
Parallelism in Logic Programming: A Systematic

Literature Review

Alessia Cerami

alessia.cerami@studio.unibo.it

Andrea Giordano

andrea.giordano5@studio.unibo.it

July 2021

1 Introduction

A logic program is expressed as a set of logical formulas precisely specifying what is true.

This approach to programming is different from the others, where the concern is how a

specific problem should be solved. Here, the specification how a problem is to be solved

is expressed in the form of a precise sequence of steps executed by an engine.

One of the most attractive features of logic programming is the clean separation of

logic and control. The efficiency of the solution to a problem can be improved without

any change in the solution itself. The programming language Prolog utilizing one of many

possible evaluation (control) strategies, is an example of a successful logic programming

language.

The aim of this work is to understand how a logic program can be parallelized and

what are the techniques studied in the last 30 years with an analysis of the problems

arised.

A Systematic Literature Review process has been carried out following a methodolog-

ical approach, with the claim of becoming a starting point for defining new research areas

and future projects.

The work is structured as follows: section 2 describes and documents the research

method carried out, section 3 shows the research results divided by category, section 4

summarizes the results in a table, section 5 answers the research questions and, finally,

the conclusions are drawn in section 6.
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2 Method

This is a Systematic Literature Review (SLR) that investigates the possibility to parallelize

concurrent logic languages, like Prolog.

A SLR is a powerful technique that allows you to collect and summarize the infor-

mation located in the scientific literature about a specific subject, using a rigorous and

reproducible methodology. This SLR was carried out by defining a three-step review

process: planning, conducting and reporting the review. This section presents the steps

followed in order to perform the review, that are:

1. Identify the research questions.

2. Identify the sources.

3. Define a searching strategy.

4. Define a study selection criteria.

5. Assess the quality of study selection.

2.1 Research Questions

The research questions that have given rise to the need for this SLR are so defined:

1. Is it possible to parallelize Prolog? (G)

2. What are the different techniques of parallelization in logic programming? (Q1)

3. What are the problems of implicit parallelization? (Q2)

4. What are the algorithms to implicitly parallelize logic programming? (Q3)

2.2 Source

The search process was conducted on some of the most relevant digital libraries, which

are described by Kitchenham and Charters [42]:

• Google Scholar: https://scholar.google.com

• IEEE Xplore: https://ieeexplore.ieee.org/Xplore/home.jsp

• Springer Link: https://link.springer.com/

• ACM Digital Library: https://dl.acm.org

In order to define the keywords, we adopterd the following approach:

1. Main terms are extrapolated from the research questions.
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2. Synonyms and verbal forms are evaluated.

The resulting keywords are:

• LP: Logic program, Logic programming

• Parallel*

• Technique

• Algorithm

The sources were interrogated using a predefined query, obtained from the previously

identified keywords:

• (Or\-Parallel* OR And\-Parallel* OR ”Or Parallel” OR ”And Parallel”) AND

(“Logic Program” OR “Logic Programming”)

2.3 Search Strategy

The documents taken into consideration are those in English published since 1989, excep-

tion for five articles [15], which was published in 1981, [43], which was published in 1986,

[83], which was published in 1987, [30] and [88], which were published in 1988. When the

search engine allowed it, those with restricted access were filtered.

The amount of articles obtained by submitting the query to the libraries is very abun-

dant. Specifically, 17144 documents were found at the time of the research. All the papers

collected from the query is shown in the table 1.

After a brief research conducted on Google Scholar, we noticed that, after the first 100

results, ordered by relevance, the correlation with the topic decreases. So, with this in

mind, only the first 100 results were chosen from each library.

Google

Scholar

IEEE

Xplore

Springer

Link

ACM DL Total

Query1 3710 231 12691 512 17144

Query 1

date range

1989-2021

3150 215 12236 422 16023

Table 1: Results of the search strategy.

2.4 Study Selection

In order to obtain the primary studies from those identified, which provide direct evidence

about the research question, we applied a filtering process, wchich is carried out by means

of constraints applied in the form of exclusion and inclusion criteria, reducing to the most

relevant papers. The criteria that have been applied are defined as follows:
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• Inclusion Criteria:

– Full paper (not extended abstract).

– Articles published in peer-reviewed journals or conference proceedings.

– Sources describing in depth the topic of this research.

– Sources answering the research questions.

– In some particular cases, chapters.

• Exclusion Criteria:

– Documents with limited access.

– Papers not discussing the subject of this SLR: the main check was carried out

on the abstract and, sometimes, on the introduction.

– Papers not answering the research questions: the check is carried out on the

full paper.

– Duplicate reports of the same study.

– Whole books and thesis.

In order to efficiently select the primary studies, we followed the subsequent points:

1. Duplicates have been searched for and deleted.

2. Titles and abstracts were used as the first filter to check the correlation with the

topic to be discussed.

3. The complete papers have been reviewed in depth.

At the end of this selection process, the documents amount to 227.

2.5 Quality assessment

From the 227 remaining papers, the content was checked in depth and some documents

were removed. In the end, five final papers have been added to the collection ([15], [30],

[43], [83] and [88]), so, the amount of primary studies is 92. The added papers were

obtained using the same query but with a wider range and, thus, those are prior to 1989.
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3 Results

In the following section, the information extracted and used to write this SLR are reported.

In order to provide a clear view and a better explanation, this section is divided into

categories and subcategories according to a specific aspect of parallel logic programming.

3.1 Types of parallelism in Logic Programming

This section presents the macro categories of logic programming parallelism. In order to

give to the reader a complete view of the argument, all the different types of parallelism

are presented but the focus of this SLR is only on the implicit one.

Before presenting the macro types is important to briefly talk about nondeterminism.

There are two type of them in logic programming as explained in [69] and [39] that are

listed below.

• Don’t-Know nondeterminism: It occurs when the program have more than one clause

to choose from, it picks one nondeterministically and create a choice point used to

backtrack in case of failure of the clause. This means that all the possible alternatives

are tried and all the solutions can be found. In this type of nondeterminism only

successful computations are considered as results while the failings are not observed.

• Don’t-Care nondeterminism: It occurs when only a clause is choosen: no choice

point are created and no backtracking is performed even if the clause fails. This

means that only one alternative is explored so that only one result is obtained. In

this type of nondeterminism any computation is observed (hence failure is a valid

result) so there is only one output that is logically correct.

Following, based mainly on [16], [37], [22] and [35], are shown the macro types of parallelism

in logic programming with a brief explanation.

3.1.1 Explicit parallelism

This type of parallelism involves the extention of logic programming languages with ex-

plicit constructs that enable the control of parallelism. This means that in this type of

parallel programming, the programmer has to control parallelism manually through the

code.

The explicit control of parallelism need a higher skilled programmer who can takes advan-

tage of the extending constructs to produce very efficient code, but it can create difficulties

in debugging and testing so it is not suited for everyone. There are three subtype of explicit

parallel logic languages:

• Those that add explicit message passing primitives to Prolog.

• Those that add blackboard primitives to Prolog used by multiple processes running

in parallel to communicate with each other.
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• Those based on guards, committed choice, and dataflow synchronization.

In order to keep this SLR focused, we consider these approaches only marginally or in

those cases where they introduce execution mechanisms that are applicable also in the

case of implicit exploitation of parallelism.

3.1.2 Implicit parallelism

This type of parallelism involves the capability of the logic program engine to perform

parallel operations autonomously, extracting parallelism from logic programs without any

programmer intervention. Inn this type of parallelism, in contrast to the explicit one,

there are no extentions to the logic language so that the programmer need not to worry

about parallelism that, instead, is achieved automatically running multiple processes that

works together to compute the results.

The aim is to speed up existing and new logic programs without any change to the code.

There are three forms of implicit parallelism:

• AND-parallelism: The parallelization lays in the selection of the next literal to be

solved. This allows to solve multiple literals concurrently. This form of parallelism,

as mentioned into [90] and [93], can again be divided into:

– Independent AND-Parallelism: literals of a clause are independent from each

other, thus they do not share variables.

– Dependent AND-Parallelism: literals of a clause are dependent from each other,

thus they share variables.

• OR-parallelism: The parallelization resides in the selection of the clause to be used

in the computation of the resolvent. This allows to try multiple clauses in parallel.

• Unification-parallelism: The parallelization is at the level of the unification process

when complex terms are present.

Mixing these types of implicit parallelism together is possible, but involves the increase of

problems that need to be handled.

3.1.3 Hybrid parallelism

One last form of parallelization is the hybrid solution which takes advantages of both

implicit and explicit parallelism. It is used a user-accessible concurrent language, that

typically is an extension of Prolog, and allows quite detailed manual parallelization.

An example of hybrid parallel model is ACE [56] in which the programmer can either use

standard Prolog and let the compiler take care of detecting implicit parallelism or use

explicit language constructs to express parallelism.
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3.2 Implicit types of parallelism in Logic Programming

The aim of this SLR is to collect the knowledge about implicit parallelism in logic pro-

gramming. To keep clarity and avoid confusion into the reader, this section is divided in

subcategories based on the subtypes of parallelism. As already mentioned before, all the

parallelism types can be mixed together, but it is an implementation matter because there

are no conceptual differences, so, the combination of types is discussed in section 3.5.4.

Following, a detailed description is given for each form of implicit parallelism.

3.2.1 OR-Parallelism

OR-parallelism resides in the selection of the clause to be used in the computation of the

resolvent. It means that, this parallelism, can be exploited every time a subgoal unifies

with more than one rule head: the bodies of each rule can be executed in parallel. A clear

explanation can be found in [22].

This parallelism is the way of seraching for all the solutions to the query by exploring the

whole search space generated by the multiple clause applicable at each resolution step.

Or-parallelism not only allow the parallel execution of multiple clause, but also enable the

concurrent search into the whole search space generated for different alternatives applicable

to the selected subgoal.

This type of parallelism is more frequent in applications that explore a large search space

via backtracking.

Even if, at first sight, this parallelization is simple, in section 3.3 will be shown that many

problems arise.

3.2.2 Independent AND-Parallelism

As mentioned in [90] and [93], Independent AND-Parallelism (IAP) provides a means for

performing concurrent evaluation of subgoals in a clause. In this form of parallelism, a

clause is seen as a problem that can be divided into subproblems which can then be solved

simultaneously. Each of this subproblems will produce its own solution. At the end, the

final solution is obtained by putting together the results of the subproblems.

From a logic programming point of view, this means that each literal appearing in the

selected clause body can be executed in parallel. In IAP the parallel computation ex-

ploited is only that between independent subgoals and, therefore, is crucial to identify the

independence.

Literals are considered independent when they do not share any unbound variable at run-

time. That condition guarantees that the execution of one clause will not affect the other’s

execution. In this way, there is no need of introducing any form of synchronization during

parallel execution.

The main focus in IAP is the detection of independence since only independent sub-

goals are allowed for AND-parallel execution. This can be done exclusively at run-time

or exclusively at compile-time or by marking at compile-time selected literals and, when

independence cannot be determined statically, generating a reduced set of efficient paral-

lelization tests, to be checked at run-time, as shown in [5]. It exists a narrower form of
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IAP, called restricted independent AND-Parallelism, that implies stronger independence

constraints.

3.2.3 Dependent AND-Parallelism

The Dependent AND-Parallelism (DAP), [93], is similar to IAP with the difference that

literals share dependencies from each other. It occurs when and-parallelism is allowed

between subgoals which share unbound variables at the time of invocation of the goals.

Thus, processes compete in binding a shared variable or cooperate if the goals share the

task of creating the binding for the common variable. In both cases some form of synchro-

nization is needed when subgoals are executed concurrently because their computation is

affected by others.

This type of parallelism is harder to be exploited for Prolog, in fact, often, it is handled

converting the language to a committed choice language or adopting other changes to

operational semantics.

3.2.4 Unification parallelism

This parallelization, as explained in [35], arises during the unification of the arguments of

a goal with the arguments of a clause head. The different argument terms can be unified in

parallel as can the different subterms in a term. Thus, unification of two complex terms is

broken down in pairwise unification of the different arguments. In this way, the sequence

of unification can be performed in parellel.

This type of parallelism has a big disadvantage: due to its fine granularity, it requires

specialized architectures in order to achieve results of any interest or, otherwise, it will

incur in performance degradation due to the overhead. For this reason it is not studied in

more detail in this SLR.

3.3 Problems of implicit parallelism

Parallelism has always been a challenging field and logic programming, that is intrinsically

parallelizable, wants to be parallelized but many problems arise that need to be handled.

Following, basing on [35] and [22], are explained some of the biggest issues common to

every type of implicit parallelism:

• Granularity control: Knowing the size of a task, in term of execution time and

space, is really important and it become almost a must if the parallelization is made

on a distributed system where comunication is a bottleneck. In the reality, it is not

possible to know the exact size of the task but only an estimation can be made.

Many techniques and algorithms have been proposed to assess the size of tasks but,

obviously, those implies some overhead that have to be taken into consideration and

which can slow down the system if not properly managed.

• Scheduler: Many factors influence when a piece of work have to be executed and to

which worker have to be assigned. This duty is in the hand of the scheduler, therefore,
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lot of effort goes into its design and implementation. For example, Aurora has about

five different schedulers and this shows the importance and the impact it has. This

core worker have to deal with work balance, speculative work, preservation of Prolog

semantic and other scheduling related issues. It is probably the main concern when

implementing a parallel Prolog system.

• Preservation of Prolog semantic: Supporting full Prolog semantic is not a simple

task because it contains side effects that have to be executed in a deterministic order.

Techniques to give this support have been studied but they always implies a lost on

parallelism. Furthermore, the cut operator introduce the problem of speculative

work.

• Process-based versus Processor-based: Is it better to spawn a process for each

goal encountered (process-based) or to spawn multiple thread ahead of time and as-

sign them parts of the computation (processor-based)? The answer to this question

is based on many aspects, hence, both of them are correct under specific circum-

stances. Many systems adopted the processor-based because it is easier to implement

and, often, gives better performances. The choice is based on heuristics and no rules

have been found to pick the most suited to the problem that need to be tackled.

• Architectural Influence: This problem is about how the architecture of the system

is structured because it can significantly impact the performances. Many architec-

tures have been studied and each one tackles problems in different ways obtaining

different result but, actually, there are no evidences that a particular architecure is

the best and research is needed.

• Parallel Execution Visualization: Even if not strictly related to the implemen-

tation of implicit parallelism, a note goes to the tools that shows a graphical rep-

resentation of parallel execution. These tools, that help the user debugging code

and system implementor for fine-tuning scheduler, are still under research and need

more study and, in fact, no one of the available one handle all the type of parallelism

together.

3.3.1 OR-Parallel problems

Besides the common problems, OR-Parallelism have only a main issue to tackle that is

known as Multiple environment representation, as mentioned into [79].

First of all, when implementing this type of parallelism, you have to visualize it and the

easiest way is through the or-parallel search tree. At this point it appear obvious that

the main problem in implementing this form of parallelism is the management of multiple

bindings. In fact, the problem arises in the moment of representing and accessing the

conditional bindings that are variables that can be assigned by more process.

Different approaches have been proposed to handle multiple bindings and will be presented

in section 3.4.2.
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3.3.2 Independent AND-Parallel problems

Following, are reported the main problems that arise with Independent AND-parallelism

that can be encotered into three different phases.

• Ordering Phase: During this phase, the main problem consist of the detection of

data dependencies among subgoals. The condition of independence require that

there are no shared variable at the run-time execution. There are various approaches

for detectiong data-dependency and they will be described into section 3.4.3.

• Forward Execution Phase: During this phase, the only major problem is the

efficient determination of the goals that are ready for independent and-parallel

execution.

• Backward Execution Phase: When the failure of a subgoal occurs or more solu-

tions are requested, the backward execution phase is entered. Backward execution,

or backtracking, turns out to be difficult because subgoals are distributed in different

processors.

During this phase, the main problem is to determine the subgoal to which ex-

ecution should backtrack, which means how to support intelligent backtracking.

This is due to the mismatch of the order of subgoals in the stack with their back-

tracking order. Furthermore, backtracking may need to continue to the preceding

subgoal, which may still be executing at the time backtracking takes place. These

problems are complicated by the fact that independent and-parallel subgoals may

have nested independent and-parallel subgoals currently executing which have to be

terminated or backtracked over. Different approaches to backtracking in this kind

of framework have been proposed as the one cited into [54] and [55].

3.3.3 Dependent AND-Parallel problems

Following, are reported the main problems that arise with dependent AND-parallelism as

expressed in [84].

• Detection of parallelism: This issue consists of determining which subgoals need

to be taken into consideration for DAP execution.

• Management of DAP goals: This issue consists of activation and management

of parallel subgoals. The resolution of this issue is the same as in independent

And-parallelism.

• Management of shared variables: This issue consist of validation and control of

shared variables;

• Backtracking: This issue is due to the complexity of dealing with distributed

backtracking.
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3.3.4 AND/OR-Parallel problems

The problems that arises form combining and-parallelism and or-parallelism are various.

Not only they are the sum of both types of parallelism but also those regarding con-

trol of execution, representation of environment and memory management. Furtermore,

AND/OR parallelism has some requirements that are in contrast. For example:

• OR-parallelism focuses on improving the separation between the parallel computa-

tions, by assigning separate environments to the individual computing agents.

• AND-parallelism relies on the ability of different computing agents to cooperate and

share environments to construct a single solution to the problem.

Other problems the combined systems could have are: whether they should support se-

quential Prolog semantics, whether to recompute solutions of independent goals or to reuse

them or, finally, how to deal with an additional level of scheduling, that is to determine

whether an idle worker should perform or-parallel work or and-parallel work.

3.4 Algorithms and techniques of implicit parallelism

In this section some alorithms and techniques are showed to the reader. First are explained

those that handle common problems and then a paragraph is made for each type of

parallelism containing only techniques and algorithms aimed at that specific type.

3.4.1 Handling common parallelism problems

Not all the common parallelism problem have been dealt with appropriately while some of

them have attracted a lot of attention. The following list contains some of the mechanism

discovered:

• In [86] and [87] is presented a scheme for controlling the grain size of tasks (goals)

of Prolog programs on a process-based parallel logic programming system running

in a distributed manner. The proposed model concentrates mainly on how to use

granularity information effectively, performing most of the analysis at compile-time

using only a few run-time tests.

• A more complex model for granularity control is explained in [45]. GRANLOG

takes a Prolog program as input and gives a granulated program as final result. It

is composed by three submodule: Global Analyzer, Grain Analyzer and Complexity

Analyzer.

• Another method to control granularity is presented in [44], that offers solutions for

the many problems involved, for both the cases when upper and lower bound infor-

mation regarding task granularity is available, and for a generic execution model.

Such problems include, on one hand, estimating the cost of goals, of the overheads

associated with their parallel execution, and of the granularity control technique
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itself. On the other hand, there is, also, the problem of devising, given that in-

formation, efficient compile-time and run-time granularity control techniques. This

method, differently from the other, takes into consideration the overhead that it

brings into the execution.

• In [85] is reported a method for preserving Prolog semantics in which the execution

of logic programming can be seen as the process of maintaining a dynamic tree. The

operational semantics of the language determines what operations on the tree are of

interest. That method is used in DAP.

Preventive strategies enforce the correct order of variable bindings by assigning pro-

ducer or consumer status to each subgoal that shares a given dependent variable.

The strategy used is: the leftmost subgoal that has access to the variable is desig-

nated as the producer for that variable, while all the others are consumers.

The problem of testing leftness has been studied in a dynamically growing tree and

has been provided an efficient pure pointer machine algorithms for several variants

of the problem.

• The articles [26] and [27] explain how to preserve Prolog semantic both pure OR-

parallel system and in independent AND-parallel system. The former is the ”left-

most principle” that states that side-effects can be executed only when the node

is the left-most in the tree. The latter is a technique that require that the side-

effect subgoal need to be suspended until all the preceding subgoal (left to right

precedence) are finished.

• Another method to preserve Prolog semantic is presented in [38]. The idea is that

instead of recompute every subgoal, some of the results can be reused and an algo-

rithm to handle this problem is presented. The choice, recompute or reuse, is based

on side-effects and where they appear in the resolution tree, using the left-most

principle.

• In [14] is reported an example of scheduling and handling of speculative work for

or-parallelism . Its function is to match processors with work and, in doing so,

the scheduler either looks for or-nodes with a non-empty list of clauses or for idle

processors. In both cases the scheduler will traverse the execution tree. A scheduling

strategy is the way in which the tree is traversed.

• A scheduling algorithm is presented in [74]. This scheduler is aimed at distributed

parallel logic programming systems but it is also suitable for those with shared

memory architecture and the difference lies only in the parallel grain. This algorithm

schedules, under centralized control, all of the parallel subtasks which are created

during the execution of a program and allows the processors choicely to give their

priorities to some tasks so that the solution to a question can be acquired as quickly

as possible and that the parallel system obtains a higher speedup. In this algorithm

co-scheduling is introduced and load-balancing of processors is considered.
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3.4.2 Techniques used in OR-Parallelism

The problem of multiple binding representation, mentioned in section 3.3.1, is solved by

designing a mechanism where each branch has some private area used to store conditional

bindings applicable to itself. In [83] and [31] are reported many ways of achieving this

mechanism. Some of them are:

1. Each or-branch owns a private memory space, which can be an array or a hash

table, for its conditional bindings from where the binding is accessed whenever it is

needed. Unconditional bindings can be shared among their corresponding branches

as sequential Prolog system.

2. Keeping a separate copy of the environment for each branch of the tree, so that

every time branching occurs at a node the environment of the old branch is copied

or recreated in each new branch;

3. All conditional bindings are recorded into a global data-structure and each con-

ditional binding is associated with a unique identifier that explains which or-branch

it belongs to.

To each approach is associated a cost that is noncostant and incurr at different times. In

[31] are reported the criteria that an ideal or-parallel system should respect.

Based on the criteria selected, there are different techniques of implementing this form of

parallelism. Following, based on [83], [30], [78], [31], [2], [1], [17], [19], a brief description

of them is reported.

• Directory Tree Method: In this method, each branch of the OR-tree is associated

to a process. The binding environment of each process consists of contexts, created

for each clause that is invoked, and directories, used to index the contexts efficiently.

When a new branch is created, the new child node gets a copy of the directory

of its parent. If an entry in the directory points to a context that contains no

unbound variables, this context is shared. Otherwise, if the entry points to non-

ground context, the context is copied into the environment of the child.

• Hashing Window Method: In this method, each node in the OR-tree has its own

hashing window that is a simple hash-table where the conditional bindings of a node

are stored. The address of a variable is used to compute the hash-value of a variable.

Unconditional variables are not included in the hashing window, but in a hashing

windows of one of the ancestors of a node.

• Binding Array: In the binding array technique, each worker has an auxiliary data

structure called the binding array. When a conditional variable gets bound, the

binding is stored in the binding array of the worker. To ensure consistency, when

a worker switches from one branch of the or-tree to another, it has to update its

binding array by deinstalling bindings from the trail of the nodes that are in the

previous branch and installing the correct bindings from the trail of the nodes in

switched branch.
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• Time Stamping Method: In this methos, all bindings, which are distinguished

by time-stamps of creation and the process-id of the process that created them, are

stored in a global area, visible to all processes. An unbound variable is represented by

the fact that no bound variable is present with the correct time stamp and process-id.

• The Argonne-SRI Model: The OR-parallel tree is divided into favored, private,

and shared sections. Bindings that are created in the favored section are stored in-

place in the node while that made by the other sections are stored in a hash table.

Only a favored branch can directly access a variable.

This model modify the SRI Model by introducing a treatment of favoured variables.

Each processor has a private binding array which only contains unfavoured bindings.

Favoured bindings are implemented by assigning to the variable value cell with a

special mark. furthermore, this model guarantees that all variable access, even

unfavoured, are very fast, constant-time operations.

• The Manchester-Argonne Model: The Manchester-Argonne Model, differently

from the Argonne Model, does not create the hash table for an arc unless, and until,

another process wants to share that arc. The process that creates the arc inserts the

bindings in a binding list. The second process, which wants to share the arc, creates

the hash table it requires from the information in the binding list. Each process also

needs a private binding array to store the unfavoured bindings it itself makes.

• Kabu-Wake Model: The Kabu-Wake is a model that exploits the copy on stack

technique. It associates to each binding a logical date, such a date being managed

by each worker is used to discard invalid bindings.

• The MUSE Model: In the Muse or-parallel Prolog system, the binding environ-

ment of each process is not shared with others. When a process switches to another

node in the or-parallel tree, it constructs the whole stack from that node to the root

node in its memory. The copy of the stack can be regarded as the private data

structure for accessing the variable bindings.

• The Sparse Binding Array (SBA): In the Sparse Binding Array (which derives

from Binding Arrays), each worker has a private virtual address space that fully

shadows the system’s shared address space. In other words, every work has its own

shadow of the whole shared stacks that is used to store shared variables. Thus,

the execution data structures and unconditional bindings are stored in the shared

address space, while only conditional bindings are stored in the shadow area.

Other techniques used in OR-parallelism are:

• Complexity of OR-Parallelism: In [61] is presented a method to compute the

complexity of an OR-Parallel system in term of lower-bound and upper-bound. It is

explained how to reduce the upper-bound complexity and, in addition, an algorithm

that reduce the complexity of checking if a branch is the leftmost is shown. This

method is based on abstraction of the operations needed and, as result, it achieves

to reduce the upper-bound cost without downsides.
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• Last Alternative Optimization - LAO: In [32] is reported an optimization tech-

nique that simplify the structure of the Prolog search tree allowing for more efficient

traversal. It is based on the principle of flattening which affirms that reducing the

number of levels of nesting of an execution tree, generally results in improved per-

formance. LAO is also based on the principle of duality according to which given

a technique that has been developed for and-parallelism, this technique dual can be

successfully applied to an or-parallel system.

• Hierarchical Pincers Attack Search: In [40] is described a Prolog Or-parallel

processing scheme which operates on a multiprocessor system. In that scheme the

OR-tree is searched from right and left side of each created subtree. Its intent is to

allow coarser task granularity and to reduce the frequency of the task assignment

and data transfer between processes.

• Improvement of the Conery’s model: In [88] is reported an improvement to the

Conery’s model whose aim is to increase the running efficiency.

Conery’s algorithm represents the generator-consumer relationship by using data

dependency graph which is constructed when the AND process is created. This

model, in some case executes vain work, especially during the backward execution.

The improved algorithm can avoid such kind of vain and infinite work, and can

improve the running efficiency.

3.4.3 Different approaches to exploit independent AND-Parallelism

In [90] is reported how early models for independent AND-parallelism attempt to identify

producer/consumer relationships among goals. Some of these models use the reordering

technique which avoids the performance loss in post-execution reconciliation but sacrifices

some parallelism. The goals that share same variable are implicitly divided into a producer

goal and one or more consumer goals of the variable at run-time, so, the producer goal

generates the values for the shared variable, while the consumer goals consume it. Goals

that not contain any shared variables are executed in parallel.

Other approaches are that that do not use any reordering technique.

The problem of data dependency is solved by several approaches. Below, a brief

description of thte various approaches existing in literature is reported.

• Input/Output Modes: As introduced in [75], one way to overcome the data de-

pendency problem is to require the user to specify the mode of the variables, that

is, whether an argument of a predicate is an input or output variable. The Prolog

system can assume the subgoal with input-mode variables to be a consumer, and the

subgoal with output-mode variables as a producer. Input variables of a subgoal will

become bound before the subgoal starts and output variables will be bound by the

subgoal during its execution.

• Static Data Dependency Analysis: In this technique, the goal and the program

clauses are globally analyzed at compile time assuming a worst case for subgoal
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dependencies. No checks are done at run-time. The advantage is that no overhead

is incurred at run-time.

• Run-Time Dependency Graphs: In this technique, an auxiliary structure, the

dependency graph that is created at run-time, is used to detect the dependency

information and to examine bindings of relevant variables every time a subgoal fin-

ishes executing. The advantage of this scheme is that maximal independent and-

parallelism could be potentially exploited. This technique can be used to generate

the maximal parallelism, but the runtime checking has a large cost.

• Restricted And-Parallelism (RAP): The restricted AND-parallelism (RAP) ap-

proach takes place between the static data dependency analysis and the run-time

dependency graphs methods. Data obtained from a compile-time analysis of the

dependencies is used to speed up a run-time analysis of the data. In [68] is reported

a system for exploiting restricted-and-parallelism in logic programs on a distributed

non-shared memory architecture. As mentioned in [90], this approach take the ad-

vantage of the second and third ones and encapsulates the dependency information

in the code generated by the compiler (CGE - Conditional Graph Expressions) along

with the addition of some extra conditions on the variables.

In [89] is proposed a new scheme, the Complete Graph Scheme, exploiting RAP

that is based on dataflow computation and implemented in a non-shared execution

model. It uses a technique that deals with binding conflicts by combining compile-

time analysis of the clauses involved, with simple checks on variables at run-time

low cost, based on the results of variable instantiation.

This model has been efficiently implemented in the &-Prolog and-parallel system

3.5.2.1.

• The Conery’s Model: In this method, a dataflow graph is created during the

ordering phase. In this way, the producer–consumer relationships between subgoals

became explicit.

• APEX Model: As reported in [78] and [31], the APEX (And-Parallel EXecution)

model determines independent AND-parallelism by means of a token passing system

to implement forward execution. In the ordering phase , all first occurrences of vari-

ables are assigned a token for that variable. A subgoal becomes executable when it

receives tokens for all the uninstantiated variables in its current binding environment.

Parallelism is exploited automatically when there is more than one executable sub-

goal in a clause. The APEX model incorporates intelligent backtracking [54], which

is performed at the clause level.

• CAAP - Compiling Approach for exploiting AND-Parallelism: In the article

[37] is described the functioning of a parallel logic programming system, which,

during the precompile phase, use an abstract interpretation and a particular scheme

called CAAP.

The former tecnique is used to infer entry modes of procedures and to analyze data-

dependency globally in logic programs. The latter is a framework for exploiting

the maximal independent AND-parallelism with minimal expense at compile-time,
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especially if the data-dependence graph is incorporated.

In the article, the CAAP scheme is described in three phases: analysis of entry mode,

derivation of exit mode, determination of Conditional Graph Expression.

• The UOUDG and UUDG Algorithms: In [7] are presented two concrete algo-

rithms which generate code annotated for unrestricted independent and-parallelism,

starting from sequential code. The proposed algorithms process one clause at a time

by working on a directed acyclic dependency graph. The first one, UOUDG, paral-

lelizes a clause preserving the order of the solutions by respecting the relative order

of literals in the original clause. The other, is implemented by randomly selecting,

among the sets of goals which can be joined at every moment, the one with the

lowest cardinality.

The idea behind the annotation algorithms is to publish goals for parallel execu-

tion as soon as possible and to delay issuing joins as much as possible but always

respecting the dependencies in the graph.

• Sketch of a Shared Memory Implementation: In [9] is reported an implemen-

tation, for shared-memory multiprocessors, that distributes responsibilities among

several layers. Here, agents wait for work to be available, and execute it if so. Every

agent is created as a thread and coordination among them is performed by means

of shared data structures.

This implementation exploits and-parallelism in logic programs with the objectives

of simpler machinery and more flexibility. The approach is based on raising the im-

plementation of some components to the source language level by using more basic

high-level primitives than the fork-join operator and keeping only some relatively

simple operations at a lower level.

In order to solve the problem of the efficient determination of the goals that are ready

to be executed have been adopted different approaches. One work was [70] where flexible

related scheduling and memory management approaches are studied. Another methodol-

ogy is that described in [51] which adapts scheduling mechanisms developed for or-parallel

systems to the case of independent and-parallel systems. In doing so, in the same way

in which an or-parallel system tries to schedule work that is more likely to succeed first,

and-parallel systems will benefit from scheduling work that is more likely to fail first.

The advantage of applying this methodology comes from the fact that most IAP systems

support intelligent forms of backtracking over and-parallel calls which allow to quickly

propagate failure of a subgoal to the whole parallel call. Other techniques used in IAP

are:

• Last parallel call optimization - LPCO: In [52] is reported an optimization tech-

nique, LPCO, that has been developed in the context of non-deterministic program-

ming, whose intent is to merge, whenever possible, distinct parallel conjunctions.

It is triggered when the last call in Prolog clause is itself a parallel conjunction.

• Nested Parallel Call Optimization - NPCO: Another optimization technique

reported in [52] is NPCO. It is a generalization of the previous one and it is triggered

when a Prolog clause has a nested parallel conjunction and all goals follows the
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parallel conjunction. Its intent is to allows savings in memory consumption and to

speed up the execution of parallel programs.

3.4.4 Techniques used in dependent AND-Parallelism

Dependent AND-Parallelism is a form of parallelization that generalizes independent and-

parallelism by allowing the concurrent execution of subgoals accessing shared variables

and competing or cooperating in the creation of a binding for unbound variables.

The resolution of the detection of parallelism problem is similar to the process of

annotating (”parallelizing”) a program using independent and-parallelism. This is because

DAP is finer grain instance of the general principle of independence, applied to the level

of variable bindings.

Automatic and semi-automatic detection of potential valid sources of unrestricted DAP

in logic programs was used in [36] in which the authors identified and made explicit the

variables that are shared between the goals in the parallel conjunction.

A detection technique of and-parallelism was developed in [72]. It exploits and-parallelism

using the producer-consumer scheme in which two subgoals can be executed in parallel

only when there is no data-dependence between them.

The approach consists of three phases:

1. Analysis of entry modes,

2. Derivation of exit modes,

3. Determination of execution graph expressions

The management of shared variables in a dependent and-parallel execution requires

the need of guaranteeing mutual exclusion during the creation of a binding for a shared

variable and guaranteeing that the outcome of the computation respects sequential Prolog

semantics.

That problem has been discussed in various works. Following, some work are briefly

reported:

• Committed Choice Parallelism: This approach has been implemented by many

committed choice languages, such as Concurrent Prolog, Parlog, GHC and KL1,

explained into [77], [22] and [75]. This languages support dependent and-parallel

execution and handle shared variables through a scheme based on the notion of

producer and consumers which are explicitly identified at the source level. they are

declared explicitly through mode declarations, or implicitly through strict rules on

binding of variables that are external to a clause.

Furthermore, in that languages concurrency is achieved by reducing several goals in

parallel. The issue of insuring consistent bindings of shared variables is addressed

by only allowing a variable to be bound once.

• Andorra-I (described into 3.5.4.3): In this system, [18], terms that need to be

matched with a compound term are locked and a special instruction is added by the

compiler at the end of the term construction to release the lock.
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• DDAS - Dynamic Dependent AND-Parallel Scheme: In [90] and [71] is

reported a goal synchronisation method used in Stream-parallelism that exploits

dependent AND-parallelism in Prolog programs using an implicit synchronisation

mechanism at the level of unification. Based on the compile-time annotation scheme

for IAP, Prolog programs are compiled to the Extended Conditional Graph Expres-

sions where an additional annotation is used to indicate dependent variables.

In the DDAS model, goals sharing unbound variables can be handled by a producer-

consumer relationship: consumers execute in parallel with the producer until they

are about to bind a variable. They are then suspended until the producer binds the

variable. The system takes advantage of the information on dependencies of vari-

ables to extract the parallelism and to make both backward and forward executions

more precise.

• Detecting And-Parallelism without literal ordering: In [13] is reported an

AND-parallelism detection scheme which does not order literals or analyze data

dependency. The simple concept of variable holding allows the system to use AND-

parallel literals concurrently without causing binding conflicts, the main problem in

AND-parallelism.

In that proposal, the system does not need literal ordering. It only needs to under-

stand if a literal is ready to be executed at a given time and, when a ready literal

is executed, its unbound variables are held for possible binding. The literal, whose

unbound variable depends on a held variable, is declared not ready. In this way,

binding conflicts are impossible.

• Stream-Parallelism: As mentioned in [78], it exists an approach to solve the

binding conflict problem through cooperations among processes that share variables.

It exists two kinds of stream-parallelism: pipelining and cooperative parallelism.

In the former type, clauses that share common variables are linked in a producer-

consumer relashionship. If a producer clause binds a variable, the bindings are passed

to the consumer clause for further treatment. The pipelining approach requires that

the producer-consumer relations are known and these information are derived from

data-dependencies graphs.

The latter type, allows a two-way communication between clauses sharing variables.

Differently from pipelining, this form of parallelism allows that clauses that share

variables can be evaluated in parallel. This approach relies on mode-declaration,

specifying which attributes are taken as input and which as output. This information

is used to set up the appropriate communication channels.

• Literal Dependence Net: A method to automatically extract literal dependencies

is presented in [92]. This techniques, starting from a logic program, gives a LDN as

output. The resulting net is an arc-classifed digraph that represent all four types of

primary program dependencies in a concurrent logic program. This graph is mainly

used in some algorithms to achieve AND-Parallelism but also in some tool for the

Parallel Execution Visualization.

• Argument Dependence Net: In [91] is presented a technique for computing

slicing of a parallel logic program. In the article it is explained how to compute a
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ADN that can be used to ”split” a program in slices that, then, can be executed in

parallel. The algorithm is composed by three parts that, as output, gives the ADN.

It is claimed that slicing at argument level is more precise than that at literal level.

3.4.5 Techniques used in AND/OR-Parallelism

In this section are presented models and techniques which support more than one type of

parallelism.

3.4.5.1 The Sync Model

In [43] is proposed a parallel execution model for logic programming that realizes AND-

parallelism and OR-parallelism.

The former is implemented constructing, in a dynamic way, the data flow graph of the

literals into the clause body. In order to avoid binding conflicts, only one AND process is

designed as the producer of a shared variable. All the other AND processes are designed

as consumer of such variable.

The latter is achieved by the use of synchronization signals to the stream of partial solutions

of the various AND processes.

3.4.5.2 Reduce-Or Parallel Model - ROPM Model

In [58], [59], [60], [41] is reported an execution model which exploits both AND (indepen-

dent AND-parallelism) and OR parallelism in logic programs. It is based on a modification

of the and-or tree, called the Reduce-Or Tree.

There are two types of nodes in the reduce-or tree, the reduce-nodes and the or-nodes.

Every node in the tree contains the bindings of all variables that are either present in the

node or are reachable through this node.

The corresponding reduce-process and or-process are associated with each reduce-node

and or-node respectively. An or-process is responsible for creating an or-parallel branch,

while a reduce-process deals with executing the body of the clause, which is represented

as a data-join graph.

ROPM model uses a partial solution set to avoid the binding conflicts of conditional vari-

ables, thus, each node is associated with a partial solution set, which contains the bindings

of all variables that are either local variables or the variables reachable through this node.

newline ROPM is capable of generating the maximum available parallelism in Prolog pro-

grams and it is also complete. That is, every solution to the problem is found.

3.4.5.3 Paged Binding Array-Based Model

This model divides the binding array into pages and maintains a Page Table with a binding

array. All the available workers are divided into teams. Different teams work in or-parallel

with each other, while different workers within a team work in independent and-parallel.

Different and-parallel computations within an or-parallel computation share the same

binding array. Each one of them will use a different page, requesting a new page when it
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runs out of space in the current one.

The PBA-based model also employs recomputation of independent goals, and, therefore,

can support Prolog semantics, as described into [29] and [27]. In [28] is proposed an

extention of the PBA model used for implementing And/Or parallelism, the Shared paged

Binding Array. Differently from the PBA, it require the use of a global and a shared

binding array.

3.4.5.4 The AO-WAM Model

In [78] is reported another model that exploits multiple parallelism. Infact, the AO-

WAM model exploits independent and-parallelism by the method of conditional graph

expressions and or-parallelism by the extended binding arrays technique. A cross-product

node is introduced to apply reuse scheme on And/Or parallelism.

3.4.5.5 The PEPSys Model

In [35] and [30] is reported a model that combines and-parallelism and or-parallelism using

a combination of time-stamping and hashing windows for maintaining multiple environ-

ments. In PEPSys, each node in the execution-tree has a process associated with it and

each process has its own hash window. All the bindings of conditional variables generated

by a process are time-stamped and stored in the process’s hash window.

In that model, Independent and-parallel goals have to be explicitly annotated by the pro-

grammer.

That model can handle only two and-parallel subgoals at a time otherwise the subgoals are

nested in a right associative relationship. If or-parallelism is nested within and-parallelism,

then and-parallel branches can generate multiple solutions.

3.4.5.6 The Copy-On-Write model

In the Copy-On-Write model, reported in [17], each worker maintains a separate environ-

ment. Whenever a worker wants to share work from a different worker, it copies all the

execution stacks. The particularity is that although stacks will be logically copied, they

will be physically copied only on demand. This is possible, thanks to the Copy-On-Write

mechanism provided by most modern Operating Systems.

3.4.5.7 Distributed Last Call Optimization

In [57] is proposed an algotithm used in AND/OR parallel execution of logic programs.

This optimization reduces the total amount of copies during unification.

The most significant advantage of this optimization is the reduction in the number of

messages that serves to improve memory utilization.

Another important optimization that serves to reduce messages and improve execution

time is grain size control, that is the average amount of computation per message created

during the computation.
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3.4.5.8 Parallel execution models

• In [49] is reported a parallel execution model based on MUSE 3.5.1.5. This model

supports restricted AND-parallelism, stream AND-parallelism and also OR-parallelism.

Furthermore, the AND process solves the subgoals by creating OR-processes for each

one.

There are two scheduling work algorithms proposed in that model. The first one is

based on allocating the processing elements to the branches of the AND/OR tree

by a method matched with the execution of the Prolog language. The second one

is based on static allocation for the processing elements to the branches of the tree

starting from the top-most.

• In [12] is reported another parallel execution model whose language is based on pure

Horne Clause Logic with the addition of a set of annotations. That model exploits

And-parallelism and also Or-parallelism.

It employs differeent techniques to execute a logic programming:

– Performs frame inheritance for newly created goals.

– Create a data-dependency graph to represent relations among goals.

– Create process structures that are based on the information into the data-

dependency graph.

3.4.5.9 Logatithm resolution model

In [4] is reported Logarithm, an all-solution parallel logic resolution model, supporting

AND parallelism and OR parallelism, based on an intelligent distributed backtracking al-

gorithm. It is used to speed up programs performing searches in large domains.

Stream AND-parallelism is also supported: partially instantiated terms can be communi-

cated incrementally by a process to processes sharing variables with it.

3.4.5.10 A Multisystem-based parallel interpreter

In [23] and [24] an approach to restricted And-parallelism combined with Or-parallelism

is presented. The proposed parallel interpretation model is based on what it is called

multisystems. This consist in compact representations of several systems that are often

called a set of bindings or also, a binding environment of variables. The approach presents

some good characteristics:

• All the known techniques to exploit Restricted And-parallelism can be used with the

proposed approach.

• The number of search paths could be exponentially smaller than that needed by

existing interpreters (using Or-parallelism).

• Regarding the total running time, the small number of search paths created is a

crucial factor because it avoids their execution.
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• The reduction in the required memory space in the proposed interpreter (even ex-

ponential in a best case) follows from the fact that a multisystem is equivalent to a

set of multiple bindings but represented in a compact and hierarchical way.

3.4.5.11 Support to Cut and Side-effects

The articles [26] and [27] present a technique to support full Prolog semantic focussing on

extra-logical predicates like cut and other side-effects. The support is studied for an or-

and independent and-parallel system. The crucial point presented is that it is fundamental

to recompute solutions intead of reusing them. The limit of this model is that it is based

on or-parallelism that use Conditional Graph Expressions (CGE). The method used to

preserve Prolog semantic is an extension of the left-most principle already shown, that

add the concept of ”locally left-most”.

Another method to support full Prolog semantic is presented in [38]. Its aim is to

handle side-effects while mixing recomputation and reuse of subgoals using a ”Selective

Recomputation” approach. The order preserving concept is based on a side-effect execution

permit token that is passed in the OR-forest in accordance with the execution order in

sequential Prolog. In this article it is also introduced the concept of soft side-effect that

increase the parallelism exploitable.

3.5 Parallel implementations

In this section are illustrated the various implementantion that have been proposed for

supporting OR-Parallelism, Independent AND-Parallelism, Dependent AND-Parallelism

and systems that support more than one type of parallelism.

3.5.1 Implementations Supporting OR-Parallelism

Following, the most famous systems that handle OR-parallelism are reported with a brief

explanation. Those which support more than one type of parallelism are presented in

section 3.5.4

3.5.1.1 Aurora

In [46] and [6] is presented Aurora, an or-parallel implementation of Prolog implemented

for shared memory multiprocessors. Its implementation uses the SRI model to represent

different bindings of the same logical variable corresponding to different branches of the

search space. In the SRI model, a group of workers cooperate to explore the Prolog search

tree, which is defined implicitly by the program and needs to be constructed explicitly

during the course of the exploration. In order to share or-parallel work, Aurora protects

the choice points with locks avoiding that several workers steal the same piece of work.

Furthermore, Aurora system supports cut and standard Prolog built-in predicates includ-

ing those which produce side-effects. Procedures to this predicates are required to suspend

until they are in the leftmost branch of the tree.
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3.5.1.2 The YapOr System

In or-parallelism, alternative branches of the search tree may be executed in parallel and

this may produce binding conflicts for shared variables. The YapOr system, [79], [21],

[62] is used to solve this problem by implementing the environment copying model. In

that model, each process keeps a separate copy of its own environment, but in an identi-

cal address space. Thus, permits to freely store assignments to shared variables without

conflicts. Every time a process shares work with another one, all the execution stacks

are copied to ensure that the requesting worker has the same environment state down to

choice point where the sharing occurs.

Synchronization is needed at work sharing operations to ensure that each untried alterna-

tive is only explored once.

3.5.1.3 The ThOr Model

In [21] is reported another model that supports OR-parallelism. As in the YapOr system,

in the ThOr system the memory model is based on stack copying. It has been designed

to take advantage of the existing YapOr code but, having each stack at the same virtual

memory addresses, does not hold true in ThOr. That is, to share work we need to have

several copies of the same choice-point at different virtual memory addresses. To solve this

problem, in ThOr is used the shifted copying. That method consists of: copy the memory

between the workers sharing work and, then, adjust pointers.

Although shifted copying adds a linear overhead to copying operations, it offers some

important advantages:

• It allows using the thread infrastructure as is.

• It allows shifting between stacks with different sizes.

3.5.1.4 OPTYap System

In [63], [66] is proposed the OPTYap system (that builds on YapOr), that is the first

available system that can exploit parallelism from tabled programs. (Tabling is about

storing and reusing intermediate answers for goals).

The OPT (Or-Parallelism within Tabling) model considers tabling as the base component

of the system. Each computational worker behaves as a full sequential tabling engine.

The or-parallel component of the system is triggered to allow synchronized access to the

shared part of the search space or to schedule work. The OPT model split the search

tree into a public and several private regions, one per worker. When a worker runs out

of alternatives to exploit, it enters in scheduling mode. The YapOr scheduler is used to

search for busy workers with unexploited work.

Experimentation on achieving scalability in tabled logic programming have been made

through that system and are reported in [64].

An optimization strategy for OPTYap is presented in [65] where the aim is to deliver

tabled answers as soon as it is found that they are safe from being pruned.
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3.5.1.5 MUSE

Muse, which is reportedd in [2] and [1], is based on multiple sequential Prolog engines.

Both conditional and unconditional variables are not shared in the MUSE system. Each

processor operates as a sequential Prolog engine with its local memory.

The MUSE or-parallel Prolog system assumes a number of extended Prolog engines called

workers. Each worker consists of two components: the engine and the scheduler. The

former works as a sequential Prolog engine, the latter maintains the work between engines.

Furthermore, the MUSE scheduler supports the sequential semantics of Prolog and efficient

scheduling of speculative work.

3.5.1.6 PALS

In [80] is proposed a new distributed Or-parallel execution model, PALS, that is oriented

for completely distributed memory multiprocessors and efficiently exploits or-parallelism.

It adopts a new strategy, the incremental stack-splitting that is a modification of the

stack copying, used to implement or-parallel Prolog efficiently in the MUSE system. The

new strategy allows to reduce the communication during stack copying and make its

implementation efficient because, the PALS system, only copies the difference between

the stacks of the sending processor and the receiving processor.

3.5.1.7 YapDss System

In [67] is proposed an or-parallel Prolog system that implements stack splitting to exploit

or-parallelism in distributed memory platform. YapDss uses a multi-sequential approach

to represent computation state and work sharing among the computational workers.

YapDss uses a bottommost policy to dispatch work for or-parallel execution. Work is

shared through copying of the execution stacks and diagonal splitting is used to split the

available work.

In this implementation there is no support for cuts or side-effects.

3.5.1.8 PloSys

The article [47] present a parallel distributed system focussing on side-effects. The ob-

jective of PloSys is to build a Prolog-like OR-parallel logic programming system for dis-

tributed memory parallel architectures. ”Prolog-like” means that PloSys will implement

Prolog cut and side-effects.

The PloSys computational model is multi-sequential: each worker importing work copies

the state of the worker exporting work. Scheduling is centralised. The management of cut

and side-effects aims at limiting the number of messages exchanged during the execution.

Cuts are handled with speculative work, while side-effects are executed only when on the

left-most node. Side-effects executed in speculative work should be reversible either by

restoring the previous state of computation, or by performing them in some cache that

will be cleared if the side effect is not to be validated.
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3.5.2 Implementations supporting independent AND-Parallelism

Following, a description of systems that exploit Independent AND-parallelism is provided.

3.5.2.1 &-Prolog

In [22] is reported the &-Prolog system that exploits independent AND-Parallelism com-

bining a compiler performing independent detection with an efficient implementation of

AND-parallelism on shared-memory multiprocessors.

This system supports both automatic and user-expressed parallelisms. This can be ex-

pressed explicitily with the &-Prolog language.

Input code is processed by several compiler modules: The parallelizer performs a de-

pendency analysis on the input code using a conditional graph-based approach. It also

receives information from the Side-Effect Analyzer on whether each non built-in predicate

and clause of the given program is pure, or contains a side-effect. This information adds

dependencies to correctly sequence such side-effects. The parallelizer then encodes the

resulting graph using the & operator producing an “annotated” (parallelized) &-Prolog

program.

The parallelizer also receives information from the granularity analyzer regarding the size

of the computation associated with a given goal, as can be seen in [44].

In order to improve its performance, a tool, written in Prolog, was implemented. IDRA

(IDeal Resource Allocation) [25] collects traces from sequential executions and uses them

to simulate an ideal parallel execution of the same program.

3.5.2.2 &-ACE

In [51], [50], [33] is reported the &-ACE system that exploits independent AND-Parallelism

and that is based on the logic programming paradigm and the Prolog technology. An

And-Parallel Prolog system works by executing a program that has been “annotated”

(parallelized) with parallel conjunctions. These parallel conjunction annotations are either

inserted by a parallelizing compiler or hand-coded by the programmer.

Execution of all goals in a parallel conjunction is started when control reaches that parallel

conjunction.

&ACE is very effective in exploiting parallelism, even from rather fine-grained applications,

as the one explained into in [34] which was simplified the computation And-Or tree in order

to make its traversal cheaper and faster

3.5.2.3 Shared-memory implementation

In [8] is reported an a high-level implementation model for independent and-parallelism

which fully supports non-determinism, through backtracking, and provides flexible solu-

tions for some of the main problems found in previous and-parallel implementations. That

implementation provide a solution that is only valid for the parallel execution of goals

which have exactly one solution each. This model is based on the multi-sequential marker

model introduced by &-Prolog to which share the concept of agents. In that model, agents
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are created with a small stack (which can grow on demand) and they wait for some work

to be available. They do not continuously search for new tasks to be performed, in order

to avoid active waiting. That choice was made for improve speedup in logic programs.

3.5.2.4 Extended RAP Execution Model

In [11] is reported an extend RAP execution model that supports intelligent backtracking

and side effects. It consist of:

• Forward algorithm: During the farward execution, an environment will be created on

stack when a clause head is matched, to store permanent variables and information

used to continue execution and backtracking. The system will place onto its system

stack a choice point. When a clause in which subgoals can backtrack intelligently is

encountered, a special choice point will be created on the stack.

• Backtracking algorithm: It is invoked any time a failure occurs. The algorithm

starts by checking the most recently created item from the system stack. If a normal

choice point is the most recent item, then backtracking remains the same, as that

for sequential execution. If a special choice point is the most recent one, a check on

its type is made and the corresponding type of intelligent backtracking is used.

3.5.3 Implementations supporting dependent AND-Parallelism

Following, a description of systems that exploit Dependent AND-parallelism is provided.

3.5.3.1 DASWAM system

In [71] is reported the DASWAM system in which shared variables are represented as a

new type of tagged cell and each shared variable is uniquely represented. Thus, all workers

access the same representation of the shared variable. Producer and consumer status is

determined via a search operation, performed at the time of variable binding. In that

system no locks or mutual exclusion mechanism are required.

3.5.3.2 ACE

The ACE system [31], [53], [33] supports all form of parallelism.

The dependent and-parallelism has been incorpored in ACE using the Filtered Binding

Model that directly encode in the access path itself the information that allows a subgoal

to discriminate between producer and consumer accesses. Thus, the filtered binding model

exploits restricted DAP and performs all operations in constant-time. The restriction is

that unbound shared variables are not allowed to be bound to each other.

Independent and-parallelism is also exploited via conditional graph expressions.

3.5.4 Implementations supporting multiple type of parallelism

Here are exposed the main systems that support multiple type of parallelism.
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3.5.4.1 The competition model

In [48] is reported a parallel execution model for logic programs developed in the framework

of the AND/OR process model and supports both AND-parallelism and OR-parallelism.

This model, called The Competition Model contains two kind of processes:

• An OR-process: Solves a single lieteral goal. If there are n clauses resolvable with

the goal, then it creates n AND-processes to solve these n resolvents.

• An AND-process: Solves a conjunction of literals. If the conjunctioon consists of n

literls, it creates n OR-processes for these literals.

Furthermore, it also consist of two algorithms:

• The forward execution: Allows a higher degree of parallelism adopting the concept

of competition.

• The backward execution: Involves three operations: select the backtrack literal, select

the reset literals and freeze some literals.

3.5.4.2 FORDAP

In [93] is reported a full OR/AND parallel execution model which exploits all types of

implicit parallelization. It consists of:

• EGE (Execution Graph Expression)

• Parallel Execution Tree

• Decomposition Scheme

• Solution Collection Scheme

A logic program, which is submitted to FORDAP, is firstly transferred into the EGE

at compile time, the parallel execution tree is formed (according to the request and the

EGEs) at runtime, the request is then decomposed into multiple parallel goals end, at the

end, all the solutions of the goals are collected and the final solution is built.

3.5.4.3 Andorra-I

The idea behind this system, [18], [78], [73] is that if a goal has only one solution, it

can be executed regardless of what other goals have been initiated. Such goals are called

determinate. If no determinate goals can be found, a branch point for the leftmost goal

is inserted. Each solution that is found for this branch point may spawn a different

parallel branch (OR-parallelism using the binding array technique). This model leads to

AND-parallel coroutines if two determinate goals are executed in parallel. In other words,

dependent and-parallelism is obtained by having determinate goals execute in parallel.

The different alternatives to a goal may be executed in or-parallel.
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In Andorra-I, workers are arranged into teams that cooperate to exploit or-parallelism.

Workers within a team cooperate to exploit and-parallelism. A team is composed of a

master and some or no slaves. The configuration of workers into a team is decided by

the user. In [20] is explained that, in doing so, the problem that arises is the selection

of a work, and more generally, where to redeploy workers to. The Andorra-I component

responsible for doing that is the preconfigurer.

3.5.4.4 The Extended Andorra Model - EAM

In [78], [83] is proposed another model that exploits both AND-parallelism and OR-

parallelism. It extends the basic Andorra model [76] in that it lets all AND-goals execute

prematurely.

If only one solution for a goal is found, it is treated like a determinate goal in the basic

Andorra model. Otherwise, goals can freely be executed as long as they do not influence

the computation of the other goals. In this case, it is suspended.

Once execution cannot proceed, the producers publish all solutions to the consumer goals.

For each solution, a new instance of a consumer goal is started.

The EAM is a general model, more powerful than the Basic Model, since it can limit the

search even further by local searching. It also exploits more parallelism since it exploits all

major forms of parallelism present in logic programs, that is: or-parallelism, independent

and-parallelism, and dependent and-parallelism.

An aspect of EAM is that is does not distinguish between independence and dependence

of conjunctive goals: it tries to execute them in parallel whenever possible. Furthermore,

the extended Andorra mode subsumes both the committed choice logic programming and

non-deterministic logic programming.

3.5.4.5 OASys - Or/And SYStem

In [81] is reported a software implementation designed for AND/OR-parallel execution of

logic programs.

In OASys, the search space is represented by a tree in which the nodes, called U-nodes,

denote the unifications between the calling predicates and the heads of the corresponding

procedures. The connection between two u-nodes create a link that is successfull if the

unification performed produce a consistent binding.

OASys supports OR-parallelism by searching simultaneously different paths of the search

tree. It also supports AND-parallelism by executing in parallel the U-nodes belonging to

the same path. The execution terminates in three circumstances:

• All links are successful, thus, a solution is found,

• One link is unsuccessful, thus, there is a failure in conjunction,

• Unification in a U-node fails, thus, mismatch.
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3.5.4.6 DAOS - Scalable And-Or Parallelism

In [10] is reported an and/or-parallel Prolog system, DAOS, that exploits parallelism based

on the distributed shared memory architecture. Both shared-memory-based communica-

tion and message passing techniques are adopted in that system.

Essentially, DAOS extends the binding array techniques to Sparse Binding Array to man-

age shared variables in and/or-parallel environment and extends RAP-WAM to support

independent and-parallelism.

3.5.4.7 A Hierarchical Parallel Execution Model

In [82] is reported a hierarchical parallel execution model for Prolog programs that is based

on And/Or parallelism as coarse-grain parallelism (it exploits binding array technique

for Or-parallelism and RAP for And-parallelism) and uses an And/Or tree, and parallel

unification as fine-grain parallelism.

That execution model can be logically broken into two levels of hierarchy:

• The first level is the And/Or parallel execution level

• The second level is a parallel unification level

3.5.4.8 Petri Net resolution

Firstly proposed in [15] and then proposed again in [3] one procedure for automated

reasoning in a logic program is through Petri net models that can handle all possible

types of parallelisms.

4 Analysis

This section summarizes the data collected with two tables. Table 2 shows all the articles

grouped by years and search engine. Note that articles prior to 1989 have been found

using the same engines used for the SLR and they are reported too. Table 3 presents a

macro-classification of the papers. This should be used to quickly find references aimed

at something specific instead of reading this whole paper.
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Analysis

Before 90 ’90-’94 ’95-’99 2000-Today

IEEE Xplore [88] [13] [48] [37] [11]

[12] [68] [40]

[41] [26] [4]

[89] [23] [59]

[60]

[82] [50] [56]

[49] [24] [39]

[20] [32] [52]

[34] [86] [54]

[81] [17]

[55] [91] [64]

[3] [21] [45]

ACM [15] [93] [90] [5] [35] [79]

Scholar [43] [83] [30]

[69]

[2] [46] [57]

[31] [29] [92]

[22]

[51] [28] [36]

[47] [25] [27]

[44] [18] [33]

[6] [78] [73]

[74] [76] [19]

[66]

Springer [16] [77] [72] [1]

[14] [58]

[75] [71] [70]

[53] [38] [87]

[10] [62] [61]

[63] [80] [67]

[84] [65] [85]

[7] [8] [9]

Table 2: References partition based on years and search engine

Analysis

Algorithms and Techniques Implementation

Common problems [14] [26] [27] [44] [38] [86] [87]

[74] [45] [85]

[44]

OR-Parallelism [83] [30] [88] [2] [1] [40] [31]

[32] [78] [17] [61] [19]

[2] [1] [46] [47] [6]

[62] [63] [80] [64]

[67] [65] [66] [21]

[79]

IAP [37] [68] [89] [31] [90] [75] [51]

[70] [52] [78] [54] [7] [9]

[11] [22] [51] [50]

[44] [25] [33] [34]

[8]

DAP [13] [72] [77] [22] [90] [92] [75]

[36] [71] [18] [78] [91]

[31] [71] [33] [53]

AND/OR-Parallelism [43] [30] [41] [12] [57] [58] [26]

[29] [4] [23] [59] [60] [28] [24]

[49] [27] [38] [78] [17] [35]

[15] [83] [48] [93]

[82] [20] [18] [78]

[10] [73] [81] [76]

[3]

Table 3: Summary of the references used in this SLR

5 Discussion

Following will be provided an answer to each research question based on the results col-

lected and the analysis carried out.
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5.1 Q1: What are the different techniques of parallelization

in logic programming?

Up to now, it exists, in literature, three class of thought about parallelism into logic

programming. They are divided into:

• Explicit parallelism

• Implicit parallelism

• Hybrid parallelism

The first form of parallelism, the explicit one, implies the explicit involvement of the pro-

grammer who, by inserting particular constructs at the code level, has manual control over

parallelism.

The advantage of this type of parallelization is that execution can be more efficient and

the programmer have full control on what happens. The downside is that it requires a

skilled programmer.

The second form of parallelism, the implicit one that is also the one at which this System-

atic Literature Review aims, implies the capability of the logic program engine to perform

parallel operations autonomously without the programmer intervention.

This parallelism is in turn divided into three subcategories that are:

• And-parallelism: Subgoals in a conjunction are solved in parallel, and clauses with

the same head are tried sequentially.

And-parallelism can be further divided into two types according to the way shared

variables are handled. That is to say:

– Independent And-Parallelism: Given a conjunction of subgoals, if they do not

share the same runtime bindings with each other, then they can be run in

parallel giving rise to IAP. Static data dependency checking is not enough for

IAP, because in some cases binding dependency arises at runtime.

– Dependent And-Parallelism: Given a conjunction of subgoals, subgoals sharing

variables or runtime binding are executed in parallel as long as dataflow depen-

dencies are preserved. DAP is more difficult to handle than IAP because the

dependent binding restricts the arbitrary exploitation of and-parallel execution.

• Or-parallelism: Given a goal that matches multiple clause heads, the bodies of dif-

ferent clauses are executed in parallel, and subgoals in a conjunction in each body

are executed sequentially. Or-parallelism is an efficient way to explore alternative

solutions in parallel.

• And/Or-parallelism: Subgoals in a conjunction are executed in parallel and clauses

with the same head are tried in parallel too.

The last form of parallelism, the hybrid one, takes advantage of both implicit and explicit

parallelism.
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A deep explanation about the different types of parallelism can be found in sections 3.1

and 3.2.

5.2 Q2: What are the problems of implicit parallelization?

Implicit parallelism has many problems. Some of them are in common to every type while

others are specific.

In section 3.3 are reported all the known problems arising from parallelization of logic

programs, divided in paragraphs depending on the type of implicit parallelism they are re-

lated to. Some of these problems have been studied in more details and have been tackled

with lot of techniques and algorithms. Others, due to their minor impact on performances,

have been addressed only by few researchers.

Despite the amount of studies, some of the bigger problems have not been solved. Further-

more, the complexity and cost of manteinance brought to the dereliction of the systems.

5.3 Q3: What are the algorithms to implicitly parallelize

logic programming?

As explained in details in 3.4 many algorithms and techniques exist to handle different

problems. Some of these methods tackle problems common to each type of parallelism

while others try to improve performances adding optimizations.

Many proposal were made for each single type of parallelism both algorithms/technique

and whole models.

Instead, for And/Or-parallelism, only a few algorithms and techniques were studied while

a lot of models were presented. This imbalance in favor of models is probably due to the

vast number of already existing techniques and algorithms for each type of parallelism,

which have to be merged. This union raise new problems that have to be handled with

ad hoc models.

6 Conclusion

The Systematic Literature Review is a powerful technique that allows you to obtain a

general and methodological view on a certain topic of interest. This work, that identifies

and analizes the different forms of parallelization in logic programming and the different

techniques and implementations developed up to now, followed the standard SLR method-

ology, making sure the whole process was documented and easily reproducible.

In a first moment, a total of 16023 potential articles were identified using automatic

searching in four digital libraries (Google Scholar, IEEE Xplore, Springer Link, ACM

Digital Library) by submitting them the found query. After screening the articles and

performing a pilot search, we selected and analyzed 92 of them.

The results of the systematic review indicate that Parallel Logic programming is, or
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at least was, a highly active area of research. As can be seen, most articles are prior to

2000, meaning that interest has decreased. From what we understood, the reason is the

complexity of manteinance of Prolog parallel implementation. Nonetheless the answer to

the main question we had is yes, it is possible to parallelize Prolog.

This work aims at summarizing the great amount of existing papers about implicit

parallelism in logic programming. Three are the different types of parallelism available:

explicit, implicit and hybrid. Implicit parallelism is again divided in three subtype: OR-

Parallelism, AND-Parallelism (independent and dependent) and Unification parallelism.

Different approach has been proposed to address each subtype both theoretically and

practically.

This SLR should help future work on parallelism in logic programming giving a good

knowledge base and supporting new research and new projects.

7 Attachments

A public folder containing all the references used in this SLR is available at: here
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