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Abstract

Temporal reasoning is complex. Typicaly, the
proof methods used for temporal logicsare both
dow and, due to the quantity of information re-
quired, consume a large amount of space. The
introduction of parallelism provides the poten-
tial for significant speedups together with thein-
creased memory size required to handle larger
proofs. Thus, we see the effective utilisation of
parallelism as being crucia in making temporal
theorem-proving practical.

In this paper we investigate and analyse oppor-
tunities for parallelism within a clausal resolu-
tion method for temporal logics. We show how
parallelism might be introduced into the method
in a variety of ways, providing a range of op-
tions for the parallel implementation of proof
procedures for thisimportant class of logics.

1 Introduction

Temporal logics are non-classical logics that have been
specifically developed for reasoning about properties that
vary over time[10]. Varieties of temporal logic have been
used in both computer science and Al to represent and
reason about dynamic systems and systems dealing dir-
ectly with temporal information. In many of these areas,
some form of proof or validation is required. However,
as complex systems are often represented by correspond-
ingly large temporal formulae, proofs about such systems
are usualy long and computationally intensive. A further
problem is that, in general, deciding whether a temporal
formulais valid or not is difficult. Although the worst-
case complexity for temporal proof methods may not arise
frequently, a large amount of temporal information needs
to be handled even in the average-case.

We see the practical viability of large-scale temporal
theorem proving as being dependent upon the effective
utilisation of parallel architectures. The successful im-
plementation of parallel proof methods appears to be the
only means whereby these large amounts of temporal in-
formation can be handled tractably. Although parallel
techniques cannot always be applied productively, certain
proof methods that have been developed for temporal lo-
gics, particularly clausal resolution and semantic tableau,
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show potential for parallelisation. The exploitation of par-
alelismis, unfortunately, far less straightforward for tem-
poral logics than in the case of classical logics since the
additional complication of partitioning graphs, together
with other graph manipulation operations, must be intro-
duced. It is avariety of approaches to tackling this prob-
lem that we seek to address in this paper.

1.1 Parallel Theorem-Proving

The parallel implementation of a theorem-prover, whilst
not affecting the worst-case complexity of the underlying
proof procedure, often enables us to handle much larger
formulae, and to process them much faster. In classical lo-
gics, parallel implementationsof variousproof procedures
have been developed, including resolution [7], semantic
tableau [13], and model elimination[21]. The parallel im-
plementation of thesetheorem-proversisclosely related to
the development of parallel implementationsof logic pro-
gramming systems, where potential for parallelism occurs
at several different levels of granularity withinlogical for-
mulae (e.g., formula, clause, or literal) and where several
alternative evaluation strategies (e.g., AND/OR parallél-
ism) can be utilised [15].

1.2 Temporal Theorem-Proving

What makes temporal theorem-proving more difficult
than the classical case, and why can't we directly use the
systems already developed? The answer to both questions
liesin the fact that temporal logics, particularly the logic
we study in this paper, provide more expressive power
than their classical counterparts. As discrete tempora lo-
gics essentially encode a simple form of induction, then
decision procedures for such logics usualy involve two
forms of search — tree search within non-temporal for-
mulae and graph search within temporal formulae [11].
Thus, the paralelisation of such decision procedures will
involve the integration and parallel implementation of
two, distinct, types of search. While the first of these is
equivaent to the problems encountered in mechanising
classical logic, the necessity of implementing additional
graph search mechanisms means that temporal theorem-
proving is fundamentally different to classical theorem-
proving.
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We begin, in 82, by outlining the temporal logic that we
wish to mechanise. In 83, the clausal resolution method
that we use for proofs in this logic is described [11].
This description includes not only an outline of the proof
method, but also an overview of the areas within this al-
gorithm where paralel implementation is either possible
or particularly beneficial. The subsequent sections de-
scribe the potentia for parallelism within these areas in
more detail, examining trandation to the clausal form
(84), non-temporal resolution (85), simplification (86),
temporal resolution (87), and the possibility of executing
several of these elements in parallel (88). Finaly, in 89,
we present a summary and outline our future work in this
area.

2 A Propositional Temporal Logic

In recent years, tempora logics have been used for rep-
resenting time-dependent information [ 3], for the specific-
ation and verification of reactive systems [17], and for
direct execution [5]. Within the broad category of tem-
poral logics, arange of different models of time have been
utilised, including discrete, dense, linear, branching and
interval-based models [10]. In this paper, we will con-
sider a discrete, linear model of time, and will outline a
propositiona temporal logic based on this model. This
logicissimply called PTL.

Rather than give the syntax and semantics of the full
logic, we will present a brief description of the elements
of the language, together with their semantics, required
for representing the clausal resolution proof method [11].

21 Syntax of PTL

The set of well-formed formulae of PTL (wFr,) is defined
asfollows.

* Any proposition symbol isin WrF,.
e If Aand B are in wFF,, then so are

—-A AvB AAB A=B
CA DA OA OA

Here, the temporal operators used consist of the future-
time temporal operators, ‘<>’ and * [1’, and the past-time
temporal operators, ‘@’ and ‘ Q.

2.2 Semanticsof PTL

Intuitively, the modelsfor PTL formulae are based on dis-
crete, linear structures having afinite past and infinite fu-
ture, i.e. sequences such as %, Si, %, Ss, ..., Where each
s, called a state, provides a propositional vauation. We
can visualisethisas representing a sequence of ‘ moments’
intime.

Thus, the semantics of a proposition is defined by the
valuation given to it at a particular state. While the se-
mantics of the standard propositional connectivesareasin
classical logic, the semantics of the future time temporal
operators are as follows: A is satisfied at a particular
state if A is satisfied at some state in the future; [JA is

AWB
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in the future; AV B is setisfied at a particular stateif Ais
satisfied unless a state where B is satisfied occurs.

We are aso able to refer to propertiesin the past. As
temporal formulae are interpreted at a particular state-
index, i, then indices less than i represent states that are
‘in the past’” with respect to state 5. The two past-time
operators have similar semantics but, as there is a unique
start state, termed the beginning of time, they have slightly
different behaviour when interpreted at this state. Thus,
both @A and @ A are satisfied at a particular state if Ais
satisfied at the previous state, but @A is satisfied, while
© A is not, when interpreted at the beginning of time. In
particular, @ falseisonly satisfied when interpreted at the
beginning of time.

Note that the following equivalence relates these two
last-time operators.

Although this implies that only one of these operators
need be defined, we will see later that it is useful, par-
ticularly when defining the normal form, to utilise both
operators.

Notethat a variety of other temporal operatorsare avail-
able but, as these will be represented within the normal
form discussed in the next section simply in terms of the
above operators, we will omit the definitions of these de-
rived operators.

2.3 Proof Methods for PTL

Discrete temporal logic essentially characterises the com-
bination of aclassical logic system withaminimal form of
induction. Decision procedures for such temporal logics
are correspondingly more complex, being PSPACE com-
plete inthe worst-case. Several proof methods for propos-
itiona discrete temporal logics, such as PTL, have been
developed, the most widely used being semantic tableau
or automata-based methods [23, 12]. Morerecently, proof
methods have been developed based on a trandation to
classical logics [18] and on resolution, both clausal [11]
and non-clausal [1]. Severa of these proof techniques,
particularly clausal resolution and semantic tableau, show
potential for paralelisation. The paralelisation of the
temporal tableau method is discussed in [14], while the
parallelisation of the resolution method is the subject of
this paper.

3 Clausal Temporal Resolution

The temporal resolution system that we investigate hereis
presentedin[11]. Thebasicideabehinditistotrandatean
arbitrary PTL formulainto a set of formulae in a normal
form. This norma form, which corresponds to clausal
form in classical resolution, is called Separated Normal
Form (SNF). Formulae in SNF are of the form

OAP = F).

i=1
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esch F; is a non-strict! future-time formula. Each of the
‘P, = F’ (called rules) isfurther restricted to the follow-
ing:

®fdse = \/q (aninitial (J-rule)

b=1
o] /I\ Pa = \n}qb (aglobal []-rule)
a=1 b=1
O®fase = s (aninitial {-rule)
|
(o] /\ pa = s (aglobal $-rule)
a=1

where each p,, gp Or sisaliteral.

Once the trangdlation to SNF has been carried out, then
all temporal statementswithin PTL are represented as sets
of such rules. Thus, if we are to derive a contradiction,
there are effectively only two ways to achieve this, given
aset of SNF rules. Thefirst isto apply resolution within
astate (i.e., between []-rules), the second isto apply res-
olutionto {-rules. The former is equivalent to classical
resolution within a state, the latter involves a search for
sets of rules which, together, represent a []-formulathat
complements the selected >-formula.

3.1 Sequential Resolution Method

Given an arbitrary temporal formula, ¢, that we wish
to show is unsatisfiable, the clausal tempora resolution
method [11] proceeds through the following steps:

1. rewrite ¢ into Separated Normal Form (SNF), giv-
ing a set of rules ¢s (note that this transformation
preserves satisfiability);

2. perform non-temporal (effectively classical) resolu-
tion on pairs of rules within ¢s — if false is derived,
terminate, noting that ¢ is unsatisfiable, otherwise
continue;

3. perform simplification and subsumption;

4. choose an eventuality that appears in the set of SNF
rules, e.g., <>—p, and look for sets of rules forming
“loopsin p” (i.e., sets of rules representing ‘ [1p’),
add resolvents (rewritten into SNF) for all the loops
found;

5. if any new formulae are generated, rewrite them into
SNF, add them to ¢s and go to 2;

6. terminate, noting that ¢ is satisfiable.

Before examining the potential for parallelismineach step
of the proof process, we will consider which stepsinvolve
the greatest complexity.

1Here, ‘non-strict’ means “including the present”.

9.2 CLOIMpIexity Of trie Froceaurce

The complexity of the current (sequential) resolution pro-
cedure [9] is:

e trandation to SNF — athough used many times
throughout the proof process, this transformation is
not expensive, usualy involving only a linear in-
crease in the length of formula and a linear increase
in the number of symbols;

e non-temporal resolution — as in classical case, i.e.
NP-complete;

e temporal resolution — exponential for each <>-
formula

In practice, the translation to SNF is relatively quick, the
non-temporal resolution step can be slow, while the tem-
poral resolution step is usually slow. Asthissuggests, the
main effort has involved investigating the parallelisation
of the temporal resolution step.

3.3 Opportunitiesfor Parallelism

There are severa places in the sequential algorithm where
parallel techniques can (possibly) be exploited:

1. inthetrandation from an arbitrary formulato SNF;

2. in the non-temporal resolution step;

3. during simplification and subsumption;

4. in the application of temporal resolution to distinct
eventualities;

5. when searching for loops.

We will consider the potentia for parallelising these parts
of the process in the subsequent sections. In §8, we con-
sider the coarser-level parallelism available by executing
some of these componentsin parallel.

4 Conversion to SNF

Although parallelisation is possible in the conversion of
an arbitrary formulainto SNF, we note that

1. thistrandationisrelatively efficient anyway, and,

2. evenif parallel techniquesare applied, the bottleneck
of ensuring that instances of the same formula are
identically renamed, is a (potentially severe) restric-
tion upon parallelism.

Thus, we will not consider the parallelisation of this step

(although, inthejournal paper, we will outline approaches
to this problem).

5 Non-Temporal Resolution

Non-temporal resolution is a variation on classical resol-
ution, being given as therule:

OA = FvI
oB = Gv -l
OAAB) = FVvG

2Apart from (4), which will be considered in more detail in
the journal version of this paper.
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deed, many systems have been developed with this in
mind. This enables us to utilise the parallel resolution
schemas that have been examined by others for classical
logics. For example, the following elements have aready
been developed within parallel resolution systems.

The generation of new literals (ROO [16]).
OR-parallelism with spanning sets (DelPhi [8]).
OR+AND parallelism (the Andorra model [22]).
OR-independent AND parallelism (PEPSys [4]).
o Pipelined parallelism (POPE [6]).

Rather than describe any of these options in more detail,
we simply note that our non-temporal resolution step is
ableto utilisesuch advancesin parallel resolutionfor clas-
sical logic.

We will give an agent-oriented (see 88) description of
such non-temporal resolution in the journal paper.

6 Simplification and Subsumption
6.1 Simplification

The simplification rewrite rules used in the resolution
method for PTL are:

Smp; : { O@false= A} - {};
Smp; : {P = true} — {};

Smp; : { OP = false} — { @false= P }

Otrue= —P

The first two remove valid formulae, while the third is
the basic mechanism for transferring constraints between
states.

Since the pattern of the left-hand sides of each of these
three simplification rewrite rules is different we may con-
currently apply each to the ruleset (R). If we attribute a
heterogeneous simple process to the application of each
rule Smp; they may all operate in parallel on R. Further-
more homogeneous copies of each simplification process
may execute concurrently. Therefore we may (theoretic-
aly) utilise a potential 3 x |R| processors in the simplific-
ation process at this level of granularity.

6.2 Subsumption

As in the classical case, a particular bottleneck for par-
allel resolution is in the subsumption checking for newly
generated resolvents.

The formulation of processes for this portion of the al-
gorithm can be tailored according to the required granu-
larity. We may combine all simplification and subsump-
tion elements together. Alternatively we may consider
two processes, one dealing with simplification, and the
other with subsumption.

In the journa paper, we will expand this section, out-
lining the finer structure of processes for simplification
and subsumption (and actually defining them in terms of
‘agents’).

l 1CHIPUN adl RCUTULTULN

The general temporal resolution rule, written as an infer-
ence rule, can be described as

oA = [p

£Q = {-p
@®true = —-Av-0Q

£Q = (FAW(-p)

where ‘ £ is alast-time operator. Here, the first resolvent
showsthat both A and Q cannot be sati sfied together, while
the second that once Q has occurred then —p must occur
(i.e. the eventuality must be satisfied) before A can be
satisfied.

The full temporal resolutionruleis given by expanding
the @A = [1p ruleinto its congtituent parts com-
posed of global []-rules, as follows.

OA = Fo

oA, = Fy
£Q = $-p
n
®true = ﬂQv/\ﬂAi
N i=0
£Q = (N\-MW-p
i=0
with side conditionsthat for all i suchthat 0<i < n,
1.+ F = p,and,

n
2.F F = \/A.
j=0
Thus, the side conditions ensure that each [ ]—rule makes
p true and the right hand side of each [ ]—rule ensuresthat
the left hand side of one of the []—rules will be satisfied.
So if any of the A; are satisfied then p will be always be
satisfied, i.e.,

n
o \/ A= [Op.
k=0
Such a set of rules are known as aloopin p.

Thus, the temporal resolution step essentially consists
of a search for a set of rules which together represent a
[]-formula, complementary to the <>-formula to which
the resolution is applied. It is this search that is usually
the most costly element of the whole resolution process.
Fortunately, it is aso an element with a significant poten-
tial for parallelisation.

There are (currently) two general ways to implement
the temporal resolution search, given a set of rules and a
{-formula

1. Merge all possible SNF rules to give SNF, rules®,
then search for strongly connected components
(SCCs) within the graph defined by the SNFq
rules[11].

3SNF,, iseffectively aform of SNF wherethe right-hand side
of []-rulesarein Disjunctive Norma Form (DNF), rather than
just being a digunction of literals.
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SNF, structure directly from the SNF rules, search-
ing for SCCs during this construction [9].

In the worst case, the second approach has the complexity
of the first. The complexity of the first approach is an
exponential step (SNF — SNF,) followed by alinear one
(SCC detection using Tarjan’s agorithm [2]).

We will term the first approach the naive search, and
the second approach the lazy search.

7.1 Parallelising Naive Search

The basic bottleneck in the naive search is the SNF to
SNF, trandation. This involves conjoining all possible
subsetsof the set of SNF rulesand rewriting the new rules
right-hand sidesin to DNF. Potentially many parallel pro-
cesses can be employed in order to achieve this. The main
problem that occurs is that of merging all the generated
sets of rules back in to one set (and removing subsumed
rules). One approach that may alleviate this is by using
an intelligent merge, where the sets of rules generated are
first sorted before merging.

We will not consider the parallelisation of the naive
search in any more detail here, asitisthe lazy search that
has been the focus of devel opment for the sequentia proof
method. Its advantage in the sequential case, namely the
minimal space consumed, ensures that this approach is
also (initially) more desirable in the parallel case. Thus,
it isthislazy search that we concentrate upon.

7.2 Parallelising Lazy Search

Within the lazy search approach, there are two basic al-
gorithms:

1. depth-first search through the rule-set looking for a
‘loop’;
2. breadth-first search through the rule-set looking for
a‘loop’.
As in the sequential case, as the breadth-first algorithm
detects all loops for a particular eventuality whereas the
depth-first search described in [9] finds one at a time,
we will predominantly consider the parallelisation of the
former. However, we should mention that, as the depth-
first search isan example of independent search with back-
tracking, we can utilise many of the techniques devel oped
for standard OR-parallel search. In particular multiple
depth-first searches could be invoked in parallel, with the
first successful process being the loop considered. Anim-
portant element of this would be the sharing of results
between independent branches, which would avoid sev-
eral searches ‘discovering’ the same loops.

Returning to the breadth-first algorithm, we first give a
brief outline of its operation, assuming we wish to detect
aloopintheliteral p. The breadth-first algorithm buildsa
graph structure consisting of nodes|abelled by formulaein
disiunctivenormal form (DNF). When building each node
we attempt to use all possible combinations of SNF rules
that satisfy the expansion conditions rather than picking
one and backtracking as in the depth-first algorithm. The

0P NO4UE, Np, IS e Aiguncuor (ana simpincaiion), Of
the conjunction of literals appearing on the left-hand side
of rules that ensure p in the next moment in time. A new
node N1 isconstructed from node N; by using all possible
SNF, rules where, for each rule, the conjunction of liter-
als on the left-hand side implies the top node and whose
right-hand side implies the previous node N;. The former
makes sure that the ruleis guaranteed to give p in the next
moment intime, and the latter isfor constructing the loop-
ing we require. Termination occurs either when the node
we havejust constructed is equivalent to the previousnode
(or equivalent to true), or when we have been unable to
construct a new node. If the former, then we have detec-
ted a loop, if the latter then we have not found a loop to
resolve with the eventuality that we are considering.

More formally, we can describe the breadth-first loop-
search algorithm as follows. For each rule of the form
£Q = {—p (where £ iseither of the last-time operators)
do the following.

1. Searchfor dl therulesof theform @ T, = p, (called
start rules), digoin the left hand sides, simplify and
make the top node N equivalent to thisi.e.

No < \/ Ti.
i
If = No < true we terminate having found a loop.

2. Given node
Ni = \/ Dk
k

where Dy is a conjunction of literals, to create node
Ni;1 fori =0,1, ... look for rules or combinations of
rules of the form @A = B; wheret B, = N; and
F Ay = Np. Digjoin the left hand sides so that

Niz o \/ A
j

and simplify as previoudly.
3. Repeat 2. until

(@ F N o true. We terminate having found a
breadth-first loop and return true.

(b) - Ni © Ni;1. We terminate having found a
breadth-first loop and return the DNF formula
N;.

() The new node is empty. We terminate without
having found a loop.

We next consider arange of strategiesfor parallelising this
algorithm. Although this list is not meant to be exhaust-
ive, it does provide a basis for comparison between ap-
proaches. Indeed the prototype implementations of some
of these strategies have shown them to be relatively suc-
cessful.

7.2.1 Strategy 1. Top-level partition of diguncts

This strategy essentially consists of examining the first
node, partitioning the disjuncts within this node, and per-
forming breadth-first search separately on each of these
new nodes as normal.
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If we pick a good subset of disjunctswe can produce a
breadth-first graph for this subset that not only finds the
loop, but has fewer nodes and contains fewer literals (just
by totaling the number of occurrences of each literal in
the graph) than the full graph. Thus, if we can apply some
heuristic to detect agood subset then we can detect a solu-
tion more quickly than with full breadth-first search.

Disadvantages

If we pick a bad subset of disuncts we may produce a
breadth-first graph that finds the loop, contains the same
number of nodes, but containsmoreliterals(sincewe have
had to carry out more combinations of SNF rules) than the
full breadth-first graph.

If aloop is detected each solution (i.e., a DNF formula)
will imply the solution from the full breadth-first graph.
However, even though this holds, we may obtain a less
genera solution than with the full breadth first search.
This means that if the less general solution does not give
specific enough resolvents to produce a contradiction we
may have to do another round of temporal resolution to
obtain a more general solution.

Perhaps most importantly, we do not yet have a suitable
heuristic for identifying good partitions, athough work
on developing heuristics to discard rules that will never
form part of theloop (in the sequentia agorithm) may be
applicable here. Also, since a smaller set of disjunctsis
not guaranteed to lead to a solution, then, to retain com-
pleteness, we must always ensure that the full breadth-first
search runsin paralel.

7.2.2 Strategy 2: Parallel node construction

Here, we carry out a normal breadth-first search but,
when constructing the next node, apply the expansion of
each disiunct in paralel.

Advantages

Recall that we are searching for combinations of rules
where the right hand side implies the previous node, and
the conjunction of literals on the left hand side impliesthe
top node. Thus, for each disjunct d;; in the previous node
welook for sets of SNF rulesto combine where each right
hand side contains a literal in d;j. We combine them so
that every literal in d;; is covered, making sure that the
right hand side of the combined rule we have built does
actually imply the previous node. By expanding each dis-
junct separately we will obtain a DNF formula represent-
ing the digunction of the left-hand side of the combined
rules used to expand each d; as long as the right-hand
side of the combined rule has no disjunctionsin it.

By carrying this out in parallel we will construct the
(unsimplified) new node more quickly than in the sequen-
tial version. Further, as the same diunct may appesar in
several nodes, and therefore need expansion several times,
by storing the DNF formula obtained by expanding a par-
ticular digiunct we can avoid repeating calculationsto ex-
pand the same digjunct severa times.

vlsadvaritayes

By expanding each disunct in parallel we may merge
the same combinations of rules more than once to cover
two or more diguncts when the combined rule we are ap-
plying has diguncts on the right-hand side (i.e. we may
repeat work by looking at each digunct separately).

Having expanded each disunct in node N; we may end
up with several (large) DNF formulae which we must now
digoin and simplify to build node Ni,1. In the sequentia
versionsimplificationiscarried out asweuse anew ruleto
expand a node so that the DNF formula does not become
excessively large.

7.2.3 Strategy 3: Search re-use

Here, the basic approach is to take some subset of the
set of diguncts from the top node (as strategy 1), try to
build a breadth-first graph and, if we fail, add new dis-
junctsto the subset from the original top node and extend
the graph, saving what we had before.

Advantages

Appears to alow the incremental construction of the
breadth-first graph by reusing parts of the graph that have
previously been computed.

Disadvantages

Unfortunately, in most practical cases we have to
amend what has been saved so extensively it is just as
costly as building the full breadth-first structurein the first
place. Specifically, whentrying to reuse parts of the graph
saved from a previously failed search we must check that

1. we have not overcombined the required rules, and,
2. we have combined the rules enough times.

This occurs simply due to the fact that we have added
digunctsto the top node and now have extra conjunctions
of literalsthat will generate the required literal. However,
there seems to be no way to easily test whether, for the
diguncts already constructed, it was necessary to add in
more diguncts, “uncombing” them, or just leave them as
they were.

A further disadvantage is that, while the basic breadth-
first search algorithm only requires that the top and previ-
ous nodes be kept, this strategy requires that all the con-
structed nodes be kept for re-use. Thus, the use of this
approach in practice would have major storage implica-
tions.

In summary, strategy 2 seems to have the most potential,
strategy 1 also seems worth pursuing, while strategy 3 ap-
pears to have too many drawbacks. In fact, the most pro-
ductive approach may be to use a combination of the first
two strategies.

In the journal paper we will include a more detailed
comparison of these approaches, as well as relative tim-
ings for specific examples.
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The temporal resolution algorithm contains a number of
opportunitiesfor parallelisation. These opportunitiesvary
in their granularity and impact. We can examine the po-
tential paralelism in the algorithm by deconstructing it
in order to extract the fundamenta operations involved,
and to identify any necessary inter-dependencies between
components. Following deconstruction the fundamental
operationsmay be composed in order to carry out the same
function as the original agorithm. However, the aim of
the deconstructionisto liberate parallelism wherever pos-
sible by identifyingthe parts of the algorithm that may ex-
ecutein parallel without affecting the overall soundnessor
completeness of the algorithm.

In the journal paper we derive the collection of fine-
grained subtasks (fundamental operations) that compose
the steps of the algorithm. Each subtask has a processing
object associated with it. We shall refer to these objects
as simple agents. We subsequently reformulate the steps
of the algorithm by providing cohesive arrangements of
simple agents that reflect the coarser-grained processes
evidentinthealgorithm. Werefer to these coarser-grained
objects as process agents. Given differing arrangements
of simple agents and process agents we may reflect the
potential parallelisations available to us with varying task
grain sizes.

We will describe the constraints and necessary syn-
chronisation points (dependencies) in the agorithm that
inhibit paralelism. These dependencies will generally
affect the soundness or the completeness of the proof
method and hence must not be disregarded during the re-
formulation process. We will deconstruct the steps of the
algorithm with aview to identifying subtasks that may be
carried out by simple agents executing in parallel.

When considering forms of parallelism it is useful to
consider the activities of homogeneous and heterogeneous
agents. Heterogeneous agents carry out different tasks in
adomain in parallel, whereas homogeneous agents carry
out the same task but on different data. These agent
schemas may be viewed (broadly speaking) as mechan-
isms for describing control and data parallel activities re-
spectively.

Finally, we note that pipelined parallelism may be em-
ployed between several of the steps, for instance new con-
straints produced by temporal resolution may be rewritten
as soon as they are derived. Similarly there is no reason
to wait for the completion of temporal resolution before
commencing non-temporal resol ution operations with the
rewritten rules produced previously.

9 Conclusions and Future Work

Parallelism seems to provide the potentia for efficiently
implementing temporal reasoning methods. While we
have outlined some of the opportunities for parallelism
within one particular proof method, it isimportant to note
that, as there has been very little work in the specific area
of parallel tempora theorem proving, it is not yet clear
what type of parallel architecture is best suited for this

applicalorl. 11 appea s lal SOme irpiemceritali or or e
system on different machines will be necessary to determ-
ine the “best fit”.

In the longer paper we present a decomposition of the
approach we describe here such that component parts of
the proof process are identified to enable the reconstruc-
tion of the algorithm as an agent-based design.

9.1 Future Work

Obvious future work includes the further investigation of
aternative strategies for parallelising both the temporal
resolution method as awhole, and the temporal resolution
step withinthis. The approaches outlined within thispaper
are currently being developed and implemented — work
will continueon these. Inthejournal paper, adeeper com-
parison of the approaches outlined here will be presented.
This will incorporate both correctness and efficiency is-
sues. As several of the graph search a gorithms described
in 87 have aready been implemented, comparative tim-
ings will be provided.

We aso hope to utilise advances in state-space
search [20], in order to improve the tree-based search pro-
cedures, and parallel graph agorithms, such as [19], in
order to improve the graph-based search procedures.

Finally, we note that, developing efficient parallel al-
gorithmsis a difficult task. For example, it is sometimes
the case that algorithms considered naive in the sequential
case turn out to be optimal given the correct parallelisa-
tion. Thus, it is possible that the algorithms considered
unsuitablefor temporal theorem-proving may be extended
and, possibly, generalised, in order to develop appropriate
parallel versions.

Acknowledgements

This work was partially supported by a SERC Research
Studentship and under SERC Research Grant GR/J48979.



MNCIC CILCS

(1]

(2]

(3]

[4]

(5]

6]

[7]

8]

(9]

[10]

[11]

[12]

[13]

[14]

M. Abadi and Z. Manna. Nonclausal Deduction
in First-Order Temporal Logic. ACM Journal,
37(2):279-317, April 1990.

A. Aho, J. Hopcroft, and J. Ullman. The Design and
Analysis of Computer Algorithms. Addison-Wesley,
1974.

J. Allen and P. Hayes. A Common Sense Theory of
Time. In Proceedings of the International Joint Con-
ference on Artificial Intelligence, pages 528-531,
Los Angeles, California, August 1985.

U. Baron, J. de Kergommeaux, M. Hailpern,
M. Ratcliffe, M. Roberts, J-Cl. Syre, H. Westphal.
The paralledl ECRC Prolog System PEPSys. An
Overview and Evaluation Results. In Future Gen-
eration Computing Systems, 1988.

H. Barringer, M. Fisher, D. Gabbay, G. Gough, and
R. Owens. METATEM: A Framework for Program-
ming in Temporal Logic. In Proceedings of REX
Workshop on Stepwise Refinement of Distributed
Systems. Models, Formalisms, Correctness, Mook,
Netherlands, June 1989. (Publishedin Lecture Notes
in Computer Science, volume 430, Springer Verlag).

J. Beer and W. Giloi. POPE - A Parallel Operating
Prolog Engine. In Future Comp. Systems, 3:83-92,
1987.

R. Butler, |. Foster, A. Jindal, and R. Overbeek. A
High-Performance Parallel Theorem Prover. Lecture
Notes in Computer Science, 449:649-650, 1990.

W. Clocksin. Principles of the DelPhi Parallel Infer-
ence Machine. In Computer Journal vol.31, no.3,
1987.

C. Dixon, M. Fisher, and H. Barringer. A graph-
based approach to temporal resolution. In First In-
ternational Conference on Temporal Logic (ICTL),
July 1994.

E. Emerson. Temporal and Modal Logic. In J. van
Leeuwen, editor, Handbook of Theoretical Com-
puter Science, pages 996-1072. Elsevier, 1990.

M. Fisher. A Resolution Method for Tempora Lo-
gic. In Proceedings of the Twelfth International
Joint Conference on Artificial Intelligence (1JCAl),
Sydney, Australia, August 1991. Morgan Kaufman.

G. Gough. Decision Procedures for Temporal Lo-
gic. M.Sc. Thesis, Department of Computer Science,
University of Manchester, U.K., October 1984.

R. Johnson.  Concurrent Theorem Proving with
Tableaux and the Connection Method using Strand
over a Distributed Network. technical report 538,
Department of Computer Science, Queen Mary and
Westfield College, University of London, July 1991.
R. Johnson. A Blackboard Approach To Parallel
Temporal Tableaux. In Proceedings Artificial Intel-
ligence, Methodologies, Systems, and Applications
(AIMSA), World Scientific, 1994.

(9]
[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

= AUTES. Faralielsiin Logic. viewey, LyJl.

E. Lusk and W. McCune. Experimentswith ROO: A
Parallel Automated Deduction System In Proceed-
ings of Parallelization in Inference Systems, Inter-
national Workshop. Springer-Verlag. 1990.

Z. Manna and A. Pnueli. The Temporal Logic of
Reactive and Concurrent Systems: Specification.
Springer-Verlag, New York, 1992.

D. Plaisted and S-J. Lee. Inference by clause match-
ing. In Z. Ras and M. Zemankova, editors, Intelli-
gent Systems, chapter 8, pages 200-235. Ellis Hor-
wood, Chichester, England, 1990.

V. Ramachandran and J. Reif. An Optimal Parallel
Algorithm for Graph Planarity. In Proceedings of
the 30th Annual |EEE Symposium on Foundations
of Computer Science, pages 282—287, 1989.

V. Saletore and L. Kalé. Consistent Linear Speedups
toaFirst Solutionin Parallel State-Space Search. In
Proceedings of the Eighth National Conference on
Artificial Intelligence (AAAI), pages 227-233, Bo-
ston, Massachusetts, 1990. MIT Press.

J. Schumann and R. Letz. PARTHEO: A High-
Performance Parallel Theorem Prover.  Lecture
Notes in Computer Science, 449:40-56, 1990.

D. Warren. The SRI model for OR-parallel execution
of Prolog-abstract design and implementation issues.
In Inter national Symposiumon Logic Programming,
pp92-102, 1987.

P. Wolper. The Tableau Method for Temporal Logic:
An overview. Logique et Analyse, 110-111:119—
136, June-Sept 1985.



