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A bt st Voo have implemented 4 model-genvration based parallel theorem
prover i LT an o parallel inference machize PIM We have developes] several
techinbgues ta mmprove the efficiency of forward reasoring thesrem provers lrased
a laey model generation.  The tasks of the model-generation based prover ane
the generabion aml testing of atoms to be the elements of & model lor the given
thesrem, The problem with this method s the explosion b the nomber of generated
aborms and in the compatational cost an Lme aped space, ieiered by the generhtion
processes,  Lagy model generation s oa new methisl that avoid= the generation of
usnerrs=ary alones thal are iccelevant to obtainimg preofs, and o provide Bexible
comirol for the efficient ase of reouroes i a !:lrl.r.l.l]!'l covironment. With this method
wee loave aclivviad a miore than ose-haodred-falid H[I'ri'dlip on 4 1'[M c'um-is-elilm n[
(L L

1 Introduction

Tl i of this research is toomake high perfonance theoremn provers for first-order
logie by wsmg Vhe programumng technigques of Lhe parallel logie progeanming laaguage,
KL As o first step in developing KLI-lechaology theorem provers, we adopted the
melel generation wethod of SATOHMO as the basis, Our reasons were as follows:
[y SATCOHMO hias a good property that full nnification s ool necessary and Chat
wiabehing sutlices Tor range-resbricbed problems. This meskes it very convenrent for us
totnpderent provers in KL sinee KL as & connnitted choice language, provides very
Fast one-way nnification. 2) [t is easier io ineorporade mechanisnes for lenupalization,
subsurnption tests, and the other deletion strategivs that are indispensable in solving
difficult problems such as condensed detachment problems [Dverbeek 9107

Two types of model generation provers were built:  one for ground  models
(MOGTR/GE) and the other for nonground mielels (MOGTP/N ) Uriliziog oeerit 1)
above. MOTP /G becomes very simple and efficient [Fujita 31] where a new algo-
oithoe called HAMS. is implemented to avold redundancy in conjunctive matching,
MOTE /G can prove non-Horn problems very efliciently on s distributed memory
winlti-processar. the Molti-PSL by exploiting OR parallelimm.



ALESTE N an b othier hand. sims ot provang bacd Horn problems by e plosting
AN arallelisin. For MG S we ey dopareed a new paralle] algorithon vt s willy
cptinnal load balaneing on g disteibuted memory architecture. and witl the mntingl
anpoant of sonnpntation and perory to obitain proofs. This article provides o shan
Pt roduction to MOTTESN amd i oain features,

2 Model Generation Method

A elanse = rr'I'lrI‘--l'I||1'l:| i An mphieational forie
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where b (L <7< and €501 2 5 < el are atone: Pl antecedent = a ronjunction

al b e e eamsegquent b= oadispunetien af €5 0% .t A clanse =
setled Low b e sde o 17 s vonseaguent s fedse fm o= B otherwise it is called geaerator

Thye miesdel generstion wetho aeorporates the foliowing rwo rales:

e Mool extension rules 150 here s o generator clanse, 0 — O amd a <ulstitotion
o osneh that e s sibisfed oo model camdidate Moand € s nol satisfied i W
thien exiened W by adding € mte WL

o Mool regeerion mile 15 wester clanse has an antecedent e thial s sabisdiead i

a nwnlel cambdate WO then pegect Y

W enll the provess of ohtainimg e, a0 couganetioes matehorg (OO0 ol the amtecoden

linerals agaims=t the clonents i nwsedel canididate
Fis scliiesves bl geerformance: v kel gene ral o bawsel parimvesrs=. il is dnportant o
avoie redundant cotgputation mconjunetive niatehing’ - For this, we developed HA Ms
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3 Lazy Model Generation

A tnore inportant jssae wnd regard o the efficiency of nodel-generation Bimend preassrs
p= o Loe pediee the total cotnputation anount and memory space reguired for prool
provesses. This probienn beeoses more eritival when dealing with harder proldems
that reguire deeper niferenees (longer proofs). To solve this problen. it s important
P pecognize that proving processes are Viewsd as generation-and-test processes aml
leat weneration shonld be performed enby whon required by the testing. We achieved
high performmes by imteodueing o wew pethiosd called lasy meeded gemeradion, lanod on
El iden of “senerate-only-al-lest . designed for a demand-dreiven siyle of connputation.

Fimpre | oshows tlee lagy algorichoe In this algoritho atos ansutned that two peo-
cesses, an algonthon for geoerator clauses and the other for tester clases, run i
parallel aud commnnivate with cach other.

Tester provess L) requests aosel ol abones. 3 1o the generator process, 2) perfirus a
suhsamption st o A agains! MU where D) represents a sel of atoms Lo b sarbeled
o ML oand &) performs a rejection test on 3 Mr) For the generator process, 1) af
a buffer. Fuf that stores a et of atoms that are the results of an apphcation of the
fnde] extension mle, s enpey, select an arom, ¢ out of I and sel a code for naibel

T e et ey e perfarmed Tor wdenticad combinat wns of atenes msre than onee.



Protess Tesler
repeat forever
roapate stige we vafor. )
Vo= wbsangpdrenl A WL TR
WO CAT M U s L bl retarnd=necess )
o= VN

Process pene vl
ropisat forevier
while Mol = o da begin
B o= P — o b Bl o= el M e MM = U 1o} end:
areedl | fooste el
Yoz fovee e [
until /7= ooamd Haf =0

Figure 1 [Lagy algort oo
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i om ae the pomber ol clemoemts a0 moelel candildate whaon
Ferdae = aletertel o ol basie algont lim

o is the sorvival pate of a woterates alomy, o= Phe pale o
wipecessin ] com e tive natehings (o= phoell < a S 2 is L

ethiemey faetor ol a0 snle i st fost

extension (delay €000 Foroommd Moo Bl 8 wails for a request ol & Prom
Lhee Lester prrocess, atil 31 Doreos the baflier, Hof . to geierate A,

The by mechamso can be used 1o comtrol the differener i speed betwesn the
generator amd lester processes, ilwrehy avonlng the annecessary cotisuingicn ot
aned space canssal by over geaeration.

Frosnn o sinegele amalvsis i s estimaiesd thar the vane conaplesiiy ol the pwndel cox-
ension st sobsanegetion test deereases o Ot ) i the algorithnes” withoot Ly
comtrel to Gt in the daey one Table T oomprares the complexities of the algorithne
where T(S/0) pepresents tie nnmber of repeetion tests{subsunplion Lt S rowdel ex-
tensions), and M orepresents the pamber of atoins st ared.  For details, refer 1o
[HHJ{(‘EHWH ">|‘.£]

Pl basic algorithin taken be 0T TER{O e 0] geerates & bl of gew atons belore coan-
pleting regection tests T presionsly geierated atomis, The folltes algoathm oaunpledos th
beefome Lhee ent gemeratoan cyole, Bt atill generates w bumgrech wof aramis cach time. Losdhabu | s oan
vt imaeat oo methes] Top testing, wirker spuwees i i Fuadl-test /L azy

L



4  AND Parallel Implementation

Wi have meveral chowees wlen parailelizmg modelgeneration Bised theareen prraners,
Ly ool changing of michanging scearding to e msber of Pls 20 nusdel shazing
im:p_‘.'ing o ehestribbed TRt architte Ligrve] o1 sl ahiseriletoon, aml 30 naster-
sl Oy |||a.‘-r-l."r-|l'HH.

A prool changiog prover mey acliese super can specdupe while e prool aachanging
prevver can achieve atomost laear speedigs,

The went of medel sharing b that b consimang subsmapdion besbing and con-
Junetive r'|||elt.-."|lillg can b perforoesd an each PE adepeadeotisy winlh il pnter- P
eonmmmpeation . Cm the other Baned, the e of seodel dhisteibation s that we can ob-
tain "meenory sealabiling” . The ecommnmienton cost, e ver. Tiereses s Ui sonniber
ol Pl ineremses, sinee (LRI TR ataed atones newel o e Howen 1o adl PEs for .‘-llll:hllll1|:lfi!rll
st it

The waster-glave configuration makes 1t case to bl o paradled systean by simpiy
conneeting a seaquentind version of MOTTE S s shave PR rootine anaster PR However,
Vs ey iees st e ';II‘.\.l;_l‘rlt'l_l b abtinniee Ul b con Che noaster Jrrimrms. O the other
bl s master-less configuration sneh as ring conmecUion adloaes s o achiewes pigeline
r*iT;‘-rl;_-.' with baebier levsnal |;|E||i|_j||:'i]t%_ wliepeas o0 Leconnes laaeder 1o i||||a|1"|||l|'llr sinihalile
condrol 1 ETETLY collaborative work among B E-

Our phiey i developang parallel theorenn provers s thet we Shoaded distnigiish
Paastwnieny dlnee _nlljl‘-l'n:ll_l_J:l st o ||-_'|. ||-.|||'.|.||--1|..'.|li|4|| Al thee seapehs ||[‘I:I||i|.'|;_'| LR
cansed by strategies. o the prood chianging parallelezniemn, changing the nulier of
Pl s owerely Betbing. amal niay enise the stestegy o beoelimged ol oven thongh
it results in the findling of a shorter proot

Capveny the above, we Dplenmentod a prool nchanging version of MOTTE S e s
st rsbave configuration hased oo the ey el geeration T this sastein gener
aber aned subsunploon processes pap oo oodeandademeen ke wlole deatee progesses
P i a dataeariven oede The s Teatores ol s sssten ane s oliows T Proal
unchanging allows us Lo oblam groater specdnp as Vo osonler of PEs ereass. 2
Hy ntilizing the syuchronization mechaeism supperted by LD sequentialioy o =ids
stpplion lesting s mmmnnaed: 3] Smec slvoe processes sponbapeonsiy albsain Lisks
frome the master and the sige of cach sk b= owell coualized, goasl ol Balapeimg =
achicved: 4} By unilizing vhe steean daga tvpe of KL demaned driven control s easily
anab efficienaby ipsle e ntad.

By vmingg demaml-driven control we can ol anly suppress unnecessary neade] ex-
tonmions and subsumption tests bt also mamtan o higho ronwing rate, tat = the key
to achieving linear speedigs.

Tahle 2 shows performance abtaimed by ronnig the MOTTE SN prover for Tiearens
Soand T [Overbeck S0) on Multi-PS1 wirh 60 PEs0 W diel o wse heoristies such as
sorting, kol merely limited terne siee aned clineinnied tantologies Full anification s
written in KLL, which is thirey to lundred tnnes slower than thar weiten i O on
SUNGS and SPARC. Note that the aversge rannig eate per PE for G PES s even g
ltthe bat higher than that for 15 PE< With tlus ol other resulis, we were able Lo
ohtam almost lnear speedup.

Hecently we abtained a proof of Theorenn 5 on PEM o with 127 PEs i 2RT062 sec
arnl ASRIOA0329 reductions {thus 120 KREPS/PE) Taking mtes aceonnt that the CPE
ol PIM i about owo tioes faster Bhan char of Malid PSLowe fowmd that alios)
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5 Conclusion

o nnportant foaveiel explostve inerenses e sanouat ol e el space consined
when proving hard theorems gt peguiee deepemlerenees Fror this wie propeesed the
Bz sl l gearerad on et hosh sl technegies 1o e s perforiianee bogperieen
al wesiclis show that o sigmilicant saviog i the conmpatation ancd ety anmils can
e cealized by using tee laey algoritlone, The baxy welel geerativn el cann b
oty estensded Troon Horn elases toonoas N elinses

Vi 'I"""'l"i" JOAND |JHr:1||l'||_,1;|1irl|| gl bs s 1oe solve Horn poesbile s | bt reseendl
pesntlis ol e experients show that we conld aeliese limear specdupoup e TS Phs,
The ke techinmgne b= Lginess e nwaled generation i v s neressARY comgaal i

amd perpery s while nkaining, a Pzl prarnnmg, rane
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