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Abstract 

This paper is colzcerized itlit11 circumscription of logic progra.ms and its stable model 
semantics. We introduce t~vo coiiditions, niilzimal condition slid uiziclueness condition, 
wliich determine preclica,te syml~ols to be ~lzinirnized. The lnilzimal coizdition is imposed 
on parallel predicate circuiziscriptioiz, ~vlzile the tiiziquelless condition is iiiiposed on par- 
allel formula circumzscriptiou. We show that each of tllern also determines a unique model 
of circumscription, and show tlzak it coincides with a uuicyue sta,ble inoclel as declarative 
seinalitics for a program. 

Introduction 

Circumscription, int~*oduced by McCarthy [ill and developecl by him [ 5 ]  and Lifschiz [2, 31, is 
an important tool for formalizilig tlie noiiil~onotoliic aspects of colllinoiisense knowledge and 
reasoning. There are many other approaclles to  the commonsense lcnowledge and reasoning 
such as nonrnonotonic modal logic by  McDermott and Doyle [7, 61, default logic by Reiter 
1111, ancl nz~toepist emic logic 13y Moore [8]. These approaclles, called consistency- based, are 
formalized by using the  nodal opcralor to  represent logical consistency. Hence, they are a 
variant of the inodal logic, ant1 bcyoncl tlle classical logic. In contrast, circumscription is based 
011 tlie classical logic. 

Circumscription is a ~ronmoiioloiiic reasoning basecl oil tlie truth in all the iniiiiinal mod- 
els of the classical logic, allcl in this sense it is called a minirncll model approach. There are 
also many ltinds of circumscription, p~ediccde circum.sc~-iption by McCarthy [4], formula cir- 
cumscription by McCarthy [5] and Lifsclii tz [2], prioritized circ ZL mscl-iptio 12 by Lifschitz [2] ,  
and pointwise ci~-cumsc?-ij~tion by Lifschitz [3]. Predicate circumscription is a minimization 
which does not include predicate variables in the process of minimization, while formula cir- 
cumscription is a rniiiirnizatio~l which incl~lcles such variables. Prioritized circumscription is a 
minimization with a priority on predicate symbols in tlie process of minimization. 

Recently, noninonotoiiic logics have been cl~aract~erizetl by the decla.rative semantics of logic 
prograins with negation, tile perfect inodel semautics [lo], tlle stable model seiiiantics [I] and 
tlie well-founded inodel seinalitics [12]. In l~arl.icular, circuinscription is characterized by the 
perfect model semantics [I 01. Parallel circumscriptioil is a special prioritized circumscription, 
and hence tlle perfect lnoclcl semantics is suital~le for parallel or l~rioritized circuinscription. 

However, parallel circumscriptiol~ is riot inerely a special case of prioritized circumscription, 
but it has another i~npor tant  model called a stable modcl. In this paper we discuss such a 
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model for parallel prec1icat.e circumsc~iption and forll-1~1la circumscription of logic programs. 
We introduce two condit.ions, a rnir?,imctl c0~2(litior~ ant1 a. z~nique?ress condition, under which 
there uniquely exists the illotlel of parallel circumscription. L'\ positive disjunctive database 
satisfies tlie minii1ia.l collcliOion if and only if, for ally clause, only one preclicate symbol in 
the head of the clause is included in the tuple of minimized predicate symbols, and the other 
predicate symbols in the head are not includecl in the tuple. A positive disjunctive database 
satisfies the uniclueness condition if and only if, for any clause, oiily oiie predicate symbol in the 
head of the clause is included in the tuple of varied preclicate symbols, and the other predicate 
symbols in tlie head are included in tlie tuple of minimized predicate symbols. We prove 
that the least I-Ierbrancl model of a positive c1isjuiic.tive database whicli satisfies the minimal 
condition coinc.ides with a model of predicate circumscription, while oiie which satisfies the 
uniqueness condition coincides with a model of Sormula circumsc.ription. Furthermore, these 
models coincide with a st,able model of the given tlatal~ase. 

2 Preliminaries 

By p, q, a ,  we denote predicate consta.nts a.nd by P, Q ,  . ., we cleiiote predicate variables. We 
use p ( ~ )  instead of p ( s l ,  . - . , r,), ajnd YT instead of Yxl . . . Yx,. 

We introduce an orcler < on preclicate symbols as follows. Let p, q be predicate symbols 
with the saiiie srity. Then, 1) 5 q stands for the formula E ( p ( 5 )  -+ q(5)). Let ij = pl,  . , p, 
and ~i = ql , . . , q, be tuples of predicate symbols, where 14 and qi have tlie same arity for any 
i. Then, is 5 stands for ihe formula! 

Furthermore, < staoiicls for tlie formula (ij 5 q) /\ ~ ( q  5 p), and ji = for tlie formula 
(p 5 ?j) A l ( q  5 ji). In case 12 = 1, 13 < q simply means that tlie extension of p is a proper 
subset of the extension of q. 

In this paper, by A(p) (7-eesp. A ( p ;  T)) we mean the formula A iiicluding tlie tuple p (resp. 
ij and Z) of predicake symbols. 

Definitioli 1 Let A(p; f) be a formula, ancl li a ~ l d  7 be clisjoint tuples of predicate symbols. 
Then, (parallel) fo,=mztln circwrt.scription C IRC(il(p;  7); p; 7)  ofp in A(p; Z) with variables z is 
defined by tlie following seconcl-order formula : 

- -  
CIXC(A(p;  T); p; T) = A(p; F) A Y P % ( i A ( P ;  Z) V P st ji). 

This formula expresses that l, has a miniinal possible extension uilcler the c.ondition A@; Z) 
when z is allowed to vary in the process of miniiiii~a~tion. If 2 is empty, the11 (parallel) predicate 
circz~mscril~tion CIR,C(il(p);  p) oJp in A(ij) is defined by the following second-order formula. 

The model-tl~eoret~ic meaning of circumscription can he expressed by the following notion : 

Definition 2 Let A t 1  = (D, 11) a.ncl i\/lz = (D, 12) be the structures of first-order logic. Let 
= pi, . . . , p, a.nd = ql, . . , q,, be tuples of predicate symbols. 

(a) for any c @ p, Il (c) = Iz (c) , and 

(h) for any c E p, il (c) C I&). 



(a) for any c @ I j  U 7, Il jc) = 12(c) ,  aiid 

(b) for any c E p, I ,  ( c )  C 12(c). 

3. n/r, <B A f 2  if M1 l\l, and ~(l \ / / ,  <B MI).  

-- 
4. Ml <piz A f 2  if Afl <F;" - Af2 and ~(lI/12 SF;' 

Let A 4  be the structure of A. Then, Ad is p-mininaal rnodel (resp. ( p ;  7)-minimal model) ofA 
if there exists no inodel N of A sucll that AT <TJ4 (resp. iV <FiZA/f). 

The models of (parallel) circumscription is characterized as follows. 

Theorem 1 (RiIcCjarthy [4], Lifscl~it~z [2]) Idel A be a formula, and jS and 5 be tuples of predicate 
symbols. 

1. M is the model of ClIiC(-4(p);p)  if and only if M is p-minima.1 inodel of A. 

2. M is the model of CIXC(A(p; 7);  p; Z) if a.ncl oilly if ]Iff is (p ;  z)-l11il1i~al lllodel of A. 

In this pa,per, we aclopt the stahle model scrnal~tics by Gelfond and Lifschitz [I] as the 
declarative semantics, because we tlo not deal with a priority on predicate symbols. A logic 
program in [I] is a yc~rer+nl p?-ogrcin2, which is a set of clauses of the for111 

where A, Bi, are atoms for ally i (1 5 i 5 772) a~icl j (1 5 j 5 I) .  

Definition 3 Let P be a, general program. For a.ny set Ad of atoms from P, let PM be the 
program ohtailled from P by deleting 

1. all rules that lia,ve a, negative literal --H iir their bodies with B E A4, 

2. all negative litera+ls in the botlies of rcn~a.iiliilg rules. 

If the least Herbrand lnotlel of PAd, clenotetl hy nsoclel (PA,), coilicicles with 114, then M is a 
stable model of P .  The stable nlodel senzn?ztics is tlefilied for a logic program P ,  if P has exactly 
one stable model, a,lid it cleclaxes ilie irrodel t,o be a, canoi~ical model of P. 

The st able inodel selinant ics can be clia,ra,cterized as follows. 

Theorem 2 (Gelf'ond and Lifschitz [I]) Any stable model of P is a. lninilnal Herbra,nd model 
of P. 

3 Circumscription and Logic Programs 

Przyinusinski [Y] showetl the relationship hetween the leasst Ilerbra,nd model seinantics and the 
model of ~reclica,te circumscript,ion for a definite progra4m. 

Theorem 3 (Przymusinslti [9]) Let P be a definite program and II be all predicate symbols 
appearing in P .  Then, Ad is the leasst I-lerbra.nc1 model of P if and only if M is the model of 
C I R C ( P ;  It). 



Przymusinslii also introduced tlie semaiit ics of logic programs wit 11 negation. There are 
many kinds of cleclara tive semantics, the perfect model sernrc?~tics by Przymusins1;i [ lo ,  91, the 
stable model semalztics by Gelfond and Lit'scliitz [I],  ancl the ~uell-fozlnded model semantics 
by Van Gelder et. nl. [12]. Przyinusiilslii proved a relationship between the perfect model 
semantics and the model of prioritized circ~uiilscription. 

Prioritized cir.cz~msc?.iption is a ltii~cl of circuniscription wliicli has a priority on predicate 
symbols in the process of the minimization. Pnrallel circunlscription is circumscription without 
a priority. Predicate and fornlula circumscriptioii which we defined in Section 2 is parallel. In 
general, parallel circumscril~tion is a special case of prioritized circumscription. Przymusinski 
also proved a relationship hetween tlle perfect model semantics alld the inodel of prioritized 
circumscriptiori. 

Theorem 4 (Przymusillslti [9]) Let P be a stratified program and PI, . . . , P, be strata of P. 
Then, M is a perfect model of P if and only if A4 is a, inodel of C I R C ( P ;  Pl > > P,). 

He showed the above two theorems for pa.ra,llel and prioritized predicate circumscription. 
On the other hand, formula, circumscriptioii is nlore suitable for lionmonotonic logic than 
predicate circumscription. For example, let 

f ly (X), c~b?zo~-mcll(X) +- bircl(X') 
+- I 

and 

Then, the iliodels of C I IZC'(P; ctb1?oi.t12ol), i.e., clbno~.~~~cll-miiliillal nloclels of P, axe A l l  and M2. 
However, we should iirfcr intuitively that nor~ilal birds fly, i.e., c~b?2or?nal-rninilllal inodel of P is 
only All. Forinula circumscription is based on tllis point. The inodel of C I R C ( P ;  abnormal; fly) 
( C I R C ( P ;  c~b~zo~-mc~l; fly, bird)), i.e., (clb?zorn?nl; J1y ) ((ctb?~o~~mal;  fly, bird))-minimal model, 
is . In this paper, we stucly parallel forriiula circuniscril>tio~l. I11 particular, we make 
clear the relationsliip bet3c\~eeil the slrilrle ?norl~l serntc?rlics ailcl parallel predicate and formula 
circumscription i11 tlie folloc\~ing sections. 

4 Minimal Condition 

In this section, we study the rclationsliip 11ct117een the stable n~oclel seinantics and the model 
of predicate circumscription. At first, we define the prograins to discuss the model of circum- 
scription. A clause is a formula of a form i l l ,  i12, . . , An + Dl, B2, . . , B,, where Ai, B, are 
atoms for any i (1 5 i < 7 , )  and j ( I  < j < n,) .  GVe call A, a head and B, a body. A program 
is a set of cla,uses. Let p?-ecl(A) be the predicate symbol of an at0111 il .  

Let P be a prograin and let C = ill, . . , A, +- Bl, . . . , 137n be iz clause in P. Then, we call 
a definite clause A ,  t Ul, . - , B, a l~rojectio17 Dc of C, and a set {Dc 1 C E P) a PI-ojection 
of P. Note tliat there may exist i-nany proj(~ctions for one progranl. 

Definition 4 Let P l ~ e  a prograin. Ti be tlle sct of all predicate symbols of P and ?j n. 
Then, (P, q) satisfies ii ~ l ~ i ~ l i ~ n n l  condilion if for a.ny clause -A1, . . , A, +- B1, . , B, E P, 
there exists an i (1 5 i 5 72) such tlrat pred(A,) @ and 11~ecl(.4~) E ij for any j # i 

The idea behind ilie miuii~nal conditioil is tliat tlie p-minilnal lnoclels of p(a) v q(b) are { p ( u ) )  
and iq(b)} ,  and in general pl , . . , p,,-1 -minimal models of p~ (a1 ) V . . V p, (a,,) are {pi(ai)) for 
any i (1 < i < n). 



Theorem 5 Let P be a progr;lnl, Ti lje the set of all predicate synll~ols of P aiid q C n. If 
(P, q) sa4tisfies tl-ie minima.1 condition, the11 tlie leash Herbra.nd inode1 of any projectioii of P is 
the model of C I R C ( P ;  q). 

- 
Proof. For any Dc E p?.oj(12), if l~?.uZ((A;) @ then Jrl,,,.,,(p) f l  Bb = 4. I-Ieiice Alp,,j(p) is 
?j-minimal inoclel of P. 

We use induction on 12 for Tp Tn to prove tliat q-mininlality is independent of the selection 
of heads. 

In case n = 1, suppose, for C = i l l , .  . , A, +E P, that pred(A;) $ q and p?*ed(Aj) E q. 
Let PI = {Aj t}, P2 = {A; t}, and lJ3 = PI u Pz. Then, Tp, T 1 is q--minimal, and A; 6 MP1, 
Ai E AIP2, A; E A!!, prcd(A;) $ q. I-Ience, Tpl T 1 $7 Tpz T 1 ancl Tp, T 1 $T Tp, 1.1, Therefore, 
Tp, 1 is also q-iniiiimal. 

Assuine thak the claim holds for n. For f 2  + I ,  suppose C = A l , .  . . , A,, +- Bl, . B,, and 

{Bl, - , B,} C T,,.,,.,,(r) 7 8 .  Suppose pred(A,) @ q aiid l)red(il,) E q. Let Pl = {Aj +- 

} U Tp,,,(p) T I ~ ,  Pz = {A, +-} U Tlj,,J(P) 1.12 aiid P3 = Pl U P2. Then, Tp, T (n + 1) is q-minimal, 
and A; $ At&, .4; t .MI.,, -4, E MPj, p?-ed(.4,) @ I-Ie~lce, Tp, (n + 1) gq Tp, T (n + 1) and 
Tpl T (n  + 1) $ q  Tp, T (12 + I ). Therefore, Tp, ( 7 1  + 1) is also q-minimal. 

Thus q-miniinality is ii~clepeiicleiit on the selectioii of heads, and hence tlie least Herbrand 
model of all projectio~l of P is q-minimal model, i.e., the inoclel of C I R C ( P ;  q). CI 

We introduce the followillg notion to see a rela.tions1iip b etweeii the st able model and the 
model of predicate circl111-~cription. 

Defillitio1l 5 Let p ro j (P)  he the projection of P. Tlicii, we define a lwogrurn generated by 
proj (P)  to be the general program {.'Ii +- B1, . , B,,, 1-41, . , ~ A i - l ,  l i l i + l , . . . , A n  I Ai -+ 

B1,. . . , B m  E P ~ o ~ ( P ) J .  

Theorem 6 The least I-Ierbrancl illode1 of the projection proj (P)  of P is the stable model of 
the program geilerated By p?>oj(P).  I-Ience, the model of C I R C ( P ;  q) is the stable model of 
the prograin generated by proj  ( P ) .  

5 Uniqueness Condition 

I11 this section, we show a, rela,tiol~ship between the sta8ble model ancl the model of formula 
circumscriptioia 

- 
Defiilitioil 6 Let P be a. program. W be the set of all predicate symbols of P, and q UZ = II. 
Then, (P; ?j; F) satisfies a lifaiqlreness condition if for any clause A1, . . , A, +- B1, . . , B, E P, 
tliere exists an i such that 

1. pred(A;) 51 q and preil(ilj) E q lor any j # i ,  

The idea behind the unicluel~ess condition is t.liat the (p; q)-minimal model of p(a) v q(b) is 
{q(b)}, and i11 general ( p l  , . . , ; p,,)-minimal inode1 of p ,  (a,)  v . v p,(n,) is ipn(an)}. 

Theorem 7 Let P be a progracm, be tlie set of all predicate symbols of P, and ?!j U 7 = Ti. 
If (P; T ; Z )  satisfies tl-ie uniqueness condition, tliere esists a unique model of CIRC(P;q ;  7). 

Proof. At first, we define the %,f-n,r~~fo.~-~onl~ntiou of I-' in q as follo~vs : 



tmns(P ,  7) = { A ;  +- BI, . , B,,, E Dc I C = /Il , .  . . , A, +- BI . , Bni E P, pred(Ai) $ q}.  

We show Alt,,,,,(p,T) I= I ' ,  ~vhero i\.lil.(,lTs(,<T) is the least I-Ierl,l.ajncl lnoclel of t rc~~zs(P,  q) .  By 
A4trans(P,ii) I= t r ~ t ? ~ . s ( P ,  q), Ihi* auy A, + Bi, - . , U,, E t ran s(P, q), we have A4trans(P,q) I= Ai +-- 

B1,. . . , B,. Since A, t B 1 , .  a . , B,, is equivalent to A; V T I ~ ~  V . . . V TI~,,, Mt,ans(p,7) I= 
Ai v -7B1 V . . . V 1B ,,,. SO A/, ,,,,, , , , )  I= Al V . V Ai V . . . V A,, V lB1 V . . . V lB,. For any 
C E P ,  A/l,,an,(plq) I= C. Hence, A& ,,,, (p,q) /= P. - 

11-SjUY - Let B$ to be the set - {q(i) E Bp lq E 7). Note that M n BP - q5 for any model M of 
P. Then, A4t,ans(p17) n B; = 4, a,nd hence A&,.,7,s(p17) is the (8;~)-minimal niodel of P. 

Assume that there exists an M such that M j= P aiid A 4  n = 4. By M /= P ,  
there exists the projection p ro j (P)  of P such tllat A f  I= proj (P) .  If A i l  p ro j (P)  for 
any projectioii p ro j (P)  of P, tlicn 4.1 if. A; for any head A; of P ,  which contradicts the 
assumption. Suppose tliat Ail  p ro j (P)  and lu*oj(P) f truns(P, q).  Then, there exists a 
definite cla.use Aj +-- U, ,  . - . , B,, E p?.oj(.P) sucll tliat 1Ired(Aj) E q. I-Ience, tlie instantiation 
inst(Aj) of an atom A, is all element of B$. 011 the other hand, by A 4  proj (P) ,  M Aj, 
i.e., inst(Aj) E A 4 .  Then, i1.l n B: f #, wliicll contradicts tlie ?j-minirnality of M. Hence, 
M I= t r ans(P,q) .  For such aii A f f ,  A.lt,.,,ls(l,;i) C A d .  Therefore. tlie uiiiclue (q;s)-minimal 
model of P exists and it is Al t rans (P l i i ) .  

Example 1 Let 

Then, there axe two rni~lirna~l nloclels of P :  

The (ab~zornzc~l; f ly,  bi1.d)-nliiiimal i~iodel of P ,  i.e., tlie unique inotlel of C I R C ( P ;  ab~zormal; 
fly, bird) is A 4 .  \hie cat1 infer tliat 1ao7-mal hi?-rls jly, wliile tlie (Sly; c~bno~+rnal, bird)-minimal 
model of P,  i.e., the least niodel of C I X C ( P ;  j'ly; c~bno?.nrnl, bircl) is A J 2 .  l i e  can also infer 
that birds not to fly are ctb~tonnnl. 

Furtliern~ore, let 

Then, the (fly; cthnornzctl, bi?.(l, ost~.ic/?)-minima.1 rnotlel of Pi is 

while the (aB1zo1-12ai~l; f ly,  l ~ i ? ~ l ,  szoullo~c~) )-minimal rnoclel of P2 is 

There is only one selectioli of prec1icat.e synibols t,liat Pi(% = 1 ,2)  satisfies the uniqueness 
condition. I-Ience, the unicjuc~tiess collclitiorl call avoid the iionrnonotonicity. When we select 
predicate syllibols so that a program llas the uiliclue model, tlie uniqueness condition leads us 
to the concl~~sion we halve erpccted. 



As the logic program to be cii~cumscribed is a, positi,ue disjllnctive dntc~base and stable model 
semantics is developed for a general program, we iieed to traxlsform tlie program wliich satisfies 
the uniqueness condition into genera.1 programs. 

- 
Definition 7 Let P 11e il, pl.ogralli, W be the set of alll prcclicate syml~ols of P,  and q u 7 = I I ,  
for which ( P ;  q; f) satisfies the uniqueness condit,ion. Tlleii, PT;' coiisists of the clauses of the 
form 

where p?-e~l(Ai) $ y and ])*l.ed(Ai) E Z for ally clajuse Al, . , A, -+ .Dl, . . . , B,, E P.  

- 
Theore111 8 Let P be a program, f;i bc the set ol all prec1ica.te symbols of P ,  alnd q LJ 7 = I I ,  
for wliich ( P ;  q; T )  sartisfi cs tlie uniqueness condition. Tlien, there exists a unique stable model 
of PT;' wliich coincides ~1it,1-1 tlie least 1-nodel of C I R C ( P ; y ; f ) .  

Proof. Suppose that ilf is t lie iillicluc model of' C I X C ( P ;  q; Z )  but not tlie stahle niodel of PW. 
Since Ad is tlie least, iliotlcl of' C I X C ( P ;  q ; ~ ) ,  it is the least IIerbrand inodel of trans(P,q). -- 
Also suppose that for solnc clause A, +-- BI, a . . , B,,, , -A1, . . , l A i - l ,  l A i + l ,  a a . , i A ,  E Pq", 
there exists a j ( I  5 j 5 , I )  sucli tliat A, t 11.1 (i # j ) .  Tlleii, if A, E A4 abnd a pred(Aj) E 
then there exists a model h I '  of P such that f\l' = AI - {/I,)? wliich contradicts the (q; F)- 
miniinality of A4. I-Ience, itliere exists 110 j ( I  5 j 5 1 2 )  sucli that A, E Ad. By the consistency 
of PT, n z ~ d e l ( P ? ; " ~ ~ )  = Af. I-Ience, 114 is the stable inodel of Pq;". 

Now suppose that Al # Af '  slid 111' is the sttable model of PT;'. Then, for some clause 
C = A; t Bl , . . . ,L I , , , l  . - I 1 , - . . , 1 / 2  ,-,, i - 4 , + l ,  . , i n ,  t P7, there exists a j ( 1  < j 5 n) 
such that A, E Ad' ( i  # j ) .  Thcn, PV;',ql~ C - PV;',qr - {CJ j .  c P2;"hr. By the property 
of T,-operator and least 1-lc~,l)rand nlodel, ~ ~ ? o d e l ( P ~ " ~ , / )  i n?odel(Pvsh4). Hence, A[' C M ,  
which coi~tradici~s tjliat 111 is st,i~l,le, l~ecause tile stable model of I'V" is the minimal Herbrand 
model of PF;". Thus, 11.I is tllc uniql~c stable   nod el of 12'i:'. CI 

Exaiiiple 2 Let P he t.he 11rogram of Example 1, ant1 l ~ u t  

and 

1. The instantia,tiol.r of 1% is 

Let A l l  = {/'l?/(tti~cetj/), bi?.d(trucely)j. Tlien, model(PlA41) = &!I ,  and Adl is the 
uniclue stable inoclel of Pi, and hetice A l ,  is the niodel of C l  RC(P; abnormal; bird, f ly) .  

2. The insta~ltia~tion of I'2 is 



Let A,f2 = {nb1xor17xnl(%tocctl/), bi7*d(t,tuee%y)}. Then, n ~ o d e l ( . P 2 , ~ ~ )  = A42, and A,f2 is 
the unique stable model of P2, axid hence A 8 f 2  is the model of C I R C ( P ;  f l y ;  bird, abnormal). 

The  above theorem does not hold without the uniqueness condition. In fact, if P is 

then M = i p ( l ,  2 ) )  q ( l )}  is the unique stable model of Pi l ~ u t  the  least moclel of circulnscription 
does not exists . 

6 Conclusion 

In this paper, we ha4ve tliscussccl c i~ ,c~i lnscr ip t io~~ of logic programs, defined the sufficient concli- 
tions under whicll the model exists unlicluely, and sholvecl that  these conditions are well-defined. 

In general, the problem \vl~ether 01. llot a logic program has the model of circumscription is 
not decidable, while the probleln is decidable for ft~liction-free logic progra,ms whose domains 
are finite. Furthermore, the sema.llt,ics of logic programs in this paper is not beyond the 
Herbrand model sei11ilnt.i~~. Wc 1la.w sliowll illat the problem is still decidable for programs 
with function syl~ibols which satisfy t.l-le collditiolls givm in this pa.per. 

References 

[I] Gelfond, M., LiCschitz, V., Tlle Stable l\/loclel Seulnritics for Logic Programming, 
Proceedings of 5th Oiic1.rrr~lio,~ol Conj'e?.cnce 0 7 2  Logic P~qrl,nm,ning, 1070-1080, 1988. 

[2] Lifschi tz, I T . ,  C:ompu t i i ~ g  Circunlscrip tioli, P,-oceer1i1~g.s of 9th In f er~antional Joint 
Confere7ice on A ~-liJici(d intelligence, 121--127, 1985. 

[3] Lifschitz, V., Poi~it.~vise Circuiils~riptioi~ : Prelinliiiary Rel~or l ,  Proceedings of 5th 
National Conjerencc 012 .I~=li,ficial 112telligri?ce, 406-410, 1986. 

[4] McCarthy, J . ,  Circuniscriptioll - A Form of Non-mollotonic Reasoning, Artificial 
Intellige12ce 13, 81-132, 1980. 

[5] McCarthy, J., i\pplic.azt,ions of C:ircurnscril~tion to  Forlna.lizillg Common-Sense Knowl- 
edge, ilrtificinl lnlt'llilje?~ce 28. 89-116, 1986. 

[6] McDermott, D ., Noll~llonolonic Logic 11 : Noilmonotoliic. Modal Theories, Journal of 
the Associntior~ Jo,. C'o,?,plrLiny Alnchi12e1.y 29, 33-.57, 1982. 

[7] McDermott, D., Doyle, J., Non-Monot.onic Logic I, ilr.ti/icinl Inlelligence 13, 41-72, 
1980. 

[8] Moore, R. C., Sem;ln t,ical Consideratiolls on Nonrnonotonic Logic, Artificial Intelli- 
gence 25, 75-94? 1985. 

[9] Przymusinslti, T . ,  A n  Algoritlun to Coil~pute Circurrlscript,ion, ArtiJicial Intellige7zce 
38, 49-73, 1989. 

[ lo] Przymusinslti, T., Oil the Declarative and l'roceduri~l Sen-1a.n tics of Logic Programs, 
JOZLI-nnl oJ A nto~nn%trl Rcnso~zi,i?y 5 ,  167 -205, 1989. 



[11] Reiter, R., A Logic for Defaault Rea,soning, . / l~tiJicinl i~l, tell ige#~ace 13, 81-132, 1980. 

[12] Van Gelder, A., Ross, I<., Sclilipl, J.S., Unfo~~iided Sets and Well-Founded Semantics 
for Geiieral Logic Progran-1s (extended abstract), Proceerli72ys of 7th ACM Symposium 
on Pr inc ip les  of Datcllasr S y s t e m s ,  221-X30, 1988. 


