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Abstra
t: It is now widely a

epted that separating programs into modules has proven

very useful in program development and maintenan
e. While many Prolog implemen-

tations in
lude useful module systems, we feel that these systems 
an be improved in a

number of ways, su
h as, for example, being more amenable to e�e
tive global analysis

and allowing separate 
ompilation or sensible 
reation of standalone exe
utables. We

dis
uss a number of issues related to the design of su
h an improved module system for

Prolog. Based on this, we present the 
hoi
es made in the Ciao module system, whi
h

has been designed to meet a number of obje
tives: allowing separate 
ompilation, exten-

sibility in features and in syntax, amenability to modular global analysis, et
.
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1. Introdu
tion

Modularity is a basi
 notion in modern 
omputer languages. Modules allow dividing programs into

several parts, whi
h have their own independent name spa
es and a 
lear interfa
e with the rest of the

program. Experien
e has shown that there are at least two important advantages to su
h program

modularization. The �rst is one is that being able to look at parts of a program in a more or less

isolated way allows a divide-and-
onquer approa
h to program development and maintenan
e. For

example, it allows a programmer to develop or update a module at a time or several programmers

to work on di�erent modules in parallel. The se
ond advantage is in eÆ
ien
y: tools whi
h pro
ess

programs 
an be more eÆ
ient if they 
an work on a single program at a time. For example, after a


hange to a program module the 
ompiler needs to re
ompile only that module (and perhaps a few

related modules). Another example is a program veri�er whi
h is applied to one module at a time

and does its job assuming some properties of other modules.
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The topi
 of modules and logi
 programming has re
eived 
onsiderable attention (see, for

example, [O'K85, Che87, WC87, GM86, Mil89, MP89℄). Currently, many popular Prolog systems

su
h as Quintus [Qui86℄ and SICStus [CW94℄ in
lude module systems whi
h have proved quite useful

in pra
ti
e.
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However, these pra
ti
al module systems also have a series of short
omings, spe
ially

with respe
t to supporting e�e
tively separate program 
ompilation, debugging, and optimization.

1

Modularity is also one of the fundamental prin
iples behind obje
t oriented programming.

2

Surprisingly, though, it is also true that a number of Prolog systems do not have any module

system at all.
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Our obje
tive is to dis
uss from a pra
ti
al point of view a number of issues related to the

design of an improved module system for Prolog and, based on this, to present the 
hoi
es made

in the module system of Ciao Prolog [CLI97℄.
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Ciao Prolog 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 module system has been designed to

stay as similar as possible to the module systems of the most popular Prolog implementations and

the ISO-Prolog module standard 
urrently being �nished [PRO95℄, but with a number of 
ru
ial


hanges that a
hieve the previously mentioned design obje
tives. We believe that it would not be

diÆ
ult to in
orporate these 
hanges in the ISO-Prolog module standard or in other module systems.

The rest of the paper pro
eeds as follows: Se
tion 2. dis
usses the obje
tives of the desired

module system and Se
tion 3. dis
usses some of the issues involved in meeting these obje
tives. Se
-

tion 4. then des
ribes the Ciao Prolog module system. Within this se
tion, Subse
tion 4.5. dis
usses

some enhan
ements to standard Prolog syntax extension fa
ilities. Finally, Se
tion 5. des
ribes

the notion of pa
kages, a 
exible me
hanism for implementing modular language extensions, whi
h

emerges naturally from the module system design. An example of a pa
kage is provided whi
h

illustrates some of the advantages of the module design.

2. Obje
tives in the Design of the Ciao Module System

We start by stating the main obje
tives that we have had in mind during the design of the Ciao

module system:

� Allowing modular (separate) and eÆ
ient 
ompilation. This means that it should be possible

to 
ompile (or, in general, pro
ess) a module without having to 
ompile the 
ode of the related

modules. This allows for example having pre-
ompiled (pre-pro
essed, in general) system or

user-de�ned libraries. It also allows the in
remental and parallel development of large software

proje
ts.

� Lo
al extensibility, in features and in syntax. This means that it should be possible to de�ne

synta
ti
 and semanti
 extensions of the language in a lo
al way, i.e., so that they a�e
t only

sele
ted modules. This is also very important in the 
ontext of Ciao, sin
e one of its obje
tives

is to serve as an experimental workben
h for new extensions to logi
 programming.

� Amenability to modular global analysis. We foresee a mu
h larger role for global analysis of

logi
 programs, not only in the more traditional appli
ation of optimization [WHD88, VD92,

Tay91, BdlBH99℄, but also in new appli
ations related to program development, su
h as au-

tomated debugging, validation, and program transformation [BCHP96, CLMV96, BDD

+

97,

HC97, HPB99℄. This is spe
ially important in Ciao be
ause the program development environ-

ment already in
ludes a global analysis tool (
iaopp, the Ciao prepro
essor [HPB99, HBPL99℄)

whi
h performs these tasks and whi
h in our experien
e to date has shown to be an invaluable

help in program development and maintenan
e.

� Amenability to error dete
tion. This means that it should be possible to 
he
k stati
ally the

interfa
es between the modules and dete
t errors su
h as unde�ned predi
ates, in
ompatible

arities and types, et
.

� Support for meta-programming and higher-order. This means that it should be possible to

do meta- and higher-order programming a
ross modules without too mu
h burden on the

3

The Ciao system 
an be downloaded from http://www.
lip.dia.fi.upm.es/Software.
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programmer. Also, in 
ombination with the previous point, it should be possible to dete
t

errors (su
h as 
alls to unde�ned predi
ates) on suÆ
iently determined higher-order 
alls.

� Compatibility with oÆ
ial and de-fa
to standards. To the extent possible (i.e., without giving

up other major obje
tives to ful�ll this one) the module system should be 
ompatible with

those of popular Prolog systems (e.g., Quintus/SICStus) and oÆ
ial standards, su
h as the


ore ISO-Prolog standard [PRO94, DEDC96℄ and the 
urrent drafts of the ISO-Prolog module

standards [PRO95℄. This is be
ause it is also a design obje
tive of Ciao that it be (thanks

to a parti
ular set of libraries whi
h is loaded by default) a standard Prolog system. This in


ontrast to systems like Mer
ury [SHC96℄ or Goedel [HL94℄ whi
h are more radi
al departures

from Prolog. This means that the module system will be (at least by default) predi
ate-based

rather than atom-based (as in XSB [SSW93℄ and BIM [VDW87℄), i.e., it will provide separation

of predi
ate symbols, but not of atom names. Also, the module system should not require the

language to be
ome strongly typed, sin
e traditional Prologs are untyped.
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3. Dis
ussion of the Main Issues Involved

None of the module systems used by 
urrent Prolog implementations ful�ll all of the above stated

obje
tives, and some in
lude 
hara
teristi
s whi
h are in 
lear opposition to su
h obje
tives. Thus,

we set out to develop an improved design. We start by dis
ussing a number of desirable 
hara
teristi
s

of the module system in order to ful�ll our obje
tives. Amenability to global analysis and being

able to deal with the 
ore ISO-Prolog standard features were dis
ussed at length in [BCHP96℄,

where many novel solutions to the problems involved were proposed. However, the emphasis of that

paper was not on modular analysis. Herein, we will 
hoose from some of the solutions proposed

in [BCHP96℄ and provide further solutions for the issues that are more spe
i�
 to modular analysis

and to separate 
ompilation.
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� Syntax, 
ags, et
. should be lo
al to modules. The syntax or mode of 
ompilation of a mod-

ule should not be modi�ed by unrelated modules, sin
e otherwise separate 
ompilation and

modular analysis would be impossible. Also, it should be possible to use di�erent synta
ti


extensions (su
h as operator de
larations or term expansions) in di�erent modules without

them intera
ting. I.e., it should be possible to use the same operator in di�erent modules

with di�erent pre
eden
es and meanings. In most 
urrent module systems for Prolog this

does not hold be
ause synta
ti
 extensions and 
ompilation parameters (e.g., Prolog 
ags) are

global. As a result, a module 
an be 
ompiled in radi
ally di�erent ways depending on the

operators, expansions, Prolog 
ags, et
. set by previously loaded modules or simply typed

into the top level. Also, using a synta
ti
 extension in a module prevents the use of, e.g., the

involved operators in other modules in a di�erent way, making the development of optional

language extensions very 
ompli
ated. In 
on
lusion, we feel that dire
tives su
h as op/3 and

set prolog flag/2 must be lo
al to a module.

� The entry points of a module should be stati
ally de�ned. Thus, the only external 
alls allowed

from other modules should be to exported predi
ates. Note that modules 
ontain 
ode whi
h

is usually related in some way to that of other modules. A good design for a modular program

should produ
e a set of modules su
h that ea
h module 
an be understood independently of

4

Note however, that this does not prevent having voluntary type de
larations or more general

assertions, as is indeed done in Ciao [PBH97, PBH99℄.

5

We 
on
entrate here on the design on the module system. The issue of how this module system

is applied to modular analysis is addressed in more detail [PH99b℄.
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the rest of the program and su
h that the 
ommuni
ation (dependen
ies) among the di�erent

modules is as redu
ed as possible. By a stri
t module system we refer to one in whi
h a module


an only 
ommuni
ate with other modules via its interfa
e (this interfa
e usually 
ontains data

su
h as the names of the exported predi
ates). Other modules 
an only use predi
ates whi
h

are among the ones exported by the 
onsidered module. Predi
ates whi
h are not exported

are not visible outside the module. Many 
urrent module systems for Prolog are not stri
t and

allow 
alling a pro
edure of a module even if it is not exported by the module. This 
learly

defeats the purpose of the module system and, in addition, has a 
atastrophi
 impa
t on the

pre
ision of global analysis, pre
luding many program optimizations. Thus, we feel that the

module system should be stri
t.

� Module quali�
ation is for disambiguating predi
ate names, not for 
hanging naming 
ontext.

This a requirement of separate 
ompilation (pro
essing) sin
e otherwise to 
ompile (pro
ess) a

module it may be ne
essary to know the imports/exports of all other modules. As an example,

given a 
all m:p (\
all p in module m"), with the �rst meaning the 
ompiler only needs to know

the exports of module m, but with the se
ond meaning, as module m 
an import predi
ate p

from another module, and that module from another, the interfa
es of all those modules would

have to be followed. Furthermore, in some situations 
hanging naming 
ontext 
ould invalidate

the stri
tness of the module system.

� Module text should not be in unavailable or unrelated parts. This means that all parts of a

module should be within the module itself or dire
tly a

essible at the time of 
ompilation,

i.e., the 
ompiler must be able to automati
ally and independently a

ess the 
omplete sour
e

of the module being pro
essed.
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� Dynami
 parts should be isolated as mu
h as possible. Dynami
 
ode modi�
ation, su
h as

arbitrary runtime 
lause addition (by the use of assert-like predi
ates), while very useful in

some appli
ations, it has the disadvantage that it adds new entry points to predi
ates whi
h

are not \visible" at 
ompile-time and are thus very detrimental to global analysis [BCHP96℄.

One �rst idea is to relegate su
h predi
ates to a library module, whi
h has to be loaded

expli
itly.

7

In that way, only the modules using those fun
tionalities have to be spe
ially

handled, and the fa
t that su
h predi
ates are used 
an be determined stati
ally. Also, in

our experien
e, dynami
 predi
ates are very often used only to implement \global variables",

and for this purpose a fa
ility for adding fa
ts to the program suÆ
es. This simpler feature,

provided that this kind of dynami
 predi
ates are de
lared as su
h expli
itly in the sour
e,

pose no big problems to modular global analysis. To this end, Ciao provides a set of builtins

for adding and deleting fa
ts to a spe
ial 
lass of dynami
 predi
ates, 
alled \data predi
ates"

(asserta_fa
t/1, retra
t_fa
t/1, et
), whi
h are de
lared as \:- data ..." (similar kinds

of dynami
 predi
ates are mentioned in [Deb89℄). Furthermore, the implementation of su
h

data predi
ates is typi
ally mu
h more eÆ
ient than of the normal dynami
 predi
ates, due to

their restri
ted nature.

� Most \built-ins" should be in libraries whi
h 
an be loaded and/or unloaded from the 
ontext

of a given module. This is a requirement related to extensibility and also to more spe
i�
 need

6

Note that this is not the 
ase with the 
lassi
al user �les used in non-modular Prolog systems,

sin
e 
ode used by a user �le may be in a di�erent user �le whi
h whi
h has no expli
it relation with

the �rst one: there is no usage de
laration that allows relating them.

7

Note, however, that in Ciao, to preserve 
ompatibility for older programs, a spe
ial 
ase is

implemented: if no library modules are expli
itly loaded, then all the modules 
ontaining the ISO

predi
ates are loaded by default.
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su
h as those of the previous point, where it was argued that program modi�
ation \built-ins"

should be relegated to a library. The idea is to have a 
ore language with very few prede�ned

predi
ates (if any) and whi
h should be a (hopefully pure) subset of ISO-Prolog. This makes

it possible to develop alternative languages de�ning, for example, alternative I/O predi
ates,

and to use them in a given module while others perhaps use full ISO-Prolog. It also makes it

easier to produ
e small exe
utables.

� Dire
tives should not be queries. Traditionally, dire
tives (
lauses starting with \:-") were

exe
uted by the Prolog interpreter as queries. While this makes some sense in an interpretative

environment, where program 
ompilation, load (linking), and startup are simultaneous, is does

not in other environments (and, spe
ially, in the 
ontext of separate 
ompilation) in whi
h

program 
ompilation, linking, and startup o

ur at separate times. For example, some of

the dire
tives used traditionally are meant as instru
tions for the 
ompiler while, e.g., others

are used as initialization goals. Fortunately, this is well 
lari�ed in the 
urrent ISO standard

[PRO94, DEDC96℄, where de
larations are 
learly separated from initialization goals.

� Meta-predi
ates should be de
lared, at least if they are exported, and the de
laration must re
e
t

the type of meta-information handled in ea
h argument. This is needed in order to be able

to perform a reasonable amount of error 
he
king for meta-predi
ates and also to be able to

stati
ally resolve meta-
alls a
ross modules in most 
ases.

4. The Ciao Module System

Given the premises of previous se
tions, we now pro
eed to present their 
on
retization in the Ciao

module system.

4.1. General Issues

De�ning Modules: The sour
e of a Ciao module is typi
ally 
ontained in a single �le, whose name

must be the same as the name of the module, ex
ept that it may have an optional .pl extension.

Nevertheless, the system allows in
lusion of sour
e from another �le at a pre
ise point in the module,

by using the ISO-Prolog [PRO94, DEDC96℄ :- in
lude de
laration. In any 
ase, su
h in
luded �les

must be present at the time of pro
essing the module and 
an for all purposes be 
onsidered as an

integral part of the module text. The fa
t that the �le 
ontains a module (as opposed to, e.g., being

a user �le {see below) is 
agged by the presen
e of a \:- module(..." de
laration at the beginning

of the �le.

For the reasons mentioned in Se
tion 2. the Ciao module system is, as in most logi
 program-

ming system implementations, predi
ate-based (but only by default, see below). This means that

non-exported predi
ate names are lo
al to a module, but all fun
tor and atom names in data are

shared. We have found that this 
hoi
e does provide the needed 
apabilities most of the time, with-

out imposing too mu
h burden on the user or on the implementation. The advantage of this, other

than 
ompatibility, and probably the reason why this option has been 
hosen traditionally, is that

it is more 
on
ise for typi
al Prolog programs in whi
h many atoms and fun
tors are shared (and

would thus have to be exported in an atom-based system). On the other hand, it for
es having to

deal spe
ially with meta-programming, sin
e in that 
ase fun
tors 
an be
ome predi
ate names and

vi
e-versa. It 
an also 
ompli
ate having truly abstra
t data types in modules. The meta-predi
ate

problem is solved in Ciao through suitable de
larations (see Se
tion 4.4.). Also, in order to allow

de�ning truly abstra
t data types in Ciao it is possible to hide atom names, i.e., make them lo
al to

a module, by means of \:- hide ..." de
larations. Thus, in 
ontrast to predi
ate names, whi
h

5



are lo
al unless expli
itly exported, fun
tor and atom names are exported by default unless a :-

hide de
laration is used.

8

Imports, Exports, and Reexports: A number of predi
ates in the module 
an be exported,

i.e., made available outside the module, via expli
it :- export de
larations or in an export list in

the :- module(... de
laration. It is also possible to state that all predi
ates in the module are

exported (by using ' ').

It is possible to import a number of individual predi
ates or also all predi
ates from another

module, by using :- use module and :- import de
larations. In any 
ase it is only possible to

import from a module predi
ates that it exports. It is possible to import a predi
ate whi
h has

the same name/arity as a lo
al predi
ate. It is also possible to import several predi
ates with the

same name from di�erent modules. This applies also to predi
ates belonging to impli
itly-imported

modules, whi
h play the role of the built-ins in other logi
 programming systems. In Ciao there are

really no \built-ins:" all system predi
ates are (at least 
on
eptually) de�ned in libraries whi
h have

to be loaded for these predi
ates to be a

essible to the module. However, for 
ompatibility with

ISO, a set of these libraries implementing the standard set of ISO builtins is loaded by default.

A module m1 
an reexport another module, m2, via a :- reexport de
laration. The e�e
t of

this is that m1 exports all predi
ates of m2 as if they had been de�ned in m1 in the same way as they

are de�ned in m2. This allows implementing modules whi
h extend other modules (or, in obje
t-

oriented terms, 
lasses whi
h inherit from other 
lasses [PH99a℄). It is also possible to reexport

only some of the predi
ates of another module, by providing an expli
it list in the :- reexport

de
laration.

In Ciao it is possible to mark 
ertain predi
ates as being properties. Examples of properties

are regular types, instantiation properties (su
h as var, indep, or ground), 
omputational properties

(su
h as det or fails), et
. Su
h properties, sin
e they are a
tually predi
ates, 
an be exported

or imported using the same rules as any other predi
ate. Imported properties 
an be used in

assertions (de
larations stating 
ertain 
hara
teristi
s of the program, su
h as, e.g., pre
onditions

and post
onditions) in the same way as lo
ally de�ned ones. This allows de�ning, e.g., the abstra
t

data types mentioned above. This is dis
ussed in more detail in the des
riptions of the Ciao assertion

language [CLI97, PBH97℄ and the Ciao prepro
essor [HPB99, HBPL99℄.

Visibility Rules: Regarding visibility, the set of predi
ates whi
h are visible in a module are the

predi
ates de�ned in that module plus the predi
ates imported from other modules. It is possible to

refer to predi
ates with or without a module quali�
ation. A module-quali�ed predi
ate name has

the form module:predi
ate as in the 
all lists:append(A,B,C). We 
all default module for a given

predi
ate name the module whi
h 
ontains the de�nition of the predi
ate whi
h will be 
alled when

using the predi
ate name without module quali�
ation, i.e., when 
alling append(A,B,C) instead of

lists:append(A,B,C). Module quali�
ation makes it possible to refer to a predi
ate from a module

whi
h is not the default for that predi
ate name.

We now state the rules used to determine the default module of a given predi
ate name.

If the predi
ate is de�ned in the module in whi
h the 
all o

urs, then this module is the default

module. I.e., lo
al de�nitions have priority over imported de�nitions. Otherwise, the default module

is the last module from whi
h the predi
ate is imported in the module text. Also, predi
ates whi
h

are expli
itly imported (i.e. listed in the importation list of a :- use module) have priority over

those whi
h are imported impli
itly (i.e. imported when importing all predi
ates of a module). As

impli
itly-imported modules are 
onsidered to be imported �rst, the system allows the rede�nition

8

This feature of being able to hide fun
tor and atom names is not implemented in the 
urrently

distributed version of Ciao.
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of \builtins". By 
ombining impli
it and expli
it 
alls it also possible not only to rede�ne builtins,

but also to extend them, a feature often used in the implementation of many Ciao libraries. It is not

possible to a

ess predi
ates whi
h are not imported from a module, even if module quali�
ation

is used and even if the module exports them. It is also not possible to de�ne 
lauses of predi
ates

belonging to other modules. This is only allowed if the predi
ate is de�ned as dynami
 and exported

by the module in whi
h it is de�ned.

Reexported predi
ates 
an also be used in the module reexporting them, i.e., they are also

imported into that module. Following the normal rules for imports, the default module for su
h a

predi
ate is the module from whi
h it is reexported. However, if the reexported predi
ate is de�ned

in the module reexporting it then the default module is that module. Thus, the lo
al de�nition takes

priority, as with any other imported predi
ate. However, the predi
ate a
tually exported is still the

reexport. On the other hand, if a reexported predi
ate is de�ned lo
ally and also exported, then the

predi
ate seen by other modules is the lo
al de�nition and not the reexport. This 
exible approa
h

allows for example making spe
ialized modules whi
h are the same as a reexported module but with

some of the predi
ates rede�ned as determined by lo
al predi
ate de�nitions.

4.2. User Files and Multi�le Predi
ates

For reasons mainly of ba
kwards 
ompatibility with non-modular Prolog systems, there are some

deviations from the visibility rules above whi
h are 
ommon to other modular logi
 programming

systems [Qui86, CW94℄: the \user" module and multi�le predi
ates.

User Files: To provide ba
kwards 
ompatibility with non-modular 
ode, all 
ode belonging to �les

whi
h have no module de
laration is assumed to belong to a single spe
ial module 
alled \user."

These �les are 
alled \user �les," as opposed to 
alling them modules (or pa
kages {see later). All

predi
ates in the user module are \exported." It is possible to make unrestri
ted 
alls from any

predi
ate de�ned in a user �le to any other predi
ate de�ned in another user �le. However, and

di�erently to other Prolog systems, predi
ates imported from a normal module into a user �le are

not visible in the other user �les unless they are expli
itly imported there as well. This at least

allows performing separate stati
 
ompilation of ea
h user �le, as all stati
 predi
ate 
alls in a �le

are de�ned by reading only that �le. Predi
ates de�ned in user �les 
an be visible in regular modules,

but su
h modules must expli
itly import the \user" module, stating expli
itly whi
h predi
ates are

imported from it.

The use of user �les is dis
ouraged be
ause, apart from losing the separation of predi
ate names,

their stru
ture makes it impossible to dete
t many errors that the 
ompiler dete
ts in modules by

looking at the module itself (and perhaps the interfa
es of related modules). As an example, 
onsider

dete
ting unde�ned predi
ates: this is not possible in user �les be
ause a missing predi
ate in a user

�le may be de�ned in another user �le and used without expli
itly importing it. Thus, it is only

possible to dete
t a missing predi
ate by examining all user �les of a proje
t, whi
h is itself typi
ally

an unknown (and, in fa
t, not even in this way, sin
e that predi
ate 
ould even be meant to be typed

in at the top level after loading the user �les!). Also, global analysis of user �les typi
ally involves


onsiderable loss of pre
ision be
ause all predi
ates are possible entry points[BCHP96℄. Note that

it is often just as easy and 
exible to use modules whi
h export all predi
ates in pla
e of user �les,

while being able to retain many of the advantages of modules.

Multi�le Predi
ates: Multi�le predi
ates are a useful feature (also de�ned in ISO-Prolog) whi
h

allows a predi
ate to be de�ned by 
lauses belonging to di�erent �les (modules in the 
ase of Ciao).

To �t this in with the module system, in Ciao these predi
ates are implemented as if belonging to

a spe
ial module multifile. However, 
alls present in a 
lause of a multi�le predi
ate are always

7



to visible predi
ates of the module where that 
lause resides. As a result, multi�le predi
ates do

not pose spe
ial problems to the global analyzer (whi
h 
onsiders them exported predi
ates) nor to


ode pro
essing in general.

4.3. Dynami
 Modules

The module system des
ribed so far is quite 
exible but it is stati
, i.e., ex
ept in user �les, it is

possible to determine stati
ally the set of imports and exports of a given module and the set of

related modules, and it is possible to stati
ally resolve to whi
h module ea
h 
all in the program

refers to. This has many advantages: modular programs 
an be implemented with no run-time

overhead with respe
t to a non-modular system and it is also possible to perform extensive stati


analysis for optimization and error dete
tion. However, in pra
ti
e it is sometimes very useful

to be able to load 
ode dynami
ally and 
all it. In Ciao this is fully supported, but only if the

spe
ial library dynmods whi
h de�nes the appropriate builtins (e.g., use module) is expli
itly loaded

(dynmods a
tually reexports a number of predi
ates from the 
ompiler, itself another library). This


an then be seen by 
ompile-time tools whi
h 
an a
t more 
onservatively if needed. Also, the

adverse e�e
ts are limited to the module whi
h imports the 
ompiler.

4.4. Dealing with Meta-Calls

As mentioned before, the fa
t that the Ciao module system is predi
ate-based for
es having to deal

spe
ially with meta-programming, sin
e in that 
ase fun
tors 
an be
ome predi
ate names and vi
e-

versa. This problem is solved in Ciao, as in similar systems [Qui86, CW94℄ through meta predi
ate

de
larations whi
h spe
ify whi
h arguments of predi
ates 
ontain meta-data. However, be
ause of

the ri
her set of higher-order fa
ilities and predi
ate types provided by Ciao [CH99a℄, there is a


orrespondingly ri
her set of types of meta-data (this also allows more error dete
tion):

goal:

denotes a goal (either a simple or a 
omplex one) whi
h will be 
alled.


lause:

denotes a 
lause, of a dynami
 predi
ate, whi
h will be asserted/retra
ted.

fa
t:

denotes a fa
t (a head-only 
lause), of a data predi
ate.

spe
:

denotes predi
ate name, given as Fun
tor/Arity term (this kind of meta-term is used somewhat

frequently in builtin predi
ates, but seldomly in user-de�ned predi
ates).

pred(N):

denotes a predi
ate 
onstru
t to be 
alled by means of a 
all/N predi
ate 
all. That is, it

should be an atom equal to the name of a predi
ate of arity N, a stru
ture with fun
tor the

name of a predi
ate of arity M (greater than N ) and with M -N arguments, or a predi
ate

abstra
tion with N arguments.

9

The 
ompiler, by knowing whi
h predi
ates have meta-arguments, 
an verify if there are un-

determined meta-
alls (whi
h for example a�e
t the pro
essing when performing global analysis), or

else 
an determine (or approximate) the 
alls that these meta-arguments will produ
e.

9

A full explanation of this type of meta-term is outside the s
ope of this paper. See [CH99a℄ for

details.
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4.5. Modular Syntax Enhan
ements

Traditionally (and also now in the ISO standard [PRO94, DEDC96℄) Prolog systems have in
luded

the possibility of 
hanging the syntax of the sour
e 
ode by the use of the op/3 builtin/dire
tive.

Furthermore, in many Prolog systems it is also possible to de�ne expansions of the sour
e 
ode

(essentially, a very ri
h form of \ma
ros") by allowing the user to de�ne (or extend) a predi
ate

typi
ally 
alled term expansion/2 [Qui86, CW94℄. This is usually how de�nite 
lause grammars

(DCG's) are implemented.

However, these features, in their original form, pose many problems for modular 
ompilation

or even for 
reating sensible standalone exe
utables. First, the de�nitions of the operators and

expansions are global, a�e
ting a number of �les. Furthermore, whi
h �les are a�e
ted 
annot

be determined stati
ally, be
ause these features are implemented as a side-e�e
t, rather than a

de
laration, and they are meant to be a
tive after they are read by the 
ode pro
essor (top-level,


ompiler, et
.) and remain a
tive from then on. As a result, it is impossible by looking at a

sour
e 
ode �le to know if it will be a�e
ted by expansions or de�nitions of operators, whi
h may


ompletely 
hange what the 
ompiler really sees. Furthermore, these de�nitions also a�e
t how a


ompiled program will read terms (when using the term I/O predi
ates), whi
h will also be a�e
ted

by operators and expansions. However, in pra
ti
e it is often desirable to use a set of operators and

expansions in the 
ompilation pro
ess (whi
h are typi
ally related to sour
e language enhan
ements)

and a 
ompletely di�erent set for reading or writing data (whi
h 
an be related to data formatting

or the de�nition of some appli
ation-spe
i�
 language that the 
ompiled program is pro
essing).

Finally, when 
reating exe
utables, if the 
ompile-time and run-time roles of expansions are not

separated, then the 
ode that de�nes the expansions must be in
luded in the exe
utable, even if it

was only meant for use during 
ompilation.

To solve these problems, in Ciao we have redesigned these features so that it is still possible

to de�ne sour
e translations and operators but they are lo
al to the module or user �le de�ning

them. Also, we have implemented these features in a way that has a well de�ned behavior in the


ontext of a stand-alone 
ompiler (the Ciao 
ompiler, 
iao
 [CH99b℄). In parti
ular, the dire
tive

load 
ompilation module/1 allows separating 
ode that will be used at 
ompilation time from 
ode

whi
h will be used at run-time. It loads the module de�ned by its argument into the 
ompiler (if

it has not been already loaded). It di�ers from the use module/1 de
laration in that the latter

de�nes a use by the module being 
ompiled, but does not load the 
ode into the 
ompiler itself. This

distin
tion also holds in the Ciao intera
tive top-level, in whi
h the 
ompiler (whi
h is the same

library used by 
iao
) is also a separate module.

In addition, in order to make the task of writing expansions easier, the e�e
ts usually a
hieved

through term expansion/2 
an be obtained in Ciao by means of four di�erent, more spe
ialized di-

re
tives, whi
h a�e
t only the 
urrent module. Ea
h one de�nes a di�erent target for the translations,

the �rst being equivalent to the term expansion/2 predi
ate whi
h is most 
ommonly in
luded in

Prolog implementations. The argument for all of them is a predi
ate indi
ator of arity 2 or 3. When

reading a �le, the 
ompiler (a
tually, the general purpose module pro
essing library {see [CH99b℄)

invokes these translation predi
ates at the appropriate times, instantiating their �rst argument with

the item to be translated (whose type varies from one kind of predi
ate to the other). If the predi
ate

is of arity 3, the optional third argument is also instantiated with the name of the module where

the translation is being done, whi
h is sometimes needed during 
ertain expansions. If the 
all to

the expansion predi
ate is su

essful, the term returned by the predi
ate in the se
ond argument is

used to repla
e the original. Else, the original item is kept. The dire
tives are:

add senten
e trans/1 : De
lares a translation of the terms read by the 
ompiler whi
h a�e
ts the

rest of the 
urrent text (module or user �le). For ea
h subsequent term (dire
tive, fa
t, 
lause,

...) read by the 
ompiler, the translation predi
ate is 
alled to obtain a new term whi
h will

9



be used by the 
ompiler in pla
e of the term present in the �le. An example of this kind of

translation is that of DCG's.

add term trans/1 : De
lares a translation of the terms and sub-terms read by the 
ompiler whi
h

a�e
ts the rest of the 
urrent text. This translation is performed after all translations de�ned by

add senten
e trans/1 are done. For ea
h subsequent term read by the 
ompiler, and re
ursively

any subterm in
luded in su
h a term, the translation predi
ate is 
alled to possibly obtain a

new term to repla
e the old one. Note that this is 
omputationally intensive, but otherwise

very useful to de�ne translations whi
h should a�e
t any term read. For example, it is used

to de�ne re
ords (feature terms [AKPS92℄), in the Ciao standard library argnames (see 5.1.).

add goal trans/1 : De
lares a translation of the goals present in the 
lauses of the 
urrent text.

This translation is performed after all translations de�ned by add senten
e trans/1 and

add term trans/1 are done. For ea
h 
lause read by the 
ompiler, the translation predi
ate is


alled with ea
h goal present in the 
lause to possibly obtain other goal to repla
e the original

one, and the translation is subsequently applied to the resulting goal. Note that this pro
ess

is aware of meta predi
ate de�nitions. In the Ciao system, this feature is used for example in

the fun
tions library whi
h provides fun
tional syntax, as fun
tions inside a goal add new

goals before that one.

add 
lause trans/1 : De
lares a translation of the 
lauses of the 
urrent text. The transla-

tion is performed before add goal trans/1 translations but after add senten
e trans/1 and

add term trans/1 translations. This kind of translation is de�ned for more involved transla-

tions and is related to the 
ompiling pro
edure of Ciao. The usefulness of this translation is

that information on the interfa
e of related modules is available when it is performed, but on

the other hand it must maintain the predi
ate de�ned by ea
h 
lause, sin
e the 
ompiler has al-

ready made assumptions regarding with predi
ates are de�ned in the 
ode. The obje
t-oriented

extension of Ciao (O'Ciao) uses this feature [PH99a℄.

Figure 1 shows, for an example 
lause of a program, to whi
h subterms would be applied

ea
h type of translation, and also the order of translations. The prin
ipal fun
tor of the head in the


lause translation is dashed be
ause the translation 
annot 
hange it.


(D,B) :- findall(l(S,D), 
f(B,D,S), Ls), 
l(0, Ls).

...................................................................................................................................... senten
e trans

term trans


lause trans

goal trans

Figure 1: Subterms to whi
h ea
h translation type is applied in a 
lause

Finally, there is another dire
tive in Ciao related to syntax extension, whose raison d'être is

the parametri
 and extensible nature of the 
ompiler framework: new de
laration/2. Note that

in ISO-Standard Prolog de
larations 
annot be arbitrary Prolog goals. Thus, the Ciao 
ompiler


ags an error if a de
laration is found whi
h is not in a prede�ned set. However, a de
laration

new de
laration(De
l, In Itf) 
an be used to de
lare that De
l is a valid de
laration in the rest

of the 
urrent text. Su
h de
larations are simply ignored by the 
ompiler or top level, but 
an be

used by other 
ode pro
essing programs. For example, in the Ciao system program assertions and

ma
hine-readable 
omments are de�ned in as new de
larations and are pro
essed by the 
iaopp
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prepro
essor and the automati
 do
umenter. In Itf is a swit
h. If it is on this kind of de
larations

will be in
luded in the module interfa
e and thus will be visible while pro
essing other modules whi
h

make use of this one, when using the 
 itf generi
 module pro
essing framework (see [CH99b℄ for

details).

5. Pa
kages

Experien
e using the Ciao module system shows that the lo
al nature of syntax extensions and the

distin
tion between 
ompile-time and run-time work results in the libraries de�ning extensions to

the language having a well de�ned and repetitive stru
ture. These libraries typi
ally 
onsist of a

main sour
e �le whi
h de�nes only some de
larations (operator de
larations, de
larations loading

other modules into the 
ompiler or the module using the extension, et
.). This �le is meant to

be in
luded as part of the �le using the library, sin
e, be
ause of their lo
al e�e
t, su
h dire
tives

must be part of the 
ode of the module whi
h uses the library. Thus, we will 
all it the \in
lude

�le." Any auxiliary 
ode needed at 
ompile-time (e.g., translations) is in
luded in a separate module

whi
h is to be loaded into the 
ompiler via a load 
ompilation module dire
tive whi
h is pla
ed

in the in
lude �le. Also, any auxiliary 
ode to be used at run-time is pla
ed in another module, and

the 
orresponding use module de
laration is also pla
ed in the in
lude �le. Note that while this

run-time 
ode 
ould also be inserted in the in
lude �le itself, it would then be repli
ated in ea
h

module that uses the library. Putting it in a module allows the 
ode to be shared by all modules

using the library.

Libraries 
onstru
ted in this manner are 
alled \pa
kages" in Ciao. The main �le of su
h

a library is a �le whi
h is to be in
luded in the importing module. Many libraries in Ciao are

pa
kages: d
g (de�nite 
lause grammars), fun
tions (fun
tional syntax), 
lass (obje
t oriented

extension), persdb (persistent database), assertions (to in
lude assertions {see [PBH97, PBH99℄),

et
. Su
h libraries 
an be loaded using a de
laration su
h as :- in
lude(library(fun
tions)).

For 
onvenien
e (and other reasons related to ISO 
ompatibility), this 
an also be written as

:- use pa
kage(fun
tions).

There is another feature whi
h allows de�ning modules whi
h do not start with a :- module

de
laration, and whi
h is useful when de�ning language extensions: when the �rst de
laration of a

�le is unknown, the de
lared library paths are browsed to �nd a pa
kage with the same name as the

de
laration, and if it is found the de
laration is treated as a module de
laration plus a de
laration

to use that pa
kage. For example, the pa
kage whi
h implements the obje
t oriented 
apabilities

in Ciao is 
alled \
lass": this way, one 
an start a 
lass (a spe
ial module in Ciao) with the

de
laration \:- 
lass(my
lass)," whi
h is then equivalent to de�ning a module whi
h loads the


lass pa
kage. The 
lass pa
kage then de�nes translations whi
h transform the module 
ode so

that it 
an be used as a 
lass, rather than as a simple module.

5.1. An Example Pa
kage: argnames

To 
larify some of the 
on
epts introdu
ed in the paper, we will des
ribe as an example the implemen-

tation of the Ciao library pa
kage \argnames."

10

This library implements a syntax to a

ess term

arguments by name (also known as re
ords). For example, Figure 2 shows a fragment of the famous

\zebra" puzzle written using the pa
kage. The de
laration :- argnames (where argnames is de�ned

as an operator with suitable priority) assigns a name to ea
h of the arguments of the fun
tor house/5.

10

This pa
kage uses only a small part of the fun
tionality des
ribed. Spa
e restri
tions do not

allow adding a longer or more examples. However, many su
h examples are present in the Ciao

system libraries.

11



From then on, it is possible to write a term with this fun
tor by writing its name (house), then the in-

�x operator '$', and then, between bra
kets (whi
h are as in ISO-Prolog), the arguments one wants

to spe
ify, using the in�x operator '=>' between the name and the value. For example, house${} is

equivalent in that 
ode to house(_,_,_,_,_) and house${nation=>Owns_zebra,pet=>zebra} to

house(_,Owns_zebra,zebra,_,_).

:- use_pa
kage([argnames℄).

:- argnames house(
olor, nation, pet, drink, 
ar).

zebra(Owns_zebra, Drinks_water, Street) :-

Street = [house${},house${},house${},house${},house${}℄,

member(house${nation=>Owns_zebra,pet=>zebra}, Street),

member(house${nation=>Drinks_water,drink=>water}, Street),

member(house${drink=>
offee,
olor=>green}, Street),

left_right(house${
olor=>ivory}, house${
olor=>green}, Street),

member(house${
ar=>pors
he,pet=>snails}, Street),

...

Figure 2: \zebra" program using argnames

The library whi
h implements this feature is 
omposed of two �les, one whi
h is the pa
kage

itself, 
alled argnames, and an auxiliary module whi
h implements the 
ode translations required,


alled argnames trans (in this 
ase no run-time 
ode is ne
essary). They are shown in �gures 3

and 4 (this last one has been simpli�ed for brevity by deleting error 
he
king 
ode).

:- load_
ompilation_module(library(argnames_trans)).

:- add_senten
e_trans(argnames_def/3).

:- add_term_trans(argnames_use/3).

:- op(150, xfx, [$℄).

:- op(950, xfx, (=>)).

:- op(1150, fx, [argnames℄).

Figure 3: The pa
kage argnames.

The 
ontents of pa
kage argnames are self-explanatory: �rst, it dire
ts the 
ompiler to load the

module argnames trans (if not already done before), whi
h 
ontains the 
ode to make the required

translations. Then, it de
lares a senten
e translation, whi
h will handle the argnames de
larations,

and a term translation, whi
h will translate any terms written using the argnames syntax. Finally,

it de
lares the operators used in the syntax. Re
all that a module using this pa
kage is in fa
t

in
luding these de
larations into its 
ode, so the de
larations are lo
al to the module and will not

a�e
t the 
ompilation of other modules.

The auxiliary module argnames trans is also quite straightforward: it exports the two predi-


ates whi
h will use the 
ompiler to do the translations. Then de
lares a data predi
ate (remember,

a simpli�ed dynami
 predi
ate) whi
h will store the de
larations made in ea
h module. Predi
ate

argnames_def/3 is simple: if the 
lause term is an argnames de
laration, it translates it to nothing

but stores its data in the above mentioned data predi
ate. Note that the third argument is instanti-

ated by the 
ompiler to the module where the translation is being made, and thus is used so that the

de
larations of a module are not mingled with the de
larations in other modules. The se
ond 
lause

is exe
uted when the end of the module is rea
hed. It takes 
are of deleting the data pertaining

12



:- module(argnames_trans, [argnames_def/3, argnames_use/3℄).

:- data argnames/4.

argnames_def((:- argnames(R)), [℄, M) :-

fun
tor(R, F, N),

assertz_fa
t(argnames(F,N,R,M)).

argnames_def(end_of_file, end_of_file, M) :-

retra
tall_fa
t(argnames(_,_,_,M)).

argnames_use($(F,TheArgs), T, M) :-

atom(F),

argnames_args(TheArgs, Args),

argnames_trans(F, Args, M, T).

argnames_args({}, [℄).

argnames_args({Args}, Args).

argnames_trans(F, Args, M, T) :-

argnames(F, A, R, M),

fun
tor(T, F, A),

insert_args(Args, R, A, T).

insert_args([℄, _, _, _).

insert_args('=>'(F,A), R, N, T) :-

insert_arg(N, F, A, R, T).

insert_args(('=>'(F,A), As), R, N, T) :-

insert_arg(N, F, A, R, T),

insert_args(As, R, N, T).

insert_arg(N, F, A, R, T) :-

N > 0,

( arg(N, R, F)

-> arg(N, T, A)

; N1 is N-1,

insert_arg(N1, F, A, R, T)

).

Figure 4: The translation module argnames trans.

to the 
urrent module. Then, predi
ate argnames_use/3 is in 
harge of making the translation of

argname'd-terms, using the data 
olle
ted by the other predi
ate. Although more involved, it is a

simple Prolog exer
ise.

Note that the argnames library only a�e
ts the modules that load it. Thus, the operators

involved (argnames, $, =>) 
an be used in other modules or libraries for di�erent purposes. This

would be very diÆ
ult to do with the traditional model.

6. Con
lusions

We have presented a new module system for Prolog whi
h a
hieves a number of fundamental design

obje
tives su
h as being more amenable to e�e
tive global analysis, allowing separate 
ompilation
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and sensible 
reation of standalone exe
utables, extensibility in features and in syntax, et
. We

have also shown in other work that this module system 
an be implemented easily and 
an be

applied su

essfully in several modular program pro
essing tasks, from 
ompilation to debugging to

automati
 do
umentation generation [CH99b, PH99
, HPB99, Her99℄. The proposed module system

has been designed to stay as similar as possible to the module systems of the most popular Prolog

implementations and the ISO-Prolog module standard 
urrently being �nished, but with a number

of 
ru
ial 
hanges that a
hieve the previously mentioned design obje
tives. We believe that it would

not be diÆ
ult to in
orporate these 
hanges in the ISO-Prolog module standard (or in other module

systems).
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