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ABSTRACT

A plan-based deduction system is a mechanical theorem
prover which utilizes an  intelligent backtracking strategy.
This type of system eliminates much of the futile repetitive

deductions associated with standard linear backtracking

' techniques. During implementation af such a system several

important questions concerning the control of ‘the deduction

process arose with special emphasis on maintaining a

complete solution space, This thesis examines these issues
and presents solutions to the problems raised. It also takes
a "brféftlook at related vork and shows that the issues
discussed here, h;ve _been realized but largely ignored.
Finqlly,ithe resulté 6f“appiying our anti—redundanéy s;réﬁe-

gy to a well known computer vision problem are presented.

viii



INTRODUCTION

* . \’

With the advent of digital computers the concept of
building'a "thinking machine" has gaiﬂed' wide popularity.
The research directed towards this idea has been categorized
by computer scientists as the field of "Artificial Intelli-
gence".-Incorporated'into this ffeld is the study of math-
ematical logic in context with its application to computer
reasoning processes, Thié category of logic is more specif-
ically known as mecﬂanical theorem proving or - more recent-

ly - as automated deduction.

Given a theorem expressed in mathematical logic, mechan-
ical theorem proving is an algorithmic method of ascertain-t
ing if that theorem is correct, based on previously known
facts and axiqms; Interest in finding such an algorithm was

"first shown by mathematicians such as Leibniz (c 1700), and
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then later by Peano (¢ 1900). and Hilbert (c 1920) (see
[Chang & Lee 751), Unfortunately, in 1936 both Church and
Turing showed that proving a theorem mechan1cally is an
undecidable problem. In other words, there is no general
decision procednre that will bfo&e the" validity of formulas
of first order logic, because for invalid formulas, the
procedure may never termlnate. Around 1930, Herbrand took a-
different agproach and derived -a mechanical method which can
prove-a given formula is false., For valid formulas,_however,'
no such proof exists and the process will eventually termi-

nate. Herbrand's method renewed interest in finding a theo-

rem provef\\pyt it wasn't until the advent of digital

computers that pract1cal appllcatlons became feasibld as his
algorlthm is very time consumlng.
;

Gilnore (1960) first attemﬁted to implement Herbrand's
method on a dlgltal computer. Since this strategy would only
prove false formulas as being false, he negated those formu-
las he wished to.prove as true. This approach for proving

~

theorems is called' a refugation procedure and is now the

most common  strateqy. However, the implementation of

Herbrand's original algorithm overwvhelmed the computer's
resources and the need for a ' more préctical solution was
recognzéed. Davis and Putnam 41960) made a’ few improvements

to the algorithm but Stlll could not reduce its complex1ty,

sufficiently. A major breakthrough came in 1965 vhen Robin-

\



son introduced his so-called resolution principle. He devel-
'oped a refutation prdcedure which eliminated much of the
ineffiency inherent to Herbrand's method. Since fhen,;there
has been much :eseérch to.further refine Robinsén's resol-
.ution procedures. These refinements include semantic resol-
ution, lock resolution, linear resolution, unit resolution

and derivations of these.

All ‘these types of resolution procedures are based on
negating the formula representing original theorem, and then
proving that this new formula is faise, wvhich allows the
conclusion that the original formula, O, is true. This
involves showing that for all valuatidns, vV, V(=0) =,Faise,
i.e.” V(0) = True, ‘hence | - .O,‘Whgre Q0 is in Disjunctive
Normal Form-after skolemizing. To %how v(-0) = False, each
literal in -0 .is resolved with a complementary literal from
some giyven set of theforems; this is called a deduction
step. Whenever a deduction step fails, that is we cannot
show V(=0) = Falsg, then we backtrack to a literal which can
be resolved with a different complementary literal from the

.known set of theorems. This process continues searching for
valid deductions until a refutation is found or until all
the theorems 1in the set have been tried and rejected. To
control which literals have been resolved with which theo-
rems from the set have been tested, there must be a search .

strategy and a backtracking algorithm built into the
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deduction process. - Most of the more well known resolution
procedures use a depth-first search with linear backtracking

techniques.

Linear backtracking, also called "chronoiogiéal": or
"blind" backtracking, means thaé subproblems created during
the deduction process are linearly orde;éd and solved in
that order. If a failure of a subproblem occurs the systeh
will backtrack to the last such subproblem for which an
alternative sclution éxists, discarding all deductions made
between these two points. The system then tries to solve
this subproblem using the alternative, The reason for this

-

is that the algorithm does not analyze where the source of

failure is, but tries to find a solution through trial and

error according to the preset search strategy,vhntil all

. alternatives have been exhausted. This means that when an

alternative match is selected, the deduction process contin-
ues as though it was attempting refutation for 'the first
time. Any previously computed subproblem, whose solution was
discarded via backtracking, has\to be solved again. If the
source of failure occurred near the beginning of the process
then many of the subproblems may have to be éontinually
recalculated. It is clear that in the worst case this type
of behavior will generate an exponential number of deduction
steps (in searching for a solution) compargd to the actual

number of facts and axioms that are used.
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In order to eliminate this repetitive processing in a

deduction system, two criteria have to be met. The first one

is that all the sources of failure of the subproblem must be

determined. The second criterion is that the information
mist be stored in - such a way tﬁat backtracking frem any
source ok failure is possible. If these two requirements are
met then the artificial ordering imposed on the solving of
subproblems can be ignored and intelligen£Ibacktrackingﬂcan

be implemented.

¢

In 1982, Pietrzykaﬁski and Matwin [Pietrzykowski & Matwin
821 dev;sed a refutation procedure based on linear resol-
ution which incorporates an intelligent backtracking étrate—
gy. This strategy determines exactly which deductions lead
to the failufe of the refutation process, and which of these
are appropriate-backtracking‘gpints. Backt;acﬁing starts at
a given point and traces béck through the chain of, succes-
sive deduétions to the formula O 1locking for alternative
deductions, where O represents the original negated theorem
-and is in Disjunctive Normal Form éfter skolemization. Each
backtracking peint is tried in turn until a refutation has
been found or the set of backtracking points is exhausted.
If bécktracking terminates unsuccessfully fromf every point

then a refutation is said not to exist., In many cases this

strategy will limit the number of deduction sfeps to be

'



set of clauses with the first one being the goal?étatemenfy

6.

linearly proportional to . the number of facts and axioms
used.

’

To illustrate this‘concept consider the following example

(or theorem)} to be refuted.
~3



. P(x)Q(%, ¥IR(2)S(y,2)
—P(x)N(i,y)
~@(x,x) | -
-Rr(d)
-R(e) : T '
—/R(f)
-S(c,d)
-N(a,c)
-N(b,c)

-N(c,c) -

‘ Example 1.

In this example the capital letters N, P, Q, R and §
represent predicate names, the letters x, y and z repreéent
Qariablgs and the letters a, b, c, d, e and f represent
constants. (The convention used throughout the paper.will be
the use of the capital letters M thrdugh T ‘for predicate
names,. the small letters a through h for functions and
constants and the small letters u through z for variables.5
1f we examine the deduction process on this 'set of clauses
using standard (blind) backtracking techniques we would find
that the number of deductioﬁ steps needed would be 21. This
is because 'the order in whigh the'literals are resolved is P

- N-Q=-R -8, which vyields a backtracking order of § - R

L
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- Q - N -P. The system must backtrack throughjall the
altérnatives for these predicates in this order. That is,
all the .alternatives for a prédicaté are retried each time
the system backtracks past it. In this eyample the three
alternatives for R are attempted each timé'a choice for N is
tried. This progreéé of iheldeduction process is shown in
figure 1. Each line shows the lists of literals reg?lvéd
before a failure occurs. The literal at which backtracking'
succeeds, is underlined and the number.of deductions made is

in parenthesis at the end of the line.

-P(x) -N(a,c) -Q(x,x) -R{d) -S{c,d) | (5)
-P(x)‘—N(a,c) -Q(x,x) -R(e) -S{(c,d) (2)
-P(x) -N(a,c) -0(x,x) -R(e) -S(c,d) . (2)
-P(x) *N(b,c) -0(x,x) -R(d) -S({c,d) (&) "
-P(x)} -N(b,c) -Q(x,x) -R(e)} -S{c,d) : | {(2)
-P(x) =N(b,c) -Q(x,x) -R(e) -S{c,d) . (2)
~P(x) -N(c,c) -Q(x,x) -R(d) -S(c,d) (4)

Figure 1. A trace of éxample 1 using blind backtracking.

However, if this artificial order imposed on the
- selection of backtracking points was removed then this repe-

tition could be eliminated. The intelligent system proposed
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by ?ietrzykowski_ and Matwin first establishes that the
sources of failure after the first atfeﬁpt at deductioh, are
with the predicates N, Q and S. Since backtracking termi-
nates at the goal statement, the Baéktrécking path for N
.starts at N and terminates at P; and the paths for Q and S
consists only of Q and S, respectively. Backtracking would
then be invoked from one of the th}ee backtracking points.
. Since predicates Q and S have no other alternatives, back-

tracking from these points fails immediately. Backtracking
frj%wNJscheeds and the second alternative for N is tried.
This too, fails to yield a refutation and the same three
predicates are determined as appropriate backtracking
points. Q and S still have no alternatives, but backtracking
from'N succeeds._Trying the 1last alternative for N produces
the ‘desired refutation after—-executing ‘a total of 7
dedﬁction,steps. This reduction in the number of steps has
%wo sources: the elimination of tryﬁng the alternatives
associa£;;—;?\p predicate ﬁ when it is clear that R has no
relationship té‘ the source of the problem, and the termi-
néiion of the backtracking process when the goal statement
is encountered. The trace of the deduction process using
intelligent backtracking techniques is shown in figure 2,
Each line is the same as in the figure abovF except that a
"|{" divides some of the literals to show that backtracking

is restricted to these partitions.
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-P(x) -N(a,c) | -Q(x,x} | -rR(d) | -8{c.d) (5)

~P(x) -N{(b,c) | ;ng,x) | -r(4) | —Sgc;az (1)

-P(x) -N(c,c) | -Q(x,x) | -R{(d) | -s(c,d) (1)
Figure 2. A-trace of example 1 using intelligent backtrack-

ing.

As mentioned. above, this intelligent backtracking tech-
nique has been utilized ;by Pietrzykowski and Matwin 1in a
plan-based deduction system. The author's association with
this‘ reseafch was initially with the developmeﬁt of a
computer implementation .of their results. However, in the
testing of ' this plan-based deduction system it was found
that certain inefficiencies, referred to as redundancies,
are inherent to this type of backtracking algorithm. During
the deduction process, a deduction step fails because the
fact or axiom being tried as a solution is incompatible with
an existing fact or axiom. This means there exists at least
two points from which to backtréck from every t}me a failure

occurs.

As the system tries to obtain a refutation from process- -
ing each of these backtracking points it is possible that
some overlapping of effort occurs. This duplication of

effort arises from the system designating two or more back-
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tracking points every time a deduction step fails, but it

‘only resolves one of them in a single deduction step. Now,

suppose the next step fails too, and the same backtracking
points are determined. Likewise, suppose that when all of
the other original set of backtracking point's get resolved

they, too, fail with 'the same identical backtracking points.

We now have the sijuation wvhere there are more backtracking

" points then ther
duplicate deductions are generated. Another cause of redun-

dancy arises from attempting .to obtain multiple réfutations

for the same theorem. When a refutation is found there are

no sources of incompatibility from which to derive a back-

tracking point. Consequently, in order for the refutation
brocess to continue, - a:tificieilfailures must be induced
into the solution space so that backtracking will be initi-
ated and anofﬁer refutation foﬁn@. 1t was diécovered that
in order to generate a complege solution set without-redun-
dant refutations a sophisficated algorithm was needed- to
induce these artificial failures. It was also found that the
performance of. the system was dependent on when the baek—
tracking procedure was ieitiated, as the solutions to some

- subproblems could be delayed.

The derivation of algorithms which eliminate these inef-

ficiencies from the plan-based deduction system of Pietrzy-

re literals to be resolved; consequently,
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kowski and Matwin is the topic of this thesis <1>, It i

~organized into the following sections. The first section

presents an introduction to the work of Pietrzykowski and
Matwin and defines their terminolog& /thch will be used

throughout this paper. The secopd section discusses current -

‘related work in fhis field and shows that these problems

have not been addressed. The next three 'sections present
the author's solutions to these three deficiencies 6f the
original system mentioned above. Section six shows how our
deduction_pro?esé‘applies to a real world éituation and the
last.section contains our concluding remarks.

’ .-
-

<1> Part of this research.has been previously published in
[Forsythe & Matwin 84], and also as a Univépﬁity of

Ottawa Technical Report.



PLAN~BASED DEDUCTION

This section presents the research ofl Pietrzykowski and
Matwin and defines the ‘termindlogy used in their papers:
[Pietrzykowski & Matwin 82], [Matwin & Pietrzykowski 82] and
[Matwin & Pietrzykdwski 84]. The reader is assumed to have
a sufficient understanding of first ‘order logic and mechan-
ical theorem proéi%g/and'is diregted to works such as [Chéng
& Lée 75]1 for a more complete study of this field.

_As mentioned in the introduction, the main intent of
Pietrzykowski and Matwin was to propose a deduction system
which eliminates the redundancy inherent to linear back-

- trackiﬁg systems. To achieve thig they needed 'a method of
pinpcinting the sources which cause a deduction step to fail
and storing the deductions in such a way thét backtracking

could begin from any one of these sources. ' =

13
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In order to meat these criteria they divided the
deduction process into two phases. The first of these is the
preprocessing phase which determines which pairs of literalé
are potential . resolvents. That is, all the clauses in the
base are scanﬁed for pairs of complementary literals and the
most general unifier for each, if it existst is recorded.
The base refers to all the database of known clauses plus
the theofrem to bé refuted. The second phaée is the'dynamic
processing phase. In this phase the deduction algorithﬁ is
applied and a refutation sought. This consists of refuting
all the literals in the goal statement {the original theorem
negated). As a resolvent for each literal is found, the most
general unifier for them 1is merged with the most general
unifier computed for the deduction process thus far. Any new
literals resulting from the logical consequence of the two
resolved literals are also refuted. !;hen all the literals
have been refuted the most general unifier for ~the plan is
checked to see if any illegal substitutions have been made.
If none have then a refutation has been found, otherwiée the
backtracking procedures are invoked and an altefnative

resolvent tried.

’

The description of this deduction system will be divided -
inte two subsections. The first will describe the , data
‘structures and the second the main processes. Thes are

presented next.
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THE DATA STRUCTURES .

»

This subsection presents the four main data structures

N

used in,'Pietrzykowski‘and Matwin's plan-based deduction

systems. These four structures are the Basic Structure (BS),

the Graph of Basic Constraints {(GBC), the Graph of Dynamic

Constraints (GDC)} and the Plan. These data structures are
the key to intelligent backtracking as. they provide the

means to finding where the sources of a failure in a

deduction step are located, plus the ability to backtrack-

from them. These structures are basically graph structures

with special links to facilitate traversal within a struc-

ture and between structures. The functions of these four

structures are discussed below. -

: ~

The Basic Structure 1is a representation of the base.
Special emphasis is given to the handling of wvariables,
which although unique between clauses, become bound to other
variables or terms through unification. It‘is through these
bindings that the sources of failure are: established. 1In
addition, each literal in the BS provides a link to all the

other complementary literals in the base with which it is

unifiable.

v
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: The Graph of Basic Constraints records the most general

7

-

unifier for every pair of unifiable complementary literals,
This structure may actually consist of a number of separate
graphs where each graph records the.substituﬁions for vari-
ables which are bound together. Every distinct set of bind-
- ings is represented by a different graph. This structure
also maintains a link to the two basic structures corre-

spondiné to the two literals) from which it was derived.

The Graph of Dynamic Constraints contains the most gener-
al unifier for the deduction process. In other words,.it
.keeps.track of which substitutions have been made and what
kindings have occurred, As with the GBC this structure may
be composed of several distinct graphs, where each of the
graphs represents a partitioned set of substitutions, If
two variables in two shbstitutions become‘ bound to each
other then their corresponding graphs are merged togéther.
After each deduction step, the GDC is wupdated with the
substitutions recorded in the GBC for the two resolvent
literals. Also contained 1in this structure are - the appro-

priate links to the BS and the Plan.

The Plan represents the deduction process. It can be .
viewed as a graph with the top node of the graph represent-
ing the formula to be refuted. Nodes in the graph correspond

to clauses in the base: When a clause is selected in a
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dédﬁttion step it gets ;nsérted as a node in\the plan. ﬁ%ch
literal in a node becomes a key or a goal. A key is the
literal which was used as the resolvent, i.e,.the complemen-
tary literal chosen to resolve a goal. A goal is any other
literal in the node and needs to be resolved. It contains a
pointer to a key. Thus the top node consists of all goals
while every other node consists of one key and zero or more
goals. Associated with every goal is a list of potentials.
This corresponds to all the goal's unifiable literals which
have not yet been tried as a resolvent for it. This list is
derived from the list of unifiable literals associated with

the basic structure,

In general, the graph of a plan will represent ‘a tree.
1f an ancestor node of a goal contains a literal which is
unifiable with this goal then these two may be resolved
instead of introducing a new node. Thus, the graph would
contain an upwards link and can no longer be considered as a

tree. The Plan alsc maintains links to the BS and GDC,.

There are a few other concepts which bear mentioning at
this time. A Storage Unit refers to both a Plan and its
corresponding GPC. It is an instance of the deduction proc-
ess which can be preserved and later retrieved. Because many
backtracking points many be determined within one plan,

copies of the plan and GDC need to be made so each of the
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backtracking points can be processed individually without
having to reconstruct the storage unit. Backtracking points
correspond to goals in the plan which introduce complementa-
ry literals which are directly responsible for fhe pian's
nonunifiability. These goals are grouped into sets ﬁalléd
clashes, such that removal of all the bindings introduced by
resolving these goals will restore unifiablitity t6 the
plan, géch goal in a clash is referred to as a confiict. In
this papér, we sometimes may refer to a node in conflict but

we actually mean that the goal pointing to this node is the

lbonflict. - -

At the end of this section there is an example which
shows the organization of a Plan and its corresponding Graph

' of Dynamic Constraints.

St

o
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THE DEDUCTION PROCESS

In this subsection a description of the algorithms for
the plan-based deduction syétem of Pietrzykowski and Matwin
is given. The algorithms.can be grouped into three parti-
tions: the preprocessing phase, theé dynamic processing phase
and the backtracking ﬁhase. These three phases are
discussed individually in the nex£ three subsections. In the
last section we present the basic algorithm which describes
the deduction process at the top most level and serves as a

base for further refinements.



THE PREPROCESSING PHASE

-~

The preprocessing phase 1is, as the name implies, a
preliminary routine which performs all the static process-

-

ing., It reads 1in the base of clauses and builds the corre-
sponding Basic Structure for each literal. I; then searches
all the clauses for -pairé of complementary literals. For-
every pair it finds, it traver§es the two Basie Structures
for them to determine if they are wunifiable; -and .if they
are, it records the most geﬁeral unifier for them in the
Graph.of Basic Constraints. Proper 1links to the GBC with
the -two Basié Structures are maintained. It should be
mentioned that the preprocessing phase is not necesgary in
order for the algorithm to work. However, it greatly
improves efficiency by avoiding fepetitive and identical

unifications during the dynamic processing phase.
‘ Y '
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THE DYNAMIC PROCESSING PHASE

This phase 1is responsible for performing the deductions
and managing the search strategy. To begin the deduction
process the Basic Structure pertaining to the goal statement
(usually the first clause in the base) is converted into a
node and made thé root of the Plan. Every literal in this
clause becomes a goal to be refuted. Associated with each
‘goal is its list of potentials. Initially, this 1list will
contain all the complemeﬂtary literals it is unifiable with.

The insertion of a node into the plan causes each goal in

the node to be denoted as open.

The deduction process _consists of selecting each open
goal in turn and choosing one of its potentials to be a
resolvent -for it. (We have adopted a depth first search
strategy for choosing open goals whilé potentials are

.ordered accOrdiﬁg to their position in the base.) The
clause in which‘thig potential is located is transformed
into a node and inserted into the graph. The potential
becomes the key in the new node and all other literals are
converted intol goals and marked as open. The ﬁotential is
then deleted from the resolved goal and the goal itself is
now considered cJ/osed. The GBC for the goal and the poten-

tial is then merged with the GDC for the plan. It is possi-
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ble that the potential is contained in a clause that already
exists as a node in the plan. This implies that a solution
for this goal exists and a pointer to this potential is-

created. This situation 1is the only exception where a goal

'will point to another goal rather than to a key. The proc-

ess then resumes selecting the next open goal.

The.dYnamic processing phase continues until the plan is
completely closed of until an-Open'géal is found which has
no potentials. In the former case if the plan is unifiable
(i.e. the GDC has no illegal substitutions associated with
it) then a refutation has been found. If a most general
unifier for the plan does . not exist then the backtracking
phase is initiated. 1In the latter case if the goal belongs
to the top node then the problem has no solution otherwise
the backtracking procedure is invoked on that goal.

§

If a refutation has been found then the process termi-
nates and displays the solution. If multiple solutions are
requested then a special procedure is used to induce artifi-
cial conflicts so that the backtracking phase can be
invoked. This procedure is described in the section titled

Artificial Conflicts.
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THE BACKTRACKING PHASE

-

This phase is responsible for controlling the backtrack-
ing procedures which allow alternative potentials to be
chosen, As mentioned above there are two cases which-invoke
this routine. The first case is when the plan is closed and
a most general unifier for the‘plan does not exist. Here the
backtracking phase must determine the sources of the failure
as well as backtrack from them., The other case is when an
open goal has .no potentials; then it is labelled as a
conflict and backtracking is immediately invoked. Hence, we
can partition this phase into two routines, one which deter-
mines the source o{ failure and the other which actually

does the backtracking. Both of these are described below.

To every plan there corresponds a Graph of Dynamic
Constraints. Since a most general unifier for a nonunifiable
plan does not exist, there must have been at least one ille-
gal substitution made. This fact will be reéorded within the
GDC. An illegal substitution is reflected by a variable
being bound to two or more functions (a constant is consid-
ered a function with zerc arguments). These .two functions -
will be denoted as being in conflict. The GDC was designed
so that this condition is easily‘recognized and links, to

both the node and the Basic Structure, which these functions



[

24

reside in, are maintained. Both these structures are then

traversed together 'to determine where the sources of failure

occur,
A source of failure is considered to be such a set of
nodes in the plan that when these nodes are removed from the

plan, the resulting plan is unifiable. These nodes do not

neccessarily have to contain one of the 1literals which -

failed to be wunified. They may aléo be nodes which unifies
two vériables together such that if the binding 1is broken
between these variableé then unification will be possible.
The. goals which introduce these nodes aré collectively

called a clash and individually a conflict. That is, a

. minimal set of goals which, if removed from the plan will

restore its unifiability, is called a clash. A clash wiil
consist of one or more conflicts. However, there must be two
or more clashes for a nonunifiable plén as this condition
arises from two different terms being bound to the set of
variables. To determine the clashes for a; nonunifiable
plan, the plan must be traversed systematically to locate
every goal between each pair of terms in conflict. The
sequences of goals‘one must traverse in the plan to. get from

one of the nodes containing a function in conflict to anoth-

i
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er is called a path <2>. To determine all the paths between
*
all the functions 1in conflict is not a trivial problem,

whose solution is described in the above references.

Once we have found these paths, we can eliminate all the
nonleaf nodes from them, as'only leaf nodes are required as
starting points for the backtracking algorithm. Since each
of thesé paths .represents a‘way to reach pairs of terms in
fconflict and there may be more then one path between the
same pair, to make them unreachable we have to remove a goal
from every path. Again, this is a nontrivial problem and is
also outside the scope of this paper: Once the two nodes
are unreachable, removing the cor;esponding links from the
GDC reinstates unifiability to the plan. Again, note that
each of the collections ﬁof goals which make two nodes

unreachable is called a clash of which the individual goals

are conflicts.

Once the clashes for a plan have been determined, the
deduction process can start backtracking from every goal in
the clash looking for an alternative potential. Since more
than_one, clash may exist and the one we choose may not lead

to a refutation, we'need a method of restoring the plan and

<2> Aﬁy%xample of a path is given in a later section (see
tﬁé'g}apses of example 2b and figure 4).

5
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GDC to its original state so we can backtrack frém an alter-
native clash. The fAatural way to’ do this is, after a clash
has Dbeen selected copy bdth the plan and. GDC with the
remaining clashes (called a Storage unit) to . some storage
.area where it may be later retrieved for reinstatement (see

[Forsythe & Matwin 83]).

The backtracking phase, commeﬁces_ by checking every
conflict in a clash for a hone?ptf iist of poten&ialsﬂ For
every conflict which has an empty list, backtracking is"
invoked on it. This consists of repeatedly'checking ancestor °
goals from the conflict to the goal statement for a goal
with potentialé.‘if the top node isn reached unsuccessfully
then bscktracking for that conflict fails. The backtracking
phase for a clash succeeds only if the backtrackiﬁg—of every
goal in the clash succeeds. The failure of a clash c;ﬁses'a'
storage unit to be reinstated so that another clash can be
selected. If the backtr#king phase succeeds in finding .a
goal with potentials for every conflict in the clash then
the plan is pruned to remove these clashes. This is accom-
plished:by designating eve;y gbal wvhich was found to contain’
.a potential, as open. All the nodes for which these goals
are ancestors for, have to be removea from the plan and any
bindings caused by these nodes lhave to be eliminated from
the GDC. Once the plan and GDC are ‘updated approp:iétely,'
the dynamic processing phase is reinvoked.

Y
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: These two phases ‘of Backtracking and goal processing are
mutually recursive: as clasbes'are processed tﬁey Jnay }ead
" to further plans which contain .clashes which may 1lead to
still more plans which contain clashes. Since other clashes
from previous pléns are still in storage when new ones are
added a selection process retrieving ‘them in some order is
necessary. We have chosen to "stack" theﬁ in storage using a
laét—in—first-out-selecgipn strategy. The deduction process

terminates when a refutation is found or the stack of stor-

.

- L4

“age units is exhausted.
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THE BASIC ALGORITHM -

‘The above phases represent the fundamental concepts of a

'planrbaéed deduction system. In this paper we are concerned

not with the Cdevelopment of these routines but with the
refinement of them. That part of the system which we will be

-

refining, is listed below as an algorithm and will serve as

a basis for modification.

g;ocedure Main

clashes := empty

gdc 1= empty ‘
'topnoa 1= first clause frém base of clauses
plan := topnod '
opens HE tdpnod.goals
- su != plan + gdc + clashes '+ opens
stop := false I
result := false
'store(su)
a
- a (continued)



while {(qu not empty) and (not result) do
whilé there is no solution but more plans
get a plan and reﬁové any clashes to 
make it unifiable and then try a new.
alternative clause
retrieve(su)
if su.clashqé not empty then
clash := first(su.clashes)
.removeconflicts(sﬁ, clash, stop)
if not stbp then ‘
develop(su)
if a deduction is found then'diqplay it
or find more solutions otherwise store
the plan fo;'further Erocessing
if (su.clashes emﬁty) and
(SH}opens empty);then
if allrefutations then
| display refutation
su.clashes := artificialcon(su)
else
result := true
else
store(su)
end while

<.

(continued)

29
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-~ display the final refutation
if -result then

4
display refutation '

' lsét) )
- ﬁ\\\ no refutation

end main
procedure Develop(su: storage unit)

vhile (su.opens not empty) do
y := first(su.opens)
nooi= nodeof (y)
z 3= fi;st(y.potentials)
nﬁ := newnode(n, z)
add(nn, z, su.plan)
merge(graph(y, z), su.gdc)

end while
su.clashes := conflictcheck(su)

end develop

Algorithm 1, The original algoritﬁm for plan-based deduction
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In this algorithm there are a number of: notations,

“ conventions and procedures which need to be e#ﬁounded upon:

1) The "." indjcates a subfield of a record. Thus
"su.clashes" should be read as " the clashes of su".

2) The "--" indicateé a comment

3) su refers to a "storage unit"™ and consists of a plan, a
GDC, clashes 'and opens, which are defined above. 4

4) Topned 1is initialized to be the preselected, negated
clause from the base of <clauses and becomes the formula
to be refuted. It consists of all goals which initially
make up the list of opens.

5) Stop is a global flag which, if false, means thaé\the
current plan has open goals with potentials to be devel-
opgd. | |

6) Result is a flag to indicige that one refutation has
been found.

7) Store is a procedure which places a storage unit on disk
for later retrieval;

8) Retrieve 1is a -procedure which fetches a storage unit
from disk and makes it the current one:

3) First is a procedure_which returns the first element of\
the specified set. The element returned is deleted from
the set.

10) Removeconflicts 1is a procedure which removes all the
conflicts of a clash from the plan of the current stor-

age unit. The parameter "stop" is returned with a value



11)

12)

13)

14)

15)

16)

17)

18)
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of true if the backtracking strategy fails in locafing a
gdal with potentials,

Allrefutations is a user defined flag which indicates
that all refutations are desired as opposed to only one.
Artificialcon is a procedure ﬁhiqh generates a clash on
a nonunifiable plan so that the deduction process can be
reactivated to generate aﬁother solution. This procedure
is defined in more detail later on. |
Nodeof is a function which returns the node in which a
specified goal resides.

Newnode is a procedure which creates a new node from the
clause in. whigh the Specified potential is a literal.
Add is a procedure which inserts the given node, nn, in
the specified plan, as a child of z. |

graph is a function which returns the Graph of Basic
Constraints (GBC), 1i.e. the unifier, of the two argu-
ments (the 1literal corresponding " to the goal and the
potential),

merge is a routine which wupdates the current Graph of

Dynamic Constraints (su.gdc) with the substitutions

recorded in the given GBC,.
Conflictcheck is a function which agtermines‘if a given
plan is unifiable. If it is, it returns empty otherwise

it returns the appropriate set of clashes.
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This algorithm outlines the deductive strategy as
"described in the preceding Subsections. Procedure Main
controls the deductive process —at the top most level. It
selects which plan‘will be developed and ensures that every
possible plan is tried until a refutation is found. Storage
units containing nonunifiable plans are sta;ked in a
last-in-first-out strategy to promote a depth first search
strategy for developing these‘plans. If all refutations are
desired then artificial conflicts aré’determined on closed
unifiable plans. Procedgre Develop is responsible for
cons{ructing each individual plan. After a plaﬁ is closed,

it is checked to see if it is unifiable.
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AN EXAMPLE OF PLAN-BASED DEDUCTION

[ . .
‘To clarify the above conceptsi -the deduction process is

examined .on the following clauses in example 2.

P(x) Q(x,y) R(z) S{y,z,x)

_p(x) N(xy) |

-Q(x,x) _ oL
-R(d) ' |
-S(x,d,y) M(x,c) T(y)

-N(a,c)

-M(b,c)

-T(a)

Example 2a,

In this example the goal statement is the first &lause in
the base. Since the same names occur more than once we will
rewrite these clauses appending a number to each function
~and variable name ‘as in exaﬁple 2b. This will avoid
-confusion laterras to which instance of the name is refer-

enéed,‘fhs  a reminder to the reader, all variables of the
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same name are bound to each other within the same clause but

are distinct between clauses.

P(x1) Q(x2,y1) R(z1) §(y2,22,%3) - }
-P(x4) N{x5,y3)

-Q(x6,x7)

-R(d1).

-S(xB;dZ}Y@) M(x9,cl) T(y5)

-N(al,c?)

—M(bl,c3)

-T(a2)

Example 2b.

Figure 3 shows a representation of éhe seven GBC's found
during the preprocessing phase, It.indicates which variables
are bound together by horizontal lines and the substigptions
determined 'via the unification‘algorithm are depicted by

verti?if;;{;es. The names of the two literals on which the

uﬁification was pe??ormed label the graphs.



Q,-Q:

Figure 3. The GBC's for example 2b.

x7

cl

c3
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In figure 4, a Plan for this set of clauses is shown.
The arcs ‘indicate that the t#o literals at each end are a
pair of.resolvent literals. Since one of these literals
is called a%goal and the other a key we shall denote the
tvo together as a goal-key pair., The number labelling the
arcs on _goal-key pairs will be used 1later to define a.

- path through the plan. Figure 5 presents the correspond-

ing GDC for this plan.

P(x1)Q(x2,yl1)R(z1)8(y2,22,x3)

-P(x4¢)N(x5,y3) —Q(xG,x?) ~R(d1) -S(x8,d2,y4)M(x9,c1)T(y5)

/
/ .
5 . , /6 7
/
/
-N{al,c2) -M{(bl,c3) -T(a2)

Figure 4. A Plan for example 2b,
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z] --- 22

+£ .

d1 42
Cl

- C3

Figure 5. A GDC for ekample 2b.

From figure«5, one can easily verify that this set of
clauses is not unifiable as the constants al, a2 and bi
all belong in the same graph. Once the plan is closed the
backtracking algorithm must determine the paths in the
plan between these nonunifiable constants. 1In this exam-
ple, this means the algorithm must find the paths between
al and Dbl and between a2 and bl. These paths will be‘
feprg;ented by the labels attached to the gdal-key pairs.

‘For the clauses of example 2b ‘they are: {5, 1, 2, 4, 6}
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and {7, 4, 2, 4, 6}. These paths are derived~ﬁhrdu§ﬁ the
following links: al - x5 - x4 - x1 - x2 - x6 - x7 - yi -
y2 - x8 - x9 - bl and a2 - YS -~ y4 - x3:- x2 - x6 - x7 -
Yyl - y2 - x8 - xS - bl. Next the nonleaf nodes are
deleted to obtain the minimal paths which are {5, 2, 6}
and {7, 2, 6}. o

The next step is to convert these paths into clashes.
We now have a set of paths where we have to remove
specifié elements from each path to restore unifiability
to the plan. .We wish to transform these paths into
élashes, where the removal of all the elements from only
- one clash restores unifiability to’ the plan. Tyis‘proc—
ess results in the following set of three clégﬂés: {5,
7}, {2}, and {6}, which corresponds to: {N(x5, y3),
T(y5)}, {Q(x2, yl1)} and {M(xs,l cl)}. One of these three
clashes would then be choéen for backtracking and a copy
of the plan, DCG and the remaining two clashes would then

be placed in storage for later processing.
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RELATED RESEARCH 3
' |
|

This sections presents a brief.discussion of cufrent
research in graph based dedﬁctidn algorithms. The papers
discussed here present interestiﬁg approaches to theorem
proving systems using. graphs but differ from the method
of Pietrzykowski and Matwin in terms of what a plan is
and how it is operated on to obtain a refutatibn. The , ' i
h*’maén objective is to show that most of the cﬁrrent |
research tends to all but ignore the.problems associatgd
with backtracking and redundant processing. \;}he papers
relevant for discussion Vare [Bibel 83], [Bruynooghe &
Pereira 83], [Chang &‘ Slagle 79)], [Kowalski 75] and
[Sickle 76]. | |

.

In [Bibel B83] the deduction process is performed on

first order logic axioms arranged in the form of a
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g [] .
matrix. This m%trix is a nonclausal repreéentation of the
complete search space, The deduction process consists of
finding Ek»path ‘through this matrix by establishing
conpections between complementary literals. If the matrix
‘can be spanned (i.ef each path through the matrix
contains a connection) then a proof is obtained. Unifi-
cation is performed at eéch step in the spaqning-process
and ‘when a literal chosen for connection cannot be
unified then selective backtrackihg ‘is .invdked. What
seléctive bégktracking is or how it affects thé perform~
ance of the algorithm is not discussed. Bibel's approach
is unique compared to . the others as his method is the
“only one which is not‘Based on resolution, -
»

In [Kowalski ?5] a complete represehtatioﬁ of the
search space 1is also used as . thé-basis for deduction.
This search space is calledaq connection graph and'is
based on a clausal representation of the axioms. The
resolution‘process differs from [Bibel 83] in that links
are maintained between every pair of unifiable éomplemen—
tary 'liéefals as op?osed to 'gélected pairs. When a

literal is resplved, theqliﬁk is removed and new links{to
the remaining literals in the resolvent'stlause are
added to the graph. The substifutions required for the
new links are directly ‘compu%ed from the substitutiéns
associated with thé old link.' If a' node in the graph

7

LA

A

.
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4
contains no i%ﬁks outside the clause in which the node
fesides ‘or if the clause is a tautology, then all the
l1nks assoc1ated with that clause -are removed from the
graph, A rePutation. is reallzed if the graph coneains

@&
the empty’ clause. ] ’

l

-]
..

In Kowalski's paper, the problem of redundancy is
addressed using an example based on propos1t10nal calcu-
lss axioms. HOw 5% his solution can be extended to predicate
vcalculus is not discussed. However, the paper does
suggest that the problem of redundancy in general can be
solved‘tgfoqgh the cohcept of ordering whieh is also the

fundamental philosophy upon which our’ solution is based.

[Chang & -Slagle 79] also sse the notion of connection
graphs as the ba51s for f1nd1ng a refutation on a set of
clauses After building thls graph and modifying it to be
a dlrecteg“graph they use a set of:}ewrltlng rules which
determine sequences of substltutlons which may lead to a
refutation. tonsistency of these substitutions is only

verified after the complete seguence of substztutlons has

BN Goeen generated. If the verification fails then another

sequence is tried, which is equivalent to backtracking.
The effects of backtracking on this system are not
discussed, neither is the problem of redundant solutions

as understood here.
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The approach to refutation on a set  of clauses
presented in [Sickle 76] is via clause iﬁterconhecfivity
;gréphs. The underlying concept of these graphs isﬁ to
construct a representation of the original search space
and to modify it .incrementally as clauses are seiected
for resolution. The paper stresses intelligent selection
of these clauses to avoid the generatipn of redundant
| and/or. useless search spaces. However, if the selection
algorithm léads to an inconsistent set of substitutions
there is no mention of how backtracking is invoked or -
what affect it has on the efficienéy of ‘that method.

" The work | of [Bruyn;oghe & Pereira 83] more closely
resembles the research of Pietrzykowski and Matwin than
any of thé other papers. The aim of their research is
also to elimin$£e the repetitive solving of subproblems
which are not related to the source of failure caused by
blind backtracking techniques. They define their approach
as different, but complementary to the approach used by
Pietrzykowski & Matwin. Accoraing to them, their method

finds the minimal subtrees of a plan such that unifica-
tion is impossible, whereas the approach of Peitrzykowski
and Matwin finds the maximal subtree such that unifica-
tion is possible. Because their - approach is similar in

some respects to Pietrzykowski and Matwin's, the tech-

nique used. by them to eliminate redundancy alsc has simi-

o
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iarities to the method presented ip this paper; they both
are .founded on the concept of restricting the sea{fh'. -
.spacé,of potential solutions,l Howeveér, Bruynooghe and
Pereira control this restriqtion accordingnto the order
in which the input clauses are selected. This technique
preventslthe use of heuristics inﬂsituations'where redun—‘
‘dancy has to be sacrificed in order to preserve completé-\”
ness of the search space.. It is also unclear how the
-algorithm handles situations whefe two or more )input
clauses need to be processed simultaneéusly. They also
claim that their approach to refutation permits parallei
processing but thef do not elucidate as to how it can be

implemented with their selectigp criteria.,

— - '
s .

In the next three sections the algorithms that have
been developed by the author for minimizing the redundan-
cy iﬁherent to a plan based deduction system are
presented. The first section deals with the pfocgssing
strategy of a single plan. The next seé;ion is concerned
with removing redundancy éséociated Qith the backtracking
strategy and the third discusses how artificial confiicts

".can be introduced into a closed unifiable plan so multi-

ple refutations may be found.



SINGLE PLAN PROCESSING

A refutatiqn for a set of clauses in plan-based
deduction exisés when the plan is closed and a most
- general un;}ie? for the plan exists. In the original
design of tﬁe‘plan-based deduction system Qevelopéd by
_Pietrzykowskip and Matﬁiq ~ the deductio@ process
constructed-a closed'Pléh (if possible) and then verified
~that all the substitutions performed were_valié. The
intent was that all the con!ﬁicts in« the plan cbuld be~-
detected during’one phage. These conflicts would then be
arranged into apprbpriate claéhes vhich the-backtracking
routine would process. During the testing;of the imple-
méntation of this system.it _w;; made evident that this

_strategy of verifying the plan.after it was closed led to

redundant processing. The reason for this redundancy can

_
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-

be made clear through the use éf an ex9mple ‘'such as the

base of clauses in ‘example 3.

- n-—

~P‘(x) Q(x,e).
-P(a)

-Q(c,z) M(z) )
-0(b,2) M(z) |
-Q(a,z) M(z)

- -M{z) R{z,x) S(y,z) T{(x,y)
\ Lir(c,e)

Example 3.

. In order to see the limitations gf the original design
an inspection of the results (using the original system
should be magde. Figure 6a shows the closed plan as

developed by the original strategy. In this figure,

alternative (potential) clauses which could replace the —~f’“\\>

selected one are shown within pointed brackets beneath

the chosen clause. |,

H)
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P(x)Q(x,e)
/ \ :
/ \
-/ 1 \ 2
o/ \
/ \ _
-P(a) o -0(c,z)M(z)

“<-Q(b,z)M(2)>
<-Q(a,z)M(z)>
/
/
/3 g
/
/ ‘
-M{z)R(x,z)S{y,2)T(x,y)
/ : \
/ \
/4 5 \ 6
/ \

/ SN
-R{c,e) - -s(d,e) . -T(c,d)

Figure 6a. A .Plan for example 3.

~

'\It‘is obvious from figure 6a that the sources of fail-
ure for this plan are the literals -P{a) apd'-Q(c,z). The
deduction sfstem operating on this plan would then deter-
mine that the path between these literals lay through the

’goals P(x) and Q(x,e) or arcs 1 and -2 in the diagram.

cal .

Dividing these goals into clashes results in the two
clashes {1} and {2}. Choosing the <clash {1} for back-
tracking, results in a failure as there are no potentials

r )
for this conflict. "As this conflict resides in the

-
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topnodg, there are no other goals which can be checked
vfor potentials, Backtracking from {2} succeeds with the
alternative clause -Q(b,z)M(z). The arc to the node in
conflict is removed énd.replaced by * the alternative
clause, resulting in the new plan shown in figure 6b,
What needs to be made clear at this point is that the
transition from the plan in figﬁre ba to the plan in
figure 6b results in the arcs 3, 4 and 5 being resolved
twice.’When.arc 2 is cut to remove the node -Ql{c,z)M(z)
the four descendant nodes of this node are re?oved from
the plan as well. Because the replacement clause also has
the literal (goal) M(z) to resolve then these four other
nodes necessarily ‘get resolved again. This same process
is repeated on the plan of figure 6b to obtain the plan

S
of figure 6c which shows a refutation for this set of

clauses. /

/
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P(x)Q(x,e)
/ \
/ \
/1 \ 2 N
/ \ '
/ N
-P(a) -Q(b,z)M(z)
<-Q(a,z)M(z)>
/
/
'!/ 3,
. ) / .
-M(z)R(x,z)S(y,z)T(x,y)
: / \
/ N\
/ 4 5 \ 6
/ \
/ \ :
-R(c,e) -5(d,e) -T{c,d}

LJ

ngure 6b. A second-level plan for example 3.

P(x)Q(x,e);

/ \
/ N\ :
/1 A
/ \
/ \
-P(a) -Q(a,z)?(z)
/
/3
/
/ )
-M(z)R(x,z)}S(y,z)T(x,y)
. / \
/ , -\
/4 5 \ 6
/ \
/ : \
-R(c,e) -s(d,e) -T(c,d)

Figdre 6¢c. A third-level plan for example 3.

-
p
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In order to measure the amount of work done by this
strategy we introduce the notions of arc insertion and
arc déletigg which refer to every instance of inserting
or deleting an arc. Thus after the plan of figure 6a has
Eeen Constructed a total of S insertions and-0 deletions
have been made.--Construction of the plans in 6b and 6c
eacp make 2 deletions and 4 more insertions. Thus after
refutation the total number of insertions is 13 and the

total number of deletions is 4.

To reducé the amount of work, the resolving of the
goal M(z) and thus R(x,z), S{y,z) and T(x,y) as well,
should be delayed until the final plan is constructed. To
do this we need to verify_the,substitq;éons made at every
resolution step. If an illegal substitution was méde then
the dynamic processing phase should be interrupted imme-
diately and the backtracking phase invoked. This new
strategy would prevent the goal M(z) from being processed
uﬁtil the correct substitution ié performed. ‘The modifi-
caiions to the algorithm are restricted to the procedure
Develop which 1is shown below. New or changed lines are

highlighted using capital letters.



51

procedure Develop(su: storage unit)

while (su.opens not emptyj AND
(SU.CLASHES EMPTY) DO
y := first(su.opens)
n

:= nodeof(y)

z first(y.pbtentials)

An := newnode(n, z)

add(nn, z, su.plan)
merge{graph(y, z), su.gdc)
'SU.CLASHES := CONFLICTCHECK (SU)

end while

end develop

Algorithm 2. Version 2 of the original algorithm:

The effect of moving the conflictcheck routine inside
the loop gives a dramatic increase to the performahce of
the system. The results of applying this new strategy to
the clauses of example 3 are as follows.

This new strategy results in two new plans, as shown

in figures 6d and 6e, with the final plan being the same

<
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I

as that. in figure 6¢.'The work done by'this approach
leads to only 2 insertions for the first plan, 1
insertion and 1 deletion for the second plan and 1
deletion and 4 insertions for the second plan, for .a

total of 7 insertions and 2 deletions.

P(x)Q(x,e)

/ \
/ \ »>
- /1 o\ 2
o/ \ _
/ \
- ~P(a) - . -Q(c,z)M(=z)

<=Q(b,z)M{z)>

%EQ(a,z)M(z)?

Figure 6d. An improved plan for example 3.

P(x)Q(x,e):
/ \
/ \
/1 \ 2 . .
/ \ o
/ \
-P{a) -Q(b,z)M(z)

<-Qfa,z)M{z)>

Figure 6e. An improved second-level plan for example 3.
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It is interesting to note that if the clause
-Qla,z)M(z) was replaced with the clause -Q(d,z)M(z) theq
no refutation would exist for this new set' of clauses,
Using the original strategy the same number of insertioﬁs
and deletions would be made but witb the new_strategy,
since the 1literal M(z) would never be resolved, only 4

insertions and 2 deletions would be made.

S “’..

~
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REDUNDANCY REMOVAL : 3
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This section describes-how redundant plans are ‘gener-
ated by thedbriginél élan based deduction system desigpéd
by Pietrzykowski ‘and-Matwin. It then presents an glgo-
rithm which minimizes this }edundapcy yet maintains a -
complete search space. A complete search space is one
that gua}anteés that all poteﬁtial solutions will be - i
attempted before a‘"no refutation” conclusion;is reached.
It is a well known trade-off that many heuristic algo-
rithms have a tendency to trade completeness for effi-

cient execution, but the approach taken here 1is to

sacrifice redundancy for completeness-.in situations where °

a choice has to be made.

.

To show that redundant solutiq

are inherent to

plan-based deduction systems the following example is

»

54
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i ‘Sssed. Since the emphasis here is with the presenta-
tign of an improved algorithm the examples will be kept
Simple, IF should be noted that the ﬁmount of redundancy
will increase with the complexity of" the prbblem and that
the algorithm presented is generalﬂenoﬂgh to handle all

cases. Consider the following'set of clauses in examplé

P(x) Q(x)
~-P(a) c s
~P(b)
~Pfe)
-Q{c)
zo(a) -
-Q(e)

' /////ﬂ—j . Bxample 4.

The deduction process which leads to a refutation for
i . this base of clauses can be best shown via a graph as
displayed in figure 7a: Each node in this ggaﬁh repres-

\

cannot resolve at least one of its conflicts because none

ents a plan or a failure. A failure qegurs‘ vhen a clash’.
» -
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of the goals~ between it and the ‘topnode have any poten- .
t1als. Leaf -nodes dep1d{ nonunifiable plans whose ch11-
dren correspond to its resolved clashes. Leaf nodes are
either refutation nodes, ehich indicate a closed un;fie—
ble plan,. or failure nodes. Arcs in the éraph extend
from a clash to a new plaﬁ which is_derived from resolv-

. ‘ #
ing that clash.

A condensed notation is used to display each plan as
we are concerned with hov a plan is developed rather than
how a refutation is derived. Each plan then is repres-
ented by the goal statement with the terms of each
resolved complementary literal shown underneath each
goal. In Sraqes alongside each of these terms are the *
terms o the potential literals which have not yet been
resolved. It should be emphéeized here that this section
refers to the procéésing‘ of a plan betweee solutions, -
Once a solution is \fdund than the previous clashes no

long;r’ corresﬁﬁiﬁ3to the artificial conflleys and new

o
-

pr10r1t1es need fo be;gafermlned
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P(x) Q(x)
a{b,elci{d,e}l
/ \
/ \
// \\
N
P(x)0(x) B P(x)Q(x)
ble}cid,e} " a{b,eld{e}
/ \ / \
/ \ / \
/ \ /. \

/ \ / \

/ ‘ \ /- \
“P(x)0(x) Y p(x)0(x) P(x}Q(x) P(x)0(x)
eflcid,el biel}d{e} b{eld{e} a{b,ele{}
/7 ./ \ \ \
Y / 1N \ \

FAIL © / / \ \ FAIL
/ / \ \
/ / * : \- \

P(x)Q(x) P(x)Q(x) P(x)Q(x). P(x)Q(x) P{x)Q(x) P(x)0(x)
ef{ldie} ef{ld{e} bielel} e{ld{el bi{ele{} Dbiele{}
~
o/ / ) AN / N\ \

/ A N/ \ \
FAIL FAIL | FAIL FAIL FAIL FAIL

P(x)0(x) P(x)Q(x) P(x)Q(x) P(x)a(x) P(x)a(x) P(x)0(x)
“ef{le{} e{le(} e{le{} ef{le{} e{le{} e{le{}

Figure 7a. A deduction trace for the clauses of example

4.
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.

Consider the topmost node of the graph .in figure 7a.
The goal statement cphsists of the ‘clause: P(x) Q(x).

From the base of clauses of ' example 4, we see that the

first literal which could be unified with P(x) is -P(a).

The "a" from this term is shown below P(x) in the figure.
Likewise, the "c" from -Q(c) is shown beneath the goal

Q(x). From the base we also note that two other literals

could have been unified with P(x) and two more with Q(X).
The terms b{ e, d and e from these two sets of potentials
are shown within braces to the riéht o% the term of the
selected 1iterai. This type of notation is sufficient

because we are.interested only in how the,, terms within

the braces are selected to replace those terms contained’

within the clash.

Looking .again at the firsf node in figure 7a, ﬁé\seéjrﬂw

that this node represents al nonunifiable plan. There are
two clashes for this plan, one consisting of the goal
P(x) and the other consisting of the goal Q(x). From
Fhese two clashes we can dgrive two more '‘plans each of
which replaces the literal removed du;ing the backtrack-
ing phase with one of the conflicts' potentials, These

two new plans are shown as the descendant nodes of the

'root node. The left descendant replaces the literal

-P(a) with -P(b) while the right descendant replaces the

literal -Q(c) with -Q(d). These twomew plans each have
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the same two clashes: {P(x)} and {Q(x)}, corresponding to
the nonunfiablé noedes: -P(b) & -Q(c) and -P(a) & -Q(d).
Resolvfhg‘ééch of these clashes leads to four mgre plans
which theq yield 6 more plans and two failure nodes. -
These 6 plans then lead to 6 more failure nodes and 6
more plgﬁs. These last 6 plans are all closed and unifi-
able and therefgre; refutations. Although, each of these
refutations were déiived throuéh separaté paths, they all
represent the same solution!
~ g
Consider again the development of these refutations.as
shown in figure 7a. Graphically, we can 'see that the

right subtree of every left descendant is identical to

the left subtree of‘every cerresponding right déscendant.

‘This 1is the redundancy we wish to eliminate, yet e

algorithm must also preserve the completeness of. the
search space, i.e., if a refutation eg}sts, the algorithm
must _be capable of deriving it. The algorithm pf'
Pietrzykowski and Matwin is proven to be eomplete in

[Pietrzykowski & Matwin B84]. The completéness of the

algorithm presented here relies on this fact. If we can

show that our new algorithm only restricts the deductive

" process from generating the redundant subtrees’ then we

canaassume that it, too, is complete.

<4
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To' see why redundant plans are generated consider
again“the Qeductivé trace of the clauses of example’& as
shown in figure 7a, A property of this exampie,is that
the clashes produced necessarily involve the saQE—goais
in e&ch nonunifiéb;g plan., In other words, the same two
goals, P{x) and Q(x), are selected as the only conflicts
of two clashes in each subsequent level. Looking at the-
segond level of ther deductive tracé, we see that both
plans have two clashes which cause four more plans to be
generated though oniy three are unique. This is becéuse
the same two goals, P and Q, are involved in botﬁ sets of
clashes but only one of the goals is being replaced in

h )

deriving.the new plan: P for the 1left plan and Q for the
\ﬂ“_,f”’/fhﬁ;}ght one, Thus, when iclashes are determined for _thé
second level plans,’all but one of the potentials from
the first level are still available in eachlof the second
level plans. Because the clashes for both sgcond level
plans involve the same conflicts, when developing tHe'
third ievel plans one clash from _each of the two plans
develops the same poténtial which the other second level
plan developed. Thus, we get the combination of -P(b)
with -Q(d) occurring in two plans at the third level., In
the next level, this redundancy is even more pronounced
as the . combinatidns of -P(e) with -Q{(d) and -P(b) with

~Q{(e) each occur three times. a

{
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Inlérdef to eliminate this rédund§ncY ve must provide
communication between subsequent levels of plans! This is
accomplished by éssigning priofities to the individual
clashes to prevent the additional generation of identical
plans. That is, we determine which clashes will gene}ate
identical plans and eliminate alllbut one of those clash-
es, Once the priorities for the clashes have been sgt
then the next generation of plans can eliminate nthos:
tlaéhes with a higher priority than the . priority ofxthe
clash used to generate that particular plan. The effect
of this strategy is to control which plans can develop
the common set of potentials évailable tc all the plans
at a particular level. Implementing this control requires
the foélbwing modifications to .the original- algorithm

(highlited by the use of capital letters).




procedure Main

clashes t= empty

gdc 1= empty

topnod e first.clause from base of clauses -
plan := topnod

opens := topnod.goals - g

su := plan + gdc + clashes + opens

stép := false

result := fal#e

SU.ALLCLASHES := EMPTY
- CURRENTPRIORITY := 0
store{su)

while (su not empty) and (not result) do

retrieve(su)
B
if su.clashes not empty then
.clash :=.first(Su clashes) ' P

. —- RETAIN THE RRIZ&ITY OF THE CLASH

CURRENTPRIORITY. := CLASH.PRIORITY

removeconflicts(st, clash, stop)

if not stop then

develop(su)

(continued) ’ ' ,

“
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if (su.clashes empty) and
(su.opens empty) then
if allrefutations then
"display refutation”
su.clashes := artificialcon(su)
else
result := true

else

N store(su)
éz\gﬂa while

if result then

display refutation
else

no refutation

end main

oA

(conttired)




procedure Develop(su: storage unit)

SU.ALLOLDCLASHES := SU.ALLCLASHES
while (su.opens not empty) AND

-

(su.clashes empty) DO

y := first(su.opens)

n := nodgof(y} Ty,
z = first(y.potentials)

nn := newnode(n, z) i

add(nn, z, su.plan)

merge(graph(y, z), su.gdc)

su.clashes := conflictcheck(su)} '

end while

‘ . ¥
SU.ALLCLASHES := SU.CLASHES
SETPRIORITY{(SU.CLASHES)

end develop

. (continued)

64



— 65

PROCEDURE SETPRIORITY(CLASHES: SET OF CLASH)
WHILE CLASHES NOT EMPTY DO }
-~ CHECK_ IF THE CLASHES EXISTED IN THE
-- PREVIOUS PLAN. IF IT DID NOT ASSIGN
—~ IT A PRIORITY. THEN ELIMINATE ANY
- WHICH HAVE A HIGHER PRIORITY THEN THE
=~ CURRENT ONE : (
- CLASH := INITIAL(CLASHES)

IF INOLDCLASHES(CLASH,

R ‘ SU.. ALLOLDCLASHES
| OLDCLASH)
THEN
IF OLDCLASH.PRIORITY > CURRENTPRIORITY
THEN REMOVE(CLASH)
ELSE CLASH.pRIQRITY = OLDCLASH.PRIORITY
*ELSE ' )
CLASHTPRIORITY := NEWPRIORITY (CLASHES)
CLASH :=.NEXT(CLASHES)
'END WHILE - -

END SETPRIORITY

.« Y,

. ~ o
Algorithm 3. Version 3 of the original algorithm—
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With these refinements to the original algorithm there

are some additional procedures which need to be commented

on., -~

1)

2)

3)

4)

5)

4)

7)

Su.allclashes is used to remember the original Set of
clashes as the actual set of clashes may not contain
all of them. ) |

Su.alloldclashes 1is used to save 'su.allclashes for
use by the next éian generated.. '

Initial returns the first element of the specified
list without'deletiné it.

Incldclashes is a boolean function which determines
if the specified clash was a member. of the previous
set of clashes by checking for an identical clash.
If it is then thg parameter oldclash is set appropri-
ately, and the function.returns true, otherwise the

function returns false.

Remove is a routine to delete a clash from the set of

clashes.

-

Newpriority is a function which returns a new priori-

ty value. How this routine derives it's value is
discussed below.
Next is a function which fetches the next element

from the specified set without deleting it,

" This Elgorithm places an ordering (priority)’ on each

2

clash which dictates which clashes (of sequel plans) can
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" lead to new plans. The ordering valﬁe'placed on a clash
of a:?lan Pl.limits the number ofgnew clashes in the plan
P2 génerated from P1 .after the removal of the clash. To
achei?e this, the set of previous clashes needs ;o be
remembered so that the set of ney clashes can be matched -
witﬁ the previots set. This ensures consistent assign-.
meqf of priority values as each clash in the new plan ié
assigned the same value that it had in the old set of

-~

clashes. Those clashes in the new plan which have )a'
priority‘greater than the clash from which the plan was
derived are discarded. This strategy eﬁsures that only
“one of the many clashes which caﬁ¥6;;;rate the same plan
.will actually be wused to generate tﬁat plan.  The
. exceptions to this occur -when 1) a gﬁal which wés previ-
ously open becomes a conflict of ﬁﬁe current plan and a
new ordering scheme 1is essential and” 2) when the
conflicts in thgl new set of clashes get rearranged into
different grouping so that they no longer-.¢orrespond to
the previous set of clashes. When -exception (1) occurs
the new prfority numbers are assigned values from one. to
the number of ¢lashes. In the second case, where clashes
contain the same conflicts but in different patterns,
then the value assignéd is a heuristic one which is high

enough to ensure that no combinations 'wil% be missed.

Since this situation causes a reevaluation of the priori-
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ty number, it is possible that rédundant|§olutions may be
generated. S - - - A

The effect of this algorithm can be seen in figure 7b.

In this figure the priority number associated with each

~clash is shown to the right’ of the aré which joins the

clash to the plan it generates. As indicated . by the

figure no redundant plans are generated. In the second

level the plan on the right is.lém%féd to only one clash

which prevents the redundant plan from the initial trace

from being derived, . This effectively removes the rédun—.

dant left subtree phenomena described above. In the third

level since the two right. most plans we}p generated by
clashes with a priority of wne, only one blan is gener-
ated by.each. This again removes the redundant left

subtree of the first trace..As a result this trace only
. . , <

consists of €lve nodes where the the ori@i:all one

consisted of tiventy-seven.
§ .
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‘ P(x) Q(x). _

‘ - : é{b,e.}c{d:e}. . l - i
./ \ -
L “N\\ : -
/2 N\t .
/ )
/ \ |
P(x)0(x) ‘ P(x)Q(x)
bielcid,el a{b,etd{e}
/N N
o A SN \
S /2 - N1 \ 1
/ : \ \
VAN \ \ .7
P(x)O(x) . P(x)Q(x) P(x)Q(x) ©
eflcfd,e} - bleldfe] alb,elef}
/TN \ BN
//2 o \\ \\i \\

. . 1. . : 1 - )
;T v . \ N
/o \ - N \

FAIL \ P(x)Q(x) ' P(x)Q(x) FAIL
e{ld{e} . blele{} .
. \ . -\, '
! RN .\?/_ v
\ 1 . NEY
\ R CA .
\ . (): .
P(x)Q(x) (FAIL
"‘"N

J €} -

Figure 7b. A seconq-deduction trace

example 4.

<o,
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for the clauses of
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) wa,:let ps consider the case where the clashes of the,

\\“’)resultihg plan are not identical, to the clashes of the’

previous pldn, as illustrated by the set of clauses in
example 5. A trace for the deductibn process is shown in
figure 8. In this figure, if a clash contaiés more than

one conflict, a line is drawn underneath the node to

connect those conflicts,

’

~P(x)-Q(x)-R(x)
P(a) : '
_P(e)
Q(a)
(b)
. ole)
R(b)

R{e)

-

- . o
Example 5.

jq

- ._.———-—. v vy
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;. -P(x)-Q(x)-R(x) o
- : ' a{e}a{ﬁ,e}b{e}
R 7 \
- . / \
' : / 2 \N 1
/ \
/ : A |
jP(x)—Q(x)-R1x) -P{x)-Q(x)-R(x)
et}' b{el biel ’ af{ela{b,ele{} '
’ /TN - RN
/- \ P
/ 2 N . \ F
/ \. y
/ N\ ‘N
FAIL -P(x)-Q(x)-R(x) FAIL
e{} ef{} ef}

(-
Figure 8. A deduction trace for the clauses of example 5.

-

> .

In the Qirst plan of the trace we see that thé clashes
are: {-P(x), -Q(x)} and {-R(x)}. However, 1in the 1left
plan of the second level the clashes are {-P(x)} and
{-Q{x), -R(x)}. Neither of these two clashes occurred in
the first plan, iherefore a péw ordering ‘scheme must be

‘used to set the priority value for these two- clashes, In

this~caseg we set both clashes to have the same value as

ST the clash from which it was derived. (An algorithm which
7 ' -
¥

v
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decides this value so that the minimal number of plans .

-
will ‘be generated, yet which preserves completeness, is a -

: tOplC for further research. However, if the value Qfmghe -~ 3
de:iving clash is used, completeness will be preserved 1

but in some cases redundant plans will be geperated.) In -

this example since the next plan is a soiution,!thé actu-
al p;iority value assigned is irrelevant. As the figure
shows, only 6 nedes wvere generated using this algorithm.
If the orginal strategy was used theﬁ three more nodes .
* would have been generated from the clash which we elimi-

nated from the fight hand node of level two.

b e S e e e b e = i+ e R e

From these two examples it should be evident that the
1
o R

refinements to the original algorithm prevent much 8f the

-

inherent redundancy yet maintain completeness. +To prove
that completeness is preserved 1is a difficult problem,
Instead, let us assume ‘that the original algorithm ,is

complete and show that we have mot removed any clashes

N
except those whlch lead to redundant plang

i .

Q

In the original aigpiiﬂém, the relationship of clashes

with potentials can be considered as- elements of several
lists whiéh interact with each other, such théé/die and

. . /\
only one element of each 11st is changed W1th-gsch new

-

plan generated. However, redundant plans - occur bgcause

no information is recorded as to which combinatiops of
. 1 . i

s, 1 . |

e . . ‘ -/'/ '
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potentials wighin a plan have already been selected, By
assigning a prio;ity to each clafh, we are effectively
placing an ordering on hoﬁ‘the'potentials are to ipteraét
with.each. other. Suppose we ﬁave three clashes  gnd we
want to obtain every pgssible,combination of associated
potentials only once, we could assign-priorities to each \\\j
clash such that the potgntials in the third clash change
after every combination). the potentials in the second
clash change after every pass of. the third clash and the

potentials of the first clash 'changglaite;jevery pass of///f

the sgcond clash.
N

of {1,2,3} with 1length three. A'complete set of triples

“is as follows: £(1,1,1), (1,1,2), (1,1,3}, (1,2,1),

(1,2,2), (1,2,3), (1;3,1), (1,3,2), (1,3,3), (2,1,1),
eeny (3,3,3L3ﬂ To remembe} which combinaﬁions baverbeen
obtained, all we have done is placed a :priority on eath
element's position which dictates which elément gets
changed to generate the next triple. That is, . we have
selected the th}rd position to be changed béfére the
second and the second position is gg;nged befere the ~
first. In other words, the ih?rd positionlhas the -lowest

priority (1) the second-\pOSition the next (2) and the
» : : .
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became greater than the number of

"exceeds the number of lists of'potentialg.
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. .
’ . .

f1rst’posxt10n the hlghest priority (3)}. This brio}ity

only ‘rols tﬁE\Sgder of generating the tr;ples. )

The 1(?ck of a stiate‘which restricts the combination .
of clashes geneﬁated for a plan was the problem with the
s «

original algorithm. The orginal algorithm was designed to

"ensure that every possible plan could be generated but

without having to keep track of those plans previously
generated. ThlS strategy was p0551ble because the order-
ing J; the pogzntxals is well defzned and constant sd
that each list of potentials was traversed sequentlally.

However, the number’ of plans which generated a new plan
:i:sts to choose from

and so duplicate plans were necessarily, develpped.

The refinements made to the algorithm also rely on .the
. E'S ) . .
fact that the lists of potentials are well defined and
ordered. However, these refinements try to restrictthe

number of plans generated sb that this number seldom

ince ashes

control which potentials are selected, /limit} wh@ch
hes can develop plans allows us Ao —Festrict EEE

of plans produced. We achieve this control -by
a priority wvalue on eaqg clash which is similar
to the oraering placed on each posiﬁ:ig during the gener-

ation of triples in the above example. Each priority

~ ~

£l s
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defines an order in which the clashes should be resolved;

ifqthis ordefing-is respected then a complete, nonredun-
-
dant set of plans will be generated.

' L]
v . . \-._—’.

‘ The important thing. t¢ note in the above example, is

that when the second position changed, the list in the
third position was reset to its first element. Likewise,

when the first was changed the second and third lists

were reset. That is, changing an element in a position
with a given pfiority resets all the lists wEEEflower
priorities; thus allowing a systematic nonredindant meth--
od of controlliﬁg the selection of triples. This geoncept
has éo be appliéq'to the generation:g} clashes in order
to el%minqte’tpe redundancy. B . f,,«>

Unfortﬁdately, tﬁig concept is a not éasily apglied to
the. deéuqtion algorithm because a 1list of potentials
cannot actually be reset during the fesolution'proceés.
When a list of potentials is exhausted a failure 'condi-
tion arises. However, a single plan may change more than

one list by generating a number of plans. The priorify
. ] .‘ -
strategy we have  derived, maps the above strategy to
these conditions. That is, instead of resetting a list of
potentials, we determine WhTEh lists of potentials neea‘
‘to be changed to generate the nexa level of plans. The
priority value placed\ on a clash corresponds to the
K |' . — -

S

s \ ) . ’ " ) &/
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+

%riority we placed on a postion. A priority of one meaq'
. e
only one.clash can be generated, a priority;of two means

that fwo clasiés.can be generated and so on (in the above

change in position two changed two lists‘ etcetera).
Since the priority associated with each clash is passed
on to successive plans, the algorithm can retain control
over which lispf of potentjals need to be chanéed for the
next 1level of plans, thus avoiding the .redundancy

produced by the original strategy.

R ‘ ¢

It should be clear from the above example,\ where
triples for three lists were generated, that thig/;l

‘rate-

gy is complete. Since our ?algorithm maps this strategy
onto the deduction process a cthlete search space is ‘
also generated. AlteénatiVely, by comparing figure 7a ?6//’—\\‘/
figqure 7b, -one can see thaE only redundant plans were

[
eliminated, thus the completeness already proved for the~

base algorithm is preserved.

3 A

-

In the cases where the conflicts of a shbsequent clash

are not the . same, 'ye cannot assume that our imposeé
ordering values are still valid and some recovery acf?gn
must be taken. théuﬁentioned earlier,\lack(g:f redundancy
is to be ﬁacrificed for completeness Qhere ‘aﬂchoibe has

to be made. This situation occurs-when the elements in-

[
».
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the list are changed, either by.the rear;angemeht of the.
conflicts within a set of clashes ér by the'introdué£ion
of a;new conflict, 'In the first case, we can assume that
ihe chaﬁge only affects the orderfhg of those clashes

- involved. That is, if we Eamper with the second and third
iists, the first reméins unaffected. Thus, we "heed only
give é priority to the affected _ciéshes'a value, which is
no higher than any of those concérned..Giving all the
affectéd clashes the highest of these clashes' priorities
will-ehsure that the next generation.of plans changes all

the: potentials which needed to be changed so that a

complete search space is-produced{
[o] r

LS

In the second case, if a new conflict is added then we -
have to start éfresh and assign each clash a new priori-
ty. We cannot just” give the clash containing the new
conflict the next hfghest ﬁriority:value because the rest

of the clashes will no%.remain the same and we cannot

know that all combinations will still be generated.-We
“%kfow that a new conflict affects the way the old clashes
were ordered because a new open goal is only developéd if
the plan is unif{fable.. Assigﬁing neﬁ prigrities ensures
that ‘all potentials will be changed so that completeness

"is maintained. : & .
) ' ’ \-./

7 (;_;f/;/ N ’ : %
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AlthBugh this is not a formal proof, it should be

clear that this strategy will minimize the redundancy

inherent - to the original algorithm, yet maintain its

completeness.
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ARTIFICIAL CONFLICTS

6 ' N

‘ﬂ
This section describes how artificial conflicts are
génefated by the original algorithm and how this strategx
also leads to redundant processing.'Iﬁ then presents some

enhancements tg the algorithm wpich reduces the number of-

‘

duplications.

The concept of artificial conflicts is devivengyom -
the fact that the backtracking strategy is dependgnt upbn
specific points from which to backtrack.:Deﬂpction &lgof‘
rithms are designed: tg_‘continually select pqgéhtia&;
clauses which ar; to be used in the refutatioh of a goal
statement. Clauses which are éete;mined to preveﬁt unifi-

cation are discarded and replaced with new clauses by, the

. , _ :
backtracking phase \of the deduction process.. When ' a
_ . ) : .

closed unifiable plan has been derived then a refutation
) = N . b
79 :
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. clauses. However, for a plan-based deduct{s? system

has been found and the process terminates. - In order to

determine all the refutations which exist for a given

-base of clauses, the deduction process has to be reacti-_

- vated. This is done by selecting certain points, called

artificial conflicts,- from which to reinvoke the back-
tracking routine. -

With standard 1linear backtracking procedures the
selection.of this backtracking point-is' 'trivia¥. Simply
designate .the 1last literal unified as .an artificial

conflict and allow the deduction proc¢ess to continye.

This guarantees that every possible refutation will be
. . . M ., A ' .-
found without duplication as the deduction process's

search strategy still controls the selection of untried:

.choosing the backtracking points is not so easy, as back-

.tracking can originate from any node in a plan and must

always terminate at the‘;opnode. (

To obtain a set of. backtracking points with- thése
restrictions, yet ensure that a complete solution set
would still beé found, Ma%win and Pietriykowski propﬁsed
the followiqg strategy. Traverse a closed unifiable planl
and designate evgry.\leaf nqde as a-singlew‘conflict‘}n a

clash. Since every branch in a plan must terminate with a

leaf node and because the backtracking system 1looks at

. . o
# -4 - . .

.
. -
. .
- - *
- ) . ~
‘- ~ . .
- . . L .

ceje’

[ L R
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'fiQUre contains eight refutations but four of them are

‘process is givenhin following the figure. .

o 81

every node between a leaf node ahd the topﬁode for poten-

tials, this strategy will find every possible refutation. .

However, many redundant solutions may be derived by this .

approach as iligstra{ed by the following example.

P{x)Q(x)R(y).
- +* -P(a)

. -Bp(®») ' ‘ :
-Q(a)
-0(b)
~R(c) - _ '

=R(4d)

. ]
Example 6. . (
1

To see how redundant solutions are obtained on the set
of clauses of example 6 consider the- deduction trace as
shown in figure 9a. 1In this figure, all failure nodes

and all nonunifiable plans are omitted so that the trace

of refutations is easier to observe. We note that this

redundant. An apalysis of the trace of the deduction

~




a. i
B2
P(x)Q(x)R(y) _
a{b}aib}cid}
A N :
/ C1 \
. / N
o / _ . A\
/ ' \
P(x)Q(x)R{x) ~ P{x)Q(x)R(x) P(x)Qx)R(x)
b{} b{} cfd} . b{} b{} cid} albla{bla{} -
/ / V2N L
S ’ SN
A /?/ o/ N |
s LT X 2 | R
P(x)Q(x)R(x) P(x)Q(xX)R(x) P(x)Q(x)R(x) . P{x)Q(x)R(x)
b{} b{} df} b{} b{} af{} b{} B} af}, b{} b{} a{}
. . © iy
. Figure 9a..A deduction trace for the clauses Of examplee—
‘a . kK ,- ' 6- o C)rr' e
: L .
The ihitiallchoice. of glauses leads immediately to a
closed uﬁifiable plan. Each goal in . this plan is then
‘ . )
' chosen .as .an artificial conflict which yields three-
Eﬁ;’\\ilashes, each conta%gihg a single conflidt. Deveioping.ﬁ
e - . the clash contalnlng P(x) produces the leftmost plan at ;
S "~ ¢he second level. Not1ce,n that in order to obtain a.

‘unifiable_plan tp§ gohl Q(x) had to be resolved as well.,

Simi‘arly; wﬁén._the‘éiasﬁ'contéining Q(x) is prqcesséd,

Kl

.
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¢ L T o .'
it leads to the same plan as that der1ved by P(x)

‘third clash leads to the ;1ghtmost plan which is un1que.

e . ~ *

Looking at the third level of the this tracd, we see
that all four E&ehé‘a;e ideﬁticel.- obviouely:htwp of

- - v . \. R '4' ~

these plans are the same” because oflthe dupllcatlon at
' the second level. The other two plans are dupllcates of
each other for _the same reasbn'we had ‘duplicates at the

"second level The reason. all four .plans are 1dent1cal is
: due to the same redundant methodqof procehs;ng clashes
described in the preylous Section; Thaﬁ_'is, auplﬁcation
occurs because -indiviaua& plans process: claehesiyithout
considering if that particular clash has'beeh’previdusly

. N
developed on a simildr pilan.

We new propose solut:ons to these sources of redundan-
cy. The -first source of redundancy we consider .is that
which caused the clashes {P(x)} and {Q(x)} to yield the
same solution. This duplication stemmed from the fact.
thath(x) and ©(x) both had to be resolved simultaneously
due to the binding of x to x. Consequently, when choosing
the artificial conflicts all the goals wirich introduce
constants that are bound together through variables must

belong ta the same clash..
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The second source of redundaﬁcy fﬁ due to the lack of -
cbﬂsideration for clashes which may alreédy been,de&el—
bped by.a Similar‘plan.‘This suggests we mﬁsé apply the
algorithm derived in the previous section to the develop-
ment  of - értifitial“/ga?flicts. Consequently, the
selection.'st?ategy wﬁzﬁh‘ determines the- clashes to be

3
- used as backtracking -points for the -reactivation of the

deduction  process'is described by the following algo-

f%fhm. ’ ' ' ~
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procedure Main

# clashes := empty o : i

Gboc = empty * 1 N
topnod := first clause from base of clauges ‘ E
plan = 1= topnod FF 2 —
opens . i= topnod.goals . ' ﬁ
su 1= plan:+ deg + clashes + opens
stop := false

. result " := false ;
su.allclashes - 1= empty ' 'i

/  SU.ALLACCLASHES - := EMPTY .

- SU.ACPRIORITY := 0 |

SU.ALLOLDACCLASHES . t= EMPTY ' £
< - : ] ARTIFICIALPROCESSING :=-‘FALSE |
) store(su) ' . ' . : ’

o ' while (su not empty) and (not result) do
retrieve(su)
if su.clashes not empty then
clash := first(su.claﬁhes)
currenﬁpriority := clash.priority

removeconflicts(su, clash, stop)

(continued)

Xa
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IF‘ARTIFICIALPROCESSING then

SU.ACPRIQPITY £= CURRENTPRIbRiTY.
ARTIF:GIALPROCE$$1N6 := FALSE
if not stép then
develop(su)
if (su.clashes empty) and
.. (sﬁ.opens empty) then
if allrefutations thgﬁﬁ?%"
display refutafion N

ARTIFICIALPROCESSING := TRUE

su.clashes := artificialcon{su)

.- T else )
resplt := true /Ii
¢ .
else
\ 4
v store(su)

end vhile ‘ ) '
if result then

display refutation
else

no refutation

end main

(cont inuéd)

a
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PROCEDURE ARTIFiCIALCON(SU: STORAE&:U&IT) e

¢ --- ' RETAIN THE PRIORITY OF THE PREVIOUS’
-~ ARTIFICIAL® CONFLICTS, THEN DETERMINE
- THE NEW SET OF CLASHES AND ASSIGN

- THEM NEW PRIORITIES .

. CURRENTPRIORITY := SU,ACPRIORITY
SU.ALLOLDACCLASHES := SU,ALLACCLASHES
SU.CLASHES := FROMGDC
SU.ALLACCLASHES := SU.CLASHES
SETPRIORITY (SU.CLASHES)

END ARTIFICIALCON

(continued)

b e



PROCEDURE FROMGDC
, ) : \ .
-- DETERMINE WHICH GOALS ARE TO BECOME
- ARTIFICIAL CONFLICTS
CLASH := EMPTY
CLASHES := EMPTY
DCG := INITIAL(SU.GDC)
, WHILE DCG NOT EMPTY DO
TERM := INITIAL(DCG.SUBSTITUTIéNS)
WHILE TERM NOT EMPTY DO
- . CONFLICT := TERM.PLANNODE.KEY.PATHERGOAL
IF TERMINALNODE(TERM.PLANNODE) THEN
APPEND(CLASH, CONFLICT)
TERM := NEXT(DCG.SUBSTITUTIONS)
END WHILE
'UNIQUECONFLiCTS(CLASH)
APPEND(CLASHES, CLASH)
" . CLASH := EMPTY
DCG := NEXT(SU.GDC)
'END WHILE |
FROMGDC = CLASHES

END FROMGDC ' o

Algorithm 4. Version 4 of the original algorithm.
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Again, with more refinements to the- original algorithm

there are some additional identifiers which need to be

commented upon. .

1)

2)

3)

4}

5)

4)

7)

8)

T]

.Surallacclashes is used to remember the original set

of artificial conflict .asrﬁhe actual set qf clashes

may not contain all of them.
/

Su.alloldacclashes is used to save su.éllacclashes

.

for use by the-next closed plan generated.
Antif;cialprocessing is a flag whiéh tells gLe

deduction process that the last set of clashes geﬁer—
ated were‘artificial conflicts as special 'act&ons.
have to be taken,

Term is a temporary which holds the current terﬁ in
the list of substitutions of the Graph of Dynamic

Constraints.

Conflict is a temporary which holds the goal that
introduced node the term resides in. '
Terminalnode is a function which retUrn§ true iflﬁhe
node the the term resi&és in is a leaf node.

Append :is a routine which édds either a conflict to a
clash or 3 clash to é set of clashes.

Uniqueconflicts is a procedure which détermines-that
the clash does not contain ‘any duplicate occurrences

of any of its conflicts.
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The modificatidns.to procedure Main iﬁclude a flég
which indicates thét the last set of.-conflicts generated
are artificial conflipts. We also need to save the pyiorj
ity value of'thé clash which reacti;ated the backtracking
routines, as this is used to control which clashes of the
néxt set of artificial conflicfs have to be diécarded,

¢
. f

-

" The procedure Artificialcon first retrieves the'priér—
'ity of the last aptificial conflict and then saves the
set of‘ previous artificial conflicts. Tﬁe ne@ set of
conflicts is determined ‘via the routine.FrSmgdc 'and its
elements are given the proper priority values, -

The proéédure - Fromgdc chooses wh;ch goals are to be
designated as cénflicts and how they are to bé arranged -
into clashes. This 1is accomplished by traversing the.
~ Graph of Dynamic Constraints. As mentioned earlier this

graph is composed of several-distinct graphs, each of
which represent a set of sgbstitutions. Each of these
graphs are then traversed to sélect those terms 1in the
‘graph which cbnstitute a leaf node, All these goals,
corresponding to one set of substitutions, are gr;uped
together in the same clash. Every individual graph of
substitutions will determine a new clash. It is conceiva-

ble that mfany terms in the same graph of substitutions

may reside in the same node, which results in the same
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goal being named as a conflict many times in the same .

£lash. A gpSt processing routine then has to be invoke to-

ensure ufiqueness of conflicts hithin a clash.

To clarify how these refinements reduce the redundancy

consider the application of this new algorithm to the

.
. . .. s i kA e
e ot M Lo L e i

clashes of example 6. A trace showing the deduction

proces§ is shown in figure 9b.

In this fighre,‘vg again

omit intermediate plans and failure nodes. The number to

i
{
;
i

]

the right bf each arc indicates the priority value placed
on ‘the clash which originates the arc. Clashes which

include more than one conflict are indicated by - a line’

under the node which connects those conflicts.

C
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\\

7
/2 - \ 1 .
/ N\ -
/ \
- . .
P{x)Q(x)R(x) P(x)3Q{x)R(x)
b{} b{} clai a{blafbld{}
— "\ .
/ \ ' \
/2 N N
/ \ _ SN
/ \ ' ' N
FAIL ’ P(x)Q{x}R(x) - “FAIL
b{} b{} a{} . o '
. \\ | _
\ 1 \\ F
N\ '
' \
FAIL

o " .
Figure 9b. A seénnd/deduction trace for the clauses of

’

example 6.

From this figure 1it-is clear that . the refinements to
the original algorithm do minimize the redundén;y. In
fact, for this example therélare no redundant refutations
generated. As one can see in figure 9b, the duﬁlicatg
refutations prodﬁéed at the second level in figure 9a are

eliminated by combining all the conflicts whose terms are
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bound through variables.. So 'rather than haV1ng three
nodes at this level, there now res1des only two; both of
which are unique solutions.’ At the third level, only one
node exists. This is because one of the redundant refuta-

tions was removed~by.eliminating. the redundancy at the

second level. Another redundant refutation was not gener-

.,,’/’,,,ated for the\‘same reason of grduping bound EOnflictS'
- . . o ‘
_ together. The third redundant solution is eliminated by

-

epglying the ordering strategy to clashes. ' Placing
priorities on the‘clashes keeps the leftmest node at the
second level from de;eloping both ciashES. So rather then
having eight solutions with four duplicates, we now

generate only the four unique‘refutations.

Of course this strategy does not guarantee that all
redundant solutions will be eliminated. The same causes
ok redundancy for this algorithm[ as described in the

,

/prev1ous sect1on, are still present AlSo, if the first

“~ plan is not a solution then the ordering strategy for the

artificial 9onf11cts does not have a single startlng
point. In other worde,.this strategy caﬁ only be invoked
after a sElution is found and if more than one branch of
-the initial-plan leads to a refutatlon then this strategy
. will have several starting points. Nonetheless, th1s

{strategy_has a significant improvement on the number of

redundani solutions generated.
N

e L
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1

This,Section dgscribes a'pracfical application for the
ré8earch describ?d' in'this paper. The example preseﬁted
.here 1is based bn the Polyhedral World of Huffman and
Clowes and was suggested-to us by M.} van Emden. ﬁuffman
and Clowes have defined.,an important problem in computer
vision, where é¢ertain basic ﬁﬁsuﬁptions and thebremé.are
made relating geometric'drawings of scenes to real world
interﬁretafions. Their theorems afé .eﬁpressed as first-

order logic formulas so a deductive algorithm can then

answer predefined queries. The example we wish to pres-

' ent here shows how our deductive system can be used to
determine the different Huffman-Clowes labelling schemes

of'a"tetrahedron(

¢

94
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To intrSduce the Huffman—Clowes-fheory, we need to

make the following three assumpt1ons.

s

1} At every line no more than two planes meet.

2) At every point exactly three planes meet. . "

"3) The point of view is "general". That is, lines of one

edge do not coincide with the lines of another edge

so that a small change 'in the  viewpoint does not
cause a change in fhe number of limes in the scepe..
; . o | . \//
There are four types of junctfons of .lines at a point.
These are called V,.w,-Y and T which correspond visuall}
. to how the lines meet. There are a total of i8 different
' possible interpretatiéns of these jﬁnctions. To describe

" these interpretations we use the following notatidns:

g) A line labelled by "+" indicates that two planes meet.

v and both are visible which gives rise to a convex

~

edge.

2) A line labelled by’"—" 1nﬂ1cates that two planes meet

and both are visible but which yields a concave edge.

3) A line marked-thh_an arrow, ">", indicates that twq
planes meet and only one is -visible. We use the
convention that the plane which 1is visible is to the

right when one faces in the direction of the arrow. -

We now present the different ways in which the four

junctions can 'be labelled, We nofe that there .are six

L] ’ . ¢

- .

DU S
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possible ways to label a V junction, three for a W junc-
r .
" tion, five for a Y and four for a T. These are all shown

in figure 10.

e

io
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0

figure 10. The Huffman-Clowes junctions

o |
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The next step is to code the knowledge rep%esented by
the diagrams in figure 10, ipto some form which can be’
used by a . deduction system. Therefore, we translate all
of the eighteen junctions into first order loéic formu-~
las. In each of these clauses the predicate name is used
to represent the type of junction. Each clause represents
one particular junction, based on & general form using
the labels shHown in figure 10.

For V-junctions we have the general form:

"\

v(ab,bc,ba,cb),

where each of.the arguments represents a lapel for the
'specified line segment. Since £he direction of the line
is relevant we need for éxample the segment ab and the
segment ba. The names of the segments correspond to the
names given in figure 10. Thus, for‘ the six possible

V-junctions we obtain the following six clauses.

V(>,+,<,+) o
v(>,>,<,<)
Vi+,>,+,<)
vi<,-,>,-)
Vi<, <, %,>)

v('"!<f"r>)
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For W-junctions we have the following general form and
the three épecific quéEEEnﬁf’
W(ad,bd,cd,da,db,dc)

“

Wi<,+,>,>,+,<)
w(_:"'r"r"r"'a-)

w(+:"'r+rl+r-r+)

For Y—junctioné we have the following general form and

the five individual junctions:
Y{ad,bd,cd,da,db,dc)
Y(>r<r';<r>r_)
Y(_r>r<r-t<r>)
) Y(<r_r>r>r_1<)
"y

Y(+,+,4,+,+,+)

Finally, for T junctions we have the following general

form and the four particular junctions.

L e it i

IR SR SV D
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T(ad,bd,cd,da,db,dc)

T(<,>,+,>,<,+)
T(<r>a-r>r<r-_)
T{<,>,>,>,<,<)

T{<,>,<,>,<,>)

Interpreting a specific scéne'now becomes a pfoblem of
correctly labelling each junction, For example,'considerA
the tetrahedron in figure 11, We would like to know all
- the possible ways in which this figure can be labelled to

give a valid, real world interpretation.

-t

Figufe 11, An unlabelled tetrahedron scene.
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To determine the possible ways in which the tetradral

can be labelled we ﬁust_formulate a query in first order

logic, which uses the clausal form of the junctions we:

have defined above. The query must consider all the

possible junctions. The four junctions in figure 11 are

formed by the following sets of sides:
ad, ab --> V(da, db, ad, bd)
ab, bd, bc --> W(ab, db; cd, ba, bd, bc)
be, cd --> V(be, cd, c¢b, dc)
cd, bd, ad --> W(cd, bd, ad, dc, db, da)

The conjunction of these four clauses form, the query
we wish to solve. To obtain a base'of clauses to perform
the required deductions we)must negate our query and add
it to-the set of known facts listed above. This results

in the following base of clauses on which we can deter-

mine all the possible refutations.

e it AL
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w :

—V(da! db, ad, bd) -w(ab, db, ecd, ba, bd, bc)
 —v(be, cd, cb, de) -W(cd, bd, ad, dc, db,‘dé)‘

V(>'f'<r+) | A

v(>,>,<,<)

V(+,>,+,;)

Vi<, ~,>,-)

Vi<,<,>,>)

vi-,<,~,>) , '

W<, 4,5, , 4, <)

W(-, 4, -, =, +,-)

W(+, =, +,4,-,+) | S

Yi(>,<,-,<;>,-)

Y(~-,>,<,-,<,>)}

Y(<r':r>r>r_r<)'

Y(+,+,+,+,+,+)
T(<,>,+,>,<,+)
T(<r>r_r>r<r_)

T.(<I>P>I>I<I<)

T{<,>,<,>,<,>)
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Using the origina;>p1an based deduction system on this

base of clauses we obtained the following'measuremgnts.

The number of goal insertions is .271

The number of goal deletions is 310‘,

The number of refutations is’ 6

Obviouslf, from the magnitude of hthe numbers, a trace
of the dééuctioﬁ process would be impractical to include
here. However, we can presént the sikx refutations which
Vére derived. These are shown in figure 12. Notice that
éf-the six refutétions, three of them are duplications

|
(iii & iv the same as i, and v the same as ii).

(1) & (i) 4 (iii) 4

(iv) - 4 (v) d (vi) d

Figure 12, The six tetrahedrons from the original strate-

gy.

-

et iy
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Using the modified plan based deduction. system on this

base of clauses we obtained the following measurements.

The numbér of goal insertions is 106
.,The number of goal deletions is 126
The number of refutations,is, 3

The three unigue refutations which were derived are

shown in the following figure 13.

-

(i) d - (i) d (iii) d

Figure 13. The three tetrahedrons from the enhanced stra-

'tegy.

From these measurements it should be -élear that a
significant amount of work was saved through the enhaﬁce—
ments outlined in this paper. The three solutions found
are uﬁique and are the only three for this base of claus-

es, so completeness was perserved.
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CONCLUSION

.

An'implementétion of an enhanced pian based deaﬁction
system Hég now Dbeen completed. It involves some 7000
lines of PASCAL code and runs under CMS§ on an AMDAHL

470/V5., B

Reviewingl ghé results .of experimentation and
suggested imﬁlementation strategies, we .feel that our
research will leadmto a practical and efficient deduction
system. Our emphasis oﬁ attempting to control the system
so that it avoids generating redunéant solutions is
particularly significant. Without some kind. of
constraint, the systemftends to generate an unaccepﬁably
large number  of identical solutions which makes it
impractically slow and inflates its memory reguirements,

The problem lies with imposing a constraint . which does

105
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not restiict the system from generating a complete

. - . .
solution set. Completeness is an important consideration

" when applying an autofated deduction system to cope with

the intensional clauses of a large data base. We believe
‘that the algorithms outlined in this paper provide such a

constraint, where completeness (of [Matwin & Pietrzykow- .

ski  84)) is preserved and reduncancy is significantly

decreased. /fﬁ\\\\;,///ﬂ\

However, an open and interesting ques&ion, still
remains. During deduction the System may proceed either
dépth-first or breadth—first ghen "developing open goals.
Is the choice of either strategy relevant-for efficiency
(if so,. in what way?) or 1is this dependent upon soﬁe

"topological properti%s of the plan being asserted?
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