
Program Analysis, Debugging,

and Optimization Using the

Ciao System Prepro
essor

1

Manuel V. Hermenegildo

Fran
is
o Bueno

Germ�an Puebla

Pedro L�opez

fherme,bueno,german,pedrog�fi.upm.es

S
hool of Computer S
ien
e, T.U. Madrid (UPM)

Abstra
t

We present a tutorial overview of Ciaopp, the Ciao system prepro
essor.

Ciao is a publi
-domain, next-generation logi
 programming system, whi
h

subsumes ISO-Prolog and is spe
i�
ally designed to a) be highly extensi-

ble via libraries and b) support modular program analysis, debugging, and

optimization. The latter tasks are performed in an integrated fashion by

Ciaopp. Ciaopp uses modular, in
remental abstra
t interpretation to infer

properties of program predi
ates and literals, in
luding types, variable in-

stantiation properties (in
luding modes), non-failure, determina
y, bounds

on 
omputational 
ost, bounds on sizes of terms in the program, et
. Using

su
h analysis information, Ciaopp 
an �nd errors at 
ompile-time in pro-

grams and/or perform partial veri�
ation. Ciaopp 
he
ks how programs 
all

system libraries and also any assertions present in the program or in other

modules used by the program. These assertions are also used to generate

do
umentation automati
ally. Ciaopp also uses analysis information to per-

form program transformations and optimizations su
h as multiple abstra
t

spe
ialization, parallelization (in
luding granularity 
ontrol), and optimiza-

tion of run-time tests for properties whi
h 
annot be 
he
ked 
ompletely at


ompile-time. We illustrate \hands-on" the use of Ciaopp in all these tasks.

By design, Ciaopp is a generi
 tool, whi
h 
an be easily tailored to perform

these and other tasks for di�erent LP and CLP diale
ts.

Keywords: Global Analysis, Debugging, Veri�
ation, Parallelization, Optimiza-
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1 The Ciao Program Development System

Ciao [14℄ is a publi
-domain,
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next-generation logi
 programming environ-

ment. It is intended at the same time as a robust publi
-domain ISO-Prolog

implementation supporting programming in the large and in the small, and

as an experimentation workben
h for new logi
 programming te
hnology.

The Ciao environment in
ludes an enhan
ed version of the intera
tive shell

found in most Prolog systems, a standalone 
ompiler, a powerful prepro
es-

sor/debugger, a s
ript interpreter, an automati
 do
umentation generator,

a ri
h interfa
e to the ema
s editor, and some program visualization tools.

The Ciao system has been spe
i�
ally designed to be highly extensible

and to support modular program analysis, debugging, and optimization. The

language in
ludes a simple kernel with a robust module system, on top of

whi
h extensions are added via libraries. These libraries are generally nor-

mal Ciao modules whi
h provide run-time support predi
ates (in
luding at-

tributed variable handling 
ode) and 
ompile-time support su
h as operator

de
larations and ma
ro expansions. The latter are all lo
al to the modules

whi
h import the library. The Ciao libraries 
urrently support the full ISO-

Prolog standard, several 
onstraint domains, fun
tional and higher order

programming, 
on
urrent and distributed programming, Internet program-

ming, obje
ts, persisten
e, database a

ess, ri
h interfa
es to other languages

(su
h as C, t
l/tk, and Java), et
.

The Ciao 
ompilation pro
ess is 
on
eptually divided into two levels. The

low-level 
ompiler, Ciao
, itself a Ciao appli
ation, is in 
harge of produ
ing

obje
t 
ode for ea
h module, and linking the obje
t 
ode into exe
utables.

This 
ompilation is performed automati
ally and in
rementally, in the sense

that only ne
essary modules whose sour
e 
ode has 
hanged are re
ompiled

when a module is used. Ciao
 generates exe
utables whi
h are small and of

performan
e whi
h is 
ompetitive with state-of-the-art byte
oded systems.
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At a higher level, the prepro
essor, Ciaopp, performs modular, in
remental

global program analysis based on abstra
t interpretation [4℄ to infer infor-

mation on the program. This information is applied in a novel way to aid

the program development and debugging pro
ess, as well as in the more

traditional areas of program transformation and optimization. By design,

Ciaopp is a generi
 tool, whi
h 
an be easily tailored to perform these and

other tasks for di�erent LP and CLP diale
ts.

In the following, we present an overview of Ciaopp at work. Our aim is

to present not the te
hniques used by Ciaopp, but instead the main fun
-

tionalities of the system in a tutorial way, by means of examples. However,

we do provide referen
es where the interested reader 
an �nd more details on

the a
tual te
hniques used.
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Se
tion 2 presents Ciaopp at work performing

2

The 
iao system is available from http://www.
lip.dia.fi.upm.es.
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In addition, the s
ript pro
essor, allows exe
uting s
ripts written in Prolog [13℄.

4

Spa
e limitations prevent us from providing a 
omplete set of referen
es to related

work on the many topi
s tou
hed upon in the paper. Thus, we only provide the referen
es



:- module(qsort, [qsort/2℄, [assertions℄).

:- use_module(
ompare,[geq/2,lt/2℄).

qsort([X|L℄,R) :-

partition(L,X,L1,L2),

qsort(L2,R2), qsort(L1,R1),

append(R1,[X|R2℄,R).

qsort([℄,[℄).

partition([℄,_B,[℄,[℄).

partition([E|R℄,C,[E|Left1℄,Right):-

lt(E,C), partition(R,C,Left1,Right).

partition([E|R℄,C,Left,[E|Right1℄):-

geq(E,C), partition(R,C,Left,Right1).

append([℄,Ys,Ys).

append([X|Xs℄,Ys,[X|Zs℄):- append(Xs,Ys,Zs).

Figure 1: A modular qsort program.

program analysis, while Se
tion 3 does the same for program debugging and

validation and Se
tion 4 for program transformation and optimization.

2 Stati
 Analysis and Program Assertions

The fundamental fun
tionality behind Ciaopp is stati
 program analysis.

For this task Ciaopp uses the PLAI abstra
t interpreter [18, 2℄, its CLP [11℄

and in
remental [15, 22℄ versions, and adaptations of Gallagher's regular

type analysis [8℄. The system in
ludes several abstra
t domains and 
an

infer information on basi
 properties su
h as moded types, de�niteness,

freeness, and grounding dependen
ies, as well as on more 
omplex prop-

erties su
h as determina
y, non-failure, bounds on term sizes, and bounds

on 
omputational 
ost. Ciaopp implements several te
hniques for dealing

with \diÆ
ult" language features (su
h as side-e�e
ts, meta-programming,

higher-order, et
.) and as a result 
an for example deal safely with arbitrary

ISO-Prolog programs [1℄. A uni�ed language of assertions [1, 19℄ is used to

express the results of analysis, to provide input to the analyzer, and, as we

will see later, to provide program spe
i�
ations for debugging and validation.

Modular Stati
 Analysis Basi
s: Ciaopp takes advantage of modular

program stru
ture to perform more pre
ise and eÆ
ient, in
remental anal-

ysis [1℄. Consider the program in Figure 1, de�ning a module whi
h ex-

ports the qsort predi
ate and imports predi
ates geq and lt from module


ompare. During the analysis of this program, Ciaopp will take advantage

of the fa
t that the only predi
ate that 
an be 
alled from outside is the

exported predi
ate qsort. This allows Ciaopp to infer more pre
ise infor-

mation than if it had to 
onsider that all predi
ates may be 
alled in any

possible way (as would be true had this been a simple \user" �le instead of a

most dire
tly related to Ciaopp, whi
h are typi
ally our own work. We ask the reader to

kindly forgive this. The publi
ations referen
ed do 
ontain 
omprehensive referen
es to

related work.



module). Also, assume that the 
ompare module has already been analyzed.

This allows Ciaopp to be more eÆ
ient, sin
e it will use the information

obtained for geq and lt during analysis of 
ompare instead of reanalyzing

them. Assuming that geq and lt have a similar binding behavior as the

standard 
omparison predi
ates, a mode and independen
e analysis (\shar-

ing+freeness") of the module using Ciaopp yields the following results:

:- true pred qsort(A,B)

: mshare([[A℄,[A,B℄,[B℄℄)

=> mshare([[A,B℄℄).

:- true pred partition(A,B,C,D)

: ( var(C), var(D), mshare([[A℄,[A,B℄,[B℄,[C℄,[D℄℄) )

=> ( ground(A), ground(C), ground(D), mshare([[B℄℄) ).

:- true pred append(A,B,C)

: ( ground(A), mshare([[B℄,[B,C℄,[C℄℄) )

=> ( ground(A), mshare([[B,C℄℄) ).

These assertions express, for example, that the third and fourth arguments

of partition have \output mode": when partition is 
alled (:) they are

free unaliased variables and they are ground on su

ess (=>). Also, append

is used in a mode in whi
h the �rst argument is input (i.e., ground on 
all).

Also, upon su

ess the arguments of qsort will share all variables (if any).

Assertions and Properties: The above output is given in the form of

assertions. Assertions are a means of spe
ifying properties whi
h are (or

should be) true of a given predi
ate, predi
ate argument, and/or program

point. If an assertion has been proved to be true it has a pre�x true {

like the ones above. Assertions 
an also be used to provide information to

the analyzer in order to in
rease its pre
ision or to des
ribe predi
ates whi
h

have not been 
oded yet during program development. These assertions have

a trust pre�x [1℄. For example, if we 
ommented out the use module/2

de
laration in Figure 1, we 
ould des
ribe the mode of the (now missing)

geq and lt predi
ates to the analyzer for example as follows:

:- trust pred geq(X,Y) => ( ground(X), ground(Y) ).

:- trust pred lt(X,Y) => ( ground(X), ground(Y) ).

Finally, assertions with a 
he
k pre�x 
an be used to spe
ify the intended

semanti
s of the program, whi
h 
an then be used in debugging and/or

validation [19, 20℄, as we will see in Se
tion 3. The same assertions are also

used to generate do
umentation automati
ally [17℄.

Assertions refer to 
ertain program points. The true pred assertions

above spe
ify in a 
ombined way properties of both the entry (i.e., upon


alling) and exit (i.e., upon su

ess) points of all 
alls to the predi
ate. It

is also possible to express properties whi
h hold at points between 
lause

literals. The following is a fragment of the output produ
ed by Ciaopp for

the program in Figure 1 when information is requested at this level:

qsort([X|L℄,R) :-

true((ground(X),ground(L),var(R),var(L1),var(L2),var(R2), ...

partition(L,X,L1,L2),

true((ground(X),ground(L),ground(L1),ground(L2),var(R),var(R2), ...

qsort(L2,R2), ...

In Ciaopp properties are just predi
ates, whi
h may be builtin or user

de�ned. For example, the property var used in the above examples is the

standard builtin predi
ate to 
he
k for a free variable. The same applies

to ground and mshare. The properties used by an analysis in its output

(su
h as var, ground, and mshare for the previous mode analysis) are said



to be native for that parti
ular analysis. The system requires that a logi


program (or system builtin) exist de�ning ea
h property, that it be marked

as su
h with a prop de
laration, and that it be visible to the module in

whi
h the property is used (needed, for example, if a run-time test needs to

be performed {see later). Properties de�ned in a module 
an be exported as

any other predi
ate. For example:

:- prop list/1.

list([℄).

list([_|L℄) :- list(L).

de�nes the property \list". A list is an instan
e of a very useful 
lass of

user-de�ned properties 
alled regular types, whi
h is simply a synta
ti
ally

restri
ted 
lass of logi
 programs. We 
an mark this fa
t by stating \:-

regtype list/1." instead of \:- prop list/1." (this 
an be done au-

tomati
ally). The de�nition above 
an be in
luded in a user program or,

alternatively, it 
an be imported from a system library, e.g.:

:- use module(library(lists),[list/1℄).

Type Analysis: Ciaopp 
an infer (parametri
) types for programs both

at the predi
ate level and at the literal level. The output for Figure 1 at the

predi
ate level, assuming that we have imported the lists library, is:

:- true pred qsort(A,B)

: ( term(A), term(B) )

=> ( list(A), list(B) ).

:- true pred partition(A,B,C,D)

: ( term(A), term(B), term(C), term(D) )

=> ( list(A), term(B), list(C), list(D) ).

:- true pred append(A,B,C)

: ( list(A), list1(B,term), term(C) )

=> ( list(A), list1(B,term), list1(C,term) ).

where term is any term and prop list1 is de�ned in library(lists) as:

:- regtype list1(L,T) # "�var{L} is a list of at least one �var{T}'s."

list1([X|R℄,T) :- T(X), list(R,T).

:- regtype list(L,T) # "�var{L} is a list of �var{T}'s."

list([℄,_T).

list([X|L℄,T) :- T(X), list(L).

We 
an use entry assertions [1℄ (essentially, \trust 
alls" assertions) to

spe
ify a restri
ted 
lass of 
alls to the module entry points as a

eptable:

:- entry qsort(A,B) : (list(A, num), var(B)).

This informs the analyzer that in all external 
alls to qsort, the �rst argu-

ment will be a list of numbers and the se
ond a free variable. Note the use

of builtin properties (i.e., de�ned in modules whi
h are loaded by default,

su
h as var, num, list, et
.). Note also that properties natively understood

by di�erent analysis domains 
an be 
ombined in the same assertion. This

assertion will aid goal-dependent analyses obtain more a

urate information.

For example, it allows the type analysis to obtain the following, more pre
ise

information:

:- true pred qsort(A,B)

: ( list(A,num), term(B) )

=> ( list(A,num), list(B,num) ).

:- true pred partition(A,B,C,D)

: ( list(A,num), num(B), term(C), term(D) )

=> ( list(A,num), num(B), list(C,num), list(D,num) ).

:- true pred append(A,B,C)

: ( list(A,num), list1(B,num), term(C) )

=> ( list(A,num), list1(B,num), list1(C,num) ).



Non-failure and Determina
y Analysis: Ciaopp in
ludes a non-failure

analysis, based on [6℄, whi
h 
an dete
t pro
edures and goals that 
an be

guaranteed not to fail, i.e., to produ
e at least one solution or not terminate.

It also 
an dete
t predi
ates that are \
overed", i.e., su
h that for any input

(in
luded in the 
alling type of the predi
ate), there is at least one 
lause

whose \test" (head uni�
ation and body builtins) su

eeds. Ciaopp also

in
ludes a determina
y analysis whi
h 
an dete
t predi
ates whi
h produ
e

at most one solution, or predi
ates whose 
lause tests are disjoint, even if

they are not fully deterministi
 (be
ause they 
all other predi
ates whi
h

are nondeterministi
). For example, the result of these analyses for Figure 1

in
ludes the following assertion:

:- true pred qsort(A,B)

: ( list(A,num), var(B) ) => ( list(A,num), list(B,num) )

+ ( not_fail, 
overed, is_det, disjoint ).

(The + �eld in pred assertions 
an 
ontain a 
onjun
tion of 
omputational

properties whi
h are global to the predi
ate.)

Size, Cost, and Termination Analysis: Ciaopp 
an also infer lower

and upper bounds on the sizes of terms and the 
omputational 
ost of pred-

i
ates [5, 7℄. The 
ost bounds are expressed as fun
tions on the sizes of the

input arguments and yield the number of resolution steps. Various measures

are used for the \size" of an input, su
h as list-length, term-size, term-depth,

integer-value, et
. Note that obtaining a non-in�nite upper bound on 
ost

also implies proving termination of the predi
ate.

As an example, the following assertion is part of the output of the upper

bounds analysis:

:- true pred append(A,B,C)

: ( list(A,num), list1(B,num), var(C) )

=> ( list(A,num), list1(B,num), list1(C,num),

upper_size(A,length(A)), upper_size(B,length(B)),

upper_size(C,length(B)+length(A)) )

+ upper_time(length(A)+1).

Note that in this example the size measure used is list length. The assertion

upper_size(C,length(B)+length(A)means that an (upper) bound on the size

of the third argument of append/3 is the sum of the sizes of the �rst and

se
ond arguments. The inferred upper bound on 
omputational steps is the

length of the �rst argument of append/3.

The following is the output of the lower-bounds analysis:

:- true pred append(A,B,C)

: ( list(A,num), list1(B,num), var(C) )

=> ( list(A,num), list1(B,num), list1(C,num),

lower_size(A,length(A)), lower_size(B,length(B)),

lower_size(C,length(B)+length(A)) )

+ ( not_fail, 
overed, lower_time(length(A)+1) ).

The lower-bounds analysis uses information from the non-failure analysis,

without whi
h a trivial lower bound of 0 would be derived.

De
idability, Approximations, and Safety: As a �nal note on the

analyses, it should be pointed out that sin
e most of the properties being

inferred are in general unde
idable at 
ompile-time, the inferen
e te
hnique

used, abstra
t interpretation, is ne
essarily approximate, i.e., possibly impre-


ise. On the other hand, su
h approximations are also always guaranteed to

be safe, in the sense that (modulo bugs, of 
ourse) they are never in
orre
t.



:- module(qsort, [qsort/2℄, [assertions℄).

qsort([X|L℄,R) :-

partition(L,L1,X,L2),

qsort(L2,R2), qsort(L1,R1),

append(R2,[x|R1℄,R).

qsort([℄,[℄).

partition([℄,_B,[℄,[℄).

partition([e|R℄,C,[E|Left1℄,Right):-

E < C, !, partition(R,C,Left1,Right).

partition([E|R℄,C,Left,[E|Right1℄):-

E >= C, partition(R,C,Left,Right1).

append([℄,X,X).

append([H|X℄,Y,[H|Z℄):- append(X,Y,Z).

Figure 2: A tentative qsort program.

3 Program Debugging and Assertion Validation

Within Ciaopp, global analysis is not only used to infer program properties,

but also to dete
t 
lasses of errors at 
ompile-time whi
h go well beyond

the usual synta
ti
 
he
ks. Errors 
an be dete
ted in 
onventional programs

or, alternatively, assertions 
an be added to su
h programs stating intended

program properties, and whi
h 
an then be validated or falsi�ed, in the latter


ase dete
ting an error.

Stati
 Debugging: The idea of using analysis information for debugging


omes naturally after observing analysis outputs for erroneous programs.

Consider the program in Figure 2. The result of regular type analysis for

this program in
ludes the following 
ode:

:- true pred qsort(A,B)

: ( term(A), term(B) )

=> ( list(A,t113), list(B,^x) ).

:- regtype t113/1.

t113(A) :- arithexpression(A).

t113([℄).

t113([A|B℄) :- arithexpression(A), list(B,t113).

t113(e).

where arithexpression is a library property whi
h des
ribes arithmeti


expressions and list(B,^x) means \a list of x's." A new name (t113) is

given to one of the inferred types, and its de�nition in
luded, be
ause no

de�nition of this type was found visible to the module. In any 
ase, the

information inferred does not seem 
ompatible with a 
orre
t de�nition of

qsort, whi
h 
learly points to a bug in the program.

Ciaopp in
ludes a number of fa
ilities to help in the debugging task

beyond manual inspe
tion of the analyzer output. For example, Ciaopp


an �nd in
ompatibilities between the ways in whi
h program predi
ates are


alled and their de�nitions. It 
an also dete
t in
ompatibilities between the

way library predi
ates are 
alled and their intended mode of use, expressed

in the form of assertions in the libraries themselves. In order to use these


apabilities, we add to the program the same de
laration of its intended use

of previous examples:



:- entry qsort(A,B) : (list(A, num), var(B)).

Turning on 
ompile-time error 
he
king and sele
ting type and mode analysis

produ
es the following messages:

WARNING: Literal partition(L,L1,X,L2) at qsort/2/1/1 does not su

eed!

ERROR: Predi
ate E>=C at partition/4/3/1 is not 
alled as expe
ted:

Called: num>=var

Expe
ted: arithexpression>=arithexpression

where qsort/2/1/1 stands for the �rst literal in the �rst 
lause of qsort and

partition/4/3/1 stands for the �rst literal in the third 
lause of partition.

The �rst message warns that all 
alls to partition will fail, something

normally not intended (e.g., in our 
ase). The se
ond message indi
ates

a wrong 
all to a builtin predi
ate, whi
h is an obvious error. This error

has been dete
ted by 
omparing the mode information obtained by global

analysis, whi
h at the 
orresponding program point indi
ates that E is a free

variable, with the assertion:

:- 
he
k 
alls A<B (arithexpression(A), arithexpression(B)).

whi
h is present in the default builtins module, and whi
h implies that the

two arguments to </2 should be ground. The message signals a 
ompile-

time, or abstra
t, in
orre
tness symptom [3℄, indi
ating that the program

does not satisfy the spe
i�
ation given (that of the builtin predi
ates, in

this 
ase). Che
king the indi
ated 
all to partition and inspe
ting its

arguments we dete
t that in the de�nition of qsort, partition is 
alled

with the se
ond and third arguments in reversed order { the 
orre
t 
all is

partition(L,X,L1,L2).

After 
orre
ting this bug, we pro
eed to perform another round of 
ompile-

time 
he
king, whi
h produ
es the following message:

WARNING: Clause 'partition/4/2' is in
ompatible with its 
all type

Head: partition([e|R℄,C,[E|Left1℄,Right)

Call Type: partition(list(num),num,var,var)

This time the error is in the se
ond 
lause of partition. Che
king this


lause we see that in the �rst argument of the head there is an e whi
h

should be E instead. Compile-time 
he
king of the program with this bug


orre
ted does not produ
e any further warning or error messages.

Validation of User Assertions: In order to be more 
on�dent about our

program, we add to it the following 
he
k assertions:

5

:- 
alls qsort(A,B) : list(A, num). % A1

:- su

ess qsort(A,B) => (ground(B), sorted_num_list(B)). % A2

:- 
alls partition(A,B,C,D) : (ground(A), ground(B)). % A3

:- su

ess partition(A,B,C,D) => (list(C, num),ground(D)). % A4

:- 
alls append(A,B,C) : (list(A,num),list(B,num)). % A5

:- prop sorted_num_list/1.

sorted_num_list([℄).

sorted_num_list([X℄):- number(X).

sorted_num_list([X,Y|Z℄):-

number(X), number(Y), X<Y, sorted_num_list([Y|Z℄).

where we also use a new property, sorted num list, de�ned in the module

itself. These assertions provide a partial spe
i�
ation of the program. They


an be seen as integrity 
onstraints: if their properties do not hold, the

5

The 
he
k pre�x is assumed when no pre�x is given, as in the example shown.



program is in
orre
t. Calls assertions spe
ify properties of all 
alls to a

predi
ate, while su

ess assertions spe
ify properties of exit points for all


alls to a predi
ate. Properties of su

esses 
an be restri
ted to apply only to


alls satisfying 
ertain properties upon entry by adding a : �eld to su

ess

assertions (see [19℄).

Ciaopp 
an 
he
k the assertions above, by 
omparing them with the

assertions inferred by analysis (see [3, 20℄ for details), produ
ing:

:- 
he
ked 
alls qsort(A,B) : list(A,num). %A1

:- 
he
k su

ess qsort(A,B) => sorted_num_list(B). %A2

:- 
he
ked 
alls partition(A,B,C,D) : (ground(A),ground(B)). %A3

:- 
he
ked su

ess partition(A,B,C,D) => (list(C,num),ground(D) ).%A4

:- false 
alls append(A,B,C) : ( list(A,num), list(B,num) ). %A5

Assertion A5 has been dete
ted to be false. This indi
ates a violation of the

spe
i�
ation given, whi
h is also 
agged by Ciaopp as follows:

ERROR: (lns 22-23) false 
alls assertion:

:- 
alls append(A,B,C) : list(A,num),list(B,num)

Called append(list(^x),[^x|list(^x)℄,var)

The error is now in the 
all append(R2,[x|R1℄,R) in qsort (x instead of X).

From the rest of the output we 
an 
on
lude that the rest of the spe
i�
ation

has been partially validated: assertions A1, A3, and A4 have been dete
ted

to hold, but it was not possible to prove stati
ally assertion A2, whi
h has

remained with 
he
k status. Ciaopp 
an, on request, introdu
e run-time

tests in the program whi
h will 
all the de�nition of sorted num list at

the appropriate times. Note that A2 has been simpli�ed, and this is be
ause

the mode analysis has determined that on su

ess the se
ond argument of

qsort is ground, and thus this does not have to be 
he
ked at run-time. On

the other hand the analyses used in our session (types and modes) do not

provide enough information to prove that the output of qsort is a sorted list

of numbers, sin
e this is not a native property of the analyses being used.

While this property 
ould be 
aptured by in
luding a more re�ned domain

(su
h as 
onstrained types), it is interesting to see what happens with the

analyses sele
ted for the example.

6

Dynami
 Debugging with Run-time Che
ks: Assuming that we stay

with the analyses sele
ted previously, the following step in the development

pro
ess is to 
ompile the program obtained above with the \generate run-

time 
he
ks" option. In the 
urrent implementation of Ciaopp we obtain

the following 
ode for predi
ate qsort (the 
ode for partition and append

remain the same as there is no other assertion left to 
he
k):

qsort(A,B) :-

new_qsort(A,B),

post
([ qsort(C,D) : true => sorted(D) ℄, qsort(A,B)).

6

Not that while property sorted num list 
annot be proved with only (over approxi-

mations) of mode and regular type information, it may be possible to prove that it does not

hold (an example of how properties whi
h are not natively understood by the analysis 
an

also be useful for dete
ting bugs at 
ompile-time): while the regular type analysis 
annot


apture perfe
tly the property sorted num list, it 
an still approximate it (by analyzing

the de�nition) as list(B, num). If type analysis for the program were to generate a type

for B not 
ompatible with list(B, num), then a de�nite error symptom would be dete
ted.



new_qsort([X|L℄,R) :-

partition(L,X,L1,L2),

qsort(L2,R2), qsort(L1,R1),

append(R2,[X|R1℄,R).

new_qsort([℄,[℄).

where post
 is the library predi
ate in 
harge of 
he
king post
onditions of

predi
ates. If we now run the program with run-time 
he
ks in order to sort,

say, the list [1,2℄, the Ciao system generates the following error message:

?- qsort([1,2℄,L).

ERROR: for Goal qsort([1,2℄,[2,1℄)

Pre
ondition: true holds, but

Post
ondition: sorted_num_list([2,1℄) does not.

L = [2,1℄ ?

Clearly, there is a problem with qsort, sin
e [2,1℄ is not the result of

ordering [1,2℄ in as
ending order. This is a (now, run-time, or 
on
rete)

in
orre
tness symptom, whi
h 
an be used as the starting point of diagnosis.

The result of su
h diagnosis should indi
ate that the 
all to append (where

R1 and R2 have been swapped) is the 
ause of the error and that the right

de�nition of predi
ate qsort is the one in Figure 1.

4 Sour
e Program Optimization

We now turn our attention to the program optimizations that are available

in Ciaopp. These in
lude abstra
t spe
ialization, parallelization (in
luding

granularity 
ontrol), and multiple program spe
ialization. All of them are

performed as sour
e to sour
e transformations of the program. In most of

them stati
 analysis is instrumental, or, at least, bene�
ial.

Abstra
t Spe
ialization: Program spe
ialization optimizes programs for

known values (substitutions) of the input. It is often the 
ase that the set of

possible input values is unknown, or this set is in�nite. However, a form of

spe
ialization 
an still be performed in su
h 
ases by means of abstra
t inter-

pretation, spe
ialization then being with respe
t to abstra
t values, rather

than 
on
rete ones. Su
h abstra
t values represent of a (possibly in�nite)

set of 
on
rete values. For example, 
onsider the de�nition of the property

sorted num list/1, and assume that regular type analysis has produ
ed:

:- true pred sorted(A) : list(A,num) => list(A,num).

Abstra
t spe
ialization 
an use this information to optimize the 
ode into:

sorted_num_list([℄).

sorted_num_list([_℄).

sorted_num_list([X,Y|Z℄):- X<Y, sorted_num_list([Y|Z℄).

whi
h is 
learly more eÆ
ient be
ause no number tests are exe
uted. The

optimization above is based on \abstra
tly exe
uting" the number literals to

the value true. The notion of abstra
t exe
utability [23, 12℄ 
an redu
e some

literals to true, fail, or a set of primitives (typi
ally, uni�
ations) based

on the information available from abstra
t interpretation.

Ciaopp 
an also apply abstra
t spe
ialization in the optimization of pro-

grams with dynami
 s
heduling (e.g., using delay de
larations) [21℄. The

transformations simplify the 
onditions on the delay de
larations and also

move delayed literals later in the rule body, leading to substantial perfor-

man
e improvement. This is used by Ciaopp, for example, when supporting


omplex 
omputation models, su
h as Andorra-style exe
ution [14℄.



Parallelization: Another appli
ation of global analysis in Ciaopp is in

automati
 program parallelization [2℄. It is also performed as a sour
e-to-

sour
e transformation, in whi
h the input program is annotated with parallel

expressions. A number of heuristi
 parallelization algorithms are available,

whi
h guarantee 
ertain no-slowdown properties [16℄ for the parallelized pro-

grams. We 
onsider again the program of Figure 1. A possible parallelization

(obtained in this 
ase with the \MEL" annotator) is:

qsort([X|L℄,R) :-

partition(L,X,L1,L2),

( indep([[L1,L2℄℄) -> qsort(L2,R2) & qsort(L1,R1)

; qsort(L2,R2), qsort(L1,R1) ),

append(R1,[X|R2℄,R).

whi
h indi
ates that, provided that L1 and L2 do not have variables in 
om-

mon (at exe
ution time), then the re
ursive 
alls 
an be run in parallel.

Given the information inferred by, e.g., the mode and independen
e analysis

(see Se
tion 2), where L1 and L2 are ground after partition (and therefore

do not share variables) the annotator yields instead:

qsort([X|L℄,R) :-

partition(L,X,L1,L2),

qsort(L2,R2) & qsort(L1,R1),

append(R1,[X|R2℄,R).

whi
h is mu
h more eÆ
ient sin
e it has no run-time test.

Granularity Control: Another appli
ation of the information produ
ed

by the Ciaopp analyzers, in this 
ase the 
ost analysis, is to perform run{

time task granularity 
ontrol [10℄ of parallelized 
ode. Su
h parallel 
ode 
an

be the output of the pro
ess mentioned above or 
ode parallelized manually.

In general, this run-time granularity 
ontrol pro
ess involves 
omputing

sizes of terms involved in granularity 
ontrol, evaluating 
ost fun
tions, and


omparing the result with a threshold

7

to de
ide for parallel or sequential

exe
ution. Optimizations to this general pro
ess in
lude 
ost fun
tion sim-

pli�
ation and improved term size 
omputation, both of whi
h are illustrated

in the following example.

Consider again the qsort program in Figure 1. We use Ciaopp to perform

a transformation for granularity 
ontrol, using the analysis information of

type, sharing+freeness, and upper bound 
ost analysis, and taking as input

the parallelized 
ode obtained in the previous se
tion. Ciaopp adds a 
lause

\qsort(_1,_2) :- g_qsort(_1,_2)." (to preserve the original entry point)

and produ
es g qsort/2, the version of qsort/2 that performs granularity


ontrol (s qsort/2 is the sequential version):

g_qsort([X|L℄,R) :-

partition_o3_4(L,X,L1,L2,_2,_1),

( _1>7 -> (_2>7 -> g_qsort(L2,R2) & g_qsort(L1,R1)

; g_qsort(L2,R2), s_qsort(L1,R1))

; (_2>7 -> s_qsort(L2,R2), g_qsort(L1,R1)

; s_qsort(L2,R2), s_qsort(L1,R1))),

append(R1,[X|R2℄,R).

g_qsort([℄,[℄).

7

This threshold 
an be determined experimentally for ea
h parallel system, by taking

the average value resulting from several runs.



Note that if the lengths of the two input lists to the qsort program are

greater than a threshold (a list length of 7 in this 
ase) then versions whi
h


ontinue performing granularity 
ontrol are exe
uted in parallel. Otherwise,

the two re
ursive 
alls are exe
uted sequentially. The exe
uted version of

ea
h of su
h 
alls depends on its grain size: if the length of its input list

is not greater than the threshold then a sequential version whi
h does not

perform granularity 
ontrol is exe
uted. This is based on the dete
tion of

a re
ursive invariant: in subsequent re
ursions this goal will not produ
e

tasks with input sizes greater than the threshold, and thus, for all of them,

exe
ution should be performed sequentially and, obviously, no granularity


ontrol is needed.

In general, the evaluation of the 
ondition to de
ide whi
h predi
ate ver-

sions are exe
uted will require the 
omputation of 
ost fun
tions and a 
om-

parison with a 
ost threshold (measured in units of 
omputation). However,

in this example a test simpli�
ation has been performed, so that the input

size is simply 
ompared against a size threshold, and thus the 
ost fun
tion

for qsort does not need to be evaluated.

8

Predi
ate partition o3 4/6:

partition_o3_4([℄,_B,[℄,[℄,0,0).

partition_o3_4([E|R℄,C,[E|Left1℄,Right,_1,_2) :-

E<C, partition_o3_4(R,C,Left1,Right,_3,_2), _1 is _3+1.

partition_o3_4([E|R℄,C,Left,[E|Right1℄,_1,_2) :-

E>=C, partition_o3_4(R,C,Left,Right1,_1,_3), _2 is _3+1.

is the transformed version of partition/4, whi
h \on the 
y" 
omputes the

sizes of its third and fourth arguments (the automati
ally generated variables

1 and 2 represent these sizes respe
tively) [9℄.

Multiple Spe
ialization: Sometimes a pro
edure has di�erent uses within

a program, i.e. it is 
alled from di�erent pla
es in the program with di�erent

(abstra
t) input values. In prin
iple, (abstra
t) program spe
ialization is

then allowable only if the optimization is appli
able to all uses of the pred-

i
ate. However, it is possible that in several di�erent uses the input values

allow di�erent and in
ompatible optimizations and then none of them 
an

take pla
e. In Ciaopp this problem is over
ome by means of \multiple pro-

gram spe
ialization" where di�erent versions of the predi
ate are generated

for ea
h use. Ea
h version is then optimized for the parti
ular subset of in-

put values with whi
h it is to be used. The abstra
t multiple spe
ialization

te
hnique used in Ciaopp [24℄ has the advantage that it 
an be in
orporated

with little or no modi�
ation of some existing abstra
t interpreters, provided

they are multivariant (PLAI and similar frameworks have this property).

This spe
ialization 
an be used for example to improve automati
 par-

allelization in those 
ases where run-time tests are in
luded in the resulting

program. In su
h 
ases, a good number of run-time tests may be elimi-

nated and invariants extra
ted automati
ally from loops, resulting generally

in lower overheads and in several 
ases in in
reased speedups. We 
onsider

automati
 parallelization of a program for matrix multipli
ation using the

same analysis and parallelization algorithms as the qsort example used be-

fore. This program is automati
ally parallelized without tests if we provide

8

This size threshold will obviously be di�erent if the 
ost fun
tion is.



the analyzer (by means of an entry de
laration) with a

urate information

on the expe
ted modes of use of the program. However, in the interesting


ase in whi
h the user does not provide su
h de
laration, the 
ode generated


ontains a large number of run-time tests. We in
lude below the 
ode for

predi
ate multiply whi
h multiplies a matrix by a ve
tor:

multiply([℄,_,[℄).

multiply([V0|Rest℄,V1,[Result|Others℄) :-

(ground(V1),

indep([[V0,Rest℄,[V0,Others℄,[Rest,Result℄,[Result,Others℄℄) ->

vmul(V0,V1,Result) & multiply(Rest,V1,Others)

; vmul(V0,V1,Result), multiply(Rest,V1,Others)).

Four independen
e tests and one groundness test have to be exe
uted prior to

exe
uting in parallel the 
alls in the body of the re
ursive 
lause of multiply.

However, abstra
t multiple spe
ialization generates four versions of the pred-

i
ate multiply whi
h 
orrespond to the di�erent ways this predi
ate may be


alled (basi
ally, depending on whether the tests su

eed or not). Of these

four variants, the most optimized one is:

multiply3([℄,_,[℄).

multiply3([V0|Rest℄,V1,[Result|Others℄) :-

(indep([[Result,Others℄℄) ->

vmul(V0,V1,Result) & multiply3(Rest,V1,Others)

; vmul(V0,V1,Result), multiply3(Rest,V1,Others)).

where the groundness test and three out of the four independen
e tests have

been eliminated. Note also that the re
ursive 
alls to multiply use the opti-

mized version multiply3. Thus, exe
ution of matrix multipli
ation with the

expe
ted mode (the only one whi
h will su

eed in Prolog) will be qui
kly

dire
ted to the optimized versions of the predi
ates and iterate on them.

This is be
ause the spe
ializer has been able to dete
t this optimization as

an invariant of the loop. The 
omplete 
ode for this example 
an be found

in [24℄. The multiple spe
ialization implemented in
orporates a minimiza-

tion algorithm whi
h keeps in the �nal program as few versions as possible

while not losing opportunities for optimization. For example, eight ver-

sions of predi
ate vmul (for ve
tor multipli
ation) would be generated if no

minimizations were performed. However, as multiple versions do not allow

further optimization, only one version is present in the �nal program.

In the 
ontext of Ciaopp we have also studied the relationship between

abstra
t multiple spe
ialization, abstra
t interpretation, and partial eval-

uation. Abstra
t spe
ialization exploits the information obtained by mul-

tivariant abstra
t interpretation where information about values of vari-

ables is propagated by simulating program exe
ution and performing �x-

point 
omputations for re
ursive 
alls. In 
ontrast, traditional partial eval-

uators (mainly) use unfolding for both propagating values of variables and

transforming the program. It is known that abstra
t interpretation is a bet-

ter te
hnique for propagating su

ess values than unfolding. However, the

program transformations indu
ed by unfolding may lead to important opti-

mizations whi
h are not dire
tly a
hievable in the existing frameworks for

multiple spe
ialization based on abstra
t interpretation. In [25℄ we present

a spe
ialization framework whi
h integrates the better information propaga-

tion of abstra
t interpretation with the powerful program transformations

performed by partial evaluation.
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