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Abstract

Lindgren, T. 1996: Compilation Techniques for Prolog, Uppsala Theses in Com-

puting Science 26. 36pp. Uppsala. ISSN 0283-359X, ISBN 91-506-1181-X.

Current Prolog compilers are largely limited to optimizing a single predicate at a
time. We propose two methods to express the global control of Prolog programs.
The �rst method transforms a Prolog program into a continuation-passing style,
where all operations have explicit success and failure continuations. The second
method directly constructs a control ow graph from the Prolog program. This
is done by �rst performing an analysis that determines the potential targets of
success or failure for every predicate, then by using this information to build the
control ow graph. We develop an optimization, factoring, that reduces the size
of the analysis solution substantially.

Uninitialized output variables are an important feature of all high-performance
implementations of logic programming language today. We show that a poly-
variant output variable analysis is more precise and robust than the previously
proposed monovariant analyses, while remaining fast and practical.

Garbage collection is a potential bottleneck in a high-performance Prolog imple-
mentation. We show that generational copying garbage collection can be adapted
to Prolog, and that such a collector is considerably faster than currently used
Prolog garbage collectors. A number of problems speci�c to Prolog and its imple-
mentation techniques are presented and solutions provided.

Finally, we propose Reform Prolog, a recursion-parallel dialect of Prolog. We show

that recursion-parallelism can be e�ciently exploited on today's shared memory

multiprocessors by means of a restricted execution model, a streamlined runtime

system and sophisticated compilation techniques. Our experiments indicate that

Reform Prolog runs programs with low parallelization overheads (compared to

standard sequential Prolog implementations), yet attains high speedups even on

large multiprocessors.
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Chapter 1

Summary

In this chapter, we briey introduce the logic programming language Pro-
log, the compilation of Prolog and parallel execution of Prolog programs.
We then summarize the rest of the chapters of this thesis, present the
related work in the �eld, and summarize our contributions.

1.1 INTRODUCTION

Prolog

Prolog is a programming language based on a subset of predicate logic where
programs consist of Horn clauses. Robinson [92] showed that resolution
could be used to e�ciently prove theorems for such theories; Colmerauer [30]
and Kowalski [67] subsequently noted that such clauses could be viewed as
programs in addition to logical theories.

For example, consider a predicate specifying list concatenation such that
the third argument is the concatenation of the �rst two arguments. We can
write this as two Horn clauses, as shown below.

concatenate([],Ys,Ys).

concatenate([X|Xs],Ys,[X|Zs]) :- concatenate(Xs,Ys,Zs).

Concatenate/3 is a simple inductive de�nition. If the �rst argument is the
empty list, then the concatenation of the �rst two arguments is simply the
second argument. If the �rst argument is a list [X j Xs], with head X
and tail Xs, and the second argument is Ys, then the third argument is
the concatenation if Zs is the concatenation of Xs and Ys, and the third
argument is [X j Zs].

Consider the query:

?- concatenate([1,2,3],[4,5],A).
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It is easy to prove that A = [1,2,3,4,5] is a solution.

However, logic programming di�ers from functional programming in that
predicates can be used in several modes. Consider the following query.

?- concatenate(A,B,[1,2]).

This query has several solutions. The Prolog system will attempt to �nd
one of them, and then produce more solutions on demand. Prolog employs
an incomplete search and control strategy, which may fail to terminate even
if solutions can be found in �nite time. The use of such a strategy separates
Prolog from pure theorem proving.

Many good books on the basics of Prolog and logic programming have been
published, such as Sterling and Shapiro's textbook [114] on Prolog program-
ming, or Lloyd's text on logic programming theory [74]. The novice reader
is directed to those publications; we will in the rest of this thesis assume
a working knowledge of the concepts and programming methods of Prolog
and logic programming, such as resolution, uni�cation, backtracking, cut,
clause indexing, higher order predicates, and so on.

Compilation of sequential Prolog

A Prolog compiler maps resolution and uni�cation into executable code.
Since the distance between the two is considerable, the �rst implementa-
tions were interpreters. However, Warren [131] developed a compiled im-
plementation of Prolog in the late 1970's. In 1983, he proposed his `new
engine', or Warren's abstract machine (WAM), as it became known [132].

The WAM inspired considerable research in Prolog implementation. The
main goals of WAM were to optimize control by clause indexing and envi-
ronment trimming, and to compile uni�cations into e�cient low-level code.
A previous design [131] also provided some of these concepts in a di�erent
setting. Several commercial and academic designs have been built on the
WAM, including Quintus Prolog, SICStus Prolog and Eclipse.

Warren's design has been the starting point of two major directions of re-
search. The �rst of these is to improve on Warren's engine by local opti-
mizations which target each clause or predicate in isolation [19]. An ex-
ample of this is when clauses fail early. In this case, backtracking can be
optimized [20, 78]. A second example is that uni�cations can be compiled
into very e�cient code [124, 76, 77]. As a third example, clause indexing
can be improved by sophisticated source-to-source transformation or code
generation [34, 22].

The drawback of local techniques is that they cannot take advantage of the
calling context. For example, it may be the case that a predicate is always
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called in a single mode. Taking advantage of this information can signi�-
cantly improve clause indexing and the compilation of primitive operations,
by reducing both code size and execution time.

The second approach is to perform a global dataow analysis of the pro-
gram, and then annotate each predicate and/or goal with the facts holding
when the predicate (goal) is reached. Among the dataow facts detected
by current compilers are the following.

� The mode of a variable.

� The possible bindings of a variable.

� Whether a variable needs to be dereferenced or trailed.

� Whether variables are aliased.

The analysis information can be used to improve clause indexing (e.g., by
deleting type tests that are statically determined) or by improving uni�-
cations (e.g., if the involved variables are bound or free, or may be bound
e�ciently) [127, 118]. Compilation based on global analysis yields good or
excellent speedups over systems lacking analysis [128, 119]. See also Van
Roy's excellent survey of the implementation work for Prolog and logic pro-
gramming [129].

Compilation of parallel Prolog

As multiprocessor computers become increasingly common, another means
of reducing execution times presents itself: distributing the computation on
several processors and running them in parallel.

Exploiting parallelism in Prolog is conceptually easy enough: perform mul-
tiple resolution steps in parallel. If a goal is resolved with several clauses
at once, we say that the system extracts or-parallelism. If several goals
are resolved simultaneously, the system extracts and-parallelism. When the
resolved goals share free variables, the parallelism is classi�ed as dependent
and-parallelism. When goals do not share free variables, the parallelism is
said to be independent and-parallelism.

Or-parallel systems have been successfully built for some years [2, 75] and
have been applied to search problems. In recent years, or-parallel constraint
solving has emerged as a potential application area [24, 122].

For and-parallel systems, the main problem is the management of parallel
backtracking. An and-parallel system must handle process failure, which
may require notifying consumers of the bindings the failing process has
produced, as well as telling some other process to perform backtracking.
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A secondary problem is to ensure that sequential and parallel execution
produce identical answers (i.e., yield the same solutions and side-e�ects in
the same order).

There are several solutions to these problems. The �rst, and perhaps
simplest, is to de�ne a new language, possibly better suited to concur-
rent execution. This approach was taken for languages such as Concur-
rent Prolog [103], Parlog [27] and GHC [125], and was termed stream and-
parallelism: processes are goals, and communicate by means of shared vari-
ables that implement, e.g., streams of messages. Tick [121] gives a good
overview of the state of the art in this �eld. An example of a recent imple-
mentation of such a language is the Monaco compiler [120].

A second approach, compatible with Prolog, is to extract independent and-
parallelism [40, 56]. A failed process needs in this case only notify its
siblings of the failure, which is substantially simpler than full dependence
checking. A number of systems have been built to exploit independent and-
parallelism [57, 52]. Subsequently, the notion of independence has been
re�ned so that processes may share variables but still are independent as
long as they do not a�ect each other's control [58].

The third approach (again used with Prolog) is to only bind variables
when the binding process is deterministic. No dependence checking is then
needed, because the producer of the binding cannot backtrack to produce
another binding [135, 133, 84]. This is also called determinism-driven and-
parallelism, and has been the basis of a number of research systems.

A fourth approach is to record the dependences between processes dynam-
ically, so that backtracking can be done properly. This approach is taken
by Conery and Kibler [31], and subsequently by Shen [104, 105, 106]. De-
pendence recording and dependence checking delegated entirely to runtime
is too ine�cient. However, Shen [104] has shown that by carefully selecting
the dependences to record at compile-time, and otherwise run only inde-
pendent goals in parallel, one can construct a system competitive with less
general dependent and-parallel systems such as Andorra-I [136].

A �fth, and fairly recent, approach is to exploit data-parallelism, where a
single program operates simultaneously on a (preferrably large) collection
of data. The single-program, multiple-data (SPMD) paradigm, where each
process is a parallel loop iteration, exploits data-parallelism and is arguably
the most popular programming model for conventional multiprocessors. In
logic programming, data-parallelism has been used in the contexts of or-
parallelism [109, 122] and and-parallelism [8, 81, 9, 130].

The sixth and �nal approach combines the previous methods. A program
may lack parallelism of a given form, which will yield poor performance
on systems that extract only that form of parallelism. Some researchers
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have set the goal to extract maximal parallelism from Prolog programs, by
simultaneously exploiting multiple forms of parallelism [49, 52, 51, 50, 96].

1.2 SUMMARY

This section summarizes the papers in this thesis and discusses the scienti�c
contributions, and my personal contributions.

In Prolog programs, the clause and goal selection rules are implicit. Paper A
shows how to translate Prolog into a form where control is explicit, which
simpli�es the underlying implementation. Paper B shows how to derive a
control ow graph from a Prolog program. Debray [36] has shown that
the control ow graph is a useful tool for an optimizing compiler. Paper C
proposes a robust static analysis to detect uninitialized arguments to pred-
icates; this information can be used for important compiler optimizations.
Paper D shows how to adapt generational copying garbage collection to Pro-
log, and demonstrates that this has advantages over previous mark-sweep
algorithms. Papers E, F and G develop the design and implementation
issues of Reform Prolog, a data-parallel dialect of Prolog.

Continuation-passing style for Prolog

A fundamental problem in executing Prolog is how to e�ciently map Pro-
log's control (including recursion and backtracking) onto conventional hard-
ware.

The traditional solution to this problem is to translate the Prolog code into
abstract machine instructions that manage the control structures of Prolog,
typically using a variant of WAM. The disadvantage with this approach is
that the WAM is quite complex [132, 1] and thus di�cult to implement,
optimize and reason about.

While most Prolog implementations use a Prolog-to-WAM compiler, an al-
ternative approach, binarization, has been proposed by Tarau [115, 116, 117]
and Demoen and Mari�en [42, 41]. The idea is to manage control by trans-
forming general Prolog programs into a subset of Prolog that can be im-
plemented more easily. When binarization is applied globally (i.e., for the
entire program), the result is that every clause has a single goal. This re-
moves the need for a goal selection rule in the process of resolving a clause.
The advantage is that the underlying abstract machine is considerably sim-
pler than WAM while being competitive in performance [116].

Binarization does not compile the clause selection (search) rule, however,
but relies on WAM's scheme for backtracking. Paper A shows how to express
failure control on the source level, just as binarization expresses success
control. The idea is to rewrite the program so that every predicate consists
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of a single, binary clause. Resolution of such a clause is trivial: replace the
head of the clause with the body. All static control decisions of the program
have thus been compiled away.

We develop a translation of Prolog into binary continuation style (BCS):
each predicate takes two extra arguments, being the success and failure
continuations of the predicate. First rewrite all predicates into indexed
single-clausal form, where each predicate collapses its clauses into a single
clause with explicit indexing operations (using, e.g., if-then-else and dis-
junctions). Each new predicate is then rewritten into a collection of BCS
predicates and a number of metacall clauses that handle failure and success
control when predicates return.

The generated programs have the following properties.

� Primitive operations P have explicit success and failure continuations.

� Nondeterministic choices are coded by (a) saving the current state, (b)
building a continuation that restores the saved state, and (c) passing
this as a failure continuation.

� All user-de�ned `entry point' predicates are de�ned by a single, binary
clause. They take two extra arguments: a success continuation and
a failure continuation. These extra arguments can be viewed as `la-
bels with arguments' in the sense of the original continuation-passing
style [113].

� The metacall clauses can be viewed as implementing two jump tables,
or as code pointers on the implementation level.

The paper concludes with a brief discussion on some possible optimizations.
First, the representation of environments and choicepoints is explicit, and
thus open to compiler optimization. For example, a compiler may arrange
so that environments share data, or so that environments and choicepoints
share data. Second, the compiler can share code between predicates, in
a spectrum of options ranging from WAM to binarization. Third, since
state save/restore operations are explicit, the compiler can eliminate them
or move them around.

Scienti�c contributions The paper extends binarization to encompass fail-
ure control. The new intermediate format, binary continuation style, can
be used by an optimizing compiler.
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Control ow analysis

Paper B discusses how to construct a control ow graph (CFG) for a Pro-
log program. The di�culty lies in properly accounting for tail recursion,
backtracking and cuts.

The main problem is to determine where control passes when a predicate
succeeds or fails. The solution chosen in the paper is to form a collection
of set constraints. The analyzer �rst annotates the program with labels,
indicating targets of success or failure. It then walks all the predicates of
the program and formulates local constraints, e.g., on the form \if predicate
p fails, it may backtrack into predicate q".

We solve these constraints by transforming them into a directed graph
and reducing the graph with Tarjan's strongly connected components al-
gorithm [100] into a directed acyclic graph. The reduced graph is then
traversed to �nd the labels reachable by each node.

Given the control ow solution, we show how to construct a control ow
graph (CFG) for the program. Our measurements indicate that success con-
trol is unproblematic, while failure control is less straightforward. However,
in some smaller benchmarks, all backtracking could be statically resolved
as jumps.

The size of the control ow solution (a set of labels per variable) may be
impractical for large, nondeterministic programs. We show that the reduced
graph has considerable structure which can be exploited to share the solu-
tion between variables, which we call factoring. For 11 out of 26 benchmark
programs, the factored solution is half the size of the original solution. For a
further seven programs, the original solution is 50% larger than the factored
solution.

Scienti�c contributions The paper is the �rst to show how to construct a
global control ow graph (encompassing the entire program) from a Prolog
program, using a simple and e�cient algorithm based on set constraints. It
also shows how to reduce the size of the control ow solution by factoring
the solution and sharing it between predicates.

Measurements on a set of standard benchmarks indicate that success control
is typically simple, while failure control is more complex and sometimes very
complex.

Polyvariant detection of uninitialized arguments

In practice, many Prolog predicates have arguments that are always un-
bound and unaliased. These uninitialized variables serve as output argu-
ments, locations where the predicate returns information. This is good
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news for a Prolog compiler. An uninitialized variable need not be trailed or
dereferenced when it is bound, nor need we initialize its memory location
beforehand. Optimizing uninitialized variables can lead to considerable exe-
cution time savings, and is used by all high-performance logic programming
implementations today [128, 118, 110, 48].

While some systems require the user to declare output arguments, Prolog
compilers traditionally derive such information by global analysis. A sim-
ple and e�ective approach is taken by Van Roy [128] and Getzinger [46].
However, their analysis has the drawback of being monovariant : all calls to
a predicate in the entire program are used to summarize which arguments
are uninitialized. The drawback is that a seldom-visited call site may be
summarized with a frequently-visited call site and ruin valuable informa-
tion at that site, which leads to less aggressive optimization. In essence, the
monovariant analysis is brittle.

Paper C proposes the use of a polyvariant algorithm instead: multiple ver-
sions of a predicate may be generated, depending on the available infor-
mation. The approach taken in the paper is to generate a new predicate
version for every combination of initialized/uninitialized arguments.

Some questions are raised by this approach. First, the polyvariant algorithm
may generate a number of predicate versions exponential in the number of
arguments. Is the analysis practical? The paper shows that over a large
number of benchmarks, ranging from tens to several thousands of lines of
code, the number of versions per predicate is moderate: the number of
predicates increases by approximately 20% over the original when program
entrypoints are declared.

Second, does the polyvariant analysis yield better results than the mono-
variant analysis? Our measurements show that for �fteen programs, the
monovariant and polyvariant algorithms yield the same results, while for
sixteen programs, 2-26% of the predicate arguments are conditionally unini-
tialized (i.e., uninitialized at some but not all call sites). In three programs,
two of which are 2000 lines of code or more, the monovariant analysis does
not �nd any uninitialized arguments, while the polyvariant algorithm still
detects 17-26% uninitialized arguments. The monovariant algorithm natu-
rally enough never provided more precision than the polyvariant algorithm.
Generally, the gap between the monovariant and polyvariant algorithm in-
creased when we looked at only the large programs.

Finally, can the analysis be completed in reasonable time? In general, the
polyvariant algorithm required less than a second to run on a 55-MHz work-
station with SICStus native code. Even the largest program required only
4.5 seconds. Hence, such an analysis does not appear to be a bottleneck in
a compiler.
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Scienti�c contributions The paper shows that a polyvariant algorithm for
uninitialized arguments is fast, practical (does not result in code explosion),
and robust (always as precise as a monovariant algorithm and retains pre-
cision even in di�cult cases).

Generational garbage collection

Paper D consider the problem of garbage collection for Prolog. In particular,
the paper shows that copying and generational copying garbage collection
can be implemented straightforwardly and e�ciently on standard hardware.

The basic idea of the paper is to adapt an e�cient collector, such as Cheney's
algorithm [23]. The paper solves a number of problems that appear when
adapting generational copying collection to Prolog.

Interior pointers are common in Prolog. An interior pointer is one that
points directly to a �eld in a structure, without referring to the head of the
structure. This implies that only parts of a structure may be live when a
collection occurs, but also that there is no way to tell directly whether a
pointer is interior or not.

We say that the live data at a given point is the data reachable by traversal
starting from a set of root registers. A copying collector migrates the live
data from an old area, called from-space, into a new area, called to-space.

Ideally, the algorithm should only migrate live data into to-space. If a
structure has live sub�elds but is itself dead, then only the live sub�elds
should be migrated. On the other hand, if the entire structure is live, then
the entire structure must be copied as a unit. This is a conundrum for a
straightforward copying algorithm, since it may encounter pointers to the
sub�elds before discovering any pointers to the structure itself. Simply
copying the sub�eld makes subsequent copying of the entire structure very
di�cult: the already copied �elds must somehow be moved back inside the
structure and pointers to the �elds must be adjusted.

Paper D solves the problem of interior pointers by using a mark-copy al-
gorithm. First, the live data in from-space are marked by traversing the
data reachable from a set of roots. Then, the marked data are copied into
to-space.

The next problem with copying collection is that the ordering of heap data
is not retained after a collection. Consider the Prolog heap as a stack of seg-
ments delimited by choicepoints. On backtracking, a Prolog implementation
can reclaim the topmost segment, since all data therein belong to a failed
branch of the proof tree. This has led to the general use of mark-sweep
algorithms that carefully preserve the segments. However, Cheney-style
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copying [23] does not preserve the segment ordering of data. Instead, it
traverses the live data in breadth-�rst order.

There are three problems with not preserving the ordering of data on the
heap. First, memory can not always be reclaimed on backtracking. Second,
Prolog implementations record conditional bindings on a trail stack, and can
avoid recording a binding (\trailing the binding") in reasonably common
situations. However, for our algorithm, bindings in the copied area must
always be trailed (rather than occasionally). Third, variables may have
been compared by special Prolog primitives, e.g., @</2. This is generally
implemented by address comparison, and requires the relative ordering of
variables to be maintained.

The proposed 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. Measurements show that
the copying algorithm in practice recovers as much memory on backtracking
as a conventional (\perfect") mark-sweep algorithm on a range of realistic
benchmarks. Furthermore, the extra amount of trailing is shown to be
negligible in practice: never more than one-quarter of a percent of the total
number of trailings.

The proposed solution to the problem of retaining the order of compared
variables is to migrate unbound variables to a dedicated stack at the time
of comparison. That stack is then collected using a mark-sweep algorithm
to retain the ordering between variables, while copying is used for the rest
of the heap.

Finally, the paper shows how to extend the copying algorithm to genera-
tional collection. Generational garbage collection [71, 3] relies on the ob-
servation that newly created objects tend to be short-lived. Thus, garbage
collection should concentrate on recently created data. The heap is split
into two or more generations, and the most recent generation is collected
most frequently. When the youngest generation �lls up, a collection span-
ning more generations is done, and the survivors move to the oldest of these
generations. The main di�culty is to record pointers from older to newer
generations, which is needed to identify all live data. This is also called a
write-barrier, since writing the old generation requires some checking and
possibly recording the written pointer.

The crucial insight is that pointers from the old generation to the new
generation (in a two-generation system) can be found by scanning the trail
stack. By changing the trailing mechanism so that all bindings in the old
generation are trailed, we get a write-barrier almost for free. The only
extra cost is some unnecessary trailings in some situations. This cost is
again negligible for the measured benchmarks.
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Scienti�c contributions The paper shows how conventional garbage collec-
tion techniques can be adapted to Prolog by solving a number of problems
speci�c to Prolog: interior pointers, heap ordering of data and write-barriers
for generational garbage collection.

Measurements indicate that a number of potential problems with mark-copy
and generational mark-copy are unproblematic in practice, that mark-copy
beats mark-sweep, and that generational mark-copy beats mark-copy.

Author's contributions The construction of the garbage collection algo-
rithms and experimental evaluation in the paper were done in close col-
laboration with Johan Bevemyr. Bevemyr wrote the actual collector code,
collected the benchmarking data and integrated the three collectors with
Reform Prolog.

Reform Prolog

Papers E and F introduced Reform Prolog, a language built on Millroth's
principle of recursion parallelism [79]. Paper G evaluates compiler optimiza-
tions that reduce the number of synchronizations and locking operations
needed during parallel execution.

Consider the list recursive predicate p.

p([]; : : :)  �
p([X jXs]; : : :)  � ^ p(Xs; : : :) ^	

Millroth [79, 81] showed that such predicates could be compiled into e�cient
loop code, using Reform compilation.

1. Compute the length of the input list as n and build the n instances of
� and 	.

2. For i ranging from 1 to n, execute �i.

3. Execute the remaining recursive call to p.

4. For i ranging from n to 1, execute 	i.

Millroth also showed that nonlinear recursion could be compiled into loop
code [80]; this is beyond the scope of our work.

The Reform Prolog project was started in September 1990 to study the par-
allelization of Prolog programs by means of Reform compilation. Originally,
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the project members were H�akan Millroth, Margus Veanes and the author.
Johan Bevemyr joined the group in late 1990. It was decided that depen-
dent and-parallelism, where goals communicate by shared logic variables,
was the most interesting venue.

An early prototype design, reminiscent of Shen's DDAS [104] in that it han-
dled `roll-backs' between processes (i.e., resetting the readers of a variable
binding if the producer of the variable binding failed and removed the bind-
ing), ran on a distributed memory machine at Edinburgh's Parallel Com-
puting Centre in September 1991. Our experiences with this system were
mainly negative: tracking dependences between processes was quite expen-
sive, and the combination of distributed memory (with explicit process com-
munication) and pointer datastructures required considerable marshalling
and unmarshalling when communication occurred. In 1992, Bevemyr and
the author formulated a second design with the intent to optimize or remove,
rather than tolerate, the di�cult features of implementing a parallel Prolog
system. Shen [106] had shown that automatic parallelization of sequential
logic programs did not yield the huge speedups required to e�ciently use
massively parallel machines; thus, we instead put the responsibility of ex-
tracting parallelism on the programmer, and de�ned a simple language and
execution model that could be implemented very e�ciently.

Rather than trying to extract maximal parallelism from an arbitrary Prolog
program, Reform Prolog parallelized a restricted and well-de�ned class of
programs. Rather than accepting backtracking between processes, Reform
Prolog enforced binding determinism and process determinism by a mix-
ture of compile time and runtime means. Rather than using a sophisticated
runtime system to control the parallel computation and exploit local op-
portunities for parallel execution, Reform Prolog only extracted parallelism
from user-declared recursion-parallel predicates. Finally, rather than aiming
for large speedups relative to a parallel system running on one processor,
the Reform Prolog system was designed for high absolute speedups, with
respect to a sequential system. This was done by extending a sequential
WAM and con�ning overheads due to parallelism to process interactions
(locking and suspension). It would then be straightforward to use avail-
able sequential compiler technology on the sequential portions of the code,
should there be a need. Some encouraging initial experiments with the new
system were run and reported at a JICSLP'92 workshop.

Execution model The Reform Prolog execution model gives programmers
a model for parallel execution and parallel performance. It furthermore
speci�es how time-dependent operations, such as var/1 or indexing, are
managed.
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1. Binding a variable X that may be tested by time-dependent operations
can only be done when the binding goal is leftmost in the resolvent.
Testing the value of X must delay until X is bound or the loop iteration
is leftmost.

2. Bindings to variables shared between loop iterations may never be
conditional [84].

3. When a loop iteration is �nished, it is always deterministic.

4. A (parallel) loop iteration can not start a parallel loop.

Further details, e.g., on handling predicates with side-e�ects, can be found
in Refs. [13, 72].

By making the �rst restriction, we ensure that parallel and sequential exe-
cution yield the same answer. By making the second and third restrictions,
we can guarantee that no costly `rollback-on-failure' operations need to be
supported. (See for instance Shen's DDAS for a design where such rollbacks
are supported [104, 106].) The fourth restriction means the runtime system
can be kept simple and e�cient. All processors share a single parallel loop,
which makes scheduling and leftmostness checking straightforward.

Compiler optimizations Reform Prolog puts the responsibility of keeping
track of time-dependent and shared variables on the compiler. The Re-
form Prolog compiler must emit explicit locking operations when shared
or time-dependent variables are bound, and preserves sequential semantics
by emitting suspension instructions when time-dependent variables may be
bound. This means the compiler can also avoid such instructions when it
can determine that they are not needed. In fact, the compiler emits ordinary
WAM code when the involved data are known to be local to the process.

In order to conservatively approximate which variables are shared or time-
dependent, the compiler employs a static analysis. The static analysis de-
termines modes, aliasing and linearity of variables. For parallel code, the
analyzer also tracks whether variables may be robust or fragile: by tagging
variables shared between loop iterations as robust when the loop is begun,
and by tagging robust variables as fragile when they are tested. Finally,
the analyzer also keeps track of whether loop iterations are deterministic or
not, at every goal and at the end of an iteration.

Code generation using this information is described in greater detail in
the author's licentiate thesis [72]. Briey, the compiler uses knowledge of
locality, modes and determinism to optimize operations. Many primitive
operations permit synchronization and locking operations to be omitted
when data are known to be instantiated or local.
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Experimental results For a 24-processor Sequent Symmetry, we found par-
allelization overheads on the order of 2-12% as compared to a sequential
Prolog system. Competing systems such as Andorra-I and NUA-Prolog
show parallelization overheads of 35-40% and 50%, respectively (for 10 and
11 processors, respectively). For a 48-processor KSR-1, we found paral-
lelization overheads of 0-17%, with larger benchmarks on the order of 2-6%
.

Finally, two compiler optimizations were evaluated: removing suspensions
and removing locking instructions. We found that optimizing suspensions
was vital to the complex benchmarks, since they otherwise have to sus-
pend almost immediately (although an interesting exception to this rule
was found). Optimizing lockings was less successful. Even though the com-
piler reduced the number of executed lockings to 52% of the unoptimized
number, there was no change in execution times. We attribute this to the
infrequency of locking operations, and to the execution model of Reform
Prolog.

Scienti�c contributions Papers E, F and G contribute a number of in-
sights to the design and implementation of and-parallel logic programming
systems.

� Data-parallelism is a rich source of parallel work even for logic pro-
grams, and recursion-parallelism is an appropriate tool to exploit such
work.

� Reform Prolog con�rms Naish's insight that binding determinism [84]
is a crucial implementation concept for dependent and-parallel sys-
tems.

� Static analysis can accurately separate shared data from local data,
which reduces the need for locking instructions (e.g., reduce the dy-
namic number of lockings to 52% of the unoptimized total).

� Static analysis can accurately identify the data accesses that sequen-
tialize the parallel workers, and the compiler can avoid unnecessary
sequentialization using this information.

Reform Prolog showed that a simple data-parallel Prolog implementation
could attain signi�cantly greater speedup and e�ciency than previous com-
parable parallel logic programming systems.

Author's contributions Reform Prolog's execution model was designed in
close collaboration with Johan Bevemyr and H�akan Millroth. The Reform
Prolog compiler was written by me, while the execution engine was written
by Bevemyr. The compiler optimizations were designed in collaboration
with with Johan Bevemyr and implemented by me.
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Reections and later work Our results inspired a number of subsequent
papers [59, 90, 89] which incorporate some of the Reform Prolog techniques
into control-parallel systems, in particular the `fast unfolding' of Reform
compilation. Examples of such systems are &-Prolog [57] and ACE [52].
Results have generally been encouraging.

Recently, Bevemyr [14] and the author [73] have proposed methods to extend
the `at' Reform Prolog system into e�ciently executing arbitrarily nested
recursion-parallel loops.

1.3 RELATED WORK

Paper A

There has been considerable interest in transformations of Prolog into Scheme
and partial continuation passing styles and the relation of Prolog to interme-
diate representations, such as Warren's abstract machine [132]. We review
earlier research in this section.

Warren's abstract machine It is interesting to compare our intermediate
format with Warren's abstract machine, WAM [132].

� Our notation extends the scope of compilation (the `chunks' or `basic
blocks') by considering actions taken on failure.

� Indexing can be expressed as a source-to-source transformation and
also extended to utilize other mutually exclusive tests to restrict the
number of candidate clauses.

� We can trade code size against possible unnecessary data allocation by
intelligent generation of continuation clauses. Our formulation admits
both the approach used in WAM, that of simple binarization, as well
as a spectrum of trade o�s in between.

� Continuation representation is explicit, thus allowing trimming of
choice points as well as environments. Our notation represents choice-
points and environments as terms, which means a compiler can change
the parameter passing conventions to suit particular situations, alter
the representation of choicepoints and enviroments, and so on. In the
WAM, choicepoints and environments have a �xed structure which is
inaccessible to the compiler.

� Internal registers are saved separately from argument registers, which
implements shallow backtracking by default rather than as a special
optimization. We can also admit shallow backtracking in several levels
by nested saving of internal registers.
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On a more fundamental level, the WAM hides much of the control ow of
the computation from the compiler writer. This simpli�es compilation but
excludes some optimizations. Our representation directly admits a transla-
tion into control ow graphs, since control ow is explicit.

Translations in Prolog Binarization, as proposed by Tarau [115] and De-
moen and Mari�en [42, 41] ignores the failure continuation that relates the
di�erent clauses of a predicate. The e�ects of this is that cuts are handled
ad hoc, that control constructs other than conjunction must be handled
by rewriting the program so that only conjunctions remain, and that an
implicit control stack remains (the stack of choicepoints). Our binary con-
tinuation style avoids these problems and also allows us to directly describe
indexing as a source-to-source transformation, which binarization delegates
to the abstract machine.

Nilsson [87] shows how to derive the WAM choicepoint instructions by par-
tial evaluation of a meta interpreter. Our work is distinct from the control
aspects of the WAM and adds translations of other control constructs such
as cut.

Brisset and Ridoux [17] propose a CPS for �Prolog. As that language has
�-abstractions, their translation is similar to Scheme or Lisp translations
discussed below, but does not explicitly manage substitutions. We have
found that explicit operations that save and restore state can be useful, since
they then can be moved and removed by program transformations. Since
they generate higher-order terms in their translation, a subsequent pass of
closure conversion [4] converts the term to a �rst-order representation. Our
algorithm, in contrast, directly generates �rst-order terms as continuations.

Neumerkel [86, 85] has proposed Continuation Prolog, which allows com-
pilers to manipulate continuations and remove some auxilliary output vari-
ables. The new program is then translated to binary or standard Prolog.
The transformation is manual in nature, but could possibly be automated.

Optimization of Prolog using control ow graphs Debray [36] proposes sev-
eral optimizations based on Prolog predicates translated into control ow
graphs with success and failure edges. These edges do not correspond to
the actual control of the program; for instance, if B1 continues with B2 on
success, and B2 on failure jumps to B3, a success edge is added from B1

to B3 even though B1 will never directly jump to B3. This framework is
then used to formulate several optimizations, such as moving tag tests and
dereferencing operations out of loops. We believe that, mutatis mutandis,
these optimizations could be carried out on our BCS programs as well.

Translations into Scheme and Lisp Several translations of Prolog into Lisp
have been proposed. We take the work of Kahn and Carlsson as representa-
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tive of this approach. Kahn and Carlsson [64, 18] propose the use of upward
failure or downward success continuations. The former relies on using lazy
streams to produce solutions, while the latter performs a procedure return
on failure. We note that both methods to some extent bury the symmetry
of success and failure continuations, and that neither method eliminates all
control stacks. Kahn and Carlsson [65] then employ partial evaluation to
produce quite good Lisp code for naive reverse with modes.

Research at Indiana University showed that Horn clauses could be trans-
lated into Scheme by fairly straightforward means [45, 66] and that some
care was needed to extend Prolog with continuations [55]. In particular, a
generalized trail was required to suspend and resume a proof tree branch.
Such operations are beyond the scope of this paper; all our failure continu-
ations obey a stack-like discipline.

Paper B

Debray [36] and Sehr [101, 102] use control ow graphs to optimize sequen-
tial programs and extract parallelism, respectively. Both authors considered
only intraprocedural control ow. In our formulation, procedure calls dis-
appear in an interprocedural sea of assignments, continuation creation and
primitive operations.

Debray and Proebsting [39] have recently shown that control ow analyses
can be transformed into parsing problems, and use LR(0) and LR(1)-items
to perform the analysis. They consider languages with tail recursion, but
lacking backtracking.

Shivers [107] and Jones, Gomard and Sestoft [63] proposed control ow
analysis for the purpose of recovering the control ow graph of higher-order
functional programs. We have studied control ow analysis for a language
with less general and somewhat di�erent control structures, and have shown
that the solution can be found quickly and represented compactly.

Paper C

Beer [11] was the �rst to exploit uninitialized variables. This was done by a
runtime approach, where registers and heap cells were tagged as uninitial-
ized when created and modi�ed during execution when uni�cations and sim-
ilar operations occurred. He found that a large portion of the dynamically
occurring variables actually were uninitialized. On a set of benchmarks, he
found that dereferencing and trailing could be substantially reduced.

Van Roy [127] de�ned a static analysis that (among other things) derived
uninitialized arguments. Our monovariant transformation in essence mimics
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the `uninitializedness' subset of Van Roy's analyzer and achieves approxi-
mately the same precision [128]. Our work thus shows that this part of
Van Roy's analysis can be factored out of the rest of his analysis without
losing precision, and that polyvariance further improves the results while
avoiding code explosion. Van Roy also developed an algorithm that could
return approximately 1/3 of the outputs in registers.

Getzinger improved on Van Roy's analysis and explored some alternatives,
but remained within the monovariant framework [46, 47].

Taylor [118] subsequently incorporated uninitialized variables into his Parma
compiler, and reported substantial performance gains. No indication of the
number of uninitialized arguments derived was given.

The recently developed strongly-typed, strongly-moded logic programming
language Mercury [110] restricts programs so that outputs are always unini-
tialized. A recent release performs a mode analysis similar to the one pro-
posed in Paper C.

Bigot, Gudeman and Debray [15] have developed an alternative to Van
Roy's algorithm, which they use to decide which output arguments should
be returned in registers, and which should be returned in memory. It may
be interesting to consider this for our benchmark set, and to possibly use
multiple versions of a predicate for di�erent call sites. The Bigot-Gudeman-
Debray algorithm uses a single version per predicate.

Gudeman, De Bosschere, Debray and Kannan [16] have de�ned call for-
warding as a way to hoist type tests out of loops or in general to elide type
tests when the call site can statically decide tests in the callee. As shown in
the nreverse example, our polyvariant transformation occasionally generates
crude `call forwarding' by breaking out calls with uninitialized arguments.
This suggests that we could possibly share code between predicate versions.
Van Roy's compiler [127] merges multiple calls that have produced the same
intermediate code, which can be seen as the reverse of call forwarding.

We are only aware of two implementations of multiple specialization for
Prolog programs: Sahlin's partial evaluator Mixtus [95] can generate multi-
ple versions of a predicate, and Puebla and Hermenegildo [91] have recently
used multiple specialization to improve the parallelization of &-Prolog.

We �nally note that the proposed transformation can be seen as an ab-
stract interpretation [33] followed by a program transformation based on
the derived results.

Paper D

Prolog implementations such as SICStus Prolog use a mark-sweep algo-
rithm that �rst marks the live data, then compacts the heap. We take the
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implementation of Appleby et al. [5] as typical. This algorithm works in
four steps and is based on the Deutsch-Schorr-Waite [99, 29] algorithm for
marking and on Morris' algorithm [82, 29] for compaction (a more exten-
sive summary is given in Paper D). Our copying collector uses a similar
mark-phase, but copies data rather than compacting them.

Touati and Hama [123] developed a generational copying garbage collector.
The heap is split into an old and a new generation. Their algorithm uses
copying when the new generation consists of the topmost 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 [10] and
later by Older and Rummell [88].

We show in Paper D how a simpler copying collector can be implemented,
how the troublesome primitives can be accomodated better and how genera-
tional collection can be done in a simple and intuitive way. However, where
Touati and Hama still wish to retain properties such as memory recovery on
backtracking, we take a more radical approach: ease of garbage collection
is more important than recovering memory on backtracking.

Bekkers, Ridoux and Ungaro [12] observe that it is possible to reclaim
garbage collected data on backtracking if copying collection starts at the
oldest choice point (bottom-to-top). Their method has several di�erences
to ours.

� Their algorithm does not preserve the heap order, which means prim-
itives 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 vis-
ited data. We think our approach leads to better locality of reference.
However, we have not found any published measurements of the e�-
ciency of the Bekkers-Ridoux-Ungaro algorithm.

� Variable shunting [70, 94] is used to avoid duplication of variables
inside structures. This may introduce new variable chains, as shown
in Paper D. 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. Our measurements indicate that this is su�-
cient: the copying algorithms we describe do not reclaim appreciably less
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memory on backtracking than the standard mark-sweep algorithm on the
measured benchmarks.

Subsequently, Demoen, Engels and Tarau [43] proposed and implemented
an extension of the Bekkers-Ridoux-Ungaro bottom-up copying algorithm,
combined with our mark-copy algorithm. They note that instant reclaiming
of segments can be improved by moving data between segments. If some
datum resides in segment i but is reachable only from a younger segment
i+n, it can be migrated to segment i+n and potentially be reclaimed earlier
than would otherwise be possible. This relies on trimming choicepoints to
delete dead �elds. Furthermore, they show that top-down copying can lead
to more major collections than bottom-up copying, since it can leave garbage
in the old generation. We note that if the old generation is mostly �lled
with garbage, then a major collection will be quick, since it touches only
live data. They �nd that the loss of instant reclaiming due to not retaining
the heap ordering at a collection is \not prohibitive", which appears to
con�rm our results. Demoen et al do not directly compare their algorithm's
e�ciency with ours. However, their mark-copy algorithm appears to be
approximately as e�cient as ours. They do not present measurements for
generational mark-copy.

Sahlin [93] has developed a method that makes the execution time of the
Appleby et al. [5] 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 di�cult. To our knowledge it has never been im-
plemented. We also believe that Sahlin's algorithm is not as e�cient as ours
since it requires an extra pass over the live data, in addition to the passes of
the Appleby algorithm. Since our algorithm is almost 70 % faster than the
Appleby algorithm even when the heap is �lled with live data, it is unlikely
that Sahlin's algorithm will be more e�cient than ours.

Papers E,F and G

And-parallelism A parallel logic programming system exploiting depen-
dent and-parallelism as well as or-parallelism was designed by Conery and
Kibler [31], though with impractical overheads.

De Groot [40] and Hermenegildo [56] restricted parallel execution to inde-
pendent and-parallelism, by performing runtime tests to determine whether
a given conjunction is to be run in parallel or sequentially. When goals do
not share variables, they can be executed in parallel. Backtracking can then
be managed locally, possibly followed by killing all sibling goals when one
goal in a parallel conjunction failed. Systems that rely solely on independent
and-parallelism have been investigated by Hermenegildo [56, 57, 58] and
others. In general, the performance is quite good when independent and-
parallelism can be exploited. The overhead for parallel execution is mainly
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related to process management and runtime tests for independence. An
optimizing compiler can reduce the overhead of independence tests [83, 21].

Subsequent work combined independent and-parallelismwith or-parallel [52]
and dependent and-parallel [49] execution to extend the scope for parallel
execution. The execution engines for the combination proposals are far
more complex than a sequential Prolog engine, which is unfortunate if the
goal is high absolute speedups with respect to a sequential system.

Yang [135] de�ned syntactic conditions for programs for parallel execution
and found that deterministic computations were well-suited for parallel exe-
cution, since conicting bindings meant that part of the computation failed
rather than backtracked. Warren [133] formulated the related Andorra prin-
ciple, where deterministic goals are executed in parallel and nondetermin-
istic goals are suspended. Determinism is detected at runtime. Yang's
static method was thus replaced with a dynamic method of detecting and
exploiting parallelism. This approach is also called determinism-driven par-
allel execution. An implementation of the Andorra principle, Andorra-I, is
described in several papers [96, 97, 98, 136].

Shen [106, 104] developed a method that allows general dependent and-
parallelism, by maintaining enough information to restart processes that
have consumed bindings that are then invalid, and by restricting access to
shared variables. The resulting engine executes at about 25% the speed
of SICStus Prolog, a standard Prolog implementation, and provides almost
transparent parallelization of Prolog programs.

A di�erent approach to binding conicts was proposed by Naish [84] with
PNU-Prolog. By requiring programs to be binding determinate, i.e., not
undo any bindings during parallel execution, the binding conict problem
was once again reduced to global failure. Binding determinism was a major
inuence on the Reform Prolog execution model.

Clark and McCabe introduced explicitly concurrent language constructs in
IC-Prolog [25] and further developed by Clark and Gregory in their work on
the Relational Language [26]. From this school of thought sprang three con-
current logic languages, Concurrent Prolog [103], Parlog [27] and Guarded
Horn Clauses (GHC) [125]. A restriction of the latter was chosen as the base
language of the Japanese Fifth Generation Project. They all had in common
that nondeterminism was strictly curtailed by suspending until only one al-
ternative was possible or committing arbitrarily to one alternative when
several were available. A consequence was that binding conicts caused
global failure rather than backtracking. (Certain proposed metaprimitives
allow programmers to encapsulate a computation to recover from failure.)
The Andorra Kernel Language [53] was proposed to join concurrent logic
programming with Prolog's don't-know nondeterminism by splitting non-
deterministic states into several deterministic computations.
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A di�erent approach is to provide the programmer with powerful linguistic
constructs to specify large, regular parallel computations. The data-parallel
paradigm, where the user speci�es a single thread of control that operates
simultaneously on many data objects, is suitable for this purpose.

Barklund and Millroth [8] constructed Nova Prolog, a data-parallel logic
language, which later was generalized into bounded quanti�cations [9]. A
bounded quanti�cation expresses some action to be taken over a �nite set
of elements, which often allows data-parallel execution [7]. Voronkov [130]
independently laid theoretical foundations for bounded quanti�cations. Us-
ing bounded quanti�cations allowed a concise data parallel approach to logic
programming. Finally, Sehr [101, 102] has independently proposed extrac-
tion of data-parallelism in the context of Prolog; see also Section 1.3.

Loop parallelization Extracting parallelism from loops is the most popular
method to parallelize imperative programs. There are essentially two meth-
ods: vectorization and concurrentization [134]. Vectorization translates pro-
gram statements into vector instructions for supercomputers, and we will
not consider it further. Concurrentization entails adding synchronization
primitives to the loop body to ensure correct execution. Synchronization
requirements are derived from dependence analysis, which determines what
loads and stores can interfere. Recently, array dataow analysis [44] has
been developed to deal more precisely with this problem.

Automatic loop-level parallelization of imperative programs has met some
di�culties. For instance, Banerjee et al [6] note:

\Dependence analysis in the presence of pointers has been found
to be a particularly di�cult problem. . . .Much work has been
done on this problem, though in general it remains unsolved."

Reform Prolog also exploits loop level parallelism, but parallelizes programs
with arbitrary pointer structures { the clean semantics and execution model
of the language makes the required analyses simpler than in the imperative
case. Singh and Hennessy [108] note that parallelization technology is too
limited. In particular, loop parallelism by itself is insu�cient to extract
enough parallelism from the examined programs. We believe this is in part
due to the inability to parallelize loops with procedure calls. Reform Prolog
allows procedure calls in parallel procedures and checks statically that they
conform to the execution model.

Harrison [54] developed a system that parallelizes recursive calls in Scheme.
In particular, the implementation of recursion-parallelism is similar to ours,
though presented in a more general context. Harrison performs side-e�ect
and dependence analysis to restructure and parallelize Scheme programs.
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The main di�erences of our system are (i) that Prolog relies on `side-e�ects'
in the form of single-assignment to a much higher degree than Scheme, which
necessitates a di�erent treatment from that described by Harrison, and (ii)
that Harrison considers only doall loops and recurrences, which do not
require the explicit insertion of synchronization instructions. The Reform
compiler handles general doacross loops. Harrison performs a thorough job
of restructuring the computation, which could be a useful future extension
to our system.

Larus and Hil�nger describe an advanced parallelizing compiler for Lisp,
Curare [69], that performs alias analysis prior to restructuring [68]. By
computing the program dependence graph of the program, they can ex-
tract parallelism from the program. The alias analysis then serves as a data
dependence analysis. Reform Prolog also computes an alias analysis, but
extracts parallelism less freely. Furthermore, Reform Prolog reasons about
locality of data, which Curare apparently does not. Locality information
turns out to be very useful when processes are medium or coarse grained.
Interestingly, Curare uses a destination-passing technique to improve paral-
lelism, reminiscent of logic variables. The destination-passing style means a
function takes an extra argument where the result of the function is stored.

Sehr [101, 102] has proposed a parallel Prolog system, built on the same
principles as Reform Prolog. His system exploits or-parallelism and (essen-
tially) recursion-parallelism, but is restricted to and-parallelizing only `inner
loop' predicates. In contrast, our compiler considers the entire program and
can insert synchronization and locking instructions in predicates called from
the parallel loop, not only the parallel loop predicate itself. Sehr's system
was, as far as we know, never implemented.

Static analysis The dataow analyzer of Reform Prolog was built by ex-
tending a framework proposed by Debray [37]. The abstract domain used
is an extension of that of Debray and Warren [38, 35]. While their domain
tracked may-aliases and modes, Reform Prolog tracks modes and list types
(including some di�erence lists), may- and must-aliases, linearity, locality
and determinism.

Aquarius Prolog [127] used a simple mode analysis to improve sequential
code. While Aquarius Prolog's domain does not fully track aliases, and so
is somewhat weaker than Reform Prolog's domain, we have found that on a
number of programs, the list types of Reform Prolog are the sole practical
di�erence in precision. Taylor [118, 119] proposed a somewhat stronger do-
main, based on depth-k tracking of term structure, modes, constant types
and recursive list types, but did not publish any precision results. Get-
zinger [47] found that a domain similar to Taylor's provided the best cost-
bene�t ratio for sequential compilation, out of a large collection of domains.
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The treatment of aliases in Reform Prolog is similar to that of Chang's
SDDA [21], in that aliases are treated as equivalence classes of possibly or
certainly aliased variables. Subsequently, more powerful tracking of aliases
has been proposed, e.g., by Muthukumar and Hermenegildo [83], Sundarara-
jan [111], Jacobs and Langen [60] and the PROP domain [32, 126]. These
proposals have been used for accurate groundness information, however,
while Reform Prolog uses aliases to keep track of freeness.

The linearity domain of Reform Prolog keeps track of whether a term con-
tains repeated occurrences of variables [62]. The approach taken by Reform
Prolog is less sophisticated than other proposed domains [62, 112, 28, 61],
but appears to work well in practice. This is probably because many Prolog
programs do not exhibit complex sharing.

1.4 CONCLUSION

The contributions of this thesis span a wide range of topics, centered around
compiled execution of Prolog.

� We have developed a continuation-passing style that fully compiles
the control of Prolog.

� We have developed a simple and e�cient method for constructing the
control ow graph of Prolog programs.

� We have developed a simple, e�cient and robust technique to detect
uninitialized arguments to Prolog predicates.

� We have adapted copying and generational copying garbage collection
techniques to Prolog and demonstrated that these techniques are more
e�cient than traditional collectors.

� We have developed an e�cient execution model for dependent and-
parallel and recursion-parallel execution of Prolog programs.

� We have demonstrated that a sophisticated compiler can substantially
reduce suspension and locking overhead in a dependent and-parallel
Prolog implementation.
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