
Goal Dependent vs. Goal Independent 
Analysis of Logic Programs 

M. Codish I M. G a r d a  de la Bands  2 
M. Bruynooghc s M. Hermenegildo ~ 

i Dept. of Math. and Comp. Sci., Ben-Gurion Univ., Israel. r 
2 Facultad de Inform~tica, Universidad Politdcnica de Madrid, Spain. 

{maria, herme}@fi .upm. e s  

s Dept. of Comp. Sci., Katholieke Universiteit Leuven, Belgium. 
maurice@r kuleuven, ar be 

Abs t r ac t .  Goal independent analysis of logic programs is commonly dis- 
cussed in the context of the bottom-up approach. However, while the lit- 
erature is rich in descriptions of top-down analysers and their applica- 
tion, practical experience with bottom-up analysis is still in a preliminary 
stage. Moreover, the practical use of existing top-down frameworks for 
goal independent analysis has not been addressed in a practical system. 
We illustrate the efficient use of existing goal dependent, top-down frame- 
works for abstract interpretation in performing goal independent analyses 
of logic programs much the same as those usually derived from bottom-up 
frameworks. We present several optimizations for this flavour of top-down 
analysis. The approach is fully implemented within an existing top-down 
framework. Several implementation tradeoffs are discussed as well as the 
influence of domain characteristics. An experimental evaluation including 
a comparison with.a bottom-up analysis for the domain Prop is presented. 
We conclude that the technique can offer advantages with respect to stan- 
dard goal dependent analyses. 

1 I n t r o d u c t i o n  

The framework of abstract  interpretation [7] provides the basis for a semantic 
approach to data-flow analysis. A program analysis is viewed as a non-standard 
semantics defined over a domain of da ta  descriptions where the syntactic con- 
structs in the program are given corresponding non-standard interpretations. For 
a given language, different choices of a semantic basis for abstract  interpretation 
may  lead to different approaches to analysis of programs in that  language. For 
logic programs we distinguish between two main approaches: "bo t tom-up  analy- 
sis" and "top-down analysis". The first is based on a bo t tom-up  semantics such 
as the classic Tp semantics, the latter on a top-down semantics such as the SLD 
semantics. In addition, we distinguish between "goal dependent" and "goal in- 
dependent" analyses. A goal dependent analysis provides information about  the 
possible behaviors of a specified (set of) initial goal(s) and a given logic program. 
This type of analysis can hence be viewed as mapping  a program and an initial 
goal description to a description of the corresponding behaviours. In contrast, a 
goal independent analysis considers only the program itself. In principle the result 
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of such an analysis can be viewed as a mapping from initial goal descriptions to 
corresponding descriptions of goal behaviours. Consequently a goal independent 
analysis typically consists of two stages. The first, in which a goal independent 
mapping is derived from the program; and the second in which this mapping is 
applied to derive specific information for various different initial goal descriptions. 

Traditionally, the standard meaning of a logic program P is given as the set 
of ground atoms in P's vocabulary which are implied by P. The development 
of top-down analysis frameworks was originally driven by the need to abstract 
not only the declarative meaning of programs, but also their behavior. To this 
end it is straightforward to enrich the operational SLD semantics into a collecting 
semantics which captures call patterns (i.e. how particular predicates are activated 
while searching for refutations), and success patterns (i.e. how call patterns are 
instantiated by the refutation of the involved predicate ). Consequently, it is quite 
natural to apply a top-down approach to derive goal dependent analyses. 

Falaschi et al. [9] introduce a bottom-up semantics which also captures op- 
erational aspects of a program's meaning. This semantics basically consists of a 
non-ground version of the Tp operator. The meaning of a program is a set of 
possibly non-ground atoms which can be applied to determine the answers for 
arbitrary initial goals. This semantics is the basis for a number of frameworks 
for the bottom-up analysis of logic programs [1, 3]. An analysis based on the 
abstraction of this semantics is naturally viewed as goal independent. 

It is the above described state of affairs which has led to the "folk belief" that 
top-down analyses of logic programs are goal dependent while bottom-up analy- 
ses are goal independent. In fact, bottom-up computations have also been used 
for query evaluation in the context of deductive databases where "magic sets" 
and related transformation techniques are applied to make the evaluation process 
goal dependent. These same techniques have also been applied to enable bottom- 
up frameworks of abstract interpretation to support goal dependent analysis (see 
[3] for a list of references). This work breaches the folk belief and suggests that 
bottom-up frameworks have a wider applicability. In contrast, the practical ap- 
plication of top-down frameworks for goal independent analysis has received little 
attention. The purpose of this paper is to fill this gap. Moreover, we observe that 
there are currently a number of fine tuned generic top-down frameworks which 
are widely available. In contrast, implementation efforts for bottom-up frame- 
works are still in a preliminary stage. Hence, an immediate benefit of our study 
is to make goal independent analyses readily available using existing top-down 
frameworks. 

We conclude that the real issue is not top-down vs. bottom-up but rather goal 
dependent vs. goal independent. As already pointed out by Jacobs and Langen 
[12], goal dependent analysis can be sped up by using the results of a goal inde- 
pendent analysis, and whether this results in a loss in precision has to do with 
the characteristics of the abstract domain. 

Sections 2, 3 and 4 recall the relevant background and describe some simple 
transformations enhancing the efficiency of top-down goal independent analysis. 
Sections 5 and 6 present the main contribution of the paper: an evaluation of the 
appropriateness of a generic top-down framework (PLAI) for goal independent 
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analysis and the value of a goal independent analysis as a means to speed up 
a subsequent goal dependent analysis. Sections 7 and 8 discuss the results and 
conclude. 

2 G o a l  i n d e p e n d e n t  a n a l y s i s  in  a t o p - d o w n  f r a m e w o r k  

It is relatively straightforward to apply a top-down framework to provide goal in- 
dependent analyses much the same as those provided by bottom-up frameworks. 
To see this consider that, as argued in [9], the non-ground success set obtained 
by the Falaschi et al. semantics is equivalent to the set 
{ p(~)Olplu e P arid 0 is an answer ,ubstitution/or p(~) }. This provides the 
basis for a naive but straightforward goal independent, top-down analysis. An ap- 
proximation of the non-ground success set of a prvgram is obtained by performing 
the top-down analysis for the set of "flat" initial goal descriptions (p(~); ~;~) where 
p /n  is a predicate in P and x~ is the (most precise) description of the empty substi- 
tution. The same result can be obtained with a single application of the top-down 
framework by adding to a program P the set of clauses 
{ analyze ~ p(~)[p/n E pred(P) } where analyze/O ~_ pred(P). Given the initial 
call pattern (analyze; to) (with ~ any abstract substitution), there is a call pattern 
(V($); ~;~) for every p /n  e pred(P). We will refer to this transformation as the 
naive transformation and the corresponding analysis as the naive analysis. 

In this paper we use the top-down framework described in [16] (PLAI). The 
framework is based on a collecting semantics which captures both success and call 
patterns. For sharing analyses, the information is represented as lists of lists which 
appear as comments within the text of the program. The information describes 
properties of possible substitutions when execution reaches different points in the 
clause. The information given after the head describes properties of all clause vari- 
ables after performing head unification. The information given after each subgoal 
describes properties of all clause variables after executing the clause up to and 
including the subgoal. 

Ezample 1. Consider the following simple program P: 

mylength(Y,N):- mylength(Y,O,N). 
mylength([ ] ,N,N) .  
mylength([X[Xs],NI,N):- N2 is NI+I, mylength(Xs,N2,N). 

The naive transformation adds the following clauses to P: 

analyze:- mylength(X,Y). 
analyze:- mylength(X,Y,Z). 

A goal independent analysis using the Sharing domain [11, 15] gives the following: 

(I) analyze :- Y.[[X] ,[Y]] 
mylengt h (l ,Y). Y. [ IX] ] 

(2) analyze :- X[[X], [u [Z]] 
mylength  (X, Y, Z).  Y. [ [X], [Y, Z] ] 
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(3) mylength(Y,N) :- 
mylength(u 

(4) mylength([ ],N,N). 
(5) mylength([XIXs],N1,N) :- 

N2 is NI+I, 
mylength(Xs,N2,N). 

% [ [Y], [N] ] 
%[[Y]] 
%[[~]] 
%[[N1], IN], IX], [X,Xs], [Xs], [N2]] 
%[[N], [x] ,  [x ,xs] ,  [xs]] 
%[[x], Ix,X,], [x,]] 

In the Sharing domain [11, 15] an abstract  substitution is a set of sets of pro- 
gram variables (represented as a list of lists). Intuitively, each set { v l , . . . ,  v~} 
specifies that  there may  be a substitution where the terms bound to the clause 
variables contain a variable occurring in the terms bound to v l , . . . ,  v~ and occur- 
ring in none of the other terms. If  a variable v does not occur in any set, then there 
is no variable that  may  occur in the terms to which v is bound and thus those 
terms are definitely ground. If  a variable v appears  only in a singleton set, then 
the terms to which it is bound may contain only variables which do not appear  
in any other term. For example, after executing the recursive call in clause (5) 
the variables N, N1 and N2 are ground while X and Xs are possibly non-ground. 
Moreover, if they are non ground, they may possibly share. The analysis provides 
also the following information indicating the set of call and success patterns: 

llA.tom I]Call Pattern 

analyze [ ] 
mylength(A,B,C) [[A],[B],[C]] 
mylength(A,B) [[A], [B]] 
mylength(A,O,B) [[A],[B]] 
mylength(A,B,C) [[A],[C]] 

Success Pattern 
[] 

[ [AS, [B, C] ] 
[ [ a ] ]  
[ [a] ] 

[ [A] ] 

Note tha t  while the first three rows give the goal independent information, the 
other two represent the answers inferred for two specific call pat terns which were 
needed for the abstract  computat ion.  [] 

Observe that  the analysis described in Example  1 is inefficient in that  it pro- 
vides information concerning call pat terns which are not required in a goal in- 
dependent analysis. A more efficient analysis is obtained by transforming the 
program so that  all calls in the body of a clause are ~'flat" and involve only fresh 
variables. As a consequence, any call encountered in the top-down analysis is in 
its most  general form and corresponds to the call pat terns required by a goal 
independent analysis. This t ransformation is referred to as the e~cien~ trans- 
formation and involves replacing each call of the form q(]) in a clause body by 
q(~), ~ = ~1 where ~. are fresh variables. The corresponding analysis is called the 
e~cient analysis. 

Ezample ~. Applying the efficient t ransformation to the program in Example  1 
gives: 

I Note, however, that in Prolog this transformation can result in a program which 
produces different answers, especially due to the presence of "impure calls" such as 
is~2. Such calls require special care in the goal independent analysis, see discussion 
at end of section 4. 
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analyze:- mylength(X,Y). 
analyze:- mylength(X,Y,Z)~ 

mylength(Y,N) :- 
mylength(Ya,Ma,Na), 
<Y,O,N> = <Ya,Ma,Na>. 

myleng th ( [  ] ,N ,N) .  
mylength([XIXs],N1,N) "- 

N2 i s  NI+I,  
mylength(Xsa,N2a,Na), 
<Xsa,N2a,Na> = <Xs,N2,N>. 

A goal independent analysis of this program eliminates the last two rows in the 
table of Example 1. [] 

As indicated by our experiments (described in the following sections) the "effi- 
cient" transformation provides a practical speed-up of up to 2 orders of magnitude 
(for the domain Prop) over the naive approach. As suggested also by Jacobs and 
Langen [12], we conjecture that  the efficient top-down analysis is in fact equivalent 
to the corresponding bottom-up analysis. In particular, potential loss of precision 
with respect to a goal dependent analysis is determined by the characteristic 
properties of the domain. 

3 R e u s i n g  g o a l  i n d e p e n d e n t  i n f o r m a t i o n  

In this section we illustrate how the results of a goal independent analysis can 
be (re-)used to derive goal dependent information. For answer substitutions there 
is no problem as it is well known that  the non-ground success set of a program 
determines the answers for any initial goal. In fact, the same techniques applied 
in bottom-up analyses can be applied also for top-down goal independent anal- 
yses. Moreover, since the call p(~) is transformed to p(~), ~. = t, the (abstract) 
unification ~ = ~ with the success pattern for the call p(~) obtained in the goal 
independent analysis yields a safe approximation of the success pattern for the 
original query p(]). This fact is well known in bottom-up analysis. However our 
aim is to use the results of the goal independent analysis to derive a safe approx- 
imation of all call patterns activated by a given initial call. 

Several solutions to this problem are discussed in the literature. These include 
the magic-set transformation mentioned above as well as the characterization of 
calls described in [1] and formalized in [10]. Both of these approaches are based 
on the same recursive specification of calls. Namely: (1) if a l , . . . ,  a~, . . . ,  a,,~ is an 
initial goal then aiO is a call if 0 is an answer for a l , . . . ,  ai-1 (in particular al is a 
call); and (2) if h ~-- b l , . . . ,  b l , . . . ,  b,~ is a (renamed) program clause, a is a call, 
mgu(a, h) = 8 and ~o is an answer of ( b l , . . . ,  b~-1)8 then b~Sco is a call. 

Our approach is to perform a second pass of top-down analysis to derive the 
goal dependent information, but using the goal independent information available 
in order to simplify the process. The idea is to perform the goal dependent analysis 
in the standard way of the PLAI framework, except for the case of recursive 
predicates. This framework passes over an and/or  graph when analysing a program 
[2]. In reeursive cases, the framework performs several iterations over certain parts 
of the graph until reaching a fixpoint: when encountering a call p(]) which is 
equivalent to an ancestor call, the framework does not analyse the clauses defining 
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p(~) but inste~l uses a first approximation (based on results obtained for the 
ancestor call from the nonrecursive clauses). This initiates an iterative process 
over a subgraph which terminates when it is verified that a safe approximation is 
obtained. However, as the results of the goal independent analysis are available, 
these iterations can be avoided when performing the second pass proposed herein, 
which can be thus completed in a single traversal of the graph. Note that due to 
the efficient transformation p(]) is replaced by p(~), ~ = ~. Then, since the success 
state of the call p(~) is available from the goal independent analysis, the (abstract) 
unification ~ -- ] yields a safe approximation of the success state of the call p(~) 
and iteration is avoided. 

Our approach is similar to that suggested by Jacobs and Langen [11, 12]. 
The main difference is that they reuse the goal independent information without 
entering the definition of predicates. In the terminology of [12], the goal inde- 
pendent information is viewed as a "condensed" version of the called predicate 
and replaces its definition. In contrast, our approach traverses the entire abstract 
and/or graph constructed in the goal independent phase, even when a more sim- 
ple 'look-up' could be performed. However, iteration (or fixed point computation) 
is avoided. Moreover, we obtain information at all program points and for all call 
patterns encountered in a computation of the initial toM. It is interesting to note 
that from an implementation point of view, all phases are performed using the 
same top-down interpreter. We illustrate our approach with an example: 

Ezample 3. Consider a Sharing analysis of the following simple Prolog program. 
The result of the goal independent analysis is indicated next to the program: 

P([ ] '  [ ] )"  Pat. Pat p([X]Xs],  [YIYs]) :-  X>Y,q(Xs,Ys). 

q([XlXs],  [YIYs]) : -  p(Xs,Ys).  ~ ~ - ]  :-~]]1 [ [x ] ,  [Y]] 

Consider an initial query pattern of the form (p(X: Y); [[Y]]> which specifies that 
X is ground. We illustrate the difference between the standard top-down analysis 
and the analysis which reuses the results in the above table. 

Both analyzers first compute information for the non-recursive clause of p/2 
obtaining [] as the first approximation of the answer. They then consider the 
second clause obtaining the abstract substitution [[Y], [ Y, Ys], []Is]] (both X and 
Xs are ground), analyze the built-in X > Y obtaining [[Ys]], and call q(Xs, Ys) 
with the call pattern [[Ys]]. A similar process applies to q with this call pattern: 
first, the information for the non-recursive clause of q is computed obtaining [ ] 
as the first approximation of the answer, then the second clause is considered, ob- 
taining the abstract substitution [[ Y], [Y, Ys], [Ys]] (both X and Xs are ground), 
p(Xs, Ys) is called with call pattern [[]Is]]. 

At this point, the call pattern is the same as the initial call, hence the modi- 
fied top-down framework analyses p(A, B), (A, B) - (Xs, Ys) under the abstract 
substitution [[A], [B], []Is]]. It uses the precomputed table to look up the answer 
for p(A, B) obtaining [[A], [B], [Ys]] as result of the call. Abstract unification of 
(A, B) = (As, Ys} gives the abstract substitution [[Ys, B]]. Projection on {Xs, Y~} 
gives [[Ys]]. The least upper bound of the answers for the two clauses of q/2 gives 
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the final result [[Ys]] for q(Xs, Ys). The least upper bound for the two clauses of 
p/2 results in [[]/8]]. Note that no fixed point computation is needed. 

In contrast, the standard top-down framework takes the current approxima- 
tion [] of the answer for p(Xs, Y~), computes [[Y]] as the approximated answer 
substitution for the second clause of q/2 and takes the least upper bound of this 
answer and the one obtained for the first clause. This results in [[ Ys]] as the ap- 
proximated answer for the call q(Xs, }'8). The least upper bound for two clauses 
of p/2 gives [[Ya]]. Now, a new iteration is started for p(X, Y) since the answer 
changed during the execution (from [ ] which was the first approximation obtained 
from the non-recursive clauses, to [[ Y]]) and there is a recursive subgoal q(Xs, Ys) 
with call pattern [Ys] which depends on p(X, Y) with call [[Y]]; nothing changes 
during this new iteration and the fixpoint is reached. [] 

Note that it is still possible that several copies of a same clause are activated, 
namely when the clause is called with different patterns. The different versions 
will all be analyzed in the same iteration through the and/or graph whereas the 
usual top-down framework can iterate several times over (parts of) the and/or 
graph. 

4 Domain dependent issues 

There are some domain-dependent issues which can significantly affect the pre- 
cision of the results obtained. The following example illustrates how, for some 
domains, a naive top-down analysis can provide a more precise analysis for some 
programs. 

Ezample4. Consider a simple (goal independent) type analysis of the following 
program: 

rev(Xs, Ys) :- rev(Xs, [ 3, Ys). 
rev( [  ] ,  Ys, Ys). 
rev([XlXs], R, Ys) :- rev(Xs, [XIR], Ys). 

A reasonable (top-down or bottom-up) goal independent analysis for rev/3 will 
infer that the first argument is of type 'list' while the second and third arguments 
are of type 'any'. A naive top-down analysis can infer that both arguments of 
rev/2 are of type 'list' because the initial call to rev/3 has a second argument of 
type list, while a bottom-up analysis, as well as an efficient top-down analysis, 
will infer that the first argument is of type 'list' and the second of type 'any'. O 

The above example illustrates that the precision of an analysis is highly depen- 
dent on the ability of the underlying abstract domain to capture information (such 
as sharing) which enables a good propagation of the property being analyzed. 

3acobs and Langen [12] prove that top-down and bottom-up analyses are guar- 
anteed to be equally precise when they involve an abstract unification function 
which is idempo~ent, commutative and additive. Idempotence implies that repeat- 
ing abstract unification does not change the result. Commutativity allows abstract 
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unification to be performed in any order. Finally, additivity guarantees that  pre- 
cision is not lost when performing least upper bounds. Clearly these conditions 
impose a restriction on the abstract domain - -  as a weak domain cannot support 
an abstract unification algorithm which satisfies these properties. It is interest- 
ing to note that while idempotence is satisfied for most of the domains proposed 
in the literature, the other two properties are not. Consequently, the answer to 
the question should we prefer (~op-down or bottom-up) goal independent analyses 
remains an issue for practical experimentation. 

In the remainder of the paper we describe an experimental investigation in- 
volving three well known abstract domains, namely, Prop [13], Sharing [11, 15] 
and ASub [17]. We note that Prop satisfies all three of the above mentioned con- 
ditions (there is an abstract unification algorithm for Prop which satisfies these 
conditions). For Sharing, the first two conditions are satisfied, while ASub satisfies 
only idempotence. 

It is interesting to note that additivity in the abstract domain becomes more 
relevant when performing goal independent analyses. This is because, due to the 
lack of propagation of information from an initial call, abstract substitutions in an 
abstract computation tend to contain less information than in the goal-dependent 
case. Moreover, the accuracy lost when performing least upper bounds becomes 
more acute as we handle abstract substitutions containing less information. The 
same holds for commutativity. When more groundness information is available 
during the abstract computation (due to propagation of information from an ini- 
tial goal) the inability of the domain to remember dependencies between variables 
has less effect on accuracy. In fact we observe in [5] that the groundness informa- 
tion obtained with ASub is essentially the same as obtained with Sharing (for a 
rich set of benchmarks). We reason that  most real Prolog programs tend to prop- 
agate groundness in a top-down manner. We expect that (lack of) commutativity 
will become more relevant in goal-lndependent analyses although, less important 
in a naive top-down analyses than in bottom-up or efficient top-down analysis. 

Another important issue concerns the behavior of "impure goals". Consider 
for example an abstract domain which captures definite freeness information. In 
a standard top-down analysis if we know that  the clause 
p(X,u : -  ground(X),  u is called with X a free variable then we may assume 
that  the clause fails. In contrast, in a top-down goal independent analysis, the 
initial goal call pattern is always {6} and we must assume downwards closure of 
all descriptions. Likewise, a goal dependent sharing analysis involving the clause 
p(X,Y) : -  X==Y with call pattern [[X], [Y]] may assume that X==u implies that 
X and Y are ground due to the lack of sharing between X and Y. Such reasoning 
is n~)t valid in a goal independent analysis. 

5 Objectives, experiments and results 

Our objective is to illustrate the relative impact of the issues discussed in the 
previous sections on efficiency and accuracy of goal independent analyses. Our 
study focuses on a top-down framework, due to its availability. We compare the 
standard top-down, goal dependent framework with the alternative two phase 
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analysis which first infers goal independent information and then reuses it to 
obtain goal dependent information for given initial goals. 

For goal independent analyses we compare the naive and ej~icient approaches 
described in Section 2. The efficient approach is implemented not as a program 
transformation but instead by modifying the top-down framework itself which is 
also modified to keep and reuse goal independent information. 

Given the expected dependence of the results on the characteristics of the 
domains, we have implemented three analyzers, using the domains ASub, Sharing, 
and Prop. For Prop we use the same implementation strategy as described in [4] 
and provide a comparison with the bottom-up analyses described in [4]. The 
implementation is based on a technique called Uabstract compilation" [8, 18] in 
which a program is analyzed by applying the concrete semantics to an abstraction 
of the program itself. We note that the bottom-up analysis for Prop is based on 
a highly optimised analyzer which is specific for this type of domain. In contrast, 
the top-down analysis is performed within the general purpose PLAI framework. 
Hence, the efficiency results are naturally in favour of the bottom-up analysis. 
The accuracy results are, as expected, identical. 

It should be noted that in our experiments we are using only "strong" do- 
mains, i.e. domains that are relatively complex and quite precise. This is done 
first because they are more likely to represent those used in practice, and also 
because using goal independent analysis on weak domains is clearly bound to give 
low precision results. 

Tables 1, 2 and 3 respectively present the results of the experiments performed 
with the Prop, Sharing and Asub domains. The benchmark programs are the 
same as those used in [4] and in [6] for evaluating the efficiency of their bottom- 
up approach. All analyses are obtained using SICStus 2.1 (native code) on a 
SPARC10. All times are in seconds. The columns in the respective tables describe 
the following information: 

Name:  the benchmark program and the arguments of the top-level predicate. 
GI: the results for the goal independent analyses 

- BU: time for the bottom-up analyzer described in [4]. 
Available only for Prop - Table 1. 

- GI ' f :  time for the efficient top-down goal independent analysis. 
- Gin: time for the naive top-down goal independent analysis. 
- Size": A measure of the average and maximal (between parenthesis) sizes 

of the results given by the naive top-down goal independent analyses. 
For Prop (Table 1), the number of disjuncts in the resulting disjunctive 
normal forms and for Sharing and ASub (Tables 2 and 3), the number of 
variables in the resulting abstract substitutions. 

- A: the percentage of predicates for which the analysis using GI  e! is less 
accurate than that obtained by GI".  
Only in Tables 2 and 3 (for Prop both techniques give identical results). 

GDre"'~: the results for the goal dependent analyses which reuse the (efficient) 
goal independent information: 
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- Query:  some example call patterns (for Prop, a propositional formula on 
the variables of the top-level predicate). 

- Tin: the time. 
- RP:  number of look-ups (in the results 9f the goal independent phase) 
- Size: The same measure of the size as above, but this time it only takes 

into account the answers obtained in the goal independent phase which 
have been looked-up. This information is included to give a rough idea of 
the complexity of the abstract unification operations involved. 

GD't~'~d~d: results for the standard top-down, goal dependent analyses in com- 
puting the goal dependent information for the indicated query. 

- Tin: the time. 
- > 1: number of fixed point computations that take more than one itera- 

tion. These are the non-trivial computations. 
- > 2: number of fixed point computations which take more than two it- 

erations. Note that the last iteration usually takes much less time than 
the others. So these computations are bound to be more costly than those 
which involve only two iterations. 

A: the % of program points at which the information inferred by the GD ~e''' is 
less accurate than that obtained by the standard G D  standard approach. 
Only in Tables 2 and 3 (for Prop both techniques give identical results). 

6 Discussion of the results 

We first compare the two approaches proposed for gathering goal independent 
information using a top-down framework. The results for Prop and Anub show 
that GF ! is consistently considerably better than GI '~. This is because the ab- 
stract unification functions for those domains are relatively simple, and thus the 
overhead due to the additional operations introduced by the efficient transforma- 
tion is always smaller than the call computation overhead in GI n. On the other 
hand, in the results for Sharing although GI e! is considerably faster in most cases, 
there are others where this difference is not as large, and a few in which GI e/ in 
fact performs slightly worse than GI ". This is explained by the complexity of the 
abstract unification function for Sharing. 

From the precision point of view, of course, for Prop there is no loss of precision. 
Relatively high precision is maintained in Sharin#, while some more important toss 
appears for Asub. This reflects the fact that Asub is a weaker domain than Sharing 
w.r.t, the three basic properties. Thus, GI e/ appears to present a good precision 
/ cost compromise. 

We now compare GD re~''' (the goal dependent phase with goal independent 
information available), with a standard goal dependent computation. GD ~nse is 
almost consistently faster (or equal) to GD "t~'~aara, and the difference in speed 
is proportional to the number of fixed points avoided with respect to G D  standard 

and the complexity of these, as can be observed from the "> 1" and "> 2" 
columns. This last column seems to be the one that best predicts the differences 
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GD '" Jl 
Name BU GI e/ GIn Size Query Tm RP Size[[ Tm > 1 > 2 

reverse 0.01 0.04 0.28 2.0 (2) A 0.04 32.0(2) 0.04 0 0 
(A,B) true 0.26 17 2.0 (2) 0.49 10 5 
qsort 0.01 0.04 0.39 1.7 (2) A 0.33 19 1.4 (2) 0.33 0 0 
(A,B) true 0.74 311.3(2)0.74 0 0 
queens 0.03 0.11 0.70]2.0 (3) A 0.18 10 2.5 (3) 0.18 0 0 
(A,B) true 0.78 40 2.6 (3) 1.07 61 2 
ps 0.04 0.39 2.47 1.3 (2) A 0.41 17 1.5 (2) 0.42 01 0 

(A,B) true 0.41 17 1.5 (2) 0.42 il 0 
plan 0.04 0.21 1.40 1.9 (5) A 0.47 9 2.5 (4) 0.47 0 
(A,B) true 0.46 9 2.5 (4) 0.471 0 
gabriel 0.08 0.45 4.38 1.9 (4) A 3.051162 3.1 (4) 6.04 57 17 
(A,B) true 3.06 162 3.1 (4) 6.05 57 17 
cs 0.40 2.49 16.09 2.2 (6) A 1.25 31 2.9 (4) 1.37 3] 1 
(A) true 1.72 32 2.9 (4) 1.82 3 1 
press 0.40 3.24 30.50 2.3 (8) A 20.62 966 2.6 (4) 35.851124 35 
(A,B) true 20.65 966 ~..6 (4) 37.851115 32 
read 0.32 2.71 33.27 1.9 (9) A 20.15 355 2.2 (9) 56.96 214 100 
(A,B) true 20.17355 2.2 (9) 57.05 214 100 
peep 0.47 4.10]37.07 2.6 (10) A 7.65 38270 2.2 (4) 9.94 37 7 
(A,B,C) true 29.66 2.7 (4) 70.99 181 81 

Table 1. Prop results 

in performance: any time this number is high the differences are significant. This 
result would be expected since this column indicates the number of "heavy" fixed 
point computations in the GD standard approach. 

The exception is in the Asub analysis. There, for some programs, the analysis 
is less precise in more than 50% of the program points. A consequence of this is 
that  domain elements are a lot larger (imprecision increases the number of pairs) 
and that  their processing is more time consuming. In some cases the difference is 
substantial enough to undo the effect of saved fixed point iterations. 

On the other hand, while GD f~'~ is almost consistently faster than GD "t~"d~'~d, 
the difference is not as big as one might expect. This is due to the fact that  a 
very efficient fixed point is being used in GD ~ which, by keeping track of 
data  dependencies and incorporating several other optimizations, performs very 
few fixed point iterations - often none. 

From the point of view of the precision of the information obtained the results 
are identical for Prop, and slightly different for the slightly weaker Shari=g domain. 
This precision is quite surprising and implies that  not much information is lost in 
least upper bound operations, despite the weakness of Sharing in performing them. 
This seems to imply that  the information being "LUBed" is highly consistent (i.e. 
all clauses give similar information - while one can easily write artificial predicates 
not having this property, it is not unexpected that  such predicates are rare in real 
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I GI ' GD"' ' I  TmIP~I Si:e [ GD'*~=~'~TmI> 1 > 2 m I% N a m e  I GI'I l GI"JSize" [A Query 
init_susbt 0.9 173.5 3.1 (5) 0 [[g],[W]] 0.2 9 4.2 (5) 0.2 0 0 O] 
(X,Y,Z,W) [[Y],[Z],[W]] 0.7 154 .1(5)  0.9 6 1 00 0' 

[[x],EY],[z],[w]] 98.1 21 4.7 (5) 193.7 21 4 
seri~,n~e o.~ 3.0 2.a (4) o [[Y]] 2.8 14 3.4 (4) 3.o 8 o 
(x ,Y)  I [[x],[Y]] 2.9 14 3.4 (4) a.1 8 o ol 

14  ~ , ~ ]  2.0 14 3.4 (4) 3.1 6 0 o] 
map-color . 1.9 2.1 (3) 0 [[Y],[Z],[W]] 1.5 S 2.6 (3) 3.1 6 0 01 
(X,Y,Z,W) 
g r a m m a r  0.1 0.1 1.9 (3) 0 [[X],[Y]] 0.1 0 0 (0) 0.1 0 0 0! 
(X,Y) [[X],[X,Y],[Y]] 0.1 0 0(0)  0.1 0 0 0I 
browse 3.9 14.0 2.3 (5) 0 [] 13.6 18 2.5 (5)  16.4 9 0 0] 
(X,Y) [[X],[Y]] 0.2 10 2.1 (3) 0.4 8 0 0 

[[x],[x,v],EY]] 0.2 92 .1 (3 )  0.3 6 0 0 
bid 0.5 1.4 1.5 (3) 0 [] 0.3 7 2.9 (3) 0.3 0 0 0 
(X,Y,Z) 
deriv 0.8 1.9 2.5 (3) 0 [[Z]] 0.9 35 2.7 (3) 0.9 0 0 0 
(X,Y,Z) [[Y],[Z]] 0.9 352."/(3) 0.9 0 0 0 
rdtok 0.7 1.5 2.0 (5) 0 [[X],[Y]] 1.2 47 2.0 (3) 2.0 25 13 0 
(x ,Y)  ~ 1.2 472 .0 (3 )  2.0 25 la 0 
~ead 10.6 206.0 2.4 (11) 4 [[Y]] 1.5 ~.2 4.5 (6) 1.5 lS 11 o 
(x ,Y) [[x],[Y]] 66.4 73 4.~ (6) 257.9 27o 116 o 
boyer 3.7 7.5 2.3 (5) 0 [] 1.7 15 2.5 (3) 4.0 45 19 0 
(x)  [[x]] 1.7 132 .6(3)  4.0 44 lS 0 
peephole 33.4 19.4 3.3 (6) 0 [[Y]] 4.i 602.1 (3) 7.3 28 7 0 
(x ,Y)  [[x],[Y]] 11.1 632 .1(3)  19.s 36 10 0 
a n n  418.1 381.8 3.3 (12) 61 [[X],[Y]] 22.2 69i2.9 (6) 27.8 40 11 2.4 
(X,Y) [[X],[X,Y],[Y]] 22.1 69]2.9(6) 27.7 39 10 2.4 

Tab le  2. Sharing results 

p rograms) .  The  case of the read b e n c h m a r k  in the Sharing analyzer  would appea r  
surprising in the sense t ha t  a l though some in format ion  is lost by GI  ~! there is no 
loss of in format ion  af ter  the G D  ~e*' '  pass w.r.t .  G D  ' t ~ a ~ a .  This  is due to the fact  
t ha t  the predicate  tha t  changes is not used in the goal dependent  c o m p u t a t i o n  
for the query pa t t e rns  analyzed.  Less surprising is the fact  tha t  the weaker Asub 
d o ma in  presents  more  differences in the in format ion  obtMned.  

In order to pe r fo rm a comple te ly  fair compar i son  of the goal independent  and  
goal dependent  approaches  one should really compa re  the G D  ' t ~ a ~ a  t ime  with  
the sum of the GI  rl (or G I " )  t ime  and the GD * e ~  t ime,  since to ob ta in  in forma-  
t ion with  G D  ~*'~ it is necessary to perform, the GI  ~! analysis  first. In this case 
the results are mixed  in the sense tha t  there is still a net gain in pe r fo rmance  for 
benchmarks  and call pa t t e rns  which require several complex  fixed point  i terat ions 
f rom G D  s*a~aara, bu t  there is also a net loss in other  cases. This  is surpris ing and 
shows again  t ha t  GD standard is quite good a t  avoiding fixed point  i terat ions.  
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N~me 

init_susbt 
(X,Y,Z,W) 

"seri~Jize 
(X,Y) 

"map-color 
, , ( x , Y , z , w )  
grammar 

,,(x,Y) 
browse 
(X,Y) 

"bid 
,.(X,Y,Z) 
deriv 

. (X,Y,Z) 
rdtok 

,.(x,Y) 
~ea~ 

~.(X,Y) 
boyer 

,.(x) 
peephole 

,.(x,Y) 
ann 

. (x ,Y) 

GI GD '~'' GD '~a'~dar~ zl I 
GI'/[GI"ISi'e" 1% Query [Tm[I%P] Size Tm > 1 > 2 % [ 

0.2 0.4 3.14 (5) 0 ([x,Y],0)  0.3 94.2  (5) 0.4 5 0 0 
( [ x ] , D  0.3 123.8(5) o.s s 0 0 
t(D,D) 0.3 9 4 . 4 ( 5 )  0.4 6 o o 

0.2 0.2 2.3 (4) 0'([X],~) 0.1 8 2.8 (4) 0.2 5 I 12.5 
(B~)  0.1 8 2 . 8 ( 4 )  0.2 5 1 12.5 
(B[[x,Y]]) 0.4 9 ~..8 (4) 0.4 6 1 12.5 

0.2 0 . 3 2 . 6 ( 4 )  o ( [ x ] , D  0.3 6 2 . 5 ( 3 )  0.3 2 0 0 

o.o o.o o(E],O) o.o o o(o)  o.o o o o 
(B[[x,Y]])!o.1 o o(o)  o.1 0 o o 

7 0 71.4 0.3 1.1 2.0 (4) 11.S ([],[]) 0.6 18 2.4 (4) 0.5 
(0,0) o.1 91.6(.~) 0.2 6 o o 
(~,[[x,Y]]) 0.6 131.5(3) oa  9 0 0 

0.3 Lo 1.8 (4) 5 (0,O) 0.5 8 2.6 (a) 0.3 0 0 ~6.~. 

o.6 ~..1 2.5 (a) 0 ([x,Y],D) 3.1 7~ 2.3 0)! 0.8 o I 0191.11 
(Ix],0) 3.1 n:2.2 (s) 0.8 0~ o 91.1 

0.7 1.0 2.6 (4) 33.3 (0,~]) 1.0 432.9 (4) 1.4 23 12 17.9 
(O,[[x,Y]]) 1.0 432.9 (4) 1.4 2a 12 1~'.9 

2.1 9.3 2.5 (10) 4 ([x],o) 4.8 6~ a.2 (4) 1.8 18 11 74.5 
(~,0) a.~ 4~ a.a (~) 10.4 121 ~0 0 

0.7 1.1 2.3 (5) 0 ([X],O) 0.8 15 2.1 (3) 1.4 45 19 0 
(O,E]) 0.8 15 2.2 (3) 1.4 45 19 o 

1.8i 2.93.6 (6) 0 ([X],~) 1.7 58 2.2 (4) 2.5 21 3 0 
(~,~) 1.9 582.2(4) 3.0 28 6 o 

2.911.5 3.0 (lo) 3 ( B ~ )  j3.9 79 2.8 (6) 5.1 3~ 9 ~.5 
(~,[[X,Y]]) 5.4 94 2.8 (6) 6.6 40 I0 6.5 

Table 3. Asub results 

The GI e / +GD re'se approach is interesting in that it arguably provides more 
predictable execution times (although still highly dependent on the query pat- 
tern), sometimes avoiding cases in which G D  standa~a incurs larger overheads due 
to complex fixed point calculations. The combined GIeI+GD ~e~se analysis seems 
to be of advantage in the special case of programs that  reuse their predicates in 
many ways and with different call patterns. However, our results show that  this is 
not 9ften the case, at least for our benchmarks. Thus, GD 'ta*a~a seems to end up 
probably winning when analyzing normal isolated programs. A further advantage 
for G D  standard is that  it is quite general in that it does not require any special 
strengths from the domains to keep the precision that  one would expect from 
them. 

The overall conclusion seems to be that the combined GIe /+GD te'*Je analysis 
is specially suited for situations where the results obtained in the goal indepen- 
dent phase have the potential of being reused many times. A typical example of 
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this is library modules. They may be preanalyzed to obtain goal independent in- 
formation which is stored with the module. Then only the GD ~e*'e pass is needed 
to specialize that  information for the particular goal pattern corresponding to the 
use of the library performed by the program that  calls it. 

7 C o n c l u s i o n s  

Our experiments with the Prop domain indicate that  the efficient version of our 
goal independent analysis making use of the generic top-down framework is a vi- 
able alternative to a goal independent analysis using a bottom-up implementation 
as its speed is within a factor of 10 of a highly tuned ad hoc implementation of a 
bottom-up analysis for prop. 

A goal dependent analysis which can use the results of a goal independent anal- 
ysis is, for programs where the difference in precision is insignificant, consistently 
faster than a goal dependent analysis which starts from scratch. Also the analysis 
time is more closely related to the program size and becomes more predictable. 
This is due to the fact that the goal dependent analysis starting from scratch can 
require an unpredictable amount of iterations before reaching a fixpoint for its 
recursive predicates. While the precision is the same when abstract unification is 
idempotent, commutative and additive, the loss of precision is quite small for' the 
Sharing domain which is not additive. The reason seems to be that  the differ- 
ent clauses of real program predicates usually return very similar abstract states, 
such that  the lub operator in practice rarely introduces a loss of precision. On 
the other hand, the loss of precision can be substantial in the Asub domain which 
also violates the commutativity condition. 

Finally, the Sharing domain illustrates a case where, for some programs, the 
goal independent analysis can take an unexpected long time. This is caused by the 
peculiarities of the sharing domain. The size of an abstract state is in the worst 
case exponential in the number of program variables, this worst case typically 
shows up in absence of (groundness) information, and is much more likely to 
occur in a goal independent analysis than in a goal dependent analysis. Indeed, in 
the latter case, the information coming from the typical queries curtails the size 
of the abstract states. 
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