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Parallel Logic Languages 

Horn clause logic: 

Declarative interpretation: 

H is true if all Bi are true. 

Procedural interpretation: 

to prove H, prove all Bi 

Process interpretation: 

H reduces to a network of concurrent processes B ;· 

Parallel logic languages = • 

AND-parallelism 
Hom clause logic + communication 

synchronization 
committed-choice non-determinism 

They are interesting because they are: 

logic programming languages 
parallel languages . expressive 



1977 
// functional 
programming 

Kahn+Mal'Queen 

t 
1978 

PL as language for II 
programming. 

Van F.mden + Lucena 
Deterministic 

1974'15 
Gmrded 

commands 
Dijkstra 

Parallel Lo1:ic Pro2rammin2 
A Partial History 

1973 
Prolog 

IC-PROLOG 1977/80 
Clark +McCabe+ Gregory 

parallel evaluation, "guards" 
read-only variable, streams, run-ti~e mode . 

Relational Language for 
parallel programming 

Clark + Gregory 1980/81 
parallel evaluation, guards, streams, 

compile-time mode checks, committed 
choice non-determinism 

1976 Lazy LISP 
Friedman + Wise, 

Henderson + Morris 

/ 

1979/80 
Non-deterministic LISP 

Friedman + Wise 

GP1!8Hoo/ Need for Yariables 
• in messages 

1980-> 
or-parallel -----1►• 

PROLOGS 

______ ;...._ __ _ 
PARLOG 

1982-> 
Clark + Gregory 

RLPP + set constructor 
interface: or-parallel, 

and-parallel 

J: 
• • • • 

GHC/KLI 
ICOT198S 

Concurrent 
Prolog 

Shapiro 1983 
RLPP + read-only 

variable -
compile-time mode 

· checks 

FCP 
Mierowsky et al 198S 
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AND-PAf<ALLE! ISM 

--
= ProctSS ,..-ei:work 

e-s- Cl., C 2., process(s) 

.. ✓----....... 
· Cl ) 
~ 

C2. 

Cla<.t.~e witk on.e c,t { { ~ ho~ = 
Ch.a.t13e of 'ft'Oc.ess si~ie 

i 
. C-~-

Mole pt"ocess(~).. ---7 
process(Sta.teJ ~ ft"Ccess(New'-~)- I 

, 

. ! 
I 
I 
I 
I ~ f;~ . 

II ( . . 

I \ / 

I - ', ...._ ---.::..,a, 
l ~--=~.,,,-L _____ , __________ . ________ J 



AND-P/\1<.AUELISM 

Cl.a.use w,th ? I c~ lLs Tn bo<Lj = 
Crea.tro1t of new f>'"ocesses 

Mocle. rroc.es,s(t). 
e.9 process(S-tett:e) ~ 

l',-.ocess ( Ste1'l=el)., f rocess(Stoc:f:e2) 

----

~it clause = 
frocess t-erMil"atton 

__ e __ ,_ __ p_r_o_ce,_s_s_cs_i=_a._'t_e)_-__ · __ J 

-.. 
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AND-PAAALLELtSM 

M0clcz on- Lts.t (9? > '?). 
ot\_ lrst ( lt~M, [ lt.eM l List]). 
on._ t rst ( (te.M, [t.t) l-ist J) ~ lte.M \ = Ll. : 

Of\- lrs.t ( tieM, List). 



AND-PAF<ALLELlSM 

Mo cl~ o-Ff -t.ree (?, 1 )_ 
of-f _t,-ee ( lteM., t C, I> T2./) ~ 

ott-tree ( 1-ceM, T\ ") ') off_tre-e( lt(:M > TZ). 

off_ tre-e ( H:.eM, L J E-

i t'\t:.e3.e~ CL)> lteM \= L : trv.e. 



r . 

COilMUNlCAl"" { ON 

.Sho.r~cl v~rtetble == CoMMLA..fliCdt{Of\ 0\0.~e{ or 
MervtOr::} {oa:ltion 

e.3. process I (v)., rroce.ss1...(V) 

Btr\d.irtj sh.cxr-ecl.. va.r,~ble. -== se,\Cl,.irtJ Messa.3e 

N.13. 5,rtjle - ~sst,vovtent 



COMMUNlCATI0N 

mod..e. -"rAM-tre.e.(?, tJ. 
SUM-"tree(t(Tl,T2.) 1 V) E-

Su.M-tree( TI) Vl) > SUM-tree (T2, V2.), 
. r:,.fus( V(, V2, V). 

sv.M_tr-ee(L, V) ~ inieJer(L): 
V= L. 

• 

-. 



• COMMllN ICATl ON 

Sei~e.rtc~ of f"'-rtia.{ l,7,\('11ttJ.S 'to sno.r-eol Vat'tcd~{e.:::­

S-t r~c;(,"l of Mf?Ssa. Jes 

,___ ___________ _J 

V=-f(X.,Y) X=tl 



COl"\MUNlCATfON 

Moel.~ flat_t~e (~, t ). 
f'(C1-t_tree ( t ( Tl > T2.) > S) E-

f lcc.f:_-tr-ee(Tl >St') 1 f [~t_t,-.ee. ( T:Z., S.Z.), 

. ~rfcz.nd.( SI, 52.> S). 

f {a.t_tr-e.e ( L., [LJ) ~ inie,9er ( L') : tn.<.e.. 

Mocl.e ~ppend. (? 1 ! > t ). 
O.f pQJ\cll [u[ X], 'I, [CA l "2]) ~ appet'\d.(X, Y, ?.). 
a.rpeV\c!.( [ 1, Y, Y-)_ 



Det~ t"'ed..u.ct1on. [co.ll ➔ c,{ause boclj) U.l"Lt;{: 

I. . lnp&A..t "'rJtAM.erils avt;tt{~p{e, anr! 
~ Gtt.to.rcl. succee.d...s 

r.1ocl.e.. '('roce.ss (?)., proc.essl (?). 
process( p~:tt~.rn.lStat:e)) 4E­

frocessl ( StOlt-e.). 

,:;iroce:ssl (S~i:e) -cc:- 3ucv-cl(Stcc.fe): 
process2.(Stc.cte;. 

\.J~it for- S ·= f'"'if.e,-"'(Stot.i=e) 

\Jait -R,r ,9lllaf'cl(St°"{e) 

5 . I . . . 

ffocess 
,-~ ~ 

\ . 

ocess 
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SYNCHRONIZATION 

Be.fof'e. red.l-lt..tioY'-
tJo cA(ce.ss 'l:.o oc.t.tfut arjUl'\€11.tS of ~{{. 

On(!1 lnyc.tt (read..-ot1(J) a~ to it\put «r:,u.r,,entsof' t:A.11... 

l. One-w~ U.l\lfrca..tion (Ma:tchiY\j) 

U.~1 flctt.tion. (CP.{{ - c(Q~~ '1.ea.d.) ca.~rtol: 
br~d. ct2.{-l vari~bles : 
~u~p€Yld_S 0)\ c,.t{e..,vtrl; to ,/...o .SO. 

c~ l { r- (-cl , ..... > t k) 
\(j, -~ 

Cla(.lse J...eC\cl t" ( t l,.., ... , tk~) 

Aft-er reduction 

Cor. { t ar, W'\ et\.1s ctrt t,o, i fi eJ.. w< t h h eQ!cl. 

Q rj 1,(1\\ et\ ts, tn (7(A. t('ui: fo si"li 0~ s. 

M«j bi;1.cl. CA,{{ Vlll-1't,,.b{es. 



I 

Kern.~{ PAR.LO& - rvtc..ke ,viatcJtlllj exrl,c1t 

Mocle p('?, t ,1, 1' ). 
p( t I> -f:-2., t3, t4-) ~ 8CAq,-cl : bod.j. 

p ( X l) X2, X3., X 't-) ~ t I <="== X l, t3 <;- X3, J u.a.ra.: 

X.2.. =iZ1 X4-::: i-4-, bo~j. 

Ll.>'ltfJ -cl, tZ. .but sustend, or\ 

o.tt4lMft io hiJ1.d. V't'-lvt~b{e.s h\ -f:2.. 



f. mocle ctf pend.( r,? , 1\). 

o.ppeV\_rl( [ u l X], Y, [U.l 2]) ~ ~f pend.(x, Y, 2). 

Clff~rtil([], >', Y). 

ij, PAALDGc 

\Cer-t\el fAALOG: 

2. arr.ertcl(-r, Y, s) ~ [u.l X] <= T : 
s = [ul 2] 1 O.fpervl(X., >; 2). 

a.rre~c!(-r, Y1 s) ~ [] <== T : 
S = Y. 



C0t'1MlT1~D CHo[CE N0N-DET€~MtN1SM 

Clauses rn. fr'"Oeeclurt - ttl:temcCti ve wo..JS 'to 
r-ed.J..tce f rr>ee s s 

CcMMitbed-- choice of "c~ri,l.,d_ot1:~u c{at<Se 
(''c-o<1tcl1ol~te"' : st-<.ccessf VL { T"fut ,vtA'tvhil1j al'\d. J""-Ard..) 

MO,u_ process(f). 
e.:} process( po:ftt.m(Sl)) ~ ,~ar,U (SI): rroc.cs5! (s1). 

proces.5(.,ctifer11.1.(S2..)) ~ ~L<.a.rcJ.2.(S2.): fr-oc.es.52..(s2...). 
rr--oce~s(pcttter113(S3) )~ 9().Q.f"d.3 (S3): frOC~Ss3(53). 

rrocessf 

______________________ _j 



L.IV 

COMMlTTfD Cl-{O(Cf f\/ON-PETfteMIN/$M 

SI 

CoMM rtlocl. c ~o t ce 

/(_~d_-ot1{_J acc.ess 'to Cil,:,uMev1.i:-S d.Uril1j ,.<;ea.v-dt 
- ''Sale" :JtA.o.,,.cJ..s. 

Ot.i,tp CA.t o~~ o.fCf:er '1coMMi i.Me:Vt.t ''. 
- COP\f"ti~t~d. i=o OlA."Cf U't • 

Mrry be Y'1.art.J c~l-'l<l-Itlc.ite. ci01.~ses. 
- t1~-e l1i!fevtd..~nc;1. 

PQrC\t-!e l ~~a.,-c~ fOf' c{o.L-ts~ . 
- 11COl"\t\tl{tecl" Ot'--1'«,...'\,<<e{isM. 

i 



coMMIT"TED CHOfCE 
NON-DE:IE~MI N1SM 

CoM~r, ttecl. or--pot.m1 {e.{15M 

r-,od.e.. on. tree,[?,~). 
Or'\-t"r<c:e. ( lteMJ {(Tf, T2..)) ~ on_tree( /tett1, TJ): 

t f'<-lQ.. 

Or\_tr-e~ ( lf(.M, t-(Tl, TZ..)) ~ o~-"tr~~ ( lit.M1 T2): 
tr-u..e.. 



'--''. 

tHE lOGtlCAL \/A~lABLE 

Seti,u.et\ce of fartjot{ b)rtcli~s io ~k«rtcl v«n~lole can 

i,~ r'\~tl~ b3 d.lff.eNnt rrocesses. 



!HE LOCclCAL \/ARlABLE 

Back COMM<Mlc~tiof\ 

Sei,u~'1.ce of r~rt,oi.-t b;,tc!lrtjS to shcu-eJ. VCXV-ictb (e) 
sc,/\te 1,J thr ~ f,-ooess > .so,...,_e I, y r,1:J,...e r-s. 

e. 3. p : V = [ -f; ( U.1) l VI] 

C: Ul=i\ 

V 

VI = [ -t(U2-)} vz] 

U.2..= t2-

· p(V), c(V) 

80.clc Col"'\>1"\t.e.t\,~o.-tlo~ + YYt..l!.rJe ::: f"\On.iiof"'.S 

. 0«clc. o,MMW1 leG1iJot\ "? l«-'!J {ol.el'\al\cl-drivtn) 
eVO\UA.D'-t ton. 



THE LOG(CAL VARJA'BLE 

Mocl.e. P"''-i,t.<We.(?), f',.,-i,ueueC~ ,~) .. 
P"1-ci,ttwe( n J ~ pr-1-iueue ( M., [ ]). 

pri-it.l-eu.e([~J.J..(lte"'t) If"\], G.') ~ 
ir\s~rt( lter-1, Q., New-ci,) > 

f ~i-q,l,(~tA.e ( M, f\.Jc1.~- i, '). 

f'"'-i,u.et.t.e( [r~MOV'e ( lteM) r MJ) [H l G..]) ~ 
(teM = H., 
fri-~utue ( M > G ). 



-----­......_ 

ttserZ ) 
/ ·-- -........ 

frin:ter) 



!HE LO~(CAL VA~JA.BLE 

EaJer "~cl ltsc": 

m~d.e e.ajer-rwd. C 1' ). 

ea.,er-r-ecvl.( []) ~ en.cLof'_f,{e : tru.e ; 

e~,~r-re«l([ulxJ) ~ 
r--ea.cl ( U) l<. 
ea;1er_re,ul( X). 

Lcrr3 "'r-e~d.. lrst 11 : 

Motle la. ~:1-rea.l (?). 
(a "f~-f'~CAd. ( [u IX]) ~ e,-ld.-o-f - -Frie : 

U. == end....of_-fi{e ; 

lrA~j-r--ecuL( [u. IX]) ~ 
Y'ead.(c..t) & 
{q 'cJ-read.( X). 



METALEV£L f>ROGr.RAMMtNG-

Prob{et1-1: 

To «i<ow or. ,process ('• f··tE:.4.:-vt f v-~ 1 rr"'•·/1_' to 
.e.x.Qt11.ln.e Gt~cl corttro{ ~v01.{uctt,ovt of:. ctl'.ol:.h..qy-

C•~~'JC(t p,,.;_Jra.Y•t'':. 

c,-.,01..sfo..-.M 'tlte ohJect fY'".jf"Qwt io Sljn.o..l i'tS 
s'f01.tus ~ttcl f\tSfe>l'tcl io co11.'t...-o{ wtt..S.se(Jes. 

Encot.f~CA..lt~:fe obJ ect tr-OJrr:A.tJi ?" :sfecccx.l ~~iQcal{ 
1;0 ()..C'1_ C e_ \J e S 'I.II-\ e ~ f {' e C~ • 



C t I 

METALEvEL PROG-MMMlNG 



EXAMPLE: SR LATCH 

X 

y 

na.V\cl( [1 l x], [1 l Y], [ol 2]) ~ rt~r1ct(X, Y, 2). 
Y\C\Nl( [o( X], [VI Y] > [l l 2]) ~ "-°'ncl( X, >/, 2). 
t\~~cl([UIXJ,[Ol>'],[tl 2]) ~ t\<At'\rl(X,t',,2). 

s 

R 

f)'\od..e. Sr-lQt-ck ( ? , ? > t, ,t ). 

sr-_(q,t,h(S, ~,~,G.-) ~ 



EXAMf'LE= PA.RSER 

gfYJ..MMO. r 

Rest-ex.fr 
f<es t_ e:.Xfr 

~ AJ..rJ.-ep c >q,r . 
-➔ f!tt1 ,,t y 

l e.('M ---=, N (,(,VU, e.r 

Te.rM ~ ' (' Ex-pr 1 ) 
1 

-e.x~fr(Tokfns-h, Toke~s-t) 4!!E-

terM (Tolcen.s-h. 1 TokenS), rest_e.xfr(Tok<¼s., 'Toketts_i:). 

rest-expr( [Of /ToKerts-~] > Toke"'s-t) ~ a~'f[Op) : 
exrr (Tokens-:,, Toke,1s_t) ; 

r-es t_ C.Xfr(-ro lc.ens, Toke~s). 

ier~ ( t N [ Tokevts]., To~s) ~ fltAMJ,'21' ( N) : tru.e. 
te.r-M ( [ 1 ( 1 / Tokell\s-"-.], Tok~.s-t..) ~ 

e)(pr(Tolc:eYlS-h, ['}' { Tok~-t]). 



te.rM 



EXAMPL.E: 1-ABEL -rnEE 

Prob(.,._M: 

Ma.rk rtod.es of oc. (o.he-l<.e.cl birtcxr~ tree. ~'t 
o ccu..r o I'\. r:, a.rct {.(.~ { DY"c:tt1ck.es. 

3 

\ 
5 
/\ 

I \ 
J 

2_ 4-



£.XAMPLE: L/\BEL ~EE 

-&bet_tree(t (X, U. 1 Y), t (X I, U.I) Yf), P'lf'-thrs, [u( ltt-tl,\is]) E­

r--e.rla.ce ( u., u.1, P«r--tit,s)., 
{~b~L~re.e(X, X l, P«r-X, In- X), 
{o~Ltr-ee(Y, Yl,Pctr-Y., lYt.-Y) 1 

Clppe.rt.cl.( P«r--this, ln- Y, Par_ X), 

O.fpe...,d.. ( Par_-tkts, ln-X 1 Pcitf'- Y) > 

'1.fpe~cl( l~-X, lvt-Y., fll\,_tkt5). 

lo.bet_-tr-ee(er1\}•'t~, e.Mrt:,> P~r- tl-,.ls, []) .. 

r-~fta.ce(f\/ocl.e > f"'r(No<k), Pa.t'_,,,ocles) ~ 
or\-(tst ( I\Jod..e 1 PQ.r_tl,od.es) : tru.e ; 

rt.}'la.ce ((\Jo<i.e, Norl.e., Pa:r_1'.o4.es). 



EXf\MPL£: L_A.8€L TREE 

YI 

@ 



mocle cle v (State? , Jn'?, Ou.t 1'). 

clev(so, lr\1 [S!jf\ l Out]) ~ clev(sl > lr\., o~t). 
% EstO(.b{tstL 

clev(i:O, [s~nl r~J, [SJll..ctcrd Ou.t] / 4E- d.ev(tJ., It\, Out). 
% Ac/otol4.'{edse 

d.evC t0 1 [sjr"l l In], [~yr1_11qc.f<(Ou.t-]) ~ cl..e.v(t2, ltt) 0<.Lt). 
% Declc,1.e 

c:t~v(sl., [sJn. .. «dc{ IY\] 1 [ac.k/ Oui]) ~ dev(sz, I(\> Out). 
¾ C,,,:fif"M 

d-e.v(~l, [SJtt.-na.ck.f lvt.]., Out) ~ J...e.v( s2.., lvt, Ou:f:). 
¼ A 1'~vt "-.on 

kv ( t 1; [etc.k l l~] 1 0Lt.t / ~ clev ( t2., lv\ l Ou.t). 
¾ Conl'\\;.Ct 



-i 

PI\RLOGt srec,flcot"ti911 of SiMfle Col\,tectiotl 

esi:-"l.b{,slu4'1eY1.t protoe...o{ 

rtceive SYN 
$.~ttc( SYN--AC 

receive S'tN-~CK 
sef'\d.. Acf{.: 

rec~lve ACK 

t-ecel\/e S >'N 

.__ _____________________ _j 

J --
ST 

TS 

clev(sO>TS,ST), Glev(to,ST1 TS) 



EXAMPLE: PARLOC1e FOY< .SP€CtFlCATJO(\} 

va.rx == ( u.rct.a'te? Y ➔ v~ry f 

r-ea.cL ! X ~ va.rx ) 

PAR.LOGt syec;-Fcco:t, on 

Mo cle. var (~, ?)_ 
va.r-( X > [ t,(p~a.te ( Y) f M ] ) E- v~r' ( Y> M) . 
var-(X> [~ad.(R) l M]) ~ R==X, va.,,..(X, M). 
vo.r ( X , [] ) . 

Afva,.,to.,se,: .SOl\1.e f~l"fies clEb.r frOM 

{ ~ l c«. .(_ f"i?.~ d_ i nj 



EXAMPLE: SYNCI--\RON l 2EP 
C0MMUNfCATION 

tv\Ocie SjV\C_Set'\.cl(r .,t, '?), S:jn.c_r-eceive(?,? ,t), 
St..l cceed. eel.(?). 

SJnC- ser\J..(TerM > [(1"er'M 1 /\ck) l Ch], Ch) ~ 
· Succ'!.erl.e J.. (A.ck) . 

s~ nc_r-ecelve ( Y<._{erM 7 [ (Ter~,A.ck) let,.]> C.!--t) ~ 
R_ tert11 = Ter~ &. 
Ack = succ~~clecl. 

• 



EXAM'PLE: SYNCHRONIZED 
COMMUNICATION 

r l 
I 

i 
i 

' I 
I 

I __ _____J 

I prccessl(E), ----, -processZ(E) 

} 
s :J r\C... .-eceT ve. ( X., E, EI ) 



Page 38 missing: more of "Example: Synchronized 
Communication"?



Concurrent Pro log Differences 

Synchronization: read-only variable 

• Read-only annotation ('?') on consumer occurrences of 
variables. 

• Suspend on attempt to bind a variable via a read-only 
occurrence. 

• No other restrictions on variable bindings made by 
unification or guards; call variables may be bound before 
commitment 

=> multiple environments 

e.g. append([UIX],Y,[UIZ]) :- append(X?,Y?,Z). 
append([],Y,Y). 

"mode" depends on annotations in can.-

• Difficulties implementing multiple environments 

=> serious implementation work thus far restricted to 
Flat Concurrent Prolog (FCP) 

• Flat: only calls to system primitives in guards 

_39 



GHC Differences 

Syntax 

Assumed mode (?, ... , ?). 

Output unification done explicitly. 

e.g. PARLOG 

GHC 

mode append(?,?,"). 
append([UIX],Y,[UIZ]) <- append(X,Y,Z). 
append([], Y, Y). 

append([UIX],Y,Zl) :- Zl = [UIZ], 
append(X, Y ,Z). 

append([],Y,Zl) :- Zl = Y. 

Synchronization 

1. One-way unification (matching): 

Call/head unification cannot bind call variables 

(like PARLOG). 

2. Guard suspends on attempt to bind call variables 

(P ARLOG: guard must be "safe"). 

N.B. Flat GHC = Flat PARLOG. 
40 



Applications of Parallel Logic 
Languages 

Why use parallel logic languages? 

• Parallel logic languages = 

Hom clause logic + concurrent, committed-choice 
proof procedure 

• Hom clause logic: ( declarative content) 

parallel logic programs can be read as executable 
specifications -

• Proof procedure: (parallel execution) 

declarative programs can be executed in AND-parallel 

• Proof procedure: (process interpretation) 

can be exploited to provide useful operational behaviour 

41 



Useful Operational Behaviour 

The proof procedure of parallel logic languages permits them to 
implement many useful 'real-world' behaviours 

• Concurrent, communicating entities 

... , keyboard(ln), user(ln, Out), screen(Out), ... 

--Out- -
kb user 

• Side-effects in the external world 

screen( [ display(X) /In]) ~ output(X) & screen(ln). 

• Time dependent treatment of events: 

42 

keyboard([Ch / Chars], Interrupts, Out) ~ 
handle_char(Ch,Out,NewOut), 
keyboard(Chars, Interrupts, NewOut). 

keyboard(Chars, [Int / Interrupt~ Out) ~ 
handle _interrupt(lnt, Out, NewOut), 
keyboard(Chars, Interrupts, NewOut). 

Chars .... ...... 

Interrupts., --



Applications of Parallel Logic 
Languages 

(Some Examples) 

(a) Behavioural: describe, implement concurrent systems 

(emphasis on operational behaviour) 

operating systems / programming environments 
telephone exchange control 
simulation 

(b) Algorithmic: describe, implement parallel algorithms 

( emphasis on declarative content) 

parallel parsers 
parallel router 
compilers . . 
image processmg 
qualitative reasoning 

(c) Language Implementation: 

43 

concurrent implementations of other language formalisms 

Vulcan 
POLKA 
LOTOS 

) Concurrent object-oriented languages 
) 

Formal description language 
for concurrent systems 



• 

A Large Application: 
P ARLOG Programming System (PPS) 

• An operating system designed to support logic 
programming on parallel machines 

• A prototype implemented on SUN workstations is a major 
P ARLOG application 

• Uses some UNIX facilities but implements computation 
control, secondary storage management etc in P ARLOG 

• Implementation exploits extended PARLOG metacall: 

- an exception handling mechanism 

- modularity 

- computation priorities 

• Implementation demonstrates: 

- Use of PARLOG to implement a complex system 

- P ARLOG programs as executable specifications 

- Use of PARLOG control metacall 

- PARLOG programming techniques: 
back communication, synchronization variables 

44 



PPS Facilities 

PPS provides: 

• modularity: programs are divided into databases 

• persistence: file system is invisible 
databases persist between PPS invocations 

• declarative environment: 
user view: system = {databases} 
user interaction: execute queries wrt databases 
queries calculate relations over system states 

• metaprogramming: 
programs can: 

- reason about other programs 
- generate new versions of other programs 

programs define relations over system states. 

• multiprogramming: 
task control 
concurrency control 

• user-definable inference mechanisms: 
inheritance 
query-the-user 

• 



• 

An Extended P ARLOG Metacall 

• Primitive for describing initiation, monitoring 
and control of a computation 

• Efficient implementation techniques developed 

stop 
suspend 
continue 
priorityU 

call(Program, Priority, Goal, Status, Coltrol) 

Program: names a module 

t 
succeeded 
failedU 
stopped 
exceptionL) 
exception(_,_,_) 

Priority: programmer control of underlying scheduling 
mechanism 

Status and Control: interfaces to monitoring and control 
functions of underlying machine 

46 



Exception Handling 

(1) The exception(T,G ,NG) message indicates an unsolvable 
goal G; T indicates why the goal was unsolvable 

(undefined, div-by-zero, ... ) 

(1) [exception(T,G',NG) I S1] 

(3) NG = false 

... , call{P,1,G,S,C), ... 

(2) G '-> NG 

(2) The unsolvable goal is replaced with a continuation variable 
NG 

(3) The monitoring program can instantiate NG to a new goal 
(in the example, false) 

Applications: 

• implement alternative exception handlers (including 
inheritance, query-the-user, ... ) 

• enhance expressive power of language by implementing 
system calls 
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A Simple Exception Handler 

• Reports termination 

• Aborts program if any run-time errors reported 

• Closed world: fails all goals unsolvable in program 

..... 

-.,, ~ / 
-➔ .,,.. 

... , call(Db, 1,G,S,C), monitor(S,C,Output), ... f""...._ __ .,,, ---

mode initiate(Db?,G?,Outputi). 

initiate(Db,G,0) ~ call(Db,1,G,S,C), monitor(S,C,0). 

mode monitor(Status? ,Control i,Output i). 

monitor(f ailed(_) ,C ,[Jailed]). 

monitor( succeeded,C ,[succeeded]). 

monitor( [ exception(T)/ _],stop,[ exception(T)J ). 

monitor([exception(T,G,NG) / SJ,C,[exception(T,G) /OJ)~ 
NG = false, monitor(S, C, 0 ) . 



Concurrency Control in PPS 

• PPS is a multiprogramming system: several queries can 
execute concurrently 

• PPS supports metarelations that permit a program to: 

- access terms representing system state (definition, ... ) 
- generate new states (new definition, ... ) 
- specify a new state, to apply on success 

State is the set of all databases defined in PPS 

• A PPS program may thus access a database in three ways: 

- to execute its code 
- to read its source 
- to assert new versions of predicates 

• Control mechanisms are required to: 

- avoid contention due to concurrent access/update 
- maintain declarative semantics: a PPS program is a 

relation over states 

• Implementation of these mechanisms illustrates use of 
P ARLOG for systems programming 
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Metarelations 

current(State I) 
definition(State?,Db?,Relation? ,Definition i) 
new _definition(State?,Db?,Definition? ,NewState I) 
next( State?) 
etc ... 

1. Program transformation 

Apply a transformation to all predicates in Db. 

transform_db(Db) ~ 
current(S ), 
dict(S,Db,Dict), 
transform_db(S,Db,Dict,S'), 
next(S'). 

mode transform_db(State?,Db? ,Diet? ,NewState I). 
transform db(S,Db,[R/Dict] ,S") ~ 

definition(S ,Db,R ,Defn), 
transform(Defn,Defn'), 
new definition(S,Db,Defn',S'), 
transform db(S',Db,Dict,S"). 

transform db(S,Db,[ ],S). 

2. Alternative Worlds 
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Simulate execution of Qin Db and in {Db + Fact} 

try(Db,Q,Fact) +­
cu"ent(S ), 
add Jact(S ,Db,F act,S'), 
demo(S,Q), 
demo(S',Q). ,, 



Concurrency Control: Implementation 
. 

• For each query, PPS must: 

- maintain alternative states 

- commit modifications on successful termination of 
query 

- abort committment if conflicting accesses 

• Queries and databases are represented as goals in a parallel 
conjunction: that is, as processes. 

• Queries communicate with databases by query ( q) and 
metaquery (mq) messages: 

message(To,q(Q,Done),Result) 
message(To,mq(Q,Done),Result) 

• Incomplete messages are used to return results of requests 

Result = true, Result = error( Q) 

• A Done variable associated with a query is included in 
all messages. This is bound when query terminates. This 
is an example of a synchronization variable. 

• Updates (new states) are cached in the query process and 
applied to databases on success using a two-stage commit 
procedure 
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Concurrency Control: Implementation 

Assume three databases, dbl, db2, db3. 
Two concurrent queries, dbl: ql and db3: q2 

q(ql) 
-➔ 

dbl - - -- --
dbl:ql ql 

... .. .. 
' ew defn 

.. 
' . 

' defn ' ' ' 
.. ... 

' ... 

' 
.... ... 

' 
... .. 

virtual ' .... 
' ', 
' ' ' .... 

copy ' .... 
' 

.. .. 
' ... 
' 

.... .. 
' ... 
' 

... ... 
' mq(defn) ', ' ' ' db2 ' ' ' ' ' mq(aefn) 

' ' ' virtual ' ' ' ' ' ' ' ' ' ' 
db3:q2 ' ' 

- -q(q2)_ - - --➔ db3 

• Virtual copies record modifications to databases 

• PPS applies updates if query succeeds 

• Updates are not applied if concurrent queries active in any 
database modified by query 
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PPS Structure 
~----------::aa 

init(Qs) ~ queries(Qs,DbRs), databases(DbRs). 

dbl: ql 
db2:q2 
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... 

mode queries( Queries?, DbRequests i). 
queries([ (Db: Q) / Queries], DbRs) ~ 

query(Db, Q, QRs), 
merge(QRs, Rs, DbRs), 
queries(Queries, Rs). 

• queries process waits for query messages 

• Spawns a query process to control query evaluation 

• Merges query's database request stream into general stream 



• 
The Query Process 

• Generates a query request message to the specified database 

• Starts computation using the metacall 

• Spawns a monitor process to control evaluation 
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mode query(Db?,Query?,DbRequests1). 

query(Db,Q,[message(Db,q(Q,Done),R) / Rs]) ~ 

monitor(Done,[ J,Db,Rs,S), 

call(Db,l ,R,S,C). 

query - message(Db,q(Q,Done)),R) -> 

/ 

monitor(Done,[ ], Db,Rs,S) 

call 



The Monitor Process 

• The monitor process controls a query evaluation 

• It responds to query status messages by accessing States and, 
if necessary, generating messages to databases 

mode monitor(Done? ,States?,Db? ,Requests i,Status? ). 

Failure: 

monitor(D,States,Db,[ ],failed(_)f-- D = failed. 

Success: 

monitor(D,States,Db,Requests, succeeded) ~ 
commit( States,Requests) 8' l>==~e.. 

Metarelations: ( definition and new_ definition) 

monitor(D,States,Db, Rs,[ exception(meta, G,R) I SJ) f-­

meta relation(D,States,Rs,G,R,States',Rs'), 
monitor(D,States',Db,Rs; S). 

Calls to relations in other databases: 

monitor(D,States,Db,[message(ODb,q(G,D ),R) I Rs], 

[ exception(undef,ODb#G,NS) I SJ) ~ 
NG = call(ODb, R ), 
monitor(D ,States,Db,Rs,S ). 
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.. On Success, Two-Stage Commit 

( 1) Generate a commit message to each database to be updated 

commit(Updates,Oki,Go), Oki and Go variables 

(2) If all Oki = ok, instantiate Go to go 
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If any Oki= abort, instantiate Go to abort 

mode commit(States?, Requests i). 

commit(States,Requests) f-a-

updates _required(States,Updates) , 
request_commit(Updates,Requests,Go,Oks), 
confirm_ commit( Oks ,Go). 

mode request_commit(Updates?, Rsi,Go i, Oksi). 
request commit([db(Db,Us) / Updates], 

- [ message(Db,commit(Us,0k.~),K) /Rs], Go, 
[Ok/Oks]) f-

request_commit(Updates,Rs,Go,Oks). 
request_commit([ ], [],Go, [ ]). 

rnok c.o~-f,rm _c:o~WI•+ (?,,.1).· 
confirm_commit(tok / Oks],Go) f-

confirm_commit(Oks,Go). 
confirm_commit([abort / Oks], abort). 
confirm_commit([ ], go). 



Database Processes 

• Each PPS database is represented by a database process 

• Each has a stream connection to a disk process, which it can 
request to retrieve and store source and object code 

• A database accepts queries, metaqueries and commits. 

• Queries and metaqueries are processed at any time, and 
their Done variable recorded 

• Commits are only processed if there are no concurrent 
accesses to database (all Done variables are bound). 
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mode database(Rs?,Db?,Source? ,DoneVars?). 

database([ message(Db,q(Q,D),R.) / Rs],Db,S,DVs) ~ 

R = Q, database(Rs,Db,S,[D I DsJ ). 

database([ message(Db,mq(Q,D),R.) / Rs],Db,S,DVs) ~ 

handle_mq(Q,S, R), 

database(Rs,Db,S ,[D / DVs]). 

database([ message(Db,commit(Us,Ok,Go)/l.) I Rs] 
Db,S,DVs) ~ 

try commit(Us,Ok,Go,DVs,DVs',S,S') & 

database(Rs,Db,S',DVsj. 



Commit ment: Databases 

• A commit(Us,Ok,Go) message indicates a query wishes to 
commit 

• If no concurrent executes or reads to database, signal that 
commit may proceed (Ok= ok) 

• If query signals that commit should proceed (Go= go) 
apply updates Us 

58 

mode try_commits(Us?,Oki,Go?,DVs? ,DVs'?,S?,S'i). 

try commits(Us,ok,Go,DVs,[ J,S,S') ~ 
check(DVs), 
valid_updates(Us) : 
try_commits2(Us,Go,S,S'); % Note sequential OR 

try commits(Us,abort,Go,DVs, DVs,S,S). 

mode try _commits2(Updates? ,Go? ,Source?,Source'i). 

try commits2(Us,go,S,S') ~ apply updates(Us,S,S'). - -
try_commits2(Us,abort,S,S). 

check([D / DVs]) ~ not(var(D)): check(DVs). 
check([]). 



PPS: Summary 

• The PPS is a sophisticated programming environment / 
operating system for P ARLOG, written in P ARLOG 

• Individual relations in its implementation can be read as 
specifications of programming environment components 

• Components execute concurently 

• Directional unification ( dataflow) is used to constrain 
reduction to obtain desired operational behaviour 

• Back communication and synchronization variables provide a 
succinct representation of a parallel algorithm: distributed 
database update 

• The control metacall is used to initiate, monitor and control 
user computation 

• Exception messages provide for communication between user 
tasks and operating system 
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P ARLOG Implementation 

Two approachs: Shallow or-parallel (non-flat) and flat. 

• Non-flat: user defined predicates in guards => AND-OR tree. 

• F /at: only simple tests in guards => process pool. 

Non-flat implementation work: restricted to P ARLOG. 

Flat implementation work: Flat PARLOG; FCP; FGHC. 

(Flat PARLOG + metacall = Full PARLOG) 

• Non-flat PARLOG: AND-OR tree computational model 

Sequential PARLOG Machine (SPM) 
PARLOG on Prolog 
**Shared Memory Multiprocessors 

Sequential 
Sequential 
Parallel 

• Flat P ARLOG: Process pool computational model 

ALICE packet rewrite machine 
**Flat P ARLOG Machine (FPM) 

• PARLOG control metacall 

Sequental P ARLOG Machine 
**Flat P ARLOG Machine 

(** = described here) 

60 

Parallel 
Sequential/ 

(Distributed) 



Shallow Or-Parallelism in PARLOG 

Deep guards mean that program execution may create an 
AND-OR tree. 

PARLOG's guard safety mean that multiple environments are 
not required during OR-parallel evaluation 

f ~ gl: bl. 

f~ g2:b2. 

a 

gl ~ a, b. 

f 

g2 

C 

AND/OR Tree 

Nodes may be regarded as processes 

Non-leaf nodes await evaluation of offspring 

g2 ~ c. 

Leaf nodes correspond to reducable or suspended processes 
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• Crammond's Process Model 

Two types of process: 

Goal processes - (AND processes) 
responsible for creating child clause processes 

Clause processes - (OR processes) 
responsible for executing a single clause 

Process States: 

Runnable, executing 
Runnable, queued 

Suspended on variable 
Suspended on child 

Execution: 

• A goal process creates a clause process for each clause 

• Each clause process spawns goal processes to solve guard 
goals 

• First clause process to succeed with guard commits and 
spawns goal processes to solve body goals 

• Processes communicate by signals 

Process Signals: DONE + QUIT 
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Goal process succeeds ----> DONE 
Goal process fails -----> QUIT 

Clause process succeeds ----> QUIT 
Clause process fails -----> DONE 



Implementation: Sequent 
Multiprocessor 

• Sequent: shared memory multiprocessor with hardware locks 

• One Unix process / processor; executes P ARLOG processes -

• Each processor has its own data areas 

• Locks used when writing shared data areas 

• Procedures are encoded using Warren-like code 

• Processes are represented as data structures 

heap 

stack 

active 
queue --- I 

I 
/ 

; 1 
I ._ _ __, □ 

• Processors 'steal' processes from neighbours when necessary 

• Optimisations for flat programs: 

do not generate clause processes if a test on a single 
argument can reduce choice to a single clause 

• Significant speedups achieved: 4.6 times on 5 processors 
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Flat P ARLOG Computational Model 

• Computation = process pool 
p ~ a,b,c,d. 

d ~ gl : bl,u,v. 

~ d~g2:b2. 
--..__/ ------,_ 

' 

d 

C 
I 

• Repeatedly select and attempt to reduce processes using 
clauses defining procedure 

• Three phase reduction cycle: 

test then bind then spawn. 

Input mode arguments + guard calls define tests 

Output mode arguments+'=' calls define binds 

test bind spawn 

gl > bl > U, V 
?d I 

I 
g2~l 

I 
t 

• A process try may succeed, fail or suspend. 
I 



Compilation of Flat Parlog 

Flat Parlo~: 

mode lookup(Key?, Data", Diet?, NewDict"). 

lookup(K, D, [{K,D} I Ds], [(K,DJ / Ds J) . 

Standard Form: 

lookup(K,D, A3,A4) ~ 

[{Kl,Dl} I Ds] <= AJ, K ==Kl: D = Dl,A4 = [{Kl,Dl} / Ds]. 

<test> 

Compiled Form: 
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var 

W := {ll,V} 

U:=Kl 

V:=Dl 

[PI Ds] <= AJ 

{Kl, Dl} <= P 

K==Kl 

D=Dl 

A4= [W/XJ? 

<bind> 

W= {ll,V}? 

var / ~pld2 

U :=Kl U=Kl 

V:=Dl V=Dl -----,. ~-
X=Ds 

l 

(<Spawn>) 



Compilation of Flat Parlog contd 

• Compile unification to basic operations: 

T <= V Input matching test _integer, test _list 

V := T Assignment put_integer 

V=T Binding bind_integer, bind_list 

V=V General unification unify 

V == V Equality equals 

• All instructions single mode (alternative: moded instructions) 

• Input matching and output unification compiled 
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Loqkup/4: 
load(4) 
try_ me_ else(Lookup4) 

test _list(2,4) 
test tuple(4,2,6) 
equal(6,0) 

unify(l,7) 
bind_ list(3) 
get(8) 
put_ value(5) 
put_ tuple(2,8) 
put value(O) 
put_ value(7) 
halt 

Lookup 1: 
get(2,8, 11) 
bind_ tuple(8,2,Lookup3) 
put value(O) 
put_ value(7) 

Lookup2: 
unify( 11,5) 
halt 

Lookup3: 
get(2,9,10) 
unify(9,0) 
unify(l 0, 7) 
goto(Lookup2) 

Lookup4: 

[PI D] <= A3 
{Kl,D1} <= P 
K==Kl 

Note absence of a commit operator 

<test> 

<bind> 



• 
Flat Parlog Machine 

Process pool computational model+ 

• scheduling structure: 
to avoid selecting suspended processes 

• tail recursion: 
to avoid repeated selection of processes 

head tail 

R 
s 

s 
) 

I 
I 

I 

I 

R 

S~R~R 

s 

s 

s I 
_/ 
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P ARLOG Control Metacall 

call(Module,Priority,Goal,Status,Control) 

• Initiate a computation 
• Signal termination of a computation 
• Allow control of a computation 
• Provide fair and prioritized scheduling of a computation 

Implementation via extensions to Flat PARLOG Machine 

(a) New computational model 

Flat P ARLOG + metacall = computation tree 

A process pool may contain subpools 

0 

0 

0 
0 / 

0 

• A subpool is a computation or task 

0 ' 

o) 
0 

• Reduction repeatedly selects { computation,process} pair 
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Extensions to Flat PARLOG Machine, contd: 

(b) Allow for termination of a computation 

• process failure = success of computation + failed status 
message 

• no processes in a computation = success of computation 
...___ 

• no reducable processes in a computation = computation 
deadlock 

( c) Fair and prioritized computation scheduling 
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• fairness= bounded depth-first round-robin scheduling 

• priorities = directed selection of { computation, process} . 
parr 

Benchmarks on uniprocessors (SUN-3) show only 2-3 % 
performance degradation when FPM is extended to support 

control metacall. 



Parallel Execution of Flat P ARLOG 

(Based on Taylor's FCP Implementation) 

Assume: 

• many processors connected by regular interconnection 
topology (mesh, hypercube) 

• no global memory; each processor has local memory 

• processors may communicate by message passing 

• Flat P ARL0G computation (process pool) distributed 
over many processors 

• each processor executes Flat P ARL0G Machine 

I I I I 
-0 0 0 0-

I I I I 
I I I I 
I I I I 

-0 0 0 0-
I I I I 

Three issues: 

• distributed unification ( discussed here) 

• distributed computation control (metacall) 

• load balancing, code mapping 
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Distributed Unification 

PARLOG: 
mode f(?, "). 
f(l,2) <- g. 

Standard form: 
f(XO,Xl) ~ XO <= 1 : X2 = 2, g. 

Reduction Cycle: 

test: XO ~ 1? 

bind: XJ = 2 

spawn: g 

(read) 

(write) 

} may encounter 
} remote references 
} 

Remote reference= processor number+ address. 

Pl: -----, P2: ....-----r 

rref(X) X 

Unification+ remote refs = extended unification algorithm: 

• test phase: generate read messages and suspend process if 
remote references encountered ( e.g. XO is remote) 

• bind phase: generate unify message if remote reference 
encountered (e.g. Xl is remote) 

Messages dereference remote references until values or 
variables found 
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Distributed Unification: Reading 

1. X <• 1 : value is available. 

read(P1 ,x;x? 

P1 ~···········~······:························:.~.[QJ 
value(X,1) 

2. X <• 1 : value is not available 
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read(P1 ,X,X") 

(a) P1 10··-l·····································~······:.~.1·· ® I 

(b} 

(c} 

P1 I 0 I·············································:.~. 0 
P1 

X 

P1~ 

~ ◄ 
value(X3) 

P2~ 
~ X•3 

• 



Distributed Unification: Writing 

(a) Both local 
P1 0 

0 

(b) One local, P1 ~x 
One remote \:.:.) 

0 

(c) Both remote 

unify(C,P1,P1 ,X,Y) 

------ P2 

sua:ess, 
failure 

◄ exception 

P2 

0 

____ 7 ,K 

P1 0 

0 

0 
unify(C,P1, P2,X, Y) 

! "success, 
failure. Pa 
exception' 

0 
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value(X) = Y 

value(X) = Y 



Recent Developments 

1. Move to Flat Languages 

Recall: A flat parallel logic language only permits calls to 
system primitive predicates in clause guards. 

Why flat? 

(a) Necessity 

CP 

GHC 

-> FCP 

-> FGHC 

) appears 
) essential for 
) implementation 

(b) Convenience 

PARLOG -> Flat PARLOG simplicity+ efficiency 

(Recall: Flat PARLOG + metacall = PARLOG) 

Justification: two suppositions: 

"Most programs are flat" 

"Flat languages can be implemented more efficiently" 

Both of which are true ... some of the time 
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• certain applications ( e.g. AI) make extensive use of 
PARLOG's shallow OR-parallelism 

• clever PARLOG implementations (e.g. Crammond's) 
can approach flat language efficiency 



Recent Developments 

2. Restoring Completeness 

PARLOG and GHC are correct but incomplete logic languages 

In certain applications, this lack of completeness is a 
disadvantage 

2.1. P-Prolog 

• incorporates exclusive relations 

• synchronization mechanism: an exclusive relation cannot 
reduce until at most one clause is applicable 

Example: 

append([X I Xs], Ys, [X I Zs]) ~ append(Xs,Ys,Zs). 
append([], Ys, Ys). 

This cannot reduce until its first OR second and third 
arguments are instantiated. 

• Permits multi-moded relations 

• Alternative syntax permits non-exclusive relations 

• Not clear that P-Prolog can be efficiently implemented 
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Recent Developments 

2.2 P ARLOG & Prolog United 

• P ARLOG has two set constructor interfaces to pure Hom 
clauses: 

set(Solutions i, Term?, Conjunction?) 
incrementally binds Solutions to a list of solutions 

su~t( Solutions? ,Term? ,Conjunction?) 
generates solutions as Solutions is bound to a list of 
variables 

• Recently, Clark and Gregory propose linking PARLOG and 
Prolog more tightly 

• General two-way communication between Prolog and 
P ARLOG computations 

• Applications and implementation not yet clear 

2.3 Compiling Prolog to Parallel Logic Languages 

• Ueda, Tamaki describe techniques for compiling Hom 
clause programs to GHC 

• Can handle exhaustive search programs and generate and 
test 

• Restrictive: modes must be specified at compile-time 
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------ ------ ----

" 

Who's Using Parallel Logic Languages? 
(Partial list) 

Reseath groups: 

P ARLOG Group, Imperial College, London. 
ICOT Research Centre, Tokyo. 
Weizmann Institute, Israel 
Vulcan Group, Xerox PARC 

Industry in Uk, Sweden, Japan, ... 

Implementations 

Distribution 

PARLOG Group: 
Weizmann: 
ICOT: 

PARLOG on Unix and Prolog 
FCPon Unix 
FGHC on Prolog 

Experimental 

PARLOG Group: Sequent, ALICE, Flat Parlog Machine 
Weizmann: Hypercube 
ICOT: multi-PSI 
others in UK, Sweden, Ja pan, ... 
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Directions for Future Development 

• Fast parallel implementations 

On custom hardware: 
ICOT: multi-PSI lOOK RPS/PSl-11 x 100 = ... 

Conventional machines 
native code compilation of FCP: 75K RPS on SUN-3s 

- • Formal semantics 

facilitating: 
program transformation 
program analysis and debugging 

• Declarative programming environments 

• Language extensions and new languages 

restoring completeness 
constraints 
typing 

• New applications 

distributed systems 
Al 

• Commercial exploitation 
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as a specification and implementation language for 
distributed systems 

for parallel symbolic processing 

• 



Conclusions 

• Parallel logic languages = 

concurrent evaluation 
Hom clause logic + dataflow synchronization 

committed-choice non-determinism 

• Declarative content makes parallel logic programs: 

easy to understand 
easy to transform and analyze 

• Parallel evaluation permits parallel symbolic processing 

• Operational characteristics make parallel logic languages a 
powerful programming formalism 

• Efficient parallel implementations are being developed 

• Broad range of applications 

• Parallel logic languages are a viable language for expressing 
and implementing parallel algorithms 
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