in the
program then add G1' to the DelayedGoals and recursively invoke execute_list with the
OtherGoals ([G2, ..., Gm') and the extended DelayedGoals. The result of the recursive
invocation is the result of this invocation.

» Otherwise (i.e. if GoalList is not empty, G1'is not 'end_body', and G1' does not need to be
delayed) continue with (the following) operation called "SCANNING".

* SCANNING: Scan through the clauses in the program in any order until a clause, C, is
found such that the head of C matches the first goal G1' without violating the current
partitioning constraints P. If there is no such clause then terminate with "failure".

If there is such a clause C with head H and body goals {B1, ..., Bn}, then replace the
variables of C with new variables (essentially, rename the variables of C) to obtain a
variable C' of C, such that C' and the list G1', ..., Gm' have no common variables. Let C'
have head H' and body {B1', ..., Bn'}. Let G1' match H'; let the resulting instantiation of
variables be S and extend partitioning constraints P to be P'.

Order the goal set {B1', ..., Bn'} to create the goal list

[B1", ..., Bn"].

In the goal list [G1', ..., Gm'], replace G1' with the list [B1", ..., Bn"], obtaining a new list

[B1",....Bn",G2, ..., Gm].

(Note that if C is a fact then n = 0 and the new goal list is shorter than the original one;
such shrinking of the goal list may eventually lead to the empty list and thereby a sucessful
termination.)

Substitute the variables in this new goal list with new values as specified in the
instantiation S, obtaining another goal list

[B1™, ..., Bn™, G2", ..., Gm"]

» Execute (recursively with procedure "execute list") this new goal list. If the execution of
this new goal list terminates with success then terminate the execution of the original goal
list also with success. If the execution of the new goal list is not successful then abandon
this new goal list and go back to SCANNING through the program. Continue the scanning
with any untried clause and try to find a successful termination using some other clause.

This procedure can be written in a Pascal-like notation as showgure 16. Several
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NewDelayedGoals := append(DelayedGoals, [Goal]);

in the nested recursive calls execute It(Propram, OtherGoals, NewDelayedGoals,
end
"execute_list". ®begin

Satisfied := false;
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if MatchOK then

Contlnl‘“ng at the program that had bE beOgrijneredBodyGoals := order_goal_set({B1, ..., Bn'});

ExtendedBodyGoals := append(OrderedBodyGoals,

|aSt used before AS the appllcatlon NewGoals :=app([eir:i(zﬁggggé)édBodyGoals, OtherGoals);
i NewGoaIs := substitute(Instant, NewGoals); )
the Clause C d|d not Iead to a succes: execute_sllastti(sl?igijg)zam, NewGoals, MatchConstraints,
end

termination SPARCL has to try & &M _saisted

alternative clause to proceed. Wren:;”gnd

effectively happens is that SPARGrigure 16: execute_set and execute_list procedures.

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, allof the variable
instantiations that were done after that point are undone. This ensures that SPARCL
systematically examines all of the possible alternative paths of execution until one is found that
eventually succeeds, or until all of them have been shown to fail.

The actual implementation of SPARCL adds many refinements to the execute procedures.
One of them is to reduce the amount of scanning through the program clauses to improve
efficiency. So SPARCL will not scan through all of the clauses of the program, but will only
consider the clauses about the relation in the current goal.

Next section: 3. Presentation of an application of SPARCL
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