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Parallel Logic Languages

Horn clause logic:
H « B, B,,...B,.

Declarative interpretation:

H is true if all B; are true.

Procedural interpretation:

to prove H, prove all B,

Process interpretation:

H reduces to a network of concurrent processes B,.

Parallel logic languages =

AND-parallelism
Horn clause logic + communication
synchronization
committed-choice non-determinism

They are interesting because they are:
logic programming languages

parallel languages
expressive

/1.
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AND—-PARALLELISM

|

Retation call Frocess

Conjunction Process network

. e —

e.g  Cl, C2, process(s)
- Cl } pro<ess
e

Clause with one call boc{j =
Cha-‘tje of yrocess S'Eq{e

| mode process(Y). ]

€-9. proceSS(S“caJcQ < ymcess((\!w.stpcﬁc).




AND ~PARALLELISM

Clause with > | cq,‘U,S in bod’j =
Creation of new processes

e.g

| mode process(¥).
pma:SS(Staﬁe) <
process (Statel), pro cess(Stute2)

. . ‘.
Ve Y~ /

process /

'*-——-“"

U.ni t c(ause =

Process termination

e.g  process(State).




AND-PARALLELISM

mode on-List (3,2).
on_list(lHem, [1tem | List]).
on_(tst ( l[tem, [u|List]) < [tem \=WU:

on-list ( ltem, List).

e.g. on-list(1,05,2,1,3])




AND-PARALLELISM

mode off-tree (3,7).

of € tree(ltem, t(T1,T2)) <
off—tree(ltem,T1), ofF.‘tree(ltcm,T,Z) .

off_tree(ltem, L) <
intege;"(l.), [tem \=L : true.

e.g. offtree (1, t(+(5,2),£(,3))

—
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COMMUNICATION

Shared. variable = Communicition chamed{ or

merory {ocaticn

e'.g. process!(V), process2.(V)

‘orocess\ )'— V _—_—'\ PI‘ ccessZ. >
“ ,/ . /
~ .~ ~.

B)ndinj shared. variable = sznotmj ressage

N.B Stngle - assigument



COMMUNICATION

mod.e sum.-tree(?,1).
sum_tree(t(T1,T2),V) <
sum-tree(TI, V1), sum_tree(T2,V2),
plus(Vvi,vz, V).
sum_tree ( L,V) <= irr&eger (L> :
V=1L

e.s. sum_tree(t(£(5,2),t(1,3)),V)

\4




COMNMUNICATION

S‘tr*e am commumca‘(: on

Sequence of partial bindings to shared variable=
Stream of rMessages

vl BB shared. variable




COMMUNICATION

mode tlat_tree (? > f)
Flat_tree(t(Tl,T2), S) <
flat tree(T,S1), flat-tree(TZ,52),
| Qr,ozni(S ,32,5).

Flat_tree(L, [L]) = integer(L7 : True.

pmode qppend (2,7, 1).

append-(L1, Y, V).

e.g. Flat tree(t(£(5,2),t(1,3)), S)




I = 2 g

v s < st e b

SYNCHRONIZATION

Deto.j reduction (catl = cfause boij) untid{:

l. _ lr\pu.'t ar‘jumerfbs avql{ab{e, ami
2. Guard. succeeds

mod.e process(?) process|(?)
proceSS( paﬁu‘r\(s‘tate))
process| (State).

process| (State) < juaf&CStaﬁ—e) :
pr‘oCe$SZ(S‘thEe>.

Wait for S= f’ﬂ'&er‘n( State)
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SYNCHRONI ZATION

Before reductijon
No access to ou'tpu‘b arguments of c«,{(

Only nput (reacl—onlg) aacess to input aryumentsaf‘ call.

. One-way unification (Ma.fchinj)

UniFieation (@l - clause head ) cannct
bind ca{l wuriables:
§u$geu&s On a‘f:(ﬁmff to do so.

Call f‘('&l,“.,‘ék)
v ¥

Clause head  r(£17,...,€tk")

2. Sa’Fe 5uaris

Gruard cannot bind cald variab{es.

After reduction

Call ar"gumer\'ts are ur\iﬁcol w't'f:k kead.

arguw\enfS, In oatPu't posi‘(::on.s_

May bind. catl variables.



SYNCHROMIZATION

Kerne{ PARLOG - make rvzatcl«'mj eXf(ZCl‘L’

mode p(?,M T, M)
p(tl,£2,t3,t4) < guard : body.

con be written:

p(XI,X2, X3,X¢) < tl<=Xl, t3<X3, guard:
KZ =42, X¢& =+t&, body.

Mafcking grimits‘ve
tl <=+t2

Unify €1, €2 but suspend, on
attempt Lo bind vartables in €2.



SYNCHRONIZAT (ON

mode apyend(?,? , ™).

append (LU XD, ¥, [U[Z]) < append (X, 2).
aypemi([], Y, Y.

PARLOG

U

Kerned PARLOG

cnmoend('r, Y,S) < [ulx]<=T:
S=[{ulz], afpeni(x,y, 2).
append(‘(‘, Y, ) <= []<=T:
S=V.



COMMITTED CHolCE NON-DETERMINISM

Clauses m lomceclm = alternctive ways to
reduce process

Commiﬂ:ﬁ’» choice of “cand.i&o&?“ clause
(“candidate™: successful Tnfuf Mat&wnj and yqard)

abe_ oce Ss(?).
e.g. ;\:ooess{)(rya&tM(SD) < 3uar0U(Sl) : fmccssl(Sl).

process (pattern2(S2)) < guardZ(S2): process2(s2).
process ( Fq&ernBCSS» < guard3 (S3): process3(s3).

Wait for S= paﬁwl (SD and guqrd (s1)
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COMMITTED CHOICE NON-DETERMINISHM

Commitied cloice

Eeacl—or\‘:j access o ayjumevtfs olurinj seavch
— vsafe” 3uards.

Oodtpm'(: Onlj after "commitment".
~ commitfed Yo out put.

qu be many candidate clayses.
- time otefenolencg.

Paralle( search for cluuse.
— “commrtted" or-par‘q{‘(e'[ism.




COMMITTED CHoICE
NON-DETERMINISM

Committed. or-pargd{elism

Mod.e on-tree(7,%).
on-tree ( H:em) ‘E(TI,TZ» <= on_tree(ltem, T)):
true.

on.tree (lftm, t(T1,T2)) < on-tree (H:cm, T2):
true,

on-tree( Item, l€em).



THE LOGICAL VARIABLE

S%uence of far‘t‘(ot{ b)nolir}js Lo shared variable can
be made by different processes

Coopeyative oonstruction of data



THE LOGICAL VARIABLE

Back communication

Seguence of partiol bindings to shared variab(e,

some by this process, some by others.

eg p: V=[tun|vi] V= [tuz)|vz]
C: (“2'(3\ UZ=1t2

!
_! Vi, KK
i

V), c(v)

Back comw\un'\ea‘hon <+ Merj?— = Moni'l:ofs

-Bad( communica’elof\ -7 (d?%j (p(emand,—driven)
ewip.ottton



THE LOGICAL VARIABLE

mode pri-queue(?), pri_quene(?,3).
pri_queue (M) < pri_queue(M,[1).

lori..q/ueue([aio\(ltewx) ! M7, G~> <
insert(ltem, &, New_gq),
pri-queue (M, New.q),

pn\_q/ueute.( Cremove (1tem) | MT, [H]&] ) <=
(tem = H,
,ori-q/ueue(f”l ) &>.

(e e
‘/ Lai&(freds o,aLoL()oLw\), r\e:v\ove(X) j




THE LOGICAL VARIABLE

€.g- priority spooler

o c—

J




THE LO&ICAL VARIABLE

Eajer‘ “read. (tst":
mode e,aje,r.mead;(’l‘),

eager-read([]) < endoffile : true;
eager-re«&(fulx_'m <

read (W) &

eager.reao\(x>.

Laqu vread (rst":
mode {a2y-read (?),
(azy-read ([U|X]) < end-oF_Fife :
U= 8vt¢L.of..'Fi(e 3

lazy-read([ulX]) <

read (L{) & .
(azj.,recxd()().
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METALEVEL PROGRAMMING

Prob{em :

. N\
To allow a fimcess {”-""1541{’0?\?7NA"1‘. 'f:o
examine and cortrol cualuation of auother
4(\

(“ai‘\;‘c ct pragrary

go(,ufion f :

'Tr‘ans'ForM '(:(ae ob)&ct prf]mm '(?o Sljnq( its
status and respond to controd messages.

Selution Z :

Encapsulate object program tn speciol ra<tacafd
to achieye same <ffeck.



METALEVEL PROGRAMMING

The PARLOG: metaandd

codd( Goa{.?, Status T, Contm(?)

Geoad

Pt

< call
Status U Cortrol




EXAMPLE: SR LATCH

PARLOG: specification of NAND gate

x .
B
>/ |

mode nand (¢, M.

nand (11 x],011Y], [012]) < nand(X,Y, Z).
nand([o|x1,[V|[Y1, [1|2]) < nand(X,Y, 2).
nond (Culx7,00| Y1, L1 2]) < nand (X, 7V, 2).

SR (atch using VAND ga‘&es

mode sr-latch(?,?,4,4).

sr-(atch(S,R,R,0.) <
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EXAMPLE: PARSER

Grammar

Expr —> Term Resl_expr

Rest_expr —> Addop Expr .
Rest_expr —> empty

Term —F  Number
Term  —> (" Expr ')’

PARLOG

mode expr(2,1), rest_expr(7,1), terem (2,1).

expr(Tokens-h, Tokens_t) <
term(Tokens-h, Tokens), res‘t_expr('fokens, Tokens t).

resf..e)(pr( [0p | Tokens_h], Tokens.t) = addop(0p) :
expr (Tokens-h, T°'<€M$-t> ?

rest_expr(Tokens, Tokens).

term( [N | Tokens], Tokens) < number(N): true.
term ([ '('] Tokens_h], Tokens_t) <—
QPP(TokEAS—'f\, [')' l Toktn.S.‘E] ) .



EXAMPLE: PARSER

Process 1nterpretation

e
/ P\\

/,«—\

"(1+2)+3"
L] /—'( rest_expr ‘(:e.r‘M >( (1+2)+
N /

\/
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EXAMPLE: LABEL TREE

Problom:

Mark nodes of a (abelled binarﬂ tree Haat
aceur on parq({e( branches.

3 3
SN = N

/ / \ /
/ \‘ / \\ / \ / \
5 3 2 & pr(5) 3 2 par(4)

S\ /\

9 par(t) 9
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EXAMPLE: LABEL TREE

mode '(.a've(,free(_'[.fmee?, O_treel, Pur_this?, Inthish).

label tree(t(X,W,Y )) ‘(T(X!,UU)Y(), Par_this, [U|Inthis]) <
re((ace (b( , Ul Par‘—'f:ld($> ,
{abel tree(X, X, Par_X, In-X),

{abel_tree(Y, Y, Par_Y, In_¥),
appenoL(Par.‘Elxis, In_Y, Par_X),
append (Par_this, In-X, Par-¥),
appenol( In_X, n_¥, In_this) .

label £ree(empty, empty, Par_tlus, C1).

mode replace(Node?, New.node P, Par_nodes?).

rep(ace(Node, par(Node), Par_nodes) <—
orlist (Node, qu_nocles) : true ;

| replace (Node, Node, qu_nocles).



EXAMPLE: LABEL TREE

| Par_th.is

V Inthis
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EXAMPLE: COMMUNIZATION PROTCCOLS

mode dev(State?, n?, Out?).

olev(sO, In, fSynlOut]) < d.e\/(sl, In, Oc&t).
% Establish

dev(to, L_Sgn! n], CSyn.qcklOut]) < CLEV('H, In, Ou‘t).
4 /\dmow(edge
dev (£0, [syn|ln], [synnack [0ut]) < dev(£z, In,0ut).
% Decline

dev (sl , fSyn.ack[ nJ, Cack | Ou‘ﬁ]) < dev(sz,In, Out).
?6 Conflirm
dev(sl, [syn-nack|In], Out) < dev(s2,ln,Out).
76 Abandon

dev (€1, [ack|n,0ut) < dev(tZ,n,0ut).
. 96 ConA6ct
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EXAMPLE: COMMUNICATION FROTOCOLS

PARLOG S?ed‘t:icolfion ot simple_connection
establishment JYO":OCO{.

recelve SYN_ACK

/— \ Se"Wl SYN N/ /S\/ﬂe"d e S 2\
\0 7 \J\ -/

recelve SYN-NACK

Q—r;) receive SYN m recelve ACK x/._[;\\
Cndsm ACK\ I

receive SYN
send. SYN_ NACK

(- —J
—_— ST —
o ) (w B
2 )

dev(s0,TS,8T), dev(to,ST, TS)
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EXAMPLE: PARLOG FOR SPECIFICATION

CSP Sgeci'ﬁcat'tion of (?{(o‘gica{ ?) variable

vary = ( update?y = var, l
read !X —> vary )

Advan‘baje s ealewlus for reasoninj about beluavior.r

PARLOG specification
mode var(R,?).
var(X, [update(Y)[M]) = var(¥,M).
var (X, [read(RY| M]) = R=X, var(X, ™).
var (X, [7).

' NG I
\\....__//\

Advantqge: some preperties claar from
{ogical Nadinj



EXAMPLE: SYNCHRONIZED
COMMUN ICATION

mode Sjnc_seni(?,"\,?), Sjnc-ﬁcceive(?)?/f‘)»
succeed.ed ().

sync-send (Term, [(Term, Ak ) [ChT, Ch) <
- succeeded (Aek) .

succeeded (succeeded)).
. sjnc_r\eceive(k_{erm7 [(Term,/\ck) lea]) Cl«) -

R_term = Term &
Ack = succeeded.



Kit

EXAMPLE:  SYNCHRONIZED.
COMMUNICAT ION

t@)=t(z,b) eTt/Z I

Pr‘ocessl(E), ey )0(‘0%’582(5)

% Sjr\c.r*e}erve(x, E,El)

sdnc...Send.(B,E,El) |

sync. send (t(a,Y), EI,EL)

;

Sync-recgive (,t('i,b)ﬁ), EZ)




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



Concurrent Prolog Differences

Synchronization: read-only variable

39

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([UlX],Y,[UIZ]) :- append(X?,Y?,2).
append([1,Y,Y).

"mode" depends on annotations in call.
Difficulties implementing multiple environments

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

Flat: only calls to system primitives in guards



GHC Differences

Syntax

Assumed mode (2, ..., 7).

Output unification done explicitly.

e.g. PARLOG
mode append(?,?,A).
append([UIX],Y,[UIZ]) <- append(X,Y,Z).
append([],Y,Y).

GHC

append([UIX1,Y,Z1) :- Z1 = [UlZ],

append(X,Y,Z).
append([],Y,Z1) :-Z1 =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

(PARLOG: guard must be "safe").

N.B. Flat GHC = Flat PARLOG.
40



Applications of Parallel Logic
Languages

Why use parallel logic languages?

Parallel logic languages =

Horn clause logic + concurrent, committed-choice
proof procedure

Horn 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(In), user(In, Out), screen(Out), ...

-In-—-= -~Out ™~

o Side-effects in the external world

screen([ display(X) | In]) <« output(X) & screen(In).

» Time dependent treatment of events:

keyboard([Ch | Chars], Interrupts, Out) <«

handle char(Ch,Out,NewOut),
keyboard(Chars, Interrupts, NewOut).

keyboard(Chars, [Int [ Interrupts) Out) «

handle_interrupt(Int, Out, NewOut),
keyboard(Chars, Interrupts, NewOut).

Chars < _

~
-

- —-—=->0ut

Interrupts~ ~~

42



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 processing
qualitative reasoning

(c) Language Implementation:

concurrent implementations of other language formalisms

Vulcan ) Concurrent object-oriented languages
POLKA )
LOTOS Formal description language

for concurrent systems

43
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A Large Application:
PARLOG Programming System (PPS)

An operating system designed to support logic
programming on parallel machines

A prototype implemented on SUN workstations is a major
PARLOG application

Uses some UNIX facilities but implements computation
control, secondary storage management etc in PARLOG

Implementation exploits extended PARLOG metacall:
- an exception handling mechanism

- modularity

- computation priorities

Implementation demonstrates:

Use of PARLOG to implement a complex system

PARLOG programs as executable specifications

Use of PARLOG control metacall

PARLOG programming techniques:
back communication, synchronization variables



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 queriés 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 PARLOG Metacall

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

« Efficient implementation techniques developed

stop
suspend
continue

priority(_)

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

l

succeeded
failed()
stopped
exception(_)
exception(_,_,_)

Program: names a module

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)|S1]
A

(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:

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

» enhance expressive power of language by implementing
system calls

47



A Simple Exception Handler

« Reports termination
« Aborts program if any run-time errors reported

e Closed world: fails all goals unsolvable in program

-—— - ——>

s call(Db,1,G,S,C), monitor(S,C,0utput), ..

~ —
\”

mode initiate(Db?,G?,Output )

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

mode monitor(Status? ,Control T,Output )
monitor(failed( ),C,[failed]).
monitor(succeeded,C,[succeeded]).

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

monitor([exception(T,G,NG) | S],C,[exception(T,G) | O]) «
NG = false, monitor(S, C, O).
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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
PARLOG for systems programming
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Metarelations

current(State )
definition(State? ,Db? ,Relation? Definition 1)

new_definition(State?,Db? ,Definition? NewState T)
next(State?)
etc ...

. 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? Dict? NewStateT).

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).

. Alternative Worlds

Simulate execution of Q in Db and in {Db + Fact}

try(Db,Q,Fact) ¢«
current(S),
add_fact(S,Db,Fact,S’),
demo(S,0),
demo(S',Q).
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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 (g) 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



Concurrency Control: Implementation

Assume three databases, dbl, db2, db3.
Two concurrent queries, dbl: q1 and db3: q2

—--———
— —

\
N

virtual
copy \\

db3: q2 q2

——

—q(q2)— __

‘\ mq(defn) TS Q
mq(defn)

 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

52



PPS Structure

’-————‘

mzt(Qs) ¢« queries(Qs,DbRs), databases(DbRs).

dbl: ql
db2: g2 . (db2

mode queries(Queries?, DbRequestsT).
queries([ (Db : Q) [ Queries], DbRs) «—

query(Db, Q, ORs),
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

53



The Query Process

» Generates a query request message to the specified database
 Starts computation using the metacall

e Spawns a monitor process to control evaluation

mode query(Db?,Query? DbRequestsT).

query(Db,Q,[message(Db,q(Q,Done),R) | Rs]) «
monitor(Done,[ ],.Db,Rs,S),
call(Db,1,R,S,C).

query | — message(Db,q(Q,Done)),R) —> [databases

7
7

momtor(Done [1,D \Rs,(@

54



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 T,Status?).
Failure:

monitor(D,States,Db,[ ], failed()¢«— D = failed.
Success: “

monitor(D,States,Db,Requests, succeeded) <«
commit( States,Requests) & D=done.

Metarelations: (definition and new_definition)

monitor(D,States,Db, Rs,[ exception(meta, G,R) [ §]) ¢

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) | Rs],
[ exception(undef,ODb#G,NG) [ S]) «
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

If any Oki = abort, instantiate Go to abort

mode commit(States?, RequestsT).

commit(States,Requests) ¢

updates_required(States,Updates) ,
request_commit(Updates Requests,Go,0Oks),
confirm_commit(Oks,Go).

mode request_commit(Updates?, Rs T.GoT, Oks T).
request_commit([db(Db,Us) | Updates],

[ message(Db,commit(Us,0k,G)R) |Rs ], Go,

[Ok | Oks]) «

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

s G Goy

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

mode database(Rs?,Db?,Source? DoneVars?).

database([ message(Db,g(Q,D),R) | Rs],Db,S,DVs) «
R = Q, database(Rs,Db,S,[D | D]).

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,0k,Go),R) | Rs]
Db,S,DVs) «
try_commit(Us,0k,Go,DVs,DVs'S,S’) &

database(Rs,Db,S’,DVs).
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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

mode try_commits(Us?,0kT,Go?,DVs?,DVs’?,52,5'T).

try _commits(Us,0k,Go,DVs,[ ],5,5') «

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'T).

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([ ]).
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PPS: Summary

The PPS is a sophisticated programming environment /
operating system for PARLOG, written in PARLOG

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



PARLOG Implementation

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

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

o Flat: only simple tests in guards = process pool.

Non-flat implementation work: restricted to PARLOG.

Flat implementation work: Flat PARLOG; FCP; FGHC.
(Flat PARLOG + metacall = Full PARLOG)

e Non-flat PARLOG: AND-OR tree computational model
Sequential PARLOG Machine (SPM)  Sequential

PARLOG on Prolog Sequential
**Shared Memory Multiprocessors Parallel

* Flat PARLOG: Process pool computational model
ALICE packet rewrite machine Parallel
**Flat PARLOG Machine (FPM) Sequential/
(Distributed)

e PARLOG control metacall

Sequental PARLOG Machine
**Flat PARLOG Machine

(** = described here)
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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

fe gl bl gl « a,b. g2 « c.
fe g2:b2.
f
OR
gl g2
/ND\
a b C
AND/OR Tree

Nodes may be regarded as processes
Non-leaf nodes await evaluation of offspring

Leaf nodes correspond to reducable or suspended processes
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Two tybes 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 Suspended on variable
Runnable, queued 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

e Processes communicate by signals

Process Signals: DONE + QUIT

Goal process succeeds > DONE
Goal process fails > QUIT
Clause process succeeds > QUIT
Clause process fails — > DONE
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Implementation: Sequent
Multiprocessor

» Sequent: shared memory multiprocessor with hardware locks
e One Unix process / processor; executes PARLOG processes:
» Each processor has its own data areas

o Locks used when writing shared data areas

» Procedures are encoded using Warren-like code

» Processes are represented as data structures

heap
stack
, A {
active ) , /
queue } ,
/F *// P d T\ /\\
7

« Processors 'steal’ processes from neighbours when necessary

ﬁ\ii

e 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

634+
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-Flat PARLOG Computational Model

« Computation = process pool

p < ab,c,d.
d « gl :bl,u,v.
\/‘\‘ d <« g2:b2.
a \‘
|
d - :
b /
c

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

o 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
g2 —>i
|

'
* A process try may succeed, fail or suspend.
ac ‘ '



Compilation of Flat Parlog

Flat Parlog:
mode lookup(Key?, Data?, Dict?, NewDict?).

lookup(K, D, [{K,D} | Ds], [{K,D} | Ds ]) .

Standard Form:

lookup(K,D, A3,A4) «
[{K1,D1} | Ds] « A3, K ==K1:D =DI1,A4 = [{K1,D1} | Ds].

<test> <bind>

Compiled Form:

[P |Ds] < A3
{K1,D1} <P
K ==Kl
D =DI1
Ad=[W|X]?
var list
:=Ds wW={UyV}?
W= {U\V} var tuple/2
U:=Kl U:=Kl =Kl
V := DI V:=DI V=Dl

X=Ds

: |

(<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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Lookup/4:
load(4)
try me_else(Lookup4)

test_list(2,4) [P|D] < A3
test tuple(4,2,6) {K1,D1} &P
equal(6,0) K == K1
unify(1,7)

bind list(3)

get(8)

put_value(5)
put_tuple(2,8)
put_value(0)
put_value(7)
halt

Lookupl:
get(2,8,11)
bind tuple(8,2,Lookup3)
put_value(0)
put_value(7)

Lookup2:
unify(11,5)
halt

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

Lookup4:

Note absence of a commit operator

<test>

<bind>



Flat Parlog Machine
Process pool computational model +

 scheduling structure:
to avoid selecting suspended processes

e tail recursion:
to avoid repeated selection of processes

head tail
. ™\ \\ \/’__\
S
R
S
| / s
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PARLOG 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 PARLOG + metacall = computation tree

A process pool may contain subpools

« A subpool is a computation or task

« 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
» fairness = bounded depth-first round-robin scheduling
o priorities = directed selection of {computation, process}

pair

Benchmarks on uniprocessors (SUN-3) show only 2-3 %
performance degradation when FPM is extended to support
control metacall.
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Parallel Execution of Flat PARLOG

(Based on Taylor's FCP Implementation)
Assume:

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

* no global memory; each processor has local memory
e processors may communicate by message passing

« Flat PARLOG computation (process pool) distributed
OVEr many processors

» each processor executes Flat PARLOG Machine

I | I I
0 0 0 o
| | | |
| | | |
| I | |
0 0 O 0)
| | 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(?,7).
£(1,2) <- g.

Standard form:
fX0,X1) «X0&=1: X2=2,g8.

Reduction Cycle:
test: X0 & 17 (read) } may encounter
} remote references
bind: XI = 2 (write) }

spawn: g

Remote reference = processor number + address.

P1: P2:

X

 /

ref(X)

Unification + remote refs = extended unification algorithm:

o test phase: generate read messages and suspend process if
remote references encountered (e.g. X0 is remote)

» bind phase: generate unify message if remote reference
encountered (e.g. X/ 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 > P2
value(X,1)
2. X <=1 :value is not available
read(P1,X,X')

P1 » P2

@ @ ................................................... . @

P1 P2 @
(b) @ \
P1
X
P1 P2
®] - |
(c) value(X3)
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(a) Both local

(b) One local,
One remote

(c) Both remote

75

P1®

®

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

P1 —-» P2
@ 8UCCESS,
failure
< exception

P2

unify(C,P1.XY) ~~

W success,

failure P3

exception \

®

1O |
unify(C,Pl. P2.X,Y)

©

Distributed Unification: Writing

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 —> FCP ) appears
) essential for
GHC —> FGHC ) 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

 certain applications (e.g. AI) make extensive use of
PARLOG's shallow OR-parallelism

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

2. Restorihg Completeness

PARLOG and GHC are correct but incomplete logic languages

In certain applications, this lack of completeness is a
disadvantage

2.1. P-Prolog

77

incorporates exclusive relations

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

Example:

append([X | Xs],Ys, [X | Zs]) « append(Xs,YsZs).
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



Recent Developments

2.2 PARLOG & Prolog United

PARLOG has two set constructor interfaces to pure Horn
clauses:

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

subgt(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
PARLOG computations

Applications and implementation not yet clear

2.3 Compiling Prolog to Parallel Logic Languages

78

Ueda, Tamaki describe techniques for compiling Horn
clause programs to GHC

Can handle exhaustive search programs and generate and
test

Restrictive: modes must be specified at compile-time



Who's Using Parallel Logic Languages?
(Partial list)
Reseach groups:
PARLOG Group, Imperial College, London.
ICOT Research Centre, Tokyo.

Weizmann Institute, Israel
Vulcan Group, Xerox PARC

Industry in Uk, Sweden, Japan, ...

Implementations
Distribution
PARLOG Group: PARLOG on Unix and Prolog
Weizmann: FCP on Unix
ICOT: FGHC on Prolog
Experimental

PARLOG Group: Sequent, ALICE, Flat Parlog Machine
Weizmann: Hypercube

ICOT: multi-PSI

others in UK, Sweden, Japan, ...
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Directions for Future Development

Fast parallel implementations

On custom hardware:
ICOT: multi-PSI 100K RPS/PSI-II 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

as a specification and implementation language for
distributed systems

for parallel symbolic processing
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Conclusions

Parallel logic languages =
concurrent evaluation

Horn 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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