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Logic Programming

ÅDefinite programs
ïcollection of first-order Horn clauses

reachable(X) :- edge(Y,X), reachable(Y).

ïsemantics based on least Herbrand model

ÅNormal programs
ïenter negation as failure

color(X,red) :- node(X), not color(X,blue).

ïseveral alternative semantics
Åwell-founded semantics [XSB, tabling]

Åanswer set semantics [Answer Set Programming]
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Logic Programming: Systems

ÅDefinite Programs (Prolog, CLP)

ïSLD-resolution

ïWAM-based

ÅAnswer Set Programs

ïbottom-up execution models (answer = set)

Åvariations of DPLL

Åmapping to SAT
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Logic Programming: WAM
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Logic Programming: Smodels
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LP and Parallelism

ÅLP considered suited for parallel execution 
since its inception

ïKowalski ñLogic for Problem Solvingò (1979)

ïPollardôs Ph.D. Thesis (1981)

ÅInterest spawned by

ïLP Ý Declarative Language Ý
Limited or No Control Ý Limited Dependences Ý
Easy Parallelism

ïEverlasting myth of ñLP = slow executionò
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LP and Parallelism

ÅSeveral good surveys
J. Chassin de Kergommeaux, P. Codognet.(1994) ñParallel logic 

programming systems,ò ACM Computing Surveys, 26(3).

V. Santos Costa. (2000) ñParallelism and Implementation Technology for 

Logic Programming Languages,ò Encyclopedia of Computer Science and 

Technology, Vol. 42.

G. Gupta, E. Pontelli, M. Hermenegildo, M. Carlsson, K. Ali. (2001) ñParallel 

Execution of Logic Programs,ò ACM TOPLAS, 23(4).
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The Past

ÅApproaches

ïExplicit Schemes

Åmessage passing primitives (e.g., Delta-Prolog)

Åblackboard primitives (e.g., Jinni, CIAO Prolog)

Ådataflow/guarded languages (e.g., KLIC)

ïImplicit Schemes

ïHybrid Schemes
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Models of Parallelism

while(Query not empty) do

selectliteralB from Query

repeat

selectclause(H :- Body) from Program

until ( unify(H,B)  or no clauses left)

if (no clauses left) thenFAIL

else 

s= MostGeneralUnifier(H,B)

Query = ((Query \ {B}) ÇBody)s

endif

endwhile

New Mexico State University
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Unification Parallelism

ÅParallelize term-reduction stage of unification

ÅNot a major focus

ïfine grained

ïdependences ïcommon variables

ïSIMD algorithms (e.g., Barklund & Millroth)

New Mexico State University
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Or-Parallelism

ÅParallelize ñdonôt knownònon-determinism in 
selecting matching clauses

ïprocesses exploring distinct solutions to the goal

ïcomputations are (for the most parté) 
independent

ÅEnvironment representation problem

ïconditional variables

ïat minimum: each thread keeps copies of 
unbound ancestor conditional variables

New Mexico State University

?- p(A)

A: 

?- q(A) ?- r(A)

?- A=a ?- A=b

environment

choice point
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b

p(X) :- q(X)

p(X) :- r(X)

q(Y) :- Y=a

q(Y) :- Y=b
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Or-Parallelism: Classification Schemes

ÅFormalized in terms of three basic operations
ïbinding management scheme

ïtask switching scheme

ïtask creation scheme

ÅBinding Scheme
ïShared-tree methods

ÅBinding arrays

ÅVersion vectors

ïNon shared-tree methods
ÅStack copying

ÅTask Switching Scheme
ïcopying schemes

ïrecomputation schemes

New Mexico State University
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Or-Parallelism: two popular schemes

ÅBinding Arrays

New Mexico State University

X: #0

Y: #1

Z: #2

Y=a Y=b

Proc. 0

#0

#1

#2

Proc. 1

#0

#1

#2
a b



Knowledge representation, Logic, and Advanced 

Programming Laboratory

Or-Parallelism: two popular schemes

ÅStack Copying

New Mexico State University

Local Space Proc. 0 Local Space Proc. 1

CP CP EnvEnv HeapHeap TrailTrail

Shared

Space

Åneed for binding installation 

Åincrementality
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And-Parallelism

ÅConcurrent execution of different literals in a 

resolvent
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integr(X + Y, Z) :- integr(X,A), integr(Y,B),  Z = A + B.

parallel literals continuation

?- integr(X+Y,Z)

?- integr(X,A), integr(Y,B)

integr(X,A) integr(Y,B)

Z = A + B
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And-Parallelism

ÅTwo traditional forms

ïIndependent and-parallelism

Åruntime access to independent sets of variables

New Mexico State University

quick(In,Out) :- partition(In,First,Low,High),

( indep(Low,High) => quick(Low,SLow) & quick(High,SHigh)

;      quick(Low,SLow) , quick(High,SHigh)

), 

append(SLow,[First|SHigh],Out).

test

parallel case

sequential case
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And-Parallelism
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And-Parallelism

New Mexico State University

p, (p1 & p2 & p3), p4...

Processor 1 Processor 3Processor 2

Chpt Stack

Goal Stack

p2
p

p1 & p2 & p3
Chpt Stack

p

parcall

frame

p1

Chpt Stack

p3output

frame



Knowledge representation, Logic, and Advanced 

Programming Laboratory

And-Parallelism

ÅBacktracking

New Mexico State University

p1(..), (<cond> Ý p2(..) & p3(..) & p4(..)), p5(..)

p(X) & q(Y)

p(X) q(Y)

Processor 1

Chpt Stack
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Chpt Stack
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end

marker

end

markerp(X)
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And-Parallelism

ÅOutside backtracking

ÅStandard right-to-left

ïacross processors

ïskip deterministic goals

ïrestart in parallel

New Mexico State University

p1(..), (<cond> Ý p2(..) & p3(..) & p4(..)), p5(..)
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And-Parallelism

ÅInside backtracking

New Mexico State University

p1(..), (<cond> Ý p2(..) & p3(..) & p4(..)), p5(..)

killkill
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And-Parallelism

ÅDependent and-parallelism
p(X) & q(X)

ïGoals
Åconsistent bindings

Åreproduce Prolog observable behavior

ïCommon approach
Ådynamic classification of subgoals as producers/consumers

Åseveral complex schemes (e.g., filtered binding model, 
DDAS)

ïComplex backtracking

New Mexico State University
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The Present (or recent past...)

ÅOr-Parallelism: Stack Splitting

ïor-parallelism on clusters
Åstack-copying is promising, but complexity of sharing choice 

points
ïcommunication during backtracking, or

ïrevert to top-most scheduling

ïstack splitting
Åsubdivide alternatives and/or choice-points between processors

Åhorizontal splitting

Åvertical splitting
ïpartition: CP* ­ CP* ³CP* e.g.,

» alternate(a1b1a2b2a3b3...) = (a1a2a3...),(b1b2b3...)

» block(a1a2a3...an) = (a1...an/2-1),(an/2...an)

New Mexico State University

proc. 1

a1

a2 a3

a4

b1

b2
b3 b4

c1

c2 c3 c4

proc. 1

a1

a2

b1

b2

c1

c2

proc. 2

a1

a3

a4

b1

b3 b4

c3
c4



Knowledge representation, Logic, and Advanced 

Programming Laboratory

Understanding the Problems...

ÅFormalizations

ïmodeling key aspects of parallel LP as problems 
on dynamic trees

ïinvestigation of computational properties

ÅSome interesting results

ïenvironment representation problem
Åoperations: create_tree, expand, remove, assign, 

dereference

ÅW(lg n) 
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Further Issues

ÅProlog as a ñrealò programming language
ïSide-effects, order-sensitive predicates

ïGoal: recreate the same observable behavior of sequential 
Prolog

ïSequentialize order-sensitive predicates

ïSequential is opposite of Parallelé

ïDynamic vs. Static management of order-sensitive predicates

New Mexico State University
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Order-sensitive Executions

Å Idea: a side-effect should be delayed until all ñprecedingò side-
effects have been completed

Å determining the exact time of execution: undecidable

Å safe approximation: delay until all ñimpureò branches on the left 
of the side-effects have been completed

side - effect

S
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Order-sensitive predicates

Å Standard Technique: maintain subroot nodes for each node

Å Subroot(X) = root of largest subtree containing X in which X is 
leftmost

× Aurora, Muse: O(n) algorithms for 

maintaining subroot nodes

× possible to perform O(1) on shared 

memory

× approximated on distributed memory:

block splitting, give away top part of branch

× Preemptive scheduling
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(Back to) The Future

ÅWhere are all the parallel LP systems???
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System Status

MUSE One reference in www.sics.se

Andorra-I CLICK HERE

Aurora CLICK HERE

PEPSys ECLiPSe 5.10
ñThe parallel annotation specifies that the system is allowed to 

execute the clauses of the annotated predicate in parallel ñ

Stack Splitting ALS-Prolog (PALS)

YAP Prolog

ACE Defunct

&-Prolog CIAO Prolog
Low-level concurrency (ô07)

DDAS ???

KLIC CLICK HERE

http://www.sics.se/
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(Back to) The Futureé NOT! 

ÅMulti-core 
ïback to shared memory platforms

ïsmall/medium/large scale

ïthe future is not the same as the pasté
ÅGPUs: large number of simple threads, limited interactions, 

complex memory model

ÅCPUs: tricky cache behavior

ÅOther upcoming platforms (e.g., cell processors)

ÅRequirements
ïbetter investigation of locality and cache behavior

ïhybrid architectures Āhybrid models
ÅACE, Andorra-I, FIRE, AOWAM, é

New Mexico State University
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Perspectives

ÅMapping forms of parallelism to hw levels
ïOriginally designed in ACE
ÅTeams of processors

ÅEach team as an or-parallel agent (stack copying)

ÅEach member of a team as an and-parallel agent (&ACE)

ïExperimented with in Jsmodels
1.Propagation Parallelism ïthreads within a multicore node 

2.Or-Parallelism ïprocesses allocated to distinct nodes of a 
cluster

ÅPathways 10

ïOther possibilities
ÅGPUs for unification parallelism

New Mexico State University
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(Back to) The Futureé NOT!

ÅMaking parallel LP boring
ïHigh level parallel primitives

ïImplement forms of parallelism in Prolog

ïOriginal idea
ÅCodish & Shapiro (1987)

Å&-Prolog CGE (1988)

Å&-ACE DAP (1995)

ÅAn Example: primitives for and-parallelism
ïG&>Handler (post goal in a goal queue)

ïHandler &<   (wait for goal associated to Handler)
ÅA&B :- A&>Handler,  call(B),   Handler &<.

ïOperations for accessing goal list

ïMutex on variables 

New Mexico State University
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(Back to) The Futureé NOT!

ÅParallelism in new logic-based paradigms

ïParallel Answer Set Programming

ÅJsmodels

ÅPlatypus

ïJsmodels

Åsequential model: alternation of well-founded 

semantics and atom splits
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function jsmodels(P)

S = (Å,Å)

loop

S = wfm(P,S)

if (S+ÆS-¸Å) then fail

if (S is complete) then return S

pick ¥and choose

S+ = S+Ç{¥}
S- = S-Ç{¥}

endloop
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(Back to) The Futureé NOT!

ÅParallel jsmodels
ïsearch parallelism
Åparallelize pick operation

Åenvironment representation: partial answer sets

Å3 sharing schemes ïdynamically alternated 
ïcopying

ïrecomputation with backtracking

ïrecomputation with resets

Åboth sender-initiated and receiver initiated scheduling

ïlookahead parallelism
Åfind unknown ¥s.t. either wfm(SÇ{¥}) or wfm(SÇ{×¥}) is 

inconsistent

Ålookahead steps are deterministic and can be performed in 
parallel

New Mexico State University

0

2

4

6

8

10

12

14

16

18

20

1 4 8 12 16

queen14

seating

pigeonhole

puzzle

car

vertexcover

lp5

lp17

lp19

lp22


