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'Abstract. The rarer presents an extension to PROLOG that

allows to directle exrress concurrencs and sunchronization,
This is achieved bw introducing the concert of classs 3 sort of
cluster made of concurrent atoms., In deneraly a3 set of
clauses involving classes is eaquivalent to a denumerable infin-

ite set of rure PROLOG clauses., Firsty suntax snd orerational

semantics of our extension are defined. Then & first order
semantics 1is diven that slightly generalizes classical FROLOG
model-theoretic semanticsi a3 fixroint semantics is alsa diven.
Finallgy an examrle illustrate the exrressive rower of the
extension,

1, INTRODUCTION

Recent achievements in harduware technolody made it feasi-
tle the develorment of machines that cam directly execute lodgic
Frrogdramming landuadges, Amondg theses FPROLOG is the most relevant
both for theoretical amnd for rractical reassons [2s6]1. Howevers
FROLOG is not satisfactory ernoudh to conveniently exeress the
concurrent features that harduare provides nowadags. As a
matter of facts PROLOG rrocedures can be naturaslly executed
either in a8 rarallel or in 2 co-routining fashion. The former
regimen is simrly achieved bw simulitaneously rerlacing a set of
inderendent a2toms in the current goz2l, Co-routining occurs when
the same varisbles are shared bw different atomss thus realiz-
ing 8 sort of asunchronous communication. Unfortunatelyy there
is no explicit waw of sunchronmizing the comrutations of two or
more concurrent rrocecssesy as is recquired when they coorerate
to solve the same rroblem.

In order to solve this limitations & number of extensions
to PROLOG have heen introduced [3:4,7:21. All these extensions
8llow to write clauses with more than one atom in their lefti-

hand sidey .4,

Alxrw) & Blusz) <-- Clurwrz)sy D{z:w)
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where variable w acts as a8 sunchronous communicstion channel
between atoms A and E, The intended orerationzl mesning of
such @ clause is that suitable instances of atoms C and I can
be rerlaced for an instance of A arnd By only when both of them
are rresent st the same time in the goal.

. The aim of this rarer is to dive 2 formalization of the
above orerational meaning within a logic frameworks so that all
the arrealind semantic features of FROLOG carry over this
extension. Moreovers we claim that the notions of sunchroniza-
tion and communication will be better understood and expressed
by rrecisely stating the meaning of clauses such as the one
above,

Firsty the rarer describes the suntax of both the left-
and right-hand sides of clauses 3lond with the lzngusde orers-
tional semantics$ then it defines a first order semantics which
is 2 straightforward deneralization of the one diven by vanEm-

den and Kowalski [5], A fiuroint semantics is also divens and

the three different semantics are shown to be equivalent.
Finallyy the rarer shows how 2 concurrent erogram can be
translated in & rPure PROLOG rrograms <=enerzlly comrosed by a
denumerable set of clauses.

2, SYNTAX AND OPERATIONAL SEMANTICS

In this section we will dgive the suntax of our extension
to PROLOG in two sters, Firstr we will introduce concrete sun-
tax., It is an abbreviation for some constructs of the abstract
suntax that will be defirned later. '

'

The concrete suntax of the landuade is the following.
A Program‘is a2 set of clauses,
A clause is a3 sentence of the form
X <= B1 + ... + Bm
where X is s eléss and each Bi is an atom.
The formula Bl + +++ + Em is the (rossibly empty) body of the
clause and X is its header.
A class either is arn atom or has the form

(AZX)

where A is an atom a2nd X is 3 cl=zss.
The notation (X%A) is comrletely equivalent to (A%X).
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An ztom has the form
Altlrseesrtn)
where A is 38 rredicate sumbol and each ti is a3 terms i=1lsscarn.,

A term is built by variables and constructor aerrlications to
terms.

A gozl is of the form

4-= B1 + +o+ + Bm m=0.,

The concrete suntax 3llows to abbreviate goals and bodies
by wusing the connective +. Let us now define abstract suntax
that dives to + 3 meanindg in terms both of standard first order

logic connectivesy and of classes,

The formulsa

Al + 40; + An

is an sbbreviation for

(A1 A ¢es AAR) V
(X11 A vee A Xiky) V

*r e

(Xel A vos A XPkb) v
(A1% +++ %AN)

where? »

- each XiJ is 2 class huilt with stoms Ak;s

- each Ak belonds exactly to one class Xidjs

- p+2 is the number of all the rossible condunctionsof distinct

classes obtainabhle from Alsy +++v sAN. Actualluy

n
p+2= Lalnsk)
Ked
s{nsk) beind the Stirling number of second kind that counts

the number of epartitions in k classes of n obJdects.

In the formulas abover we have intentionalle omitted
rarenthesisy understanding that both & and + be right sssocia-
tive,

Examrle 1. The formulsa A+ B+ C abbreviates

(A AR AC) Y (AZB AC) V (AXC A R) V (A A E&C) V (ARREC)
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The followind distributive axioms hold that relate classi-
cal connectives and classes.

(A V B)SRC

1. (AEC) Vv (BR&C)
2, (A A R)EC

((AZC) A B) V (A A (B3C))

A clause of the form
X <-= Bl + ... + Em
is an abbreviation for one of the followins

a2) if m=0 X
b) if m>0 ALZ(A28C¢. . &(AKEX) s ) V

~(AL1%(A2%C, . 2(AKE (Bl + ..., + Em))ee e 2))

for each finite multiset of atoms <LAL1sA2r¢+4+9AKkI> (com=-
round brackets {[L and 1> enclose multiset elements).

The intuitive meanindg of the clause
X <-- B1 + +++ + Bm (%)

is that a3ll the a2toms occurring in class X must sunchronize to
te rerlaced with the body BL + ... + Bm., Item (b) zbove can he
better understood by considering thaty if the atoms in class X
occur as rart of 3 larder class Yr thew cam still be rerlaced

‘with Bt + +++ + Bm that,in turn, will suynchronize themselves

with the remaining atoms of Y. On the contrarys if only some
atoms of X are rpresent in the gosls thewy camnnot be replaced by
clause (X). Hences the sumbol "%' occurring in a2 class does in
no way be interrreted 2s 3 classical "A'y since the truth value
of 8 class does not functiomally derend on the truth values of
the atoms it is comrosed with., We will come 2da3in on this issue
in examrle 2 belouw.

A (concurrent) computation of 3 g03l 4 is 3 sequence of

d0a3ls dg=d1lsd42y.4+4+9 where each g{it+l) is derived from gi.

A (concurrent) refutastion of ¢ is a3 computation endins
with the emrty doazl.

Given a3 goal 4 of the form
G- G1 + +¢¢ + Gm
and a .clause

Al%.s+%ANn <-- B1 + ... + Rk
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Qe can derive 2 new dgoal 41
4--= [R 13)\ + +¢¢ + CR k])\ + [GS’lJ)\ + 40 + [GstA

if and only if

- ois 3 permutation of the indexes of & and AN is 2 wunifier
such that
EG&iJA=CAiJA i=lsseern,

Examrle 2., Let us have the following dround clauses

1, A <--D
2. A%B <-- E

and the doal
<-- A+ B + C ()

The goa3l can be nondeterministically comruted in the two fol-
lowing waus,

<-- A+BR+ C <-- A+ R+ C
<--D+BR+C <--E +C
a) b)

Let us examine what haerrens when abstract suntax is used
in rlace of the concrete one. The do02l is

~(AABAC) A ~(AARZC) A -~(AZRAC) A —~(AEC E) A -(AERIC) - {ag)

The clauses 1 a3nd 2 will originate 3 dernumerable set of
clausessy but only the following can be arrlied to the dHoal.

1a. A VvV D 23. AR Vv ~E
1b. AR V =D&E 2b. AZBRC v -EZC
1lc. ARC Vv AD&C e
id. AXB&C Vv -~D&R&C

For simrplicity sakesr let us consider onlye comrutation (b))
which leads to

A(EAC)Y A ~(E&C)
which is exrressed in concrete suntax exactly as

{-—E + C.,




 The result of comrputation (b) 1is &2 condunction of the two

clauses above since clause 23 and 2b maw be srrlied to the
third and the fifth conduncts of the oridinal dgoa3lsy resepec-
tively, The other conduncts can obviously bhe disredardeds
since it is sufficient to refute 2 single condunct to refute a
whole condunction.

Now we .can better understand why the clause
AR <-- E

corresronds to infinitly many clausessy each - adding a8 finite
class a3s “context' to AR, The do0a3ly when written in its
abstract form (a3g)y 2llows to better sindgle out two conduncts
(the 1last two in (2g2)) which are worth to be noticed. In the
first A and B are synchronizedy in the'other A and B 2are sun-
chronized also with C. Herncer also the last condunct (in which
AZRBEC occurs) must be rerlaceds resulting in EXC. The waw + has
beind defined assures that the sunchronization betweer AR and
£ is inherited by E.

Finallyy remark that a2 clause in concrete suntax in den-
eral corresronds to infinite clauses in abstract swntaxs but
only 3 finite number of them will be actuslly used in 3 compu-
tation. The effectiveness of the definition of computation is
then rreserved.,

Coming back to our examplesy notice that in computation .(a)
all the five conJduncts corresronding to the exransion of D + B
+ C will be obtzined from (3d). In facts clause 12 applies to
the first two conduncts of (sg)s and lb-d to exactly one of the
remaining conduncts. :

3. MODEL-THEORETICAL AND FIXPOINT SEMANTICS

The construction of 3 Herbrand model for 2 set of clauses
involving classes needs only to slightly chande the one given
by vanEmden 2nd Kowalski [51, The difference is related to the
fact that the model of 3 class is not the intersection of the
models of the atoms that occur in it. If sor» &' would be noth-
ing more thanm the classical *"A'y thus vanishing our srorosal to
describe 2 synchronization mechanism.,

Far sbus de landadey we will e311 Herbrand base for 2 Pro?
gram S the set of 23ll multisets of dround atoms

LR Cbyrvvert DraaarFl (b peaart, )13

where . )

- F; are rredicate symbols occurring in S
- J is the rank of R’

- trs are dground terms.,
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A Herbrand interrretation is any subset of the Herbrand
tase.

Given 3 Herbrand interrretation I!

i) a8 dround class X is TRUE under I if and only if the mul-
tiset of its atoms belondgs to I}

ii) é cdnJunction of dround clauses C1A...ACm is TRUE under I
if and only if 211 Ci'sngfngﬁgg under I; :

iii) 8 disdunction of dround (hoth rositive and nedgative)
classes X1V.+sVXm is TRUE under I if and only if a2t least

one Xi is TRUE under I;

-iv) the nedation of & dground class <X is TRUE under I if and

only if X does not belondg to IS

V) 8 universally quantified clause C is TRUE under I if and
only if a3ll its dground instances are TRUE under I.

A Herbrand model of 38 #fFrodram S is a8ny intererretation
uynder which 211 the clauses of S are TRUE.

The semantics of a3 rrodgram § is the minimal Herbrand model
of Ss which results to be the intersection of all the Herbrand

models of S.

Note that the above definition of truth values of 2 for-
mula under an interepretation is diven in terms of abstract sun-
tax only, Extending it to concrete suntax is an easy task., Let
us simrly give here the extension in the case of clauses.

A dround clause X <-- Bl4+,..+Bm is TRUE under I if and onlw. if
for. each finite multiset of dround atoms {L AlsyessrAKkIYy L3B0y -
the disdunction

ALZCA2EC. 4 BCAREX) o NV
~(A18CA28C, ., &CAKE (B + o004 BW))4us)))

is TRUE under I.

The definition of the fixroint semantics for 2 srogram S
in sbstract suntayx is euite standard,

The set of imtereretations of 8 srogram S 1is rartiaslly
ordered by standard set inmclucion.

Given an intersrretation I for a8 rrodgram Sy the continuous
transformation T associsted to S wields & new interrretation
I’y I’ contains the multiset of ground atoms of a3 class X1 if
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and only if there exists 3 ground instarce of 3 clause of 8
X1 V AX2 Viser V =Xn n=0

and the multiset of ground atoms of each Xisr i=2seserriy bélongs
to I.

As usuadls, an interrretation I is closed under 2 transfor-
mation T if and onlws if I contasins T(I). '

The semantics of 2 rrogram S is the intersection of all
the closed interrretations of S, which can be easily rroved to
be the fixroint of the above defined continuous transformation
T,

The following theorem holds.,

EQUIVALENCE THEOREM.

The orerationzlsy model-theoretic and fixroint semantics
are a3ll equivalent.

The eproof of the theorem relies on the following lemmas.

LEMMA 1,
The model theoretic semantics is equivalent to the fiu-
roint semantics.

This lemma is 3 corollary of the more dgermeral theorem stating
that the set of the Herbrand models of a3 rrogram S is eaqusal to

the set of 23ll the interrretations closed under the continuous
transformation T associated to §.

LEMMA 2. ,
The orerational semantics is eaquivalent to the fiuroint
semantics.

This lemma can easilwy be sroveds since when there is a refuta-
tion of 38 efrodram S and &2 dground class Xy the multiset aof
dground atoms of X belondgs to the fixroint of the tramsformation
T associated to S.

4, CONCURRENT FROGRAMS ANI FROLOG FROGRAMS

We will now briefly discuss the relationshirs between =z
rure FROLOG rrodgram and 2 concurrent rrogram in which classes
occur. Actuzallys for each corncurrent esrodram there exists an
eauivalent FROLOG rrogram which is denumerably infinite.
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As defined asbover 3 clause of the form
X #-- B1 + +,+.. + Em
corresronds to 8 dernumerable set of clauses

ALZ(A28C .+  ZCALEX) s e e )) V

“(A13CA2%¢,+ . &CALE (BI + +4o¢ 4+ Bm))sesd )
each Al being an atom;'
Let us now translate 3 clause in which classes occur into =2
rure PROLOG clauser i.es let us translate classes.

N

Firsts 2 total orderind relsation is imrosed on the

rredicate sumbols, Thernr the class

Ai(tll!ooo’tlni)aooOSAk(tkiioon!tan)

where A(it+1)>A1 for 23ll i=1sessrbk-1y is translated into the
sindle atom

Q(tli!ooortlnthzlvooo!tkﬂk)

where Q@ belonds to 3 denumerable infinite set of new rFredicate
symbols., The translation function must be 3 bidection.

Note that the rank of Q is determined 3s the sum of the
ranks of 21l the Ai’‘s occurring in the class. For instance» the
class .

Al (xy9)ZA2(rzr W)
is translated into the following atom
Qlxryrso=rsw)

Notice a3lso that the condition on the ordering amondg atoms in 2
class is not &2 restrictioms since the relative rosition of
atoms in a8 class is both suntacticalley and semanticallw
irrelevant.

The followindg fact is obviously true.

FACT., Given 23 translation from classes to atoms and two classes
¥ and Y unifiable by A, the translations of X and Y are
still unifisble by A.

We will now show that a3 concurrent comrutation of 2 dosal
iz esauivslent to & finite set of PROLOG computetion, Aes men-
tioned above, the infinity of the translated rrodram does not
affect the effectiverness of the comrutationss because only a
finmnite number of the clauses obtained by translation will
actuslly be used in a3 comrutation.
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Recall that 3 concurrent doal

== Bl + +++ + Em
corresronds to the following condunction of FROLOG dgoals (let
Bi be the  translation of atom Bis Qid the tramslation of the
id-th clazsssy Q the translation of EBE1&...%Em).

(4== Bl A +0os AEm) A
(5== Q11 A voo A Qlk,) A

(== Qrl A vuoy AQRK,) A
Lo R

A ster in 2 concurrent comrutation of a3 goal is thern ecuivalent
to 2 ster of standard FROLOG comrutation on suitable selected
dgoals coming from the tramslatiom. Of course» these must con-
tain an instance of the header of the clause to be arrlied.
Needless to saysy @ concurrent refutation corresronds to a3 set
of PROLOG comrutationss ome of which is a refutation.

The asbove remarks sllow us to state the following theorem.

COMPLETENESS THEOREM ,
Any unsatisfizble (i+e. heaving no model) set consisting of
2 concurrent dosl snd & concurrent rrogram has 8 refuts-
tionm.

S+ AN EXAMFLE
L[]

In order to illustrate the exrressive rower of our rroro-
saly 1let us write &2 erogram that imerlements a "semarhoreys
throudgh which 2 set of Jobs can be sunchronized, The rrosgram
consists of four clauses defining the two cleassical erimitives
on semarhores P and vy a3nd of two clauses imrlementing & queue.

1. pl(sem_idrJob_.id)isem(sem_.ids0sR)
. == enaueuel(dob_.idsara’) + sem(sem.id:0y@’)
2, pi(sem_idsJdob.id)&sem(sem_idss{n)sNIL)
f-- gsem{sem_idsnsNIL) + ack(dob_id)

3, visem_idsJob_id)ssem(sen_ids0siob_id’.q)
L= gem({sem_idsOsrq) + zckldob.id) + achk(dob.id’)

4, visem_idsJdob_id)&sem(sem._.idrnsNIL)
<-— sem({sem_idss(n)sNIL) + ack(dob.id)

5., enaueue({Jdob_ idsNILsdob_ id,NIL) <--
6, enqueue(dob_idrJdob.id’+ardob_id’.c’)
£=-—- enaueue(Job.idrera’)
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Natural numbers are rerresented by 0 a2nd successor (s)i Queues
by lists endindg with NIL (the emrty queue)’ semarhores by their
names 2 natural number variable amd 2 @ueuwe., Semarhores are
handled through » and v. A Job Job.id ca2lling » on 3 semarhore
sem-id is 2llowed to rproceed running if the value of the sems-
rhiore (the second argument of sem.id) is not 0, Otherwise it is
storred and its identifier is enqueued., A Job czlling v either
(re)starts a storpred Joby if anyy and deaueues its identifiers
or increments the semarhore value, In both cases the calling
‘Job is resumed by sending it anm acknowleddement (the definmnition
and use of clauses ack is rnot shown here).

While clauses S5 and 6 are quite standards clauses 1-4 are
concurrents. Note that rrocesses ¢ (or v) and sem share the
variable sem.idy and sunchronize by communicating throush it.
This examrle shows that this kind of interactiony and 2lso more
comrlicated waus of sunchrornous communications can be maturally
and explicitly described by having more than one atom in 2
clause header., In facty the srecification of rrocess semsy that
manades the value and the cueue of any semarhorer is isclated
from those rrocesses (r and v) that actuzslly exrlaoit the sema-
rhore mechanism.,

6. CONCLUSIONS

We have defimed a2 first order semantics for an extension
to FROLOGy bassed on a8 sunchronization and communication primi-
tive. The exrressive rower of the resultindg landusade is
stronder than the one of FROLOG. An intuitive argument to this
claim can be found in the fact that a3 Frrogram involving such &
feature corresronds to & denumerable infinite set of rure
clauses, Furthermoresr standard FROLOG erograms can e struc-
tured 2s modulesy and the rossibly concurrent interactions
amondg them can be naturzlly described in terms of the 3bove
primitive.,

A similar solutiorn to the rroblem of exrressing concurrent
Frrograms in logic has been rresented by Momteiro [£81. In his
rrorosaly FROLOG is extended with the concert of eventr» thus
leading to 2 temroral lodic rrodgramming landusade.,

Our future work will concern the rossibility of introduc-
ind 3 sequential orerators following [7]y a3nd of diving it 2
precise logic mesning. Furthermoresy we internd to enrich. con-
current Frodgrams with the cerability of rrocessing infinite
streams of datas 3s dorme in C131. Fimallys it is wortnh investi-
dating on 2 concert of module that srovide mechanisms to encar-
sulate lodic Ffrograms,
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