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Abstract Abstract interpretation is a semantics—based data-flow analysis framework proposed by
Cousot and Cousot. This paper provides a two-phase abstract interpretation framework, which consists
of a bottom-up phase followed by a top-down phase. Analyses based on this framework give an
appreximation of all success patterns of clauses relevant to a query A type analysis is given as an
example analysis based on the framework. Optimization techniques for improving execution of logie

programs are given, which use the results of analyses based on the framework.

1. Introduction

Abstract semantics—hased
data-flow analysis framework proposed by Cousot
and Cousot [9]. Abstract

program approximates its standard semantics by

interpretation is  a

wterpretation  of a

fixpoint execution over an abstract domain rather
than a possibly infimie concrete domain [9]. An
abstract domain is assumed to bhe typically a
complete lattice which is fimste. Abstract inter-
pretation provides a safe and finile approximation of
of the

instance, a number of abstract interpretation have

some runtime behavior program. For
been proposed to approxXimate success patterns of
atoms or clauses [1, 6, 15, 16, 18, 19]. The ones in
{15, 16, 19] are hased on top-down execution while

the ones in [1,6,18] based on bottom-up execution.
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Recently, bottom-up abstract interpretation of logic
programs has gained much attention. The analysis
is based on the least fixpoinl computation of the
standard operator T as introduced by van Emden
and Kowalski in [21]1. This approach has heen
considered in [1,6,18] as a basis for bottom-up
data-flow analysis of logic programs. It provides an
approximation of success patterns by evallating an
abstract version of 7» over a (possibly smmpler)
abstract domain. _

In this paper we provide a fwo-phase abstract
wterpretation  framework, which consists of a
bottom-up analysis followed by a top-down one
The framework 1s based on clauses rather than
incorporating
(abstraction of clauses)

atoms,  since abstract  clauses
allows more intelligence
than abstract atoms, when they are applied to
wmprove real execution. Analyses based on this
two-phase framework. give an approximation of
success patterns of clauses relevant to a given

query. In the design of the framework, the
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bottom-up analysis is designed by extending the
bottom-up abstract interpretation in [L] so as to
incorporate abstract clauses. It approximates, by
abstract clauses, success patterns of clauses in the
possible successful computations for every possible
query, so it is query independent The extended
analysis is able 1o handle possibly non ground
syntactic objects since it is based on the concrete
semantics m [13]. The top-down analysis is
designed to collects abstract clauses relevant to a
given query from the result of the botlom-up
analysis, so it is gquery dependent. We give a type
analysis based on the framework by considering the
depth k abstraction in [19] as abstraction function.

As applications of the iwo-phase framework, we
give examples to improve (top-down, botiom-up,
parallel) execution models of logic programs. This
paper has a contribution in the sense that it
provides a framework for two-ph:ase abstract
interpretation and its practical use, ie 1mproving
execution models. Moreover, the proposed approach
has an advantage over lop—down analyses (15,1619
T in the sense that the result of the bottom-up
analysis of a program can be utilized for any query
to the program, due to the goal independence of the
Only

collecting analysis over the result of the hottom-up

boltom-up analysis. additional top-down
analysis is necessary for a different query, This is
a good property, since many different queries are
usually asked over the same program.

The paper 1s structured as follows. The mnexi
section gives prelimmaries on logic programs and
Section 3 describes a

abstract interpretation.

two-phase  abstract nterpretation  framework.
Section 4 provides applications of the framework.
Section 5 provides related works and Section 6

concludes this paper

2. Preliminaries

2.1 Basic Notations
Let (71, &, Var)
namelya (finite) set 7 of predicate symbols, a set X

denote a first order language,

of funclion symbols, and a denumerable set Var of

variables With each function symbolfe 5 and
predicate symbol p=/7 15 associated a umque natural
number called its arity: (predicate or function)
symbol f with arity # 1s written #». The set of all
terms constructed from ¥ and V is denoted by
Term (X, Var)(or Term for short). An atom is a
syntactic object of the form p(#,....8}) where
pinell and 4,..., 6= Term(S Var}, We denote by
Afom the set of all atoms constructed from 7 and
Term (ZVar). A goal @ is a (possibly empty)
sequence of atoms, and 1s typcally written < ay, ...
, @z > or simply as a;, .. , an. A Horn dause is a
syntactic object of the form hk<-® where £ is an
atomn, called the head, and % is a goal, called the
body. If the body 1s empty, the clause is denoted
by A and called a fact; otherwise 1l is called a rule.
Rules are sometimes denoted by the Greek letter 8.
A logic program 1s a finite sel of clauses. A logic
program P with a query @ is denoted by P, The
set of clauses constructed from elements of Atom
18 denoted Clause(lI, X, Var} or Clause for short,

The set of varnables occurring in a syntactic
object ¢1is denoted by wvar{f) A substitution 2 is
a mapping from Var to Term, such that
{x eVar| &x + x1 13 finite. It extends to apply to
any syntactic object in the usual way. The identity
substitution 15 denoted by e The set of idempotent
substilutions is denoted by Sub Following tradition,
the application of a substitution # to an object ¢
will be writtenn #. We fix a partial function mgu
Atom X Atom - Sub U {fail} which maps a pair
of syntactic objects to an idempotent most general
unifier of the ohjecls A stalement 4 = mgu(st)
mmplies that s and { are unifiable The notation for
mgu 1s exlended 1o mgul Afom” < Atom > Sub U {ful)
write

as usual for sets of equations. We

mgul{ay, ..., a.>), <, ..., 8> to denote the most
general unifier of the set of eguations
{a;=8),...,8,=b,). Note that mgu(<><>) = .
When S is a set and ~ 1s an eguivalence relation

on S, 5/~ is the set of equivalence classes on S

with respect to ~ TFor anelement =S5, [a]-

denotes the equivalence class of @ with respect io
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=8 2Eaye

~. We let #(5) denote the power set of a set S.
2.2 Concrete Semantics
(131, “the
Kowaiski's semantics is not correct with respect to

As shown in van  Emden and
the observational equivalence based on computed

answer substitutions”, while 1t is correct with
respect to the one based on successful refutations;
namely, there exist programs which have the same
semantics, vet compute
When ftrying to

understand the meamng of programs, and analyzing

least Herbrand model
different answer substitutions,
programs, this semantics cannot be taken as the
reference semantics.

The concrete semantics introduced in [13] is
closed to the operational behavior of logic programs
bemng able to model computed answer substitutions.
The idea is to enhance the standard semantics [21]
to deal with possibly non ground semantic objects.
This provides a bottom-up semantics which fully
characterizes the ability of logic programs to
compute subshitutions (which are non ground mn
general), Let the extended Herbrand universe Up be
Term( 5, Var)/~, where ~ is the varionce relabion
Ge. tt ~ t iff Jop,,| o= A\ B = 1),

The variance relation can be extended easily to
any syntactic object (atoms, clauses eic.). The
extended Herbrand base B, is Atom/- where ~ is
the wvariance relation extended on atoms. An
interpretation [ is a subset of Bp. An interpretation
I is a model for a program P iff the set of its
ground instances is a Herbrand model for P.

Given an equivalence class [ Al- of atoms and a
finite set of vanables V, it 15 always possible to
find a representative A” in [ A]- that contains no
variables from V. For a syntactic object s and a set
of equivalence classes of atoms(interpretation) I, we
a1 that

representatives of elements of [ renamed apartfrom

denote by <aq,.. ay,...,a, Aare
g and from each other, namely,

1. [a]l-en

2. wvarla)Mvar(s)= ¢, forl <:<n and

3.+ implies ver(a)Nvar{a,) = 4, forl =<, j<n,
we  will

For simplicity of exposition, abuse

notation and assume that anatom represents its

oA 4 N 5 663

equivalence class and write [ a] .
Definition 1 ([13]} Te:(Be)—8(Bp) is a trars-
Jformation assocuated with a program P such that

C= fgy, L, B E P
Tl =) a8l Ca, . a2
=mgu({ay, ...,ap,{a |, ....a" )

The semantics of a program P is determined by
Up( Ty = Tp*(£D, the least fixpoint of Te[13].

2.3 Botiom-up Abstract Interpretation Frame—

work

In this subsection we review the bottom-up
abstract in [11. Before
that, we first summarize the standard abstract
interpretation framework in [9]. This framework

mterpretation framework

presupposes a least fixpoint characterization of the
collecting semantics. We assume that a concrete
interpretation for aprogram F can be defined in
terms of a monofonic operator Ex E~E on a concrete
domain E, and an abstract analysis can be defined
in terms of a monotonic operator DrD—D on an
abstract domain [

Definiion 2 ([9]) An abstract interpretation
((E,S),Ep(D, <), Dpa, vy conswsts of a complete
(E, E),
complete lattice

a monotornic operator Ep E—E, «a
(D, <),
DpD—D, an abstraciion function «E-D and a

lnttice
a monotonic operator

concretization function v D—=E, such that
{1) @ and y are monotonic,
(2) d=alAd)) for ail deD,
(3) e C Hale)) for all e=E, and
{4) EfAdn & AD,(d) for all deD.

Conditions {1)-(3) state that ((E,&),a(D, <),
is the
correctness criterion that ensures that Dp faithfully

forms a Galois insertion. Condition (4)

mimics [op.

1. We denote by f“ the aodinal power of a function
f, such that f(X) = X, f(X) = fif*“(X)} for every
a and f4X) = U f%X; for
¢ We also denote by w the

successor ordinal
every limit ordinal
second lomit ordinal.

Copyright (C) 2005 NuriMedia Co., Ltd.
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Proposition 1 ([9]} If ({E, €).Es(D, <), Dp,a, 7}

is an abstract interpretation, then Ifp(Ep)Cy

(fp(Dp))

In [1] the previous collecting semantics has been
applied to the analysis of successful computations
in definite logic programs This results in a simple
bottom-up abstract interpreter. The idea is to
consider a pair of Galois insertions for abstractly
describing semantic objects: { (p(Bp), S) e, (H. 2 ), %)
and  ((#(Sub). S).e,, (S, 50,7,
ponding to

respectively corres—
interpretation abstraction and subs-
titution abstraction. In the sequel, we assume that
H 1s a finite set The abstract analysis is defined
in terms of a pair of basic operators:

1. applyA D Atom xS — H, and

2. mgu®  Atom" X H — S

respectively  performing  abstract substitution
application and abstract unification of a (concrete}
geal inte an abstract interpretation. Each operator is
assumed to be eguipped with the two conditions,
correctness and monotomeily, see (1] for more
details. The abstract operator 7%.H—H is defined
to approximate 7p, such that for each I'eH:

THIY = U g s, per atph™A, mew™ KB, B, ')

The monotonicity of the basic abstract operators
ensures that 79 is monotoruc. For finite abstract
there
I Th) = (TH"@).

domains, exists n<w such that

Theorem 1 ([1]) Let P be a logic program.
U TH) = (TH™( @) for some finite n.

Moreover, the correctness of the analysis (1e.
TN € ATHIY) for each [IfeH), is a
consequence of the relative (local) correctness of
the basic operators

Theorem 2 ([2])
program P.

AW CTIN 2 Ty for any

We now give an instance of the framework
based on the depth k abstraction This framewark

can deal with different abstract interpretations,
provided the soundness conditions specified in [1]
are satisfied. .
Definition 3 ([19]} A level k subterm 1s defined
as follows -
{a) for a given term I, t is a level 0 subterm of t
(b) if a level k subterm of t is f(ts, ... , ta), then t,

is a level k+1 subterm of ¢

the depth k abstraction [19] as
abstraction function. The depth k abstract term of

We use

a term ¢ 15 the term ¢’ which 18 obtained by
substituting every level k subterm of ¢ with a fresh
varichle Let p(# be a function which maps a term
t to its depth k abstract term. Then abstract
program P is  defined by
U = ol Term(Z, Var)). The abstract base B of a
program P is defined by Atom”/. where

universe of a

Atom = (p(af, . ) | p/n = T (R, ..., Y= U,

and ~ is the wvariance relation on atoms. The

abstraction function e«.Bp—B) is defined by
alplty, 6= pletty, ... et .. The equiv-
alence class is represented asao® =1 #pls ...,

ot )] .. The abstraction function is lifted to

interpretations by defining ¢ p(Bp—p(BA) such that
ally={ala@la=l}. The corresponding concrelization
is {1 =laeB,| a*e P,

shown in (1] that

function y #BR—p(B,)
ala) = a™. It s

({HBp S),a,((BY),=),7) is a Galois insertion,

An abstract substitution is a mapping from a
given [inite set of vanables V& Var into Uz, Given
o= {f/x), ..., LIx}, g 15 defined by
of = {altdxy, o elt)x). A
concretization mapping can be assoclated with

a substitution

¢ where

aols) = v
@o 7o such that {as 7o} is a Galois insertion, The
abstract unification function is defined by

mau'(ay, ..., AoLal, . al)=ap(), where

H<ay .o, @nd, i ey,

The abstract unification function satisfies the

Copyright (C) 2005 NuriMedia Co., Ltd.
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correctness and monotonicity conditions [1]. The
apply defined by
apply A, 0™ = o{AdY). A specialized version of the
abstract operator T2 on the depth &k abstraction can
be defined using the above functions.

abstract function apph? s

The monotonicity of the basic abstract operators
ensures that 79 is monotonic, and because the
abstract domain is finite, there exists 1 < @ such
that i(TEy = (TH(2). Moreover, the correctness
THAEN € ATAHIY for each
FPel), is a consequence of the relative (local)
correctness of the basic abstract operators,

of the analysis (e

Example 1 Let P be the following logic program
path{ X, [ X | Pl )+ are{ X, N), path(N, P)
pat( X, [ X1 }<- final( X).
fenal f).
avdla, B, ardla, ¢, arclb,e), arcle b).
arcle,d). ardd, ), arclg,d).

When the depth of abstraction is 2, (T8 is as
Sfollows:

arcl{a, b), arcla, o), arel b, €), ard(c, b}, arcle, d),
Fol Ty = arc(d, P, arc(g, d), finak f),
PN path T A ), path(d, ol _1 ), path(el d ] 3,
pathg, [ & _Y ) patila,[ o _1)

3. Two-phase  Abstract Interpretation

Framewaork

The static analysis techmque in [1] is intended

to provide an approximated description of a

program model, by computing an abstract
interpretation  (an  abstract model) for the
program, such that /(Tp < »(I™").

approach 1s not adequate in order to prune off

However, this

unnecessary calls in goals derived from a given
query. Indeed, because of the correctness, any atom
in #(Ts) satisfies some abstract atoms in the
ahstract model. What we need 15 a weaker notion
of correctness, which is specialized for a given
query, Because of this observation, we introduce a
framework,
collecting only those abstract descriptions relevant

two-phase abstract interpretation

o the query. We design a two-phase abstract

incorporating abstract clauses,
abstract
interpretation allows more intelligence than abstract

interpretation by

because  abstracl clauses in  the
atoms, when they are applied to improve execution
models. The abstract

consists of a bottom-up analysis followed by

two-phase interpretation
top-down one. The bottom-up analysis is designed

by extending the  Tbasic bottom-up abstract
interpretation in {f] so as to incorporate abstract
clauses. The top-down analysis is designed to
collect relevant abstract success paiterns of clauses
for a given query from the result of the bottom-up
analysis,

3.1 Two-phase Framework

We first present two kinds of concrete collecting
semarntics for the bottom-up analysis and top—down
analysis 1 the two-phase abstract interpretation
The semantics is based on clauses rather than
atoms, so we define an interpretation as follows
Let C be the set of (equivalence classes of) clauses
up to renaming: Clawse/. where ~ 15 the variance

relation extended on clauses.

Definition 4 ([7]) An interpretation is any
element wm Int = p(C). ‘

The concrete semantics for the bottom-up
analysis is defmed in terms of an operator Up,
which infers success instances of the program
clauses, given an interpretation {(a set of clauses),
while the standard 7y fixpoint operalor infers
success instances of atoms given an interpretation

(a set of atoms).

Definition b Let P be a logic program. Let Up
cInt — Int be such that

c=kf—£,, ey &P
Chy=by, .0, by b, 04T,
o=mgl{ay....qn Chy oo By>)

Up(1)=|[ ca] -

The bottom-up concrete semantics of a program
P is determined by #pll/p/, and it is computed by
Ui(@) since Up is monotonic and contimuous

The concrete collecting semantics for the

top-down analysis 1s defined in terms of an

Copyright (C) 2005 NuriMedia Co., Ltd.
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operator Dp,. In the collecting semantics, the

operator collects, from the bottom-up collecting
semantics, a set of clauses relevant to the given
query &, where a clause A <« as, ..., an € Ifp(Ug) is
said to be relevant to a query @ if

1. A is unifiable with an atom in @, or

2. h is unifiable with a body atom of a clause

relevant to Q.

Definition 6 Let Po be a logic program with a
query €. Consider a function body which an
nterpretation [ lo the set of the body aloms of

clauses in 1. Then Dp, pUICUD) — sl UR 15

defined by
[ el -=[ heB] _cip(l}),
Dy (D = : [ el - | mgulh, a)=sail for some [ al -
=body( A D)

The top-down concrete semantics of Py is
(D) and it

D3(®) since Dy, is monotonic and continuous.

determined by is computed by

We assume the standard framework of abstract
interpretation in terms of a Galols inserticn. In the
followin, let (ASub, )
abstract substitutions, such that (p(Sub), as, ASub, ve)
be a Galais inserlion. We will construct a domain

be a complete latiice of

Alnt of abstract interpretations, which 1s a complete
lattice of abstract interpretaiions, such that each
abstract mterpretation describes a set of clauses,
and Unt, &, Alnt, ) be a Galois insertion.

Let LC = Clause(Il, @, Var)/~ be the set of flat
clauses, e syntactic oojects with no function and
constant, where no variable cccurs more than once.
We onstruct an abstract domain Alnt of abstract
interpretations by associating each representative of
LC with an abstract substitution that describes a
set of its instances, as n [7]. An abstract clause is
a pair in LC X ASub, and an absiract domain is
Alnt = p(LCxASub)/ - where =
relation induced by a relation < on p(LCX ASub)
< 1 () € /B,

is the equvalence

Definition 7 Let be a

domain of abstract substitutions.

(1 Sub), as, ASub, vs),

The nduced

ARH}EE =FAMB) A 23 B A 6 £(966)

domain of abstract Interpretation {Int,a,Alul,y) is

constructed as follows:

1. The function 7! g(LC X ASub)—TInt 15 defined by
AFY={1 8] . | <ahyel* deyir)

2. The funcliona’ hi-p(LCx ASub) is defined by
aD={<{chk | e=LC k= a{maulc, c) | << )

3. Alnt=p(LCx ASub)/ - where = is the equivai-
ence relation induced by a relation

< on H(LCXASup): I < INff oI #{Ih,
the corresponding partial order on Alnt 15
dencted by C.

4. The function y s lifted to Alnt — Int by
taking [ "] Y=o, and the function & is
{ifted to Int — Alnt by taking olD=[ o]

and

If  (p(Sub),as, ASub, v;) is a Galois insertion, then
50 is the induced domain of absiract interpretation
(Int, @, AInt, 7). This can be proved in a similar
way to [B].

Definition 8 An abstract interpretation is any
element in Alnt.

2

We now consider the two-phase abstract
interpretation  framework. TFor the  bottom-up
analysis, we construct an abstract interpretation

{(nt, ), Up (Alnt, 53, US, 2, 7).

Definition 9 ([7]) An abstract urufication
function mgu . (Atom® X ASub) * (Atom X
ASub)* - ASub U {fuil} is said to be correct if i
satisfies the condition that if

(1) k=meu(<<a, ..., a,>, by CHG RS, L
Chaka?2), 85 7s(k), (1<i<n) and

(2) =mpul<ay,...,a.> 8, <8y, ... ha0,)
then ¢ = ys(k).

In the sequel, we assume that mgu’ is correct
and monotonic. The bottom-up abstract analysis is
formalized 1n terms of an abstract operator UL

Definition 10 Let P be a logic program, Let U4
 Alnt — Alnt be such that

Copyright (C) 2005 NuriMedia Co., Ltd.
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e bp by, o kg by ke € T4

UM = UK aky | b=mau™({<ay ... amikod < hp k>,

venn $harRa3)

4 can be easily shown to be monotonic. The
bottom—up abstract analysis determunes the least
fixpoint (TR, If the abstract domain 15 finite,
then the least fixpoint 1s computed in finite (ime,
Le, (UH=(UHL) for some finle n, since U4 1s
menotonic. Moreover,‘llt is also proved in a simular
context that the least fixpomt is computed also in
finite time when ASub 1s fimite [6] The correctness
of the bollomup analysis is a conseguence of the
correct abstract umfication funchion mgu” and the
Galois insertion {(Int, «, Alnt, »)
program P,

Theorem 3 For any logic

ol Up sy U
For the top~down analysts, we construct an
absiract interpretation

CpClUR)), S0, D, (0 U (UE, €0, D% 0 72,

The top-down abstract analysis collects, from
the result of boltom-up abstract analysis, the set of
the ahstract clauses relevant to the given query @
An abstract clause < A < ay, L S k> e

F U is said to be relevant to a given query @ if

1. ¢<hk> is abstractly unifiable (mgu® = fai)
with an alom m &, or

2. (hky 15 abstractly unifiable (mgu" + fab)
with a body atom of an abstract clause
relevant to &),

The top-down abstract analysis is formalized 1n

terms of an abslract operalor D

Definition 11 Let Po be a program with a
query & Consider a function body which maps an
abstract interpretation I to the set of the body
atoms o abstract clauses in I". Then D,

P UBN = I U8 s defined by

gA 4 8N 5 667

A=Che—bk>
mgr (i k>, Ca, B>)+fail for some

Df}%(ﬂ‘)=ul<c">
{a By cboda(Q U

D%, can be easly shown to be monotonic. The
top-down abstract analysis determines the least
fixpoint 4p(0d). Since the absiract domain a{ o U4)
15 finite, and D%, is monotonic, then the least
fixpoint  1s finite
D3 =(DMy--) for some finite n. The correctness
of the top-down analysis is a consequence of the

computed  in time, e,

correct abstract unification function meu" and the
Galais insertion  (BLI(U), &, (5 U, 9.

Theorem 4 For any logic program P and query
Q, Yl De S5 I (D).

3.2 An Instance of Two-phase Framework

We now give an instance of the framework by
considering  the depth &
abstraction function. The set of depth k abstract

abstraction as an

clauses 15 defined by C*={«{dleeCt where for any
[ a(k)‘ ‘/0\’(“1)!

#la) maps an atom into 1its

clause k—ay, ..., a 0lb—a ..., 2,) is
oo @la,)] -, where
depth k abstract atom. An depth & abstract clause
is just denoted by c'=i"<al, ... &, since it can
be easlly transformed into an abstract clause in LC
xASub, For the bottom-up analysis, we define an
abstract  interpretation  {((#0), €), Un (2(C1),2),
U2, 0,7) based on the depth k abstraction It is
clear that the abslract domain for the botlom-up

analysis constitutes a Galois insertion

(p (O, S) e (2(Ch, )9
function @ 15 lifted on an interpretation (a sel of

where the abstraction

clauses), and the concretization function 18 defined
by  HIM={cl sl a(c)=c"}. The
abstract based on the

domain of

depth Xk
abstraction is defined in Section 2.3 as {(Sub, ao.
ASub,
based on the depth & abstraction is defined as :

substitutions

7p) and the absiracl unification function

mew( (ar, . L a), (@, o.,ah) = ed 8},

wheve 8= mgl ay,. ,a.),(al,. ,al)

It can be easily shown that mgz® is an correct

Copyright (C) 2005 NuriMedia Co., Ltd.
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and monotonic abstract unification function, The
bottom-up abstract analysis based on the depth Xk
ahstraction is the least fixed pomnt (U8  which
provides an depth % approximation of the success
patterns of each {program) clause. The bhottom-up
abstract analysis can be computed mn finite time
because 1. the operator % 1s moenotonic as the
is monotonic, and
The
analysis, 1e.

abstract umfication function mgu”
2 the domain p(C" 13
correctness of the
A UBTNZ U,
correct abstract unification function mgu®
underlying Galois insertion,

abstract finite.
bottom-up
is a consequence of the

and the

Example 2 When we consider the depth 2

abstraction, WU for the program in Example 1 is

arc(a, 8., arcla, o)., arc(d, &), arcic, b).,
arcle, d). . arc(d, f. , arclg, ), finakl P,
path(£,0 A y—finalh,,

U8 =1 path(2,[ "1 y—arc(d. ), pati(£] A ).,
paii(a, [ d _] Y—arc(e, o}, path(d, [ cﬂ, ).,
pathiz. [ & _] Y-uarc(g, d), path(d, | ] ).
path(a,[ o _]1 )—arcla, o), path(c, [ 1.

The hottom-up analysis computes an depth k&
approximation of the success patterns of clauses
without regard to a query. So, many of them are
not relevant to the given query

The following top-~down analysis over the result
of the bottom=-up abstract analysis collects a subset
of U8, which consists of the depth k abstract
success patterns of program clauses relevant to the
query. The top-down abstraclt analysis determines
i#(D%) which contains all the
Il U
The top-down abstract

the least fixpoint
depth k& abstract clauses 1n which are
relevant to the query.
analysis 1s finite, because

1. the operator P{ is monotonic as the abstract

unification function megx" is monotonic, and

2. the abstract domain & (i( U2) is finite.

The correctness of the top-down phase, e
HDRLINN2 Do (),

correct abstract umfication function man®

15 a consequence of the
and the

underlying Galois insertion.

Example 3 Consider a query of the form pla,Z).

) A 23 @ Al 6 2(966)

The resuit of the top—dosn analysis for the program
P in Example 2 (s as follows

path(a,l a _] )e-arcla, o), path(c, [ d _

path(c,[ d _] Y—are(c, d), path(d, [ d
e DE = patk(d,[ A_1 de-arc(d, N, tath(£.[ A )..

path( £, A1) finall)..

final( P, arcla, o). arc(c,cﬂ.,arc(d,f).

13,
_1).

4. Applications

several researches for

There
oplimizimg execution of logic programs based on the

have been
framework.

First, an optimization technique for bottom-up
execution of logic programs 15 presented in [2,3], in
which the bottom-up execution based on system
graphs 1s improved using abstract filters which are
construced from the result of an analysis based on
the framework. Unrelevant derivations to the given
query are eliminated during botlom-up execution by
the power of abstract filiers and the total number
of denivations In the naive execution, the static
and the abstract filtering are compared by
depth &

filtering ,
experiments. The experiment uscs the
abstract domain.

Second, the two-phase abstract analysis can be
applied to improve the linear cxecution as in Prolog’
[2,17]. The linear execution model can be improved.
keeping advantage from the ability of the analysis
to approximate answer substitutions and (possibly
non-ground) success patterns of program clauses
relevant to a query. In particular it allows usto
detect whether some calls to specific program
clauses will never succeed in the real execution and
some succeeding subgoals do nol participate 1n any
success patterns of program clauses relevant to the
query Based on the two principles, the new
execution model lests the call check condition
whenever a call is made and fest the exit check
condition whenever a call succeeds. If the subgoal
passes the call check and succeeds, the exit check
the with  the

substitution being applied. The total number of calis

15 tested for subgoal answer
in the naive linear execution, and the improved

linear execution are compared by simulation in [17].

Copyright (C) 2005 NuriMedia Co., Ltd.
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Third, the two-phase abstract analysis can be

easily applied to improving other top-down
(parallel) execution models such as [(5,38,11,12,20].
As an example, we consider them AND/OR

Process Model [8] which exploits AND and OR
parallelism in  logic programs In the model,
AND/OR process tree forms a bipartite graph! an
AND oprocess for a clause creates child OR
processes for each body atom in the clause, and
each OR process for an atom creates child AND
simultaneously
AND
processes eliminate unnecessary child OR processes
by testing the call check condition whenever an OR
the exit check

processes  for candidate clauses

Similar to the new linear execution model,

process is created and testing
condition whenever the OR process succeeds.

5. Related Works.

There are several related works for analyzing
call patterns of loglc programs. A framework for
abstract mterpretatlon is also provided based on
OLDT resolution in [16], and Kanamori uses depth
k abstraction in [15] in which depth & success
patterns are computed based on OLDT resolution [
20]. Gabbrielli and Giacobazzi provides an abstract
bottom-up semantics for goal independent analysis
of call [141 The abstract bottom-up
semantics gives the call patternsfor every possihle
query, so the call patterns for any goal can be
collectedfrom the abstract semantics. Codish, Dams

pallerns

and Yardemi characterize call patterns by a

transformational approach in [6}. A program and
and a goal & are transformed by a magic sei-like
transformation such that every call pattern of & in
P is a success pattern. Call patternscan hen be
bottom-up denotation  of

the call

obtained from the
thetransformed  program. This provides
patterns for a given goal. The above approaches
approximate call patterns from a given query, while
the proposed approach approximate siiccess patterns
relevant toa give query.

Even though some two-phase analysis can be
designed with considering only abstract atoms as in

[10], incorporating abstract clauses in abstract

@A #4844 669

interpretation allows more intelligence than abstract
atoms when they are applied to improve execution
models. If we consider some two-phase analysis
which mproved
execution model with all
abstract atomswhich have the same predicate as the

considers  abstract  atoms,the

has to check a call

call. On the other hand, the improved execution
mode! with the proposed two-phase analysis checks
a call with some relevant abstract atoms in the
corresponding abstract clauses as in Theorem 5.
They are much smaller than all abstract atoms
with the same predicate as the call. Therefore,
abstract clauses deserve to be incorporated in the

two-phase analysis.

6. Conclusion

The proposed approach has merit related with
goal independence. The bottom-up analysis of a
program can be used for any query. Once the initial
query 1s changed, only the top-down abstract
analysis is required over the result of the additional
hattom—up analysis.Since many different queries are
over the same program, goal

usually  asked

independence of the bottom-up analysis 18 an

important  property to provide compile~time
optimizations, As well as the proposed analysis
framework can be applied to othercompile~time
optimizations, 1t can be easilly apphed to any safe
approximation such as ground dependencies,
sharing, type graph etc. This information can also
be used to mmprove the efficiency of top~down
executions, followmg the same model described

before.
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