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This paper presents a systematic approach to the compilation of logic pro-
grams for efficient clause indexing. As the kernel of the approach, we propose the
indexing tree which provides a simple, but precise representation of the average
parallelism per nodd.€., choice poinftas well as the number of clause trials. It also
provides a way to evaluate the number of cases in which the control is passed to the
failure code by means of an indexing instruction, suchkswich_on_term
switch_on_constanbr switch_on_structure By analyzing the indexing tree created
when the indexing scheme is implemented in the WAM, we show the drawback of the
WAM indexing scheme in terms of parallelism exposition and scheduling. Subsequently,
we propose a new indexing scheme, which we call th&tdteindexing The experi-
mental results show that over one half of our benchmarks benefit from Flat indexing
such that, compared with the WAM indexing scheme, the number of choice points is
reduced by 15%. Moreover, the amount of failures which occur during the execution
of indexing instructions is reduced by 35%.
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1. INTRODUCTION

Logic languages [17, 18] based on the SLD refutation [19] impose a strictly sequential
search over the search tree. A technique cidtikingis used to improve the performance
when the number of clauses making up a predicate is large. Therefore, compilers for most
logic languages produce code which implements a kind of such indexing [1,9].

In spite of research efforts over the last decade, the efficient implementation of Prolog
is still an important issue in logic programming. As a sequential engine for logic languages,
WAM (the Warren Abstract Machine) is a breakthrough which has contributed to highly
efficient implementation of logic programs [16]. With its memory organization and instruc-
tions are slightly modified or extended to support parallelism, the WAM is used in most
parallel implementations of logic languages as the sequential engine to achieve high single-
thread performance [4, 12].
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One choice point is that of runtime data structures created during execution of WAM
code [1]. It serves to keep the information associated with the execution of agyoal (
predicate). Although according to the role of the choice point, it is natural to provide a single
choice point for each invocation of a predicate, WAM sometimes creates two choice points
which appear contagiously in a search path. However, these two choice points do not cause
any significant disadvantage for the sequential WAM except for the cost of creating an
additional choice point. Rather, they support very compact code, which is in fact one of the
design objectives of WAM.

In parallel execution of WAM code, choice points have an additional role, that is, to
represent OR-parallelism [3, 12]. This has caused the issue of two choice points to become
very controversial in terms of parallelism and scheduling. Parallel schedulers exploit OR-
parallelism by taking available (OR-parallel) branches, (clausesfrom choice points [3,

12]. Because OR-parallelism can be crudely regarded as the number of alternative clauses for
each predicate, the available OR-parallelism spreads over the two adjacent choice points,
provided that two choice points are created. In this case, the available OR-parallelism is not
fully exposed at the point of goal invocation; only a part of the OR-parallelism is available at
the point of goal invocation. As a result, the creation of two choice points has a harmful
effect on parallelism exposition by decreasing the average OR-parallelism.

This paper points out that the creation of these two choice points stems from the
indexing scheme implemented in WAM (which we will 38\M indexing Through quan-
titative analysis, we evaluate the amount of overhead from the viewpoint of the average OR-
parallelism per node. To avoid overhead, we suggest a new indexing scheme, which we will
call Flat indexing To verify its performance, we implement both WAM and Flat indexing
and evaluate, respectively, the number of choice points created for a set of benchmarks.

Previously, a number of researches focused specifically on indexing [5, 6, 10, 14, 20].
Their main concern was fast resolution of clauses within the context of the sequential imple-
mentation of logic programs. To achieve fast resolution, some works introduced a formal
model [14] while others used some auxiliary data structures, such as automata [20] and jump
tables [10]. Even though they clearly supported fast resolution and unification, none of the
previous works clearly addressed the multiple choice point problem, which flat indexing tries
to solve.

The rest of this paper is organized as follows. Section 2 gives a brief introduction to
the WAM indexing scheme. Section 3 presents a framework used for the analysis of indexing
schemes and the results of WAM indexing obtained by applying the framework. Section 4
presents Flat indexing, which we propose to enhance OR-parallelism and scheduling
efficiency. Section 5 reports the evaluation results. Finally, section 6 offers conclusions.

2. BACKGROUND

This section introduces WAM indexing in order to make this paper self-contained and
also introduces some terminology used in later sections. In WAM indexirfistrargu-
mentof either a clause or a goal is used ak#ygl]. According to the typical programmer’s
tendency, clauses making up a predicate are usually defined differently depending on the
data type. This differentiation is mostly reflected in the first argument. Considering the
trade-off between efficiency and simplicity, using fin&t argumentas thekeyfor indexing
can be considered a quite reasonable choice.
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Given an input keyi ., thefirst argument of a goal), WAM indexing is applied to the
predicate to prune out a subset of clauses before their clause trials, provided that these
clauses will always fail in terms of unification. Among the four data types of Witdviaple,
constantlist, andstructurg, if a clause has a variable as its clause key (i.efirgft@rgu-
ment of the clause), then the clause should not be pruned away because the clause key will
always unite with ainput keyof any type. To make such clauses always subject to clause
trials, WAM indexing divides the clauses;,(.., ¢,) which make up a predicate into a set of
groupsG;,,...,G, (1= m=n), whereG; is a set of contiguous clauses of either of the following
two types:

e Typea: G; consists of only a single clause whose key is a variable.

¢ Typep: G; consists of a maximal sequence of contiguous clauses whosenkeais

variable.

Fig. 1 shows twelve clauses which define the preditatiei2. According to the
above grouping rule, four groups are defined as foll@ws: {c,, ¢,, c3}, G, ={c,}, andG; =
{Cs, Cs, C7, Cg, Co, C1g, C1a}, Gs = {C12}, WhereG, andG, are of typex andG, andG; are of type

B.

In the WAM code of a predicate, the groups defined for a predicate are chained such
that each group is visited consecutively at runtime regardless of the type of input key.
Under such chaining, the clauses with variable keys are always tried. The implementation
uses the instructiortsy_me_else, retry_me_elaadtrust_me_else_faftl] as shown in
Fig. 2.

Ci match(sum(A,B),sum(C,D)) :- match(sum(A+D-1), sum(C+B-1)).
C: match(sum(A,B),C) :- match(B-1, sum(C,B-1)).
Cs match(a, b) :- match(numeric(a), numeric(b)).
Cy match(X, ascii(Y)) :- match(ascii(X), digit(Y)).
Cs: match(a, b) :- match(ascii(a), ascii(b)).
Cor match(a, b) :- match(digit(a), digit(b)).
Cr match(b, X) :- match(digit(b), digit(X)).
Co: match(sum(A,B), sum(C,D)) :- equal((A-C), equal(D-B)).
Co match(sum(A,B), C) :- match(sub(C-A), B).
Cio: match([A,B],[C,D]) :- match(A,C), match(B,D).
Cuit match([a,A], [C,b]) :- match(a,C), match(A,b).
Ciz! match(X, numeric(Y)) :- match(numeric(X), numeric(Y)).
Fig. 1. Clauses making predicatatch2.
match 2: try_me_else glabel
[Code forG,]
G,_label retry_me_else ¢label
[Code forG,]
Gs_label retry_me_else glabel
[Code forG;]
G,_label trust_me_else_fail
[Code forG,]

Fig. 2. The structure of WAM code implementing the chaining of four groupsich2.



228 HIECHEOL KiM, KANGWOO LEE AND JEAN-LUC GAUDIOT

It is not necessary to make any indexing as for groups obtyyeeause they contain
only a single clause which must be tried. Actual indexing is applied t@tgpaups that
consist of more than one clause. The indexing consists of two steps carried out firstly with
respect to theata typesof the clause key, and secondly with respethéir values the
latter step is applied only to the clauses whose keys are of either the constant or the struc-
ture type because only constant or structure data can have multiple, different values.
Given a group of typB, the indexing process begins by making partitions with respect
to the clauses of the group according to the data type of the clause key. As the key of each
clause is one of the following three data typesistant, list, and structuré¢hree partitions
are produced respectivelyRg P, andPs, wherePc, P, or Pg, is an ordered set of clauses
whose keys are, respectively, a constant, a list, or a structure. In addition to these partitions,
Py is defined as the ordered set of all the clauses in the group. In the second step in indexing,
one more level of partitioning is made Ry; andPs. In this step, the clauses having the same
key value are grouped insabpartition
Given an input key of type the indexing conducted over the four partitidhs P,
Ps, Py) selects one of the partitior3,, according to the type of input key. The control is
then dispatched to partitid®y. In this way, the rest of the partitions can be excluded from
clause trials. This implementation is conducted using the instrgetitch_on_termwhich
has four arguments, respectively, for each type. The value of an argument has one of the
following values.

e Case 1: the address of the clause’s cedg C;) when the relevant partition con-
tains only one clause.

e Case 2: the address of the partition’s caelg.( C_partitionin Fig. 3) when the
relevant partition contains more than one clause.

e Case 3: the address of the code which processes the unification failure when no
partition is defined for the given type.

G,_code
switch_on_term @ G,|C_partitionifail, Cy,|L_partition
[fail, Ci|S_partitiorffail

C_partitiont  switch_on_constar{pointers to buckets}
[Lists of subpartitions for constants]

L_partition:  [A bucket for lists]

S_partition switch_on_structurgpointers to subpartitions}
[Lists of subpartitions for structures]

Cu try_me_else &z
[Code for claus€;]

Gy retry_me_else g
[Code for claus€;;)]

Ci retry_me_else_fail

[Code for claus€,]

Fig. 3. The code structure of a group which has k clauses. Arg@xéntpartitiorifail indicates either
Ci,, C_partitionor fail.

When the partition thus selected using the instruchvitch_on_ternis eitherP, or
Ps, the control is dispatched to some subpartition according to the value of the input key.
The implementation is conducted using the instrudisitch_on_constant or switch_on_
structure Either instruction has a hash table as its argument, in which each subpartition is
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provided with an entry. The entry holds the address of the subpartition’s code if the
subpartition contains more than one clause; otherwise, it holds either the address of the
clause when there is a clause or the address of the failure code when there is no clause
matching the input key. Therefore, for a given input key, according to the value of the entry,
the control is dispatched either directly to a clause or to a subpatrtition, ofdiuteecode

The partition selected when the input key is a list or a variable as well as the subpatrtition
selected when the input key is a constant or a structure will be referred boastand
denoted aB, wherex is eithet, v, ¢, orsto indicate the type of input key. According to the
earlier description of switching instructionsa(tch_on_termswitch_on_constanor
switch_on_structurg it should be noted that a bucket always contains more than one
clause. The WAM code of a bucket is organized such that all the clauses in the bucket are
tried one by one. The implementation is conducted using the instrulipregry, andtrust
[1]. Fig. 3 depicts the structure of the code for an example grouj eldhses. Fig. 4 shows
the code for grouf; defined formatch?2.

G;_code switch_on_term g Label C_partition L_partition, S_partition
C_patrtition switch_on_constart, {a: C,_subpartition, b: ¢ Codég
C._subpartition try C5_Code

trust G_Code
L_partition: try C,o_Code

trust G,_Code
S_partition: switch_on_structurd, {sumz2 : S,,_partition}

Sum_Subpartition: try G_Code
trust G_Code

Cs_Labet try_me_else g Label

Cs_Code [Code formatch{a,b) :- matchascii(a), ascii(b))}

Cq_Labet retry_me_else £label

Cs_Code [Code formatch(a,b) :- match(digit(a), digit(b]).

C, Labet retry_me_else £l abel

C;_Code [Code formatch(b,X) :- match(digit(b), digit(X})).

Cg_Labet retry_me_else £l abel

Cg_Code [Code formatch(sum(A,B), sum(C,D) :- equal((A-C),
equal(D-B))]

Cy_Labet retry_me_else § Label

Cy_Code [Code formatch(sum(A,B), C) :- match(sub(C-A),]B).

Cio_Labet retry_me_else ¢ Label

Cio_Code [Code formatch([A,B], [C,D]) :- match(A,C), match(B,D).

C,y_Labet trust_me_else_fail

C.1_Code [Code formatch([a,A], [C,b] :- match(a,C), match(A,b).

Fig. 4. A code for grouf®; of match2.

Before we proceed to the next section, we will briefly describe the relationship be-
tween WAM indexing and the number of choice points created for each invocation of a
predicate. In WAM, the instructidny_me_elser try creates a choice point. When more
than one clause is defined for a predicate, the code for the first clause always starts with the
instructiontry_me_else In this case, if there is a bucket with more than one clause in any of
these groups, its code starts with the instruction try. If the bucket is selected at runtime, two
choice points are thus created contiguously in a search path, respectively, by means of
try_me_elsandtry.
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For example, the instructidry_me_elseén the code for the predicateatch2 cre-
ates a choice point for which four partitions are exposed as alternative branches (Fig. 5). In
the sequential execution, the four partitions are executed sequentially from left to right. In
parallel execution, they can be executed in parallel, respectively, by different processors. As
depicted in the figure, if the input keydsa new choice point is created inside gr@4ioy
the instructiortry in C,_subpatrtition(Fig. 4).

choice
point

Fig. 5. Choice points and parallelism.

3. ANALYSIS FRAMEWORK FOR INDEXING SCHEMES

In the sequential execution of WAM code, the creation of two contiguous choice
points for a predicate.€., for execution of a goal) can be regarded just as a variation of an
implementation since it does not cause any significant performance penalty. In the parallel
execution, however, it has a very harmful influence on the performance by decreasing the
amount of parallelism per choice point and the efficiency of task scheduling. This section
presents an analysis framework which aims at identifying the influence that WAM indexing
has on the OR-parallelism of Prolog programs. The analysis consists of the identification of
the shape of an OR-parallel search tree created under WAM indexing and also a quantitative
evaluation of the amount of OR-parallelism per choice point.

3.1 Analysis Framework: Indexing Tree

For a predicat® defined by more than one clause, we provide here some notations
and definitions associated with WAM indexing. Let the set of clauses which make up
predicateP bec,, ...,c,. Suppose that the clauses are dividedrimgpoups:G,, G,, ...,Gy.
Assume a mappinly such thatN(S) is the number of elements of a SetThe number of

clauses in grouf is then denoted a¥(G)), (i.e., Z N(G)=n). For a grougs, let the

buckets selected for each type of the kel hé;, b,c, andbIS If no bucket is selected for a
given typex, b, is regarded as an empty set. Note that a bucket defined for either a constant
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or a structure key is for a specific value of the key and, thus, normally includes a subset
among the clauses whose key is of its type. Therefore, the following relationNi(@)s>
N(by) + N(be) +N(bss).

In order to analyze how many choice points are created in the execution of a goal, a tree
calledan indexing treés proposed. An indexing tree is a tiiee (N, E), whereN is the set
of nodes andt is the set of edges. A non-leaf node in an indexing tree represents a choice
point and is referred to alpNode(Choice Point Node). Given a predicate, if the number
of its groupamis bigger than one, then a choice point is always created at the beginning of
its execution. Th€pNodeof this case becomes the root of the predicate’s indexing tree, and
it hasm subtrees, each corresponding to a group. To understand the shape of a subtree, it
must be noted that for each group, one of the following three cases occurs when
switch_on_term, switch_on_constamiswitch_on_structurés executed:

e Case 1: No one bucket is chosen; no clause is tried, and the control moves directly
to the failure code. The subtree of this case is represented as a leaf node classified
as aSfNode(Switch failure Node

e Case 2: A bucket with only one clause is chosen; only one clause is tried. The
subtree of this case is represented as a leaf node classifi€ttidede(Clause
Trial Nod8.

e Case 3: A buckdi with more than one clause is chosen; more than one clause is
tried. The subtree of this case consists of more than one node. The root of the
subtree is always @pNodebecause the number of clauses in the chosen blicket
is more than one. Ad(b) clauses will be tried with respect to this népNodeand
their trials will not cause any further creation of choice points, thei(lay€tNodes
in the subtree.

According to the above discussion, any indexing tree defined for a predicate has up to
three levels, a non-leaf node is alwaygmNodeand a leaf nodd_{Nodg is always either a
SfNodeor aCtNode Fig. 5 illustrates the form of an indexing tree for a predicate.

Given a predicate, its indexing tree may be defined differently depending on the data
type of the input key. If the input key is a variable or a list, the form of the index tree is always
the same regardless of the values of the input key. On the other hand, if the input key is a
constant or a structure, the form becomes different depending on the value of the input key.
For this case, to compare the sizes of indexing trees, we define the following criteria:

¢ Given indexing tree$, andT,, T, is larger thar, if the number oCpNodesn T, is
bigger than that o€pNodesn T..

¢ If T, andT, have the same number@pNodesthen the one which has more leaf
nodes idarger than the other.

Based on the above definition, we introduogsaimumand aminimumindexing tree
with respect to a given data type as follows.

e For a given data type, a maximum indexing tree of that type is any tree which is
largest among the possible indexing trees.
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z For a given data type, a minimum indexing tree of that type is any tree which is
smallest among the indexing trees resulting from any input key of that type. When
the input argument is either a constant or a structure, a minimum indexing tree is the
one resulting from the input key which does not match any of the clause keys.

3.2 Results of the Analysis of WAM Indexing

In order to analyze WAM indexing, we use the framework established in the previous
section. In the analysis, we calculate for each data type the size of a minimum and a maximum
indexing tree of a predicate, where the size is represented in terms of the nuGiodés
andLfNodes

Consider a predicate consistingfroups. A minimum and a maximum indexing tree
are the same if the input argument is either a variable or a list; otherwise, they may be
different from each other. Given an input key of the constant or the structure type, if the
bucket chosen inside a groGpconsists of more than one clause, then we denote the bucket
ash,. For alli (1=:i=:m), letr be the number of such buckets. Given an input key, the number
r is always defined uniquely. When the input key is of the congtasp Etructure) type
and has the value which results in the maximum valug the indexing tree of each case
becomes a maximum indexing tree of the constasp(structure) type. In this case, we
denote each of the buckets in grab{1=: i == m) asb' (resp b'y).

Table 1 shows an analysis result, whergands for the number of choice points
created with respect to those groups. In other words, it becomes 0 if the number of groups
is 1; otherwise, it becomes 1. As discussed earligthe number of buckets selected in all
the groups with respect to a given input key. Now that a choice point has been created for
each of the buckets, the total numbeCpNodedecomep plusr.

Table 1. The minimun and the maximum indexing tregg is O ifm = 1; otherwise pis 1).

Type of Minimum Indexing Tree(s) Maximum Indexing Tree(s)
input key Number of Number of Number of Number of
CpNodes LfNodes CpNodes LfNodes
Variable p+r n p+r n
r r
List p+r m-r+3 N(b) p+r m-r+3 N(b)
i=1 i=1
Constant p m p+r m-r+3 N(by)
i=1
Structure p m p+r m-r+3 N(by)
i=1

The number oEfNodesn an indexing tree can be obtained by summing the number of
LfNodesin each level. The number of groups minus the numb&pdfodeq(i.e., m-r)
becomes the numberioNodesn the second level. The numbeté@flodesn the third level
is the total number of clauses in the buckets selected in each partition by using the input key.

As discussed earlier, the result shows that a maximum and a minimum indexing tree are
the same if the input argument is either a variable or a list. In general terms, (i) ifito
choice points are needed under WAM indexing if each group has at least one bucket that has
more than one clause. In addition, (2) two choice points are sometimes created contagiously
in a given search path.
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In order to verify the analysis result, we apply the result to the predicettei2
shown in Fig. 1. As for the predicate, the number of claugds (2, and the number of
partitions () is 4. In the predicate, for a constanthe bucket s, ¢} is defined in grouss.
For the structureuni2, the bucket¢;, c,} and the bucketds, co} are defined, respectively,
in G, andG;. Finally, bucket €, ¢,1} in groupG; is defined for a list. As for a variable, the
bucketsb,, andb;, have more than one clause. The maximum number of buckets (the
maximum value for) that have more than one clause and can also be selected is, thus, 2, 1,
1, and 2, respectively for the variable, list, constant, and structure. The other parameters
associated with each bucket are listed in Table 2. Using the paraptersas well as the
number of clauses in buckets, we can calculate the size of the indexing tree, respectively, for
each data type. The results are shown in Table 3. According to the table, up to three choice
points are required in execution of the predicatdchi2 when the input key is either a
variable or the structurum2.

Table 2. The number of clausesNoB: number of buckets).

Data Gy(Type B) G, (Typea) | Gs (Typep) G, (Type ) Paramete
type NoB | N(k)| NoB| N(&) | NoB | N(b5) | NoB | N(b) r
Variable 1 3 0 0 1 7 0 0 2
List 0 0 0 0 1 2 0 0 1
Constant 0 0 0 0 1 2 0 0 1
Structure 1 2 0 0 1 2 0 0 2

Table 3. The sizes of the maximum and the minimum indexing trees.

Type of Minimum Indexing Tree(s) Maximum Indexing Tree(s)
input key Number of Number of Number of Number of
CpNodes LfNodes CpNodes LfNodes
Variable 1+2=3 12 1+2=3 12
List 1+1=2 4-1+2=5 1+1=2 4-1+2=5
Constant 1 4 1+1=2 4-1+2=5
Structure 1 4 1+2=3 4-2+2+2+2=4

4. FLAT INDEXING

The results of the analysis given in the previous section show thatnup fochoice
points are needed when a predicate has m groups. They also show that up to 2 contagious
choice points may sometimes be created in a search path. The latter case implies that, for a
given predicate, the amount of OR-paralleliéen, (the total number of clauses defining the
predicate) may spread over the two choice points. This has a harmful influence on the
parallelism exposition by decreasing the average amount of OR-parallelism per node. This
section presents the Flat indexing scheme proposed mainly to increase the average OR-
parallelism per choice point.
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4.1 Description of the Flat Indexing

An input key may match the two classes of clause keysither a variable or the one
of the same data type. In the WAM indexing scheme, each class is dealt with differently.
Clauses with a variable key are defined as an independent group such that they are always
tried. On the other hand, each non-variable group is divided into partitions according to the
type of clause key; thus, only a single partition will be selected according to the type of input
key. The advantage of this approach is that very compact code can be obtained since the
WAM code for a predicate contains only a single copy of the code for the clauses with the
variable key. However, as this way of grouping results in the division of the clauses to try
into two kinds of disjoint sets.e., the variable group and the partition chosen in the non-
variable group according to the data type of the input key, and as each kind may create a
choice point, the problem of two choice points occurs.

Flat indexing aims to solve the problem of these two choice points. In order to insure
that only one choice point is created in a search path, the indexing scheme must ensure that,
for a given input key, all the clauses to be tried must be containesinglaset. In Flat
indexing, all the clauses making a predicate are, thus, looked upme gsoup whose
meaning is basically the same as that discussed for WAM indexing. The group is divided
into a set of partitions, denotedRsP,, P., andP;, as under WAM indexing. But different
from WAM indexing, partitionP,, selected when the input key is of typés composed of
those clauses whose key is either a variable or a data of tyy@epartition contains all the
clauses which are subject to clause trials. ExampieatEh2, P, is {C4, Ciq, C11, C12}, Where
the key of clauses,; andc,, is a list, and the key of clausgsandc,, is a variable (Fig. 7).

Defining the partition in the above way, for any input key, the clauses to be tried are
contained in a sek(g, partition). In WAM indexing, when an input key fails to match any
clause with a non-variable key in the partition, the switching instructions dispatch the con-
trol to a failure service routine which will then lead to processing of the next group. As a
result, the clauses with a variable key are always tried. Now that only a group exists in Flat
indexing, this case is treated differently. In addition torttiemal partitions, a specific
partition, called théailure partition P, is introduced which contains all the clauses with
variable keys. For the exampleétchi2, the failure partition becomes,{c,,}. For a given
key which does not match any of the clauses with non-variable keys, the switching instruc-
tion moves the control to the failure partition; result, all the clauses with variable keys are
tried.

The implementation of Flat indexing is also carried out using switching instructions.

In the first part of the code, the instructiswitch_on_terndispatches the control to a
partition according to the data type of the first input argument. The semantics of the instruc-
tion are the same as those in WAM indexing except that the destination for each data type
becomes the failure partition if there exists no clause whose key matches the input key. If the
partition selected by the instructiswitch_on_ternis eitherP, or P, then the instruction
switch_on_constandr switch_on_structurelispatches the control to the appropriate
subpartition depending on the data value of the input key. Again, these instructions are the
same as those in WAM indexing except that they have an additional pointer to the failure
partition. If no bucket exists for the data value, the control is transferred to the failure
partition as well. As under WAM indexing, partiti®por P, as well as subpartitions chosen

with respect to constant or structure keys are called buckets, and its code is organized by
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means of the instructionsy, retry, andtrust. Fig. 6 depicts the code structure produced for

a predicate under Flat indexing. While the code is very similar to that produced for a partition
by WAM indexing, it should be noted that the arguments of the instrustidgteh_on_term,
switch_on_constapandswitch_on_structurare slightly different from those in WAM
indexing. In order to clearly show how a predicate is compiled under the Flat indexing, we
provide in Fig. 7 the code structure for the prediosaich2.

Predicate:

Failure_partition:

Switch_on_ternpStart, C_partition| C; | Failure_partition,
L_partition | C | Failure_partition, S_partitior] C; | Failure_patrtitior]
[Code forfailure partition]

C_patrtition: Switch_on_constaifpointers to subpartitions, Failure_partitipn
[lists of subpartitions for constatjts

L_partition: [the bucket for the lists]

S_partition: Switch_on_structufg@ointers to subpartitions, Failure_partitipn
[lists of subpartitions for structures]

Start: [Code for clauses]

Fig. 6. The structure of a predicate code.
maitch 2: switch_on_term CLabel, C_partition, L_partition, S_partition

Fail_partition:

C_patrtition:
Ca_Subpartition:

Cy_Subpartition:

L_partition:

S_partition :

S.um_Subpartition:

C._Label:
C,_code:

C,,_Label:

try C,_Code

trust G, Code

switch_on_constam, {a: C,_subpartition, b: G_subpartitior}
try G_Code

retry G_Code

retry G_Code

trust G, Code

try G_Code

retry C,_Code

trust G, Code

try C,_Code

retry C,q Code

retry C,;_Code

trust G, Code

switch_on_structurg, {sum?2 : S, subpartitior}
try G_Code

retry C,_Code

retry C,_Code

retry G_Code

retry G_Code

trust G, Code

try_me_else Clabel

[Code formatch(sum(A,B), sum(C,D)): - match(sub(A1D
sum(C+B1)).];

Codes for GCyy

retry_me_else & Label
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C,,_Code: [Code formatch([a,A], [C,b]) :- match(a,C), match(A,b)
Cy, Label: trust_me_else_falil
Ci, Code: [Code formatch(X, numeric(Y)) :- match(numertic(X), numeric{Y))

Fig. 7. A code structure fonatch2 under Flat indexing.
4.2 Analysis of Flat Indexing

As we did for WAM indexing, we have derived the numbeCpRNodesandLfNodes
in the indexing tree created for a predicate under the Flat indexing scheme. According to
Table 4 which shows the results, the numbeZmiflodesreated for a predicate is always
one.

Table 4. The analysis resultsb”, (resp. i) is the bucket whose clause size is the
largest among the buckets with a constant (resp. a structure) key.

Type of Maximum Maximum Minimum
input key Number ofCpNodes Number ofLfNodes | Number ofLfNodes
Variable 1 n n

List 1 N(b) by
Constant 1 N(b’) by
Structure 1 N(b’y) by

Table 5 shows the values obtained by applying the analysis results in Table 4 to the
predicatenatch2. It also shows the values taken from Table 3. The results clearly show the
difference between the WAM indexing and the Flat indexing; the number of choice points
created for each predicate is always one in the Flat indexing, while it can be more than one in
the WAM indexing. Interpreted within the context of OR-parallelism, the reduction of choice
points means the increase of the amount of OR-parallelism exposed for each choice point. In
other words, the Flat indexing contributes to the reduction of the non-leaf nodes in the

runtime search tree; thereby, it increases the amount of OR-parallelism per node.

Table 5. The maximum and minimum indexing tree fomatch’2 under the Flat indexing,

where the numbers enclosed in parentheses are for the WAM indexing scheme.

Type of Minimum Indexing Tree Maximum Indexing Tree
input key Number of Number of Number of Number @
CpNodes LfNodes CpNodes LfNode
Variable 1(3) 12(12) 1(3) 12(12)
List 1(2) 4(5) 1(2) 4(5)
Constant 1(2) 2(4) 1(2) 4(5)
Structure 1(1) 2(4) 1(3) 6(6)

A close examination of tHefNodesn the table reveals a strange result. Normally, the
number oL.fNodedetween the WAM indexing and the flat indexing is different. For example,
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when the input is a list key, the numbelfiflodesis four under the Flat indexing, but five
under the WAM indexing. This is explained by using their indexing trees created when the
input key is a list. Among the fiudNodesunder the WAM indexing, it is found that the first
LfNodeis for the failurei(e., SfNodeof case 1 resulting froswitch_on_terninstruction in

the first group and the remaining ones are for clause treesGtNodesof case 1 or 2 in
section 2) respectively fay, ¢, €11, andcy,. On the other hand, all the four nodes under the
Flat indexing scheme are for clauses trigs,(CtNode®f case 1 or 2). As a matter of fact,

leaf nodes in the Flat indexing consist alway€tflodes whereas the leaf nodes in the
WAM indexing consists o€tNodesas well assfNodes As a result, given an input key, the
number ofLfNodess always smaller than or equal to the one in the WAM indexing. Inter-
preted within the context of the parallel execution, the removal of leaf nodes caused by the
failure of switching instructions (case 3 in section 2) corresponds to the reduction of task
switching by a scheduler [4, 7]. In general parallel logic programming systems, the task
switching is a very expensive operation because the scheduler must prepare the environ-
ment for the destination node [8, 13]. When a scheduler performs task switching to a leaf
node of case 3, it will finish the task right after the task switching, just wasting expensive
system resource. Therefore, the reduction of leaf nodes caused by case 3 enhances the
performance of parallel logic program systems by eliminating unnecessary task switching.

5. EXPERIMENT RESULTS

In previous sections, we show that the size of the indexing tree generated under the
Flat indexing is always smaller than that in the WAM indexing thanks to the reduction of the
amount ofCpNodesandSfNodes The reduction of the number of choice points is the
primary benefit by increasing the amount of average OR-parallelism per choice point.
Moreover, the absence of some terminal nodes caused by failure from instruction
switch_on_tern{switch_on_constanbr switch_on_structufeimproves the parallel per-
formance by reducing the total number of instructions to be executed as well as by eliminat-
ing unnecessary scheduling activities with respect to the partition which will fail.

As opposed to these runtime benefits, Flat indexing has a negative effect on the static
code size. Primarily due to the failure partition, the code size becomes larger under the Flat
indexing. In the presence of the above trade-off, it is necessary to verify the performance of
Flat indexing by answering the following questions:

e What fraction of Prolog programs benefits from Flat indexing?

e How much reduction can be achieved by Flat indexing in the size of the indexing tree
for the benchmarks which benefit from Flat indexing?

e How much does Flat indexing increase the size of the code?

The first and second questions aim to see how effective Flat indexing will be for
practical applications. The third question aims to find out how compact the code will be
under Flat indexing. Experiments conducted to answer these questions are basé€on the
Prolog (Thread-Code Prolog) system. The TC-Prolog is a sequential Prolog engine imple-
mented via C code translation [11, 15]. Different from other purely sequential Prolog systems,
it was developed mainly for use as a sequential engine in parallel implementation of Prolog.
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The normall C-Prologcompiler produces extended WAM code in which the indexing part is
based on the Flat indexing scheme. Linked with an emulation engine, the code has been
executed on BIP’s SPP-1200nultiprocessor system [9]. While the model we used has 16
CPUs, each of which is a PA-RISC 1.1, and runs under the SPP-IX 3.1 operation system, the
evaluation was performed on a single processor configuration because our main concern
was to identify the characteristics of the indexing tree.

In the experiment, we inserted some instrumental code extracting information into the
indexing tree while the sequential Prolog code was executed. In addition, by modifying the
TC-Prolog we could implement another version that supports WAM indexing. To distin-
guish between them, the norri&-Prologwill here be called C-Prolog-FI(the Flat index-
ing version ofTC-Prolog and the version supporting WAM indexing will be called-
Prolog-WI(the WAM indexing version of C-Prolog.

We selected 17 benchmarks which have been frequently used in the evaluation of
Prolog systems|[2, 11, 16]. For each version, we measured the following three performance
criteria: (1) the size of the indexing tree, (2) the size of the assembly source, object, and
executable code, and (3) the sequential execution time.

Table 6 shows the size of the indexing tree for each benchmark. Among the 17 bench-
mark programs, 9 benchmarks marked with asterisks in the table benefited from Flat indexing.
As for all of the benchmarks, WAM indexing created 8% more choice points and caused 19%
moreswitch_on_term, switch_on_constant or switch_on_strudaiheres than did Flat
indexing. As for the set of benchmarks benefiting from Flat indexing, WAM indexing creates
15% more choice points and caused 35% rsaiech_on_term, switch_on_constaat
switch_on_structuréailures than did-lat indexing

Table 6. A comparison of the indexing tree size between Flat and WAM indexing

Prolog Flat Indexing WAM indexing Comparison
Program | CpNodes | LfNodes | CpNodes | LfNodes CpNode LfNode
(f1) (f2) (wl) (w2) (wl/f1) (W2/f2)
boyer* 79476 89157 282097 194437 1.57 2.18
browse* 274714 271400 278387 281873 1.01 1.04
cal 30019 22641 30019 22641 1.00 1.00
chat_parser 32620 39539 35845 40354 1.10 1.02
crypt 81 222 81 222 1.00 1.00
ham 359736 359734 359736 359734 1.00 1.22
meta_qsort* 2725 3598 2725 4405 1.00 1.2p
nand* 8142 8566 8142 8665 1.00 1.01
nrev 580 578 580 578 1.00 1.00
poly_10* 14039 12531 18975 30733 1.35 2.45
queens 10*| 533231 533217 634592 634578 1.19 1.19
reducer* 10432 15986 11904 15986 1.14 1.0D
sdda* 568 709 568 744 1.00 1.05
sendomre 12071 26128 12071 26128 1.00 1.00
tak 63625 15916 63625 15916 1.00 1.00
tak_gvar 790 418 790 418 1.00 1.00
zebra 14498 17315 14498 17315 1.00 1.00
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Table 7. The code size and execution time measured for TC-Prolog(Flat indexing), and a
comparison of the code size, where each entry is the rateT&®-Prolog-WI over
TC-Prolog-FlI(i,e, TC-Prolog-WI/ TC-Prolog-F).

Prolog Assembly| Object Executable| Execution | Assembly Object | Executable | Execution
Program code | codesize codesize| time code code code time
(Kbytes) | (Kbytes) (Kbytes) | (msec) ratio ratio ratio ratio
boyer* 283 63 266 1374 0.95 0.94 1.00 115
browse* 7 20 237 1662 0.94 0.86 1.00 0.97
cal 75 19 237 180 0.99 0.95 112 1.00
chat_parser* 794 182 356 333 093 091 0.98 1.00
crypt 59 15 237 13 1.00 0.88 0.98 115
ham 61 16 233 1875 1.00 0.89 1.00 097
meta_gsort* 71 18 238 21 0.94 0.84 1.00 114
nand* 431 9% 299 60 097 0.95 1.00 0.95
nrev 41 1 233 277 1.00 0.92 1.00 0.96
poly_10* 71 18 238 109 0.97 0.90 1.00 116
queens 10* 41 11 233 6018 0.95 0.84 1.00 0.95
reducer* 217 51 262 100 0.95 0.84 1.00 0.99
sdda* 141 K7} 250 6 0.99 0.94 1.00 2.67
sendmore 59 14 233 139 1.00 0.94 1.00 0.98
tak 20 6 229 298 1.05 0.87 1.00 1.02
tak_gvar 26 8 229 10 1.04 0.90 1.00 1.00
zebra 42 12 233 112 1.02 0.93 1.00 0.97
Average/Average* 0.98/ 0.90/ 1.00/ 1.10/
0.95 0.90 1.00 122

Table 7 shows the code size and the execution time measuii@-Riolog-FI. The
compiler used for the evaluation wgerversion 2.6.3, and the compilation was all done at
optimization levelo2. SinceTC-Prolog-Fltranslates Prolog into C via WAM(Warren Ab-
stract Machine), when measuring the assembly code size, we us8attien.

The righthand side of Table 7 also shows the ratib@frolog-WIto TC-Prolog-FI
in terms of the code size and the execution time. On average, the assembly code size and the
object code size in Flat indexing are, respectively, 2 and 10% larger than those in WAM
indexing, while the executable code sizes are mostly the same. As for the benchmarks
affected by Flat indexing, the assembly code size and object code size in Flat indexing are,
respectively, 5 and 10% larger than those in WAM indexing. This indicates that Flat
indexing does not lose much in terms of code compactness.

6. CONCLUDING REMARKS

Indexing is a method that prunes away unnecessary inferences in the evaluation of
logic programs. To find an optimal indexing scheme is quite complex and also demands a
large number of abstract instructions for the implementation. In the indexing scheme of
WAM, the first argument of a clause is used as a key for indexing. In terms of the trade-off
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between efficiency and simplicity, using the first argument as a key is quite a reasonable
choice. However, an invocation of a predicate may sometimes result in the creation of two
contiguous choice points in a search path. In this case, because the OR-parallelism is
expressed over the two choice points, the indexing scheme of WAM is not efficient in terms
of parallelism exposition. It has been argued that the problem can be solved by compiling
Prolog programs via different indexing schemes, particularly Flat indexing, which we have
presented in this paper. The experiments conducted to compare WAM indexing with Flat
indexing show that over one half of the benchmarks benefit from Flat indexing such that,
compared with WAM indexing, the number of choice points is reduced by 15%. Moreover,
the number of failures during execution of indexing instructions is reduced by 35%. We
believe that these reductions will contribute to better parallel performance thanks to the
increased amount of average parallelism per node as well as to the decreased amount of task
switching.
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