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A bstract: In this report,we show how to use the Sim ple Fluent Calculus

(SFC)to specify generic tracers,i.e. tracerswhich produce a generic trace. A

generic trace isa trace which can be produced by di�erentim plem entationsof

a softwarecom ponentand used independently from the traced com ponent.

Thisapproach isused to de�nea m ethod forextending a java based CHR _

platform called CHRO M E (ConstraintHandling RuleO nlineM odel-driven En-

gine)with an extensible generic tracer. The m ethod includes a tracerspeci�-

cation in SFC,a m ethodology to extend it,and the way to integrate it with

CHRO M E,resulting in the platform CHRO M E-REF (forReasoning Explana-

tion Facilities),which is a constraint solving and rule based reasoning engine

with explanatory traces.
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Towards a G eneric Fram ework to G enerate

Explanatory Traces ofC onstraint Solving and

R ule-B ased R easoning

R �esum �e : Dans ce rapport,nous m ontrons com m ent utiliser le calculdes

uentssim ple(SFC)poursp�eci�erdestraceursg�en�eriques,c’est-�a-direquipro-

duisentdestracesg�en�eriques. Une trace g�en�eriqueestune trace quipeut être

produitepardi��erentesim pl�em entationsd’un com posantlogicieletêtreutilis�ees

ind�ependam m entdu com posanttrac�e.

Cette approche est utilis�ee pour d�e�nirune m �ethode pour introduire dans

une platform e CHR _ bas�ee Java et appel�ee CHRO M E (Constraint Handling

RuleO nlineM odel-driven Engine)un traceurg�en�eriqueextensible.Lam �ethode

com prend unesp�eci�cation du traceuren SFC,unem �ethodologied’extension,et

leurim plantation dansCHRO M E,a�n d’obtenirla plateform eCHRO M E-REF

(Raisonnem entExplicatifFacilit�e),quiestun solveurde contraintesetm oteur

de raisonnem ent�a baseder�eglesavecdestracesd’explications.

M ots-cl�es : trace, CHR,CHR _, CHRO M E,CHRO M E-REF,M DE,tra-

ceur,m �eta-th�eorie,pilotedetracer,analyseur,outilsd’analyse,analysedepro-

gram m e,analyse dynam ique,s�em antique observationnelle,com posantlogiciel,

d�eboggage,environnem entde program m ation,program m ation en logique,vali-

dation
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1 Introduction

In thisreportwe de�ne a m ethod forextending a java based CHR _ 1 platform

called CHRO M E (ConstraintHandling RuleO nlineM odel-driven Engine)with

an extensible generic tracer. CHRO M E is presently developed at the Federal

UniversityofPernam buc[56]with thepurposetoallow thedevelopm entoflarge

softwareusing CHR paradigm .

The m ethod consistsof�rstly to build a form alspeci�cation ofa tracerfor

CHR _,the kernelofthe system ,and to extend itaccording to further CHR _

extensions.Thespeci�cation de�nesa generictracewhich isasindependentas

possible from a particularCHR platform orspeci�c usages.Then,secondly,it

issuggested to use thisspeci�cation asa guideline to extend the M DE schem e

developm entofCHRO M E,with a tracerschem e developm ent,resulting in the

plateform CHRO M E-REF (REF standsforReasoning Explanation Facilities),

which isa constraintsolving and rulebased reasoning enginewith explanatory

traces.

Thisreportisalm ostbased on the internship work ofR.O liveira [38]. W e

introduce�rstsom econtextualaspectsofthiswork.

1.1 T he C H R W orld

ThelanguageCHR hasm atured overthelastdecadeto a powerfuland elegant

general-purpose language with a wide spectrum ofapplication dom ains [52].

The interestin CHR _ stem m ed from pastresearch having shown that:� CHR is sim ultaneously a Turing-com plete declarative program m ing lan-

guageand an expressiveknowledgerepresentation languagewith declara-

tiveform alsem anticsin classical�rst-orderlogic[22];� CHR integratesand subsum esthethreem ain rule-basedprogram m ingand

knowledgerepresentation paradigm s,i.e.,(conditional)term rewriterules

[24],(guarded)production rules[55]and (constraint)logic program m ing

rules[1];� A CHR _ inference engine can support an unm atched variety ofpracti-

calautom ated reasoningtasks,including constraintsolving with variables

from arbitrary dom ains,satis�ability [22],entailm ent[50],abduction [1],

agentaction planning [50]and agentbeliefupdate [50]and revision [55].

In addition,itsupportseveralofthesetasksunderlogical[50],plausibilis-

tic[8]and probabilisticepistem ological[42]assum ptions.[10]addsdefault

reasoning to this list,by showing how to representdefaultlogic theories

in CHR V . It also discusses how to leverage this representation together

with thewell-know correspondencebetween defaultlogicand Negation As

Failure (NAF)in logic program m ing,to propose an extension CHR V ;naf

ofCHR V allowing NAF in the ruleheads.And [20]addsconcurrency.

The Figure 1 showsthe severalautom atic reasoning servicesthat are sub-

sum ed by CHR _ and extensions.

For allits above strengths, CHR rem ained untilrecently a language for

K nowledgeRepresentation and Program m ing(K R& P)in-the-sm allm ainlyused

1CH R stands forConstraintH andling R ule [22],CH R _ forCH R with disjunction.

R R n° 7165



4 Deransart& Oliveira

Figure1:Rule-based ConstraintProgram m ing and Autom ated Reasoning Ser-

vices

to fastprototypeintelligent,innovativesystem s.TheO RCAS project2,consti-

tutesa �rstand prelim inary step towardsthelong term goal,to turn CHR into

a platform for K R& P in-the-large industrialstrength,operationally deployed

system s. It addressed one key K R& P in-the-large requirem ent,nam ely rule

base engineering scalability through rule base encapsulation and assem bly in

reusablesoftwarecom ponents.

1.2 From C H R O M E to C H R O M E-R EF

CHRO M E stands for C onstraint H andling R ule O nline M odel-driven

Engine,isam odel-driven,com ponent-based,scalable,online,Java-hostedCHR _

engine to lay atthe bottom ofthe fram ework asthe m ostwidely reused auto-

m ated reasoningcom ponent.Theidea ofCHRO M E isalso to dem onstratehow

a standard setoflanguagesand processesprescribed by M DA can be used to

design concreteartefacts,such as:a versatileinferenceengineforCHR _ and its

com pilercom ponentthatgeneratesfrom a CHR _ basethe sourcecodeofJava

classes.

TheprojectCHRO M E-REF (ConstraintHandlingRuleO nlineM odel-Driven

Engine with Reasoning Explanation Facilities) constitutes a prelim inary step,

towards extending CHR and CHR engines with a form ally founded, exible

and user-friendly reasoning explanation facility.Theneed forexibleand user-

friendly explanatory reasoning tracing facilitiesforrule-based system shasbeen

recognized sincetheinitialsuccessofproduction ruleexpertsystem sin the80s.

However,the expressive powerofCHR being farsuperiorthan thatofa m ere

production system ,through the addition offunctionalterm s,rewriterulesand

backtrackingsearch,m akesdebugging a CHR rulebasealso m orecom plex than

debugging a production rule base. In turn,this added com plexity m akes the

2http://www.cin.ufpe.br/~jr/mysite/C4RBCPProject.html

IN R IA
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Towards a Generic Fram ework 5

need forsophisticated rule engine tracing facilitiesm ore crucialand the issues

in theirdesign and im plem entation m orechallenging.

Thisprojectispioneeringtheinvestigation oftheseissues.CHRO M E assem -

blesCHR base independentrun-tim e com ponentsforconstraintstore m anage-

m ent,�red ruled history m anagem ent,constraintentailm ent,query processing

and intelligentsearch,with optim ized com ponentsresulting from the com pila-

tion ofthe CHR base. Following the K obrA2 m odel-driven,com ponent-based,

orthographic software engineering m ethod [4,5],CHRO M E was built by �rst

specifying a re�ned Platform -IndependentM odel(PIM )in theO M G standards

UM L2/ O CL2 (Uni�ed M odeling Language / O bject Constraint Language).

ThisPIM wasthen im plem ented in Java.

ThefactthatCHRO M E com piling a declarativeCHR baseinto im perative

Java objectsiscrucialforitsreasoning perform ance.However,itm akestracing

farm orecom plex sinceitintroducesa m ism atch between,on theonehand,the

abstract,high-levelruleinterpretation operationalsem anticsthatthedeveloper

follows when conceiving a CHR base,and,on the other hand,the concrete,

low-levelobjectm ethod calloperationalsem antics e�ectively executed by the

engine.Tohelp thedeveloperdebugtherulebase,thetracerm ustthusgenerate

ahigh-levelruleinterpretationtracesim ulationfrom thelow-levelobjectm ethod

callsexecuted by the com piled code.

O urobjective here isto integrate the independently constructed tracerar-

chitecturewithin thecom ponent-based architectureofCHRO M E following the

K obrA2 m ethod.

1.3 Tow ards G eneric Trace

DespitethefactthatCHR _ providesan elegantgeneral-purposelanguagewith

a widespectrum ofapplication dom ains,a key issueishow easily you can write

and m aintain program s. Severalstudies[48,45][7][6]show thatm aintenance

is the m ost expensive phase ofsoftware developm ent: the initialdevelopm ent

representsonly 20% ofthe cost,whereaserror�xing and addition ofnew fea-

turesafterthe �rstrelease represent,each,40% ofthe cost. Thus,80% ofthe

cost is due the to the m aintenance phase. Debugging is said to be the least

established area in software developm ent: Industrialdevelopers have no clear

ideasaboutgeneraldebugging m ethodsore�ectiveand sm artdebugging tools,

yetthey debug program sanyway.Thereareseveralwaysto analyzea program ,

for instance: program analysis tools help program m ersunderstand program s,

type checkers[37]help understand data inconsistencies,slicing tools [30]help

understand dependenciesam ong partsofa program .Tracersgive insightsinto

program executions.

At present,there exists a num ber ofusefuldebugging tools for CHR,for

exam ple,ECLiPSe Prolog [2],SW I-Prolog [58]or CHRO M E [56]. But,these

toolswere designed and im plem ented in a speci�c way foreach solver,notall

toolsbene�tfrom alltheexisting tool.TheFigure2 showsthiscurrentcenario,

foreach CHR solvera speci�c im plem entation ofthe debugging tool.

Thisway each im plem entation resultsin a setofone-to-onespecialized con-

nectionsbetween a solverand itstools.Ifwewantto interchangedata between

each solver,hookshavetobeadded intothesolvercodein ordertobeabletodo

it. Furtherm ore,the typesofbasic inform ation required by a given debugging

R R n° 7165



6 Deransart& Oliveira

Figure 2: Currentsituation: each solverisstrictly connected to its debugging

tool.Figureadapted from [31]

Figure3:O urapproach:agenerictraceschem a enableswork and m aintain just

one processofdebugging

toolisnotoften m adeexplicitand m ay haveto bereverse-engineered.Thisisa

non neglectable partofthe costofporting debugging toolfrom one constraint

program m ing platform to another.

In order to solve the above-m entioned problem and im prove analysis and

m aintenance ofrule-based constraintprogram s,like CHR _,there isa need for

user-friendly reasoning explanatory facilitiesthatareexibleand portable.

G iven this scenario we take advantage ofthe recent research in trace en-

gineering [16,14,15]to propose a generic architecture that produces generic

debugging inform ationsfor CHR _ and potentialextensions. In thatway,any

debugging toolchangesitsfocusto generictraces,instead ofto beconcerned in

speci�c platform im plem entations.

TheFigure3 illustratestheidea of\generictrace",which isasindependent

as possible from a particular CHR platform or speci�c usages. It shows the

structure ofa tracing process which can be decom posed into three likely \in-

dependent" com ponents:traceextraction,fulltrace�ltering according to som e

query,and reconstruction ofa sub-trace to be used. Itshowsalso the several

aspectswhich m ustbe speci�ed: a sem anticsforthe generic trace (called O b-

IN R IA
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CHR−OS
FC

CHROME
UML

CHROME−REF
UML

Figure4:TowardsCHRO M E-REF

servationalSem antics),a query language to selectthe sub-trace ofinterestto

be used,and a sem antics to interpret the selected trace (called Interpretative

Sem antics).

A generic trace needs to be understood independently from the observed

process. For this reason it is necessary to be able to give it a sem antics as

precise as possible. This is the purpose ofthe O bservationalSem antics. It

willallow for validation tests and studies ofsom e trace properties before and

afterim plem enting it.In thisreportwefocuson theobservationalsem anticsof

traces.

TheFluentCalculus(FC)isalogic-basedrepresentation languageforknowl-

edgeaboutactions,change,and causality [54].Asan extension ofthe classical

Situation Calculus [43],Fluent Calculus provides a generalfram ework for the

developm entofaxiom aticsem anticsfordynam icdom ains.Itappearsto bewell

suited to describetheO bservationalSem anticsand,though itsFlux im plem en-

tation [53],to be a likely executablespeci�cation.

1.4 C onnecting allthe Pieces

The CHRO M E project focuses on extending CHR with rule-base encapsula-

tion in software com ponentsfor reuse by assem bly acrossapplications. Ithas

asintention to producethe�rstdom ain-independentfram ework highly reusable

debugging tool, supporting a variety ofreasoning explanation facilities. The

m ain contribution is to perm it any CHR _ engine to be extensible with com -

ponents for com prehensive,exible and e�cient reasoning explanation trace

generation and user-friendly trace query speci�cation and trace visualization.

To achieve this is necessary to integrate design patterns for tracing facilities

such as tracerdriver with design patterns for G raphicalUser Interface (G UI)

such as M odel-View-Controller(M VC) within an overallM odel-Driven Archi-

tecture(M DA)fram ework[3].Itwillalsoinvolvede�ningacom prehensivetrace

query language,aswellasexperim entsto em pirically evaluate the engineering

productivity gainsobtained through the use ofthe tracing com ponents.

In thereportwedescribetheapproachillustrated bytheFigure4.Itconsists

�rstin an observationalsem anticsoftheextensiblegenerictraceofCHR which

is speci�ed in Fluent Calculus. This sem antics is thus m apped into the PIM

description ofCHRO M E,leadingtoacom pletePIM ofCHRO M E-REF in UM L,

theconstraintsolving and rulebased reasoning enginewith explanatory traces.

R R n° 7165



8 Deransart& Oliveira

The CHRO M E-REF environm entwillbe builtsuch an editoras a Eclipse

Plugin forrapid prototyping deployed with a G UIto interactively subm itre-

questsand inspectsolution explanationsatvariouslevelsofdetails.

The restofthisreportisorganized in threem ain sections.

The Section 2 presentsa restricted trace m eta-theory focused on trace pro-

duction com ponentsand com position. Itintroducesalso the observationalse-

m anticsofa traceand itsrepresentation in the sim pli�ed uentcalculus.

The Section 3 presentsthe observationalsem anticsofCHR _ in uentcal-

culusincluding tracerand extraction schem es.

TheSection 4 showstheintroduction ofthetracerin thePIM ofCHRO M E

using the K obrA2 m ethod and resulting in a PIM ofCHRO M E-REF with a

very �rstim plem entation.

Fourannexesgiverespectively a description oftheO bservationalSem antics

ofCHR in SFC,the XM L schem eofa generictraceofCHR _ ,a shortexam ple

of trace produced by the java com piled CHRO M E-REF,and the O S of an

application.

2http://www.eclipse.org/

IN R IA
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2 Specifying Tracers

The Trace M eta-Theory (TM T)[15]providesa setofde�nitionsabouthow to

design a tracefora speci�c dom ain ofobservation.

A trace m ay be interpreted as a sequence ofcom m unication actions that

m ay takeplacebetween an observer and an observed process.Itconsistsof

�niteunbounded sequencestraceevents.Thereisalsothetracerthatm eansthe

generatoroftrace.Accordingto[14],theTM T focusesparticularlyon providing

sem anticsto tracersand the produced tracesasindependent as possible from

thoseofthe processesorfrom the waysthe tracersproducethem .

There are two conceptsoftrace [14](cf. the Figure 5 and the Section 2.2).

The �rstone is the virtualtrace,itrepresentsa sequence ofeventsshowing

the evolution ofa virtualstate which contains allthat one can or wants to

know about the observed process. The second one is called actual trace,it

representsthegeneratedtracein theform ofsom eencodingofthecurrentvirtual

state. Finally,there is the idea of full trace ifthe param eters chosen to be

observed abouttheprocessrepresentthetotality ofusefulknowledgeregarding

it(explicitly orim plicitly).

2.1 C om ponents ofTrace G eneration and U se

The Figure 6 shows the di�erent com ponents related to a unique trace. W e

distinguish 5 com ponents,in thisorder.

1. O bserved process

Theobservedprocessisassum ed m oreorlessabstracted in such awaythat

hisbehaviorcan bedescribed by a virtualtrace,thatisto say,a sequence

of(partial)states.A form aldescription oftheprocess,ifpossible,can be

considered asaform alsem antics,which can beused todescribetheactual

traceextraction.

Figure5:Virtualand ActualTrace.

2. Extractor

This com ponent is the extraction function ofthe actualtrace from the

virtualtrace.From a theoreticalpointofview,wecan seeitasa speci�c

R R n° 7165



10 Deransart& Oliveira

Process

Obs. T^v

Full

T^w

Full

OS

Extractor

T^v

Partial

ISFiltering

Partial

T^w
AnalyserDriver

query

Rebuilder

Figure6:Com ponentsofthe TM T

T^w
Driver

T^w

Full

query

Tw extraction
Full Tv 

OS IS

Partial Tv
RebuildingPartial

Figure7:Form alconceptsrelated to the generation and useofa trace

com ponent,butin practiceitcorrespondsto thetracerwhoserealization,

in the case ofa program m ing language,usually requires m odifying the

codeofthe process.

3.Filter

The role ofthe �ltercom ponent,ordriver [32],isto selecta usefulsub-

trace. Thiscom ponentrequiresa speci�c study. Itisassum ed here that

it operates on the actualtrace (that produced by the tracer). The fact

ofm aking itasa propercom ponentcorrespondsto the speci�c approach

adopted here,which im plies thatthe extracted actualtrace is full. The

�ltering dependson the speci�c application,im plying thatthe fulltrace

already containsallthe inform ation potentially needed forvarioususes.

4.Rebuilder

The reconstruction com ponentperform sthe reverse operation ofthe ex-

traction,at leastfor a subpartofthe trace,and then reconstructs a se-

quenceofpartialvirtualstates.Ifthetraceisfaithful(i.e.no inform ation

islostby the driver)[15],this ensuresthatthe virtualtrace reconstruc-

tion ispossible.In thiscasealso,theseparation between two com ponents

(rebuilderand analyzer)isessentially theoretical;these two com ponents

m ay be in practicevery entangled.

5.Analyzer

Thecom ponentusing a tracem ay bea traceanalyzerorany application.

W ith thesecom ponentsitm ay beassociated threem ain speci�cation steps,

asillustrated on the Figure7.

- O bservationalSem antics(O S)

IN R IA
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TheO S describesform ally theobserved process(ora fam ily ofprocesses)and

the actualtrace extraction. This aspect willbe studied deeper in the Sec-

tion 2.2.Theintention hereisto expresstheO S using sim pleuentcalculus.

- Q uerying

Due to the separation in severalcom ponents,the actualtrace m ay be ex-

pressed in any language.W esuggestusing XM L.Thisallowsto usestandard

querying techniquesde�ned forXM L.Thisaspectwillnotbedeveloped here,

but we chose to express the trace in XM L and give in the Appendix B the

corresponding XM L schem a.

- InterpretativeSem antics(IS)

Theinterpretation ofa trace,i.e.thecapacity ofreconstructing thesequence

ofvirtualstatesfrom an actualtrace,isform ally described by theInterpreta-

tiveSem antics.In theTM T no particularapplication isde�ned;itsobjective

is just to m ake sure that the originalobserved sem antics ofthe processhas

been fully com m unicated to theapplication,independently ofwhattheappli-

cation does.

2.2 C ontiguous FullTraces

W e introduce here the two traceswhich m ay be associated to a single process

equipped with a tracer.W e recallherethe de�nitionsused in [15].

2.2.1 V irtualTrace

A fullvirtualtrace is de�ned on a dom ain ofstates. G iven P a �nite set of

(nam es) ofparam eters pi de�ned on the dom ains P i. The Pi are dom ains of

objects ofany kind. They m ay also have relations (functionalor otherwise)

between them and they can be in�nite in size.

A dom ain ofstatesS isde�ned on the Cartesian productofthe param eter

dom ains:S � P1 � :::� Pn.

D e�nition 1 (C ontiguous FullV irtualTrace) A contiguousfullvirtualtrace

isa sequence oftrace eventsofthe form et :(t;rt;st); t� 1,where:� t: is the chrono, speci�c tim e of the trace. It is an integer increased

by one unitin each successive event. To pointa particular value ofthe

chrono,we willtalk aboutm om entofthe trace.� rt: an identi�er ofaction characterizing the type ofactions undertaken

to m ake the transition from state st�1 to state st.� st: is an elem ent ofthe state dom ain. st = p1;t;:::;pn;t is the current

state reached atm om entt,and the pi;t are values ofthe param eters pi

atm om entt.st isthe currentfullvirtualstate.

A �nitevirtualtraceovert(t> 0)eventswillbedenoted T v
t = < s0;et > ,where

s0 isthe initialfullvirtualstateand et representsthe sequencee1 :::ei:::et.

Thefullvirtualtraceiscontiguousinsofarasallthem om entsin theinterval

[1::t]arepresentin the traceT v
t = < s0;et > .

R R n° 7165



12 Deransart& Oliveira

2.2.2 A ctualTrace

Thefullvirtualtracerepresentswhatwewantorwhatispossibleto observeof

a process.Itdescribesthedevelopm entstagesofthisprocessin theform ofthe

evolution ofa statewhich containstheobservables.Asthecurrentvirtualstate

ofa process can be fully represented in this trace,one cannot expect neither

to produce it nor to com m unicate it e�ciently. In practice we willperform a

kind of\com pression" ofthe inform ation conveyed by the virtualstates and

theirevolution,transm itted orcom m unicableto theprocessobservers,and one

shallensure that these processes are able to \decom press" it. This actually

com m unicated inform ation isthe actualtrace.

An actualfulltraceisde�ned on an actualstatedom ain.LetA bea�niteset

of(nam esof)attributesai de�ned on dom ainsofattributesA i.Theattributes

m ay haverelationships(they arenotnecessarily independent)and they can be

in�nite in size.

An actualstatedom ain A isde�ned on the Cartesian productofattributes

dom ains:A � A 1 � :::� A n.

D e�nition 2 (C ontiguous FullA ctualTrace) An actualtraceisasequence

oftrace eventsofthe form wt :(t;at); t� 1,where:

tisthe chrono and at 2 A denotesa �nite sequence ofattributesvalues.at is

thecurrentactualstate.Thenum berofattributesofa traceeventisbound byn.

Each state at contains atm ostn attributes whose num ber depends exclusively

on the type ofaction which produced it.

An actualtrace with t(t> 0)eventsisdenoted T w
t = < s0;wt > ,where s0 is

the initialvirtualstate com m on to both tracesand wt representsthe sequence

w1;:::wi;:::;wt.

2.3 G eneric Trace and C om position

W e study here the m ethodology ofgeneric fulltrace developm entfora m ulti-

layerbased application.

2.3.1 G eneric Trace ofa Fam illy ofO bserved P rocesses

Consider again the Figure 3 in the introduction. It illustrates the fact that

di�erentim plem entationsofCHR can beabstracted by auniquesim plerm odel.

Thiscom m on m odelisused to specify the unique virtualand actualtracesof

theseim plem entations.Thisillustratestheway wewillproceed to geta generic

trace of CHR:starting from an abstract theoretical,generalbut su�ciently

re�ned,sem anticsofCHR which is(alm ost)thesam eim plem ented in allCHR

platform s.

2.3.2 C om position ofTraces

Now we consider the case ofan application written in CHR.It m ay be for

exam ple a particularconstraintssolverlike CLP(FD).In thiscase there exists

already a generictracecalled GenTra4CP [12].Thistraceisgenericform ostof

theCLP(FD)existingconstraintssolvers.ThereforeatracerofCLP(FD)solver

im plem ented in CHR should also producethistrace.Butwem ay beinterested
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Figure8:Com position ofG enericFullTracesfora two LayersApplication

in re�ning the trace considering that there are two layers: the layer of the

application (CLP(FD))and thelayerofthelanguagein which itisim plem ented

(CHR).Them ostre�ned tracewillthen bethetracein theG enTra4CP form at

extended with elem entsofthegenericfulltraceofCHR alone.Thegenericfull

trace ofCLP(FD)on CHR isan extension ofthe application trace taking into

accountdetailsoflowerlayers.

Thisisillustrated by the Figure 8 in the case oftwo layers:an application

(likeCLP(FD)forexam ple)im plem ented in CHR.Thism ethod can begeneral-

ized to applicationswith severallayersofsoftware.The Figure 5 showsin fact

atleast4 layers.

In ourcom ponentsbased approach itm eansthatwe m ay de�ne separately

and independently speci�cgenericfulltracesforeach layer,and,so in thiscase

for the application (APL)and the under-layerofCHR.The generic fulltrace

APL on CHR isa kind ofcom position oftracesand willbe obtained by som e

m ergingofboth genericfulltracesintoauniqueone.Theresultm aynotexactly

be a union ofallactions,param etersand attributes,butitisnotourpurpose

hereto study m oredeeply thisaspect.Form oredetailssee[15].

2.4 O bservationalSem antics

TheO bservationalSem antics(O S)isadescription ofapossiblyunbounded data

ow withoutexplicitreferenceto theoperationalsem anticsoftheprocesswhich

produced it[16].TheO S m ay be considered asa abstractm odelofprocess,in

thecaseofa singleobserved processoritcan bean abstraction ofthesem antics

to severalprocesses.Itisde�ned asa Labelled Transition System s(LTS)[25].
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14 Deransart& Oliveira

2.4.1 R epresentation ofthe O bservationalSem antics

The O bservationalSem anticshastwo parts: a state transition function and a

traceextraction function.

The �rstpartisa form alm odelon the way successive eventsofthe virtual

trace are related. Itisa virtualtrace sem anticsin the sense that,given a full

virtualtrace

T v
t = < s0;et > ,itexplainsthe sequence ofeventset by a transition function3

recursively applied from an initialvirtualstate.

Thesecondpart,thefunction ofextraction,produceswhatisactually\broad-

casted" outsidefrom the observed process.Thisfunction hasasargum entsthe

currentstate and the type ofaction,and producesthe attributesofthe actual

trace.

D e�nition 3 (O bservationalSem antics (O S)) An ObservationalSem antics

isde�ned by the tuple < S;R O ;A;E ;T;S0 > ,where� S is a virtualstate dom ain, where each state is described by a set of

param eters.� R O isa �nite setofaction types,setofidenti�ersused aslabelsfortran-

sitions.� A is a actualstate dom ain,where each state is described by a setofat-

tributes.� E isthe localextraction function ofthe actualstate a,perform ed by tran-

sition ofaction type r issued from state s,E :R x S ! A,which satis�es

by de�nition: E (r;s) = a (a 2 A,setofactualstates). M ore precisely,

the setofattributes at ofthe eventt ofthe actualtrace is derived from

the currentstate atm om entt� 1 ofthe virtualtrace and the transition

labelled by the action type rt,i.e.

E (rt;st�1 )= at� T state transition function T :R x ! S,i.e.

T(rt;st�1 )= st� S0 � S,setofinitialstates.

The O S m ay be represented by \rules",one foreach action,describing the

transition and theactualtraceeventextraction corresponding to theaction.A

rule has4 item s.� AType:an action identi�err2 R O� A C ond:f som e auxiliary com putationson the currentvirtualstate and

condition forexecuting theaction corresponding to thetransition:a �rst-

orderlogicform ula using predicateson the param etersg

3It isfacta relation since the transitions m ay be nondeterm inistic.
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Towards a Generic Fram ework 15� V SE�ect:f thee�ectoftheaction r on thecurrentstates,resulting in

anew states0,and som eauxiliary com putationsrelativeto theattributes

ofthe traceeventg� Etrace:f the attributesofthe trace eventproduced by the action r:a,

new extracted actualtraceeventg

Exam ple 2.1: the FibonacciFunction

Idealized (biologically unrealistic)rabbitpopulation.

The O S < S;If;R O ;A;E ;T;S0 > , describes the determ inistic transition

function Tl.

S:N �
+ (positiveintegerslist),st isthecom pleteevolution ofthepopulation

from m om ent0 untilm om entt+ 1:st = [popu0;:::;poput;poput+ 1]

R O :fm gg (m onthly growing)

A:N + ,at isthe population atm om entt+ 1 (popu(t+ 1)).

E :E (m g;s)= plast(s)+ last(s).Thereisone ruleonly to describe E .

Tl: T(m g;s) = s o [plast(s)+ last(s)](respectively before last and last

elem entsofthe listss,o denote listsconcatenation).Thenew virtualstatetis

the previousstate to which the sum ofthe two lastelem entsisappended.

S0:s0 = [1;1].

AType:m g

A C ond:f trueg

V SE�ect:f v  plast(s)+ last(s)^ s0 s o [v]g

Etrace:fvg

Traces:

T v
5 = < [1;1];[(1;m g;[1;1;2]);(2;m g;[1;1;2;3]);:::;

(4;m g;[1;1;2;3;5;8]);(5;m g;[1;1;2;3;5;8;13])]>

T w
5 = < [1;1];[(1;2);(2;3);(3;5);(4;8);(5;13)]>

2.4.2 Sim ple Fluent C alculus

The Fluent Calculus (FC) is a logic-based representation language for knowl-

edgeaboutactions,change,and causality [54].Asan extension ofthe classical

Situation Calculus [43],Fluent Calculus provides a generalfram ework for the

developm entofaxiom aticsem anticsfordynam icdom ains.

Thesim ple uentcalculus(SFC)hasthe following appealing qualities:

- Sim pli�cation ofthedescription,sincethe notionsofvirtualstateand actual

trace are \naturally" em bedded in the uent calculus (the situation corre-

sponding to a state can be viewed asa representation ofthe actualtrace).

- Reasoning on transitionsm ay be sim pler,asitsupportshandling partialvir-

tualstates(with appropriateaxiom atisation).Form alproofsbecom e sim pler

in the SFC (lessdeductions,atleastfor\directclosed" e�ects,see [54,51]).

It follows that properties like \faithfulness" [16]should be easier to prove

form ally.TheSym m etry of\stateaxiom s" allowsforward and backward rea-

soning.W ith thesim plicity oftherepresentation ofstatechanges,thisshould

m akesuch proofssim pler.
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16 Deransart& Oliveira

- The description in SFC m akes such speci�cation potentially executable in

Flux.Thereissom elim itsto theexecutability,related to thepartialaxiom a-

tisationoftheobservationalsem anticsand executabilityofform alspeci�cation

in general.Howeversuch fram ework m ay facilitate som esim ulations.

The Fluent Calculus is a sorted logic language with four standard sorts:

FLUENT,STATE,ACTIO N,and SIT (which stands for situation). A uent

describesasinglestateproperty thatm ay changeby them eansoftheactionsof

som eagent.A stateisa collection ofuents.Adopted from Situation Calculus,

the standard sortSIT describessequencesofactions.

Thepre-de�ned constant;:STATE standsfortheem pty state.Each term

ofsortFLUENT is also an (atom ic) STATE,and the function � :STATE �

STATE 7! STATE ,written in in�x notation,represents the com position of

twostates.Thefollowingabbreviation H olds(f;z)isused to expressthatuent

f holdsin statez:

H olds(f;z)= def (9z
0)f � z0= z (1)

The behavior of function \� " is governed by the foundationalaxiom s of

FluentCalculus,which essentially characterizestatesassetsofuents.

(z1 � z2)� z3 = z1 � (z2 � z3) (2)

z1 � z2 = z2 � z1 (3)

z� z = z (4)

z1 � ; = z (5)

H olds(f;f1 � z)� f1 _ H olds(f;z) (6)

States can be updated by adding and/or rem oving one or m ore uents.

Addition of a sub-state z to a state z1 is sim ply expressed as z2 = z1 � z,

and rem ovalisde�ned by

z2 = z1 � z = def (H olds(f;z2)� H olds(f;z1)^ :H olds(f;z)) (7)

The standard predicate P oss :AC TIO N � STATE in FluentCalculus is

used to axiom atize the conditionsunderwhich an action ispossible in a state,

i.e.,the situationsin which the pre-condition ofthisactionsissatis�ed.

The pre-de�ned constantS0 :SIT is the initial(i.e.,before the execution

ofany action)situation. The function D o :AC TIO N � SIT 7! SIT denotes

the addition ofan action to a situation.The standard function State:SIT 7!

STATE is used to denote the state,i.e.,the uents that hold in a situation,

after a sequence ofactions. This allowsto extend m acro Holdsand predicate

P oss to SITUATIO N argum entsasfollows.

H olds(f;s)= def H olds(f;State(s)) (8)

P oss(a;s)= def P oss(a;State(s)) (9)
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In a Fluent Calculus Axiom atization,beyond the de�nition ofthe dom ain

sorts,functionsand predicates,we can de�ne a setofaxiom sthatm ustfollow

three pre-de�ned axiom schem as: the precondition axiom s,the state update

axiom sand the stateconstraintaxiom s.

D e�nition 4 (P ure State Form ula) A Pure State Form ula isa FirstOrder

form ula �(z)� There isonly one free state variable z� Itiscom posed ofatom ic form ulas in the form :

H olds(�;z),where � isofthe sortFLUENT

atom swhich do notuse any reserved predicate ofFluentCalculus

D e�nition 5 (P recondition A xiom ) A precondition axiom followstheschem a:

P oss(A(~x);z)� �(~x;z),where �(~x;z)isa Pure State Form ula.

This kind ofaxiom states thatthe execution ofthe action A with the pa-

ram eters~x ispossiblein the statez ifand only if� A (~x;z)istrue.

D e�nition 6 (State U pdate A xiom ) A stateupdateaxiom followstheschem a:

P oss(A(~x);State(s))^ �(~x;State(s))� �(State(D o(A(~x);s));State(s))

where

�(State(D o(A(~x);s));State(s))= State(D o(A(~x);s))= State(s)� #+ � #�

where

#+ and #� are partialstates.

2.4.3 O bservationalSem antics in Sim ple Fluent C alculus

A virtualstateoftheobserved processcorrespondsto a statein SFC described

by a setofuents(thiscorrespondencem ustbe explicitly speci�ed).

Each type ofaction in the O S is an action nam e in the SFC.A particular

action isdenoted R in the following.

Actualstates are elem ents ofthe Cartesian product ofattribute dom ains

(thisdom ain m ustbe explicitly speci�ed).

Transition and extraction function (or relation) are described using both

fundam entalfollowing schem es(fundam entalaxiom softhe Fluentcalculus)

1. Pre-Condition Axiom s:

P oss(R;~x;z)� �(~x;z)

2. State Update Axiom s:

P oss(R;~x;State(s))^ �(~x:~y;State(s))�

�R (State(D o(R;w(~x:~y;State(s));s));State(s))

where w(~x:~y;State(s))isan actualtrace eventassociated with the tran-

sition,and derived from the currentstate (using localvariablestoo).
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18 Deransart& Oliveira

Thereareasm anypre-conditionsand stateupdateaxiom sasthereareaction

types R in the O S.�R m ay be a disjunction. Itde�nes the new virtualstate

and the corresponding extracted actualtraceeventattributesw(~x:~y;State(s)).

Nota:a situation s containsthe sequence ofactionsin the O S executed to

reach thecurrentvirtualstatez = State(s),and also thesequenceofextracted

actualtraceeventssuch thatT w = E (T v).

An actualtraceT w isthesequenceofwi,with chrono,found in thesituation

s= D o(R n;~xn;wn;D o(R n�1 ;~xn�1 ;wn�1 ;:::;S0):::)

Itm ay be com puted according to the following axiom s:

E xtraction(0;S)= S

E xtraction(n + 1;D o(R;~x;w;s))= ((n + 1):w):E xtraction(n;s)

Exam ple 2.2: O S for Fibonacci

The virtual state contains only one uent F ib=1 of type List(Int)� >

F luent,and there is only one type ofaction M g. The actualstate contains

just2 attributes,respectively oftype String and Int. A vectorisrepresented

by a sequence(Prolog listsyntax).

S0 = F ib([1;1])

P oss(M g;[l;pl];z)� H olds(F ib([l;pljx]);z)

P oss(M g;[l;pl];State(s))^ v = l+ pl�

State(D o(M g;[M g;v];s))= State(s)� F ib([v;l;pljx])� F ib([l;pljx])

2.5 Trace Q uery and A nalysis Tools

Trace query and analysis tools are considered here as separate com ponents,

as illustrated in the Figure 6. Although they are part ofthe CHRO M E-REF

project,they are not studied m ore deeply here. Instead,we propose a �rst

repesentation ofthe actualCHR trace using XM L.The XM L schem a isgiven

in the Appendix B,and an exam ple ofproduced trace in the XM L form atin

the Appendix C.
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3 Tracing R ule-B ased C onstraint Program m ing

ConstraintHandlingRulesem ergesin thecontextofConstraintLogicProgram -

m ing (CLP)asa languagefordescribing ConstraintSolvers.In CLP,a problem

is stated as a set ofconstraints,a set ofpredicates and a set oflogicalrules.

Problem sin CLP are generally solved by the interaction ofa logicalinference

engine and constraintsolving com ponents.The logicalrules(written in a host

language) are interpreted by the logicalinference engine and the constraint

solving tasksaredelegated to the constraintsolvers.

3.1 C H R by Exam ple

The following rulebasehandlesthe less-than-or-equalproblem :

reflexivity r1@ leq(X,Y) <=> X= Y j true .

antisymmetry r2@ leq(X,Y) , leq(Y,X) <=> X= Y.

idempotence r3@ leq(X,Y) n leq(X,Y) <=> true .

transitivity r4@ leq(X,Y) , leq(Y,Z) <=> leq(X,Z).

This CHR program speci�es how leq sim pli�es and propagates as a con-

straint.The rulesim plem entreexivity,antisym m etry,idem potence and tran-

sitivity in astraightforward way.CHR reflexivity statesthatleq(X ;Y )sim pli-

�esto true,provided itisthe case thatX = Y .Thistestform sthe (optional)

guard ofa rule,a precondition on theapplicability oftherule.Hence,whenever

weseea constraintofthe form leq(X ;X )wecan sim plify itto true.

Theruleantisym m etry m eansthatifwe�nd leq(X ;Y )aswellasleq(Y;X )

in the constraint store,we can replace it by the logically equivalent X = Y .

Note the di�erentuse ofX = Y in the two rules: in the reflexivity rule the

equality isaprecondition (test)on therule,whilein theantisym m etry ruleitis

enforced when the rule�res.(The reexivity rulecould also havebeen written

asreflexivity@ leq(X ;X )< = > true:)

The rules reflexivity and antisym m etry are sim pli�cation CHR.In such

rules,the constraintfound are rem oved when the rule applies and �res. The

ruleidem potenceisa sim pagation CHR,only theconstraintin therightpartof

the head willbe rem oved.The rule saysthatifwe �nd leq(X ;Y )and another

leq(X ;Y )in the constraintstore,wecan rem oveone.

Finally,theruletransitivity statesthattheconjunction leq(X ;Y );leq(Y;Z)

im plies leq(X ;Z). O perationally,we add leq(X ;Z)as(redundant)constraint.

without rem oving the constraints leq(X ;Y );leq(Y;Z). This kind ofCHR is

called propagation CHR.

The CHR rulesareinterpreted by a CHR inference engineby rewriting the

initialsetofconstraintsby the iterative application ofthe rules. Itsextension

with disjunctive bodies,CHR _ boostsitsexpressivenesspower,turning itinto

a generalprogram m ing language(with no need ofan hostlanguage).

3.2 O bservationalSem antics ofC H R

The observationalsem antics ofa tracer is based on a sim pli�ed abstract se-

m antics ofthe observed process. In the case ofCHR _,we suggest to use an
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adaptation ofthere�ned theoreticalsem anticsofCHR aspresented in [17].To

startwith,weshow how to build an observationalsem anticsforCHR based on

the theoreticaloperationalsem antics!t [22]. The description of!t in SFC is

borrowed from [9].

3.2.1 T heoreticalO perationalSem antics !t ofC H R

W ede�neC T astheconstrainttheory which de�nesthesem anticofthebuilt-in

constraintsand thus m odelsthe internalsolverwhich is in charge ofhandling

them . W e assum e it supports at leastthe equality built-in. W e use [H jT]to

indicate the �rst(H )and the rem aining (T)term s in a list,+ + forsequence

concatenation and []forem pty sequences.

W e use the notation a0;:::;an forboth bagsand sets.Bagsaresetswhich

allow repeats.W euse[ forsetunion and ] forbag union,and fg to represent

both the em pty bag and the em pty set. The identi�ed constraints have the

form c# i,where c is a user-de�ned constraintand ia naturalnum ber. They

di�erentiateam ong copiesofthesam econstraintin a bag.W ealso assum ethe

functionschr(c# i)= cand id(c# i)= i.

An execution state is a tuple hQ ;U;B ;P in,where Q is the G oal,a bag of

constraintsto be executed;U isthe UDCS (UserDe�ned ConstraintStore),a

bag ofidenti�ed user de�ned constraints;B is the BICS (Built-In Constraint

Store), a conjunction of constraints; P is the Propagation History, a set of

sequences,each recording the identities ofthe user-de�ned constraints which

�red a rule;n isthe nextfreenaturalused to num beran identi�ed constraint.

Theinitialstateisrepresented by thetuplehQ ;[];true;[]in.Thetransitions

areapplied non-determ inistically untilno transition isapplicableorthecurrent

built-in constraintstoreisinconsistent.Thesetransitionsarede�ned asfollows:

Solve hfcg] Q ;U;B ;P in 7! hQ ;U;c^ B ;P in where c is

built-in

Introduce hfcg] Q ;U;B ;P in 7! hQ ;fc# ng] U;B ;P in+ 1
where cisuser-de�ned constraint

A pply hQ ;H 1]H 2]U;B ;P in 7! hC ]Q ;H 1]U;ê B ;P 0in

whereexistsa ruler@ H 0
1nH

0
2 , gbC and a m atching sub-

stitution e,such thatchr(H 1)= e(H 0
1);chr(H 2)= e(H 0

2)

and C T j= B � 9(e ^ g); and the sequence id(H 1)+

+ id(H 2)+ + id[r]62 P ;and P 0= P [ id(H 1)+ + id(H 2)+

+ [r]

Exam ple 3.1 The following isa (term inating)derivation under!t forthe

query leq(A;B );leq(B ;C );leq(C;A) executed on the leq program in Exam ple

3.1.Forbrevity,P havebeen rem oved from each tuple.
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hfleq(A;B );leq(B ;C );leq(C;A)g;;;;i1 (1)

7! introducehfleq(B ;C );leq(C;A)g;fleq(A;B )# 1g;;i2 (2)

7! introducehfleq(C;A)g;fleq(A;B )# 1;leq(B ;C )# 2g;;i3 (3)

(transitivity r4 X = A ^ Y =

B ^ Z = C )

7! apply hfleq(C;A);leq(A;C )g;fleq(A;B )# 1;leq(B ;C )# 2g;;i3 (4)

7! introducehfleq(C;A)g;fleq(A;B )# 1;leq(B ;C )# 2;leq(A;C )# 3g;;i4 (5)

7! introduceh;;fleq(A;B )# 1;leq(B ;C )# 2;leq(A;C )# 3;leq(C;A)# 4g;;i5 (6)

(antisym m etry r2 X = C ^

Y = A)

7! apply h;;fleq(A;B )# 1;leq(B ;C )# 2g;fA = C gi5 (7)

(antisym m etry r2 X = C ^

Y = A)

7! apply h;;;;fA = C;C = B gi5 (8)

No m oretransition rulesarepossible,so thisisthe �nalstate.

3.2.2 T heoreticalO perationalSem antics !t ofC H R in SFC

The following is the description ofthe theoreticaloperationalsem antics !t in

term softhesorts,relations,functionsand axiom softhesim pleuentcalculus.

(a) Dom ain Sorts

- N ATU RAL,naturalnum bers;

- RU LE ,the sortofCHR rulesand RU LE ID the sortofthe ruleidenti-

�ers;

- C O N STRAIN T, the sort of constraints, with the following subsorts:

B IC (the built-in constraints),with the subsortE Q (constraintsin the

form x = y),and U D C (the user-de�ned constraints),with the following

subsort:ID E N TIF IE D (constraintsin the form c# i).In short:

E Q < B IC < C O N STRAIN T and

ID E N TIF IE D < U D C < C O N STRAIN T;

- P RO P H ISTO RY = Seq(N ATU RAL)� RU LE ,the elem ents ofthe

Propagation History,tuplesofa sequenceofnaturalnum bersand a rule;

Foreachde�ned sortX ,threenew sorts:Seq(X ),Set(X )andB ag(X )

containing thesequences,thesetsand thebagsofelem entsofX .W euse

[]forthe em pty sequenceand fg forthe em pty setand the em pty bag.

- C H RAC TIO N < AC TIO N ,the subsortofAC TIO N containing only

the actionsin the CHR sem antics.

(b) Predicates

- Q uery :B ag(C O N STRAIN T),Q uery(q)holdsi� q isthe initialquery;

- C onsistent:STATE ,holdsi� the B IC S ofthe state isconsistent(i.e.,

ifitdoesnotentailfalse).

- M atch(hk;hR ;u1;u2;e;z)holds i� (i) u1 and u2 are in the U D C S ofz

and (ii)thesetofm atching equationse issuch thatchr(u1)= e(hk)and

chr(u2)= e(hR );

- E ntails : Set(B IC )� Set(E Q )� B ag(B IC ), E ntails(b;e;g) holds if

C T j= b! 9(e^ g).
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(c) Functions

- # :U D C � N ATU RAL 7! ID E N TIF IE D ,de�nesthe syntactic sugar

forde�ning identi�ed constraintsin the form c# i;

- m akeRule:

RU LE ID � B ag(U D C )� B ag(U D C )� B ag(B IC )� B ag(U D C ) 7!

RU LE ,

m akesa rulefrom itscom ponents.W ede�nethesyntacticsugarforrules

asrid@ hknhR $ gjb= m akeRule(rid;hk;hR ;g;b);

- B ics:STATE 7! Set(B IC ),whereB ics(z)= fcjH olds(InB ics(c);z)g;

- id :Set(U D C )7! Set(N ATU RAL),whereid(H )= ijc# i2 H

- The usualset, sequence and bag operations: 2 for elem ent, [ for set

union,] for bag union,+ + for sequence concatenation,jfor sequence

head and tail(Ex:[headjtail])and n forsetsubtraction.

(d) Fluents

- G oal:B ag(U D C )7! F LU E N T,G oal(q)holdsi� q isthe currentgoal;

- U dcs :B ag(ID E N TIF IE D ) 7! F LU E N T,U dcs(u) holds i� u is the

currentUDCS;

- InB ics:B IC 7! F LU E N T,InB ics(c)holdsi� cisin thecurrentBICS;

- InP ropH istory :P RO P H ISTO RY 7! F LU E N T,InP ropH istory(p)

holdsi� p isin the currentPropagation History;

- N extId :N ATU RAL 7! F LU E N T,N extId(n) holds i� n is the next

naturalnum berto be used to identify a identi�ed constraint.

(e) Actions

- Solve : B IC 7! C H R AC TIO N , D o(Solve(c);s) executes the Solve

transition with the built-in constraintc;

- Introduce :U D C 7! C H R AC TIO N ,D o(Introduce(c);s)executesthe

Introducetransition with the user-de�ned constraintc;

- Apply :RU LE � B ag(U D C )� B ag(U D C )7! C H R AC TIO N ,

D o(Apply(r;u1;u2);s) executes the Apply transition m atching the con-

straints u1 and u2 in the U D C S with the kept and rem oved heads of

r.

(f) Axiom s

- Q uery(q)! State(S0)= G oal(q)� U dcs(fg)� N extId(1),

The InitialState Axiom statesthatin the initialstate,the goalcontains

the constraints in the query,the user de�ned constraint store is em pty

and the nextID foridenti�ed constraintsis1;

Solve

- P oss(Solve(c);z)� (9q)(H olds(G oal(q);z)^ c2 q)

The Solve Precondition Axiom statesthatthe only precondition forthe

Solve action on the built-in constraintcisthatthisconstraintshould be

in the goal.
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- P oss(Solve(c);s)^ H olds(G oal(q] fcg);State(s))�

State(D o(Solve(c);s))= State(s)� G oal(q)� InB ics(c)�

G oal(q] fcg)

TheSolveState Update Axiom statesthatthe resultofthe Solve action

over the constraint c is that this constraint is rem oved from goaland

added to InB ics listin currentstate;

Introduce

- P oss(Introduce(c);z)� (9q)(H olds(G oal(q);z)^ c2 q)

- P oss(Introduce(c);s)^ H olds(G oal(q] c);State(s))̂

H olds(U dcs(u);State(s))^ H olds(N extId(n);State(s))�

State(D o(Introduce(c);s)) = State(s)� G oal(q)� U dcs(u ] c# n)�

N extId(n + 1)�

G oal(q] fcg)� U dcs(u)� N extId(n)

Apply

- P oss(Apply(r@ hknhR $ gjd;u1;u2);z)�

(9e)(9b)(M atch(hk;hR ;u1;u2;e;z)̂

:H olds(InP ropH istory(id(u1);id(u2);r);z)̂ B ics(b;z)̂ E ntails(b;e;g))

- P oss(Apply(r@ hknhR $ gjd;u1;u2);State(s))̂

H olds(U dcs(u1 ] u2 ] u);State(s))^ H olds(G oal(q);State(s))̂

M atch(hk;hR ;u1;u2;e;z)�

State(D o(Apply(r@ hknhR $ gjd;u1;u2);s))= State(s)� G oal(d] q)�

U dcs(u1]u)� InB ics(e)� InB ics(g)� InInP ropH istory(id(u1);id(u2);r)�

G oal(q)� U dcs(u1] u2] u)

3.2.3 O bservationalSem antics ofC H R based on !t

The following is the description ofthe observationalsem antics ofCHR using

the sim ple uent calculus with m odi�ed axiom s ofthe Section 2.4.3. Sorts,

Predicates,Functionsand Fluentsarethesam easin theprevioussection;there

ison additionalitem forthe attributes.

Theactionsarenow constantsand wem akeexplicit4 actions:

Init;Solve;Introduce;F ail.

(e)Actions

- Init:7! C H R AC TIO N ,D o(Init;[goal(q)ja];s)executesthetop-levelini-

tialtransition (starting the resolution) with som e query q in the current

state (a standsforotherattributeslistin the associated traceevent);

- Solve:7! C H R AC TIO N ,D o(Solve;[bic(c)ja];s)executestheSolvetran-

sition with the built-in constraintc;

- Introduce :7! C H R AC TIO N , D o(Introduce;[udc(c)ja];s) executes the

Introduce transition with the user-de�ned constraintc;

- Apply :7! C H R AC TIO N ,

D o(Apply;[rule(r)jt];s)executestheApply transition with ruler m atching

the constraintsin the U D C S with the keptand rem oved heads;
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- F ail:7! C H R AC TIO N ,D o(F ail;[goal(q)ja];s)ifno Apply ispossible.

Therearealso 5 attributesin the actualtrace:goal;udc;bic;hind;rule.

(f)Attributes

- goal:C O N STRAIN TS 7! ATTRIB U TE ,isthe setofconstraintsin the

currentG oal;

- udc:C O N STRAIN TS 7! ATTRIB U TE ,isthe setofconstraintsin the

currentUserDe�ned ConstraintsStore;

- bic :C O N STRAIN TS 7! ATTRIB U TE ,is the setofconstraintsin the

currentBuilt-In ConstraintsStore;

- hind :7! IN TE G E R,isthenew propagation history index (increm ented by

Introduce);

- rule:RU LE 7! ATTRIB U TE ,isthe ruleapplied to reach thisstate.

Apply

W e just com m ent the adaptation ofone rule,the fulldescription is in Ap-

pendix A.

(g)Axiom softhe O bservationalSem antics

- P oss(Apply;[r;hk;hR ;g;u1;u2];z)�

(9e)(9b)(M atch(hk;hR ;u1;u2;e;z)̂

:H olds(InP ropH istory(id(u1);id(u2);r);z)^ B ics(b;z)̂

E ntails(b;e;g))

- P oss(Apply;[r;hk;hR ;g;u1;u2];State(s))̂

H olds(U dcs(u1 ] u2 ] u);State(s))^ H olds(G oal(q);State(s))̂

M atch(hk;hR ;u1;u2;e;z)�

State(D o(Apply;

[apply,rule(r@ hknhR $ gjd;u1;u2);goal(d]q);udc(u1]u);bic(g)];s))=

State(s)� G oal(d] q)� U dcs(u1] u)� InB ics(e)� InB ics(g)�

InP ropH istory(id(u1);id(u2);r)

� G oal(q)� U dcs(u1] u2] u)

The observationalsem antics ofCHR _ can be form alized sim ilarly with 11

actions(hence 11 di�erentkindsoftraceevents),

initState;solve;activate;reactivate;drop;sim plify;propagate;derive;

clean;split;fail,

using the re�ned operationalsem antics!_
r ,according to [17,9].
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3.3 Tow ards FullG eneric Trace ofC H R _

As suggested in the Section 2.3.2,a fulltrace willbe progressively obtained

by com posing severallayersoftracesand severalpotentialapplicationsin such

a way that as m any as possible ofpotentialuses can be satis�ed by such a

trace. The Figure 5 suggests4 levelsofre�nem ents corresponding to 4 layers

ofim plem entations,i.e. from bottom to top: environm entofexecution (W in-

dows/Linux/M ac...),im plem entation language(m ostofCHR are im plem ented

in Prolog),CHR,and application written in CHR.There m ay be other lower

levels,like W AM abstract m achine im plem ented in Java for the Prolog level,

etc... Even ifeach layerhasitsown levelofabstraction and m ostofthe CHR

usersdon’tcareaboutlowersoftwarelayers,itm ay beinteresting to keep som e

traceofthem in the \full" trace.

Ifwe consider the point ofview ofdebugging som e application written in

CHR,hereare som einform ation which could be usefully found in a traceused

by a debugging tool.� Execution environm ent: activation ofsystem com m ands during interac-

tions� Im plem entation languages (there m ay be severallayers): speci�c local

errorm essages,activated layer,...� CHR:nam eofused rules

W e m ean here that,atsom e point,itm ay be usefulto �nd in the trace of

the application som e inform ation regarding di�erent layersofim plem entation

in ordera debugging toolto be ableto \understand" som ebugs.

Let us consider an exam ple ofapplication. In the Annex D we give the

observationalsem anticsin SFC ofasim pleapplication of[53].ThisO S speci�es

possibletracesofactionsperform ed by robots(herethereisonly one).W em ay

assum ethatthissm allworld isprogram m ed in CHR and thereforethetraceof

the whole system isa kind ofcom bination ofboth traces:the one ofthe robot

and the trace corresponding to the CHR program execution. The resulting

fulltrace correspondsto the trace com position described in the Section 2.3.2

(com prehensively treated in [15]).

Ifone wants just to follow what the robots are doing,then the sub-trace

consistingofthetraceeventsregardingtherobot’sactionsissu�cientlyrelevant.

But,atleastatthestageofdebugging,som edysfunction observed in therobot’s

trace(forexam plecrossinga closed door)can beunderstood only by looking at

am orecom pletetracewhich includeseventsrelated totheCHR layerbehaviour.

Finally there is one m ore level, which corresponds to the speci�city and

versatility ofCHR:the m any extensionsand applicationswhich are em bedded

in CHR with CHR as im plem entation language,quoted as the \CHR world"

in the introduction. Here are som e ofthem [22]: Boolean algebra for circuit

analysis,resolution oflinearpolinom ialequations-CLP(R )4-with application

in �nances and non linear equations,�nite dom ain solvers -CLP(FD) -with

applicationsin puzzles,schedulingand optim isation,butm any othersasquoted

atthe beginning ofthe report.

4CLP stands forConstraintLogic Program m ing.
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A fullCHR _ trace should probably include tracesrelated to severalexten-

sionslikeCLR(X )whereX standsforsom econstraintdom ain,and CHR V ;naf

forexam ple.Thisispossible,butthereisstillaneed tospecify an observational

sem anticsforseveraloftheseextensions.
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4 Towards C H R O M E-R EF

This section details the architecture ofCHRO M E-REF,the extensible im ple-

m entation ofa generictracerforConstraintSolvingand Rule-Based Reasoning.

Each com ponentoftheCHRO M E-REF isdescribed in term sofUM L2.1accord-

ing theK obrA2m ethodology [4,5].W e�rstgivea briefoverview ofCHRO M E.

4.1 C H R O M E

CHRO M E stands for C onstraint H andling R ule O nline M odel-driven

Engine,isam odel-driven,com ponent-based,scalable,online,Java-hostedCHR _

engine to lay atthe bottom ofthe fram ework asthe m ostwidely reused auto-

m ated reasoning com ponent.Theidea ofCHRO M E isalso to dem onstratehow

a standard setoflanguagesand processesprescribed by M DA can be used to

design concreteartefacts,such as:a versatileinferenceengineforCHR _ and its

com pilercom ponentthatgeneratesfrom a CHR _ basethe sourcecode ofJava

classes.

4.1.1 G oals and D esign P rinciples

Them ain goalofCHRO M E ifto takeCHR enginesa step beyond,by designing

a new CHR _ engine and a corresponding com piler using a com ponent-based

m odel-driven approach. CHRO M E is a CHR _ engine with an e�cient and

com plete search algorithm (e.g. the conict-directed backjum ping algorithm ),

the �rstversatilerule-based engine,integrating production rules,rewriterules,

itsbuilt-in beliefrevisionm echanism (reused forhandlingdisjunctions)and CLP

rules to run on top ofa m ainstream O bject O riented (O O ) platform (Java).

Because it is a rule-based engine following a com ponent-based m odel-driven

approach,itallowseasy portto otherO O platform ssuch asPython,JSP,C+ +

and others. Finally the com pileristhe �rstthatusesa m odeltransform ation

pipeline to transform from a source relational-declarative language into a O O

im perativeparadigm language.

The CHRO M E architecture is divided into two m ain sub-com ponents(see

the Figure9):

i) TheATL-pipelinecom piler(CHR Com pilercom ponent)thattakesasinput

a relationaldeclarative CHR _ base and produces an e�cient constraint

handling im perativeobject-oriented com ponentassem bly.

ii) The CHRO M E run-tim e engine (shown in the Figure 9 asthe Q ueryPro-

cessorcom ponent)thatprovidestheservicesand data structuresnecessary

toexecuteaCHR _ basegiven aparticularquery (collection ofconstraints).

The Figure 10 shows the com plete M O F m etam odelof CHR _ . At this

abstractsyntax levelallCHR _ rulesaregeneralized assim pagation rules.The

m eta-associations keep and delfrom the CHR _ m eta-class to the Constraint

m eta-class respectively represent the propagated and sim pli�ed heads ofthe

rule. The heads m ust be instances ofRDCs (Rule De�ned Constraints). A

guard ofa rulem ustbea collection ofBICs(BuiltIn Constraints).Both RDCs

and BICsarespecializationsofConstraintm eta-class.
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Figure9:CHRO M E

Figure10:M eta-m odelofCHR _ and CHR data structures.
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The body ofa CHR _ rule isa collection ofalternative conjunctions. Con-

junctionsare com posed by both RDC orBIC,e.g. a collection ofinstancesof

m eta-class Constraint. The originalCHR _ base has a specialRDC (O R) to

indicatedisjunctionsin thebody.Thecollection ofallrulesofa CHR program

isa CHR Base.

Each constraintiscom posed by a constraintsym boland a collection ofzero

or m ore argum ents, e.g. a collection of term s (m eta-class Term ). A Term

further specializes into: functionalterm s,non-functionalterm s,ground term s

and non-ground term s.A Constantisboth a non-functionalterm and a ground

term and a Variable isa non-ground term and a non-functionalterm . Finally

a functionalterm is further com posed by a Function Sym boland a collection

ofzero orm oreargum ents,which arein turn recursively de�ned asinstancesof

m eta-classTerm .Theconstraintdom ain m eta-classaggregatesallterm sym bols

allowed.

The m etam odeldisplaysalso the internalstructuresofthe engine,nam ely:

the constraintstore and the constraintqueue. The �rststoresthe constraints

added by �ring rules,the second isa processing queue thattrackswhich isthe

nextconstraintto be processed.

4.1.2 Strengths and Lim itations

CHRO M E isthe�rstJavaCHR _ engine:noneoftherelated CHR Javaengines

allow disjunctive rules. Com pilation in Java m akes it easier to reuse and de-

ploy fullCHR _ basesin applicationsin need ofautom ated reasoning services.

It is one ofthe largest case study to date to integrate M DE technology with

m odeltransform ations (4358 ATL lines) and com ponents. It however su�ers

som e lim itations,asitprovidesonly three built-in constraints:the syntactical

equality,true and false,and ithasno visualtracing IDE.Thism akespractical

applications stilltoo cum bersom e to im plem ent,being tracing a fundam ental

partoflargeautom ated reasoning developm ent.

4.2 C H R O M E-R EF C om ponents

The Figure 11 shows a object-oriented representation ofthe observationalse-

m antics ofCHR _ as described in the Section 3.2.1. It contains �ve sort of

extracted traceevents(E Trace):an initialstate (E InitialState),user-de�ned

contraintstoreintroduced (E Introduce),built-in introduced (E Solve),ruleap-

plied (E Apply)and rulefailed (E F ail).

The top-levelCHRO M E-REF com ponentencapsulatesallsub-com ponents

thatcom posetheCHRO M E environm ent.TheFigure12 showsthem ain com -

ponentand itsthree sub-com ponentsasde�ned in whatfollows.They provide

m ethodsto com pile a rule base,to solvea query (displaying one orm ore solu-

tionsforsuch query),toadaptasolution when agiven setofjusti�ed constraints

isdeleted and to clearthe constraintstoreforprocessing a new query.

TheDrivercom ponentisa interm ediatorbetween CHRO M E and Analyzer,

itsfunction isto m anagerthe com m unication oftraceeventsentby the engine

and �lter the requested inform ation to the analyzer. Finally, the Analyzer

com ponent,in ourcase,isa debugging toolforCHR.

Thenextsub-sectionsdescribeeach com ponent.

R R n° 7165



30 Deransart& Oliveira

Figure11:O O Representation ofthe O S ofthe CHR _ Tracer

Figure12:CHRO M E-REF three m ain Com ponents
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Figure13:Insertion ofthe TraceExtraction Com ponentinto CHRO M E

4.2.1 Extraction

The Figure 13 showsthe CHRO M E com ponentwith a new com ponentcalled

TraceExtraction,which im plem entsthegenericCHR traceasdescribed in the

Section 3.2.3.

W e have added two im provem ents to the CHRO M E to integrate with our

proposal:anew com ponentecalled TraceExtraction thatreceivesasinputsom e

param eters(C onstraint;Q ueryP rocessorandRD C )and producesthetraceevents

(E Trace);and,weincluded new rulesinto the CHRO M E com pilerto send the

previous param eters to the Trace Extraction during the execution ofa CHR

program .

The following O CL rules explain how a trace eventwillbe produced from

received param eters:

context TraceExtraction ::genEInitialState(qp:QueryProcessor): -

Etrace

post:

let eInitialState :EInitialState = oclIsNew ()

in

eInitialState .query = qp.goal and

result = eInitialState

context TraceExtraction ::genEIntroduce(c:Constraint , qp: -

QueryProcessor):Etrace

post:

let eIntroduce :EIntroduce = oclIsNew ()

in

eIntroduce .c = c and

eIntroduce .udcs = qp.cs.getStore () and

result = eIntroduce

context TraceExtraction ::genESolve (bic :Constraint , qp : -

QueryProcessor):Etrace

post:

let eSolve :ESolve = oclIsNew ()

in

eSolve .bic = bic and

eSolve .builtIns = qp.allVars and
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Figure14:TraceDriverM eta-m odel

result = eSolve

context TraceExtraction ::genEApply (rule :RDC):Etrace

post:

let eApply :EApply = oclIsNew ()

in

eApply .rule = rule and

result = eApply

context TraceExtraction ::genEFail (rule :RDC):Etrace

post:

let eFail :EFail = oclIsNew ()

in

eFail .rule = rule and

result = eFatil

4.2.2 D river

The Trace Driver com ponent is an interm ediator between a process and an

analyzer.Itcom ponenthasthe following functions(Figure 14):� todecidewhethertheunderlyingprocess(in ourcaseCHRO M E)willsend

trace eventsstep by step orallatonce. This inform ation isrepresented

by m eansofthe ag stepB yStep;� toregisteran analyzerthatwillwatch thetraceeventsfrom theunderlying

process;� to notify allconnected analyzerssoon aftera traceeventto be produced;� to ask fora new traceevent(only ifthe ag stepB yStep istrue);and,� to �ltera traceeventby m eansofa tracequery sentfrom a analyzer.

The following O CL rulesdescribethe post-condition ofeach m ethod:

context TraceDriver ::registerAnalyzer(a:Analyzer )

post: analyzer�> includes (d)

context TraceDriver ::notifyDriver(eTrace :ETrace)
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Figure15:M eta-m odelofthe Analyzerand Com m unication with the Driver

post: analyzers�> forAll(a j a^notification(filterTrace (a.request , -

eTrace)))

context TraceDriver ::newStep ()

post: observed .newStep ()

context TraceDriver ::updateFilter(a:Analyzer , request :Request)

post: a.request = request

Assaid before,theTraceDrivercom ponentisa interm ediatorthatreceives

trace eventsfrom a processand sendsitto the analyzer.The Figure 15 shows

the relationshipsbetween these com ponents.

A trace driver is connected to an observed process which sends the trace

events,and ithasa listofanalyzersto which to thetraceevents.Each analyzer

is associated to a query,which sayswhich inform ation the driver willsend to

the analyzer.

4.2.3 A nalyzer

The trace analyzer speci�es to the driver which events are needed by m eans

ofqueries. The requeststhat an analyzercan send to the tracerdriverare of

three kind. Firstly,the analyzercan ask foradditionaldata aboutthe current

event.Secondly,theanalyzercan m odify thequery to bechecked by thedriver.

Thirdly,theanalyzercan notify thedriverto pause,continueorend theprocess

execution.

In this project,in order to exem plify the whole proposed fram ework,we

have created two sim ple views to show a pretty-printing ofa CHR execution.

The Figure 16 presents these two kind ofanalyzers: the Trace V iew shows

the evolution ofthe CHR param eters(G oal,ConstraintStore,Built-ins,etc),

de�ned in thegenerictrace;and theP rogram V iew isjustto focusin a speci�c

rulewhen thisruleistriggered.

W e illustratetheseviewswith an execution ofthe LEQ exam ple.

reflexivity @ leq(X,Y) <=> X= Y j true .

antisymetry @ leq(X,Y) , leq(Y,X) <=> X= Y.

idempotence @ leq(X,Y) n leq(X,Y) <=> true .

transitivity @ leq(X,Y) , leq(Y,Z) <=> leq(X,Z).

with the query:
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Figure16:A Sim pleG UIto Analyzea Program Execution LookingatitsTrace

leq(A,B), leq(B ,C), leq(C,A).

Finally,we getthe XM L instance produced by CHRO M E forthisexam ple

(see com pletetracewith allattributesin the Appendix C).

< ?xml version= "1.0" encoding= "UTF�8"?>

< chrv

xmlns= "http :// orcas.org .br/chrv"

xmlns :xsi= "http ://www .w3.org/2001/X M LSchem a�instance"

xsi :schemaLocation=

"http :// orcas.org .br/chrv chrv .xsd">

< event chrono= "1">

< initialState>

< goal> leq(A ,B), leq(B,C), leq(C,A)< /goal>

< /initialState>

< /event>

< event chrono= "2">

< introduce>

< udc> leq(A,B)< /udc>

< goal> leq(B ,C), leq(C,A)< /goal>

< /introduce>

< /event>

< event chrono= "3">

< introduce>

< udc> leq(A,B), leq(B ,C)< /udc>

< goal> leq(C ,A)< /goal>

...

< /chrv>

At this stage ofthe im plem entation,such views are principally helpfulto

help to develop the generictrace.
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5 C onclusion

In thisreportwehavepresentedanongoingworkasaroadm aptowardsCHRO M E-

REF,and wehavede�ned them ethodsand toolsto reach thisgoal.They con-

sistsofa form alspeci�cation (called observationalsem antics-O S)ofa generic

tracerforCHR _ using an adaptation ofthesim pleuentcalculus(SFC)which

we have presented,and its im plem entation,over and inside CHRO M E,using

the K obrA2 m ethod,and resulting in a PIM ofCHRO M E-REF.

W e have tested the approach with a sm alltrace pretty printing G UI.W e

also indicated how to work on extensions ofthe very �rst trace we presented

(using thesim ple !t sem anticsofCHR),beforeincluding otheractionsand at-

tributesinspired by m orere�ned sem anticsofCHR _ and variousCHR dom ains

extensions.

Severalotherissueshoweverrem ain to be explored.

Firstthe use ofthe SFC to describe the observationalsem anticsoftracers.

As quoted in the report,we m ay expect severaladvantages ofits use: facili-

tation oftrace extension speci�cation,orre�nem ent,by m erging observational

sem anticsofseveralCHR extensionsorsublayers,and facilitation ofveri�cation

ofform alpropertiesofthetrace.W edid notreach thepointto bein condition

to sim ulate production oftraces trying to execute this O S using Flux. Such

execution would require som e im plem entation ofcom plex functions or predi-

cates. Since the O S m ay be a sm ooth abstraction ofa fam ily ofsolvers,it is

in principlepossibleto develop som esim ulation producing supersetsofpossible

traces. Thiscan be usefulto analyse som e propertiesofthe tracesto im prove

theirdesign. Howeveritwillbecom e worth and m ore interesting when a m ore

re�ned fulltracewillbe ready.

Anotherpointwhich rem ainsunsolved istheway to relatetheobservational

sem antics ofthe tracer and the design ofthe CHRO M E-REF PIM .Both are

form sofpartialform alspeci�cation.TheO S becauseitisan abstraction ofthe

sem anticsofthe observed process-hence a partialspeci�cation-,the laterbe-

causeitisapartially form alspeci�cation.Even ifitisclearthatthedescription

ofthe tracerin SFC isa clearrequirem entwhich servesasguideline to design

thisPIM ,there isno way to guaranteea form alcorrespondence.

O neproposed approach isto m ap thelogicalm odelofSFC used hereinto an

O bject-O riented (O O )m odel(O O SFC),and tolim itthe\im plem entation step"

to a m erging ofPIM s.Thisway to proceed isillustrated on theFigure17.This

approach aim satreducing thecom plexity ofm apping between thetwodi�erent

descriptions,by introducing a interm ediary step denoted CHR-O SO O SF C .

W e have started to specify the O S in O O SFC [39],butthisquestion isstill

open whether this step is really helping,or whether the construction ofthe

tracer part ofthe CHRO M E-REF PIM in UM L is better achieved just using

theSFC speci�cation oftheO S.Itcould bealso interesting to com pareseveral

approachesofextending existing codes,like pluging aspects in the CHRO M E

java code. In any casesthe question ofthe relationshipswith the speci�cation

isstillworth posing.

Finally a third unsolved point concerns the validation ofthe im plem enta-

tion.Considering thedesign and im plem entation used m ethod,thereisno way

to m ake form alproofofadequation between the speci�cation and the im ple-
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OOSFC

CHR−OS
FC

CHROME
UML
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Figure17:An Interm ediateStep towardsCHRO M E-REF

CHR trace

CHROME−REF
Java

CHR−OS
Flux

semi−formal

tests

CHROME−REF
UML

CHR−OS
FC

Figure18:Validating di�erentoperationalsem antics

m entation,but this point need m ore study. At this stage,we are lim ited to

perform tests.The Figure18 illustratesthispoint.� Sem i-form alproof:Itisto show thatCHR-O SF C isequivalentto the

CHRO M E-REFU M L.But,asUM L isasem i-form allanguage[33],sothat,

UM L isnotstricly form alin senseofa purely syntacticderivation using a

very precise and circum scribed form alsetofrulesofinference,no form al

proofcan be perform ed.� Test-based validation: LetCHR-O SF C with itsequivalentim plem en-

tation CHR-O SF lux in Flux,and CHRO M E-REFU M L with itsequivalent

im plem entation in Java CHRO M E-REFJava,them ethod consistsofcom -

paring the produced tracesto check whetherthey areequivalent.

ThereisstillalongwaytogetafullgenerictraceforCHR.Indeed,asquoted

in the Section 3.3,such goalim plies the existence ofgeneric tracesforseveral

CHR extensions. Since we already have som e (for�nite dom ain solvers,orfor

Prolog under-layerfor exam ple),we are far to coverallexisting extensions of

CHR quoted atthebeginning ofthispaper.Butthecom position oftracesand

them ethod ofim plem enting tracerpresented heregivea possibleroad towards

a fullgenerictraceforCHR _ and m any ofitsextensions.
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A A ppendix -O bservationalSem antics ofC H R

The following is the description ofthe observationalsem antics ofCHR based

on itstheoreticaloperationalsem antics!t and the sim ple uentcalculuswith

m odi�ed axiom softhe Section 2.4.3.

(a) Dom ain Sorts

- N ATU RAL,naturalnum bers;

- RU LE ,the sortofCHR rulesand RU LE ID the sortofthe ruleidenti-

�ers;

- C O N STRAIN T, the sort of constraints, with the following subsorts:

B IC (the built-in constraints),with the subsortE Q (constraintsin the

form x = y),and U D C (the user-de�ned constraints),with the following

subsort:ID E N TIF IE D (constraintsin the form c# i).In short:

E Q < B IC < C O N STRAIN T and

ID E N TIF IE D < U D C < C O N STRAIN T;

- P RO P H ISTO RY = Seq(N ATU RAL)� RU LE ,the elem ents ofthe

Propagation History,tuplesofa sequenceofnaturalnum bersand a rule.

Foreach de�ned sortX ,three new sorts: Seq(X ),Set(X )and B ag(X )

containing thesequences,thesetsand thebagsofelem entsofX .W euse

[]forthe em pty sequenceand fg forthe em pty setand the em pty bag.

- C H RAC TIO N < AC TIO N ,the subsortofAC TIO N containing only

the actionsin the CHR sem antics.

(b) Predicates

- Q uery :B ag(C O N STRAIN T),Q uery(q)holdsi� q isthe initialquery;

- C onsistent:STATE ,holdsi� the B IC S ofthe state isconsistent(i.e.,

ifitdoesnotentailfalse);

- M atch(hk;hR ;u1;u2;e;z)holds i� (i) u1 and u2 are in the U D C S ofz

and (ii)thesetofm atching equationse issuch thatchr(u1)= e(hk)and

chr(u2)= e(hR );

- E ntails : Set(B IC )� Set(E Q )� B ag(B IC ), E ntails(b;e;g) holds if

C T j= b! 9(e^ g).

(c) Functions

- # :U D C � N ATU RAL 7! ID E N TIF IE D ,de�nesthe syntactic sugar

forde�ning identi�ed constraintsin the form c# i;

- m akeRule:

RU LE ID � B ag(U D C )� B ag(U D C )� B ag(B IC )� B ag(U D C ) 7!

RU LE ,m akesa rulefrom itscom ponents.W ede�nethesyntacticsugar

forrulesasrid@ hknhR $ gjb= m akeRule(rid;hk;hR ;g;b);

- B ics:STATE 7! Set(B IC ),whereB ics(z)= fcjH olds(InB ics(c);z)g;

- id :Set(U D C )7! Set(N ATU RAL),whereid(H )= ijc# i2 H
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- The usualset,sequence and bag operations: 2 forpertinence,[ for set

union,] for bag union,+ + for sequence concatenation,jfor sequence

head and tail(Ex:[headjtail])and n forsetsubtraction.

(d) Fluents

- Q uery : B ag(U D C ) 7! F LU E N T,Q uery(q) holds i� q is the initial

toplevelgoal;

- G oal:B ag(U D C )7! F LU E N T,G oal(q)holdsi� q isthe currentgoal;

- U dcs :B ag(ID E N TIF IE D ) 7! F LU E N T,U dcs(u) holds i� u is the

currentUDCS;

- InB ics:B IC 7! F LU E N T,InB ics(c)holdsi� cisin thecurrentBICS;

- InP ropH istory :P RO P H ISTO RY 7! F LU E N T,InP ropH istory(p)

holdsi� p isin the currentPropagation History;

- N extId :N ATU RAL 7! F LU E N T,N extId(n) holds i� n is the next

naturalnum berto be used to identify a identi�ed constraint.

(e) Actions

- Init :7! C H R AC TIO N , D o(Init;[goal(q)ja];s) executes the toplevel

initialtransition (startingtheresolution)with som equery qin thecurrent

state (a standsforotherattributeslistin the associated traceevent);

- Solve :7! C H R AC TIO N , D o(Solve;[bic(c)ja];s) executes the Solve

transition with the built-in constraintc;

- Introduce:7! C H R AC TIO N ,D o(Introduce;[udc(c)ja];s)executesthe

Introducetransition with the user-de�ned constraintc;

- Apply :7! C H R AC TIO N ,

D o(Apply;[rule(r)jt];s)executestheApply transition with ruler m atch-

ing the constraintsin the U D C S with the keptand rem oved heads;

- F ail :7! C H R AC TIO N ,D o(Init;[goal(q)ja];s) executes the toplevel

initialtransition (startingtheresolution)with som equery qin thecurrent

state (a standsforotherattributeslistin the associated traceevent);

(f) Attributes

- goal:C O N STRAIN TS 7! ATTRIB U TE ,is the set ofconstraintsin

the currentG oal;

- udc :C O N STRAIN TS 7! ATTRIB U TE ,is the set ofconstraints in

the currentUserDe�ned ConstraintsStore;

- bic:C O N STRAIN TS 7! ATTRIB U TE ,isthesetofconstraintsin the

currentBuilt-In ConstraintsStore;

- hind :7! IN TE G E R,isthe new propagation history index (increm ented

by Introduce);

- rule:RU LE 7! ATTRIB U TE ,isthe ruleapplied to reach thisstate.
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(g) A xiom s ofthe O bservationalSem antics

Init

- P oss(Init;[q];z)� H olds(Q uery(q);z)

- P oss(Init;[q];State(s))� State(D o(Init;[initState;goal(q);hind(1)];s))=

State(s)� U dcs(fg)� G oal(q)� N extId(1)�

Q uery(q)

The InitialState Axiom statesthatin the initialstate,the goalcontains

the constraints in the query,the user de�ned constraint store is em pty

and the nextID foridenti�ed constraintsis1;

Solve

- P oss(Solve;[c];z)� (9q)(H olds(G oal(q] fcg);z)

The Solve Precondition Axiom statesthatthe only precondition forthe

Solve action on thebuilt-in constraintcisthatthisconstraintshould be

in the goal.

- P oss(Solve;[c];s)�

State(D o(Solve;[solve;bic(c);goal(q)];s))=

State(s)� G oal(q)� InB ics(c)� G oal(q] fcg)

TheSolveState Update Axiom statesthatthe resultofthe Solve action

over the constraint c is that this constraint is rem oved from goaland

added to InB ics listin currentstate;

Introduce

- P oss(Introduce;[c];z)� (9q)(H olds(G oal(q);z)^ c2 q)

- P oss(Introduce;[c];State(s))^ H olds(U dcs(u);State(s))̂

H olds(N extId(n);State(s))�

State(D o(Introduce;[introduce;udc(c);goal(q);hind(n + 1)];s))=

State(s)� G oal(q)� U dcs(u ] c# n)� N extId(n + 1)�

G oal(q] fcg)� U dcs(u)� N extId(n)

Apply

- P oss(Apply;[r;hk;hR ;g;u1;u2];z)�

(9e)(9b)(M atch(hk;hR ;u1;u2;e;z)̂

:H olds(InP ropH istory(id(u1);id(u2);r);z)^ B ics(b;z)̂

E ntails(b;e;g))

- P oss(Apply;[r;hk;hR ;g;u1;u2];State(s))̂

H olds(U dcs(u1 ] u2 ] u);State(s))^ H olds(G oal(q);State(s))̂

M atch(hk;hR ;u1;u2;e;z)�

State(D o(Apply;

[apply,rule(r@ hknhR $ gjd;u1;u2);goal(d]q);udc(u1]u);bic(g)];s))=

State(s)� G oal(d] q)� U dcs(u1] u)� InB ics(e)� InB ics(g)�

InP ropH istory(id(u1);id(u2);r)
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� G oal(q)� U dcs(u1] u2] u)

Fail

- P oss(F ail;[q];z)� H olds(goal(q);z)̂ 69P oss(Apply;[r;hk;hR ;g;u1;u2];z)

- P oss(F ail;[q];s)�

State(D o(F ail;[fail;goal(q)];s))= State(s)
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B A ppendix - X M L schem a for G eneric C H R

Trace

< ?xm l version= "1.0" encoding= "UTF�8"?>

< xs:schem a xm lns:xs= "http://www .w3.org/2001/XM LSchem a"

targetN am espace= "http://orcas.org .br/chrv" xm lns= "http://orcas -

.org .br/chrv"

elem entF orm D efault= "qualified ">

< xs:elem ent nam e= "chrv">

< xs:com plexT ype>

< xs:sequence>

< xs:elem ent nam e= "event" m inO ccurs= "0" m axO ccurs= "unbounded" -

>

< xs:com plexT ype>

< xs:choice>

< xs:elem ent nam e= "in itialS tate" m inO ccurs= "1" m axO ccurs= " -

1">

< xs:com plexT ype>

< xs:sequence>

< xs:elem ent nam e= "goal" type= "xs:string" />

< xs:elem ent nam e= "hind" type= "xs:integer" />

< /xs:sequence>

< /xs:com plexT ype>

< /xs:elem ent>

< xs:elem ent nam e= "introduce" m inO ccurs= "1" m axO ccurs= "1">

< xs:com plexT ype>

< xs:sequence>

< xs:elem ent nam e= "udc" type= "xs:strin g" />

< xs:elem ent nam e= "goal" type= "xs:string" />

< xs:elem ent nam e= "hind" type= "xs:integer" />

< /xs:sequence>

< /xs:com plexT ype>

< /xs:elem ent>

< xs:elem ent nam e= "solve" m inO ccurs= "1" m axO ccurs= "1">

< xs:com plexT ype>

< xs:sequence>

< xs:elem ent nam e= "bic" type= "xs:strin g" />

< xs:elem ent nam e= "goal" type= "xs:string" />

< /xs:sequence>

< /xs:com plexT ype>

< /xs:elem ent>

< xs:elem ent nam e= "apply" m inO ccurs= "1" m axO ccurs= "1">

< xs:com plexT ype>

< xs:sequence>

< xs:elem ent nam e= "rule" type= "xs:string" />

< xs:elem ent nam e= "goal" type= "xs:string" />

< xs:elem ent nam e= "udc" type= "xs:strin g" />

< xs:elem ent nam e= "bic" type= "xs:strin g" />

< /xs:sequence>

< /xs:com plexT ype>

< /xs:elem ent>

< xs:elem ent nam e= " fail" m inO ccurs= "1" m axO ccurs= "1">

< xs:com plexT ype>

< xs:sequence>

< xs:elem ent nam e= "rule" type= "xs:string" />

< /xs:sequence>

< /xs:com plexT ype>

< /xs:elem ent>

< /xs:choice>
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< xs:attribute nam e= "chrono" type= "xs:string" use= " -

required" />

< /xs:com plexT ype>

< /xs:elem ent>

< /xs:sequence>

< /xs:com plexT ype>

< xs:unique nam e= "chronoK ey" />

< xs:selector xpath= "event" />

< xs:field xpath= "@ chrono" />

< /xs:unique>

< /xs:elem ent>

< /xs:schem a>
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C A ppendix -LEQ Exam ple Execution Trace

HereisthetraceofexecutionoftheLEQ theExam ple3.1executed inCHRO M E-

REF.

< ?xm l version= "1.0" encoding= "UTF�8"?>

< chrv

xm lns= "http://orcas.org .br/chrv"

xm lns:xsi= "http://www .w3.org/2001/X M LSchem a�instance"

xsi:schem aL ocation=

"http://orcas.org .br/chrv chrv2 .xsd">

< event chrono= "1">

< in itialS tate>

< goal> leq(A ,B), leq(B,C), leq(C,A) < /goal>

< hind> 1 < /hind>

< /in itialS tate>

< /event>

< event chrono= "2">

< introduce>

< udc> leq(A,B) < /udc>

< goal> leq(B ,C), leq(C,A) < /goal>

< hind> 2 < /hind>

< /introduce>

< /event>

< event chrono= "3">

< introduce>

< udc> leq(A,B), leq(B ,C) < /udc>

< goal> leq(C ,A)) < /goal>

< hind> 3 < /hind>

< /introduce>

< /event>

< event chrono= "4">

< apply>

< rule> r4@ leq(A,B), leq(B,C) ==> leq(A ,C) < /rule>

< goal> leq(C ,A), leq(A,C) < /goal>

< /apply>

< /event>

< event chrono= "5">

< introduce>

< udc> leq(A,B), leq(B ,C), leq(A,C) < /udc>

< goal> leq(C,A)< /goal>

< hind> 4 < /hind>

< /introduce>

< /event>

< event chrono= "6">

< introduce>

< udc> leq(A,B), leq(B ,C), leq(A,C), leq(C ,A) < /udc>

< goal> < /goal>

< hind> 5 < /hind>

< /introduce>

< /event>

< event chrono= "7">

< apply>

< rule> r2@ leq(A,C), leq(C,A) ==> A= C < /rule>

< goal> < /goal>

< udc> leq(C,B), leq(B ,C) < /udc>

< bic> A= C < /bic>

< /apply>

< /event>

< event chrono= "8">

< apply>
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< rule> r2@ leq(C,B), leq(B ,C) ==> C= B < /rule>

< goal> < /goal>

< udc> < /udc>

< bic> A=C, C= B < /bic>

< /apply>

< /event>

< /chrv>

No m oreLEQ program rule m ay apply.

Using a representation where attributes have the functionalform used in

theO bservationalSem antics,itcorrespondsto thetrace(attributeswith em pty

argum entareom itted):

SeeAppendix A forthe m eaning ofthe attributes.

1 initialState goal((leq(A,B), leq(B,C), leq(C,A))))

hind(1)

2 introduce udc((leq(A,B)))

goal((leq(B,C), leq(C,A)))

hind(2)

3 introduce udc((leq(A,B), leq(B,C)))

goal((leq(C,A)))

hind(3)

4 apply rule((r4@ leq(A,B), leq(B,C) ==> leq(A,C)))

goal((leq(C,A), leq(A,C)))

5 introduce udc((leq(A,B), leq(B,C), leq(A,C)))

goal((leq(C,B)))

hind(4)

6 introduce udc((leq(A,B), leq(B,C), leq(A,C), leq(C,A)))

hind(5)

7 apply rule((r2@ leq(A,C), leq(C,A) ==> A=C)),

udc(leq(C,B), leq(B,C))

bic((A=C))

8 apply rule((r2@ leq(C,B), leq(B,C) ==> C=B)),

bic((A=C, C=B ))
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D A ppendix - O S of a R obots A pplication in

SFC

Thisworld consistsofagents(therobots)m ovingin aspacestructured byroom s

connected by doors,ableto carry objectsthey �nd in the room s.A requisition

isan orderto seek forobjectsand carry them from som eplaceto an otherone.

Thescenedescription atsom em om entisthecurrentstateand consistsofa set

offacts.A \situation" correspondsto a succession oftraceevents.Thecurrent

state corresponding to a given situation isobtained here by the reconstruction

function (interpretation sem antics).

In uentcalculus,factsarenam ed \uents"and requisitions(orrequests)are

sim ilarto Prolog goals.Theway therequisitionsarecom puted isnotdescribed

by the observationalsem antics.The requestsarethustreated asinuence fac-

tors.

W e describea sim pli�ed version ofthe exam pleof[53]with 3 room s.

Thesim pli�ed robot’sworld isdepicted on Figure 19.

r1

r3

r2

a1

o1

Figure19:A sim ple robotworld

Initially there isone objectand one robotboth located in the sam e room ,

and the doord12 islocked.The robothasitskey.

W epresentan im plem entation oftheO S in Flux.A currentstateisdescribed

by a setofatom s.

A C T IO N S T Y P ES

pickup pick an object(ifany)

drop drop the carried object(ifany)

gotodoor go to the quoted door(ifany)

enteroom enterthe quoted room (ifthe doorisopen)

open open the door(ifitisclosed)

T R A C E EV EN T S [attributes]

Attribute a standsfor\agent"

Attribute o standsfor\object"

Attribute r standsfor\room "

Attribute d standsfor\door"

pickup a o r

drop a o r

walk a d
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walk a r

open a d� Dom ains

Dom ain Sorts

A G EN T A1

R O O M R1;R2;R3

D O O R D 12;D 13

O B JEC T O 1;O 2;O 3� Param eters

Param etersversusFluents

param eter type m eaning

AgentInRoom A G EN T � R O O M 7! FLU EN T the agentisin room r

AtDoor A G EN T � D O O R 7! FLU EN T the agentisatdoord

Closed D O O R 7! FLU EN T doord isclosed

Carries A G EN T � O B JEC T 7! FLU EN T agentcarriesobjecto

HasKeyCode A G EN T � D O O R 7! FLU EN T agenthasthe key code fordoord

ObjectInRoom O B JEC T � R O O M 7! FLU EN T the objectisin room r

Request R O O M � O B JEC T � R O O M 7! FLU EN T there isa requestto deliver

objecto from room r1 to room r2

Each param eterm ay berepresented by severaluents.(Requestistreated

asexternal)

The initialstate isform alized by thisterm below.

H olds(AgentInRoom (A1;R2);S0)̂ H olds(O bjectInRoom (O 1;R3);S0)̂

H olds(O bjectInRoom (O 2;R1);S0)̂ H olds(O bjectInRoom (O 3;R2);S0)̂

H olds(C losed(D 12);S0)^ H olds(H asK eyC ode(A1;D 13);S0)^

H olds(Request(R3;O 1;R2);S0)^ H olds(Request(R1;O 2;R3);S0)^

H olds(Request(R2;O 3;R1);S0)^ (8x):H olds(C arries(A1;x);S0)� Auxiliary Predicates

Auxiliary Predicates

predicate type m eaning

Connects R O O M � D O O R � R O O M doord connectsroom sr 1 and r2� Actionsand ActualstateAttributes

Actions

action attributes action m eaning

Pickup pickup � A G EN T � O B JEC T � R O O M pick up objecto

Drop drop � A G EN T � D O O R � R O O M drop objecto

GoToDoor walk � A G EN T � D O O R go to doord

EnterRoom walk � A G EN T � R O O M enterroom r

Open open � D O O R open doord
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The param etersofthe actionsin a condition are justused forcom m unica-

tion ofparticularvaluesand thusavoid rewriting of\Holds" conditionsin the

following axiom .

O bservationalSem antics

Pickup

P oss(P ickup;[a;o;r];s)�

H olds(AgentInRoom (a;r);s)^ H olds(O bjectInRoom (o;r);s)̂

:H olds(C arries(a;o)))

P oss(P ickup;[a;o;r];s)�

State(D o(P ickup;[pickup;a;o;r];s))= State(s)� C arries(a;o)

Drop

P oss(D rop;[a;o;r];s)�

H olds(C arries(a;o))^ H olds(AgentInRoom (a;r);s)

P oss(D rop;[a;o;r];s)�

State(D o(D rop;[drop;a;o;r];s))= State(s)� C arries(a;o)

GoToDoor

P oss(G oToD oor;[a;d;r];s)� H olds(AgentInRoom (a;r);s)̂

(9r0)C onnects(r;d;r0)^ :(9d0)H olds(AtD oor(a;d0);s)

P oss(G oToD oor;[a;d;r];s)�

State(D o(G oToD oor;[walk;a;d];s))= State(s)� AtD oor(a;d)

EnterRoom

P oss(E nterRoom ;[a;r;d;r0];s)� H olds(AgentInRoom (a;r))̂

H olds(AtD oor(a;d);s)^ C onnects(r;d;r0)^ :H olds(C losed(d);s))

P oss(E nterRoom ;[a;r;d;r0];s)�

State(D o(E nterRoom ;[walk;a;r0];s))= State(s)� AgentInRoom (a;r0)�

AgentInRoom (a;r)

Open

P oss(O pen;[a;d];s)�

H olds(AtD oor(a;d);s)^ H olds(H asK eyC ode(a;d);s)̂

H olds(C losed(d);s)

P oss(O pen;[a;d];s)�

State(D o(O pen;[open;a;d];s))= State(s)� C losed(d)

R R n° 7165



52 Deransart& Oliveira

Exam ple oftrace:

1 pickup a1 o1 r1

2 walk a1 d12

3 open a1 d12

4 walk a1 r2

5 walk a1 d12

6 walk a1 r1

7 drop a1 o1 r1

8 pickup a1 o1 r1

9 drop a1 o1 r1

10 walk a1 d13
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