
lrr1oges c)f Stv\C Researcf1 l 9C)6 

K.R. Apt 

1. lNTRODLJ(;TlON 

Logic: pr·og1·a111111i11g (i1-1 sl101·t, LP) is et si1111)le, yet powe1·f11l f'o1·111alis111 Sl1it­
able for pr·ogra111111i11g c:111<1 for· k11owleclge r~e1)1·eser1t,c1,tio11. It wcis ir1t1'oclucecl 
i11 197 4 by R. Kc)walsl{i. LP g1·E:~W 011t ()f. c111 ear·lier work 011 c111t,c)111ati(-~ tl1eo­
re111 provi1-1g basecl 011 t,l1e res<)l11tio11 1-11et,l1od. Tl1e 111c1..io1· cliffe1·e11c:e is tl1;:1.t 
LP ca11 be 11sed 11ot1 or1ly f'c)I' l)I'()vi11g l)11t c:1lso f·c)1· c:c)1111)11tir1g. 111 fc:1c~t,, LP of­
fers a r1ew progra1r11r1i11g pc-ir·aclig111, \\,, hic'.11 vvas 01·igi11ally recilizeci ir1 Pr·olog, 
a prog1·c1,rr1111i11g la11gt1age i11t1·oduced i11 early seve11t,ies by a g1·011p lecl l)y A. 
Col11-1erc'tl1e1·. 

After· ar1 i11it,ially slow st,11·t, LP grew twe11ty years lc-1ter· to arr i1npressive 367 
field i11 c:0111puter· scier1ce, ir1 wl1icl1 by 110,\r cl co11J)le of t,l1011sc1.11cl a1·ticles l1c:1ve 
bee11 p11blisl1ed. R,ec:ently, The Jo1Lr·ri,al of' Logic Prog'ra'rnr,1,irig celel)r·ated it,s 
ter1tl1 year ar111iver·sa1·y. A C'.011ple of ar111l1al c~o11ferer1c~es a1·e nowadays t,aki11-g 
plctce cl.rid i11t.e1·est, i11 tl1-e s11l)jec:t does 11ot, see111 to l)e wa11i11g. 011 t,he 
co11t1·c1r·y. Tl1e logic 1)rogra111111i11g 1)ar,1clig111 l1as i1-1s1)ired t,l1e desig11 of 11ew 
progr·a111111i11g la11gl1ages~ like CHIP a11d Godt~l, \vl1ic:l1 l1a,1e beer1 suc:cessft1lly 
t1secl t,o tackle vc1r·io11s c:0111p11tat,io11ally co111plex proble1r1s. These la11g11k1.ges 
atte111pt, t,o ove1·c:0111e et r1t1111be1· of Prolog deficier1cies, visil)ly ,1wkwc:11·d 11se 
of c11·it.l1111etic:, c:1.cl l1oc~ c:011t,rol fec:1tu1·es c111d lack of types. 

One of tl1e 1·ec:1so11s for t,l1is i11t,e1·est ir1 LP is it,s si111plic'.ity co111l)i11ed wit.11 
ver·sc:lt,ilit,y. LP str·c)11gly r·elies on r11atl1e111at,ical logic: wl1ic'.}1 developed its ow11 
r11etl1ocls c111d t,ec:l111iq11es arid c:c:111 pr·ovicle a rigo1·ot1s r11at,l1e111c:1t,ict1,l f'1·a111e-
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,vo1·k f'<Jr· LP. I11 111c\.ll}' c·c1.scs t.11(\S(' 111etl1()<ls l1c1.vc· t.c) l)<"' fitl(~ t1111c"<l c111<l ,1.1)­
J>I.()J)1·i(1,tE::-.l)' 111oclifiecl 110 l)<\ llS(•f·11l i11 LI:>. It sl1<>t1lcl l><' cl(lclc)cl l1c~1·<· t.l1rtt. so111E:-. 
l)c1sic_· c·'.011c:c~1)t.s of· LI:>, like\ t111ific·<tt:ic>11~ \\'C•1·c, c·lc•,r(•lc)1>c'cl c,11·lic"r· l)jr c·c)tllJ)11t,c.,1· 
sc·ie11t.ist,s \V<J1·ki11g i11 t.l1c\ fielcl (>f' clt1t.<>111,1t0cl 1•c)clS<>11i11g. 

Effic~ier1t i1111Jlc?111e11t-ctti(Jll (>f. I)1·c)lc)g ,111<1 it.s <'xt.c~11sic>11s~ clc·v<:\l<)J)111c.:.11t. of 
cl,IJ J) 1·c.1 p r·ia te JJ 1·c)g1·c1111111i11g 111 c~t 11 c:) c·l <) 1 <> g)r cll l cl t.c,c·· 1111 i <1 l 1c:-.s, t·. l lcl t. cli 111 et t. 1) E\ t t.cr· 
1111cle1·8t,;:111cli11g <)f. tl1e lc>gic· l)l"C)g1·,111111ti11g JJ<11·,1.clig111, clltcl fi11c1lly clc)sigr1 of· vTc11·­
iol1S s11C'.C~t~ssc)1·s a11cl/ 01· i1111>1·c.>ve111(~11t,s <)f I")r·c)l(>g t,t11·11()cl Ol.1t:. t,c) lJe a.11 ex(:iti11g 
c111cl l1igl1ly 11c>11-t.1~ivic1l fit~lcl c·c1lli11g 1·01· 11cvv sc)l11t.io11s a,11cl f1·esl1 i11sigl1t.s. 

Pr·olcJg Wets or·igi11,tlly clesig11ecl ,:ts ,1. 1)1·c>g1·a111111i11g lc111g11agc~ f'o1· 11a tu1·al 
la11gl.1age 1)roc·c~ssi11g. Bt1t it s0011 t111·11c~cl Ollt, t.l1c:1t, ot.l1c~1· 11at,t11·c1.l a1)J)lica­
tio11s fcJr· tl1(~ 1.ogic pr·c>g1·a111111i11g J)c1r·adig111 exist.. C;t11·re11t. aJ)IJlicat,ic)11s of· 
LP i11vol ve st1c·l1 cliv'er·sc~ c11·ec:1s as 111c>lc~c·t1lc11· l)ic)lc>gy~ clesig11 of VLSI syst,e111s, 
1·ep1·ese11t,at.io11 c>f' legislc1tio11, ct11cl 01>t, io11 t.1·i1.cli11g. Tl1ese cll)J>lic~at.ic)11s ex1)loi t 
t.l1E} f"clC'.t. t,llctt. k110\\r ledge~ cll)Oll t c··e1·t,c1.i11 clo111ai11s c·a11 l)e c·o11ve11ie11tly wr·i t.­
t,e11 ciow11 a.s f'ac:ts ;:t11cl 1·11lE-~s w l1ic:l1 cli1·ec·:t.ly t.1·c:1.11slat,t.' i11t,o exec~ll t,<1l>le logic~ 
p1·og1·c1.111s. 

Tl1ese t,l1r·ee ctSl)ects c)f' LP~-t1l1eo1·y, J)1·og1·c1111111i11g a11d a1)plic·cit,io11s·-··-gr·evv 
t.oget.l1er· a11d ofte11 i11flue11c:ed eac·l1 ot,l1e1·. Tl1is ver·satilit,y of LP 111akes it a11 
c:ittr·act,ive s11bjec:t, to stt1cly arid klll i11t,erest1i11g field t.o work ir1. 

2. DEC1L.L\RA1'IVE PROGR1\Iv1Iv1INC; 

LP allows us to w1·it,e 1)1·og1·a111s cl11d c·o111pt1t.e 11si11g t.l1e111. Tl1er·e a.re two 
11c:1.tu1·al i11ter1)1·et,at,io11s of a logic'. p1·ogr·a111. Tl1e fir·st, c)11e, callecl a declar·a­
ti,ue in,te·r·pr·etat,io'ri, is co11c:t:r11ed wit.11 tl1(~ c111est.io11 'Wll(Lt is bei11g c:0111 pt1ted, 
"' l1e1·eas t.l1e seconcl or1e, C'.cl.lled a pr·oced,ur--al ir1.tf.'.'!pr·t:tat·iori, explai11s !1.0'l1J tl1e 
c:0111putat,ic)11 takes J)lace. I11fo1·111a,lly, \\re c~a11 sa.)' t.l1c1t c:lE~c:larati,re i11te1·pr·e­
tation is co11c:er11ecl wit.11 tl1e r11,ec1.,11,'i·rig, ,vl1e1·eas pr·oc·edt11·al i11te1·1)retc1tior1 is 
c·once1·11ed \\1itl1 t,l1e 11·r2eth,od. 

Tl1eS(:>. t,wo i11te1·1)ret,at,io11s ar·e <.-:losely r·elatecl to eac:11 otl1er. Tl1e first 
368 i11t.er1)1·et,at.io11 helps 11s to l)et.te1· 1111de1·sta11cl t,l1e sec'.011d a11d is a 111ajor 1·ea­

so11 why LP is a11 att,r·act.ive fo1·111alis111 f'o1· p1·og1·c:1111111i11g. Tl1e fact tl1at 
whe11 desig11i11g a logic 1)1·og1·a111 011e ca11 1~ely 011 its declar·c1t,ive i11terpreta­
tio1·1 ex1)li1i11s ,vl1y LP s11r)ports decla,r·ati't1e p1·0.q1·a1rir,n·i·rig. Loosely speaki11g, 
declarative p1·og1·c1111111i11g cc.111 l)e descr·ibed as follo,vs. Spec'ificat1:on,s, whe11 
writt,e11 i11 c:111 c1.pp1·01)1·iat,e fo1·111at, c·a11 be 11secl as a 1;r·o.qr~arri. Tl1e11 tl1e 
desired C'.011c-:lt1sio11s follow logica,lly f'r·o111 tl1e p1·og1·a111. To C'.OillJ)Ute tl1ese 
c:011cl11sio11s s0111e con2pi1,tat,iori rnech.a.'TL'l,'i'r11. is avc1.ilable. 

Now 't,l1i11ki11g' dec:lar·atively is i11 ge11e1·al 111ucl1 ec1.sie1· t,l1a11 'tl1i11l(i11g' pro­
c:ed urally. So declarative IJl'()grc:1111s ar·e oft,er1 si1111)ler t.o t111c:ler·sta11d, develoJ) • • 

a11d 111odify. I11 fac~t,, i11 so111e sit,11atio11s tl1e s1)ecificc1tio11 of a J)robler11 i11 tl1e 
apJ)1·op1·iat,e fo1·111at. fo1·111s alr·eady tl1e algor·itl1111ic'. solut,io11 t.o t,l1e p1·oble111. 
111 other· wor·ds, dec'.larative p1·og1·a111111i11g 111c:1kes it possible to \Vrite exe-



(' ll t. et 1) le~ s 1) <)<• ifi(· a t.i ()llS. It, s 11<) 11 l <l l) <~ ,1(-l <l <~cl l1<)Wt'\'c·1·, t. 11 et t, i 11 l > 1·,1c · t. i <•<-. t 11 t· 
IJI'<)g1·;:1111s ol)tai11<:,•cl i11 t,l1is \\!cl}' ;.11·(:-1 ()f·t,c~11 i11t·fii(·i<·11t., S() tl1is ,l.l)J)I'<>a<·lt t·<) 

I)I'<}g1·c1111111i11g l1<ts t.c) l)<::• c·olll)l('<-l wit.Ii cl,})J>r·<)l)l'i<lt.c• llS<' c·)f. 1)1·c>g1·,1111 t1·,111sf·()l;-

111;:-1t,ic>11s c:tll(l va1·iol1s C)l)ti111izc1t i<:>11 tl)<•l111ic1l1<Js. 
Tl1is cl11c1.l i11t.c~1·1)1·et.,1t.ic)11 <)f. lc)gic· J)l'(:)gr·c1111s ctlsc) c1c·c·(>1111t s f'c)1· t l1c· (!()ltl)l<~ 11s<· 

of· L P----- ;:-1s et f'c)1·111a lis 111 f'c)1· l) I'<) g1· c1111111 i 11g <l.l 1 < l f'<) 1· k 11 ()\\' l<~< lgc· 1·c·\1> r·(•sc· 11 t: ,1.t. ic> 11, 

clll cl ex1) lc:1i 11s t, }1 E~ i 111 J) C)t1 t,ct11<·e () f' I., P i 11 t. ll(:-1 fi <· l cl ()f. c11· t. i fi <·i ctl i 11 t.<) 11 igf~ 11<_·c~. 

3. DF:(;L . .\R1-\rfIVE PROC1Il.Al\1I\1INC; IN PROl.OC; 

P1·olog differ·s £1·0111 LP i11 scv<~1~c1l s111c1,ll, l)11t i1111)<)1·t c1.11t. c1SJ)<)<•t.s. 111 l)f1.r·t,ic·11la1·, 
l)ot,11 t,l1e sele(:t,io11 1·l1lt~ ( ~ c:l1oc)se l(~ft, fir·st, ') ,1,11cl t.11() sect1·<·l1 st.1·c1t.egy ( cleJ)t.11 
fir·st sec1,r·c:l1) c11·<~ fixc~d. 

To illust,1·at,(~ tl1e clE1 <:·lc11·t1t.ive J)1·ogr·,1111111i11g i11 Pr·olc)g Wf• 11<>~1 J)I'C\se11t t.l11·ec 
exc11111)les. Tl1esc we1·e 011 J)l11·1>c)se C'.l1c)se11 sl1c>1·t, ct11cl si1111)lc:. 

E:1:a·rr1.p le 1: (1, s e·q·t1, e ·rz. c'.e J>•t'<J b l t~ ·r rt. 
Co11sicle1· t,}1e follo,vi11g })l'()l)le111: a1·1·a11gc tl11·t~e l 's, t,l11·l~fl 2's, ... , tl11•t)<~ 9"s 
i11 se(1ue11c'.e so t,l1at for· a.11 i E [ 1, 9] t.l1er·e c:tr·e exac·t,ly i 11t1111lJc:\1·s l>t?t,\\""C)e11 

suc·c'.essi ve oc:C'.llr·r·e11c'.eS of' i. Figt11·e 1 s11()\VS t,l1e 1)1·c)g1·£1111 tl1c1t S()l ves t,l1is 
p1·c)ble111 i11 Pr·olog a11cl tl1e outr)t1t. sl10\vi11g all 6 sol11tio11s. 

We see tl1ctt, t.l1e Pr·olog sol11t.io11 t,o t,l1e p1·oblc111 is ,111 c1l111c)st, lit()I'cl.l for-

111alizatio11 of its for·11111lat,io11. 

Example 2: typ·irig of· larr,,bda ter.,rr1s 
Co11sider tl1e ty1Jecl la111lJda c·alc·ul11s c111cl (;t11·r·y's s_y·st,e111 of t,y1)e assig11111er1t 

( see H.B. C11r·r·y a11d R. Fe)rs [ 4]). It, i11volves st,at,e111e11t.s of' tl·1(~ f'c)1·111 ~1· : t 
w l1ic:l1 sl1011ld l)e r·eaci as 't,<~1·111 :1· l1c:1s t,ype t'. Fir1itt~ sec1t.1e11c·es of' s11c'.}1 stc1t,e-
111er1t,s of·te1·1 called en'l.J'ir··o1i'rr1,er1,t.s ar·e cle11otecl l)elovv l))r E. Tl1e follc),vir1g 
three rt1les allow us to assigr1 types to la111l)cia t.e1·111s: 

X: t EE 
E1r-:r:t 

E 1r- r,1, : s · t , E 1r- ·rz. : s 

E 1r- ( ·1n. 'n,) : t 

E, :1::s1r-1n:t 

E 1r- ( .A:r·. ·111.) : s - t 

Tl1ese r·t1les dir·ect,ly t.ra11slate i11t,o t,l1e Pr·c)log J)1·og1·c1111 give11 i11 figur·e 2. 
For tl1e sake of tl1is 1)1·og1·a111 l,1,111bda t,e1·111s c1,1·e e11c~odecl as first,-c)rder· t.e1·111s. 
To tl1is e11d t,l1e 1111a1·}' fl111c:t,i()11 sy111bol var a11cl t.wo lJi11ar·y ft111c·t.io11 sy111l)ols, 
lambda a11d apply are 11seci. Tl1e la111l)cla te1·111 ~2: is t.1·a.r1slat1ed t.o t,l1e t.e1·111 
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1\1·1·r111g<:-- tl11·<:•(' 1 's, tl11·(1f' 2's, .... t 111·(1 <' t)'s i11 st'<fllt'll('(' S() t l11tt f<,1· ,111 i E ( 1. !:}) 
tll('l"(\ cl.l"E' ('X<l('tl}r l llllllll>t•1·s l)('t°\l,,"('('11 Sll(_"('l'SSi\"(' ()('("lll"l'('ll("{'S <}f' i. 

% sequence(Xs) X s is ; l l is t () f" '2 7 < • If' l l l <, l l t s . 

% question(Ss) .-- Ss is ;:t list~ <)f 27 <'l<•111E·11ts f<it·111i1tg tl1t• clc~sir·t•cl St'<lll('llt't". 

question(Ss) 
sequence(Ss), 
sublist([1,-,1,_,1], Ss), 
sublist([2,-,-,2,_,_,2], Ss), 
sublist ( [3, _, _, _, 3, _, _, _, 3] , Ss) , 
sublist((4,-,-,-,-,4,_,_,_,_,4], Ss), 
sublist([5,-,-,-,-,-,5,_,_,_,_,_,5], Ss), 
sublist((6,-,-,-,-,-,-,6,_,_,_,_,_,_,6], Ss), 
subl i st ( [7, _, _, _, _, _, _, _, 7, _, _, _, _, _, _, _, 7] , Ss) , 
sublist((8,-,-,-,-,-,-,-,-,8,_,_,_,_,_,_,_,_,8], Ss), 
sublist([9,-,-,-,-,-,-,-,-,-,9,_,_,_,_,_,_,_,_,_,9], Ss). 

% append(Xs, Ys, Zs) 
append([], Ys, Ys). 
append([X I Xs], Ys, 

% sublist(Xs, Ys) 
sublist(Xs, Ys) 

I ?- question(Ss). 

[X I Zs]) append(Xs, Ys, Zs). 

Xs is et st1lJlist of' t.l1f1 list. Ys. 
append(_, Zs, Ys), append(Xs, _, Zs). 

Ss = [1,9,1,2,1,8,2,4,6,2,7,9,4,5,8,6,3,4,7,5,3,9,6,8,3,5,7]; 

Ss = [1,8,1,9,1,5,2,6,7,2,8,5,2,9,6,4,7,5,3,8,4,6,3,9,7,4,3]; 

Ss = [1,9,1,6,1,8,2,5,7,2,6,9,2,5,8,4,7,6,3,5,4,9,3,8,7,4,3]; 

Ss = [3,4,7,8,3,9,4,5,3,6,7,4,8,5,2,9,6,2,7,5,2,8,1,6,1,9,1]; 

Ss = [3,4,7,9,3,6,4,8,3,5,7,4,6,9,2,5,8,2,7,6,2,5,1,9,1,8,1]; 

Ss = [7,5,3,8,6,9,3,5,7,4,3,6,8,5,4,9,7,2,6,4,2,8,1,2,1,9,1]; 

Figure 1. The sequence problem. 



,-----------------·----------------------, 
curry(E, var(X), T) . member([X, T], E). 
curry(E, apply(M, N), T) ~ curry(E, M, S · T), 

curry(E, N, S). 
curry(E, lambda(X, M), S-T) - curry([[X, S] I E], M, T) . 

• 

member (X, [Y I Xs]) ~,, X =f. Y, member(X, Xs) . 
member(X, [X I Xs]). 

Figure 2. The type assignment program. 

var(x), t;l1t ... l,1111l")Cli1 tE\1·111 (111 11) tc) tlll" t(•1·111 apply(m, n), c·111cl tl1<:1 lt11·11l)cl,1 

t.('1·111 ,,\.1·.1r1 tc> t.l1e tc)1•111 J_ambda(x, m). 1~11<:" s1.1l)tl£~ 1>c>i11t is tl1c1t ,1c·t·c)1·cli11g 
t.() P1·c)log <·c>Il\'( ... 11t.i<>Il, lo\\'C)1• c·,ts<' let.t£-'l~s st,111<1 f'c)1· c·c)11st,111ts. S() var (x) is cl 

g1·c)l111cl t<,1·111 (i.(\. cl t.c•1·111 \\·itl1<>t1t \1t11·ic1l)l(::.s), t"tc·. f..,t)l' c~xc11111)l<:,, tl1c) l<1111l)cl,1 

t.<:'1·111 ,,\.r·. (.1· .1·) t1~,111sl,1.tes tc) lambda (x, apply ( var (x) , var (x))). 

Nc)\V, tlt(• 1)1·c)g1·,t111 i11 figt11·c 2 (',lll l:>C' t1s<:·<l tl) c·c>1t11>11t(' cl t_\'J)(\ r1.ssig11111e11t 
t,o cl I,·t111b<l,1 tt:)1•11·1, if' s11c~l1 ,t11 ,1ssig11111("11t E·xists. ct11cl t.c> r·c"l)(.)1·t et f,1il111·E~ if' 
st1c·l1 ,111 c1ssig11111e11t, cl()es ll()t E:•xist,. Tc) t,l1is c"11cl~ gi\re11 c:1. lt1111l)clc1 t(•1·111 .;;, it 
s11ffic'.CS to 11se t.l1e c111e1•}r curry ( [] , t , T), \\T l1E·1·e t is t. l1t~ tr·,111slc1t,io11 of .s 
tc) cl fi1·st.-or·cl<:·1· t,e1·111. 

Tl1e 1:)1·ol~)le111 of' c~c)IllJ)t1ti11g cl ti·1)e c:lssig11111e11t f'c)r· l(1.111l)cla t.er·111s \Vc:1S l)OSeti 
c111cl solv~c--ci l))r C~111·1·y [4]. It is c·o11siclt1 1·<:~cl tc) 1Je ,111 a.cl\·"ctilC'.ecl tC)J_)ic· i11 tl1e 
t.l1ec)1·)' c)f' lc1111l)clE1 c·alc~t1l11s i111cl tl1e fc)t111clc1tic)11s c~>f' f'1111c·tic)tlcll JJl'()g1·a111111i11g. 
Tl1e solt1tio1·1 i11 Pr·olog giv·<:~11 i11 fig111·e 2 is ('()IllJ.)let.f~ly E~le111E~11t.c11·j'. 

E:i~ci-,ri p le :1: t e ,11.pl) 1·(1 l l'l'Cl.~9 cJ 'll i 11 .• 9 
111 [5] S. Ha11ks a,11ci D. lvlc·De1·111c)t.t. clisc~t.1ssecl a si111J)l<:~ J)l'C)l)le111 i11 t.e111pc11·c1l 
1·ec1s011i11g, cl l)1·c111c·l1 of 11011-111c)11ot,011ic" 1·easo11i11g. It l)ee.··<1.111e k11C)\v11 i11 t.l1e 
li t.e1· at t1r·e clS t, lit:) • Yc:1,le S 11 c_)c)t i 11g Pre) l) lc~111'. I-I;-111ks ,t11cl l\1I c-'.D(•1·111c)t, t, 's i11 t er·E~st 
i11 tl1is 1>1-()l)lci111 c11·ose £1·0111 t,l1e f'a.c·t tl1k1t a.1)l)clr·e11t.ly c1.ll t.l1c"o1·ies <-tl.)011t. 11011- 371 
111011otor1ic· 1·<:~c1,so11i1·1g, \\l·l1e11 11secl to fc)1·111c1lizE~ t.l1is prc>ble111, lt•ci t.o too \Veak 
cc)11c~l 11sic)11s. Tl1e 1)1·0 l1le111 l1c1s l)ee11 ext.e11si \rely <:liscl1ssecl i11 tl1e Ii t,e1·at tire 
a11ci seve1·c1l sc)l11tic)11s t.c> it. l1,1ve l)ef~11 J)l'OJ)(JSE·ci. I11 Hc111ks ,111c.l l'v1<:De1·1r1ot.t 
[5] sc)111e ()f. tl1es<:~ sol11tic)11s c11·e clisc·11ssecl c111cl C'.l'it.i<'<l-11.Yr evctl11at<: ... cl. 

\\l'e 1>1·ese11t 11(::.re cl pc11·t.i<·11lc1,1·lj· si111plE') sc)lt1tior1 t.c) tl1(~ ctl)ovE::. l)l'C.)l)ler11 by 
111ec111s of logic· J)1·og1·a111111i11g. Fir·st., let l.1s <"XJ)l,,.i11 t,l1e l)I'C)l)lE\111. Cor1sicler ,1 
si11gle i11ci.i ,rid 11al w 110 i11 a11y sit. llc1t.io11 c·ct11 l)E1 t)it.l1E~1· alive 01· dead, ct11d cl 
gl111 t.l1at c:a11 l)e eitl1e1· loaded C)l' unloaded. ,.fl1e followi11g st}tt-E'111e11t.s a1~e 

st,ipulc1t.ecl: 
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holds(alive, so), 
v s h.olds( loaded, res'ults( loli,d, .s)), 
v s ( holds( loaded, s) > ab( a,lit1e, shoot, .s) A h,olds( dead, 1~es·ult( shoot, s))) 
v f\f e\f s ( (holds(/, s) /\ 1a.b(f, e, s)) > holds(!, r~e.s1.1.lt( e, ._.,)) ). 

Figure 3. The Yale Shooting Problem: the original formulation. 

3. Any ti111e tl1e 1)e1·s011 is sl1ot \vit,l1 et loaclecl gt111, l1e l)ec·or11es dead. 
Moreover·, tl1e f'ac~t, <:>f. stayi11g alive is al)11or1r1al witl1 1·es1)ec:t, to tl1e 
eve11t of l)ei11g sl1ot witl1 a loacied g1111. 

To for·111alize tl1esE~ state111e11t,s Ha11ks a11ci Mc·De1~111()tt, [5] usecl so-c:allecl 
s·it·z1,a,t1:ori ccLlc·itl'llS i11 w l1ic:l1 011e disti11gt1isl1es tl1ree er1 t,i t.ies: f"c1c:t,s, eve11ts 
a11d sit.11atio11s, cle11ot,E:d r·es1)ect,ively l)y tl1e let.t.ers .f, e, .s, a11cl tl1e f1111c~tio11 
1·e,'3'lllt SllC'.11 tl1at f 01· a11 e\re11t e a11cl a sit t1at,io11 s t.l1e tJe1·1·11 ,,·es·z1,lt ( e, .s) de11otes 
tl1e sit.uat.ior1 rest1ltir1g fro111 tl1e oc:c:l1r1·e11c:e of e i11 .s. Tl1ese four· stc:1te111e11ts 
lead t.o tl1e f'ot1r· f"or11·111las give11 i11 figt1re 3. 

Tl1e p1·olJle111 \\ras to fi11d a wa)r of' i11ter1)1~etir1g t.l1ese t·c)r11111las so t,l1at, 
state1ne11ts like 

could be proved. Ht.~re 11Ja:it is a r1e\'.\r eve11t wl1ose oc:c'.tlr·rt!llce is SUJ)J)Osed to 
have no effect 011 tl1e tr·11t,l1 of t,l1e c:011sider·ecl fac:t.s. 

Tl1e solutio11 to tl1e Yale Sl1ooting Prol)le111 i11 Pr·olog is c:or11pletely st,raigl1t­
f'orward and sl1owr1 i11 fig111·e 4. Tl1is 1>1·og1·a111 is a11 a.l111ost. lit.e1~<1.l tra11slatio11 
of tl1e al)ove f'or·111ulas t,o Pr·olog syr1tctx. (To E~11l1a11ce r·eadalJilit.y we use in 
it the list. 11otatio11 [e I s] of' Pr·olog ir1st.ead of ·r·es'ult( e:, .s) a11d de11ot,e tl1e 
i11itial situat,io11 by the e111pty list [ ] . ) 

111 co11t,1·ast to tl1e sol11t,io11s i11 ot.l1e1· fo1·111c1..lis111s, tl1e P1·olog solut,io11 ca11 

holds(alive, []). 
holds(loaded, [load I Xs]). 
holds (dead, [shoot I Xs]) < holds(loaded, Xs). 

· ab(alive, shoot, Xs) ~ holds(loaded, Xs)·. 
holds (Xf, [Xe I Xs]) i -, ab(Xf, Xe, Xs), holds (Xf, Xs). 

Figure 4. A program solving the Yale Shooting Problem. 



l)E~ ltsecl 11c)t, c>11ly t,o 111o(iel tl1e l)I"()l)le111 l)ltt ctls(> tc> <·01111)litE~ a11swer·s t,o tl1e 
1·(~lev·a11t, c111t'\1·ies. Fc)r· (~Xc11111)lE~, W(' l1cl\'t:'\ 

I ?- holds(dead, [shoot, wait, load]). 

yes 

I ?- holds(dead, [wait, load]). 

no 

Also, t1si11g t.l1e tl1eory of logic~ 1)1·ogra1nmi1·1g, it is possible to J)1·ovide a 11c:1t­
t1ral se111c111t,ics to tl1is prog1·,1,111 i11 tl1e for111 of a t111ic1t1e 111oclel, whic·l1 acl1r1it.s 
sever·al 11at,urc1l C'.}1a1·acter·izatio11s a11cl allows 11s t,o p1·edict, tl1e co1·1·E::c:t, an­
swe1·s to t.l1e c111er·ies. 111 [6] E. 11c11·c'.l1io1·i st11diecl c:111 exte11sio11 of Prolog with 
so-cc1llecl c·o11st,ruc:t,ive 11egatio11. Tl1is allowecl l1e1· to dec1l wit,}1 1·1101·e co111-
plex c1l1e1·ies ,vl1ic:l1 Pr·olog does 11c)t l1ar1clle c;or·rectly, lil<:e holds (alive, [X, 
Y] ) . By 111ea11s of c:or1st.1·l1c'.ti ve 11egatior1 it yielcls twc) a11swe1·s X #, shoot 
a11d Y -=/- load, wl1icl1 is j11st,ified £1·0111 tl1e St~rr·1a11tic l)oint, of vie,v. 

4. PROGI{AM VERIFIC'.ATION AND PROLOC; 

Tl1e usual way of explc:1ir1i11g that a J)rog1·c:1111 is c:orrect, is that it. meets 
its specificatior1s. Tl1is stc:1t,e111e11t l1as a c~lear inte11tio11 but is s0111ewl1at 
i111p1·ec:ise so we sl1all lJe 111ore specific: i11 a 1110111er1t,. Cor1·ect11ess of p1·og1·a1ns 
is i1r1por·t.a11t., lJotl1 fro1·11 t,l1e l)Oi11t of· vie,v of softwar·e reliabilit,y :::1s fro111 the 
poi11t of view of soft,wc:11·e clevelopr11e11t,. Progra111 verific~at.io11 is the forn1al 
ac'.tivit.y wl1ose ai111 is t.o e11s111·e c:or1·ec:t11ess of prog1·a111s. It 11:::1s cl l1istory 
spa1111i11g a c111c:11·ter· of tl1e c:E::11t,l1r)r. 

I1·1 tl1e c:ase of' logic: p1·ogr·a111111i11g tl1e declar·ative i11ter·pretat.io11 1·ed11ces 
t,he isst1(~ c)f J)rogr·a111 co1·1·ec:t.11ess t.o ar1 ctilctlysis c)f t.l1e J)r·ogr·c:1111 fro111 tl1e 
logical poi11t of ,,,·ie,v. 111 this c:111alysis tl1e cor11put,at,io11 111ec'.l1a11isr11 c:ar1 l)e 
co111pletely disregc:1,rdecl. Tl1is is c111 i11·11)01·ta11t 1·ecl11ctio11 whic'.11 sig11ificc1.11tly 
si111plifies t.l1e t,ask of progr·ar11 ve1·ificc1tion. 

I11 tl1e case of Pr·olog it, is 11at,11ral to base tl1e progr·a111 ve1·ificc1tior1 on tl1e 
theo1·y of logic p1·og1·a111111i11g. Bec~c:1t1se of tl.1e diffe1·er1ces betwee11 Pr·olog arid 
logic prog1·a111111ing t,l1is tl1eo1·y l1c1s t.o be aJJJ)I'{)pr·ic1tel)' IIl{)clifiecl ar1cl revisec.l. 
Moreover, clt1e to several '11011-clec~lar·ative' feat,t11·es of Pr·olc)g, a dec:larative 
ir1terp1·etat,ion of· P1·olog p1·ogr·t1111s is, to sc:1y t,l1e least., prol)le111c1.tic:. To cope 
with this prolJlem we deter·1r1i11ecl i11 our· stl1dies a lc11·ge s11bset of' Pr·olog and 
showecl that, for p1·og1·a111s w1·it.ter1 ir1 this s11l)set, it, is l)Ossible t,o r·easo11 abo11t 
their cor1·ec:t,11ess by a c:0111l)i11t1t,io11 of syr1tac'.tic'. ar1alysis a11cl dec:la1·ati ve 
i11 terp r·et at, io 11. 

I11 our· ,1pp1·oc1cl1 we de ell t, \~ri tl1 varic>11s f)1·c1g1·c1111 J)rc)per·ties \\r l1ic'.h c1,1·e c:1·11-
cial f'or· e11st1r·i11g 1)1·ope1· f"1111c'.t.ior1i11g ()f. t.l1ese 1)1·ogr·a1r1s. 111 l)art,ic:t1lc1r, we 
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Tl1is 111<",111s t }1;:1.t t 11<) 1.)l't)g1·,1111 1111(l<1 1· <'<)11si<l<-'1·,tt ic_)ll sl1<)l1lcl t.< 11·111i11,tte 
f'(~> 1· t 11 E) cl J) 1·)1·01) 1·ic1.t C' cl l l<" 1· i <1s. 

• Pc1,1·tic1l c·o1·1·ec·t.11ess. 

,...r l1is 111ca11s t.llctt, t 11(" l)l'()g1·a111 llll(lt:.1• ('()llSiclc:.1•c1t.ic)ll sll()lllcl (1(1 li\re1· ('()l'-

1'(>.(:·t c:lllS\\re1· fc)l' tl1c~ cl,l)l)l'()J)l'i,1t.E:1 c111<:1 1·ic3s. 

• .A. bse11c:·e of· r·l111-t.i111e e1·1·c)1·s. 

111 t.l1e c·c1se c>f P1·<)log t l1ese c11·e: 

a1)sc11c·(-• of' t lie S<)-c·cill<"cl C)c·<:·111·-c·l1ec··k J)l'C) lJ lc.:.111 ( <'X l)lc:ti11ecl l)e lc),v) ~ 

c:1lJst:·11c·e c)f. c:11•1·c)1·s i11 1)1·esE)11c•E\ c)f. ct1·it.l1111E~t.ic: ex1)1•c--,ssio11s. 

"f lie l'(~Slllt.i11g f'1·a111(~\\r()l'k is si1·111)l(:l tc) 11se clllCl l'f1 aclil:rr clJ)J)lic·c:1.1)1{" t.(~) lllOSt of 
tl1e ,vell-k11C)\Vll Pr·c)log J)l'()gr·a1r1s. ~1101·eove1·, sev(~r·,11 c:1.SJ)ec·t.s <)f. tl1l_:} l)I'OJ)<)sed 
111etl1c)cls c·a11 1)e a11to111atecl. 

4.1. TerrriiricLtion. 
As a11 ext=t1r1ple we ex1Jlc1i11 l1e1·e t.l1e aJ)JJr·c)acl1 to te1·111i11c1t.ior1 of si1111)le P1·olog 
J)r·ogr,1111s dt1e t/o l(.R .. A1)t1 c111d D. Ped1·esc·l1i [l]. 

\Ve 11eed s0111e i11t.1·ocl11c·t,ory 11c)t.io11s. v\1e assu1·11e l1e1·E.~ tl1c1t, ,1,ll l)l"C)g1·c1111s 
a11d c111e1·ies a.1·e w1·it,t,e11 i11 a fixecl, "l111iv·e1·sal', la11g11ctge clefi11ed l)y, say·, ,1 

P1·olog 111a11t1al. 

Definition 

• A le·i.,el 'rr1.ctpp·ir,.g is a ft111c'.tio11 I I f1·0111 gr·c>1111cl c:lt,0111s (i.e. at,0111i(: 

fo1·111ulas ,vit.11 110 var·ial)les) t.o 11c1t.111·al 11t1111l.)e1·s. 

• A11 ,1t.0111 .,4 is bo·lt.ri<it:d 'lLJ. ·r·. t. 
g1·ou11d i11st1,lllC'.eS of· A. 

I f= c· ( I is a 111odt~l <)f. c·), 

1- if' I I is l)ol111decl 011 t,l1e set of all 

f'or· all g1·ou11cl i11sta11c'.eS A - A, B, B <>f' r· st1c·'.l1 t1l1c1t. I p A 
A > IBI. 

Theorem. Su1)1)ose tl1at 



• .:1 is l)<)t111<lE\<l \\1 .1·. t .. I . 
Tl1c\11 ,lll 1)1.<>l<)g c·c)1111>l1t-,1.t.i<·>11~ <>f. ,.·-1 \\'.1·. t. 1~ ct1·< 1 fi11ii c·. 

Lc,t 11c)v\! ls (.) (f"c>1· li.9!.i,·izr·) l)c• cl f'1111c·ti<)ll 1·1·c>111 g1·<>1111cl tcl1·111s tcJ llctt.111·<1.l 

1111111l)c:1·s clt,fi11c•cl l>\' i11cl11c·t.i()ll (ls f'c>llc)\\!s: •• 

1 s ( [ J' 1.,~ ,',] ) == 1 s ( ;l' .'-;) + l , 

ls(j'(.1~1, ... , .1·,1 )) == () if' .t· # [. I -). 

Tt) sc:fl et si1r11)l(-l 11se <>f. t.11<' ctl>C)\rc~ t.l1c\c>1·<:"111 c·c)11si<l<~1· t.11<-i l)1·c>g1·,t111 c)f. fig111·(: 
1. It, is (lclsily se(\11 tc) l)(l cl(.('('})t,t.l)l(\ \\r.1·.t .. tll(-' l<_\\l(1 l 11l,lJ)I>i11g cl<'f111(1Cl l>.)r: 

question(xs) 

I sequence(xs) 

sublist(xs. ys) 

jappend(xs,ys,zs) 

5(). 
' 

(), 

ls(xs) + ls(ys) + 1, 

111i11 (ls(xs), ls(zs)), 

J F seq(s) itt· sis ,1. list. c)f' 27 E-~le111<:.•11t.s. 

Not,e t.l1c1.t question(Ss) is l)()llll(l<l<i vv.1·.1·. I , sc) \\Tt~ c·c111c·l11<l(~ t.11;:1.t. all 
Pr·olog c~c11111)1_1t.ft.t.ic)11s <)f' question(Ss) a.1•c) fi11it.c,. 

A 11a.t.111~c1l 111oclific·c1.t.ic)11 <lf. t.l1is c·tJ>l)l'C)cl<·l1 t.c> J>l'<)g1·,t111s tl1,1t. 11sc1 11egc1tic)11 
c:t111 l)e 11secl t.c) clt~c:tl \"\i'itl1 t.c"1·111i11c1t ic>11 of t.l1c·~ J-:>1·c>lc>g 1>1·c)g1·,1.111s gi'\rc~11 i11 fig111·c~s 
'J l 4 ,-,J ar1c · . 

4. 2. Oc'.c~·,L'T'- C'.l'l.e<-:k: JJ·r~oble·rri. 

Tlrc~ C)c·c:u1·-c~l1c'::c~k is a SJ)ec:ial t.c~st. t1sccl i11 t.llt'. 1111ific~c1t.ic)11 ttlgc)1·it,l1111, et c'.01·11e1·­
st.()t1e C)f' Pr·olog 's C'.Olll J)ll t.c1t.ic)11 111c~c:l1c111is111. 111 111ost P1·<)log i11·11Jlc~111E:~11t,a.tio11s 
it, is c)111it.t,ed 1·01· effic'.ie11C'.V 1·ec1s011s. Tl1is 0111issio11 afl·c,ct.s t.l1c.~ 1111ific:c1t,ior1 ,, 

algo1·i t,11111 ct11c.l i11t.1·c·>cl llc:es a J)ossi l.)ili t.y of· cli V(l,1·g<:~11c:e. Tl1is is C) lJ,riot1sly c:111 
t111clesi1·t:cl sit.t1at,io11. 

I11 ot11· ,vo1·k (sE:~e A1)t c111cl A. Pell(:g1·i11i [2]) vve J)r·oviclecl ec1sy to C'.l1ec~k 
sy11t.c1.c·tic· c:011cli tic>11s w l1ic·l1 ("•c1.11 l)e ver·ifie(l 111ec·l1c1.11ic·<1lly c111cl w l1ic~l1 i1111)l)~ 

t.l1::1t tl1E.:i oc·c'.llr-c·l1Elc•k C'.clil l")(~ scifely 0111it,t.ecl for· <l giver1 J)1·og1·a111 a11d c111er·y. 
For· exa111 l)lt~, t.l1e J)l'C>g1·c1..111s gi ve11 i11 figt11·(:.s 1 ft11d 4 ell'(\ sc1.f·e t·1·0111 t,l1e c)c:c_·t1r·­
c'.l1ec·k J)1·ol)le111 f'or· t,l1e c1t1(~1·ies l1secl. 

I11 c:011t,1·c1st., t,l1e IJr·ogr·:::1.111 give11 i11 figt.11·t• 2 lc~ctcls t.c) l)I"c)l)le111s. 111 I)c1.rtic:­
t.1lc11·, f'or· t,11<:\ c111e1·)' curry ( [] , lambda (x, apply ( var (x) , var (x))) , T) 
t.l1E~ 0111issic)11 c)f. t.l1E~ OC'.C'.t11·-c:l1ec·k c·a.11ses clive1·ge11c·(~. I11 ()111· st.t1dies vve sl1owecl 
l1ow t,l1is l)I'C)l)l<-~111 c:a11 l)C:l t,c1ke11 c·ar·e c)f. l)y 111(~ct11s c)f. cl. si1111)le 1>1·c)g1·ct111 t,r·c11·1s­
for·111at.io11 wl1ic·l1 i11se1·ts c·ctlls of tl1e l)1.1ilt.-i11 t111ific'.clt.ic)11 J)1·eclic~c1.te (,vitl1 tl1E~ 
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oc~c·l11·-c·l1eck t.est.) i11t,o t,11(~ J)1·og1·ct111 t.<•xt .. 111 t.l1t:·• c·c1.s{~ of t,llt' J)1·c)g1·ct111 giv·e11 
i11 fig11r·E\ 2 it st1ffic·es to 111c)clif'y t,}10 s<lc•(·)11cl ctll<l tl1(• lc1.st <·lctllSt\ cts f'()llows: 

curry(E, apply(M, N), T) 

member(X, [Z I Xs]) z 

-curry(E, M, S--4T), 
curry(E, N, Z), 
z ==(}(' s. 

==,)(· X . 

He1·e '==,)(", is t,l1e ltr1ific'.at.i<)11 µ1~t.)clic·at,E\ ,vitl1 t.11(~ C)C'C'.t11·-c·l1(~c·k test.. Tl1e r·e­
sulti11g 1)1·c)gr·a111 C'.a11 t.l1e11 lJe t1secl f'o1· t,l1e c1t1c"'1·ies of' i11te1·t~st .. Fc)r· exa1111)le, 
i11 t.l1e c'.ase of t.l1e t.e1·111 .,.\.1~. ( .1~ ~r) v.re 11se t.l1e Cf llC~ry curry ( [] , 1 ambda (x, 
apply ( var (x) , var (x))) , T). Tl1is c111e1·y fi11it,el)r f'c1ils: 

I ?- curry([], lambda(x, apply(var(x), var(x))), T) 

no 

4. 3. Delay dt~<~lcLr·citio·11 .. s 
One of tl1e st1·iki11g fei1tu1·es of logic'. IJ1·og1·a111s is tl1at t.l1ey ca11 lJe ec1sily 
parallelized. For" exar11ple, by acldi11g to t,l1e I)rog1~a111 <)f' figur·e 2 t.l1e so­
c:alled delay clec:la1·at.io11: 

DELAY append(_, -, Z) UNTIL nonvar(Z). 

we obtai11 et progrc:1111 \Vitl1 a lc1r·ge cleg1·ee c)f l)c11·allelis1·1·1. Tl1e c1lJove decla­
ratio11 defe1~s t.l1e selec:t,io11 of' tl1e append-ctt.0111s t111til tl·1ei1· last c11·gt1r11e11t, is 
11ot, a var·ial)le. B:;,. clefc1.,11lt,, 110 1·est.1·ic:tic)11s c:11·e i1111Jc>st•cl 011 t,l1e selt~c:tion of· 
ot.l1e1· ,tt,0111s. 

So t,l1e t1se of delc1y dec:lc11·<1tior1s r·eplc1C'.es t.l1e Pr·olog selec·t.io11 r1.1le lJ:,r a 
11011-c_iete1·1r1i11istic: selec:tio11 1·11le \V l1icl1 ci v11ci111icc1llv dete1·111i11es vv l1ic:h ator11s 

,, V 

c:c1..11 rJe selec:ted. I11 tl1e exec:t1t.io11s of t.l1e 1·est1lti11g 1J1·ogr·a111s dyr1c1111ic 11et-
wo1·ks of pr·oc:esses ar·e c··r·ec:it,ecl t,l,1at c:c)111111l111ic:c1 t.e c1.sy11cl11·011011sly by 111ea11s 
of' r11ul t,ipart,y C'.}1c:11111els. 111 t.l1e c:ase of t1l1e p1·og1·c11r1 of' figl11·e 1 tip to 11i11etee11 
J)rocesses c~a11 l)e c1~ec1tecl d l1r·i11g its exec'.tl tions. 

Tl1e clelay dec'.lc11·atio11s ctllow 11s to i1111)c)se cl sy11c'.l11·c)r1iz~1t,io11 011 tl1e ac'.­
tio11s of cl lc)gic: progra111 i11 cl C'.OI1C'.ise \\ray. P1·og1·ct111s a1.1g111e11tecl lJy tl1e 
clelay decla1·atio11s c:a11 l)e t,rc.111slat,ecl i1·1 a st.1·aigl1t.fo1·\vk.1rcl wc1y i11t,c> otl1er 
co11cu1·r·e11t lc:111gt1ages bctsecl 011 t,he logic progr·c:t111111i11g pc1.1·aclig111. 

I11 ot1r rece11t pul)licctt,io11s, we sl1owecl l1ow c:01·1·ec·t11ess of sucl1 J)ar·allel 
progr·c-1111s c:a11 1)e estctblisl1ecl 1·)y :::1 1·1c1t.t11·c1.l 111oclific'.ctt,io11 c)f t.l1e 111et,l1ocis 01·ig­
inally clevelo1)ecl for· Pr·olog progr·a111s. 



rel sequence: array [1 .. 27] of [1 .. 9]. 
sequence (A) ~ VI E [1 .. 9] :3J E [1 .. 25-21] 

(A[J] = I, A[J+I+1] = I, A[J+2I+2] = I)). 

Figure 5. A simple solution to the problem from figure 1. 

4-4. Lcirz,g·tLage e:rte'n,s·ion.s 
111 011r 1·(":C~e11t, wo1·k [3] we st,t1cliecl la11gl1age E~xtE~11sio11s ,vl1icl1 i11volve iter·c1t.io11 
a11cl c11·r·a)rs. Ite1·c1tior1 is ir11plc~111e11tecl l:>y 111t:~c111s of· bol111<lecl c1t1ci11t,ific:c1tio11. 
\Ve 11ot,ic'.ecl t,l1c:1t, t,l1e t1se of i t,e1·at,io11 \Vit.l1i11 tl1e logic: r)1·c)g1·a.111111i11g J)c1racligr11 
ofte11 lec1cls to st1l)stc111t,ially si1111)le1· pr·og1·c1111s ,v l1icl1 ctr·e C'.loser t.c) s1)ecific:a­
tior1s a11d c11·e gt1a1·a11teecl t.o t.e1·111i11at,e. 

As a11 exa.111ple c:011sicle1· tl1e solt1t.io11 to t,l-1e pr·c) l)le111 frc)111 figt11·e 1 given 
i11 figt11·e 5. It, is ve1·y c·lose t,o tl1e p1·ol)le111 s1)ec·ific'.at,io11 a11cl 111t1c:l1 si1111)ler 
tl1a11 t.l1e 011e give11 i11 fig111·e 1. Tl1e ra11ge J E [1 .. 25-2I] C'.0111es f'r·o111 t,l1e 
1·eql1i1·e111e11t tl1c1,t, t.l1e i11clic·es J, J +I+ 1 , J +21 +2 sl1ot1l(_l lie witl1i11 [ 1 .. 27] . 
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