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Abstract
Bevemyr, J. 1996: Data-parallel Implementation of Prolog, Uppsala Theses in
Computing Science 25. 38 pp. Uppsala. ISSN 0283{359X, ISBN 91{506{1177{1.
Parallel computers are rarely used to make individual programs execute faster,
they are mostly used to increase throughput by running separate programs in
parallel. The reason is that parallel computers are hard to program, and automatic
parallelisation have proven dicult. The commercially most successful technique
is loop parallelisation in Fortran. Its success builds on an elegant model for parallel
execution, data-parallelism, combined with some restrictions which guarantee high
performance.
We have investigated how Prolog, a symbolic language based on predicate calculus,
can be parallelised using the same principles: a simple model for parallel execution
suitably restricted to guarantee ecient parallel execution.
Two models for expressing the parallelism have been investigated: parallel recursion, based on Millroth's work on Reform compilation, and bounded quanti cations. We propose adding bounded quanti cations to Prolog and show how both
bounded quanti cations and recursion parallelism can be implemented using the
same implementation technique. The implementation is based on a conventional
Prolog engine, Warren's Abstract Machine. The engine has been extended to
handle parallel execution on a shared memory architecture.
The implementation shows promising speed-ups, in the range of 19{23.2 on 24 processors, on a set of benchmarks. The parallelisation overheads are between 2{15%
and the parallel eciency varies between 79{97% on the same set of benchmarks.
Johan Bevemyr, Computing Science Department, Uppsala University, Box
311, S-751 05 Uppsala, Sweden.
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Chapter 1

Summary
This chapter summarises the papers in this thesis and discusses their
scienti c contributions, and my personal contributions.
The thesis deals with AND-parallel implementation of Prolog in the form
of data-parallelism. My contributions range from language design to design of the runtime system.
Papers I, II, and III describe Reform Prolog, a system where dataparallelism is exploited in the form of structure-recursion. Paper IV shows
how Reform Prolog can be extended for nested parallel execution.
Papers V and VI describe a di erent approach for expressing dataparallelism in Prolog. Prolog is extended with bounded quanti ers as
a high level construct for expressing iteration over a set of values.
Both these approaches require a scalable runtime system. The most expensive activity in the runtime system is garbage collection. Paper VII
lays the foundation for the parallel algorithm by describing a sequential
generational copying collector for Prolog. The algorithm is extended for
parallel operation in paper VIII.

1.1 INTRODUCTION
The number of parallel computers on the market has increased rapidly the
last few years: all major computer manufacturers are selling parallel computers. Often the potential parallelism is used to increase the throughput by
executing distinct programs in parallel. It is rarely used to make individual
programs execute faster.
There are several reasons why these computers are used almost exclusively
in this way.
1. Existing compilers are not able to utilise inherent parallelism in programs written for uniprocessors.
2. It is hard to write parallel programs when the parallelism has to be
explicitly controlled by the programmer, e.g., by using monitors .
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3. Using a single processor is sucient for many problems.
The reason why existing compilers have problems parallelising existing programs is that most programming languages are hard to analyse for a compiler. Loops not containing procedure calls are the only constructs that
have been automatically parallelised successfully in imperative languages.
However, Singh and Hennessy [151] show that loop parallelisation is not
enough to achieve signi cant speed-ups in real applications.
Since compilers cannot parallelise most real programs, programmers are
forced to write their programs using operating system primitives, and in that
way control the parallelism themselves. This requires extensive knowledge
about the system, and the resulting program is usually complex and can
only be eciently executed on some given architecture, if at all.
One would like to have a programming language which can be executed eciently on multiprocessor as well as uniprocessor computers, without modifying programs. It is also desirable that the programming language takes
care of all underlying problems when executing a program in parallel, e.g.,
synchronisation between parallel processes, data distribution, etc.
We have investigated two solutions which are both inspired by the dataparallel work in languages such as Fortran: bounded quanti cations and
recursion-parallelism. These represent two di erent approaches to expressing data-parallelism in Prolog. Both aim at presenting an easily understood execution model to the programmer. Bounded quanti cations do this
through an extension to Prolog which makes it easier to express some algorithms, such as numerical algorithms. Reform Prolog transforms structurerecursion to data-parallelism.
Our scienti c contributions are:
1. We show how recursion-parallelism, a restricted form of dependent
AND-parallelism, can be eciently implemented in Reform Prolog.
Only small modi cations to a sequential Prolog system are necessary.
2. We show how Prolog can be extended with bounded quanti cations,
as a convenient way of expressing iteration. We describe how they
can be eciently executed sequentially, and in parallel using the implementation techniques developed for Reform Prolog.
3. We present a generational copying garbage collector for Prolog, which
correctly handles internal pointers. We show that instant reclaiming
of data, which requires that the allocation order is preserved, can
be sacri ced for data surviving garbage collection without signi cant
eciency penalties.

1.2. Background
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4. We describe a mark-copy parallel generational copying garbage collector for Prolog. We show how both the marking and the copying phase
are parallelised and load-balanced.
From the programmer's point of view our achievements are:
1. Parallelism is transparent to the programmer. An ecient parallel
program is also an ecient sequential program.
2. The programmer can reason about parallel eciency at a high level
without having to second guess neither the compiler nor the runtime
system. Performance is predictable.
3. Synchronisation and data-distribution can be reasoned about at a high
level for achieving optimal parallel performance. The parallelism does
not change the sequential semantics of the program.

1.2 BACKGROUND
Prolog and Prolog Machines
Prolog is commercially the most successful member of the family of logic
programming languages. It is based on rst order Horn clauses, a restricted
subset of Predicate Calculus. We will not attempt to give an introduction
to logic programming and Prolog. Instead we recommend the textbook
by Sterling and Shapiro [156] for an introduction to Prolog, and Kowalski's
book [95] for an introduction to programming in logic. Finally, the textbook
by Lloyd [103] is recommended for an introduction to the theory behind logic
programming.
Prolog has its origin in Robinson's [130] Resolution Principle for automated
theorem proving from the early 1960's. Colmerauer, Kanoui, Pasero and
Roussel [46] developed the rst Prolog interpreter in 1972. Kowalski [94]
showed how logic can be used for programming using declarative and procedural readings of clauses.
Warren [178, 182] developed the rst Prolog compiler which became known
as DEC-10 Prolog. This brought Prolog performance to a level comparable
to LISP implementations. This implementation open-coded uni cations,
i.e. specialised tests and assignments replaced calls to a general uni cation
algorithm.
Warren presented his \new Prolog Engine" [179] in 1983. This design included a register-based abstract machine which allowed several new space
and time optimisations. It has proved to be very ecient. Most current
Prolog implementations, both sequential and parallel, are based on that
abstract machine which now is called Warren's Abstract Machine (WAM).
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Recent high performance Prolog implementations are not directly based on
WAM. Van Roy's [173, 175] Aquarius Prolog uses a WAM-inspired abstract
machine (Berkley Abstract Machine). Taylor's [157] Parma uses an intermediate form close to 3-address code. Both systems make extensive use of
abstract interpretation to perform optimisations.
The tutorial by At-Kaci [1] and Van Roy's [174] \1983{1993: The wonder years of sequential Prolog implementation" are recommended for an
introduction to Prolog implementation and WAM.

Prolog as a Parallel Language
Initiated in the early 1980's the Fifth Generation Computer Systems project
in Japan was one of the largest coordinated research actions aimed at parallel (logic) programming. In the preliminary report Moto-oka [115] de nes
the requirements of the future computer system. The system should, among
other things, be easily programmed in order to reduce the software crisis .
They chose the high-level language Prolog as the programming language
to parallelise. The reason for this was that Prolog contains many opportunities for parallelism: AND-parallelism, OR-parallelism, and uni cation
parallelism. AND-parallelism can be described as resolving many atoms in
the resolvent in parallel. If a variable appears in two di erent atoms in the
resolvent at runtime, then these atoms are said to be dependent . Resolving
dependent atoms, in parallel, is referred to as dependent AND-parallelism.
Resolving atoms that are not dependent, in parallel, is called independent
AND-parallelism. OR-parallelism, on the other hand, corresponds to trying
to resolve a given atom in the resolvent with several clauses, in parallel.
In addition to containing many opportunities for parallelism, Prolog programs are easy to analyse, especially when compared with C and Fortran
programs.
It was perceived as dicult to parallelise Prolog. A number of modi cations
to Prolog were proposed in order to simplify the problem.
1. Explicit concurrency was introduced.
2. General nondeterminism with backtracking was abandoned for don'tcare nondeterminism (or committed-choice).
3. Deep guards were abandoned for at guards.
4. General uni cation was abandoned for dynamic synchronisation on
read-only variables, which in its turn was abandoned for synchronisation on statically-declared arguments.
5. Instead of output uni cation, variables were allowed only one producer
and, in some languages, only one consumer.

1.3. Reform Prolog
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Examples of languages which exhibit one or more of these simpli cations
are: Concurrent Prolog [143, 144], FCP [145, 191], Parlog [43, 44], (F)GHC
[168, 169], Strand [61] and Janus [138].
These simpli cations made it harder to write programs in these languages,
the introduction of explicit concurrency being one of the main reasons. The
following quote is from Tick's book on parallel logic programming [161, p.
410]. The book contains many programs written for di erent parallel logic
programming systems. The quote is from the section in which he discusses
how easy it was to write those programs.
\In general, it was easy to write all of the programs in Prolog. However, it was dicult to rewrite problems without ORparallelism to run eciently under Aurora [an OR-parallel Prolog]. It was dicult to implement logic problems, such as Zebra
and Salt & Mustard, in FGHC. This diculty occurred because
we lacked meta-logical builtins in Panda [a FGHC implementation], but moreover because backtracking over logical variables
must be simulated. Such diculty is also seen when comparing the coding e ort to implement complex constraints|Prolog
was signi cantly easier than FGHC, as shown in Turtles and
layered-stream programs in general."
Tick's experience is representative for most of the logic programming community. It is evident that Prolog is to be preferred. It might be possible to
execute de-evolutionised languages such as FGHC eciently, but the programming e ort involved in writing programs in these languages is in many
cases much larger.

1.3 REFORM PROLOG
Design and Implementation (paper I and II)
Most systems for AND-parallel logic programming de ne the procedural
meaning of conjunction to be inherently parallel. These designs are based
on an ambition to maximise the amount of parallelism in computations. In
paper I and II we present and evaluate an approach to AND-parallelism
aimed at maximising not parallelism but machine utilisation. The system
supports selective, user-declared, parallelisation of Prolog.
Reform Prolog supports parallelism only across the di erent recursive invocations of a procedure. Each such invocation constitutes a process, which
gives the programmer an easy way of estimating the control- ow and process granularity of a program. We refer to this variant of (dependent) ANDparallelism as recursion-parallelism.
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We implement recursion-parallelism by Reform compilation [111, 109] (this
can be viewed as an implementation technique for the Reform inference
system [165]). This is a control-structure transformation that changes the
control- ow of a recursive program quite dramatically. When invoking a
recursive program with a call of size n (corresponding to a recursion depth
n) a four-phase computation is initiated:
1. A single head uni cation, corresponding to the n small head uni cation with normal control- ow, is performed.
2. All n instances of the calls to the left of the recursive call are computed
in parallel.
3. The program is called recursively. This call is known to match the
base clause. Hence, in practice, this call is often trivially cheap.
4. All n instances of the calls to the right of the recursive call are computed in parallel.
This approach is somewhat akin to loop parallelisation in imperative languages such as Fortran. However, an important di erence is that the granularity of top-level (or near top-level) recursive Prolog procedures typically
far exceeds that of parallelisable Fortran loops.
One restriction is introduced on the recursive predicates subject for parallelisation: bindings of variables shared between recursive calls of the predicate
must be unconditional. This is not a severe restriction in practice.
The execution model has two major advantages:
First, a static process structure can be employed. That is, all parallel processes are created when the parallel computation is initiated. In most other
systems for parallel logic programming processes are dynamically created,
rescheduled and destroyed during the parallel computation.
A consequence of the static process structure is that process management
and scheduling can be implemented very eciently. It is possible to use
di erent scheduling techniques developed for imperative languages, ranging
from completely static to fully dynamic scheduling, depending on the structure of the computation. This opens up for high parallel eciency (91{99%
on the programs tested). Another consequence is that it is easy for the programmer to see which parts of the program are going to execute in parallel.
This facilitates the task of writing ecient parallel programs.
Second, it is possible by global data- ow analysis to optimise the code executed by each parallel worker very close to ordinary sequential WAM code.
This results in very low overheads for parallelisation (2{12 % on the programs tested).

1.3. Reform Prolog
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The apparent drawback of this approach is that not all available parallelism
in programs are exploited. This is, however, a deliberate design decision:
exploiting as much parallelism as possible is likely to lead to poor machine
utilisation on conventional multiprocessors.

Compilation and Optimisation (paper III)
In paper III we describe the compiler analyses of Reform Prolog and evaluate their e ectiveness in eliminating suspension and locking on a range
of benchmarks. Suspension is necessary for maintaining the sequential semantics when shared variables are used for communicating results between
recursion levels. Shared variables must be locked before they are bound
to to ensure that other workers (processing elements) do not get access to
partially created structures. However, suspension code and locks need not
be used for ground, non-shared (i.e. local) data, and some shared variables
which are not subject to time critical operations.
We nd that 90% of the predicate arguments are ground or local, and that
95% of the predicate arguments do not require suspension code. Hence,
very few suspension operations need to be generated to maintain sequential
semantics. The compiler can also remove unnecessary locking of local data
by locking only updates to shared data; however, even though locking writes
are reduced to 52% of the unoptimised number for our benchmark set, this
has little e ect on execution times. We nd that the ine ectiveness of
locking elimination is due to the relative rarity of locking writes, and the
execution model of Reform Prolog, which results in few invalidations of
shared cache lines when such writes occur.
The benchmarks are evaluated on KSR-1 [32], a cache-coherent multiprocessor with physically distributed memory, using up to 48 processors. The
performance measurements on the KSR-1 can be summarised as follows.




Low parallelisation overhead (0{17%, with the larger benchmarks in
the range of 2{6%).
Good absolute parallel eciency on 48 processors (82{91%) provided
that there is enough parallelism in the program.

Our data indicate that each process executes in a mostly sequential fashion: suspension and locking is rare. Hence, sequential compiler technology
should be largely applicable to our system.
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Nested Execution (paper IV)
In paper IV we propose a scheme for executing nested recursion parallelism.
The scheme requires only minimal extensions to the at execution model of
Reform Prolog [27].
It is possible to transform some nested recursions into a single recursive
loop. However, it is not always feasible to atten a nested recursion in Reform Prolog, e.g., when the size of the nested recursion cannot be statically
determined. Suppose we have the following program:
p([],[]).
p([H|T],[NewH|NewT]) :state_size(H,State,N),
q(N,State,NewH),
p(T,NewT).
q(0,_,Result) :- !, Result = [].
q(N,State,[H|T]) :foo(N,State,H),
N2 is N - 1,
q(N2,State,T).

Then we would have to choose between parallelising the outer loop (p/2)
or the inner loop (q/2). p/2 is the obvious choice provided that not both
p/2 and q/3 are shallow recursions. It would then be desirable to parallelise
both and distribute the work among the processing elements (workers).
This paper shows that there is no need for a complicated implementation
technique to eciently take advantage of nested data parallelism, and consequently a substantial part of nested dependent control-AND-parallelism
using Lindgren's transformation [102].
Initiating parallel execution, and obtaining work when suspended, is only
allowed in deterministic states. Nested work is only allowed to be obtained
from the left of the suspension point in the resolvent.
These restrictions make it possible to eciently exploit nested parallelism
with exceptionally small overheads in term of execution time and implementation complexity.

Scienti c Contributions
The research on Reform Prolog has shown that data-parallelism, in the form
of recursive predicates, can be implemented eciently. We have shown that
dependent AND-parallelism can be exploited with small modi cations to a
sequential system, and with small overheads for parallel execution.

1.4. Bounded Quantifications
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Work is still needed to bring the performance closer to parallelised Fortran
loops, but the potential has clearly been shown.
Reform Prolog is a fairly mature parallel system at this point. It is built
to handle large programs; all data areas are expanded on demand and an
ecient parallelised garbage collector is present. It has been ported to a
number of large shared memory architectures.

Author's Contributions
The execution model presented in paper I and II was designed together
with Thomas Lindgren and Hakan Millroth. Thomas Lindgren designed
and implemented the compiler and I designed and implemented the abstract
machine and runtime system.
In paper III my contributions were to design the optimisations together
with Thomas Lindgren, implement the emulator parts, and perform the
experiments on the KSR-1.
I designed the scheme for nested parallel execution.

1.4 BOUNDED QUANTIFICATIONS
Proposal and Sequential Execution (paper VI)
In Prolog, the only way to express iteration is by using recursion. This is
theoretically sucient but many algorithms are more elegantly expressed
using de nite iteration. That is, combining the results of letting a variable
range over a nite set, and for each value repeating some computation. Most
imperative languages provide such iteration over nite sets of integers, e.g.,
for loops in Pascal and DO loops in Fortran, combining the results through
serialisation.
Previously Barklund & Millroth [17, 23] and Voronkov [176, 177] have presented bounded quanti cations as a concise way of providing de nite iteration in logic programs. In paper VI we propose an extension of Prolog
with bounded quanti cations and argue that it then naturally follows to introduce arrays. We present a sequential operational semantics for bounded
quanti cations and show how they can be implemented through modi cations to Warren's Abstract Machine.
A quanti cation is an expression consisting of three parts: a quanti er,
which is a symbol from a given alphabet of quanti ers, a locally scoped
iteration variable, and a body, which is itself an expression. A bounded
quanti cation is a quanti cation where the local variable ranges over a nite
set of values, given by a range expression. We de ne the semantics of a
quanti cation to be that obtained by evaluating the body for every value
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ranged over by the local variable, combining the results according to the
quanti er. This combination is typically a reduction with an associative and
commutative binary function, in which case the quanti ers can alternatively
be seen as a reduction operator, but it is not always the case.
Some examples of bounded quanti cations using ordinary mathematical notation are
(P 5 i < 10) p(i) q(i)
1
and 0k<z (2k+1)(2
k+3)
where i in the rst and k in the second quanti cation should be considered
implicitly restricted to take on integer values only. The rst quanti cation is
truth-valued while the second expression is number-valued (approximating
=8 for large values of z ).
Much of the beauty of bounded quanti cations lies in the fact that they
have a clear declarative semantics, while at the same time they behave well
operationally on both sequential and parallel computers.
8



Parallel Implementation (paper V)
In paper V we show that many Prolog programs expressed with bounded
quanti cations can be run eciently on parallel computers using the same
data-parallel implementation technique as Reform Prolog. In order to do
so, we describe a quite straightforward transformation from bounded quanti cations to recursive programs.
Note, however, that the parallel implementation cannot take full advantage
of the simplicity of bounded quanti cations when only the transformed programs are available. Some implementation methods needed for optimal
execution of bounded quanti cations may not be reasonable for arbitrary
recursive programs. Hence, the concurrency in programs may not be detected and some programs may not be run in the most ecient way. In the
future it therefore seems worthwhile to investigate methods that are applied
directly to bounded quanti cations. Until such methods are available, the
methods described herein are appropriate.
Our results indicate almost linear speed-up on 24 processors for some quanti ed expressions. The parallelisation overhead is low, in the order of 1015%. A best speed-up of 34.38 for a bounded quanti cation program compared with sequential execution of a corresponding recursive program, and
19.18 compared with sequential execution of the bounded quanti cation,
was achieved using 24 processors.
From this we conclude that from a performance point of view, there is no
signi cant di erence between recursion and quanti cations, and the programmer should be free to use the programming construct (bounded quan-

1.5. Garbage Collection
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ti cations or recursion) that is suitable for a given problem|both can be
eciently executed on a shared memory multiprocessor.

Scienti c Contributions
It is proposed to add bounded quanti cations to Prolog. The main reason is
one of natural expression; many algorithms are expressed more elegantly in
a declarative way using bounded quanti cations than using existing means,
i.e., recursion. In particular this is true for numerical algorithms, an area
where Prolog has been virtually unsuccessful so far. Moreover, bounded
quanti cation has been found to be at least as ecient as recursion, when
applicable. We outline an implementation of some bounded quanti cations
through an extension of Warren's abstract Prolog machine and give performance gures relative to recursion. We have shown that bounded quanti cation has a high potential for parallel implementation and we conclude that
one can often run the same program eciently on a sequential computer as
well as on several kinds of parallel computers.

Author's Contributions
Both the language extensions and the operational semantics were done in
collaboration with Jonas Barklund. I implemented most of the abstract
machine extensions. The benchmarks were performed together with Jonas
Barklund.

1.5 GARBAGE COLLECTION
Prolog programmers are relieved of the burden of managing memory. It is
up to the runtime system to eciently reclaim unused data through garbage
collection. This procedure must be fast to achieve high system performance
since Prolog programs usually create large amounts of data.
It has been observed in other languages, with similar allocation patters as
Prolog, that most data tend to be short lived [54, 172]. This insight has led
to the invention of generational garbage collection [98] where young objects
are garbage collected more often than old.

Sequential Copying Collection (paper VII)
In paper VII we describe a technique for adapting conventional copying
garbage collection to Prolog and how to extend the new scheme for generational collection. Three problems have been solved, leading to ecient
copying and generational copying collectors.
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1. The rst problem is interior pointers, which can lead to duplication
of data if copied naively. Interior pointers are direct references to
the contents of a structure. Such pointers are normally not present
and previous algorithms do not take them into account. Our method
correctly handles interior pointers by marking, then copying data.
2. The second problem is that copying collection does not preserve the
heap ordering. In Prolog the heap can be viewed both as an ordinary
heap and as a stack. The stack property is used to eciently deallocate
object from the heap when the computation backtracks. Since the
heap order is not preserved, this stack behaviour cannot be used and
memory cannot be reclaimed by backtracking. The heap order is also
used for deciding if changes to the heap must be recorded (trailed) to
be able to restore a previous state. The disrupted heap order means
that all changes must be recorded (trailed).
Our collector exploits that data allocated since the last collection still
retain the desired heap ordering. Hence, memory allocated after the
last collection can still be reclaimed by backtracking. Our measurements show that our copying algorithm recovers as much memory by
backtracking as a conventional (\perfect") mark-sweep algorithm on
a range of realistic benchmarks.
We have also measured the amount of extra trailing due to losing the
order of the heap. This was negligible: less than one-quarter of a
percent of the total number of trailings at most. We conclude that
copying collection is a viable alternative to the conventional marksweep algorithm for Prolog.
3. The third problem is how to extend the copying algorithm to generational collection. The crucial insight is that pointers from the old
generation (in a two-generation system) can be found by scanning the
change record (trail). By adapting the trailing mechanism, we get an
almost-free write-barrier [172, 114]. The only extra cost is some unnecessary trailings in certain situations. This cost is again negligible
for our benchmarks.

Parallel Generational Collection (paper VIII)
We present a parallel generational copying garbage collection scheme for
Prolog in paper VIII. The algorithm uses a mark and copy technique for
handling internal pointers.
The algorithm uses ideas from our sequential Prolog collector, and from a
general parallel copying collection scheme described by Ali [3].
We show how the resulting collector can be made generational. An improved
strategy for load balancing for Prolog is presented.

1.6. Garbage Collection
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Our main contributions are:







A reasonable way of dealing with internal pointers; load balanced
parallel marking of live data.
Parallel generational garbage collection.
Prolog speci c considerations, i.e. handling internal pointers, a modi ed load balancing scheme, and a scheme for ordering variables.
An evaluation of how well the algorithm behaves in practice.

Scienti c Contributions
The sequential collection scheme showed how a generational copying collector could be applied to Prolog. Before this only mark-compact collectors
and partially copying collectors were used. Our scheme showed how internal
pointers were handled and how generational collection could be provided.
Demoen, Engels and Tarau [52] have improved the scheme further using
ideas from Bekkers, Ridoux and Ungaro [25].
This work also showed that instant reclaiming on backtracking can be sacriced for data which survive garbage collection, without signi cant eciency
penalties. This is crucial for the parallel collector.
The main contribution for parallel collection is to show how Prolog speci c
problems are solved, i.e.





load balanced parallel marking for handling internal pointers
ordering of variables when their heap address cannot be used
detection of cross generational pointers for generational collection
improved load balancing for Prolog

It is possible to apply a number of di erent parallel copying schemes in this
setting.

Author's Contributions
The sequential collector and the benchmarking methodology was designed
in collaboration with Thomas Lindgren. I implemented the ideas and performed the benchmarking.
I implemented and designed the parallel collector.
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1.6 RELATED WORK
Parallel Prolog
The earliest published work on parallel Prolog is Pollards PhD thesis [125]
where execution of pure OR-parallelism is discussed. The possibility of
AND-parallel execution was noted by Kowalski [94] in 1974.
Parallel Prolog can be divided into two categories: OR-parallel and ANDparallel. Our research falls into the AND-parallel category and we will not
elaborate on the OR-parallel eld.
Conery and Kibler [47] proposed the rst scheme for OR- and AND-parallel
execution, where dependencies for the AND-parallel execution were determined using an ordering algorithm. The dependencies were calculated when
entering a clause and updated when each body goal succeeded. The scheme
has not been considered practical due to substantial overheads.
Lin and Kumar [99, 100, 101] developed a more ecient version of Conery
and Kibler's scheme where tokens are associated with each variable for determining the dependencies dynamically. Compile time information is also
used to reduce the runtime overheads.
Somogyi, Ramamohanarao and Vaghani [153] developed a stream ANDparallel version of Conery and Kibler's scheme. In this system only one goal,
the producer, is allowed to bind a variable. All other goals are consumers.
A consumer is not allowed to bind a variable, it suspends until the variable
becomes bound. This form of dependent parallelism has its origin in ICProlog [41].
DeGroot [51] proposed a scheme for restricted AND-parallelism (RAP), i.e.
only independent goals were allowed to execute in parallel. Runtime tests
were added for determining variable groundness and independence. The
goals were executed in parallel when the tests succeeded. This scheme
exploited less parallelism than Conery and Kibler's but was expected to
have substantially smaller runtime overheads.
Hermenegildo [76] re ned DeGroot's scheme and added a backtracking semantics. Hermenegildo [75, 79, 80, 118] de ned and implemented the rst
independent AND-parallel system: &-Prolog. &-Prolog has played an important role for AND-parallel implementations. System such as ACE [65, 66]
and DDAS [148, 146, 147] are largely based on &-Prolog.
Chang, Despain and DeGroot [37, 38] were rst to propose that scheduling of
parallel execution could be done through compile time analysis. Borgwardt
[30, 31] proposed a stack-based implementation of the execution model developed by Chang et al. [38].
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Hermenegildo and Rossi [80] classi ed independent and parallelism as strict
independence and non-strict independence. No free variables were allowed
to be shared in strict independence, while non-strict independence allowed
unbound variables to be passed around as long as they were only used, i.e.,
bound to a non-variable value, by at most one goal.
Yang [189] observed that complicated backtracking schemes can be avoided
if only deterministic computations are executed in parallel. When con icting bindings occur the entire computation fail.
In PNU-Prolog, Naish [119, 124] requires that all bindings are deterministic
during parallel execution. Non-deterministic goals are allowed as long as no
non-determinate bindings are created. Con icting bindings result in global
failure. Naish's ideas on deterministic binding and computation have been
one of the major in uences on Reform Prolog.
Warren used ideas similar to PNU-Prolog when he formulated the Basic
Andorra Model [70, 181] where deterministic goals are executed in parallel,
and non-deterministic goals are suspended. The Basic Andorra Model has
been implemented in Andorra-I [134, 135, 136, 190].
In the Extended Andorra Model [71, 133], a copy of the computation is
created for each possible binding of a variable when all deterministic goals
have been executed. The extended model is implemented in AKL [86, 87,
113].
Gupta, Santos Costa, Yang, and Hermenegildo [64] combine independent
AND-parallelism, deterministic dependent AND-parallelism and OR-parallelism in IDIOM. This built on ideas from AO-WAM [67], which is an extension of RAP-WAM [76] with OR-parallelism.
Another approach to solving the problem with con icting bindings is to execute di erent branches separately and join the bindings when the branches
terminate. This is often combined with OR-parallelism. Examples of such
systems are Wise's EPILOG [187] and Wrench's APPNet [188].
Shen has developed a scheme for general dependent AND-parallelism called
DDAS [146, 147, 148, 149]. Subgoals that share a variable execute in parallel
until the variable is accessed. The consumer suspends until the variable
is bound or it becomes the producer. The producer and consumer of a
variable is dynamically recognised, and sucient information is saved for
selectively undoing speculative work when a conditional binding of a shared
variable is undone. Dependence variables must be annotated either by the
programmer or the compiler. The current implementation of DDAS does
not provide automated variable annotation, but Shen [150] mentions work
in progress.
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Another approach to parallelism is to introduce explicit concurrency. This
was done in IC-Prolog by Clark and McCabe [41] and in Relational Language by Clark and Gregory [42]. These ideas were adopted by others
and resulted in the concurrent logic languages: Concurrent Prolog [143],
FCP [145], Parlog [43, 49], Strand [61], Guarded Horn Clauses (GHC)
[166, 167], and Flat GHC [40, 170]. These languages are also referred to as
de-evolutioned by Tick [162] since they have been signi cantly restricted to
allow ecient implementation.
Most of the AND-parallel systems described above are implemented as extensions of WAM. Hermenegildo, Cabeza and Carro [77] recently proposed
an elegant scheme where attributed variables [120, 97] are used for handling most of the support for parallelism. This technique makes it possible
to model di erent forms of parallelism using the same runtime machinery,
with some decrease in eciency.

Data OR-parallelism
Smith [152] described Multilog, a system utilising data OR-parallelism.
Multiple binding environments are generated for an annotated goal and
subsequent goals are executed in these environments, in parallel. The result is a partial breadth- rst search which replaces backtracking. Typical
applications are generate-and-test programs.

Recursion Parallelism and Data AND-parallelism
Tarnlund [164] observed that parallelism could be increased by unfolding
recursive calls to a predicate. He noted that clauses could be unfolded such
that the entire recursive structure was captured by one head uni cation.
Unfolding also resulted in one large conjunction which could be executed
in parallel. The unfolding could be performed in log N steps, where N is
the size of the input. Tarnlund de ned the Reform inference system [165],
based on these ideas.
Inspired by Tarnlund's ideas Millroth developed Reform Compilation [108,
109, 110, 111] which is a technique for compiling linear structurally recursive
predicates into parallel code.
Consider a recursive predicate that can be written on the following form.
p(
x)

p(
x)
; p(x0 );
If a goal p(y) is determined to recurse at least n times, then the second
clause of p/2 can be unfolded n times resulting in the following clause.
p(x0 ) 1 ; ; n ; p(
y 0 ); n ; ; 1 :
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This clause is then executed by rst running the 1 n goals in parallel, then executing p(y0 ) (usually the base case), and nally running the
n
1 goals in parallel.
Warren and Hermenegildo [184] performed some early experiments with
what they called MAP-parallelism. This was a limited form of independent
data AND-parallelism where a procedure was applied over a set of data,
similarly to mapcar in Lisp and DOALL in Fortran.
Harrison [73] has developed a scheme for exploiting recursion parallelism
in Scheme which is similar to Reform Prolog. The main di erence is that
Harrison only handles DOALL loops and recurrences which do not require
synchronisation between di erent recursion levels. Reform Prolog handles
general DO-ACROSS loops. Also, Prolog uses side-e ects for variable binding to a much higher degree than Scheme, resulting in a di erent system
design.
Sehr, Kale, and Padua [142, 141] independently discovered recursion parallelism in Prolog. However, their ideas are much less developed. Only inner
loops are parallelised, similarly to Fortran. The consequence is that less
work can be parallelised and the exploited parallelism is ne-grained. Also,
no compiler nor implementation exists. A compilation technique is outlined
but never implemented.
Hermenegildo and Carro [78] and Debray and Jain [50] discuss how goals
can be spawned more eciently using program transformation techniques.
These have some similarities to the transformations described by Tarnlund
[164] in his thesis. Hermenegildo and Carro also discuss how the &-Prolog
implementation can be extended with low level primitives to support dataparallelism.
Pontelli and Gupta [68, 126, 127, 128, 129] present a number of similar
techniques for minimising the overheads for creating processes in &ACE.
They then argue that data-parallelism can be eciently exploited. However, there are still some signi cant di erences compared to Reform Prolog.
They can only exploit independent AND-parallelism. Their implementation technique is also considerably more complicated, resulting in higher
overheads and complications when applying high performance sequential
implementation techniques.
A di erent approach to data-parallel logic programming is to construct a
data-parallel interpreter for the language. The data represents the program
combined with its state. Reductions and inferences may be performed in
parallel. This technique results in signi cant overheads compared with compiled implementations. It has therefore mostly been aimed at massively
parallel machines.
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Kacsuk designed a parallel interpreter for Prolog based on his generalised
data ow model [89, 90, 91]. This in turn was inspired by other data ow
models for parallel execution of Prolog proposed by Moto-oka and Fuchi
[116] and Umeyama and Tamura [171]. These execution models were motivated from the research on data ow parallelism which emerged in the early
1980's [12, 53].
Nilsson and Tanaka [121, 122] designed a scheme for compiling Flat GHC
into Fleng. Fleng is a primitive process-oriented language which has been
implemented using a data-parallel interpreter. Barklund, Hagner and Wa n
[19, 20] translated a at committed choice language into condition graphs,
and proposed a data-parallel inference mechanism. Barklund [16] also proposed a data-parallel uni cation algorithm suitable for data-parallel logic
programming implementations, e.g., Reform Prolog.
Yet another approach to data-parallelism is to add parallel data structures
on which certain operations can be performed in parallel. This is the approach taken by Kacsuk in DAP Prolog [91], Barklund and Millroth in Nova
Prolog [22], and by Fagin [59]. The idea of having explicitly parallel data
structures have previously been used in other languages such as APL [85],
CM Lisp [82, 155], ?Lisp [160], NESL [29] among others. These languages
are often designed to exploit the architecture of a speci c machine, i.e. CM
Lisp was designed for the Connection Machine and DAP Prolog for the
Distributed Array Processor.

Loop Parallelisation in Imperative Languages
Parallelising iteration in imperative languages have received much attention since it potentially may increase the speed of large sets of existing
applications. Most of the research have focussed on parallelising DO-loops
in Fortran. Kuck, Kuhn, Leasure, Wolfe [96], Kennedy [92], Burke and
Cytron [33] among others have looked into this.
The problem has proven to be dicult to solve for general loops. The best
results have been obtained for loops performing simple operations on arrays.
Singh and Hennessy [151] observe that loop-parallelisation is insucient for
extracting enough parallelism from the programs they have examined. One
of the reasons is that it is dicult to analyse loops containing procedure
calls. Languages containing arbitrary pointers, such as C, are particularly
dicult to parallelise. In Prolog, a disciplined form of pointers are present
in the form of logical variables.

Bounded Quanti ers
Voronkov [176, 177] has independently studied bounded quanti ers in logic
programming. He introduces a class of generalised logic programs, where
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certain list relations can be elegantly expressed using bounded quanti cations with head/tail iterators. He de nes both a declarative semantics and
a procedural interpretation (a complete variant of resolution called SLDBresolution), and presents a translation from generalised logic programs to
Horn clause programs. Voronkov notices the potential for AND-parallel
execution in bounded universal quanti cations, and the potential for ORparallel execution in existential quanti cations. He also mentions previous
work in Russia.
Our approach is slightly di erent. We view bounded quanti cations as an
elegant way of expressing iteration and data-(AND-)parallelism. We present
Prolog extensions for certain bounded quanti cations, and describe WAM
based compilation schemes for quanti cations ranging over integers and lists.
We evaluate their implementations for sequential and parallel execution.
Kluzniak has (also independently) proposed SPILL [93], a speci cation language which includes certain bounded quanti cations with integer ranges.
Speci cations written in SPILL are executable by translating them to Prolog, according to a set of translation rules. However, the quanti cations are
translated essentially as by Lloyd & Topor (cf. below).
Some authors have studied the use of bounded quanti ers with sets, for
example in SETL [140] and log [55].
Barklund & Hill [21] have studied how to incorporate restricted quanti cations and arrays in Godel [81], while Apt [10] has studied how bounded
quanti cations and arrays could be used also in constraint based languages.
Lloyd & Topor [104] have studied transformation methods for running more
general quanti er expressions, although their method will ` ounder' for some
examples that can be run using our method (Lloyd, personal communication). Sato & Tamaki [137] have an interpreter that will run more general quanti er expressions although the method is currently not so ecient
(Sato, personal communication). In comparison, our approach is only applicable to range-restricted formulas, but is quite ecient for that case.
The methods by Meier [107] for compiling recursive programs to iterative
code are also relevant. For tail recursive programs it seems to us that
Meier gets code which is quite similar to ours for the corresponding bounded
quanti cation (except that we have de ned a small collection of new abstract
machine instructions while his code is a mix of WAM, C, etc.). Meier also
considers \backtracking" iteration, a subject we have not discussed here
(compilation of bounded existential quanti cations). It seems to us that
the instruction set we use would be appropriate as a base also for Meier's
methods.
f

g
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Array comprehensions in Haskell [5] can be used for expressing array operations, similar to our array extended bounded quanti cations.
The Common LISP language [154] (and some earlier LISP dialects), as well
as Standard ML [72], contain iteration, mapping and reduction constructs
that in some cases resemble ours.
The idea for using bounded quanti cation in logic programming was inspired
by Tennent's proposed use of them in ALGOL-like languages [158, 159], and
also by an exposition by Gries [63].
Hermenegildo and Carro [78] discuss how parallel execution of bounded
quanti cations relates to more traditional AND-parallel execution of logic
programs.
Arro and Barklund [11] have investigated how bounded quanti ers can be
executed on the Connection Machine, a SIMD multiprocessor that directly
supports data parallel computation.
Finally, we should mention that transforming recursive programs to iterative
programs is an activity that has been studied extensively in computing
science. This often involves tabulation techniques [26, 28, 62] and has also
been applied in logic programming [18, 183].

Garbage Collection of Prolog
Sequential Collection It has been observed in other languages that most
data tend to be short lived [54, 172]. This insight led to the invention of
generational garbage collection [7, 98] where young objects are garbage collected more often than old. Copying collectors [60, 112] and generational
copying collectors have been considered unsuitable for Prolog until recently.
Prolog implementations such as SICStus Prolog [35] use a mark-sweep algorithm [106] that rst marks the live data, then compacts the heap. We
take the implementation of Appleby et al. [9] as typical. It is based on
the Deutsch-Schorr-Waite [45, 139] algorithm for marking and on Morris'
algorithm [45, 117] for compacting.
Touati and Hama [163] developed a generational copying garbage collector
for Prolog. The heap is split into an old and a new generation. Their
algorithm uses copying when the new generation consists of the top most
heap segment, i.e., no choice point is present in the new generation, and
no troublesome primitives have been used (primitives that rely on a xed
heap ordering of variables). For the older generation they use a mark-sweep
algorithm. The technique is similar to that described by Barklund and
Millroth [24] and later by Older and Rummell [123].
Bekkers, Ridoux and Ungaro [25] describe an algorithm for copying garbage
collection of Prolog. They observe that it is possible to reclaim garbage
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collected data on backtracking if copying starts at the oldest choice point
(bottom-to-top). However, their method has several di erences to ours.






Their algorithm does not preserve the heap order, which means that
primitives such as @</2 will work incorrectly. They do not indicate
how this problem should be solved.
Their algorithm (the version that incorporates early reset) copies data
twice, while our algorithm visits data once and then copies the visited data. We think our approach leads to better locality of reference.
However, we have not found any published measurements of the eciency of the Bekkers-Ridoux-Ungaro algorithm.
Variable shunting [36, 97], i.e. collapsing variable-variable chains, is
used to avoid duplication of variables inside structures. However, this
technique may introduce variable chains in new places. We want to
avoid this situation.

Their algorithm does preserve the segment-structure of the heap (but not
the ordering within a segment). Hence, they can reclaim all memory by
backtracking. In contrast, our algorithm only supports partial reclamation
of memory by backtracking.
Appel [6, 7] describes a simple generational garbage collector for Standard
ML. The collector uses Cheney's [39] garbage collection algorithm, which
is the basis of our algorithm as well. However, Appel's collector relies on
assignments being infrequent. In Prolog, variable binding is assignment in
this sense. Our algorithm handles frequent assignments eciently.
Sahlin [132] has developed a method that makes the execution time of the
Appleby et al. [9] algorithm proportional to the size of the live data. The
main drawback of Sahlin's algorithm is that implementing the mark-sweep
algorithm becomes more dicult, not to mention guaranteeing that there
are no programming errors in its implementation. To our knowledge it has
never been implemented.
The collector described by Demoen et al. [52] maintains heap segments
across garbage collections, and even increases the amount of memory that
can be deallocated on backtracking. It was designed after our collector
and use our ideas for handling internal pointers. It is not clear how their
algorithm can be made generational.
Cohen [45], Appel [8], Jones and Lins [88], and Wilson [186] have written
comprehensive surveys on general-purpose garbage collection algorithms.
There is also a survey of collection schemes for sequential logic programming
languages by Bekkers, Ridoux and Ungaro [25].
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Parallel Collection Most parallel Prolog implementations do not include
a garbage collector. OR-parallel systems such as Muse [4] and Aurora [34,
105] use more or less sequential mark-sweep collectors [2, 56, 57]. The
Aurora collector [185] designed by Weemeeuw and Demoen is slightly more
complicated since Aurora uses the SRI-model [180] for OR-parallel execution
with its more complicated data structures.
The closest we get to a parallel collector for an AND-parallel Prolog is Crammond's [48] mark-sweep collector for Parlog. It is parallelised by pushing
all external references to each heap on a heap speci c import stack. Each
heap can then be collected using an almost sequential mark-sweep collector. The algorithm is not load balanced, and behaves reasonably only when
each worker allocates an equal amount of memory. Its execution time is
proportional to the size of the largest heap instead of the live data. The
space requirements are, at worst, as large as for a copying collector since
the import stacks may be as large as the live data.
Ali [3] describes a general copying collector for shared memory. It is a two
space collector (to- and from-space) where each subspace consists of a number of segments. Processing elements (PEs) allocate data in the segments
in from-space. Collection takes place when from-space lls up. During collection each PE copies its reachable data into to-space. Load balancing is
provided for the coping phase. Our parallel algorithm use ideas from Ali's
collector and adds support for handling internal pointers and improves on
the load balancing machinery.
Imai and Tick [84] describe a parallel stop-and-copy collector based on Cheney's [39] algorithm. It provides dynamic load balancing through a global
work stack. Object of equal size are allocated in the same memory block.
The later makes it unsuitable for Prolog.
Baker [15] describes a concurrent collection scheme divided into two processes, a mutator which creates data and a collector which performs garbage
collection. Execution of the two processes are interleaved.
Halstead [69] describe a parallelisation of Baker's algorithm. The heap is
statically divides into separate areas collected by distinct PEs. No support
for load balancing is provided. Herlihy and Moss [74] developed a concurrent
lock-free version of Halstead's algorithm.
Lieberman and Hewitt [98] describe a real-time generational collector in
which all pointers from older to newer generations pass through an indirection table. Our implementation instead uses the trail for pointing out
references from the old to the new generation.
Huelsbergen and Larus' [83] developed a concurrent copying garbage collector for shared memory with two processes; collector and mutator. Ellis,
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Li and Appel [58] propose a similar design with several mutators and one
collector. Rojemo [131] extended the collector by Ellis et al. for the v; G machine [13] (a parallel version of the G-machine [14]).
h
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