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Abstract
This paperpresentsa multiparadigmlanguagel* which is an integrationof the three
major programmingparadigmsobject-oriented|ogic and functional.|™ hasan object-oriented
framework in which the notions of classes, objects, methods, inheritance and messagepassing
supportedMethodsmay be specifiedas clausesor functions,thusthe two declarativeparadigms
areincorporatedat the methodlevel of the object-orientecharadigm.In addition, two levels of
parallelismmay be exploitedin IT programming Thereforel* is a multiparadigmlanguagefor

object-oriented declarative programming as well as parallel programming.
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1  Introduction
A multiparadigmlanguageis a languagethat supportsmore than one programmingparadigm.

Multiparadigm languages are desirable for the following reasons:

. A programmercanchoosethe mostappropriatgparadigmfor a particularproblemat handso that
the gap between the design phase and the programming phase can be minimized.

. Existing software(e.qg.library subroutines)vritten in language®f a componenparadigmcan be
reusable in a multiparadigm environment.

. It is naturalto modelreal-world objectsusing multiparadigmlanguagesincethey can be viewed

as loosely coupled distributed systems with multiparadigm cooperating subsystems.

Among the existing paradigmswe are especiallyinterestedin integratingthree of them, namely
object-oriented logic and functional becauseof their individual salient features.The object-oriented
paradigm[37]is distinguishedby its capability to organizeand reuse programsthrough encapsulation,
polymorphism, and inheritance. On the other hand, both the logic[24] ahahtti®nal[16]paradigmsare
distinguishedfor their expressiveness writing programsand are thus called declarative paradigms
Logic programsare representedy relationsand functional programsare representedy functions. A
languagehatintegrateghesethreeparadigmsn anappropriatenannercould supportmostof their merits
in a single framework and is appropriate édnject-oriented declarative programming

This paperpresentsa multiparadigmlanguagd ™ which integrateshesethreeparadigms Section
2 presentshe elementf I*. Section3 is a discussiorof the variousapplicationsof the language Section
4 outlinesthe implementatiorof a prototypeof I*. Section5 concludesour work and Section6 considers

some future directions for our language.



2  The multiparadigm languagel*

2.1 Overview

It is a multiparadigmlanguagewhich integratesthe threemajor programmingparadigmsobject-
oriented, logic and functional in a single environment.It is an enhanceddescendenfrom another
multiparadigmlanguaged [29, 30].1% hasan object-orientedrameworkin which the notionsof classes,
objects,methodsjnheritanceandmessag@assingare supportedNeverthelesanethodsn I+ aredifferent
from those in imperative object-oriented languages in the sense that timey specifiedasproceduredut
as clausesor functions Thusthe two declarativeparadigmsare incorporatedat the methodlevel of the
object-oriented paradigm. In addition, two levelpafallelismareexploitedin It programmingTherefore
I* is a multiparadigm language for object-oriented declarative programming as well as parallel

programming. In the following sections, we examine the elemeiitsiofdetails.

2.2 An Object-Oriented Framework
An 1T programis a collection of classdefinitions and queries An outline of the syntaxof 1t
programs is shown in Fig. 1. A complete description of the syntax can be found in [25].

program - classes queries

classes» ¢

classes- class classes

class— logic_class | functional_class
gueries— ¢

queries— query queries

query — logic_query | functional_query

Fig. 1 The structure of ai program
Therearetwo typesof classespnamelylogic_classandfunctional_classTheyaredifferentin the
way that their methodsare defined.Methodsof logic_class(often referredaslogic method} are clauses
while thoseof functional_clasqoften referredas functional method} are functions. Similarly, thereare

two typesof queries:logic_queryand functional_query A logic_queryis for goal satisfactionand is



prefixed by the symbd- . A functional_querys for evaluatingexpressionandis prefixedby the symbol
>. Forexample,?- f oo( X) is a queryto satisfythe goalf oo( X) while >1+2* 3 is a queryto evaluate

the arithmetic expressidit+2* 3.

2.2.1 The Declarative Meaning of Classes and Methods

In the senseof imperative object-orientedprogramming,a methodis defined as a procedure
designatedor accomplishinga particulartaskin a classof objectswhich sharesomecommonbehaviors.
Thisis the proceduralview of methodsThereis anotherview of methodsin It andsomeotherintegrated
languagedike [11, 26]. We canregarda classasa collectionof thingsthatwe know to be true of objects
of this class.Thetruthsarerepresente@srelationsor functions(strictly speakingfunctionsarea kind of
relationsalso).Sucha collectionof truthsis calleda theory So a classdenotesa theoryand methodsare
vehiclesto knowaboutthe truths of a theory. An It program,which consistsof a setof classdefinitions,

allows us to describe more than one theory within a single system.

2.2.2 Class Structure
The generalstructureof all I+ classesgither logic_classesor functional_classesis written in

BNF as follows:

<cl ass type> <cl ass signature>

[inherit
<specification of variables and nmethods to be inherited from
a class>t

]

[world
<decl aration of nmethods which are accessible to public>

]

[fami |y
<decl aration of variables and nethods which are accessible
to the descendants of this class>

]

[ per sonal
<decl aration of variables and methods which are local to
this class>



]

i mpl ement ation

<definitions of all declared nethods of this class>
cl ass_end

Fig. 2 The general class structure

The words in bold aret keywords, the phases in angled brackets are descriptions of the text thabshould
placedthere,squarebracketsdenotethat the thingsinside are optional,andthe + standsfor one or more
occurrence.

A classdefinition beginsby specifyingits type which shouldbe one of the keywordsl ogi ¢ or

functi onal. Then theclass signaturés defined. A class signature has the form:

cl assname(&pq, . - -, &p)

cl assnane is the nameof the classbeing defined.&pq, . . . , &, are called class parameters The
symbol & distinguishesa classparameteifrom other identifiers. Classparametergprovide a flexible and
dynamic way to define methods. For example, consider the following class definition:
| ogi ¢ person(&NAVE, &l D, &GENDER)
wor | d
nanme/ 1,id/ 1, gender/1
i mpl ement ation
name( &NAME) .
id(& D).

gender ( &GENDER) .
cl ass_end

Program 1 The definition of claper son

The information of a person is represented by three metheais/ 1, i d/ 1 andgender/ 1 in theform
of Prologclauseqthe notationm k denotesa methodof namemandarity k). We cancreateinstanceof
per son with different valuesof &NAME, & D, and &GENDER for different persons.For instance,

person(mary, 476, f emal e) denotesa femalewhosenameis Mary and her identity number(id) is



476. Without class parameterswe needto define separatelya class for each person. Thus class
parametrizations a meando achievedataabstractionValuesof the classparametersre suppliedwhena
subclassor an objectof that classis made,and are substitutednto the right placesthroughthe call-by-
name mechanism.

Before explainingthe i nher it part, let usfirst considerthe other componentsn Fig.2. The
wor |l d,fam | y andper sonal partsareconstructdor describingthe accesontrol of methodsand
state variablesdefinedin the class. The optional wor | d part declaresa group of methodsthat are
accessible to public. For instance, the three methods in Program 1 are such methods. Thé aptidnal
part declaresa group of statevariablesand methodsthat are accessibleo all descendantsf the class
beingdefinedandthe classitself. The optionalper sonal partdeclaresa group of statevariablesand
methodsthat canonly be usedlocally in the classbeingdefined.For instancejn the following partsof a
class definition:

logic c

world nf1, n/2

famly x, y, p/3, d/4
personal z, r/5, s/6

cl ass_end

Program 2 Parts of a class definition

Suppose that the classhasa subclassl andthereis anotherclasse whichis notin the family containing
¢ andd. Then the above declarations tellthatmethods’ 1 andn/ 2 are accessibléo classe<s, d and
e. Methodsr / 5 ands/ 6 andthestatevariablez areonly accessibléo classc. Methodsp/ 3 andq/ 4
and state variables andy are accessible to classesandd but note.

Our way of specifyingaccessontrol of methodsandstatevariablesis more generalthanthosein
someother integratedianguageg8, 11, 12,26]. In theselanguagesthereare only two levels of access

control: public and private.



Thei npl ement at i on part containsthe definitions of all methodsdeclaredpreviouslyin the
wor | d part,thef ami | y partandtheper sonal part.If the classbeingdefinedis of type logic, then
the methodsare implementedby a set of clauses.Otherwise,the methodsare implementedby a set of
functions.

The class definition finishes with the keywaldss_end

2.2.3 Inheritance

Inheritanceis a mechanismfor defining a classby exploiting commonbehaviorsamong other
existingclasseslf a classC inheritssomethingrom anotherclassP, thenC is saidto be a subclassor a
child of P andP is saidto be a superclasor a parentof C. Thetermsomethingisuallyrefersto methods
and statevariables.In 1*, asin many other object-orientedanguageq13, 33], a classis allowed to
arbitrarily redefineinheritedmethodsor statevariablesandto add new methodsor statevariables.Thusa

class may hold more data and provide more methods than its superclass does.

The i nher it construct

It is a two-way procesdo specify what thingsa subclasshouldinherit from its superclassThe
superclasspecifiesa methodor a statevariableas inheritable by putting it in thewor | d part or the
fam | y partof the classdefinition. In addition,all methodsand statevariablesthat the superclas$has
inherited from other classes are alsberitable Neverthelesspnly a subsebf all inheritablemethodsand
statevariablesarereally inheritedby the subclassThis subseis determinedy thei nheri t partof the
subclass'slefinition. Thei nher it part consistsof a group of inheritance-specificationsEach such
inheritance-specificatiois for declaringwhich methodsand state variablesare to be inherited from a

particular class. An inheritance-specification has the following BNF:

<net hods_and_vari abl es> from <cl ass si gnat ure>



which declareghatthe methodsandstatevariablesrepresentedy <net hods_and_vari abl es> are
to beinheritedfrom the classdenotedby <cl ass si gnat ur e>. Thereis a numberof waysto specify
suchmethodsand statevariables.The simplestway is to list themout. For instance the following is an

inheritance-specification:

[nane/1,id/ 1, gender/ 1] fromperson(john, 759, nal e)

which inherits all methodsfrom the classper son(j ohn, 759, mal e) . A short form of the above

inheritance-specification is:

all fromperson(john, 759, nal e)

The keyword al | denotesall inheritable methodsand state variablesfrom the class listed after the
keyword from In the above example, all the three methods are inherited from
person(j ohn, 759, mal e) .

Another way is to statewhat should not be inherited. For instance,the following inheritance-

specification:

all except gender/1 fromperson(john, 759, mal e)

declares that all inheritable methods except gender/1 should be inherited from
person(j ohn, 759, mal e) .

The ability to inherit only part of inheritable methddsatevariables)is usefulfor modelinga kind
of inheritancerelationshipin which the subclassharesmostbut not all propertiesof the superclasskor

instance, a homeless person is a person who has no home. Thus it is natural kmmelgstpersonsasa



subclasof persondy discardingthe propertieselatedto home(e.g.addressneighbors)n theinheritance
process.

So far, we havenot talked aboutthe accesscontrol of the inherited methodsand statevariables:
Are they wor | d accessibleor f am | y accessibleor per sonal ? If it is not specified,an inherited
method (state variable) veor | d accessibleWe canspecifythe accessnodeof aninheritedmethod(state

variable) using the keyworak For instance, in the following inheritance-specification:

all except gender/1 as famly, gender/1l as personal

from person(john, 759, nal e)

Themethodgender / 1 isinheritedasaper sonal methodin the subclassThe methodshane/ 1 and

i d/ 1 are inherited aam | y methods.

Multiple inheritance
It is common for a classto have multiple superclassesA class should declare all of its
superclassed its i nherit partin the form of inheritance-specificationg-or instance,considerthe

following program fragment:

logic cl

i nherit
nm2, n/4, p/1l fromc2
nm2, g/3 fromc3
m2, n/3 fromc4

cl ass_end

Program 3 A multiple inherited clasd

The clasx 1 has three superclasse2, c3 andc4.



In the above program fragment, the method m’ 2 is inherited from three superclasseslt is
necessaryo choosea definition of m 2 from thethreesuperclasseswhennt 2 of c1 is called(Thereis no
suchneedfor the methodsn/ 3 andn/ 4 sincetheir arities are different). In I+, suchconflicting methods
are sorted according to the three precedence rules used by CLOS[B&ddzinginheritancehierarchies:
depth-first rule left-to-right ruleandup-to-joinrule. For the methodi 2, the order should be2 > c3 >
c4 which meanghatthem 2 of c2 hasthe highestprecedenceThusthem 2 of c2 is choserfirst. If
m 2 is a functional method (not our case), then the remaining md#foationson the precedencést (i.e.
m 2 of c3 andc4 in our case) are discarded since a function mudebeministic On the contrarysince
nT 2 is a logic methodwhich canbe nondeterministicsthe remainingmethoddefinitions may be usedone
by onein the precedencerderwhennt 2 is backtrackedThis ability to return alternativesolutionsto a

method invocation is a contribution of the logic paradigm to the object-oriented paradigm.

2.2.4 Objects and messages

The term objecthastwo different interpretationsConceptually an objectis a particularinstance
of a class(theory). It modelsa real world entity (logical or physical). From the implementationview,
however,an objectis an executionenvironmentwhich containsboth codesand storage Due to thesetwo
different views, there are two ways to create an objeét.iithe first wayis to simply write the classname
followed by a list of actual class parameters. For example, refer to Program 1, both
person(j ohn, 1756, mal e) and person(mary, 3042, fenal e) are objects of the class
per son with different actual class parameters. Tlkeyrespondo two personsn the realworld. Another
way is to usethe system-calicr eat e/ 2 to createan executionenvironment(an object) on a particular

processor:

create(instance, | ocation)

10



wherei nst ance is a classnamefollowed by a list of actualclassparametersandl ocati on is an

expression for calculating the processor's position on a network. Some examptesadfi on follow:

| ocat i on expression Allocated processor's position
3 The processor numbered 3
2+5*12 The processor numbered 62

Left The processor on the immediately left of the processor executing crea

(7,9) The processor on the row 7 and column 9 of a two-dimensional grid

Table 1 Some examples bfocat i on expressions

The following expression:

O = create(person(ann, 213, fenal e), 19)

allocateghe processor 9 for the objectper son( ann, 213, f enmal e) andthis environmenis denoted

by O
An objectis activatedby invoking its methodsthroughmessagecalls. A messagesall is of the
form:
C:mXq,...,Xp)
whereOis the identity of an objeatnis the name of enethod,andXq, . . . , X, aretheactualparameters

of m For instance, both

person(john, 1756, mal e) : : nanme( X)

and

...O=creat e(person(john, 1756, mal e), 15), G : nane(X). ..

11



aremessageallsto invokethe methodnane/ 1 in a per son object. Theysucceedvith X instantiatedo

j ohn.

2.3 Logic Methods

2.3.1 Augmented Horn clauses

A logic methodp( X1, ..., Xp) is a predicatep with argumentx1, . . ., X in the senseof
logic programming.Sucha predicates definedby a setof augmenteddorn clauses An augmenteddorn
clauseis a Horn clause[24] with the capabilityto usemethodsof other objects.Formally, an augmented

Horn clause has the form:

Head:- Body,..., Body,. n= 0

whereHeadis a predicatep(ty,....§y) with m > 0 andtj is anaugmentederm An augmentederm is

defined recursively as follows:

[ A variable is an augmented term

i A constant is an augmented term

iii If cis a k-ary constructorand yq,...,)x are augmenteadterms, then c(yq,...,J) iS an
augmented term

iv If O'is an object an&' is an expression, théd'::E' is an augmented term
The original definition of a term in logic programsconsistsof (i-iii) only. (iv) denotesthe value of an

expression. The usage of (iv) is discussed in section 2.3.3.

Body has two possible forms:

12



[ p'(t'q,..., ty) a locally defined predicate

i O:p'(t'y,..., ty) a predicate defined in a logic obj&at

wherer > 0 andt'j is an augmented term. The (ii) form is for the purposgisifibuted inference

2.3.2 Distributed Inference

In logic programmingcomputations identifiedwith inferenceln conventionalogic programming
systemdike Prolog,all factsandrulesare storedin a centralizeddatabaseand anyone of them may be
usedin aninferencestep.On the contrary,in our system sincewe are handlingmorethanonetheory,we
mustbe ableto do inferenceacrossdifferent theories.This is achievedby the messageall O::p(X,...,%))
which causesthe systemto deducethe predicatep(xq,...,%,) in the contextof object O. The following
example demonstrates how inference loadonein multiple objects.Supposeve definea classst udent

as follows:
| ogi ¢ student (&NAME, &AGE, &SCHOOL, &LEVEL)
wor | d name/ 1, school/1, level/1l, classmate/l
i mpl ement ation
name( &NAME) .
school (&SCHOOL) .
| evel (&LEVEL).
classmate(X) :-
obj ect _of (student, L),
nenber (S, L), not(nysel f(S)),
school (MY_SCHOOL), S::school (MY_SCHOOL),
| evel (MY_LEVEL), S::level (MY_LEVEL),
S::nanme(X).
cl ass_end

Program 4 The definition of clas$ udent

Themethodcl assmat e( X) stategherelation"one of my classmates namedX". It is implementedoy
first finding thelist of all st udent objectsthroughobj ect _of / 2, andthencheckingthemoneby one

to seeif a st udent objecthasthe sameschoolandlevel of the askingobjectby sendingmessageso

13



otherst udent objects.Thus,a deductionof thecl assmat e( X) requiresdoing inferencein multiple
objects.Both obj ect/ 2 andnysel f/ 1 are systempredicatesnysel f (S) instantiatesS to the
identify of the calling object. It is necessanhereto avoid a st udent objectto regarditself as its

classmate.

2.3.3 Using Expressions in Logic Methods

A common style of Prolog programming is

oy Xg is X+3 p(X7), ... (®

Thei s/ 2 predicates usedto assigna valueto the argumenif p. This lookslike the assignment
statemeniXq : = X+3 in Pascalndsois notlogic. Also, it is quite clumsyto introducea new variable

for every use of s/ 2. A better way is to use an expression directly. For example, (*) may be rewritten as:

., P(X+3),

It supportsthe useof expressiondn logic methodsWe canwrite an expressiorof the form O::E
whenever a value is expected in a Horn clause. This causes the evaluation of the eXpiesisenontext
of the objectO. For example,a classof objectsfor finding the greatestcommondivisor of two natural

numbers can be defined as:

| ogi ¢ gcdcl ass
wor |l d gcd(NL, N2, N
i mpl ement ation
gcd( N1, 0, N1).
gcd( N1, N2, N) : -
gcd( N2, functional:: nmd(N1, N2), N).
cl ass_end

Program 5 The definition of clagedcl ass

14



gcd( N1, N2, N) succeedsf the greatescommondivisor of N1 and N2 is N. The function nod/ 2 is
predefined in the system cléssnct i onal.

Higher-orderfunctionscanbe usedin logic methodsA function canbe passedisan argumento
anotherfunction in the expressiorE of O::E or canbe returnedby O::E. For instance supposethat the

functiong is defined as follows ihunct i onal:

gXxy=x*y

and a logic method( X, Y, Z) is defined by:

p(X, Y,2Z) :- G=functional::(g X), Z=functional::(GY).

If wecallp(2, 3, Z) Gisinstantiatedo ananonymousgunctionA t.2t andthenusedfor evaluating( G
3) . Zis instantiated to the result of 2*3, i.e. 6.

Our way of incorporating functions and expressionsn logic methodscan be classified as a
compilationalapproach[35] to combiningthe functional and the logic paradigms.In the compilational
approach,a programcontainingexpressionis said to be isomorphicto anotherprogramin which the
expressionsirereplacedby newvariablestogethemwith additionalgoalsthat supplythe valuesof the new
variables.An advantagef the compilationalapproachs that thereis no needto modify the conventional
unification algorithmto evaluateexpressionsn logic programs.What we needis a preprocessotthat is
able to transform a logic program embedded with expressions to another isomorphic logic program which is

expression free.

15



2.3.4 State modeling
The capability of statemodelingis essentiato any practicallanguagel™ supportsstatevariables
and the assignmenstatemenin | ogi ¢ classegbut notf unct i onal classesfor modelingmutable
state.As we have seen,state variablesare declaredin the f ami | y or per sonal partsof | ogi ¢
classesStatevariablescan be manipulatedn muchthe sameway as variablesin imperativelanguages.
For example, in the following program fragment,
logiccity...

world born/1, dead/1, total/1...
fam |y popul ati on,

i mpl ement ation

t ot al (|.o;)|.oul ation).

born(X) :- population is population + 1,
dead(X) :- population is population - 1,
cl ass_.e.n.d

Program 6 The definition of class t y

popul at i on is a statevariable.lts valueis changedy the two assignmenstatementspopul at i on
i s population+l and popul ation is population-1. It canalso be accessedas for
logical variables, in the fattot al ( popul ati on).

The main differencebetweenstatevariablesin 1t and variablesin imperativelanguagess that
statevariablescantakeanyterm astheir value. Thoughstatevariablesare powerful, they shouldbe used

only when it is necessary in order to minimize their damage to the declarative semantics of logic methods.

16



2.4 Functional Methods

2.4.1 The syntax of functions
Methodsof f unct i onal classesareapplicativefunctions.lt adoptsthe syntaxof functionsin
Lazy ML [1]. A functionf is definedby a function declarator which gives different return valuesfor

different patterns of input parameters. The general form of a function declarator is:

f Pll Pln = El
|| f P21 P2n = E2

wheref is the nameof the function being decIared.Pij 's are patternsand Ej's are the expressiondor
different cases.The symbol || means”or". It separatedifferent patternsof input parameters.This
declarator corresponds to the mathematical definition of a function:
X, = pyand..and.x, = p,,
, X% = pyand..and.x, = p,,

M
X = pand..and.x, = p,,,

f (X, X,) =

m

For example, we can define a group of boolean operations in d&olalssn_opss follows:

functi onal bool ean_ops
worl d NOT/ 1, OR/ 2, ANDY 2. . .

i mpl ement ation

NOT  true = fal se
| NOr  fal se = true
and

R true true = true
| oR true false = true
| oR false true = true
| oR fal se fal se = fal se
and

AND true true = true
| AND true false = fal se
| AND false true = fal se

17



| AND false false = fal se
and

cl ass_end

Program 7 The definition of clab®olean_ops

The definitions of three boolean operatioN€IT, OR andAND are shownin theaboveprogram.t r ue and
f al se are the two predefined boolean values. The vaord is used to combintvo declaratorgo form a

single declarator which defines both the identifiers from the declarators.

2.4.2 Abstract Data Types
A favorite usageof functionalmethodss to constructAbstractDataTypes(ADTSs). For example,
we may define a clasd st for the list ADT as follows:
functional Iist

wor |l d enpty(),insert/2,append/2,first/1,last/1
i mpl ement ation

rec type List *a =nt + elem(List *a) *a (List *a)
and new =m
and insert (x, I) = elemnt x
and append (x,1) = eleml| x nt
and first (elemnt x I) = X
[|first (eleml1 x |2) =first 11
and last (elemnt x I) = |
[|last (eleml|1 x |2) =z elemlast 11 x 12
cl ass_end

Thestatementec type List *a = nt + elem (List *a) *a (List *a) definesthree
identifiers:the type Li st , the constructoraxt andel em The identifier * a is calledtype variable.For
instanceLi st | nt is thetype of lists of integers.The type Li st is hiddenfrom anywhereoutside
I i st.newisafunctionto returnanemptylist. i nsert (x 1) returnsalist with x asthefirst element
and| the tail sublist (i.e[ x| 1 ] ). append(x 1) returns the result of appendipg] tol .first(I)
returns the first element of the list| ast (| ) returns the tail sublist of the lit
Sincestacksandqueuesanbe regardedastwo kinds of lists, the classedor stackandqueuecan

be derived from i st as follows:

18



functional stack
i nherit
new as worl d,
[insert/2,last/1,first/1] as personal fromli st
wor | d push/2, pop/1, top/1l
i mpl ement ation

push e s = insert e s
and pop s = (first s, last s)
cl ass_end
functi onal queue
i nherit

new as worl d,

[append/ 2,first/1,last/ 1] as personal fromli st
world put/2, get/1
i mpl ement ation

put e q = append e ¢
and get q = (first g, last Q)
cl ass_end

Program 8 Implementation of list, stack and queue ADTisWyct i onal classes

Both stack and queue only inherit some useful methodsfrom | i st. Exceptnew, all inherited
methodsare treatedas per sonal in order to avoid direct referenceof such methodsfrom usersof
st ack andqueue. pop s returnsanorderedpair (first s,|ast s). Thefirst memberof the
pair is theelementat the top of the stacks. The secondnemberis the resultantstackof the pop operation.

Similarly,get q also returns an ordered péifi rst g, | ast Q).
2.4.3 Augmented List Comprehensions

List comprehensiongre a distinguished feature of several functidexrauagesvhich canincrease
the expressiveness of functional programs. In Lazy ML, a list comprehension is of the form,

[Expression; qualifier;...; qualifier]

where eaclgualifier is either ageneratoror afilter. A generatortakes the form,

19



pattern<- list-valued expression

The effect of a generatoris to draw valuesfor the namesin the patternfrom thelist oneby onein turn.
Elementsof the list which do not matchthe patternareignored.A filter is a booleanexpressionpnly the
bindingswhich makea filter take the value true are consideredFor instance considerthe following list

comprehension,

y =[3* X;; X<- A X> 3]

if Ais[ 1, 2, 3, 4, 5, 6] theny is[ 12, 15, 18] .

List comprehensionsare analogousto set comprehensiondn mathematics.The above list

comprehension is essentially equivalent to the set comprehension:

y={3*X|XO AandX >3}

Furthermore, it can be rewritten as:

y = {3 * X | nmenber(X, A) and greater(X, 3)}

wherenmenber /2 andgr eat er/ 2 arepredicatedefinedas usualin Prolog. Thus,it makessenseto
allow predicatesas qualifiersin list comprehensionslhis leadsto the augmentedist comprehension
IT. Augmentedist comprehensionarean extensiorto list comprehensionky which the qualifiersmay be

predicates defined in sorh@gi c classes.
Theadvantagesf augmentedist comprehensionaretwo-fold. First, it is sometimesnorenatural

to describe a qualifier as a relatimsteadof a function. For example supposeve wantto write a function

20



separ at e( L) whichreturnsa list of tuples( L1, L2, L3) suchthatthe concatenatiorf L1, L2 and
L3 isL. That s,

separate([1,2])=

[C01. 01 2], 01), (1. [a).021), (). 02, [1). ([, 01.021) . [1. 2], [1.[])]

It is convenient to defingepar at e( L) using augmented list comprehensions as:
separate(L)=
[(LY, L2, L3);; logic::append(L12, L3, L); logic::append(Ll, L2, L12)]
whereappend/ 3 is definedin | ogi ¢ in the sameway asin Prolog. Note that the order of the two
appends is importanthere.If they are swappedsepar at e(L) cannotterminatesincethe length of
L12 will grow infinitely.

The secondadvantages that augmentedist comprehensiongrovide a functional interface to
accesglatabasegepresentethy PrologclausesFor example supposehatthereis a numberof objectsof
the classper son definedin Program1, we can constructa function i nf or mat i on to display the

information of a persoR as:

information(P)=[(N, ID, Q;;P::name(N); P::id(I1D); P::gender(Q]

i nformati on(P) returnsatuple(N, 1D, G in alist whereN, I D andG are the name,identity

number and genderof the personP respectively.Carrying on this fashion, we can write a function

al | _per sons to show the information of every person in a list:

al | _persons=[Info;;logic::object_of (person,P);[Info] <- information(P)]
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2.5 Exploiting Parallelism in It Programs

2.5.1 Inter-Object Parallelism

The kind of messageassingwe introducedpreviouslyimplementsa strict caller/calleesemantics

of ordinary procedure calls. For instance, in the following message call,

The subgoalG cannotbe testeduntil the resultof testingp is returnedfrom the object O. Suchkind of
messageall is calledthe synchronous-modmessag@assingn which the senderobjectmustwait for the
reply from the receiverobject before continuing execution.There is anothermode of messagepassing
calledasynchronous-modén asynchronous-mod#e sendembjectsendsa requesto the receiverobject
without waiting for the reply. Whenthe reply is available,it is storedin a datastructureinternal to the
senderAt a futuretime, the sendeicancollectthereply by accessinghe datastructure If thereply is still
not available, the sender waits for it. This mode implements a lazy strategywiliéy needor invoking
methods.

To distinguish betweenthesetwo modesof messagepassing,|™ uses O>>p to denotethe
initialization of an asynchronousequestp in the objectO. To collectthe reply of &>>p, useO0??p. For

example,

o, C>mMX), A B O??2m X),c(X), ...

SubgoalsA andB areexecutedn parallelwith the subgoalm( X) in the objectO. Theresultof G>>mn( X)

is collectedby askingO??n( X) . If the resultis ready,thenc( X) will be tested;otherwisethe process
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executing>>>mn( X) is suspended until the result is available. Such a decomposition of a method eall into
requestingohaseand an answeringphaseenablesthe parallel executionof activitiesin multiple objects.

This kind of parallelismis oftenreferredto asthe inter-objectparallelismin someparallel object-oriented

language$5].
A good exampleto demonstratethe use of inter-object parallelismis the parallel version of

quicksort. A class of objects callsdr t er is defined as:

| ogi ¢ sorter ( &THRESHOLD)

wor | d sort/2

famly seq_qgsort/2, par_qsort/2, split/4
i mpl ement ation

sort([].[]).
sort(X VY):- length(X)>&THRESHOLD, par_qgsort (X Y).
sort(X VY):- length(X)=<&THRESHOLD, seq_gsort(XY).

/* sequential quicksort */
seqg_qgsort([HCT],Y):-split(H T,A B), seqg_qgsort(A Al),
seqg_gsort (B, Bl),

append( Al, [ HCB1],Y).
/* parallel quicksort */
par_gsort ([HCT],Y):-split(H T, A B),
/*create a new sorter on the right hand side nachine */
O=create(sorter(&THRESHOLD, Ri ght)),
OG>>sort (B, Bl), sort(A Al),
O??sort (B, Bl), append(Al,[HCB1],YVY).
/* a method for splitting a list into two sublists */
split(_ [1.[1.[1).
split(H [ACX],[ALY],Z2) :- A=<H split(HXY,2).
split(H [ACX],Y,[A Z]) :- A>H, split(H XY,2).
cl ass_end

Program 9 A parallel quicksort programlih

The world accessiblemethod sort ( X, Y) checkswhether| engt h( X) >&THRESHOLD. If it is,
sort ( X, Y) calls a parallel quicksort procedurepar _qgsort ( X, Y) which exploits parallelism by
invoking another"sorter" to sort the sublist B; otherwisesort ( X, Y) calls the sequentialquicksort
procedureseq_qsort (X, Y).

Asynchronous-modenessagepassingis an useful communicationprimitive. Synchronous-mode

message passing can be implemented by asynchronous-mode message passing:
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Q:P :- OCO>P, O??P.

Asynchronous-mode message passing is not limited in callingriugfitodslt is alsoapplicableto
functionalmethodsTheinterpretationof O>>g in the contextof functionalmethodss thatit is a boolean
function. O&>>g returnstrue if the function g is successfullyinvokedin the objectQ; otherwiseit returns
false. The result of evaluatingg is obtainedby evaluatingO??g. Thus, a properuseof asynchronous-

mode message passing in function evaluation is of the form:

if O>g then ...0??g...else...

2.5.2 Intra-Object Parallelism

Intra-object parallelism correspondsto the capability of executing more than one method
concurrentlyin a singleobject. This kind of parallelismhastwo purposes{i) to ensurethat eachactivity
will berun in turn so that no one needsto wait too long for serving,and (ii) to avoid deadlockdbetween

method calls. Fig. 3 illustrates a deadlock situation.

Object A Object B

,method a '
I
o o
:me;hoc]ci p  method ¢ !
, I
I

icall b calla
|

iiiiiiiiiiii

Fig. 3 A deadlock situation

In Fig. 3, supposehat both objectA andB executethecal | statemenat aboutthe sametime. Without

intra-objectparallelism,the single activity of eachobjectwill be hangedatthecal | statementsOn the
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contrary,with intra-objectparallelism,methoda canbe invokedat the sametime thatcal | b is being
executed and so is true for methwdtcal | a. A similar situation arises when the executiom afiethod
needs to call (through message passing) another method of the same object.

In order to support intra-object parallelism, objects should behave like processorsin
multiprocessing systems. We call the execution of a method an activity inside the object. The
activities/objectgelationshiphereis analogougo the processes/processamlationship.Thus, an object
canbetreatedasa virtual processoandhasthe componentshownin Fig. 4 in orderto schedulanultiple

activities inside the object.

Methods Interface

Methods Implementation

/S;e variables

Ready Q \ Scheduler

Requests ‘
from other
objects

a— ‘ Request_Q ‘

Replies ‘ itil ‘
from other Waiting_Q ethod:=

objects
‘ evaluator

\ Reply_Q
1 |

Replies to other objects

=

The static part of an objectcontainsthei nt er f ace andthei npl enent at i on of the methodsThe

dynamicpart comprises the following components:
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State variabl es: They are present only inogi ¢ objects but not unct i onal objects.

Schedul er: It schedules the activities of the object using the round-robin policy.
Ready_Q A queue to store the activities that are ready to be executed.
Waiting Q A gqueueto storethe activities that are waiting for someconditions.Sucha condition

may be a reply from another object or a semaphore.
Request _Q A queue to hold requests (i.e. method invocations) from other objects.
Reply_Q A queue to hold replies (i.e. results of method invocations) from other objects.
Met hod- eval uat or: It is for evaluatingmethods.Two types of method-evaluatorexists: one for logic

methods and the other for functional methods.
Fig. 4. The configuration of an object with intra-object parallelism
Normally, It maximizesintra-object parallelism by executingall ready activities of an object
concurrently. Sometimeshowever, it is necessanto executea method (an activity) sequentially.For
instanceto achievemutually exclusiveaccesso somestatevariables.One can specify a methodto be

executedsequentiallyby puttinga # in front of the method'snamein its declaration For example,n the

following program fragment:

world p/2, /4, #r/3, #s/1 ...

Methodsp/ 2 andg/ 4 are executed concurrently but method$8 ands/ 1 are executed sequentially.
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2.5.3 Active Objects

Until now, objects arpassive That is, an object is activatedly whenits methodsareinvokedby
other objects. The degreeof concurrencycan be further improved by incorporatingactive objects An
active objectis an objectthat hasits own activity onceit is createdlIt doesnot rely on the activationby
other objects.Objectsof a particularclassis madeactive by including an initialization methodwith the

same name as that of the class in the class's definition. For instance, in the following class definition,

| ogi ¢ menu(...& AYQUT...)
famly menu()

i mpl ement ation
nenu : - displ ay(&LAYQOUT).

cl as s_.e.n.d
Program 10 The definition of claggnu

The methodmenu() will be executedautomaticallyoncean objectof classnmenu is created.Here,the
initializing work is to displaythe menuaccordingto the given layout specification&L AYOUT. Also since
menu() is declaredas a f am | y method, all descendant®f menu will have menu() as their
initializing method.

In fact, supportingactive objectsis reasonablevenwithout consideringthe issueof concurrency

because autonomous objects are common in real life.

3  Applications

One of the well-known applicationsof logic programmingand functional programmingis in the
areaof artificial intelligence (A.l.), mainly due to the declarativenature of thesetwo programming
paradigms.™® incorporatesthem by providing an object-orientedramework so that, in addition to the

advantage®ffered by thesetwo declarativeparadigmswe can model and solve problemsin an object-
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orientedapproacho attainnaturalmodelsand solutionsto problems.Furthermorethe useof inheritance
allows programmers to define the behaviors of objects in an incremental way.

On the otherhand,|* is a distributed programminglanguagesinceit supportscomputationby
multiple objectswhich communicatéy messaggassingratherthan sharedvariablesandis implemented
by geographicallyseparateshetworksof communicatingprocessesThus, It is a languagefor distributed

A.l. programming. A number of applications have been writtdii[25]. They include:

. Modeling of a state space search

. Solutions to the N-queen problem

. Object-oriented modeling of a university database
. A simple medical expert system

4  Implementation

To examinethe correctnessind practicality of our design,a prototypeof It hasbeenbuilt on a
network of DEC/ULTRIX[10] workstationsusing the C programminglanguage[22] Quintus Prolog[32]
and Lazy ML (LML) [1].

The implementationmodel has two major componentsan | *-to-Prolog translatorand an | *-to-
LML translator.The input to the two translatorsis an I* program.The function of the 1*-to-Prolog
translatoris to convertdefinitions of | ogi ¢ classesin the programinto a group of Prolog modules.
Similarly, the 1 *-to-LML translatortransformsdefinitionsof f unct i onal classesnto a groupof LML

modules. Both the translators have to perform the following steps in the translation process:

. Lexical and syntax analysis
. Check for semantic errors such as "referring to undefined parent classes"
. Construct a class table to hold all relevant information of class definitions
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. For each class, determine all inherited state variables and methods fpameitclassesandsolve

the conflicts between them

Messagepassingis implementedby socketswhich are a kind of inter-processcommunication
provided by 4.3BSD that provides communicationbetweenprocesse®n a single systemand between
processesn different systems Among the threetypesof communicatiorprotocolsprovided,the TCP/IP
protocolis usedbecause TCP/IP basedhetworkcommunicatiorpackagéds supportedn QuintusProlog.
This packageimplementsa stream socket which provides for bi-directional, reliable, sequencecand
unduplicatedlow of datawithout messagdoundariesCommunicatiorbetweenprocessess modeledby

the client/server relationship.

5 Conclusion

We have designeda multiparadigmlanguagel™ which aims to integrate three programming
paradigmsilogic, functional, and object-oriented Our integrationtechniquesare basedon classifyingan
objectasaninstanceof eitheral ogi c classoraf unct i onal class.Methodsof anobjectaredefined
and computedaccordingto which languageclass the object belongsto. In our view, such kind of
integrationhasan obviousadvantagdor building a multiparadigmlanguageit is conceptuallysimple to
extendthe systemby a new paradigm,by addinga new languageclassfor that paradigmto the class
hierarchy. Thus, our approachfavors the implementationof a multiparadigmsystemusing an object-
oriented language.

As pointed out in [37], harmoniousintegration of multiple paradigmshas often failed at the
language level because of the unavoidablergencebetweerparadigmsintegrationof paradigmsn 1 is
done athe classlevel with loosercouplingamongparadigmsMore precisely,|* comprisesaninterfaceof

the logic and the functional paradigmsin an object-orientedframework. Comparedwith some other
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multiparadigmapproaches|* is characterizedy integratingthe three paradigmswith the capability of

exploiting multi-level parallelism. See Table 2 for a brief summary.

Logic Functional Object- Single-level | Multi-level
Oriented Parallelism | Parallelism

v

LogiC++[39]
Intermission[19]
OOPP[41]
CPU[27]
DLP[11]
OLPSC[15]
KSL/Logic[17]
Orient84/K[18]
Vulcan[23]
Bridge[21]
PROOF[40]
FLC[4]
CLOS[14]
HOPE[9]
FUNLOGI[34]
F*[28]
LEAF[3]
Applog[6]
LIFE[2]
UNIFORM[20]
G[31]
L&O[26]
|+

<

<

<

<

<

SRS ESENENESENEYES

SN ENESENENESENASESE SN S

< S S <
AN RS ESENENESENENESENAYRSES

<< <

Table 2 A summary on the paradigms involved and the level of parallelism of some multiparadigm
languages
In addition to thedesign,we haveimplementeda prototypeof I onanUNIX basedhetwork. This
prototypeallows us to testour ideasby actualexamplesandto discoverthe bugsin our design.We find
that it is feasibleand also worthy to integratethe three paradigmsin a single environment,since such
integratedanguagehasimprovementsn many aspectsFig. 5 showshow eachparadigmcontributesits

distinguished properties to another paradigritin
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Object-
Oriented

/

Elimination of outout variables;
Elimination of unnecessary searching

/\

Logical variables;
Multiple solutions

P1..Pn . . .
. Paradigm A contributes properties

P1... Pn to paradigm B

Fig. 5 Cooperation between the three paradign$ in

6 Future Work

Future development of can be in the following directions:

An [T -to-C++ Compiler
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A commonpracticeto implementa new languageis to constructa preprocessowhich translates
programswritten in the new languageto equivalentprogramswritten in anotherwell developedanguage.
In our implementation] ™ is translatedo two languagesrologand LML for the purposeof prototyping.
The resultant system is not efficient enough and not goitable A betterapproachis to translate* to a
single languagewhich is efficient and popular.In addition, the targetlanguageis preferablyan object-

oriented language such that the two language classes can be realized naturally. C++ is our possible

Programming Environment

An integrated programmingenvironmentfor 1t is desired.Our intended environmentshould
include a file system, an editor, a debugger/tracera system set-up manager,and of course a
compiler/interpreterIn addition, special facilities for monitoring the executionof objects on multiple

machines are required to support dynamic adjustment of the granularity of parallelism and load balance.

MIMD Computers

An interesting and challengingwork is to implement It on a MIMD machine. The most
fundamentaproblemfacing parallel computingat presentis to find desirableprogrammingmodels[36].
Suchmodelsshouldbe as high a level as possible,with maximum abstractionfrom hardware.lt is a
feasibleprogrammingmodelfor MIMD machinessince(i) it is naturalto distributeautonomou®bjectsto
different processors with independent instruction streams, and (ii) the declarativeohéteregic andthe

functional components provides a convenient way to exploit fine-grain parallelism.
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Summary

I* is a multiparadigmlanguagewhich integrateshe threemajor programmingparadigms:
object-oriented|ogic andfunctionalin a single environmentlt is an enhancedlescendentrom
anothermultiparadigmlanguagd. 1 hasan object-orientedrameworkin which the notionsof
classespbjects,methodsjnheritanceand messaggassingare supported Neverthelessmethods
in It are different from thosein imperativeobject-orientedanguagesn the sensethat they are
not specifiedas proceduresut as clausesor functions Thusthe two declarativeparadigmsare
incorporatedat the methodlevel of the object-orientedparadigm.In our view, suchkind of
integrationhas an obvious advantageor building a multiparadigmlanguage:it is conceptually
simple to extend the system by a naeavadigm by addinga newlanguageclassfor that paradigm
to the classhierarchy.Thus,our approachfavorsthe implementatiorof a multiparadigmsystem
using an object-orientedanguageln addition,two levels of parallelism,inter-objectand intra-
objectparallelism, are exploited it programming. Thereforg" is a multiparadigntanguagefor
object-oriented declarative programming as well as parallel programming.

Besidesthe design,we haveimplementech prototypeof I on an UNIX basednetwork.
This prototypeallows us to test our ideasby actualexamplesandto discoverthe bugsin our
design.We find that it is feasibleand also worthy to integratethe three paradigmsin a single

environment, since such integrated language has improvements in a number of aspects.
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