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ASIRCT

In this paper, a netvork of communicating logic progams
is proposed as a modd for parallol/concrurrent programming
based on logic programs. This network is regarded as an
extension of Kahn's pure dataflow in the sense that nodes
are logic progams which have aoms for receiving ad sending
messages as well as queues o accept and memoize  them.
The nodes' behaviour is unboundedy nondeterministic. On
the assumpton that the channels' denotations should be
defined by using sequence domains, the main concem of the
present is whether or not mathematical semantics is
aways well-defined for a given netwok even when it is of
unbounded nondeterminism.

This paper will sow that the proposed network is reduced
to a dataflow when a kind of 'fairness' is asked for nondeter-
minism in which logic programs receive inputs and produce
outputs based on their computatons. The network, then,
hes a (least) fixpoint semantics; it is regarded as oe
of mathematical semantics of the network, since it can satisfy
the recursive relations amog the channels' denotations.

It is also stated that the netwok with fair memge opera-
tors is applicable to the realization of a computational
mechensm for sequential ligic programs.

1. NTRCDUCICN

Kahn's pure dataflow network is one of the established
models for parallel/concurrent progamming in the sense that
its mathematical semantics is clearly defined by the least
fixpoint solution to the set of equations associated with
the channels of the network [4,5].

Whn establishing a modd for parallel/concurrent pro-
gamming based on logic progams, Kalin's pure dataflow can
be extended to a network whose nodes are not functional but
relational in acoodance with logic programs. Jf we establish
a network according to such a model, there would be a strict
question as to whether or not mathematical semantics of the
network is well-defined even when it is of ubounded nondeter-
minism. The question arises from the standpoint that mathe-
matical semantics should be mece clear in order for operation-
al semantics to be given so that implementation of the system
is possible. In both PRGOS (2,3] and Concurent Prolog
[10] the channels' semantics are indirectly defined, hence
the communications beiween processes seam complicated.

In general, unbounded nondeterminism due to the computation
of logic programs should be respected and mathematical semen-
tics should be defined based on the relations amog the denota-
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tions of channels. Hee the fixpoint theory in [4] is not
appropriate in this case. Bwen theories conceming power
doman constructions in [9,11] are unsuccessful for the net-
wok we intend to define, since, in essence, the network
is described by relations anag the denotations of the chan-
nels.

On the other hand, one way to extend Kahn's modd to a
moe general ore is to establish a class of nondeterministic
computing networks whose nodes are either asynchronous, conti-
nuous functions or fair mage operators. Fixpoint semantics
of such neworks is well-defined in [8]. The 'fairness'
applied to such networks might be useful to solve the question
of mathematical semantics of the unbounded nondeterministic
nebvork of logic programs. However, it ssavs that nodes
consisting of logic pogams contain moe  nondeterminism
than the fair mege operations, since the choices of outputs
produced by their computations are not only due to the rel-
ative timings of inputs but due to the decisions conceming
their relations. At the sare time, there is a crucial problem
of how 'fairness® can be realized for nondeterminism in which
logic progams are computed.

In this paper, we have a fair sequence in which any natural
rnurber occurs an arbitrary rnurber of times. By neas of
the fair sequence it will be shoawn that faimess is well
realized for nondeterministic receiving of messages, ad
sending of messaes related to the computations of logic
programs, in the network. The network consisting of e
nicating logic programs might be reduced to a dataflow when
faimess due to the fair sequence is asked. Thus, the net-
wok has a (least) fixpoint semantics for the reduced da-
taflow, according to [8]. The fixpoint semantics could be
regarded as aone of the mathematical semantics for the original
network. According to the fixpoint semantics, an operational
semantics will be sown on the condition that logic progams
in the network are fairly nondeterministic in receiving inputs
and sending outputs. If the intended network has fair mege
operators, it can express a computational medhansm for se-
quential logic programs. It meas that the semantics of
sequential logic programs might be defined by applying the
semantics of our network with fair mege operators.

Tre outline of the network is as follows: The network
consists of channels and processes. The channels are only
ways by which the mey communicale with each other.
There mey be channels for inputs and/or outputs. The message
is transmitted one wey through each channel within a suffi-
ciently short time. Eath process is a logic progam con-
sisting of definite clauses with aoms comesponding to re-
ceiving and sending messages as well as ubounded AFO queues
each of which is connected with an input channel transmitting
messages.  In each process, the messages in the nondeterminis-
tically dhosen positions of the queues are received for the
computation of the logic programs, simultaneously.

After the logic program®s finite computation, each
nondeterministically provides either one of possible outputs
or no output.
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A logic progcam is a set of definite Horn clauses, A defi-
nite Horn clause is sither an expression A<-B ...8 ar At-
for atomg A and B,. An atam is an expuanim]b{t .....t H
whara P ig 2 prufwute eymbol and t_,..,.,t are terms, Mg
F(t) is an atos for a term t, P is talled honadic, A term
is defined recurmively as follows: (1) A constant or a
variable is a term. (2) f(tl""'tk] ie a term if f is
a functicn symbol apd t, ,...,t are terms,

The atom on the left-hand eide of <- in a definite Homn
clause iAa called the bhead of the clauae, The aet of atoms
{which might be empty) on the right-hand side of < in a
definite Horn clause is called its body.

A network of powmnicating logic programs (RAP) is
N={C,L, I,0,Cambl,Combl) ,
where: 1) c={c,...,C} is a set of chamels.
(2} 1= {Ll,...,i } mma get of logic programe with queves,
For 1<, Lj-:sj,qjﬁ' whare

(1} 8, is a logic program such that
(a) :ﬂ: contains the atoms whose predicate symbols are

Sek-D, (monadic) faor Djk in © (Djan is empty, k-l.....nj.

Jk
and Djknnjh is empty iff k¥h} in the heads of same clauses
in §,, amx

(b} it might ocontain the atoms ﬂe—-(.‘e(xe) far channels
Ce and variahles xe in the bodies of some clauses in Sj,
(ii} q‘i is a tuple of unbounded queues.

{3} ! is a subset of €, called an input. channel set.
G is & subaet of C, called an ocutpul charme) set,
{4) CombI is a fupction frem L to 27 swh that for j
M‘I(Lj)= {Ce | Re-C appears in SJ ].
* C
CombC is a relation on Lx2 sur:h that for each L ¢ 1L, 'Djk

is in CombD. From now on, CombO(L ., Dk) is used tonmn
that (LD, ) is in Como. 1
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32. Deroiors of Grarebs

For i=l,,...,m, X, in O means the denotation of C, in
C, which is to he défined by the relations as shown in 5.4,

3, Denotations of Logic Programs

For 3=1,...,0,

(1) (i) the denctation of g, is d-g ={ E{X, l""'E“‘jh”
where (a) { C NORILN } =Camb w,, and

(b} E: D - Hn™® ig recursively defined by:
Et & 3= Ethi.u)eE(u); Els.ul=a.Elu} for apnd,

{ii) Q.-C_i means E(x.i) of d-qj. for Cj.i in CombI{L ),

{21 the denotation of Sj' for the inprte of length p.
is defined by

R (p.d—q. l= AW V. (X reuerl, .chq Je

b i LTS il h

! vansT y = amw
where Vj rl, T d-qj} {min I}lerl, ’r ,d-qj.I) for
T wix (e @ ORI Powts ) Pow(H ) ( Powlh )i the

et 2“5, #Y: the cardinal m.lrbex of a set Y. defined by

1 h
={a0 inE | A-B...B isin S, and

ceer v
{88,500 "'chi in Conb1 (L)

'I‘j{r sumesT, .d-qj.rl

{ R.e-cjile-cji{rle}}

ard for

{min Il'l‘jfrl.....rh.d-qj.d}*n{ a lTj{rl,....rh.d-qj.J}CJ} .

3.4, Ralations anong Denotations of Channels

For lijin,

(1) let Njk!rl,....rh.d-qj) be

k -
{ tinw | se —Djk[t} ig in Vj(rl..-..rh.d—qjll
(k=1,....nj),
{2) for sach ¢, in D,
i 4k

any r:l..,-..rh in i,

such that (:cmtﬂ(L_,D,k}. and for
17

Xi(p) is in U [§ JEPRR .d-qj)

W .
rl'...'rh‘fp 1 h
if | E(xe)l:pllu| means the length of u) for same e auch

that t."2 is in G:mbIILj) or if HChanlePO. and
xi(piﬂhi otherwise,

(3 for each €, in I,

X = the glement in D% , provided through Ci.

1

The semantics of the network N is E(XIJ.-...E{XM} 1
for txl.....xm} which iE in

Sem{N)={ :xl,....xm) X rras,X satify the relations

ih (2) and (3)]) .

Note that ¥ ir .....t’h.dﬂq,) and W

{r ..--.rh.d-q_l depend
on the de‘notatim of qj. )

k1
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Note that forcimn such that CombI(L .D. ), thare

are 1+#( \J {x .....r vdq.) ] chioices for
X, (p). Fyeeso sy 51 i

Such oondeterminiam i due to
(1) what mumbers T renesE, aTe chogen among{ 1....,p}s to
indicate the positions of gusues of g, on which tha demota-

tiona of ‘Re~C '-at.uudnpmd and i

(2} what ulmt is chomen in W, {r ,...,r ,d-qj)u(hi 1.

to indicete the denctation of 'SQ-Dj xcm}

Therefara, thare may be as an infinitely many mmmber of
choices ag W, vwhen X is fiwad,

We shall have a clﬁss of fair sequances in w? an oracles
in order that the choices for the positione on the queues
and for the atome' denotaticns may be made fairly under such
nordeterndnien., If the oracles are used, the denctations
of channale can be described by a contirmuous, asynchronous
function from a direct product of D™ to itsalf.

4.1, Fair Seqoence in wW

DEFINITION 1 u in @@ ie fair iff for any k in w and
for any h in (p, K ococurs in u, b timee.

DEFINITICN 2 lat 5§, dencte one of sequences in w®, provided
by the network as shown balow, where:
(1) 1 w® - @™ is defined by

T A )= X 1 T(a.ul=(a+l).T{u) for uw in

20 ™M™ X ™ means & fair merge operator,

that is, PM{u,v)™ iff w is a sequence obtained by inter-
leaving u amd v in a fairly nondeterministic way. (For the
fair merge, sse [6,7,B8]1).

s ™)

@)
Fg 1 A NdvKk b Poik Far Saees

DEFINITICN 3 A function F: D™ - Hu® jig asynchronous
if P(E(u))=F{u) for any u in D ™,
F ia contimxwus if Ft‘l‘pup} - *pr{up) for any chain
{u1+ u,t e Aot ek T
PROPOSTTION 1
(1} & _is fair in w0
(2) 83145

Proof (1) Note that § .0 .u for same v inw% . Now
let Oocurik,h) mean that k occurs b times in u.

(i} It is sesn that Ocouri{Q,n) for any b in W , because
owhminputotmmdthustlapmrsuiumtmtm
arbitrary manber of timas.

{ii) Asmme that for same h, Cecur(n,h) far n<k, Then,
gince kbl should be at the same tima an output of T and hence
an inpat of FX, Occurik+l,h). By mathematical inducticn,
for scme h in W, Qocurik,h) (for any k).

B AHECTRS AD IAGBAES

Oocur(0,1) from (1), it follows from (2) that
;1Y for any n in @ . Suppose that Ocour(k,h) for
any & in (& sl him.  Since k should be an output of T,
k-1 should be an ingut of T, that le, k-1 ococurs jin u ae
mny tioes as k, Thue Ocouri{k-1,h). Pinally Ooccur(0,hl).
It follows fram (1} that Occur(O,h+l}. Tharefcre there is
no case that Occurik,nFl) doss mot hold, This completes
the induction etap of mathematical induction, Thus Oceurik,m}
for any k and for any m.
{(2) (i) If j=1, the propoaition holds, since o+ s,
(1i) Meaume that 5_(k)}*1l<h for hek. Since one of the in
of ™ is S (X)¥1 or 0, E(S l(kﬂl-z(s J(k)*¥1 or O, Thue
s (k+1)+11{sf(k}+ll+lgkﬂ. 8 cmpletu the induction

4.2, A ¥ixprint Besantics of NOLP

By maang of fair sequences in W as cracles, the danota-
tiong of channels can be defired as determinant for sach
logic programs,

For JY,...,n, let P _i(p): W (I (p)dqg)->w (for

p in W ) be a oneto functik
3 I {pled—q.)
ij{p]lt)_wjk( jp 13
for t in W th(pJ.d-q,!. whera k=l,.,..,h and Ij: W= w h

is a bijection such that any elament of I (p)<p,
Lat 5 -j danote a sequence in W% , ‘given by DEFINITION
2. Also let

ord(8_~}(p) )=k | T | 8,-)(xi=E,-3(p) and xep } .

For kml,...,n, and each C. in D _ such that CambO{L ,D_]J,
] i i * i 3k

wa define

X (D)= P (S -5tpy#1) M min { 8 ~tand(s -3tp) ) 11,

g
"o (T8 ;(p>+1:.d~q.1} )
if|E(X}_pfarmemﬂ1thatC :.a:lnﬂmbI(L)

ar if #o&bm.j)-o. ana
xi(pl-tu otherwise,

PROPOSITION 2 Por i=l,....m, thers axist asynchronous,
contimuous functions F s (D ™ b® such that

X K peeurX o
Proof simeiumrciiamlmciiumbjkfwm
Dy in 2° swh that CombO(L /Dy e X ie defined by sither a
gimclmtino“umcimbythemrmMa.

Sinom P, (S j(p}+1} is & one~to-one function from ™
to W &(J jlp}+1],d-qj}. ard the denotation of d-qJ ie

dlfin-i by xo for « such that Ce is in Ombl(l.j)r we Zae

xi(p] im a function of xe[pl. (By Ke[pl. the firat sequeioe
oflmqthpinxei-mnt.l Thug, we could mut

@ O [
xi-?i(xl,....xm) for Pi. (D™ )y -»p .

It foliows from dﬂqj-[ E(le).....ntxjh) ) that ?i are asyn-
chronous.  Since xi[pl-l‘itxl[pl.....xmlD]H xi-!‘i(xl,...xm]-
Pi( 4 o xllp‘l...u L] P xmlp]h

4 p!‘i(xllp].....xm[pl} 4+ F lxlo...-x Ya

Qn the other hard, for any p in w "1["]"1“‘1"“"‘“1”?] )



Fi(xltp]"'"xm[p”' since xi(p} is determined by )(]IIPL...,

xm[p]. Therefore .
F (X yeucs® 7R = 4
i1l mi

X, L F ¥ [pl,...,¥ .
p 1[p] 4 " i( 1[p. f m[p])

This completes the moof of the continuity of F_,
]

This proposition states that the network in reducible
to a dataflow by means of fair sequences in @ | Finally
we have the following proposition:

PROPOSITION 3

For the network N=([c veendl 1. {L .....1. } L I.0.Combt, CompO)
there exists a tu.nr‘tmn F: (p™ ]' "o 3y
(leaat) fixpoinl of FN is in SemiM),

such that  the

Proof F‘N ig given bw EFl,...,Fm), whers P arce asynchronous,
Thus there exists a (least) fixpoint
are in atcordance with the {onmla we have

shown

continuous functions.
F .

of N (B8] F‘i

already obtained.

in 3.4 (2],

Hence X, sariafy the relations ak
N L R .
Finally the fiwpoint of PN is in SemiNy,

4.3. Oparaticnal Semantics of NCOLP

In this section, we have an operations] semantics of NOLP
based on its fixpoint semantics qiven in the previous section.
In pperational semantics, the hiaton hi uscd in derelational
semantics, corresponds te the estates of waiting
ard/or producing nothing. The denmtaticns of
correspond Lo recciving messages and tlewe ot
correspond to sending messagos.

MeEsEI0r::
'Re-C '-atoms

L3
"S-y, V-atomn
Ik

4.3.1. Assumptions

{1} The messages sent to each channel © should be stored

in the unbounded FIFD q, of 1., when co* is in Cobl(l ),
] j

{2) When a logir rogram I wants a

order t¢ generate {send} the nest cutput, i1 must wail dor

the necessary messager arriving at its queun.

lunger  quenr,  in

t3) Unless a logic program can get something by its cam-
putations, it never sends any mesfage to clitnels.
DEFINITION 4 For a nonempty set A, FairChoioclAl means

same b in A is chosen at any Lime aAuch that Lhe seduenoc
of chosen elements is fair in A" . (A secplence 5 fair
in AY if any b in A ocoww at arbitrery mumber o times
in the sequence.)

DEFINITION S5 For a set & ol definite eolauses, Cowput(S)

denctes the set of ground atoms, which Qs the mirimal dlerbrand
model of S.

4.3.2. Prooadure for NCOILP

DEFINITION &
et m=( | Cprmeert boe | Breeerls ], 1,0, CGonbl, Conini}
m ™
#CambL (L))
Let gq.=(Hu™ ) 1 ', thal is, o tuple of fueses, The

length of g, ie the maximum length among lengrhs of sequonces
]
stored ingq. . Q. -C means the oontent of queue ot q , Cune-
i e Ll
cted to the channel C€  such that C is in GcmhI(L]}. For
pin W, Q -C (p! denobes the gth mntant. it holds.

The procedure | for 1:.j ie givaen as follows:
1

procedure fj:

[ ¥
J

begin
repeal wait until tthe Tength qj):p

(r. .....rjI

3¢=1 {min { p .PairChoicel w 141} Js
it 1 1 i

for cach Djk such that C:mub()ll. D } do

evneal, )

Hir,
17 1 ih

panuel )

ih
{ l in Hu I Se '—D (t] is in

<—Il_(r,

Oc:npul'[S U{ Heo— C '[Q -1.'_‘ ')1“}

T T

L/ s
{ Rre th(Q-]-cjl!(rjh”} }:

) is not empty

J-.-;l‘

j1
then semd t in Fmrﬂ;mce(ll_(rjl
— 1

if H (r
|
paeesI 1)
i
to sach channel of D'k
hl
elge gemdl nothing;

pop +l
1 1
end
ond
(Mote:  H {r ,...,r } is initially defined as empty for

jh

each tupleJDf r 1,.-.,!‘ o}
1

The procedure for N is defined as follows:

progam N;
%_Z]iﬂ fl: Tz:...;i

coend

n

5. APRLICATION OF NOP

This section is an overlook of the application of NOP to
the transformation of sequential logic progams to dataflow
networks with fair mege operators. Ay sequential logic
progam denotes an NOP with fair merge operbors. It follows
from the results of the present paper ad [8] that the denota-
tional semantics of a logic progam might be defined as a
fixpoint over sequence domains.

I\bNIetLbealcmog,m{u_,_,,H 1 e each

1. is a definite dause A BB, tor atome
T
.'l

Yamasaki
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jmi)am‘.lB b TR £ SR

13 M9 i1 ijkij}'

et -3> ba a pubset of Lx L such that (H ,K.) is in
> (wiich s denoted by H-»H) iff P is squal to N
for pamg 1¢jin and lgkinj. N Le»rqy is defined by:
NOND (H, )b {l-!i | L } . Let mip,q) mean a fair

margs oparator with p input-tuples of g charmals and one
ocutput-tuple of g channels, which provides a sequence of
tuples by interleaving, in a fairly npondeterministic way,
p input-tuples of sequences.

For each Hi in L, we dafine

81, )
-{ Ei'
{ vau - Re-C
TR '“imil‘ ¢ 321%01) %™
Re=( {x, ] x = ’
crreres iy ik, " ik, Ak,
[ETETNT)
g fu PP }<~ Re~C, (x, I x -3
:.ni 1n11 mikmi mil mil in]_l inil
ReCink, Ty !
11n 1 1in.
1
ink, 4nk  *
iin iin,
1 1

i1 i

Sa- -
{ Sy } CHIREE AL
im 1 1

[cill'""cilk, ) is an input-tuple of channels for Slﬂi)'
il
PR

(€, 4uuesC
1 in k
ny 1"in,

StH,), and ‘
(CH ,...,C“ } is an output-tuple of channels for S(Hi].

il im,
1

} is an input-tuple of channels for

Let Li-(S{Hi}.qi}, whers 9 is a tuple of queues connected
with all the input channels for S(Hil.

Next, whanover Hi-, *H,, the output-tuple of channels for
S(Hi] is to be connected with some appropriata input-tuples
for 5(H )}, via an m(m(ﬂj}.mi]. The aporopriate input-
tuple of ctmlsisd:omonthemrﬂitimmtpihthe
spa a8 the precdicate symbol in the body of a dafinite clause
in &(H,}, which hags 'Re-'-atome corresponding to tha input

channels for S(Hj).

Tha total network congtricted for L in the way mentioned
above is dencted by N{L). Then H(L} is regarded asm an NOLP
with fair merge operators, Let us define tha denctational
samantice of channels with L. ocorresponding to S(H,) and
Mxmradmlﬁwimruhumnﬂwuotm’lu}“
N{L}. BGinoe each S5{H, ) contains only H asm a definita clause

without *Se—'-atomd and 'Re-'-atoms, if 'we asmme fair nonde-
tarminisn for choosing the positions of guenss in each L
to gat messages and provids outpote, then the cutpat-tupls
of sequances from esch S(Hi] is an asynchronoug, continaous
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function of input-tuples of sequences. FM(pq) is an exten-
tion of an ordinary fair maege operator. Thus N(L) is re-
garded as the network presented and discussed by Pak [8].
This meas that the semantics of N(L) is well-defined. This
is a theoretical guarantee from the point of semantics for
regarding the computaion medhaem of logic pogams as
dataflows with fair mege operators.

It might be conduded that by using the NCLP, we can trans-
fom any logic program to a network of dataflows with fair
mee operators. This is an interesting and significant

aspect of NOLP

6 GONOLING RVIRRS

The NP is reduced to a dataflow when fair nondeterminism
is asked for receiving and sending In such a case,
there is a (least) fixpoint semantics of a function associated
with the NOLP. As we have seen, this is one of the denota-
tional semantics defined in Section 3. Thus, the denota-
tional semantcs of NAP is well-defined even when it has
unbounded nondeterminism.

The operational semantics of NOP based on its fixpoint
semantics wes defined in Section 4. The implementation of
'FairChoice' can be doe by the fair sequences in W"

The expressiveness of the NOP contains interesting aspects
compared with other systems.

It is interesting to extend the NOP so that each process
can rewrite the contents of its queues.

It wes briefly menoned that the NIP with fair memge
operators can express a computation medchenism for sequential
logic programs. This is a significant aspect of the proposed
network as well as the nodeterministic computing network
in [8].
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