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Abstra
t: Ciao Prolog in
orporates a module system whi
h allows separate 
ompilation

and sensible 
reation of standalone exe
utables. We des
ribe some of the main aspe
ts

of the Ciao modular 
ompiler, 
iao
, whi
h takes advantage of the 
hara
teristi
s of

the Ciao Prolog module system to automati
ally perform separate and in
remental 
om-

pilation and eÆ
iently build small, standalone exe
utables with 
ompetitive run-time

performan
e. 
iao
 
an also dete
t stati
ally a larger number of programming errors.

We also present a generi
 
ode pro
essing library for handling modular programs, whi
h

provides an important part of the fun
tionality of 
iao
. This library allows the devel-

opment of program analysis and transformation tools in a way that is to some extent

orthogonal to the details of module system design, and has been used in the implemen-

tation of 
iao
 and other Ciao system tools. We also des
ribe the di�erent types of

exe
utables whi
h 
an be generated by the Ciao 
ompiler, whi
h o�er di�erent tradeo�s

between exe
utable size, startup time, and portability, depending, among other fa
tors,

on the linking regime used (stati
, dynami
, lazy, et
.). Finally, we provide experimental

data whi
h illustrate these tradeo�s.
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essing, Exe
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1. Introdu
tion

Ciao Prolog [CLI97℄ is a next-generation logi
 programming system whi
h, among other features, has

been designed with modular in
remental 
ompilation, global analysis, debugging, and spe
ialization

in mind. The Ciao module system [CH99a℄, while attempting to be 
ompatible to a large extent

with oÆ
ial and de-fa
to standards (i.e., with popular Prolog implementations and the ISO-Prolog

module standard [PRO95℄), in
ludes a number of 
ru
ial 
hanges that arguably enable building a

better language and program development environment. In this paper we des
ribe the overall ar-


hite
ture of the Ciao standalone 
ompiler, 
iao
, whi
h takes advantage of the 
hara
teristi
s of

the module system to a
hieve a number of global design obje
tives, in
luding dete
ting a larger

number of errors stati
ally, performing modular in
remental (\separate") 
ompilation, supporting

modular extensibility of the language in features and in syntax, eÆ
iently building small, stan-

dalone exe
utables with di�erent exe
utable size tradeo�s and 
ompetitive run-time performan
e,
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o�ering support for meta-programming and higher-order, and allowing global analysis, debugging,

and spe
ialization/optimization.


iao
 does not treat the 
ompilation pro
ess as a translation from a single, isolated Prolog

sour
e to, e.g., its WAM byte
ode. Instead, a module is 
ompiled taking into a

ount its relation-

ship with the modules it uses. Also, sets of modules 
omprising an appli
ation, together with the

set of user or system libraries it uses, are pro
essed globally and in
rementally. As a result, the


orresponding obje
t 
ode and any other pro
essing output is kept always updated with respe
t to

the sour
e while re
ompiling the minimal required set of dependent modules after a 
hange. This

applies also when the 
ompiler is used in the toplevel shell, whi
h also tra
ks in the same way whi
h

loaded modules have 
hanged and need updating. A 
orre
t image of the program is always kept

in the toplevel without predi
ate dupli
ations or old 
ode lingering around, as 
an possibly happen

with traditional toplevel shells. 
iao
 treats modularly and in
rementally other information in ad-

dition to module interfa
es, su
h as the annotated and optimized programs produ
ed by the 
iaopp

prepro
essor [HBPL99℄.

One of the most interesting results of the development of the 
ompiler, from the software

ar
hite
ture point of view, has been that we have been able to abstra
t away into a generi
 
ode

pro
essing library mu
h of the fun
tionality related to the modular and in
remental treatment of

programs, even if they are multi-�le and use multiple user and system libraries. This library allows

the development of program analysis and transformation tools in a way that is to some extent

orthogonal to the details of the module system design, and has been used also in other Ciao system

tools su
h as the 
iaopp prepro
essor, the automati
 do
umenter [Her99℄, et
. In fa
t, the whole


ompiler is itself also a library, whi
h 
an be used by any Ciao exe
utable. This has made it very

easy for example to have a standalone 
ommand-line 
ompiler (as is usual in other programming

languages) and a s
ript interpreter, along with the more typi
al Prolog intera
tive shell, and to

ensure that they all behave in exa
tly the same way.

The rest of the paper pro
eeds as follows: Se
tion 2. presents the generi
 
ode pro
essing

library and its intera
tion with the Ciao module system. Se
tion 3. brie
y des
ribes the 
ompiler

itself, 
iao
. Se
tion 4. des
ribes a number of interesting errors that 
iao
 
an dete
t stati
ally.

Se
tion 5. presents the di�erent types of exe
utables that 
iao
 
an build. Se
tion 6. presents

performan
e data, whi
h illustrate the di�erent tradeo�s involved. Se
tion 7. 
ompares the 
iao



ompiler with some other 
ompilers. Finally, Se
tion 8. presents our 
on
lusions.

The 
omplete Ciao system, in
luding the 
ompiler and library des
ribed in the paper, as well

as other related software 
an be downloaded from the CLIP Software WWW site:

http://www.
lip.dia.upm.es/Software

2. The Ciao Generi
 Code-pro
essing Framework

In our experien
e with 
ode pro
essing tools in general and with global analysis tools in parti
ular

(su
h as the PLAI analyzer [MH92, BdlBH99℄), we have 
ame a
ross the diÆ
ulty of being able

to reprodu
e exa
tly the logi
 of the 
ompiler when reading sour
e �les. Note that in a pra
ti
al

system it is ne
essary to deal with syntax extensions (operators, expansions, et
.), in
lusions of


ode, rede�nition of prolog 
ags, modules, imports, exports, lo
al de�nitions, reexports, visibility

rules, external 
ode, et
. We have 
ome to the 
on
lusion that the best way of reprodu
ing exa
tly

the 
ompiler pro
essing logi
 is to fa
tor out this part into a library module su
h that the same


ode is used for all 
ode pro
essing tools. However, be
ause these tools perform di�erent jobs

the library must be appropriately parametrized. To this end, we have implemented in Ciao a

generi
 
ode pro
essing framework whi
h is used by the (WAM) 
ompiler and also by the rest of our


ode pro
essing tools. Currently, this framework is used by, in addition to the low-level 
ompiler,

all the prepro
essor 
omponents (global analyzers, parallelizers, spe
ializers, et
.), the automati
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do
umentation generator, and the assertion pro
essing library [CLI97℄. Note that, for simpli
ity,

in the following we sometimes refer to this 
ode pro
essing framework as \the 
ompiler", and to

pro
ess a module with it to \
ompile" su
h module.

2.1. Modular pro
essing

Within the framework, modules are pro
essed in a separate fashion, that is, the \pro
essing" (
om-

pilation, analysis, et
) is applied to one module at a time, but in su
h a way that the ne
essary

information from related modules is available. This information on a module, whi
h other modules

using it need when being pro
essed, is usually 
alled the interfa
e of the module. In other modular

languages, su
h as Modula, in whi
h there is a de�nition part and an implementation part for ea
h

module, su
h information is stored in the de�nition part. In the Ciao module system [CH99a℄, as in

that of other Prolog systems (e.g., [Swe95, Qui86℄), the de�nition part is in
luded in the sour
e along

with the implementation part, for programmer 
onvenien
e. However, in order to obtain and store

the interfa
e separately and fully support separate 
ompilation, in Ciao the 
ompiler automati
ally

extra
ts the interfa
e de�nition from the sour
e �le. The advantage of this approa
h is that the user

does not need to write a separate de�nition part as this is automati
ally done by the 
ompiler. The

extra
ted de�nition is stored by the 
ompiler in a separate �le from the one 
ontaining the a
tual


ode of the module: the interfa
e �le. From that point on, the interfa
e �le will be used by the


ompiler any time the interfa
e part of the 
orresponding module is needed. For brevity, we will


all su
h �les \.itf" �les, in referen
e to the ending used in the interfa
e �les managed by 
iao
.

However, note that di�erent tools may need additional data from related modules. For example,

several Ciao tools need information on the assertions present in the program, and this is stored in

additional .asr �les.

The pro
ess of extra
ting the interfa
e information is performed the �rst time a module is

pro
essed, either by dire
t request or as a result of the pro
essing of another module whi
h uses

it. At any time, the .itf �les are automati
ally managed by the framework, whi
h regenerates

them when the sour
e of the asso
iated module 
hanges. Pro
essing a module requires only its 
ode

and the interfa
e �les of the modules imported by that module (i.e., the sour
e of these modules is

not ne
essary). The visibility of the .pl and .itf �les 
an be 
ontrolled with standard �le a

ess

permissions.

1

One advantage of this 
ode pro
essing method, based on interfa
e �les, is that it allows dealing

with in
omplete programs. That is, a module 
an be pro
essed even if the related modules are still

in
omplete or 
ompletely unavailable. Making dummy de�nitions of the related modules, de�ning

only their exports, the 
ompiler will produ
e .itf �les of them whi
h 
an be used to pro
ess the

module in 
onsideration. This 
an be used also for independent development of di�erent parts of

the program, whi
h 
an then perhaps be performed in parallel by di�erent teams. This also makes

possible the early dete
tion of 
ompile-time errors in the module under 
onsideration without having

to wait for the 
ode of the related modules to be ready.

Another 
hara
teristi
 of the framework is the automati
 in
remental (modular) pro
essing

of programs. This means that when, e.g., 
ompiling a whole appli
ation, the 
ompiler is able to

1

Thus, a programmer 
an generate and publish (e.g., for others to see) the interfa
e �le at any

time by simply running the 
ompiler on the 
orresponding .pl �le and granting read permission to

the .itf �le generated. The same programmer 
an prevent another programmer from overwriting

the existing interfa
e �le from what may be a possibly intermediate state of the sour
e by simply

not granting read permission to the .pl �le or write permission to the .itf �le. Furthermore, a

pre
ise textual des
ription of the module interfa
e in several do
umentation formats 
an be also be

generated by simply running the auto do
umenter [Her99℄ on the sour
e.
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re
ompile only those modules whi
h need to, automati
ally following module dependen
ies starting

from the main module of the appli
ation. To this end, the .itf �les in Ciao 
ontain also the in-

formation needed to traverse module dependen
es and to de
ide if a module has to be re
ompiled

(repro
essed), thus avoiding reading the sour
e 
ode of un
hanged modules every time an appli-


ation is pro
essed. This information in
ludes whi
h modules are imported, whi
h predi
ates are

imported or reexported from ea
h, whi
h external 
ode is in
luded, et
. In summary, it 
ontains the

information whi
h 
ompose the premises under whi
h the 
ompilation took pla
e.

An advantage of separate/in
remental 
ompilation is that it typi
ally results in a faster devel-

opment 
y
le, be
ause it is not ne
essary to re
ompile the whole program whenever any 
hange is

performed on one of the modules 
omposing the program, only those modules a�e
ted by the 
hanges

will be re
ompiled. On the down side, less than optimal results (in terms of error dete
tion, degree

of optimization, et
., depending on the parti
ular 
ode pro
essing performed) may be obtained 
om-

pared to an equivalent monolithi
 
ompilation, unless some help from the programmer is provided.

Note that modularity helps error dete
tion in either 
ase (monolithi
/in
remental 
ompilation).

These are of 
ourse all well known advantages of modular program stru
ture and modular

pro
essing, exempli�ed respe
tively by languages su
h as Modula and tools su
h as Unix make. The

main novelty is in making this pro
essing generi
 (so that it is implemented in a 
onsistent way

a
ross many tools), highly automated and 
onvenient, and adapting it to a Prolog environment, by

virtue of a suitable module system design.

2.2. Operation and implementation of the framework

We now brie
y outline the implementation of the Ciao generi
 
ode pro
essing framework. It is

implemented as a library (
alled 
 itf) whi
h exports the following high-order predi
ate:

pro
ess_files_from(File, Mode, Type, TreatP, StopP, SkipP, RedoP)

This predi
ate starts a 
ode pro
essing loop with �le File at its root. Mode is the type of 
ode

pro
essing, whi
h may be in
ore 
ompilation, 
ompilation to .po (WAM obje
t �le), a re
ursive


ompilation (started by a load_
ompilation_module dire
tive, see [CH99a℄), or any other kind

of 
ode pro
essing, as de�ned by the user of the library. Type indi
ates whether the starting �le

has to be a module or not (some pro
esses 
an only be performed on modules, not user �les).

TreatP, StopP, SkipP and RedoP are predi
ate abstra
tions (see [CH99b℄) whi
h are 
alled in several

moments in the 
ode pro
essing loop, and 
ustomize it to the required task. They are 
alled with an

additional argument whi
h is the identi�er of the �le being treated at that point, under whi
h relevant

data is stored. The framework takes 
are automati
ally of low-level tasks in
luding reading into a


anoni
al form the 
ode of the module (if required) and dealing with syntax extensions (operators,

expansions, et
.), in
lusions of 
ode, rede�nition of prolog 
ags, modules, imports, exports, lo
al

de�nitions, reexports, visibility rules, external 
ode, et
., both in the 
urrent module and in the

related modules. All this data is easily a

essible through the predi
ates exported by the 
 itf

library.

The 
ode pro
essing loop pro
eeds as follows: if the related .itf of File exists and is newer

than the sour
e, then the .itf �le is read, else the sour
e is. If StopP su

eeds for the �le, neither

the �le is pro
essed nor the loop deepens from it, �nishing this bran
h. Else, the 
ompiler 
olle
ts

the interfa
e data of �les from whi
h this �le performs imports (its \related �les"), reading their

.itf �les (or the sour
e �les if those do not exist). Now, if SkipP su

eeds for the 
urrent �le, it is

not pro
essed further, but this time its bran
h is followed, entering in the pro
essing loop with the

related �les. Otherwise, when entering to pro
ess the �le, if we have read the sour
e �le (be
ause

the .itf �le did not exist or was older) we generate a new .itf �le and 
all TreatP to e�e
tively

pro
ess the �le. If we have read the .itf �le, we 
he
k if any dependen
e of this �le has 
hanged
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(e.g. an in
luded �le has 
hanged, a predi
ate whi
h this �le imported from other module is no

longer exported, et
.) and, if it is so, we read the sour
e and pro
eed as before. Otherwise, we


all RedoP to verify if we have to pro
ess the �le anyway, although the .itf �le does not have

to be regenerated. This predi
ate may, for example, 
onsult additional �les whi
h are spe
i�
 to

the parti
ular pro
essing being performed, 
ontaining data from the module (as the assertion-
a
he

.asr �les used by the assertion pro
essing library). Inside RedoP it is also possible to perform tasks

related with this �le whi
h only need the .itf information, failing at the end. When the pro
ess on

this �le is over, the loop pro
eeds with the unpro
essed, related �les in the same way until there is

no more work to do.

3. Compilation of Modular Programs: The Ciao Compiler (
iao
)

We now des
ribe the tasks performed by the Ciao standalone 
ompiler (
iao
),

2

whi
h makes use

of the 
ode pro
essing loop presented above, 
ustomized for a familiar task: traditional WAM-level


ompilation. When dis
ussing the fun
tionality, we will use the familiar Unix 

/make 
ombination

as a referen
e, sin
e there are many similarities.

The obje
tive of 
ompilation is generally twofold. Firstly, the synta
ti
 analysis typi
ally per-

formed by traditional 
ompilers allows dete
ting a good number of errors in the program without

a
tually having to run it. Examples are simple synta
ti
 errors, singleton variables, dis
ontiguous


lauses, unde�ned predi
ates, et
. The se
ond aim of 
ompilation is to generate a lower-level repre-

sentation of the program whi
h 
an be exe
uted more eÆ
iently. E.g., in the 
ase of 

 ea
h sour
e

�le is 
ompiled into a separate obje
t (.o) �le 
ontaining relo
atable ma
hine 
ode. In the 
ase

of 
iao
, ea
h module is 
ompiled into a separate obje
t (.po) �le, 
ontaining (by default) WAM

byte
ode. This is the 
ode that will be exe
uted by the Ciao byte
ode interpreter at run-time.

The following two se
tions explain the di�erent tasks of 
ompiling a single module and in
re-

mentally 
ompiling a whole program.

3.1. Compiling a Single Module (with the Related Interfa
es)

As mentioned before, one of the main bene�ts of modularity is that it �ts very well with the idea of

separate 
ompilation. The minimal units whi
h 
an be 
ompiled separately 
orrespond to modules.



 itself performs typi
ally only separate 
ompilation of a single �le: it is run on a .
 �le and

produ
es a .o �le. In 
iao
 this kind of 
ompilation 
an be performed by sele
ting the -
 
ag.

For example, the 
ommand `
iao
 -
 module-a.pl' performs separate 
ompilation of module-a

produ
ing module-a.po.

As mentioned in Se
tion 2., some information on other modules may be required. In the 
ase

of 

, the needed information is typi
ally added expli
itly to the \module" under 
onsideration (as

a result, a redu
ed amount of error 
he
king 
an be made).

3

In the 
ase of 
iao
, the information

needed from related modules to pro
ess a module and obtain its 
ompiled version is in
luded in the

interfa
e �les of these modules, whi
h are automati
ally managed by the 
ompiler.

2

As mentioned before, the Ciao 
ompiler is really a library module and 
an be used from the


ommand line using the 
iao
 appli
ation, from the familiar intera
tive toplevel shell, et
. While

in the dis
ussion we will mention only 
iao
, the des
riptions given apply equally to the use of the


ompiler from the toplevel shell or as a library from another program.

3

In fairness, C is not really modular { we are using it as an example only be
ause the related


ompilation tools are very well known.
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3.2. In
rementally Compiling a Whole Program

The main di�eren
e with the previous task is that in this 
ase the obje
tive is not to 
ompile a single

module, but rather a set of related modules whi
h 
ompose a whole program and to produ
e an

exe
utable. The 
ompilation starts with the main module, whi
h spawns the 
ompilation of other

modules from whi
h predi
ates are being imported. Typi
ally all related modules, i.e., the transitive


losure and not just the �rst level, must be pro
essed. Nevertheless, pro
essing is performed one

module at a time, i.e., the 
ompiler pro
esses the 
ode of only one module at ea
h step. In the



/make 
ase this 
orresponds to writing a Makefile (possibly aided by running the makedepend


ommand) followed by issuing a make 
ommand. I.e., the dependen
ies among modules are �rst

extra
ted and then based on them the make utility determines whi
h modules have to be re
ompiled.

The Ciao 
ompiler automati
ally performs this pro
ess. Global 
ompilation starts from a

module, whi
h is typi
ally the main module of an appli
ation. If the module has a re
ent .itf �le,

it is read in order to de
ide if the module has to be re
ompiled and also to be able to follow its

dependen
ies without reading the sour
e. Else, if the sour
e 
ode is newer than the interfa
e �le, it

is read and stored in memory. Then, all interfa
e �les of the modules dire
tly used by this module

are a

essed. This may involve reading and storing in memory the sour
es of those modules as well,

for those whi
h do not have an up-to-date .itf �le (later, when those modules are to be pro
essed,

their sour
es are retrieved from memory). Now, the .itf �le of the 
urrent module is generated if

needed. This 
annot be done before be
ause the interfa
e �le in
ludes, among other information,

whi
h predi
ates are imported from other modules. If a module imports \everything" from another

module (allowed by the module system design) to produ
e its interfa
e the other module needs to

be a

essed to know whi
h predi
ates it exports.

At this point, we are ready to pro
ess the 
urrent module, in this 
ase by 
ompiling it to WAM

byte
ode.

4

But this is done only if the .po (obje
t) �le does not exist or is older than the 
urrent

module, or if the 
ompiler �nds that 
urrent module needs re
ompilation. An already 
ompiled

module whi
h has not 
hanged 
ould need re
ompilation if, for example, it uses a predi
ate from

another module an the latter module stops de�ning or exporting it.

The pro
ess 
ontinues following the dependen
es with the rest of the modules, 
ompiling only

the 
hanged �les and using the pre
ompiled .itf and .po �les of the older ones. When all the

byte
ode obje
t �les (with a .po extension) are up to date, they are 
olle
ted and linked by the


ompiler to build the exe
utable. Note that in a re
ompilation only the sour
e �les whi
h have


hanged from the previous 
ompilation or whi
h are a�e
ted by these same 
hanges have to be read

and 
ompiled. From the rest only the .itf �le is a

essed.

Interestingly, we have observed that, if the 
ode for all required modules is available, users tend

to 
hoose this 
ompilation s
heme over that of the previous se
tion, even when small 
hanges are

made, sin
e 
iao
 automati
ally determines the modules related to the module under 
onsideration

and follows the dependen
ies among modules de
iding whi
h modules require re
ompilation, without

requiring any input from the user. Also note that the 
ompilation method of the previous se
tion


an be used in 
onjun
tion with a traditional Makefile (for example when using Prolog �les in the


ontext a larger, multi-language program). However, the Make�le needs to be updated by hand

when an interfa
e-related 
hange is made. It is also possible to 
ombine the two approa
hes and use


iao
 from within the Makefile to maintain the automati
ally up to date the Prolog �les in the

proje
t. This 
an be done by writing a dummy �le whi
h uses all the Prolog �les involved.

4

The 
ompiler also supports external modules written in other languages, and in this 
ase it also

automati
ally 
alls if needed the right 
ompiler to produ
e an obje
t �le, also possibly regenerat-

ing the interfa
e and type 
onversion 
ode (whi
h is produ
ed automati
ally from type and mode

de
larations given in the Ciao assertion language [PBH97℄ for the external pro
edures).
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4. Errors dete
ted by the 
ompiler

Having dis
ussed the issue of separate 
ompilation and in
remental re
ompilation, in this se
tion we

address the se
ond obje
tive of 
ompilation: the early dete
tion of programming errors. This in
ludes

also giving warnings about situations whi
h, although stri
tly 
orre
t, are likely a programmer

mistake. Here we only deal with the errors dete
ted by 
iao
, whi
h performs global analysis at

the level of predi
ate imports and exports. Note that using the Ciao Prepro
essor, whi
h performs

extensive global data
ow analysis, more (and more involved) error situations 
an be dete
ted. The

most interesting errors dete
ted by the 
iao
 
ompiler are:

� Syntax errors: This one is almost obliged. Ciao gives the 
ontext in whi
h the error is lo
ated

and the point in the �le where this 
ontext is lo
ated. This allows other tools (e.g., the ema
s

interfa
e) to automati
ally lo
ate the point in the sour
e �le.

� Unknown dire
tives/de
larations: In Ciao, as in ISO-Prolog [CH99a, PRO94, DEDC96℄, dire
-

tives are not 
onventional queries, so only the ones de�ned by the language (or in Ciao also

by spe
ial de
larations [CH99a℄) are allowed.

� Rede�nition of 
ontrol 
onstru
ts: Although in Ciao it is possible to rede�ne \builtins", 
ontrol


onstru
ts su
h as \,", \;", \->", et
. 
annot be rede�ned. Note that a rede�nition of said


onstru
ts is 
ommonly due to a programmer's mistake, putting a \." in pla
e of a \,", as in

qsort([X|Xs℄,L,L2) :-

partition(Xs,X,Left,Right).

qsort(Left,L,[X|L1℄),

qsort(Right,L1,L2).

� Illegal imports: O

ur when a module attempts to import a predi
ate from another module

whi
h is not exported by the se
ond.

� Illegal module quali�
ations: In Ciao it is not allowed to bypass module 
onstraints, so this

error is issued when a quali�ed 
all (as module:predi
ate(Args)) is found to a predi
ate in

a module whi
h is not imported by the 
urrent module.

� Unde�ned predi
ate 
alls (warning): When 
ompiling a module, in 
ontrast to when 
ompiling

a user (nonmodule) �le, if a 
all to a predi
ate not de�ned in the module nor imported from

another module is found, a warning is given. It is a warning and not an error be
ause the

predi
ate 
ould be de�ned by a dynami
ally loaded module. It is possible to expli
itly de
lare

the predi
ates imported from dynami
ally loaded modules in order to avoid these warnings.

� Unde�ned predi
ate exports (warning): This is signaled when a predi
ate in the export list of

a module is not de�ned in the module.

� Predi
ates with the same name and di�erent arities (warning): This warning, from our ex-

perien
e, dete
ts a great number of hard-to-�nd errors, derived from 
hanging the arity of a

predi
ate in several pla
es but forgetting to 
hange one of the de�ning 
lauses. The warning

is not issued if the di�erent arity versions are exported by the module, sin
e in that 
ase it

is 
lear that the the di�erent arities exist on purpose. As many Prolog programmers do 
om-

monly de�ne predi
ates with the same name and di�erent arities, this warning 
an be lo
ally

or globally disabled with a Prolog 
ag.
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� Dis
ontiguous 
lauses (warning): As dis
ontiguous 
lauses of the same predi
ate are usually

the produ
t of mistakes (and also forbidden by ISO-Prolog), this warning is issued when

su
h a 
ase is dete
ted. Nevertheless, these warnings 
an be swit
hed o� by a per-predi
ate

de
laration (as in ISO-Prolog) or with a global 
ompiler 
ag.

� Singleton variables (warning): This is the 
lassi
 test in Prolog 
ompilers, whi
h has proven

extremely helpful in �nding errors derived from the misspelling of variable names.

� Lo
al de�nition of an imported predi
ate (warning): This is allowed in Ciao [CH99a℄, but the

warning is signaled be
ause it may be due to a programmer's mistake (as the importation may

be of all predi
ates de�ned in a module). It 
an be swit
hed o� by adding a :- redefining

de
laration, for a given predi
ate or also for any predi
ate.

� Dupli
ated importation of a predi
ate (warning): This is also allowed in Ciao, but as the

previous warning it is signaled be
ause it may be due to a programmer's mistake. It 
an be

swit
hed o� in the same way as the previous one.

� Exporting multi�le predi
ates (warning): Multi�le predi
ates [CH99a, PRO94, DEDC96℄ do

not need to be exported to be a

essible by other modules de�ning them, thus this warning.

� In
ompatible de
larations of multi�le predi
ates: This error is issued when a multi�le predi
ate

is de�ned di�erently in several modules (for example, in one is de�ned dynami
 while in other

is not).

In our experien
e to date with the Ciao system these messages avoid a great number of other-

wise time-
onsuming errors and result in a mu
h faster development 
y
le. This situation is enhan
ed

further if the prepro
essor is also used. Note however, that some of the 
hoi
es made in the Ciao

module system, whi
h is slightly more stri
t that the usual Prolog module systems, are ne
essary to

be able to dete
t many of these errors.

5. Types of Exe
utables Created / Linking Regimes

The Ciao 
ompiler 
an 
reate di�erent types of exe
utables, depending on the linking regime used

for the modules involved. Essentially, modules 
an be linked into the exe
utable in three ways. If

linked stati
ally, then the byte
ode of the module is added to the exe
utable when building it. This

has the advantage that this module does not need to be found elsewhere at exe
ution time but

results in a growth in the size of the exe
utable. If linked dynami
ally then the byte
ode for the

module is not in
luded in the exe
utable but is instead sear
hed for in 
ertain dire
tories de�ned

by a set of library paths and loaded at the time when the appli
ation starts exe
uting. This has

the advantage of a smaller exe
utable size but the required modules must be a

essible a run-time

for the appli
ation to be exe
uted 
orre
tly. It is used most frequently with the standard libraries,

whi
h 
an often be assumed to be a

essible in the exe
ution environment. Finally if the module is

linked lazily, then the 
ode for the module is not in
luded in the exe
utable and is instead sear
hed

for in the library paths dire
tories in the same way as with dynami
 linking, but only if during

exe
ution the appli
ation 
alls a predi
ate de�ned in the module, and at the time of that �rst 
all.

This has the advantage that the appli
ation 
an start more qui
kly and that modules whi
h are

not used in a parti
ular run do not need to be loaded. Whi
h of these regimes is used for a given

module is 
ontrolled in a 
exible way by asso
iating a loading regime to a 
ertain path alias [Swe95℄,

so that a module referred to using that path alias is loaded using the 
orresponding regime. By

default, modules in library paths are loaded dynami
ally, whereas appli
ation-spe
i�
 modules are

in
luded in the exe
utable.
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There is an additional \exe
utable" type whi
h is not 
reated with the Ciao 
ommand-line


ompiler: Ciao \shell s
ripts." They are similar to, e.g., the UNIX shell s
ripts (or the way in whi
h

perl programs are typi
ally run), but are exe
uted by the Ciao s
ript shell 
iao-shell whi
h, as

mentioned before, is another appli
ation whi
h uses the 
ompiler library. The di�eren
e with a

usual 
ommand interpreter s
ript is that the sour
e is 
ompiled (by default; this 
an be overridden)

the �rst time the appli
ation is started, or after a 
hange in the sour
e. This 
an sometimes be

advantageous with respe
t to 
reating binary exe
utables for small- to medium-sized programs that

are modi�ed often and perform relatively simple tasks. The advantage is that no expli
it 
all to the


ompiler is ne
essary, and thus 
hanges and updates to the program imply only editing the sour
e �le

and invoking again the exe
utable. The disadvantage is that startup of the s
ript (the �rst time after

it is modi�ed) is slower than for an appli
ation that has been 
ompiled previously. The interested

reader is referred to [Her96, CHV96℄ for more information and some interesting appli
ations of su
h

s
ripts.

5.1. Issues in Lazy linking

Lazy linking is implemented by 
reating stump 
ode whi
h de�nes ea
h predi
ate exported by the

module as a 
all to load that module followed by a 
all to the predi
ate again. For example, predi
ate

foo/3 in (lazy-load) module bar would be implemented by something like:

foo(A,B,C) :- load_lib_lazy(bar), foo(A,B,C).

At the time of the last 
all after the loading, the new de�nition of predi
ate foo/3 has repla
ed

the stump de�nition, so that the re
ursive 
all exe
utes the predi
ate as if it were loaded from the

beginning. Ea
h module to be lazily loaded is repla
ed in the exe
utable by the 
ode 
ontaining the

stump predi
ates of that module, so that the �rst time an exported predi
ate of the module is 
alled,

the module is loaded. Here the fa
t that the Ciao module system is stri
t [CH99a℄ is instrumental,

sin
e if this were not the 
ase all predi
ates would need a stump de�nition, not only the exported

ones, be
ause external 
alls to any predi
ate of the module 
ould happen.

Note that due to the way lazy linking is 
urrently implemented, it is 
ompli
ated to implement

this type of loading for 
ertain types of modules (whi
h are then loaded eagerly in the 
urrent

implementation). Even in the stri
t module system of Ciao, in whi
h only exported predi
ates 
an

be a

essed, there are situations in whi
h a module 
an use the 
ode of the other module without

exe
uting an exported predi
ate of it. One of these situations is when a module exports a dynami


predi
ate, whi
h 
an then be a

essed by other modules, for example asserting 
lauses of it. The

other situation is when several modules 
ontain the same multi�le predi
ate [CH99a℄: when one of

these modules 
alls the multi�le predi
ate all 
lauses of the predi
ate need to be present, so the other

modules need to be loaded also. These restri
tions lead to a transitive relation of \requirement",

whi
h de�nes whi
h other modules need to be loaded when a given module is loaded, in order to

safely exe
ute the 
ode. The relation 
an be 
omputed, as sket
hed before, as the transitive 
losure

of relation R, de�ned as the pseudo-
lauses:

R(A,B) :- fmodule A imports a dynami
 predi
ate from module Bg.

R(A,B) :- fmodule A and module B share a multi�le predi
ateg.

Noti
e that sin
e the main module (the module whi
h 
ontains the starting predi
ate) is normally

linked stati
ally, as in any 
ase it has to be loaded for the exe
utable to start, the above requirement

relation di
tates that possibly other modules have to be linked the same way. Also, the requirement

restri
tion has to be observed also in the stump 
lauses: a stump 
lause of a predi
ate of a module

has to load along with that module other modules required by it.
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There are situations in whi
h, in spite of the R requirement relation keep, there is no possibility

that the �rst module uses 
ode of the se
ond before the se
ond is loaded. This is the 
ase when the

manipulation of dynami
 predi
ates of the se
ond module or the 
alls to shared multi�le predi
ates

whi
h o

ur in the �rst module are always pre
eded by exe
uting an exported predi
ate of the se
ond

module, sin
e that way by the time the 
on
i
tive 
all is made the se
ond module will be already

loaded. Thus, the 
ompiler provides a me
hanism to spe
ify that a module is safe to be lazily loaded,

even if a 
on
i
t situation is dete
ted by the 
ompiler, be
ause the programmer may know that that

is the 
ase. Note that in fa
t many of these situations 
an be dete
ted by a more extensive global

analysis than that whi
h the 
urrent version of the 
ompiler 
an perform.

6. A Preliminary Experimental Evaluation

The 
ompiler has been fully fun
tional for quite some time now and has been used in a good number

of a
ademi
 and 
ommer
ial appli
ations, in addition of 
ourse to 
ompiling all the 
omponents of

the Ciao program development environment. While an exhaustive evaluation of the 
ompiler is left

as future work, in this se
tion we present some preliminary experimental data on the 
ompiler. All

experiments were done in a Pentium-II dual pro
essor at 400 MHz running Linux, shared with a

number of other users.

First, and in order to test the in
rementality of the 
ompiler, we 
ompare the times required to

(re)
ompile a medium-sized appli
ation (in fa
t, the standalone 
ompiler 
iao
 itself) depending on

the number of �les 
hanged. The size of the sour
e 
omprising this appli
ation, in
luding standard

libraries, is of about 15,000 lines (53,000 words using UNIX w
).

D S

From s
rat
h 15.59 18.29

Compiler �les 9.77 12.57

Main �le 2.82 5.61

No 
hanges 2.62 5.30

No exe
utable generation 2.13 2.13

Exe
utable size (Kb) 167 1105

Table 1: Times (Se
s.) to 
ompile 
iao
, for di�erent 
hanges in sour
e.

Table 1 shows times in se
onds when a dynami
 (D) or a stati
 (S) exe
utable is produ
ed.

The �rst row shows the 
ompilation times starting from s
rat
h, that is, no .itf (interfa
e) nor .po

(obje
t) �les exist of any sour
e module, in
luding system libraries, i.e., the 
omplete 15,000 lines

are 
ompiled. The se
ond row shows the 
ompilation times when system libraries are pre
ompiled,

but all 
ompiler-spe
i�
 sour
e is not. This in
ludes 6 modules, whi
h 
omprise 52% of the total

number of lines and 49% of the total number of words in the whole sour
e. The third row shows

the 
ompilation times when only the main module of the appli
ation has to be re
ompiled; system

libraries are all pre
ompiled. The main module 
ontains 2.8% of lines and 3.7% of words of the

total. Note that in this 
ase, as in the previous 
ase, the fa
t that many modules are pre
ompiled

and un
hanged is not known a priori by the 
ompiler, whi
h needs to 
he
k that this is so. The

fourth row shows the times needed by the 
ompiler to generate the exe
utable �le after 
he
king

that no sour
e has 
hanged from a previous 
ompilation (all sour
es are pre
ompiled), i.e., this is the

time to link and write out the exe
utable. Finally, the �fth row shows the times under the previous

s
enario but without generating the exe
utable (thus there is no di�eren
e between dynami
 or
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stati
 
ompilation). The last row shows the size in kilobytes of the exe
utables generated. From

the numbers we 
an 
on
lude that the system is indeed in
remental, and in
remental 
ompilation is

indeed advantageous. Also, we observe that the di�eren
e between produ
ing a stati
 or a dynami


exe
utable is related mainly to the relative sizes of the exe
utables, as was to be expe
ted.

We now 
ompare the di�erent linking regimes for exe
utables with regard to 
ompilation time,

starting time, size of exe
utable, and memory 
onsumed. The exe
utables used in the tests were:


iaosh, the Ciao toplevel shell, a quite large appli
ation; pldiff, an appli
ation to 
ompare Prolog

�les (�a la UNIX diff), but disregarding formatting of the 
ode or variable renaming; wumpus, an

appli
ation to solve wumpus world problems [RN95℄, an AI 
lassi
; and suite, a set of test programs

distributed with the Ciao system (in
ludes several 
lassi
al ben
hmarks: queens, �b, et
.).

The results are shown in table 2. Data is given for stati
 (S), lazy (L) and dynami
 (D) linking

type exe
utables, and for ea
h appli
ation. Times are expressed in se
onds, sizes in kilobytes.

� T




is the time that it takes to generate the 
orresponding exe
utable, given that all sour
e

modules have pre
ompiled obje
ts. Note that in the 
ase of lazy linking, a part of this time is

spent in 
ompiling the stump 
ode of the lazily-loaded modules. Compilation time is always

fastest for dynami
 exe
utables, slower for stati
 exe
utables.

� Sz is the size of the exe
utable. Here again the lazy exe
utable is somewhat bigger than its

dynami
 equivalent be
ause of the in
lusion of stump 
ode.

� T

0

is the time to start the appli
ation, whi
h in
ludes the loading and partial re-linking of

starting obje
t 
ode. Here the lazy exe
utable is fastest, be
ause lazily-loaded modules are

not loaded and linked yet. This speedup depends on the amount of lazily-loaded modules


ompared to the total exe
utable 
ode. Note also that the dynami
 exe
utable is a bit slower

than the 
orresponding stati
 exe
utable: in the latter all obje
t 
ode is available just there.

� T

1

is the time spent until work whi
h for
es the loading of all modules is done. Surprisingly,

in a ben
hmark this time is smallest for the lazy exe
utable, and in another smaller for the

lazy exe
utable than for the dynami
 exe
utable. One explanation of this phenomenon might

be that by spa
ing the �le a

esses, the operating system performs faster ea
h a

ess. Another

explanation would be related with fewer page faults and/or more 
a
he hits, sin
e the lazily

loaded modules start to exe
ute right after they are loaded.

� M

0

is the memory taken up by the appli
ation at time T

0

. The amount is quantized be
ause

Ciao re
laims memory in 
hunks, so two equal quantities may represent di�erent real used

amounts. The amount is smaller for the lazy exe
utable sin
e there are modules whi
h have

not been loaded yet, and whi
h are only represented by their 
orresponding stump predi
ates

(normally mu
h smaller-sized). The dynami
 exe
utable uses slightly more memory than

the stati
 exe
utable be
ause the pro
ess of �nding the modules dynami
ally 
onsumes some

memory.

� Finally, M

1

is the memory taken up by the appli
ation at time T

1

. Here the lazy exe
utable


at
hes up with or passes the stati
 exe
utable in amount of memory. Also, one of the ben
h-

mark shows the dynami
 exe
utable using up more memory than the lazy exe
utable. This

is be
ause the 
ode whi
h performs the dynami
 load in the 
ase of lazily-loaded modules

(stump 
ode) is repla
ed by the obje
t 
ode of the module, while in the dynami
 exe
utable it

remains in memory. This amount, nevertheless, is minimum, but, as explained before, due to

the quantized amounts of memory re
laimed by the system it may appear bigger if it 
auses

to 
ross a memory usage step.
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T




Sz T

0

T

1

M

0

M

1


iao


S 6.38 1362 1.07 1.19 2704 2704

L 3.92 332 0.84 1.20 2440 2704

D 2.95 245 1.14 1.26 2704 2704

pldiff

S 2.59 352 0.28 0.34 1776 2172

L 2.32 185 0.15 0.32 1644 2172

D 1.95 156 0.29 0.35 1780 2172

wumpus

S 2.12 261 0.21 0.46 1644 2040

L 2.04 194 0.16 0.49 1644 2172

D 1.93 179 0.22 0.48 1780 2172

suite

S 2.25 268 0.22 5.12 1644 3584

L 2.09 171 0.14 5.14 1512 3584

D 1.92 152 0.22 5.13 1780 3716

Table 2: Di�eren
es among stati
, lazy and dynami
 exe
utables (Se
s., KB).

The results 
on�rm our design intuition that produ
ing stati
 exe
utables is mainly suited

for appli
ations whi
h have been tested and whi
h are ready to distributed stand-alone to other

environments, where (Ciao) Prolog 
annot be assumed to be installed a-priori. Produ
ing dynami


exe
utables, on the other hand, is the best 
hoi
e for environments where (Ciao) Prolog 
an be

assumed to be installed, and also at development time, when one wants to 
ompile the exe
utable

as fast as possible (however, the star during the development 
y
le is using the toplevel shell from

the ema
s interfa
e). Finally, lazy exe
utables are very suitable for appli
ations whi
h have parts

whi
h may not be used in every run. An example is the Ciao prepro
essor, whi
h 
an perform a

very wide variety of tasks, but whi
h in a given run 
an sometimes be used repeatedly for a very

spe
i�
 task 
omprising a very small fra
tion of its overall fun
tionality. The lazy-load exe
utable

will automati
ally load only the small part a
tually being used, redu
ing load time and the size of

the image in memory.

7. Comparison with Other Systems

We now make some 
omparisons between the Ciao 
ompiler and the 
ompilers of some other Prolog

systems whi
h are popular and of 
omparable run-time performan
e. In parti
ular, we dis
uss

di�eren
es with SICStus Prolog 3.7.1 (the 
urrent version) and Calypso/GNU Prolog 1.0.0 (whi
h

has a native-
ode 
ompiler). Some observations regarding fun
tionality:

� The 
urrent SICStus 
ompiler is a very straightforward �le-by-�le in
ore 
ompiler whi
h per-

forms virtually no lo
al or inter-module 
he
king at 
ompile-time. It does not keep tra
k

of the fa
t that the 
ompilation of a given �le may a�e
t the 
ompilation of others. Also,

all operators, expansions, et
. are global, so that they only need to be loaded, but not un-

loaded. Finally, the module system is supported dynami
ally, so that there is little overhead

at 
ompile-time related to module management.
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� The Calypso/GNU Prolog 
ompiler falls in between the SICStus and Ciao 
ompilers. On one

hand it does not support modules as SICStus or Ciao and it is not in
remental. On the other

hand it does perform inter-�le analysis to eliminate dead 
ode and dete
t a number of errors

(although, be
ause of the la
k of a module system, this 
an only be done at link time when

the sour
e of all the �les of an appli
ation is present).

� In 
ontrast, the Ciao 
ompiler performs extensive inter-module dependen
y analysis and error


he
king, even if only (re)
ompiling a single module. To this end, the 
ompiler must keep

tra
k of all the interfa
es and, to support in
rementality, read and write interfa
e information

and byte
ode from and to interfa
e and obje
t �les. Also, sin
e in the Ciao module system

operators and expansions are lo
al to ea
h module and user �le (whi
h we believe is vital to

realisti
ally address separate 
ompilation or modular global analysis), they must be loaded

and unloaded into the 
ompiler for ea
h �le. Also, the module system is implemented mostly

stati
ally, whi
h requires program transformations at 
ompile-time (in return for slightly faster

exe
ution).

� The exe
utables of SICStus and Ciao are multi-platform, and 
an be exe
uted in any ma-


hine where an \engine" is available. In 
ontrast the Calypso/GNU exe
utables are platform-

dependent binary exe
utables. This gives them an advantage in startup time at the expense

of portability.

� SICStus and Calypso/GNU only generate stati
 exe
utables, whereas Ciao supports dynami


and lazy-load exe
utables.

We leave performing a 
omparison of exe
utable size and 
ompilation speed as future work.

However, preliminary results show that the size of the stati
 exe
utables generated is 
omparable

for Calypso/GNU and Ciao. SICStus does not really build exe
utables, but rather saved states.

These saved states were mu
h larger than the exe
utables of Calypso/GNU and Ciao in SICStus

version 3.6, but version 3.7 has an ex
ellent save program fa
ility whi
h produ
es very small saved

states. The size of these 3.7 saved states when added to the engine size is 
omparable to those of

Calypso/GNU and Ciao.

As for 
ompilation speed, the emphasis to date in the Ciao 
ompiler has not been 
ompilation

performan
e, but rather getting the module system and the resulting in
remental and separate


ompilation 
apabilities right. The 
urrent situation seems to be that the Ciao 
ompiler is of similar

performan
e as the others for large programs and in in
remental situations (e.g., re
ompiling one

or a few �les in a large exe
utable). However, its seems to be quite a bit slower for small programs

or when 
ompiling large programs from s
rat
h, presumably be
ause it must 
reate all the interfa
e

and obje
t �les. We expe
t optimizations to improve the raw 
ompiler speed. However, it must also

be realized that sin
e the Ciao 
ompiler does mu
h more, it ne
essarily must take longer to do it.

One interesting point is that the 
ompilation time s
ales well with size. This 
on�rms some of the

design de
isions aimed at supporting programming-in-the-large.

8. Con
lusions

We have presented the Ciao 
ode pro
essing framework, whi
h allows the development of program

analysis and transformation tools in a way that is largely orthogonal to the details of module system

design. We believe that, for any system whi
h provides a number of 
ode pro
essing tools, having

su
h a framework available and used by all the tools simpli�es tremendously the task of making

the behavior of the tools 
onsistent. The framework, and the 
ompiler, whi
h is an instan
e of it,

provide separate and global in
remental 
ompilation, automati
ally following module dependen
ies
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and re
ompiling obsolete obje
t and interfa
e �les. We have found this to be a very useful feature

for any medium- to large-size proje
t. We have presented also some error and warning messages

that the 
ompiler 
an dete
t stati
ally, whi
h are in pra
ti
e of great help in avoiding a number

of otherwise time-
onsuming errors. The 
ombination of in
remental 
ompilation and additional

stati
 error dete
tion results in our experien
e in a mu
h faster development 
y
le than with more

traditional environments. We have presented the di�erent types of exe
utables that the 
ompiler


reates, and through experimental data we have illustrated the di�erent tradeo�s involved. We have

found that the tradeo�s are su
h that there are di�erent uses and environments whi
h make ea
h

of these exe
utable types to be the most suitable, and have therefore de
ided to keep them all as


ompiler options. Regarding the overall 
ompiler behavior, in our own (admittedly, perhaps biased)

experien
e, we �nd the Ciao 
ompiler addi
tive, despite the larger 
ompilation times of this early

version, due, among other reasons, to the above mentioned faster development 
y
le.
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