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I High-levellanguageextension

I Multi-headedcommitted-choiceguarded rules

I Originally designedfor constraint solvers

I General-purposeprogramminglanguage

I Everyalgorithm can be implementedwith the optimal time
and spacecomplexity! [Sneyers-Schrijvers-Demoen CHR'05]
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I

Tom Schrijvers
(since2002)

I

Bart Demoen
(since2002)

I

Jon Sneyers
(sincesummer2004)

I

LeslieDe Koninck
(sincesummer2005)
INCLP(R)

I

Peter Van Weert
(sinceearly 2006)
CHR(Java)

I

Paolo Pilozzi
(sincesummer2006)
termination

I

DeanVoets
(sincesummer2007)
termination

I

Pieter Wuille
(sincesummer2007)
CHR(C)
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Syntaxandsemanticsof CHRon 1 slide 8/32
I CHR(X) whereX is host-language

I CHR constraints, de�ned in CHR program
I Built-in (host-language)constraints, theory CT

I Syntax: CHR programconsistsof rules
I Simpli�cation: h ( ) gjb
I Propagation:h =) gjb
I Simpagation:h1nh2 ( ) gjb
I headh, guard g and body b are conjunctionsof constraints

(h: only CHR constraints; g: only host-languageconstraints)
I Logical semantics: rulesde�ne theory P

I Simpli�cation: g ! (h $ b)
I Propagation:g ! (h ! b)
I Simpagation:g ! (h1 ! (h2 $ b))

I Operational semantics: rulesmanipulateconstraint store
I if h is in constraint store and g holds,then add b
I Simpli�cation: removeh; Propagation:keeph;

Simpagation:keeph1, removeh2
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Somepropertiesandresults 9/32

I ProgramP hasa computationof a goal G with answer A if
initializing the constraint store with G and applyingthe rules
until no more rulesare applicableresultsin A.

I Termination: no in�nite computation
I Soundness. If goal G hasa computationwith answer A, then

P; CT j= G $ A
I Completeness. If goal G terminatesand P; CT j= G $ A,

then G hasan answer A0 suchthat P; CT j= A $ A0,
I Con
uence: if multiple rulesare applicable,it doesnot matter

which one is applied| in the end, you get the sameanswer.
I Decidablecon
uence test for terminating programs:

\all critical pairsare joinable( ) con
uence"
I Correctness: if P is con
uent, then P [ CT is consistent.

Jon Sneyers Constraint Handling Rules: recent research



Intro duction to CHR
Analysis and Optimizing Compilation

Complexit y
Extensions of CHR

CHR researchers
Syntax, semantics, results
Examples

Example1: less-or-equalsolver 10/32

I Typical \solver" CHR program:
:- chr constraint � /2.
reflexivity @X� X <=> true .
antisymmetry @X� Y, Y� X <=> X=Y.
idempotence @X� Y n X� Y <=> true .
transitivity @X� Y, Y� Z ==> X� Z.

I Exampleexecution:
I Goal: A� B, B� C, C� A
I Store:
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Example2: Primenumber generation 11/32

I Typical \general-purpose" CHR program:
:- chr constraint upto /1, prime/1.
upto(1) <=> true .
upto(N) <=> N>1 | prime(N) , upto( N-1) .

prime(I) n prime(J) <=> J mod I =:= 0 | true .
I First two rulesimplementa loop, generatinga sequence

prime(2) , . . . , prime( n)
I Third rule �lters out the non-prime numbers:

I if I dividesJ, then J is not a prime
I the rule removessuchnon-primes
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Recenttrends:
I Many new CHR(Prolog)

systems(everyself-respecting
Prolog hasCHR now)

I ConcurrentCHR(Haskell)
systems

I Fast systemsin Java& C
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The LeuvenCHRsystem 14/32

I K.U.LeuvenCHR system
I State-of-the-art CHR system
I for hProlog,SWI-Prolog,XSB, YAP, B-Prolog, . . .
I http://www.cs.kuleuven.be/ � toms/CHR

I Goal: make it evenbetter!
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Guard reasoning 15/32

I Papersat WCLP'05, ICLP'05, submittedto LNAI special issue
I Re�ned operational semantics: activatesconstraints

depth-�rst left-to-right; searchesfor matchingrulesby trying
the occurrencesin textual order

I This strategyaddslots of implicit guards, e.g.
X� X <=> true.
X� Y, Y� X <=> X 6= Y | X=Y.
X� Y n X� Y <=> X 6= Y | true.
X� Y, Y� Z ==> X 6= Y, Y 6= Z, X 6= Z | X� Z.

I Programmersremoveimplied guards to improveperformance
I Problemfor logical readingof a rule
I Solution: keepall necessary guards in program, let compiler

removeredundantguards
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X� Y n X� Y <=> X 6= Y | true.
X� Y, Y� Z ==> X 6= Y, Y 6= Z, X 6= Z | X� Z.

I Programmersremoveimplied guards to improveperformance
I Problemfor logical readingof a rule
I Solution: keepall necessary guards in program, let compiler

removeredundantguards
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Type andmode information 16/32

I Usetype and mode information to improveoptimizations
Details

I Optional type/mode declarations:
:- chr type list(T) ---> [] ; [T | list(T)].
:- chr constraint sum(+list(int), ?int).

I Mode: + for groundarguments,? for unknown mode.
I Type: built-in typeslike any, int , natural , . . .

new typescan be de�ned using(generic)type de�nitions
I Hash-tablestore for groundconstraints
I Mode/type alsousefulin guard/continuation optimization
I E.g. �rst argumentof sum/2 is groundlist:

sum([] ,S) <=> S=0.
sum([X|Xs] ,S) <=> sum(Xs,T), S is X+T.

I ) sum/2 is never-stored!
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E�ect on generatedcode 18/32

:-use_module(library(chr_runtime)). :-use_module(library(chr_hashtable_store)). 'attach_sum/2'([],_).
'attach_sum/2'([E|D],C):-(get_attr(E,user,B)->A=[C|B],put_attr (E,user,A);put_attr(E,user,[C])),'attach_sum/2'(D,C).
'detach_sum/2'([],_). 'detach_sum/2'([E|D],C):-(get_attr(E,user,B)->chr_runtime:sbag _del_element(B,C,A),(A==[]->
del_attr(E,user);put_attr(E,user,A));true),'detach_sum/2'(D, C). '$indexed_variables'(C,B):-C=sum(A,_),term_variables(
A,B). attach_increment([],_). attach_increment([F|E],D):-chr_runtime:not_locked(F),(get_attr (F,user,C)->sort(C,B),
chr_runtime:merge_attributes(D,B,A),put_attr(F,user,A);put_attr (F,user,D)),attach_increment(E,D).
attr_unify_hook(G,F):-sort(G,E),(var(F)->(get_attr(F,user, D)->true;D=[]),sort(D,C),chr_runtime:merge_attributes(
E,C,B),put_attr(F,user,B),chr_runtime:run_suspensions(B);(com pound(F)->term_variables(F,A),attach_increment(A,E);
true),chr_runtime:run_suspensions(G)). activate_constraint(H,G,F,E):-arg(2,F,D),D=mutable(C),chr_run time:
update_mutable(active,D),(nonvar(E)->true;arg(4,F,B),B=mutab le(A),E is A+1,chr_runtime:update_mutable(E,B)),
(compound(C)->term_variables(C,G),chr_runtime:none_locked(G) ,H=yes;C==removed->chr_indexed_variables(F,G),H=yes;
G=[],H=no). remove_constraint_internal(E,D,C):-arg(2,E,B),B=mutable(A),ch r_runtime:update_mutable(removed,B),
(compound(A)->D=[],C=no;A==removed->D=[],C=no;C=yes,chr_indexed_ variables(E,D)). insert_constraint_internal(yes,J,I,
H,G,F):-I=..[suspension,E,D,H,C,B,G|F],chr_indexed_variables(I,J) ,chr_runtime:none_locked(J),chr_runtime:
create_mutable(active,D),chr_runtime:create_mutable(0,C),chr_ru ntime:create_mutable(A,B),chr_runtime:empty_history
(A),chr_runtime:gen_id(E). chr_indexed_variables(C,B):-C=..[_,_,_,_,_,_,A|_],'$indexed_varia bles'(A,B).
'$insert_in_store_sum/2'(D):-chr_runtime:global_term_ref_1(C),( get_attr(C,user,B)->A=[D|B],put_attr(C,user,A);
put_attr(C,user,[D])). '$delete_from_store_sum/2'(D):-chr_runtime:global_term_ref_1(C) ,(get_attr(C,user,B)->
chr_runtime:sbag_del_element(B,D,A),(A==[]->del_attr(C,user);p ut_attr(C,user,A));true). '$enumerate_suspensions'(C)
:-chr_runtime:global_term_ref_1(B),get_attr(B,user,A),chr_runti me:sbag_member(C,A). sum(B,A):-'sum/2__0'(B,A,_).
'sum/2__0'(E,D,C):-E==[],!,(var(C)->true;remove_constraint_int ernal(C,B,A),(A==yes->'$delete_from_store_sum/2'(C),
'detach_sum/2'(B,C);true)),D=0. 'sum/2__0'(H,G,F):-nonvar(H),H=[E|D],!,(var(F)->true;remove_ constraint_internal
(F,C,B),(B==yes->'$delete_from_store_sum/2'(F),'detach_sum/2'( C,F);true)),sum(D,A),G is E+A. 'sum/2__0'(E,D,C):-
(var(C)->insert_constraint_internal(B,A,C,user:'sum/2__0'(E,D, C),sum(E,D),[E,D]);activate_constraint(B,A,C,_)),
(B==yes->'$insert_in_store_sum/2'(C),'attach_sum/2'(A,C);true) .

# with guard optimization without "
:- use_module(library(chr_runtime)).
:- use_module(library(chr_hashtable_store)).
'$enumerate_suspensions'(_) :- fail.
sum([],A) :- !, A=0.
sum([D|C],B) :- sum(C,A), B is D+A.
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Benchmark Optimize # clauses # lines Runtime(%)
sum no 3 10 5.03 (100)

(10000,500) type 2 6 4.49 (89)
nrev no 6 20 13.97 (100)

(30,50000) type 4 11 8.44 (60)
dfsearch no 4 16 37.58 (100)
(16,500) yes 4 15 31.63 (84)

type 3 11 29.97 (80)
bool chain no 180 2861 12.8 (100)

(200) yes 147 2463 7.0 (55)
�b no 10 154 11.2 (100)

(22) yes 9 125 8.5 (76)
leq no 18 218 14.1 (100)

(60) yes 13 162 11.7 (83)
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Memory reuse 20/32

I Paper at ICLP'06: suspensionreuse& in-placeupdates Details

I \Suspension": internal representationof CHR constraintsas a
Prolog term: e.g. A� B could be representedas a term S =
suspension(37,stored,' � /2 0'(A,B,S),nohist, � ,A,B)

I Constraintstore is implementedusinghashtablesand/or
arrays and/or lists and/or attributed variables

I at constraint insertion: createnew suspensionterm; insert
into data structures

I at constraint removal: deletesuspensionfrom data structures;
suspensionbecomesgarbage
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 0

 50

 100

ram simulprimessudokuunion-findzebrainferencefib heapbool chain

no optimizations
susp reuse Time:

I Suspensionreuse:

I often overhead> gain
I net result: +12% to � 60%

I In-placeupdates:

I not always applicable
I net result: +3% to � 45%

I Combiningboth:

I usually slightly worse than
only in-place
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Overview 23/32
1 Introduction to CHR

CHR researchers
Syntax,semantics,results
Examples

2 Analysisand Optimizing Compilation
CHR systems
Guard reasoning
Memory reuse

3 Complexity
Asymptotic complexities
Constantfactors
Other declarative languages

4 Extensionsof CHR
Negation
Aggregates
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Computationalpower andcomplexity of CHR 24/32

I Paper at CHR'05workshop;
paper submitted to TOPLAS

I CHR machinevs. TM and RAM

CHR machine

Turing machine RandomAccessMemory machine
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Complexity of CHR 25/32

I Big-step\CHR machine"
(step = ! t transition � 1 rule application)

I CHR machinecan be simulatedon RAM machine
[duh, this is what CHR compilersare for]

I RAM machinecan be simulatedon CHR machine
[easy:write a RAM simulator in CHR]

I RAM machinecan simulatea CHR machinewhich simulatesa
RAM machineX
[of course,follows from above]
. . . with the sametime and spacecomplexity as X
[this is the tricky part: CHR compilerhasto be good for this]

I Conclusion:(in principle,) you can do everything in CHR,
with the right time/space complexit y
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m/2 : memory cells(address,value)pc/1 : programcounter(label)
prog/ f 2,3,4g : programinstructions(label,instruction,arguments)
prog(L,init,A), m(A,B) n pc(L) <=> m(B,0), pc(L+1).
prog(L,cnst,B,A) n m(A,X), pc(L) <=> m(A,B), pc(L+1).
prog(L,add,B,A), m(B,Y) n m(A,X), pc(L) <=> m(A,X+Y), pc(L+1).
prog(L,sub,B,A), m(B,Y) n m(A,X), pc(L) <=> m(A,X-Y), pc(L+1).
prog(L,mul,B,A), m(B,Y) n m(A,X), pc(L) <=> m(A,X*Y), pc(L+1).
prog(L,div,B,A), m(B,Y) n m(A,X), pc(L) <=> m(A,X/Y), pc(L+1).
prog(L,mov,B,A), m(B,Y) n m(A,X), pc(L) <=> m(A,Y), pc(L+1).
prog(L,imv,B,A), m(B,C), m(C,Y) n m(A,X), pc(L) <=> m(A,Y), pc(L+1).
prog(L,mvi,B,A), m(B,Y), m(A,C) n m(C,X), pc(L) <=> m(C,Y), pc(L+1).
prog(L,jmp,A) n pc(L) <=> pc(A).
prog(L,cjmp,A,J), m(A,0) n pc(L) <=> pc(J).
prog(L,cjmp,A,J), m(A,X) n pc(L) <=> X 6= 0 | pc(L+1).
prog(L,halt) n pc(L) <=> true.
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A X� ! B : a T -time, S-spaceA can be simulatedon a X-time B.

CHR

TM RAM
O(T )

~O(T 4)

O(T )

O(T )

O(TSm+1 )

~O((TSm+1 )4)

O(T )
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I Paper at WLP'06 (Dijkstra's algorithm with Fibonacci heaps: An

executabledescription in CHR)

I CHR implementationof Fibonacciheapsand Dijkstra's
algorithm

I Compare CHR implementationwith C implementation
I C is \only" 10 times faster

Benchmark results
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Other declarative languages 29/32

I Also in paper submitted to TOPLAS
I Try to \p ort" the complexity result to other declarative

languages
I Write RAM simulator in other languages
I Languageswe haveconsidered:

I Logic programming:Prolog
I Functional programming:Haskell
I Term-rewritesystems:Maude
I Ruleengines:Jess

Benchmark results
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1 Introduction to CHR

CHR researchers
Syntax,semantics,results
Examples

2 Analysisand Optimizing Compilation
CHR systems
Guard reasoning
Memory reuse

3 Complexity
Asymptotic complexities
Constantfactors
Other declarative languages

4 Extensionsof CHR
Negation
Aggregates
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CHR: : CHRwith negationasabsence 31/32

I Paper at CHR'06
I Syntax: Head nn Negated head <=> Body
I Operationalsemantics:rule �res if Headis in the store and

Negated head is not in the store
I Example:person(X) nn married(X, ) ==> single(X).
I Canalsobe donein re�ned semantics:

person(X) ==> check married(X).
married(X, ) n check married(X) <=> true.
check married(X) <=> single(X).

I CHR: allows shorter, more readableprograms
I CHR: alsotriggersruleson removalof negatedheads(hard

to do manually)
I However,programmingin CHR: seemsto be tricky
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Aggregatesin CHR 32/32

I Paper at CHR'07and LOPSTR'07
I Add aggregatesto CHR: count, sum, max, avg, . . .
I Negationis specialcaseof this:

not(NH) � count(NH,0)
I Also user-de�nedaggregates,nestedaggregates
I Example:a graph is Eulerianif 8 nodes,in-degree= out-degree:

forall( node(N), ( nb(edge(N, ) ,X) , nb(edge( ,N) ,X) ) )
==> eulerian graph.

I Manually (without aggregates)this takes8 rulesand 3
auxiliary constraints

I Overheadw.r.t manual(hencespecialized)versionsis
acceptable(1.5 - 3)
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I Other recentCHR research: seenew survey(submitted to
TPLP)

I Future and ongoingwork:
I Propertiesof generalizedCHR machines

I non-deterministicCHR machines
I self-modifying CHR machines

I Executionstrategies;generalizedcon
uence
I Join ordering
I . . .

I Questions?
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I Now comesomeextra slides
I Readthem by clicking on \Details" buttons in the main slides
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I Usetype and mode information to improveoptimizations
Return

I Optional type/mode declarations:
:- chr type list(T) ---> [] ; [T | list(T)].
:- chr constraint sum(+list(int), ?int).

I Mode: + for groundarguments,? for unknown mode.
I Type: built-in typeslike any, int , natural , . . .

new typescan be de�ned using(generic)type de�nitions
I Hash-tablestore for groundconstraints
I Mode/type alsousefulin guard/continuation optimization
I E.g. �rst argumentof sum/2 is groundlist:

sum(L,S) <=> L=[] | S=0.
sum(L,S) <=> L=[X|Xs] | sum(Xs,T), S is X+T.

I ) sum/2 is never-stored!
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I Hash-tablestore for groundconstraints
I Mode/type alsousefulin guard/continuation optimization
I E.g. �rst argumentof sum/2 is groundlist:

sum(L,S) <=> L=[] | S=0.
sum(L,S) <=> L=[X|Xs], sum(Xs,T), S is X+T.

I ) sum/2 is never-stored!
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Memory reuse 36/32

I Paper at ICLP'06: suspensionreuse& in-placeupdates
Return

I \Suspension": internal representationof CHR constraintsas a
Prolog term: e.g. A� B could be representedas a term S =
suspension(37,stored,' � /2 0'(A,B,S),nohist, � ,A,B)

I Constraintstore is implementedusinghashtablesand/or
arrays and/or lists and/or attributed variables

I at constraint insertion: createnew suspensionterm; insert
into data structures

I at constraint removal: deletesuspensionfrom data structures;
suspensionbecomesgarbage
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Suspensions Return 37/32

I Constraint insertion

I Constraint removal

I New constraint insertion
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In-placeupdates Return 38/32

I Typical pattern:
update( Key, NewV), item( Key, OldV) <=> item( Key, NewV) .

I e.g. upd25(A, X, Y), c( A, B,C,D, E) <=> c( A, X,C,D, Y) .
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Suspensionreuse Return 39/32

I Pattern of in-placeupdatesis often used.. .
. . . but: many other ways to remove/inserta constraint

I For example:

candidate(1) <=> true.
candidate(N) <=> N>1 | prime(N), candidate(N-1).
prime(I) \ prime(J) <=> J mod I =:= 0 | true.

I  Suspensionreuse= dynamicin-placeupdates
I Reuseof an old idea:

I maintain a cacheof old suspensions
I whenconstraint is removed,put suspensionin cacheand keep

constraint in data structures(but mark it)
I whena suspensionis created,�rst checkcache
I dynamicallycheckwhich data structuresto �x
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Suspensionreuse Return 40/32
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I Constraint removal

I New constraint insertion
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Benchmark: Dijkstra's shortest path algorithm 41/32
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Benchmark: RAM simulator [nestedloop] 42/32
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