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Abstract

I'hi= Jrapaer presen s several aleorittoones T bnplement g, ellivient thesrem
provers Based on ey model generation, Dhe tasks of e pedded gegeration
Baesonl parosvar ane thee weperation Al testing of atomes whicl are to bae the
eleaents el o nwdel for the given theorem, N problem wirh this anet b s
cenglosion i the moher ol geserated atoans ad e the o lational cost
it &l AT o=t h.l.' 1w L T R T T LTS T e |}I.r,_'l. taudel
worerabion el bod avouls wenersting ponevessary atones Vhal are irrelevan
liy ||.hli-|i||'1||5l_=; |:||'u-|,|.|-.-\, Lreeleel, oyt t ter whal calealiss a JrresvrT Ay Take. any
theoremn which inherently has a large scarch space capnot be solved with the
Fonitesl vesonrees available guder novmal civenmstanees, poless the generalion
At rereetion of information is carefully managed . Phe Baaov model geoecation
naed bewal prrawides Besible cont ol Toe efficiens nae ol resonrees ina sinple man-
114 i r||1'rf~|)j.' {Ivrrﬂahinp‘ thee Finne anal B [E e 1'1:1r|p|“.‘{il}' ol some algorithins by

several arders ol magnitoeds
1 Introduction

The aim of this research is to make high performance theorem provers for
first-order logie by nsing the programming technigues of the parallel logic
programuing language. k1.1,

There are thearen provers u=ing Prolog technologe, ineluling FUTE hy
Stickel [Sts8], SETHEO by Schoniann [Sohs0]0 and SVTCHMO by Man-
they and Bry [MHBss] PTTP and SETHECQ are backward-reasoning, provers.
based oo the model elimipation method. SYTCHMO. on the other hand. is
a forward-reasoning prover. based on the model generation method.

As o first step toward developing KL1-technology theorem provers. we
adopted the model generation method on which SATCHMO is based, Our
reasons were as [ollows: 1) A wsefu] feature of SATCHMO is that full unifi-



cation is not necessary, and thal matching suffices when dealing with range
restricted problems. This makes it very convenient for us to implement the-
orem provers in KL sinee KL as a committed choice language. provides
us with very fast one-way noilication. 2 11 is eadier 1o incorporate a mecha-
nism for lenunaticaton, sobswmplion tests, and other deletion strategies thal
are indispensahle to solving dillicult problems such as condensed detachment
problems [Wosss|[Ovetti] MW a1

L truplementing madel generation based provers, it is important to avoid
redbundancy in the couguoefre snadeling {defimed later) of clanses against
atoms in model candidates. For this, we proposed the HAMS [FHYL) and
MERC [Has@i] methals,

A more Bnportant ssne facing the efficiency of model generation based
provers s how to reduee the total comppitation amount and memory space
required fior proof processes. This prablen becomes more eritical when dealing
with harder problems that reguive decper inferences (onger prools) suelas
Lukasiewicz problems[Ovettis T solve such problemms. it is imporiant to
recogin e Lhat provieg processes aee viewed as ogeoe radion-anad-Te st processis
and that generation shocld e perlorme) only when requived by the testing,

I the case of S ATCH MO, wodel extension fgeneration b and model rejer-
tion {Lest ) are completely syichromized by owsing assert feetract and sequential
control with backtracking of the Prolopg svstean, Hewee, 31005 froe rom the
explosion of assertions cansoil by the geweration provess, However, This con-
trol makes i1 impeesible 1o fncorporate cortain strategios sochoas woeighting
henrigtics which reguire items o be gonerated in aggregates, then sorted in
sevordanee with the weighi= calealated Tor each oo

Ou the other hand, orthodox provers sueh as O'FTER [MeC890] are de-
signed to be very general and llesible o as (o meorporate many stralegies,
However, thev miav suffer frons an caplosion of generated resolvents, for there
s wsmally no senious distinetion between genesation and testing in their in-
plementation. Without the generatesurd-test way of thinking. a vaive imple-
mentation would produce redundant computation in the proving processes.
Even worse, thie compatation wonld canse an oxplosion of memory space o a
parallel enviraonment.

In this paper. we propose a new method called Luzg Model Generalion
in which the idea of demand-driven computation or ‘generate-only-at-test” is
implemented., and preseut some techniques for improving the performance of
forward reasoning theoreun provers,

2 Model Generation Method

Thrqughnul this JrareT. A clatse is rf-prwh'-lll!iil in an i!‘t]pﬁl'HHUIla] fosrun:

where A;(1 £ ¢ € n) and 741 < j < m) are atoms: the antecedent
is a conjunction of A;. A ... 4,7 and the conseguent is a disjunction of
{-‘1,(‘_; ..... ('”_._ A rlanse is sand 1o he pfmil'irw il its antecedent is frue(n = 0,



aned wegiedive 10 its consequent is falsofin = 0 otherwise 10 s witaed (i F
o 2 01 Positive clauses and mixed clanses are called gewcrator olaises,
Mewalive classes are calload fosfer efonse s,

The model generation method ineorporates the foliowing two rues:

o Alodel extension robes D there is o4 generalor clanse, Lol a
substiieiion @ osueh thal b s satished s moded candidate W bt ¢
is et satisfied i VL then exrend Moby adding e oto W

o Madel rojeetion ruler 10 a tostor clause bas agn antecedent e that s

salisfioad s oodel candidate WL then reject W

W call the prowess ol ahtainivg aoa conganedive malefang (CFU ol e
antecedent erals against the eletments i a model candidate, XNote that tae
a||l:=1'm]t=||' {traeh ol a fre vt ivee ez 15 satisfead |1_\' Ay meslel,

Fhe task of iosde] geperation s e ey (o constraet ammodel Toea given sel
aof elanses, :-.lu."ling wilh oo nall =5t as a |||l|'|1'|E'| camdiclate, 18 the clanse s b=
satisfiable, o wodel shonld Be fownd For the finite cases. The met hosd can also
b wsaed tan parove than the elanse set s nnsatisfablos This is done by exploring
oviry possihle msded candidare toocheek that noomodel exists Tor the el

I
2.1 Avoiding Redundancy in Conjunctive Matching

L' Hprrove [ e FH'T'IHI'.‘IHIIII'I‘ of Thes anesded .El'l'!(‘l':-i['llrtl frroings, PEis essen ] Lo
avoid, ws el as possibles redomdant computation in conjunctive matcling,

Pt ws consider o clanse, O having two antecedont [erals, o |*"F1'“|'II|
comjunetive matcling fon the clanse we need to pick pairs of atoms ont ol e
cureent model candidate, M. Tmagine also that. as a resalt of a satishiabiliny
clhock of the clagse, we are 1o cxtend The model capdidate with A an atom
in tlee vesseguent of e clanse, 0 bt wed o MWL Then, in the conupetive
malehing Tor the elause, 0 in the next phase, wo need Lo pick pairs ol atons
Frosoe W 0 A The vl ol |mi|'.~. Al ks T

(WUAF = s MUM=AUAx MUA > A

It should be noted here that W o« W pairs were already considered o the
previons phase of conjunctive matching. If they were chosen in this phase.



the resubl would contribute nothing sinee the model candidate need not he
extended with the same A, Henee, redundant consideration on W0 W pairs
shomld be avoided at this stape, Instead. we have to choose only The pairs
which contain at least one A, This diseussion can be geaeralized for cases i
which we have more Lhan Dwo antecedent Bterals, any number of elanses, and
any nunher of model candidates,

The approach taken in OTTER 1o avoid the above =ort of redundaney is
as follows. For a clanse,

we first match some 4, agaiost a model-extending atom. A Uhen. for the
rest oof Lhe literals.

T T PR T R S

we mateh cach against an atom picked oal of W0 where 3ds the corren
mscled candidate,

Note that the above method involves doplicated compatation lora clanse
with e than fwo antecedent Bierais. Soee o paae. < bhood, = (0 # L
v onprate e AgAinst hath < A M U A = amd < MU AN =0 Lhe vonjumne
tive matching of A~ A & duplicated, This redundaney can be remaoved by
erploving 1he MERC wmethod [Has9i].

In the aciual jmplewentation adopted  hereo which we cali the A6
neethod, wao propare a pattern like:

{[A AL (A ML M. ."ﬂ, !
[eor o lumes with Lwo antecedent lterals.
[ACAALA A ML[A MLALM. AL AL

| MMM N M [ ML

[or elanses with three antecedent literals, and so forth, decording e this
pattern. we ennmerate all possible combinations of atoms for matching the
antevetdont literals of given clauses.

The A0 method iz similar to the MERC method. The MERC method.
homeever. requires the preparation of multiple entry clanses or copies of clanses
in place of the above pattern.

The RAMS method [FHY1] is another approach where every sueeesaful e
sult of matching a literal A, against model elemenis 15 wemorizged 1o prevent
rematehing the same literal against the same model element. Both the A-M
and the MERC method still contain redundant computation. For jnstance.
in the computation for [M,A.A] and [M. A M] patterns. the common sub-
pattern [M. A] will be recomputed. The RAMS method can remove this sort
of rednndancy. [t tends. however. to require a lot of memory to store Lhe
information of partial matching,



Moo= o

o= o[ dhewe = 1) € a st of given clases}:
while [} £  do hegin
o= - A

I A M) 2 (s then returnfciceess )
FTTN TR Y I Y IR L S
,” = ” l_!_'i;
et 1= snfsn pr gt ernd e v, WL LT ),
o= 1w
end returni fail)

Firgare 1 Hasie algoritim

3 Algorithms for Model Generation

This section and the mext present several alzgorit s foe the model genera-
Lo aoethod and compares them in terms of time and space complesity. To
sionpalify this presentation, we assome that the problom is given only in Horo
elanses, However, the prineiple behind these aloorithons can also be applied

tor e Hern e lansos,

3.1  Basic Algorithm

The basie algoritho shown i Figore | operiormes maodel goneration with o
st sira Lo s ru|uF|1'|||g_ i hread th-fiest 'rL|:|1|'u:||:'||. This is essentiallyv the same
algorithn as the hvper-resolution algorizhim vaken by ('ITER [MeC90]*,

[n the algorithio, M oreprescats the mesdel candidate, ) represents the
wadel-extending candidate (a sel of modelextending aloms that are gener-
ateel ws o result of The application of the model exiension rule and that are
eoing oy beowdded 1o ML and A represents a osohset of £ feitiallv, M ois
sel dooan empty el and 1 is a sel of positive {unit) elanses for the given
pradilen,

Iy eael cvele of the algorth.

[T A i melectod from £,

21oa rejection fest fronjunetive matehing for the tester clauses) is per-
formed oo A and M.

3100 the test suceesds then the algorithm terminates,

41 if the test fails. model extension {conjunetive matching on Lhe generator
clauses} is performed on A and M. and

YOTTER i= a slightly optimized version of the basic algorithm, where negative unit
clawaes are teated on literals in wew as soon as they are generated as the full-test algonthm,
deserilied in the next section.



W=

D= L Hrae — 41 & a setl of given clanses}:
while /7 # o do begin

fre=1- 1A

[T ZRTARE—I R 20 Y PN [ WO f 14

Moo= 0w A

pe o s e g beened e, MU D)
i My e W0 S fadse then returnl siccess |

D= 1) s s
end return il

Figure 20 Foll-test algonthm

S oa subEnpiion test b= performed on g against MU0

11 is empty at the begiuning of a evele, the algorithm terminates as the
refwtation Taiis (i ot her words. o macdel 15 found for the given set of clanses ).
The comjunetive watching and subsmmption test is represented by the

follevwing Tunetions o seds ol o
CAMc A My -

N T
Ao ly=alil e M OANL < W< n)
Aol < s njed, = aB{B e A}

.-:m‘:.-.ru.lrp!irm[_"h. Ay = {fr Y |"I;"H & ,-1“ It dosen 't suhsime I“”

3.2 Full-Test Algorithim
Figaure 2 shows o eelinod vorsion of the basic algoritha called the full-test
algorithn,

The algorithm

1) select= A from 2,

21 perforvies neodel extension using A and W generating new for the next

geteration of X,
4) porforms a subsumption test on wew against MU and

1) performs a rejection test on oo ', that has passed the subsumption test,
together with M U {2,
Though this refinement seems to be insignificant at the text level, the

time and space requiretient is reduced significantly. as explained later. The
points are as follows, The algorithm performs snhsumption and rejection tests



process lester;
repeat forever
veapere sd g e vator . A
A= b pd ol S0 L D
il W AW U I e L othen returndsueeess|;
Jha= 10 A

Process eeneralor:
repeat forever
while Ho/l = o do begin
D= 0= e B [ o= delay ' W e MM o= MU e ) end:
wrtf e[ de sfe i
A ~Tforcelin [
until 1 = and He = o

Fioure 30 Laay algorithio

eiie all et ol we s vather than oo A a snbeetl of wew genoratod o the
past cveless s oa o pesul, 00 a0 Falsifving wtons <0 XL b= anebaded i we e, 1he
Htﬂhl'i!lllll Cetli tertiale as o scon as false s oderived from Y That s the
algorithio netther averdooks the Taisifving atom wor pats it into 2 as does Lhe
Brasie algoritlome Tl it pever gomerstes atoms that are saperfloons aftee Y
i= o,

3.3  Lazy Algorithm

Fignre 3 sl anet her relinement of the basic algorithm. the ey algorithin,
Toc this algesrin b, i bs assimmed Chat two processes. one for penerator clanses
anel e other Tor testor elanses. run in parallol ad communicate with each
ol lier,

T lies vy ELRRIRAS

1) oregpuests 2t Vhie geteralon prrowess,

2operlorins ~I||'-ru1||||l|fi1rll teat on A against ML D and
S operforms s rejection Lest on A,

For the goneralaor provess.

Ll buffer, Hof used Tor storing a sel of atoms Lhal resalt from Lhe
application ol the model extension rule, is enipty, the generator selecis
at atonit, oo lrome D amd sets a code for model extension (delay CIM)
for ¢ and M anto Baf.

in falsifving atom, Y s an atean that savisfies the antecedent ol a vegative clanse by
itaelf or in combination wich 15 L6



2} waits [or a reguest of A from the tester process. and
Ay forees the buifer, Hef, o generale AL

Where delay is an operator that delavs the execntion of its operand {a
function calll. Hence. the function eall, O Made, M will ot be activated
during 11 bot instead s stored in Bof oas o coddes Laters al 3). when the
force operator i applied w0 Buf. the delayed funetion call is activated. This
generales e pequived vadnes, Ustng Uhis mechanisi, it i poessible 1o generale
only the A demanded by the tester provess. Ater the regquired amount of 3
is generated. a delaved function cali for generating the rest of the aloms s
put into Hof as s conlinuation.

The atoms are stored in W oaml £ T a wav that makes the order ol gener-
ating and testing the atoms exactly the same as o the basic algorithu. The
point of refinement i the lazv algorithn is. therefare. to equalize the speed
af generation and testing while Keeping the order of atoms that are generated
anel tested Lhe same as that of the basic algoritbm, This eliimates any ex-
cess comsnnplion of tae amd space dae o Ll over-goneration of redundant

Alon=.
3.4  Optimization of Unit Tester Clauses

Crivenn Lhe unit tester olawses o the ];urulr||-r||, the three '.||gl:1l'1ll|||1- abwowie can
be Tuether aptimized, There are bwo wavs Tooda 1his,

One is a dvnamic method called the lookabead method. T this method,
atomis are generaled sxcessivelv in e generalion process Lo apply the rejec
tiom rale with wiit tester elanses, More prociselc, inmediately alter generating
arie. the generator process generates oo, o Hhal wonld be regenerated in
a snevesding step, Then nea,, o is tested witl nnit tester clan=es, [T el tasst
Fails, then mewy,, o i discarded whereas we o is stored,

A M= greerate 0y e O = e
womew, MU s gewerade{ Ay by = 0 = oo,
B e e Test[ A — folse)

The reason why wee, o 1= nob stored is that testing with anil fester
clan=es ooy not I'Hlt]il'i' M oor D) bt can be done will Ull|_‘-' HE Wy itsell.
Omn the other hand. for tester clawses with move than one literal . lesting cannal
l3ee rm"l_p]yr.q-fd, S e l,t-.-\'1.i.n;|:{ for romiinations of atoms feow wew,, wiontled not
he perforimed,

wewr,, . will he regenerated as wew o the subsequent step. This means
that senne conjunctive matching will be performed twice for an identical com-
bination of atoms in a model candidate. However, the increase in computa-
tional cost due to this redundancy is negligible compared to the order of the
total computational cost. Details are given later,



Tl secomd method s o statie one that uses |.l|.':|'t'l;-1| eviluation. This is
nsed to obtain peme-guitl tester clanses froon & onnl tester clanse and a =0t of
gereratlor clavses by resolviong the Twao.

Carmeradar s § 0 by — 0,

el tesdvr s Farfua
!
Nawe-weedd baster o e by a by - Tals,
wlee veoal T =

The computational complevity for conjunotive matching i the pii.1'fiﬁ|
evaluation method b= exactly the same as thal asing the lookahead weet baodl,
Tl partial evabnation method, however, s simgler than the lookaliedd
et hodd, sinee the former does ot oeedd ane moddivation ol the prover it
sl P owhereas the latter does, Moreover e partial ovalvation method naay be
able to reduce the seareh space signilicamlvs sinee 00 can provide propagat ing
gﬂ:ﬂ inlormation 1o crerater chanses. [ 'E\l'rll"lﬂ-l. lovmwarver, |r.i-||'ti;-t| evalna-
tion resndts inoan inerease i the pmilber ol clnses, Hepeo, 50 sy take
perforiman e worse.

The vwo opthmication technigues are coualle cllective, and sill optinize
the model segesation algorithoes te the s ordes ol wagainnde when | hey
arc applicd to writ tester clanses,

4 Complexity Analysis

I this section. we discus= the time anld space coqnplesity ol the algorithims
dleseribed above,

Tor prevent Lhe discnssion froom hesommioe to complicated . we assmme the
following,.

11 The prablem consists of generator elasses having two antecedent literals
H.||:| e (‘l:|||:-cwll|1'~l|1 I'Lh-l'.'ql, '.uul Lol I'Iiill:‘ﬂ".‘-\. 'l.l.-'ilh Al sl PWr |':l.<-*r4'-1.|:-i.

2 A s a sieleton set of an atom selecied from £

A0 Uhe rate at which cotjunetive mateiings sueeeed for a generator clanse,
and atoms generated as the result pass a sobsmmption test, the sarvival
rake, i5 ol (0 < o <D 10,

[y The order in which A is selectod and aloins are generated according 1o
Ais fixed for all of the three algorithms,

In the following. we use the matrix shown in Section 2.1 1o discuss the
vorplexity of the algorithmes. This mateix depicts conjunctive matching op-
erations on two literals, L. Ly, in the antecodent of a clause. The element at
the i th row of the § th column in the matrix represenis the result of mateh-
ing Ly to the i-th element of & model candidate and L, to the j-th element of



the model candidate. A nnmber s assigned 1o each resolt of the conjunclive

ratehing, 1010 passes 2 subsmnption test and is fixed asan element of @ model

catdidate, Por instance, i the ollowing figore, the axiom mitially given in
thie problen is purshered 1oL s 202w Dis o Do 2 ia 102w 208 50 and =0
foartl.

I 2 i i
| P b b L =i
s A4 7 9 2w
4 £y i 1] RS
I T I T - S I

Where a model esvension on the -th el elemwent, ML el o MWD
means performing = (0 v= Lt r— e s o d for every element e Wy
[ f— 1 therehy obtaioing new atoms e will extend the corrent msde]
candidate, M. Aer 0 W o cwnclis Wcompletes, i
have been performed, Assuning tie sarvival vate bs oo [pef ] elements will have

cotjune Live make hings

e stopeed o AL D ".
4.1 Basice Algnr‘ithrn

l“i;_'hlll"' l Hljlﬂ.‘-'ﬁ r‘IH' I.I_[I!I" H.IHl ‘\I!Hf'i" I:'I::II'III_I""HiI_" lfl. IJ'H"‘ I‘Hhil Hlﬁ[“'il |||||. -l h'r"'
arest i the lelt matria reprosents e amber of conjuuctive matelinngs per
formeed b the generator clamses, The area o the right wateis represents e
nober of conjunctive matehings pecformed in the tester clanses with two
literals. Uhe fength of the hoe below the right matris represents the nambeer
of conjunetive matehings performed in che unit tester clanses, e region
enated by Woand 1) represents the seb of atoms resalting from conjunetive
|||;¢l{'i|i1|p; in Lhe respeLive pegion. I the basic algorithi. atowms in 0 oare
Pheose for which both model extension and repection testing have boen come-
pleted, atoms i £ are those Tor which peither model extension nar rejection
Lesting lias vet been perlormed.

Figure 4 shows a spapshot of the e when foadse 35 detected | folae s
depicted by L in the figures). Where we assume that the model exiension
on the m-th element, €S Mo Ui, AL penerates the falsifving atom. Y.
Though the Bal=ifving atom wust lie between [p[”.l - |]‘!-| + b-th and i',ruuj]-l l.
we assuine it 1o be precisely [pen]-th for brevity.

In the basic algorithm, A is selected out of the model-extending candidate
(1), then a rejection tesl is performed with CJd My 03 M) Contrary
ta the fuli-test algorithm. the rejection test on new. which is the result of
C I Meenerntor [ A, M ). 05 not performed, Hence, even if a falsifving atom. Y.
is included in new. it is overlooked at this point and stored in 0. Therefore,

*More precisely. | namber of elements i atored in M. [pi*] = ¢ in ),

i



Generator (2 literals) Tester (2 literals)

1 m n 1 n

) [ 2 1 Tester (1 literal)

1 n

Fraare 1 Cornplesite of basic algorithm

Pl Babsity s gont ddotectedd woid X is selected ont of Lanad Ve rejection Lest
s perforines) o ig,

Moo vesnlt s sipeertbnens comjuoetive atehing, will b perfornped by the
seneritor clanses on the e £ 1=th throngh [pee] th element. When the
rejection test s performed an X [pfw'] conjunetive matehings will have
b peplorined o Ve generator amnd Tester ¢ [sanses. Aoy the same wnmmier
ol sithsannption Lesds will have been done. In A0 L0 i-ln'-l.:.'hlrl At are stored

Therelore, the tioe and space complesity of the hasic algorithm i- IR
4.2 Full-Test Algorithm

Fignre 3 shows a suapshol of the time when false is detected e the Full-
test algorithinn, X and M oare the same as in the basic algorithie but the
mening of 72 dillers in that the model extension rule has not beey performed
on 13 and the rejection test has been perforimed,

To e Tull-test alegorithin, the rejection test is performed ol on A hat oo
s the pesilt of applving the model extension rule 1o A Hence, after model
extension is performed on the w-th element with €0 Mo i M. Lhies
Falsifving atom. X . is generated and is immediately tested by rejection testing,
thereby quickly terminating the algorithin. Since the number of elewents in
MU L is Tpine ] 'L the number of vonjunctive matchings performed is
(plis x au )it = pfmt,

On the other hand. for the generator clauses, conjunctive matching is
performed only for the Both throngh me-th elements. but it 15 nol performed

e number of elements in Mo [iem /b 3], that of D [pm*] = [ i ],

11



Generator (2 literals) Tester (2 literals)

n

Tester (1 literal)

] 1 n

Figure 5: Comprexily ol e |||||-H*-.I_I."|.|,f,_'. algorit b

fear thie oo 4+ -1l thromgl the I-er."f]-lh element= 0 Therefme, the nnmber of
con e tive matclongs i the generator process and Lhe sice of Lhe menory
apace for sioring generated atoms is reduced (o Chime*p Trom Cm ) i the

hasic algaorithm.
4.3 Lazy Algorithm

[ the lazv algorithim. As are generated one by one az lester clauses demand.
The r1l:-"||.k'].'. g:—1r:f*i';1.1{hn| 1r|1r||1:~|ll | :-:||hi¢-r'l.vd Lo 8 lhes rf'-jru'iinrl .'-|.||I:I .-'.Jll'r:-»ulnjﬂiﬂl'l
livsls, :-lgnil:n-ii the carrent model elements That have }|||'11.'-|.{|_1.' bsere testod,

I"he n:'ﬂln!ﬂ!".\-:iT.}' of the lasy Alu{ll'il}ulrl Im 6% Al 1.|_1. the same as that of the
full-1es1 algorithm. as shown e Fligare 50 This s beeause the rejection test is
done immediately after the new element = generated, Falsity can be detected
ner Later than when the falsilving atom. X0 s generated,

Sinee the lazy algorithe generates atoms an demand. 6 never over-
generales atoms as the basie algorithm wonld,  Also. since the  rejection
test i done as soon as o new atom is generaled, B0 05 as offective in detecting
falsity early as the Tull-test algorithm.

The lazy algorithm is comparable 1o the Tull-test algorithm in complexity
hecanse the Mll-test algorithm b= assomed 1o be sequential. Namely, in the
full test algorithm. it s assuwed thar model extension is invoked only after
every element in neie. the result of the current model extension cycle, is
tested . However, suppose that the fllwest algorithm is run in a parallel
environment. 'Then, the generator process may generate a lot of unnecessary

"“The white area shaped like a reverse L in the left matrix
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Figure 70 Effect of partial evaluation in the full-test /lazy algorithns

atoms, Hoenee, a very large number of subsmnption tests may be performed
before the Talsifving atom, X s generated and tested. unless the process i
comtrolled appropriately, The lazy algorithin, on the other hand. is able Lo
avoid such @ generator process overrun without any control other than the
laziness even inoa parallel covironment, Thus i can always preserve the time
atl space complexity Ile[lrJ"J.

4.4 Optimization of Unit Tester Clauses

Both the lookahead aud partial evaiuation optimizations have the capacity
to test one more generation abead of the current set of atoms being tested.

Under the assimuption that the number of literals in the antecedent of
a generator clawse is two. the number of elements in the model-extending
candidate is the square of the number of elements in the model candidate.

In the basic algorithi, the rejection test is not performed on a model.
extending candidate but is performed only on model candidates. By apply-

[



g advanced testing, the rejection test can be applied o model-extending
candidates, thereby decreasing the time and space complexity of conjone-
tive matching processes in the generator by the square root of its order of
magnitude. With this optimization. the basic algorithm will be of the same
complexity as the full-test and lazy algorithms, This optimization is exactly
Phe samie as that o the OTTER shsloetn.,

Cro the ot her bansdin the Full-test and lazy algorithims, testing is done in
pecfeet on modelextending candidates. Applving advanced testing to these
algorithime. the rejection test cap e perforied on the next generation abead
ol the moddelestendivg atom sets, therelby decreasing the time and space
comnplexity by the order of magnitade of 4 sguare root,

T Figore 1 Tor ol basie adgoritbon, the atomes o Lhe arca depoted by £
will wever be generated alter the optimization. Therefore, the thine and space
complexity of the geperalor clauses hecomes ().

Tie Fisure S foe the fadl test Sasey algorithoms, tlie atoms in the area denataed
b 40 widl e vesied only alter all of the atoms in Woare generated, T herefore,
the o aned space connplesity of the senerator elanses s reduced to 0 )
CF e ).

O e otdier bamd . the offoce of pariial evaluation {Figare 71 doe 1o the
resiltant twi [itera ] tester elaises i eguivalent to that of the lookshead apii-
idzationm tnowhibel we e, in generatod sl tested v the original unit tester
clavses, Mlso, o Figures 6 and 7. the atoms in the area denoted by W oare
contprtedl badee b ot h optimications. Thos, the lookabead and partinl eval
waliv opthmigations are equivalent o the way they improve e and space

Coni ity
1.5 Summary of Complexity Analysis

Tableo | osmmmarizes Vhe abave discassion on complexity avalyvsis, T/570
Atatils for complexity entey of rejection test fsobsumption test fowsdel ex-
Leensiot. AL =taneds for entey ol the reguived wenory space. Tlie value of
Al bSne <020 pepresents the efficiency factor of the subsumption tesl. o = |
s had o snbsmmption test is pecformed in constant order, becanse the
hashing effect is perfeet. o = 2 wieans that a subsumption test is performed
in a pericn] proportional o the monber of elements, perhaps becanse a lin-
ear search was inade 1 the list, For the condensed detachment problem. the
hashing offver s vory poor ad o s very close 1o two,

Tl wemory space reguived for the basic. full-test/lazy and lazy lookahead
algorithns decreases along this order by a square rool Tor cach. This means
that the number of aloms generated decreases as the algorithm changes, This,
i turn boplios st the number of subsamption tests decreases accordingly.
For o = 2, the most expensive computation is a subsumption test. A decrease
i its complexity means a decrease in the total complexity, On the other hand,
for oo = L. the most expensive computation is the rejection test with two-literal
tostor clavses, This situation, however, is the same for all of the algorithms,
Adopting lazy compntation will result in speedup by a constant factor. Inany

11



Fabde 1 sunimmary of complesity analyvsis

it testor o banse
T 5 G M
hasir _|I'J‘.||'J.j ;.'.Ir.l'lrr."1" _r}:m I ]r?.]Hrl
Till-test [/ lagy e 1”,-'“ e e
M i . f
ey Jookabieal | L pne g i
B - Hii /! |

Hhiteral tester clanse

| T - [ hY ]
! Drasic p‘ljrr‘ j“i'zr.lrll ' Iﬂlm1 T
I full-test [ |a;n'_1,' Jrin'!‘nrl' P”,.r' e _p.r.lr2

tor = Lhe punber of edemen s e ealed sandidate when fads
i chebected g e Bagsie algoritlon

goi= the surevival ente o aogenerated atonpe g o raae of
s cess Tl congunetive matelings {2 g and o= the cdfvieney

Tartor of & sulesmmgpton tesn .

o, b adopting lagy computation. the conpgelesity of Phe total compatation
i5 dominated by that of the rejection 1es1.

5 Implementation of Lazy Conjunctive Matching in KL1

This section shows how to implement a b congunelive neateling program.
Phee Bernel of lazy mioclel generation, o kLT

5.1 OQOutline of KL1

K11 is a parallel logic programming langnage based on Bat guarded Horo
1'|.'1.||.~u—=.-'.[I'f"!'—}i}]. A WL progream consists of clatses of the following fomn:

Hoo—(h i | oo B

where H. ¢/, and B, are called a clanse head. a guarnl goal. and a body goal.
respectively, The | operator 15 called the commit operator. The part of a
clause before " is called a guard, and the part after °]" is called a hody, A
I L1 clanse is executed as follows:

o In contrast bo Prolog. all clavses having the same bead can be tried in
parallel,

o The guard of a clause sperifies the conditions for the clanse being se-
lected. The gnard goals are tested sequentially, If a guard goal cannot
succeed without instantiating the variables in the caller goal. then the
suard goal suspends until they are instantiated.

* The commit operator selects a clanse whose guard has succeeded.

15



clause(M,DM, ©, Ui,Ug} :- true |
ante ([{DM,81F,{M,A2}], C, Uml,Us), % 4 * M
ante{ [{DM,A2},{M,A1}7, C, Um2,Uml), ¥ M + 4
ante({{DM,A1},{DM,A2}], C, Ui,Um2) ¥ 4 * 4

ante{R, C, Ui,Uo) := true |
new_env(C, Env), } create wvariable environment
antel(R, Env, C, Ui,Us}.

antel([], Env, C, Ui, Usa} :- true |
assignValueToVariabla(C1, Env), Uo = [C1|UTi].

antel([{M,Lis}|R], Env, C, Ui ,Ua) :-
literali{M,Lis, R, Env, ©, Ui, Uz},

literal(M,Lia, R, Env, C, Ui, o)} = srus |
getNext(M, E, ML),
(f* M is empty */ -» Uo = Ui,
f* E iz a element of M */ -» unify({Lis,E, Env ,NEnv),
(/% unification fail =/ =>
literal (M1 ,Lis, R, Env, <, Ui,Ual;
/+ unification success #f -»
antel{R, NEnv, O, Um,Ua},
literal(Mi, Lis, R, Env, C, Ui Um)})..

Figire 50 BEaser conjunctive mateline program

¢ The hody goals of the selectod clawse are then executed in parallel,

Using this meehani=m. commmmication hetween processes and Ltheir svachro
mization 1= possible,

5.2 FEager Conjunctive Matching

Alazy conjunctive matching progran is derived from an cager conjunctive
matching progriam.

To make the program simple, we consider the conjunctive maiching of
clause ¢ having only two antecedent literals 1. Ay — ¢'p. In this case, the
uecessary comnlapations arc A = WM o« AL A = AL

Figure B shows an esger conjunetive nalelhing program.

Predicate clause/5 perfurms conjunctive matching of an clement in M {M}
and A(DM) against a literal of the antecedent part. It returns a list of the
consequent part of successful combinations in conjunctive matching as d-list
(Ui,Ua) style.

The predicate ante/4 unifies M or A with a literal Lis in accordance

It



with 1ts first arguinent,
5.3 Lazy Conjunctive Matching

Two lazy conjunctive matching programs are presented, One is o the
continuation-lased program in Figaee 9 Phe other s a process-oriented pro-
gram siitable for o concureenl covironment,

5.3.1 Continuation-Based [mplementation

As can beoseen Trom Figuares S amd 9, the difference between an eager pri-
gram and an continnalion-lased progtan is that the by program contains
a continuation stack 5 for the gy mechanizm and a specilied moober Lo
tdicade the winler ol elements 1o b creatod,

The continmation <tack contains goals whose execution is delaved,  For

example. in the case of clause/7. two hody goals are pushed onto the stack
and their executbon s delaved. T hese delaved goals are popped one by one
aml foreedd 1o exeemte when the current goal contputation = terminaded.

This program 1= defived as o Tonetion which returns a continnation stack.
son Lhad 10 ds neceszary for the callor toomanage Lhe continuation stack and call
clauseS7T with the stack when it needs elemonts,

5.3.2 Process-Oriented Implementation

In 5.b b, clause is defioed as @ Dunction. However, the process-oriented pro-
gram i snitable i a coneurreat eoviromnent. For a process-orienied progran.
wir ke the generator clase aud e lesler cosperate by using s conmne
mication channel.

‘\ Iirlli'f'hh-(ll'ii'llIl'i] I)l'll‘Hl'i’llll 'r.-\ |I|H|I,f"' |!_'n Fil,ld;l"ﬂ Al l":':l]'q'l ilrgl]lllfﬂl“ EEA ] Il""
comtinuation based prograne, Dhe extea argoment, NL. represents a comm-
nication channel belween The generalor and tester,

When the senerator generates the reguired nnmber of elements. 11 waiis
for the next demand from the tesier.

antel {L.NL, [1, Env, C, 5,N5, Us) :-
assignValueToVariable(Ci, Env). Uo = [C1|U1], L1 := L - 1,
(L1 =0 -» Ui = {Uii}, ¥ mark Lth element
(NL = {LL,NLL} -» % wait for the mext L and NL
clausesCont(LL,NLL, 5, Uii));

When the tester peeds more elements, it sends the pext demand to the
genserator,

CooWNLL L, Ua, . ) = Un = {Uso}k | % reach Lth element
NL = {LL,NLL}, % send the naxt L and NL




clausael(l, M,DM, C, 3,N5, Us) :- true |
51 = [ante(f{DM, A2} ,{M, 41F], C),
ante{ [{DM,A1},{DM,A2}], C)|S],
ante(L, [{OM,A1},{M, A2}], C, 51,05, Ua).

ante(l, R, C, S,NS, Uc) :- true |
nev_env{C, Env), antel(L, R, Env, C, 3,NS, Uo).

antel(l, [J, Env, ¢, 5,NS, Us) :- true |
assignValueToVariable(C1, Env},
Do = [C1]Ui], L1 := L = 1,
{L1 =0 ->» NS =5, Ui = [1;
L1 > & -» clauseCont(Ll, S,N5, Uil}.

antel{L, [{M,Lis}|R], Env, C, 5,N3, Us) :- trua |
literal{L, ™ ,Lia, R, Env, C, 5,NS5, Ua).

literal({l, M,Lis, R, Env, C, 5 ,N5, Uo) :- trua |
getNext(M, E, M1},
(/* M is empty =/ -> clauseCont{L, 5,N5, Ua);
/* E is an element of M *=/ -» unify{Lis,E, Env,NEnv),
(f* unitication fail =/ -»
literal(L, Mi,Lis, R, Env, C, 5 NS, Us):
f+ unification auccesa &/ -»
51 = [literal{Mi,Lis, R, Eanv, C}I5],
antei(L, R, NEnv, C, S1,N5, Uo)}).

clauseCent(L, {ante(R,C)|S].NS, Ua} :- trus |
ante(L, R, C, S,N5, Uo).

clauseCeont(L, fliteral(M,Lis, R, Env, CJ|5] N3, Uo) :- true |
litaral (L, M,Lis, R, Env, €, 5,NS, Us).

Figure 9: Coutinuation-based program

1%



6 Resulis
6.1 Features of Hard Horn Problems

Before presenting the results obtained with the proposed algorithms, we
hrieflv describe the problems we are tryving Lo solve.
All prablems are given as a sel of Horu clanses anlv, as fallows,

Theorem 4 { KGR [Oved]}

ML el ALY b — e
Pree —  piel Noeled Yo e 02 N0 el A0 Y 1000,
plefetetacethoebioe) efboa))) —  falsr,

Theorem 6 | Lukasiewicz )

X i Y — Yy
I rire pll Ny .
broe — el XY Loy Al A .
Peae — AR N Y Y Ay NN
Proee —  plolilel Noa(Y IR dYo N
plecile by iiesaloile bl —  folfsr,

Fresivhes full nnification with occerrence closck, we peed hearistios sl as
Phe wergliving and deletion of some comnples resolvents, and a control meel-
anisi thar alteraates botween hroadth first and depth-first search strategios,
Incidentalls, Theorem 6 has a very short prool and can b proven easiby with
only e beeaddth-first seareh strategy. Theorem L however, s mmch barder
andd its prool is louger.

These problews have the following characteristics: 1y The gumber of con
Junetive matchings and subsumption tests is enormons, 2} The sige of the
wiodel candidates becomes very large.

e When ten thousand atoms are penerated. conjunctive matching will
atenipl o ane lmdred million.

6.2  Performance

some results are shown in Tables 2 and 3. We did not use heuristios such as
wiigliting and sorting. but only limited term size and eliminated taotologies.

Fach algoritho is implemented in KL1 and ron on a psendo Multi-PST in
PSETTINNRT] The OTTER entry represents the basic algorithm optimized
foor wieit tester clauses and irmplemented in KL The figures in parentheses are
ul algorithms for tester clanses with two literals resulting from the application
ol partial evaluation to onit tester clanses. In unify entries. a figure to the
loft of + represents the numnber of conjunctive matehings performed in tester
clauses, A figure to the right of + represenis the number of conjunctive
matchings performed in generator clauses.

These results are a fair reflection of the complexity analysis shown in Table
I. For instance. to solve Theorem 4 without partial evaluation optimization.
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Table 22 Results [Phearem 1)

basie Fudl=test [y lazy  lookahead OTTER
Tinwe (sec) Y EUI N 07 o8 21045 05 16
A6 8 [ (1 (.= (&G0 (AG2 1)
Uimify Lt TS LS+ TATIT B 100644005 | GRE T AR
(AR 4 TALTY T O88s 0 LR | DRl +4158) (AR E+A095) | (439814 T 50
Suhswiption SYR T4 i AT
Lel (T 1) sy (L] [ k3] (A7)
M 2T d7d fid U
"u-Er--g|||_‘|r_l.' [‘,"r_';’_l ||[.;-;:| {I'iﬂ:l {l'l::l-] :.’T.‘l:l
] [4m1 [ S0 [BRE
| 1375} [RNH TR (RN (VAT

the Diasic algoeit b disd ot pea bioaogoal within [ LODD seconds, whereas the
fill=test and lawy algorithimes reached Lhe goal in about 00 seconds. The niost
tie consaning comprpaeta ton incall ol the three algorithens { hasic, Bnll-test and
Ly boos rejection testing, lae diflerenee o the ime complexity belwesn Lhe
basie algorithom and the ot e Daoalgorithones s (gpfne® 1 ey = pf
that pesibt= in the 1me differepec mentioned abawe,

Thee Tsasie Hl.}"l::llilllrli wrnl Vhos Tadl-test Sl aleorit oo do oot dliffer o t.le
pnmlbser of wuilications performed o the tester clanses, However, the wummber
ol vnifications peclormed 1 the geaerator elanses and the numtber of subsamgp-
Pion fests decreases as we move from e basie algorithm to the Gallvest anmd
Ly algorithms, The decrease isabont ope hondredth when pactial evaluation
is nert applied. and abont one tenth when it s applied.

By applviog lookabead optimication. the laey algorithon s lurther -
proved, Though the lookabead optimization and the partial evaluation op-
Limizalion are theoretically comparable in their order of improvement, their
Artal pr—1rl'ﬂ.r1l|.-|||rql D5 SO YTy different, For Theorem 1, the |..-1.'?'|.- .ﬁ.:lgf.‘b-
rithue optimized with partial evaloation ook 21,82 secouds, whereas the same
algorithom oprimized with fookahead optimization took 20045 seconds. This
difference j= cansed by the difference o the nowber of unifications performed
i the tester elauses. This is becanse i the lazy algorithms with lookahead
optinization. the generator clanse, N Lople( XY )] — pi} ). generates an
atorn before the anit tester clavse, pl 41 - fulse tests the atom. o the same
algorithue, with partial evaluation optimization, the instantiation information
ol A bs propagated o the antecedent of p{ X L pe( X, A1) —  false and the
unification failore can be detected carlier.

Partial cvaloaeiion optimization is offective for all algorithms except O7T-
TER. This is becanse lookahead optimization, in the OTTER algorithm, is
already applied o woit lester clagses, and the algorithm remains the basic
ane for non-init tester olanses,

Twypicallv in the problems treated hieee, |} survival rate (p) is almost con-
stant and the complexity of the total computation 1s dominated by m, and
29 the efficiency Tactor of the subsummption test (o) is very close to two, and
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Table s Besalts { Theorem G}

[t Full-tesi Ly fazy  lookahead OTTER
T (=ec) 1517 0K V.82 [ 24 301 1274
(1522 (2 ) (2.20) (2.22) {12.400)
Lify THIL ARG IR | 2204008 | 2204556 | OAT0R | 2204508
[BR00) | CIRETHY | [58HGE) (Aa868] | (B84 G0l
Suhsrang o IELTE i d2v 28 441
Lot (1) () (%) (28) i 328)
W T 7 23 T 23
Yleanera (20 (7 (7l (7} [¥24)
] St 147 147 T Ha7
[ 1) [ 143) i 16] Q16 § L45)

the cost ol subsamption fests increases as the number of elements in a modlel
candidate inereases, This. abthmatelv domivates the total computation cost,
Thus. e resolts peported hoee well sefloet The reanlts of the complexity anal-
I'A.'H].N' e S tion 1%

7 Conclusion

I is important o, as nielas possiblesavoid explosive inereases in Che amount
ol tite and space consmmed, when proving hard theorems thal require deep
inferenees, For this we proposed the lags el generation method and 1ech
1|'|r||ur'~z fan |'|||1l|u'l.'l' = pl'r'fl NI DA

On oo segneniial machioe, 10 s sufficient toe use the full 1ost algorithm
sinee it has o siomdbar effect 1o the laey algorithm with respect to the order
1}[ {'{I|I1|}||1A|-|{'I||“! -l'l”.';”l”l ﬂ"l’.l |'|'[|_||I|]'["f| IllL"Irllll'_\' HFI-HJ.—"'. I[U"A'P";F'I'. ir] A I)HI'-H.I'
lel envivonment, the full et algorithn may generate substantial ywmbers of
B ecEssa ey Atons aned perlorm ap exeess samber of subsumption tests, On
the other and. the Loy algorithio Bas the greatest eflect when used on s
parallel machine, This wechanisin can be incorporated (o hyper-resolution
Based provers therehy achieving o significant performance improvement.

Results show that significant savings in computational amount and mem
Oy space can b realigel |1} ||:-.i||;|r,| the Full test or the |-rl-"1r i1|gﬁl'it.|'lﬂl ﬂptilliizl’fl
for unit Lester clanses,

The lagy wenlel semeration method can be castly extended from Horn
clauses 1o non-Harn clawses, The idea is also applicable to hyper resolution
or set-af-support strategs based provers in general,

Whereas buzy wmode] generation can achieve "generate-only-atl-testing”, it is
important Lo consider ‘generate-only-for-testing” that is more general and ad-
vanced. By this term we mean incorporating search-pruning strategies such
as magic sels and relevaney festing [WLRGL. We believe that these strate-
gies would fit well with the lazy model generation method since its control
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stpucture is very simple,
We are now developing a parallel prover hased on he faey wode] genera-
i et bl The vesult of this will be reported inoa fortheoming paper,

Acknowledgments

Woeowoled ke 1o thank Rasabire Fuchi and Kookl Furnkaws lor giving us
Hhe opportanity o doe this research. We also wish 1o thank Mark F. Stickel
sl Franeois Bew foe their helptol commments on dealts of this paper, as well
as Alasav ok Fojitas Fameio Mizogoeh and PUPSWO e bers for nsolul fis

BTN
References

[]'J[‘.I]: H.oFagiva and W Hasegawa, A Alodel-Generation T heseem Prover in
bl b Using Baoniliead Stack Mgovichoe, b Proe. of the Bt Tt o
faoovreetd Conafe ro e wv Logrie Povgeeroniinig. Uhe MED Press, [9% ],

!Il:i.-‘.!|:. R, Hasegawa, A Parallol Model Ceperation Thooem Proser: MOTEP
sl Foether Research Plane Te Proc, ol the Jotnt Noerican-lapanese
Warkshop oo heorem Provine., drgone, T, 14991

f."i.”'!."i.'\i i 3".|:-|I|1||1~_'. anl | HI'_\. SATOH NI A L lieorem Prosaer [Iuplr'lilvllh"d
i reedang, b P, aof OV S50 Argoence . Beds, 11148,

[iletnhy oW e Chyne OV TEIE 200 Users Conieles Nvgonne National Lab-
ora by, |,

[APWNT] W O Ao e aned Lo Weos, Fxporiients in Natonsated Dedneijon
with Cowvelenscal Itachiment, Nrwonne Natiopal Laboratore, 1909
[AAST ML Nakashima and ke Nakajima, Hardware Arehitesture of the Se-
guenbial Dilerence Machine PSELL Lo Procesdings of TIRT Svaaposiom

ot Logie Progranaing, Computer Society Press ol the TR 1957,

[Oreea] W Overbeck, Challenge Problems, (private communicataon ) 1990,

[SLat] 0 ke Slaney aned Eo Lo Losk. Parallefiziug the Closnee Conrgilation
i vutonated Dhednetion, e Procof €OV BOL T4

feh=al 1 Selvapann, SETHEOQ: User’s Manual, Teehaische Universitin
Mitnehen, 1988,

rsriss] A L Stickel, A Pralog Technology Thearem Prover: huplementation
by oan Extended Prolog Compiler. o Jownal of Dudanenied Reonsoning,
uBd- b e

(Ucan k. Veda and 1. Chikavama. Design of the hernel Langoage for 1he
Parallel Inference Machine, Tn Compate r doeid, Dec, 1990,

[Wossn] 1. Wos, Awtonated Wepsoning 0 Basic Rescaredr Probieus
Frontice Hall, 149=%,

[WELsa] 1 50 Wilson and 1D W Loveland, lncorporating Relevaney Test-
gt SATCHMO. C5- 10024, Departisen! of Computer Scienee, Dhake
Viiversity, Durham, North Carolina. 19549,



