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Abstract. Thispapempresentareactive programmingandtriggeringframevork
for the coordinationof a large numberof distributed agentswith sharedknowl-
edge.At the heartof this framework is a highly structuredsharedstorein the
form of aconstraintogic program(CLP),whichis usedasaknowledgebaseand
beingreactedo by agentshroughthe useof “reactors”. The biggestchallenge
arisingfrom suchareactive programmingramenork usingCLP is to developa
trigger mechanisnthat allows ef cient “wakeup” of blocked reactors.This pa-
per addressethe architectureof this openframework, and discusses general

methodologyfor doing triggering of logic conditionsusing views and abstrac-
tions.

1 Intr oduction

In online applicationssuch as an automatedmarketplace,mary agentswith shared
knowledgeneedto interactandsynchronizevith eachotherby reactingto somecondi-
tions. The agentsblock when the condition they are waiting for is not satis ed and
unblock when the condition becomesrue sometime later. Becausethe numberof
agentsparticipatingin theseactvities is very large, andthe blocking conditionsmay
bevery comple, existingtechnologiesuchasblackboardarchitecture$10] andactive
databasefl5] areinadequate.

This paperintroducesa shared-storgrogrammingframework for interactingdis-
tributedagentsvhich combineghe power of Constraint_ogic Program(CLP) [8] and
thetriggering of complex conditions.

The framework allows agentsto reactto their environmentstaking into account
comple conditions,andallows for coordinationwith eachotherthrougha structured
sharedstore,the knowled@ base representety a CLP. The distributedagentsinter-
actwith the sharedCLP storevia embeddedgrogramfragmentscalledreactos pro-
grammedn a simple stylizedconcurrenfanguageThe key featuresof this language
includethe useof CLP goalsasguardsandthe useof committedchoice CLP goalsas
guardgive auniqueway of handlingreactvity in distributedprogramswhichleverages
CLP's power of declaratve semanticsgatabaseandcomplex views

Sincereactorsnayblock oncomple logical conditionsandtherearemary of them,
thekey technicalchallengas how to identify ef ciently asetof reactorsamongall the
blocked reactors that needto be checled for “wakeup” given a statechangeto the
CLP store,e.g.updateof a basepredicateWe call this procesdriggering. Thisis more



dif cult thandeterminingvhenaguardbecome®ntailedn ConcurrenConstrainfro-
gramming(CCP)[12] asthe CLP programitself canchangeandthetestis not simply
entailment.

Theideabehindefcient triggeringis to exploit a notion of locality. To explain a
simpleform of locality, considethepopularonlinechatclient, MSN messengeWhile
theremay be millions of usersloggedon at the sametime, every usertypically only
hasa small contactlist. Whena userlogs on (which canbe viewed asa statechange),
it is easyto exhaustvely searchthe vicinity of this user(in this case her contactlist)
to nd outwhich contactsareonline andnotify (trigger) thosepeople. However, there
aremorecomple forms of locality for which no suchef cient algorithmsarereadily
at hand.For example,a marketplacehasfrequentand diverse updates;an individual
trader however, is typically interestedn a smallfraction of these Givenan update t
is dif cult toidentify thefew interestedraders.

In this paper we dealwith morecomplex forms of locality. We employ a general
assumptiorthatany singlestatechange in the CLP is unlikely to affecta large portion
of the blodked reactor, thereforeit paysto designanindex structurefor the reactor
conditionssothattriggeringcanbedoneef ciently asasearchn theindex. To facilitate
the indexing of complex conditions,the trigger framework exploits the semanticsof
CLP viewsin abstiactingcomplex views to simpleones.lt is alsopossibleto develop
analysistoolswith CLP technologyto verify the correctnessf suchabstraction.

Sincethis frameawork is completelyopen in the sensehatany agentscaninteract
with the systemat ary time, and CLP goalsare usedin reactve conditions,we call
this framewvork OpenConstaint Programmingor OCR It is alsoanopensystemin the
sensethat the agentsare languageneutral.We argue that open,reactve, and concur
rentsystemawith powerful modelingcapabilitiesareusefulfor distributedcoordinated
applicationssuchasthosein E-commerce.

This paperaddressethe designof the architectureandthe reactorlanguageand
focusesin particularon a triggeringframewvork and methodologywhich are essential
for managindargenumberof reactorsThemaincontribution of this paperis two-fold:

— the useof CLP asa knowledgebaseandfor reactvity in an openprogramming
framawork; and

— a generaltriggering framework for re-enablinga small set of reactors,amonga
large numberof blockedones.

1.1 Relatedwork

The OCP framework is relatedto shared-memorgoncurrentanguagesuchas CCP
[12] and blackboardarchitectureg10]. In the CCP framework (including GHC [14]

and Oz [13]), processesommunicateby interactingwith a setof sharedvariablesin

a store on which they caneitherpost(“tell”) or test(“ask”) for the presencef some
constraintTheselanguageslsousecommittedchoicefor non-determinismtHowever,

theconstrainstoreis monotonian CCR whereasn OCR thestoreis aknowledgebase
andcanbe non-monotonicJustasin a databaser blackboardsthe storeneedso be
non-monotoni@sit is meantto be stateful.



BlackboardanguagesuchasLinda [7] and ActorSpacdl] usea setof tuplesor
actorsas mediumof communicatiorand synchronizationOCP can be thoughtof as
generalizingLinda's tuple space to use more powerful constructsand going from a
structuredsharedmemorystoreto richer storewhich usesCLP. By doing so,the prim-
itive operationson the storecan utilize complex reasoningto expresshow the agents
interactandsynchronizeOCPis alsorelatedto active databasefL5] becauséhe ECA
rulescanbe treatedasthe specialcaseof a basickind of OCPreactorsTriggeringis
requiredin bothactve databaseandOCP thoughthe active databaséasa muchsim-
plertrigger paradigmwhich is on simpleeventssuchasinsertion/deletiorio the base
tableslIn particular active databasedo notaddres®ur problemof minimizing thecost
of triggering.

Anotherclassof reactize languagesrethe synchronousanguagesuchasEsterel
[2], Lustre[3] and SIGNAL [6]. Theselanguagesare designedfor reactive systems
in which reactionis instantaneousThesesynchronousystemsarealsodeterministic
while CCPandOCParenon-deterministic.

In whatfollows,wewill discusghearchitectureof OCR whichincludesthereactor
programminglanguageand motivating examples,the triggering mechanisnwhich is
critical for the ef cient implementatiorof a runtime system,and nally a description
of aninitial prototypesystemwith someexperimentakesults.

2 Architecture

In thebasicOCPframework (Fig. 1), every softwareagentconsistof aprogramwritten
in a suitably corvenientlanguage Small programfragmentswhich we call reactoss,
writtenin anOCPreactolanguageareembeddedh theagentprogram.Thisis similar
to how one canembedSQL in a host program.When the agentwantsto executea
reactor this reactoris submittedto the OCP runtime system,in a similar fashionto a
remoteprocedurecall.

The purposeof the reactoris to performsomeactionsto the sharedCLP storeor
knowledgebaseln therestof thispaperwewill usethenotation torefertotheshared
CLP store(this suggestdt is stateful).The actionmay be guardecby someconditions
de nedin thereactoraswell asotherlogic de nedin . We expectthatsomepart of
the requirementdgor the conditionmay be expressedn the submittedreactorandthe
restof it could be reasoningexpressedn the knowledgebaseitself. We usea rather
generaform of the conditionwhich is any CLP goalexpressedn thelanguageof the
knowledgebase A typical actionmaybeto updateor deletesomedatain the storeand
the conditioncould be someconsisteng condition,e.g.ensureminimum balancen a
bankaccountTheactioncanonly be performedf theknowledgebase is consistent
with the guard.Whenthatis not the case the reactorblocksuntil somechangen
makesthe conditiontrue, we saythereactoris re-enabledandcanbe executedaslong
astheconditionis true.Onecanexpressconcurrenglternatvesin areactor committed
choiceis usedto controlthenon-determinisnarisingfrom thealternatves.As areactor
behaeslike aremoteprocedurecall from the agentprogram,it only returnswhenthe
submittedreactorhascompletely nished executingits reactorprogram.



Sincetheknowledgebase is non-monotonicwe canthink of it asconsistingof
somestaticpredicatesvhich do notchangeandsomedynamicpredicatesvhich canbe
changedy areactor In this paperwe considerdynamicpredicate$o be groundfacts,
whichwe call basepredicates
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Fig. 1. Thebasicmodelof OCP

2.1 Syntaxand semantics

We now give theinductive de nition of a simplereactorlanguageasfollows.Letr be
areactorthen

atomicupdateto

i r{;ros sequence

joorijjir2 choice

j  commit committheenclosingchoice
j c¢) guardedactions

The reactorsareintendedto be embeddedn agentprograms.The sequenceon-
structis self-explanatoryandwe justfocusonatomicupdatechoice/commiandguarded
action.We de ne theoperationabemantic®f theseconstructaisingthereactortransi-

tion relationsr; ! % % where is anatomicactionthatchangeshe storefrom
to © andr progressesor°.

— An atomicupdateis an actionthat consistsof one or more of the following sub-
actionsin anatomicsequenceaninsertion,adeletionor anupdateto a basepred-
icate.Oftenthe sequencés codedin a CLP goalto be executedatomicallyby the
runtimesystemWhile, in principle,theseoperationganbe usedon ary predicate
in , in this architecturewe restrictthe atomic updatesto only basepredicates.
Therule for atomicupdateis

()



— The choiceconstructprovidesa form of early-committedhon-determinismThe
semanticof choiceis that both branchesxecuteconcurrentlyuntil one of them
makesanupdateo  orissuesacommit . At thattime, the otherchoicebranchis
abortedwith noeffecton . Thecommit operationcanbethoughtof asaspecial
atomicupdateto  which hasno effect, like anoop . Let denoteanactionthat
doesnot changehe store,sucharead;andlet u denoteanupdatethatchangeshe
storeor acommit , therulesfor thechoiceconstructare
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— Guardedactionsare usedfor synchronizatioror for ensuringconsisteng condi-
tions. ¢ is called a blodking condition or simply a condition A guardedatomic
update,c ) , blocksuntil conditionc is true,i.e. | ¢, andthenatomically
performsthe update . In particular c is any CLP goal de ned over  which is
evaluatedby the CLP systemVariablesin conditionc arein the samescopeasthe
actionandcanbeusedto bind variablesn theaction. Therule for guardedactions
is
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2.2 A motivating example

We usethe following exampleof shippingmarketplaceas a motivating examplefor
OCPthroughouthis paper Theagentsnteractingwith the marketplaceareclientswho
want to ship caigo and transportationcompanieswvhich offer caigo shipsof various
load capacityandsailingschedulesThe knowledgebaseis a CLP programwhich con-
tains staticfactsof a distancetable (map) amongcities, and dynamicfactsaboutthe
availability of thevesselssuchasthefollowing.

map(seoul, shanghai, 4668).
vessel('star’, hongkong, shanghai, 20000, 0.012, 15, 18).

Themappredicateecordghedistanceéetweenwo cities,e.g.thedistancebetween
SeoulandShanghais 4668km. Thevessel predicatespeci esavessehamed'star”,
which is scheduledo go from Hong Kongto Shanghaiwith aload capacityof 20000
tons,andashippingpriceof 1.2 centpertonperkm. It will departattime 15andarrive
attime 18. The departureandarrival time alongwith the distancetableimplies travel
speeddf the vessel We assumehatthe unit price for shippingis roughly proportional
to thespeedof travel.

A client wantsto ship cago from placeA to B, eitherdirectly or via someother
transitpoints,by a certaindeadlineandwithin budget.Constraintsareon the load ca-
pacity of the vesselandthe feasibility of arrival/departurdimes. The reactvity arises
becausét may not be possibleto ship the camgo given the existing stateof the store,



however, changego the storemay make the requestfeasible.Clientswill updatethe
capacityasthey arecommittedto a particularvessel.

The relation (and a knowledgebase)deliverable is usedto specifyblocking
conditionsc of theclients' reactorslt returnsDep andArr asthedepartureandarrival
timesfor tracking,andallist of vesseidenti ers.

%base case for one segment

deliverable(A, B, Weight, Budget, Deadline, Dep, Arr, [ID]):-
Budget>0, Weight>0,
LoadCap>=Weight, = Weight*Dist*Price<=Budget, Arr<=Deadline,

map(A, B, Dist),
vessel(ID, A, B, LoadCap, Price, Dep, Arr).

%base case for two segments: A-C and C-B
deliverable(A, B, Weight, Budget, Deadline, Dep, Arr, [ID1, ID2)]):-
Budget>0, Weight>0,
LoadCapl>=Weight, LoadCap2>=Weight,
Weight*(Dist1*Pricel+Dist2*Price)<=Bu dget,
Arrl<=Dep2, Arr2<=Deadline,
map(A, C, Distl), map(C, B, Dist2),
vessel(ID1, A, C, LoadCapl, Pricel, Depl, Arrl),
vessel(ID2, C, B, LoadCap2, Price2, Dep2, Arr2).

%recursive case: A..C-D..B

deliverable(A, B, Weight, Budget, Deadline, Dep, Armr, L):-
LoadCap>=Weight, = Weight*Dist*Price<Budget, Dep2>=Arrl,
map(C, D, Dist),
deliverable(A, C, Weight, Budgetl, Depl, Dep, _, L1),
vessel(ID, C, D, LoadCap, Price, Depl, Arrl),
deliverable(D, B, Weight, Budget-Budgetl-Weight*Dist*Price,

Deadline, Dep2, Arr, L2),
L=concat(L1, ID, L2).

Thereis morethanoneway to de ne deliverable . Here,we chooseto de ne
basecasesof one sgmentandtwo segments,andthena recursve rule that consists
of a pathfrom A to C, a sggmentC to D andanotherpathfrom D to B. The reason
for this set-upis to have moreef cient triggeringwhich will becomeclearin the next
section.Whenthedeliverable conditionis satis ed, the cargo canbe shippedand
thedo _ship actionwill updatethe correspondingapacitiesalongtheroute.

A clientwho wantsto ship a cago weighing100tonsfrom Singaporeo Seoulby
time 25andwith maximum$5000,cansubmitthefollowing reactorto the OCPsystem:

deliverable (singapore; seoul; 100, 500G 25; D; A; IDs))
do_ship (singapore; seoul; 100, I Ds)

Fromtheabove example we arguethatthereexistsalargeclassof applicationdike
theshippingmarketplacewvherethe useof a CLP programasa knowledgebaseandfor
reactvity is notonly elegantbut, we believe,alsoessentialTherecursiorandconstraint
solving capabilityof a CLP offers an extremelyconcisebut expressive way to specify



generallogical rules,suchasdeliverable , to be usedby mary differentreactors
from differentagentswith their own instantiationor possibleadditionalconstraints.

2.3 Theruntime system

This sectiondescribeghe designof the runtime systemarchitecture Centralto the
systemdesignis the notion of triggering. A trigger modeldetermineswvhich blocked
reactorgo r e givenanupdate totheknowledgebase .Whenareactoris red, it
is re-enabledandstartsexecutionby re-evaluatingthe blocking conditionwhich failed
earlier andif it succeedsproceedso executingtheaction.

To managehe execution blockingandwakeupof thereactorsthe runtimesystem
employs a registry that wrapsaroundthe CLP systemand the blocked reactors.The
registry is composedf thefollowing element{seeFigure2):

1. aCLP programloadedin a CLP system;
2. areceptionisthathandleghel/O of reactorsand
3. atriggerunit for triggeringblockedreactors.
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Fig. 2. Theregistry

Thedarkarrovsin the gure representhe o w of reactordn the systemA reactor
is executedagainstthe CLP storeonceit entersthe registry. The blocking conditions
andthe actionsin the reactorsareimplementedas CLP goalswhich are executedby
a CLP system.If the blocking conditionis satis ed, the actionis executed,probably
updateghe CLP andexits the system;otherwise the reactoris blockedin the blocked
list, until the conditionbecomesruein thefuture.

We suggesthatthis architecturds extremelyversatilebecauseéCLP canintegrate
databasewith logic programsgconstraint@ndconcurreng. At oneendof thespectrum,
a CLP programcanbe reducedto just groundfactswhich is similar to Linda. At the
otherend,it canbe a full- edged knowledgebasecompletewith a reasoningsystem
andconstraintsolvers.



3 Triggering

The problemof triggeringis presenin mary applicationsandscenariosConsiderthe
popularonlineapplicationMSN messengeOneof its featureds whena userJandogs
in, all hercontactavho arecurrentlyonlinemustbenoti ed, or triggered As we know,
MSN messengehasmillions of usersonline at ary time, certainlywe don't wantto
testevery online userto seeif he or sheis a friend of Jane.In this particularcase,a
simplehash-basettiggeringcanbeusedasary users contactist is typically small,in
fact,boundedBut in generalthe problemof determiningjust which agentsareto be
triggeredby anoften-occurringeventis intractable.

In this sectionwe discusghetriggeringproblemfor OCR andpresentamethodol-
ogy for dealingwith it.

3.1 Viewsand blocking conditions

The basicproblemcanbe de ned asfollows: givenanupdate to a basepredicateof
the CLP knowledgebase andgivena setof blocked conditionsC which arecurrently
false,ef ciently returnasubsebf Cwhich becomerueasaresultof theupdate.

To facilitatediscussiorbelow, let us rst de ne:

De nition 1 (View). A view is simplya rule de ning a distinguishedsetof non-base
predicateslt hasthegenesal form:

P(X0):- m(X1); R(X2); i1 h(Xn); (Xo; 3 Xn): 1)

wheie p is not a basepredicate We saythat this view is basicif theg ;1 i n,are
all basepredicatesOtherwise we saythatthe view is composite

Notethatnotall CLP predicateprovideviews. Views areessentiallyinterfacepred-
icatesfor the agentgo interactwith the CLP program.The blocking conditionsof re-
actorsarede ned basedn views.

De nition 2 (Blocking Condition). A blocking conditionc is of theform:
p(xX);  (X);

wheepisaviewonvariablesX,and (X) isaconstaint. We saya blockingcondition
is basic(composite)f theview it refeisto is basic(composite).

Typically, (X) speci esavalueor arangefor someof thevariablesn X', suchas
ci=p(X;Y); X=50 Y &

De nition 3 (Induced View). Let p be a view of the form p(X):- Body. Letc bea
blocking conditionp(X); (X). Theview of p inducedby c is therule

p(X):- Body;, (X):



To determinef a blocking conditionc on aview p is enabledby anupdate isin
generabnundecidablgroblem.Naively, onecanexecutec asa goalagainsthenewly
updatedCLP knowledgebase This is tantamounto testingif theinducedview of ¢ has
ary solutions.

Runninginducedviewsis, unfortunatelyunacceptablé cis acompositecondition
thatdepend®n complex views whoseresolutionis very expensve, e.g.whenrecursve
joins areinvolved.Preferablywe coulddiscorer someconstraintsfrom thede nitions
of bothc and , which could answerthis questiondirectly. This is clearly moredesir
able,andthis optimizationrepresentsur rst objectie.

However, if thetotalnumberof blockedreactorss verylarge,eventhisoptimization
is insufcient, becausénaving to considerevery blocking conditionis prohibitively ex-
pensve (recallthe MSN example).We thereforeseekto build anindex for the blocked
conditionssothatlarge numberof conditionscanbe excludedfrom an updatewithout
testingarny oneof them.Constructinghis index thusbecome®ur seconcbptimization
objectie.

In what follows, we will rst shav how to index basicblocking conditionsby a
spatialindex structurecalledtheRC-tree We thenshav how to reducecompositeviews
to basiconessothatthe RC-treecanbeused.

3.2 TheRC-tree

This sectionconsiderghe problemof indexing multi-dimensionageometricabbjects.
Thereis a wealth of publicationsin the the areaof spatialdatabasef5] and compu-
tationalgeometry[11]. However, thesespatialindexes,especiallythoseusedfor geo-
graphicinformation systemsapplicationsassumdittle or no overlappingamongthe
objects,andwhenthe objectsarelarge, staticsegmentationis usedto reducelarge ob-
jectsto mary smallrectangleswhichincreaseshespaceandinsertioncost.In addition,
they index the Minimum BoundingRectanglegMBRs) of the original objects,rather
thanthe objectsthemseles. The original shapesof the objectsare thuslost and not
madeuseof in suchapproximation.

We proposea new spatialindex structure calledRC-tree which is bettersuitedfor
indexing dynamic,overlappingregions.RC-treeis a clipping-basedpatialindex which
combinessomefeaturesof the kd-treeandthe R* -tree. Every intermediatenodeof a
RC-treeis a hyperplanethat partitionsthe spaceassignedo this node.The spaceis
thusdividedinto two sub-spacesAll objectsentirely containedin the left half-space
will bestoredin theleft sub-treeatthe node;andall objectscontainedn theright half-
spacego into theright sub-treelf anobjectintersectdhe hyperplaneit is clippedand
the two resultingclipped objectsgo into respectie subtreesvherethey belong.The
rootnodeis assignedhe entirespace.

The novelty of the RC-treeis thatinsteadof indexing MBRs of the objects,it in-
dexesthe actual shapeof the objects,and dynamically clips the objectson demand
whenthereis needto discriminatea numberof them.This enablegshe RC-treeto index
objectsof largeextensionandwith heary overlapping.

RC-trees dynamicclipping canbe seerasdoingthe segmentatiordynamicallyand
ondemandA veryimportanttechniqueausedin the RC-treeis domainreductionwhich
dynamicallyupdateghe MBRs of clippedobjectssuchthatinsertionandsearchcosts
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Fig. 3. Advantageof clipping anddomainreductionin insertion

aswell asspacerequirementarereducedin theleft partof Fig. 3, domainreduction
strat@y createsa treewith only two items(“L1” and“L2") in theleaves.In theright
partof the gure, theothertree,whichis similarto theR* -tree,hasfour items(denoted
by “L"). In addition,during the insertion,the RC-treeclips object“L” andinsertsthe
two sub-objectsL1” and“L2” into thetreewhile the otherstrateyy insertsfour times.

We have conductedh rangeof traditionalandsynthetichenchmarkentheRC-tree,
and have obsened an amortizedlog(n) insertiontime, amortizedlog(n) point query
time, wheren is the numberof objectsto be indexed. Our experimentsalsoshaw that
RC-treeperformsmuchbetterin queryperformancehanotherR-treevariantsandthe
quad-tree.

3.3 Basicviews

The RC-treecanbe usedto efciently index multi-dimensionakhapesandto search
usingaqueryof the samedimensionality

Let (X) beaconstrainndgabasepredicateThenthebasicconditionq(X); (X)
canbetreatedasa geometricakhapan an RC-treefor X". Accordingly, the updateon
d(X) whereX hasbeengroundectanbetreatedasa queryto thatRC-tree.Therefore,
reactorconditionson a single basepredicatecan be indexed and triggeredusing the
RC-treein a straightfornardmanner

Consideranexampleof suchabasicblockingcondition:

vessel(_,A,B,C,P,_, ), A=beijing, B=taipei, C>=500, P<=0.02.
Onecanconstructa4-dimensionakhapeon (A; B ; C; P) suchthat
(A =beijing) ~ (B =taipei%) » (C 500)~ (P 0:02)

andindex shapedik e thisin a4-d RC-treeonvariableqA, B, C, P).Whenanew vessel
becomesavailable or an existing vesselchangesyariables(A; B; C; P) get updated
simultaneouslyThe groundvalues(A; B; C; P) canthenbe usedasa point queryto
the RC-treeindex. For example,anupdateof



vessel(‘'dragon’, beijing, taipei, 10000, 0.015, 23, 40)

is oneof suchupdateghatwould enablethe abore blocking condition.
Anothertype of basicconditionis of the form p(X5,); (X%o), wherep is a basic
view, which means

pP(Xo0):- u(X1); it oh(Xn); olXo;  ;X0n);

whereq; throughgq, areall basepredicatesOf course,one canimmediatelyreplace
P(Xo); (Xo) by
G(X1); i h(Xn); AKX s Xa);

where
AXo; i Xn)= oXo; Xn)" (Xo):

For example,
ci= qu(X); p(Y); X+Y =10 X 0; X &

The conditionc canbe formulatedasa shapdan the (X, Y) spaceandan RC-treecan
be built for shapedn the (X, Y) space.The problemis, updatesare only on q1/1
andg2/1 separatelywhich meanseitherX or Y is updatedat a time, but not both.
Thereforewe cannotconstructa completequeryof (X, Y), but insteadwe have either
(x, ®) or (*, y), where* denotesunknonn values.Therearetwo possiblewvaysto solve
this problem.The rst andthe “default” methodis to constructa rangequeryusinga
wildcard for the variablethat is not instantiated For example,if q1(5) is writtento
the CLP, aquery(5, *), whichis essentiallyanin nite rangequeryto the RC-tree,can
beproducedo querytheindex tree.This methodis applicablebut not alwayseffective.
Supposéhe blocked conditionsareall binary constraintson X andY, andthereis no
boundon X, then(5, *) will notbeableto discriminateary shapesn the index, and
henceall conditionswill betriggered.

The secondway is to instantiateor constrainsomeof the unknown variablesat the
time whenan updateoccurs.This is possibleif thereexistsin the CLP a constraintor
functionalrelationshipbetweenthe value of the known variable(X) andthe value of
unknown (Y). For example,if the following rule existsin the CLP:

g2(Y):-  gl(X), Y = 2*X+1.

Thengiven X = 5, the systemcaninfer by the above rule thatY = 11, andthus
producea completequery(5; 11).
Alternatively, if thereexistsa constrainbetweenX andY suchas,

g2(Y):-  gl(X), Y<=X.

thena nite rangequerycanbe produced{((5; Y) : Y 5), whichis morespecic
andeffectivethanqueryingwith (5; ).

We concludethis subsectiomwith afew commentontheissuesf aggregationand
materialization Aggregationis a concepthatoriginatesfrom therelationaldatabases.
An aggragateis a function of sometuplesin the samerelation. Commonaggreation



functionssuchasmin, max average canbecomputedncrementallyandareincludedin
someversionsof CLP assystempredicate®r asmeta-level predicatesin the shipping
example thepricesandspeed®f vesselvary overtime, but theirrangesanbede ned
asaggreyateof thevessel predicateusingthe minymaxfunctions.

Whena blocking conditioncontainsa view that usesaggreyation,how do we deal
with it? Oneway to handleaggrayationis to materializethe value of aggreyatesif
they are not changedoften, suchas price rangesof all vesselsOncethe aggrejate
valuesare materializedthey canbe treatedas constantaand usedin the basicviews.
However, whenthe aggrejatevaluedoeschangeater, the views constructedasedon
thematerializedraluesmustbeupdatedThis mayinvolve deletingof thecorresponding
shapdrom theindex, reconstructingt andthenre-insertingt into theindex.

3.4 Compositeviews

Having shavn how to index andquerybasicconditionsin the lastsection this section
considersa methodologyto reducecompositeconditionsto basic conditionsso that
they canbehandledikein Section3.3.

The essencef our methodis to translatethe de nition of the compositeview p at
handinto a basicview. Therearetwo ways,which canbe repeatedlyinterleaved, to
progresgowardsthis.

The rst andobviousway is to performanunfoldingof thede nition of p. Clearly
unfoldingalonecannot,in generalpbtainabasicview, becaus®f recursion.

The alternatve way, which representshe main contritution of this section,is to
replacethe remainingnon-basepredicatedn the de nition by an abstaction thatis,
a sequencef otherpredicatesand constraintsjn sucha way the resultingde nition
of p is at leastas geneal asthe original de nition. Thoughthis stepis seemingly
dif cult, it maybethecasen applicationghattheabstractions in factevidentfrom the
domain.We shall demonstratehis belov; meanwhile we shall call this methodology
anapplication-base@bstraction

For example,for a view p(X’) whoserecursve de nition refersto a basepredicate
g, it is possibleto unfold p(X”) a numberof timessuchthat g is exposedalongwith
somesubgoalf p:

p(X):- p(XY; au(Xa); p(X9;  (Xo):

Now if onecanreplacethe two p(X9's with a constraintandcombineit with  (X7()
to obtain:

pAX):- @ (X1);  AX)

Thenp(X) is anabstractiorof therecursve view p(X).

We now give a moreconcreteexampleof abstractinghe view deliverable in
theshippingexampleof Sec2.2.We shallhowever simplify therelationvessel/7  to
threeargumentssource destinatiorandcost.We furtherassumehatthe valueof cost,
for each(source,destinatiorpair, is preciselythe distancebetweenthemaccordingto
map/3 . We alsosimplify deliverable/8 to threearguments:source destination
andbudget.Fig. 4 shavsthesimpli ed de nition of deliverable



deliverable(A, B, Budget):-
vessel(A, B, Cost),
0<Cost<=Budget. .

deliverable(A, B, Budget):- . o,
vessel(A, C, Costl), AQ/ o\ D

vessel(C, B, Cost2),

0<Costl+Cost2<=Budget. A Y
deliverable(A, B, Budget):- <N ° \
deliverable(A, C, Costl), % ©
vessel(C, D, Cost2), \ Fel
deliverable(D, B, Cost3), | (S
Cost1+Cost2+Cost3<=Budget. g" T

Fig. 4. Simpli ed deliverable Fig. 5. Abstractionof deliverable
By inspectingthe third rule of deliverable , onecanseethatdeliverable
is thetransitve closureof vessel andthusthe costof adirectvessefrom point A to
C andfrom D to B is ho biggerthancostof the transitive closure.ln otherwords,given
map(A, C, Col) andmap(D, B, Co3),Col Costl andCo3 Cost3,
whereCostl and Cost3 arede ned in Fig. 4. We illustrate this scenarioin Fig.
5, wherethe dark arrowv refersto an actualvesselthe light arrows refer to straight
distancegmap),andthedashedrrovsarethetransitve closureof vesselgdeliverable).

Thereforewe can abstractdeliverable to a basicview abs _deliverable as
follows.
abs_deliverable(A, B, Budget):-

Col+Cost2+Co3<=Budget,
map(A, C, Col), vessel(C, D, Cost2), map(D, B, Co3).

Theabove abstractiorcapturegheintuition thatif a new vesseksggment(from C to
D) is too far away from boththe source(A) anddestination(B) of a reactor thenthis
reactorshouldbeexcludedfrom triggering.In otherwords,we areexploiting “locality”
of the sourceanddestinatiorin this example.

We summarizeour methodologyof abstractiorasfollows.

— it reducescompositeviews to basicviews so that directindexing canbe doneon
thebasicconditions;

— it providesaconservativestimateof theoriginal view, ie. thesetof factssatisfying
the abstractions a supesetof that of the original view. Thusan updatethatdoes
nottriggeranabstracteadonditiondoesnottriggertheoriginal blockingcondition.
In otherwords,exclusionof reactorshy abstractioris safe

It is, of courseundecidablén generalto replacea compositeview with anequialent
one, while trivial to replaceit with an abstractionThe challengeis to nd a useful

abstractionWhile it is not possibleto characterizéhis conditionformally, we suggest
thatif theapplicationintuitively satis esthe conditionthatanindividual reactoris not

likely to be triggeredby an averageupdate thenit is likely thata desiredabstraction
canbediscoreredwithout greateffort. We have tried to indicatethis with the example

above.



4 Implementation and evaluation

We have implementedh prototypeOCP system Ratherthanusinga tailor-madeCLP
system,our prototypefor simplicity integratesthe CLP(R) system[9] with a sener
registry explainedin Section2.3 that managesa collection of reactorsespeciallyto
handletriggeringandcommunicatesvith externalagentsThe multi-threadedregistry
was implementedin C++. The OCP registry andthe CLP(R) systemcommunicate
throughUnix messageueues.

Agentsarewritten usingthe languagePythonwhich is a relatively rich andexten-
sible scripting language A specialPythonreactorlibrary handlesthe submissionof
reactorgo the OCPsystem.

4.1 Trigger ef ciency

To evaluatethe effectivenesof triggeringusingRC-tree we conductthefollowing ex-
perimentonaPentiund 2.4GHzPCrunningLinux 2.4.20.Weimplementtheshipping
marketplaceexamplein Section2.2for transportingcamgo betweera setof 7 Asianand
6 North Americancities. Thedistancematrixamongthesecitiesis approximatedy the
ight distancedbetweerthem[4].

We identify two typesof reactorblocking conditionsandtwo typesof vesselup-
datesintra-continentalinter-continental For instanceareactomwaitingto shipacargo
from an Asian city to an Americancity is inter-continentalwhereasa reactorwaiting
to shipwithin two Asiancitiesis anintra-continentateactor Similar de nition applies
to the available vesselsWe thus createdthreesetsof reactors(1000reactorsin each
set):intra-continentabnly, inter-continentalonly, and mixed; andsimilarly threesets
of vesselupdateq1000 updatesin eachset): intra-continentabnly, inter-continental
only, andmixed. We usethe abstractiorin Section3.4 for triggeringthe reactors We
did 9 experimentscorrespondingo the 9 possiblecombinationf setsof reactorsand
updatesThe experimentalresultsaregivenin Table 1. The rst numberin eachdata
cellis the averagepercentagef reactorsbeingtriggeredout of 1000blockedreactors
in eachscenarioTheseconchumberin parentheseis thetime for thetriggeringmech-
anismto determinewhich reactorgo be red with a sequencef 1000vesselupdates.
All timesaremeasuredn milliseconds.

| [[reactors(intrdyeactors(intefyeactors(mird)|
vessels(intra)|| 10.176% 37.743% 23.964%
(12.6ms) (13.2ms) (12.9ms)
vessels(inter) 0% 33.893% 16.937%
(8.7ms) (13.1ms) (12.7ms)
vessels(migd)| 4.364% 33.694% 19.025%
(12.4ms) (13.2ms) (12.8ms)
Table 1. Hit rateandaveragetriggertime

FromTablel, we seethatfor intra-continentateactorsthe bestcasefor triggering
excludesall reactordrom wakeup(intra-columnyrow 2). Thisis intuitive becauséong-



haul voyagesare more expensve andtake longerand thus do not affect shortrange
shippingneeds For inter-continentalreactorstriggering excludesabouttwo thirds of
thereactorsThisis simply becausdor inter-continentakeactorsthebudgetsarelarger
anddeadlinesarelater, andthusshortrangevesselsaremorelikely to affect thesere-
actors.Theexperimentakesultsdemonstratéhatindexing andabstractiorareeffective
optimizations:(a) the triggering mechanismis effective in avoiding the wakeup of a
substantiahumberof blockedreactorsand(b) thetriggeringmechanisnis itself rela-
tively fast.

5 Concluding Remarks

This paperhaspresented new distributedprogrammingramenork which allows dis-
tributedprogramagentdo reactto a CLP programlike a shareccommonstore.Agents
modify the CLP programthroughthe useof reactorsvhich areguardednlogic condi-
tionswith respecto the CLP. Thekey challengés thenhow to ef ciently managehese
reactorgo allow blockingandwake-up.We detaileda triggeringframewnork which in-
corporates novel spatialindex structureto solve this problem.

Someof thefuturework includesthe developmenibf anautomaticveri cation tool
for application-basedbstractiorusedin thetriggering,andtheclassi cationof various
kinds of advancedviews aswell asabstractiorrecommendationfor theseclassesWe
arealsoenhancingdCPwith amoregeneralizedrersionof committedchoicein which
commitcanhapperarywherein thechoicebranch.
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