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Abstract 

In this papcsr WC study the rxprcrsivr power 
of thcb logic ,LI cl&r modc~l LnA4, mtroduccd m 
[KV84] Wt. show thnt c\vcn though the log- 
l( dl clrttrl rJlOclc~l 14 wrrl<rrJl l( AlIly pow~~rful, 1t 19 

not ovclrly p~~wc~~~ul so <w to 1~ mtr,u tAlc. WC 
dc~rnonstr,~tc~ it, from tlllc>cx .q)c( tr First, we 
study the ( omplc%xlty of c11c.c kmg mtrgrlty con- 
str,tu+i, <UJll WC show tll<lt Jt 1s 110 mor(\ dlfli- 
cdt thnll c hv kmg 1IJtCgrJty ( on+r<untq 111 thr 
r&t~on,il nrodc~l S~~corltlly, WC’ qhow that t11c 

10~1’ Of tlJ1 ltlOl~l’1 IS l’~h(YltJdY fJ~+Orll(‘C TlJiLt 

IIll’rLIJUI, iOC PXrllJJlJk, tlJ,lt OlJ(’ (rlll 1141’ <l \t,ln- 

cl& tlJc.orc.l1I-])Iov(r (~l11c r JII 11~~ dr~t~~l~rw~~ tlc- 
9JaIJ 1” O( l’\Y Or tOr ddlll t JVl‘ llll“ry <UI~W~‘rJll~ 
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Andly, wr provr the surprirmg rrsult that the 
<llullty to dPfllJ(’ c yclcs does IJOt, 111 h crrtnm 
arnar, add tirly powc’r to thr rnodcl Thus, any 
~ytlic stlicni~ c,tn 1~ converted to a “equivn- 
lent” nrycht rrlJcm1~~ 

1 Introduction 
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cls arc unsatisfactory m then ability to logically 
restructure cl&, 1 c , the i&&y to query the 
d<Ltrlb,b+c Wlnlc IIull cmd Yap Ignore the IS- 
YUC of <I d&a qubl~ulguhgc, J,~c ob~’ trc~~tment 14 
m overkill -his query lclnguagc cnnblrs one to 
wrltc noncomputAlc qucrm~ (V<-183] Furthcr- 
more, both hpproaihcs far1 to model a sigmf- 
lcdnt upcct of hmrClrt 111~ al <uulcl network da& 
bcluc IIl&IlagcIIlmlt YyYtcIxIY, w111ch 1s t11c day 

to iisc wzrtual records Virtual rccord9 <trc essen- 
t&y pomtcrs to physical records, and they are 
used to avoid rcduudnncy Jn the datab,asc [Ul82] 
Note that vntud records mtrodncc rychclty not 
only m the schema level but also at the mstance 
level 

As an altcrnatlvc w(\ prop0Yrd the logccal 
data model (LDM) [KV84] The loglccll data 
model unJfm and gcncr&xes the three prmcl- 
p‘ll 11nta Illod~~l~, lll( 1lldlIJg the 6,111ty to use vir- 
tud records The essentlnl fenture of the model 
IS the scpa.ratJon bctwrcn the data space and 
tl~c crddrrsn ayacr The nlotlrl alqo ( onnuts of a 
logn , III whn 11 mtcgrity constrrunts i rlii tJl* Ypec- 

Ihcd, and ,I query f,n ~hty, comlstmg of cqmvn- 
lent proc cduld (c&ulus-like) and nonproc edu- 
rcLl (dgcbr.~-hkc) query Img~agcs AI1 <Lt t1ac- 

t~vc fcatu~c of thiq query f<n ihty IY tli,it Culswers 
to 1~111'""' cl0 Jlot ll.LVv(’ to t,c fl,1t, 1 (’ ) rc~l,ltlons, 

hit I3111 IJ<lVlb ‘4'1JJ~l1Jtll rllly lJlOtJV~lt(‘tl qtrllC tlJlX! 

as wrtl Thus, for ~~xd~~ipk, th l inswiu’ to Cl 
cpl~‘I y OV(~J ,i network tl~it&l~(~ cIln &O ll<lVc 21 

nd WOJ k \tl ucturr 
111 I IJJ~ pqi’r wi* C~PX iw I IJC~ l~xprlwJvl* power 

of ih IOKJC ,d lht<l IJllJlkl Two ll~IlI~Jl"Jl~JltY Of 

t]JI' IIIOC~~~ ~(TIJJ to h vi.ry powc%rlnl IOhc* clbJl- 

Jty to torn1 sets of dslt,rl ar~tl the Ahty to dc- 

flJJC* ( yllC*q (;JVlIQ$ thl' Illldl'l tO0 llJlllh pOWa 

JIlJ~llt lJl> l-01lJltl~J ~JrlJlhll tJVP, It 1Y tll(’ pOWm’ of 

htd),w togu [J,r82] tli,lt mnkcq it nl~~il~l IJrYJv(B 

[Vd33] WC> show hcrc th,lt cvnr thmgl~ tlw log- 
Il ,d tldll,l IJlldl~l JH c11'111,111t1l <dly JJOWC IfId, lt 19 

Jld OV( Ily IJl'W' IdIll ‘40 ,Iq t0 lI1' IJIt lrll k<dIh wl' 

lklllOll~~~~lt,ls tlJl‘4 ~1OlIJ tlJrI-l* Ml,“' tS Li’JPJt,, W(‘ 

sludy IIJcm 1 oJ11p1i~xity 01 ( bc( kmg ~nl(\j?,rlty COJl- 

sl,r,Lmt~, anI qhow thrt it IR no more bthcult 
t,h&n chcckmg mtcgnty ( onstr&mta m the El&- 
l,mn.rl JIlOdl~~ (r1Y qtudJrd JxJ [V,182]) sc~condly, 

WC SlJOW tlJ,lt th 1OglC of th IJlOClCl JS C?SSCfl- 

l,~dy ~~J+ordi*J That JIJP~~IJR, for (~x~~~t~plc, thnt 

one ( im 1Jnc1 a ~l,~iinl~~rd t,llc~ori,ln-1,rovi.r c~thrr m 

the database design process [BBG78] [MMSUSl] 
or for dcductrvr query answcrmg [NG78] [Re84]. 
Fm,dly, WP plove the surpnang rcmlt th& the 
abhty to dcfinr cyclr~ doeq not, m d tcrtajn 
SCIJW, add <my power to the model Thus, any 
cycht s( ImrJd can bc (onvcrtrd to AII “cqmva- 
lent” acyc 11~ schema 

The paper 1s org,tmecd as follows Se&on 2 
contams r% short drstription of the logical data 
modrl l?o~ cl fuller cxposltmn thr leader w re- 
ferrcd to [KV84] Scctlon 3 exammcs the com- 
plexity of chcckmg mtegity constrCams in the 
model Scctlon 4 shows that LDM-logic 19 es- 
scntmlly first-order Fmdly, Section 5 describes 
l~ow to rlJInJnatc cyrlcs m LDM-schcmas 

2 The Logical Data Model 

2.1 Schemas and Instances 

In tlJ(’ lOfJZC&l f&a UJOdCl (LDM), MhCtm.9 arc dI- 

rcrtcd grq)lJq, wJth a tyyx mYo( Jat~l wJth each 

node The poqqlblc types arc banzc type, com- 
powtzon, and collrcteon (thcrr 1s rb fourth type, 
clauaz/lcatzon, wh~rh w(b Jgnorca hrrc for the Y&e 

of brcvJty) 

1 13aszc typr, wrlttcm Cl Nodes of thm type 

( oJlt&Jll the. dnt<l storc4 111 1,111~ lirlt‘llhw.qC 

2 Compoaataon, wrJttc,Jl (3 Nodes of t111s 

tyl" ( OlIt~llll tll+i WhSCb Cl~lJl~"JJldS IVC 

t,,lkcm IIOJJI 1,111~ *II{ ( mqorY 01 t IIC IJOCIC 

3 Gollc( tzon, wnttcn 0 Nodcq of this type 
(l~Xlt,lJII 4Ch8, dl of Who%’ (‘lCIJl(‘llt3 Me 

tsikmJ hoIJJ tlJc% ~iodc'~ Yuccecwor 

An znatnncc of cl. q(IJmJiri JR 4.~1 ,tisJgIJriJc~iJt of 

n wt Of vchll'x t 0 cnCl1 YJOClC* WC 1lSl' t111* notation 

r(U) h tlJl* Yd Of V<lll1(x4 <lMJ~lJl‘d f;O bhf* ~JOllC 

11 by th Ill4,lllll~ I I(u) ~lMlHl~l4 cd <l wt of l- 
t~dr~c 8, WII II i orrc~spimlrr~~ r-vfrlrrf 4 1~1L11rlJvt~ly, 

r-v&lii(? ( oilxt It ll!dB tlli' thtd yw c, utl I-vdhx~ 

LOJJH~Jt~1l~l~ t,lJcn ,lddrcsq qp,rc P TIJ(~ J11rldx1c.c~ of a 

IlOlh’ (OIJqJ‘d,r Of ‘X’t Of I-V~lhlCX, WJth 41 1-V&C 

a.%UgIJcd to cm-h of ttic~JiJ k~rJridly, tlJc l-values 
arc c4~~JrmJtx of ,L bxc4 ret L (usu~llly t<kkcn to be 
the act of nnturA nnmbcrx) WC rrqunc th& the 
lIlSt,,UJC (‘Y 01 llJ~bJJl< t IJldl'Y br dJ~JOlIlt WP ,dYO 

h,~vc a fun( tion r 011 L, that ass~grin r-vAucs to 
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these I-vahles, and WC requrre that the r-values 
be of the correct form, deprndmg on the type of 
the node, ti follows 

If 6 E I(v) then 

1 If v IY OF typr 0, thrn r(l) must be m the 
d&l domaln D, 

2 If 2) 1s of type 13 with chlldrm VI, 9 vn, 
then r(l) must be a tuplc (11, ,l,‘) where 
for each I, 2, E I(q), ad 

3 If v IS OF type 0, and w IS Its child, then 
r(l) must bc a subwt of I(w) 

2.2 Logic 

Let S br a s&ma Each vcarlablc ovrr S has 
a fixrd wart, whcrc the sorts arc nodrs OF S 
The qorts rcstrnt the po9qlblc v&es the VU‘I- 
able may t,Lkke I?or example, If z 1s a valdle 
of sort v, thrn x can tdkc only values III I(v) 
We &ill usur~lly subscript thr viariablc~ with its 
sort, c g , 2, Wc also h<~vLv(\ countably mcmy ( on- 
stunts, ranging over the domam D 

Definition 1 An otornac Jorrnula over S 1s one 
of th f0110w111g 

1 x71 x1 Yw , 10c<u1111g tll‘lt t11c* l-v~.luc of r,, 1s 

the) tl” compomlt OF the I-value of lo,,, 

2 I, E Yw, ~r~c~m~g tlmt the* 1-value‘ of c,, 1s 
<t m ulbcr oF the r-vnluc of yw 

3 c,, =; ?/rL,, Illc*arllrl~ t11,1t t11c l-v<llll(~s of 2, 
<l.lld lJIU drvc rqndl 

4 xv =r Yto, mrdnmg that thr r-v&us of zv 
<md 7~,,, <UP cclud 

5 z,, =, tl, whcrc al 19 d ronrtant, mcnnmg 
thrt thr r-v&c of 6, is cl 

In crl( 11 of I,hc~xc~ .rtomIc Joruiulq 1) ,uicl (1) .vc 
rc*cluhc(l to I,c 01 lypce 101 w111cli Ilic forluulir Is 
t1irdnii1g1i11 R’or cx4uuplc, s, E. !lU, can 1~3 urrd 
ouly WllC~ll w 14 oi type 0 cllld v 1s 1tA Clllld 
WC thcu drluic~ w&forinccl foimulas over S 1n 
the usunl W<LY t= #I, ,I,&) IIIC<UIS th& #J 1s 
sdtlrfkd by I* ) ,l, in t,lic instance I, aid 1s 
dclbxxl iii the usual way 

3 The Complexity of In- 
tegrity Checking 

In this section we mv&igntc thr complexity of 
chrckmg mtcgrltJy Thnt is, WC have mtegrlty 
( onstr*unts th& <UP srntmc c\ m LDM-logs, ard 
rt dat&asc H “lc~gal” If tiuld only If It satrsfies the 
constrants lWow~ng [Va82], wc use two mea- 
yules of complcxrty, datu cornplexzty aud expws- 
soon cornpleszty Inturtlvcly, data ( omplexlty IS 
the tomplexrty of testmg satrsfxtron of d fixed 
sentence, III terms of the sme of the database 
Exprcssron complcxlty, ou thr other hand, 1s the 
complexity of tcstmg sntlsfactlon of sentences on 
a fixed d&Lbrlre, m terms of thr length of the 
scntcmccs (To mcctiurc romplcxrty WC clearly 
h~~c to assume that all mstanc es <arc finite ) 

Marc formdly, the data complrxrty of LDM- 
logic. 1s the complcxlty of the sets 

Gr(S,cj) = {I 1 I IS an umtancc of S and b ,$}, 

whcrc S is d schema arid 4 14 ‘L sriitrnce over S 
The cxprcsslon ( omplcxrty of LDM-logic IS the 
complcxrty of the sets 

Theorem 1: 

1 l?or tvcry s( hcma S autl cvclry smtcnc c f#~ 
ovm S, the ret, Gr( S,q5) H u1 LOGSPACE 

2 For cvc’ry sdic~~~in S md c5~y instnuc c I 
of S, the> sC>t Gr’( S, I) 1~ 111 PSPACE 

3 Thcrc 14 ‘1 4( hcmn S ~cl ~1 ~nsta~u c I of 
S micli Iht tlicx set Gr’(S, I) 1s logspiu e 
colllpI“I (’ 111 I’SI’ACE 1 

Thus the clrrl<r ( on~plc~x~l y 01 LDM-logrc 1s 
LOC SI’ACX ~tl the cxprcq4mn ( omplcx~ty of 
LDM-logn 19 PSPACE Smc c ~ul.rlogous results 
hold for the r&tronal modrl, we see that in- 
tcgrlty chat kmg m the lognd d&r model is not 
more drlfnult th<uul m the r&tronJ model. 
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4 LDM-Logic is First-Order 

In this wction we &ow tlmt LDM-lope 1s (Y~CII- 

t,nllly fust-ordrr, thnt 19, It bar A proof theory, It 
is ( Omp( I and It satlsfics rk Lowc~~lll(~lrll-Skolcm 
thcorcln WV prove this by rrtluc mg TDM-logic 
to a mnny-sorted first-order logic with qidity 
wr IllmtJ~JIl III Contra41 that .Jac obq database 
logn [3n82] IS mhcrcntly <I lnghcr-ordcl logx 
tli& ~10~~s not hnvc ~uiy of the nbovc propcrtics 

Let L: be rt11 LDM-logic over cl schema S 
Wc shall ( onstruct a colrc~pondmg many-sorted 
first-ortlcr logu with cqudlty L3’ .1s follows l’ 
wdt have d sort v fol cclch node v of the s(hcma, 
nnd OIIP npcclal sort ct, whn 11 corrc~sponds to the 
tlonn~~l D from wh1r11 the tl&,t UC takm l’ 
ha vCtnC~bler rangmg over all the 301 ts, except 
for the npccial qort fL 

13’ hds the Following rAmon UHI function 
*ymboln For each node w m S of type 0 wrth 
thllcl II, l’ bns cl tnuary rchtun symbol eU, bo 
twccn c+ments of sorts v ti1c1 w lG‘t,r C&I node 
w of type ~1 with v <LS Its I’~ child, C’ ha a 
flIIlt ilO ~~IJltJOl R,,,,% from sort w to soi t v Intu- 
ItIVdy, ?Tt,,,, IJl&pS I-Vdllr4 t0 tk I’J’ LOIIl~~OIlC’IltS 

of their r-v&iirs l%r r,uh node v of type q , f!’ 
11,~ Cl functJon qynlhol Jr, from yort v to sort d 
FIIlrLIIy, th ( oTl\t,tIll,H of L: d.rr rLlMJ LoIlStrlIltY of 
f’ 01 sort tl 

GIVE II <UI f-Forrnul,t (f, WC (onvcrt it to dn 
L’-101 JJlllh F($), &‘l fOlllWS 

3 F(xv =1 y”) IS cr” = y” 

4 F(.c*, =I ?/1,,) clq” nd4 Of1 t11c lypc of II cd 

UI lb cxru~~ple, d v <u~cl w <UP OF type 0, 
tl1cm fqzI=,, = r Y,,,) JY J,,(J-1,) - J,,,(G) 

5 k'(.r, -=I r) 19 J,,( r,,) = c 

The III~IJI)III(: of JJO~J~~tOIJll~ f -fOlIllllld~ t0 t’- 

forniu1,l.s w str,ngbtfoi w,ud Givc~l a.n lIlrt2ulce 

1 of S, WC rim ( orirtrut t ,f stru( turn F(I) of II’ 
Cm follows The clon~~un corrc~spoucbcg to cash 
sort II, cx( cpt for tt!, will be the set I( U) The 
C~OIIMJJJ rorrcrJnnubug to lhc sort ti ~111 bc the 
set D ‘l’hc ~ntcrprct &on of ?T,,,,* ~111 IIIA~ each 

1 E Z(w) to the lth component of Its r-value, and 
the ultclprrtatlon of Jv will map each 1 E I(v) 
to it4 r-vnluc Fin~rlly, tlic nitcrplc%~tn~ri of Eu, 
will tJr a nhsrt of I(v) X I(w), wlielc v 19 the 
ch1ltl of w, SUdl thnt th pur (Ii, /2) 14 111 thS 

relru,ion Iff II E f(1s) 

Theorem 2: l?or <ulrly ,!&ntenrr (p, we l~vr 

t=rcb -3 l==F(,,W I 

Wr now want to define ,L nnqq)mg from the 
first-order logic l’ to the LDM-logic f. Each 
atoniit forrnub in the Gist-order logic 11’ must 
br elthcr of thr form tl = t2 or tl ew t2 We 
shall only show hcrc how to deal with the latter 
cdsc, thr foiuicr is drdt with in r~ qinulnr wny 

In the latter (dSr, t2 Iriuwt, bc of sort w, aid 
tl’s qort must bc w’, the rh~ltl of UI Smcc ench 
fU m<~ps C~ tcrxn to one of sort d, ~cl thcrr xc 110 

function syrnbolq from hart d, the only posslblc 
form the terms tl <and t2 can hCrvc is 

and 

Wc then ( onvcrt non&onhc f ‘-lornl&s Into 

f-FornltAw 111 thr OlJVJOllS Way If (t, 14 A For- 
1111ll~r III f ‘, we ~ldl II<C I 1~ not,ltlon L(4) For 
the rc\iiltnig f-forxnuln Wc tlicn ( onvcrt <uiy 
SilllC t,llX 1 01 f?’ 11110 cM1 ltl~t<LlI~l~ L(z) of S, 
9u(l1 lh& the followlug Ihcorem holds 

Thcorcm 3. I’or ,JJly f.T’-qc.JJtcmc r I/‘, WC hcwc 
t= I#J c> t= L(qwJ) I 

wr notr t,h,rt If d, IS <LII f.-~rlltmC, tllcll 

L( F(S)) ix logic~llly quiv&nt in 1: to (b Sun- 
ilarly, if 4 is an C’-qcntcuce, then I’( L(4)) 19 
logit cllly cquiv&nt to 4 

Frohl tlic Aova two t hcorefns, tllc foll0Wlng 
rWlltt,S dJOllt IdDM-hgIt fOhW. 
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Corollary 4: (Validity) Let q5 be a LDM- 
sentrncc Then (b w vahd If F(4) is valid, and 
vlcc-versa I 

Corollary 5. (Compactness) Let C be d srt 
of LDM-scntrnrcs over a s&ma S Then C 1s 
setlsfi~~ble lff cvcry Enlte subset of C IS sat&i- 
able 1 

Corollary 0. (Lowenheim-Skolem) Let C 
bc d set of LDM-scntmces over d schrrna S If S 
IS s&sfidblc, then It 1s satlsfictble by a countable 
model m 

Wh11c the latter two corollaries arc of theo- 
rrtlcal mtmest, the V&dlty Coro&ry has nlyo 
rl pram t1c.d l lgmficance It unphrs that with 
the qpropriate intcrfacc WC cdn use a stdn- 
d& thcortm-prover &her III the datnbasc dc- 
sign process or for dcdnctlve query proccsslng 
(see [lX3G78] (MMSU811 [NG78] [Rc84]) 

5 Elimination of Cycles 

In the log~al data model cy&c, Lan exists not 
only 111 the schrmns but duo In thr dnta, c g , If 
r(l) E 1 for soInc I-vdnc 1, then WC h~vc~ a cycle 
m the data Thlv fmturc of thcb rrJoclc4 h<m Its 

Exnmplc 1. Fq: 1 shows ,111 ~~X‘MIIpl~~ of rl 
( y’ lJ( W hWl~1 01 *I *I. thtdMW t tI<Lt qt OIW th lfl- 

lorm,kt ion ,rlJout proc cdJirc~ c ,111q III 4 program 
Elc~mc~ntn in I(v) iqJrc~*c~rJt proc cdur(3, dc~nicntr 
m I(u) rrprclscnt proc c>durr Ikunq ,mtl c*lemcnts 
111 I(w) rc~prcscnl, sets of proccdurrq Thus, If 
z E I(v) <md r(.r) = (2/,z), then v(q) IS thr 
n,Lm(’ of the plot cdurc 2, <md T-(Z) IY thr srt 
of proccduirs ~Alc~tl loom z Note th,lt rf ,I pro- 
(cdurc LA ilsc~lf, t,lJcJi we have> J cy( 1~. m thr 

Flgum 1 Cychc Scheina 

VI 
V2 
:“” 

W 

U 

Flgurc 2 ICquJv~rlc~nt Ac yt hc Srhcma 

To forJJJr&~c thcx I&Q of “( <yJt urmg the‘ sync 
IlIlorrlJ,llloll,” WV 11%’ ihC* h)kJWJJlf: tldllllt1011, 

WlllC IJ I? (10% ly rchl( tl to t11c* 11ot 1011 01 qu(‘ry- 
C~IUV<L~~~II( v of [111184] 

Definition 2: Let S mtl T bc nrhcm~~ Then 
T domzrrrrtea S If them> 1s a mqqJmg / of III- 
stmc (‘q of S to imtnnc (~3 of T, sutli that for 
c,uh C~II( ly Q1 011 S t,lmc* 1~ a query Qa on T 
Rll(1J tllqlt 91(l) 1s lSo111orplll( to C&(/(1)) for 
all mcIt ,\I~c(Y I of S Wc H<LY th<rt S cmd T arc 
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equzvalent If each of them dominates the other 

The dcfinitJon of cquJv&ncc dcpcnds, of 
course, up011 one’s choice of a query bu1guage 
hJ [KV84], WC defined two query languages for 
the IogJccll d&cl model, OIJC proccdurnl and the 
other nonprocedural, and proved then eqmva- 
lence WC recall the defimtJon of the nonproce- 
dural language A query on a schema S consists 
of 

1 A11 acychc schen1a S’ 

2 A collection of formuldc, one (&,) for each 
node v of S’ The formula 4” Inust satisfy 

(a) There ib only one free variable m &, 
and It is of sort v 

(b) All other varmblcs ae bound, and 
tlJc1r sorts arc eJthcr nodes of S, or 
drc descenddnts of v (IntuitJvely, 
(/J,~ descrJbcs wlmt data should be at 
nodr v, m tcrJJ1s of the nlstnnces of 
nodes that have drcady been con- 
structed ) 

111 (KV84] WC showed how to construct the result 
of the query “botton1-up,” a1d proved that the 
result 19 ui1iquc up to isoniorph1sIn 

It c<111 bc shown tlJ,1t the two rchcxrms m Ex- 
ample 1 drc cqu1v&nt, provnlcd tl1at tl1c rcld- 
tionship rcprrscntcd by v1 Jn fimt tJoI1a1, 1 c , for 
cvcry pro< (Yhlr(* tllcw 14 d 11111cp SC4 of pl”C c- 
durcci thdt 1t calls Wc now dcqc ribc d gcJ1c~d.l 
traIirfoiIJi,itioI1 froIJ1 ( yclic srltcm~~ to rqiuv,1- 
lent dcy( ln q( hcwms TIJC gcnrrd Idea w to 
break ( yclc~ by crc&Jng ( on1po~1tm11 nodrs thnt 
rcprcscnt tlic ( yc hc rcldtionships 

When wc try to brc,Jk cyclrv m ,ubltrclry 
( yrlic Y( hcnias, wc nottc c th& iii scvcrdl pdtho- 
IogJc ,~.l ( ,~Y(=J Jt ~111 not work Fnqt, tlJc cy- 
(1~ IIAY to cout.rJ~J a CXIIOC~V at w111c I1 to break 
It lh’C*ll 11 t Ill* I )‘I h’ lJllV ,1 m-llOdC’, IhlV IlOtk 

1Jldy hVC* Ollly 011(’ tlllhi, WlJU 11 WOldd lC%VC 118 

WJtll cl c lllltllc~~~ n-lloclc~ aftAT 1m&111g ttw cy- 
C!C whdt ,dl thC CXdlJlj>k’3 h’(l 111 ~0111111011 

1.3 thnt iii cd( 11 cdsc tlic R( hcmn rcldtcs I-v~ilucs 
to I-v&l(‘cI, ‘Uld lJCV(‘F lchtc‘9 tllc~rrl to t11c a t11al 

d(1t a lntu1 tJvcly, pure r&t ~onnl11ps bctwccn I- 
vdluc~~ do IJot ( orrc~xpoiicl to ~iuythmg m tlic “r&l 
woJld ” Tlnn motIv<rtca the h~llowmg dc~lnJ1t1on. 

w2 

Figure 3 Cyclcv Through v. 

Definition 3: A schema S Is called well-formed 
If fIom each rJode m the s(hcma, there Is a p&h 
to a node of type 0 

our trdIlsfolmdtloIJ Will dpply only to well- 
fonncd scl1cm~uJ Let S bc <1 well-formed cychc 
schcrna It IS c,wy to scr thnt S must hdvr a 
11odc v of type n thnt 1s III <1t lc& OIJP cyc lc, 
and 11~ at lc,Lqt o11c chJlt1 tlJ& 1s not III any 
( yclc (for ~~x~~IJJ~Ic, see FJg 3) WC lncd 41 the 
( yclc9 tlmt go through the iiotlc 7) SW follows (see 
FJg 4) WC 1c$u c tlJC\ ~-nochl v 1Jy two 1d~x3 

vI dnd 112 All iii( 0IJJmg cdgrs to v m S cxccpt 
those III the c yrlcs 11ow cntcr v1 All outgomg 
rdgrs from II cxrcpt thorn ii1 tlic ( y&9 now lcdvc 
from v)2 

Lemma 7: Lvt S 1Jc ,i well-formc~cl I y( lit 9~ hcmn 
Il wr 1Jrrdk a ( yc lc m S as tlcqc ribccl dbovr, the 
rvwll,lllg x( 1Jc11m ILL dlro well-lormc~cl 4 

‘hq 1C 111111d hOW9 tlJil(, W(’ ( ill1 I’c’p $lfCYlly 

brcdk (y( Icq III t lJc* sclici~in, ,1t, cd( 11 step getting 
<1 new well-lo1IJJcd s( hcma 

Lemma 8. If S IS well-fornlcd, then rcpmtcdly 
brcdknig thr cyclc4, no IJJdttcr in wh~cli o&r 
nodes at w11Jc II to brc+& the cyclc4 arc sclcctcd, 
cvcntually yJ&lq ~1 acyc lJ( H( hcmn T. 4 
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Figure 4 After Brcakmg the Cycles 

It turns out that it 1s quite easy to cap- 
turc the functlondlty constramt by constramed 
schcmas Thus r&her then transform S to T, 
WC tr,msform It mto (T, a) for an appropriate 
cp 

Theorem 10: For hny well-formed schema S, 
thcrc cxlsts an equlvctlcnt acychc constramed 
schema (T, aa) I 

The reader may ask why we have bothered 
to mtroduce cycles mto the logical dnta model If 
they do not add any rxpresslve power The an- 
swer to that IS two-fold First, wlbhout mtroduc- 
mg cycles we could not prove that they do not 
hdd my cxpressivc power Secondly, WC have 
only shown that, accoldmg to a cprtnrn mea- 
sure, cycles do not <tdd any exprcaslvc power 
But It 1s not clrar th& this mrclsure 1s the ul- 
tunrlte one WC believe that the issue of cycles 
deserves further study 

Wc now have to show how to tonvert an m- 
st<Lnce I of S mto an mstancc /(I) of T Assume 
that WC got from S to T by bre&ng one cycle 
c‘ & abovc~ (the gcnc%ral construction d there 1s 
more than one rye lc will follow cc~stly from this). 
L-V&PY m matanccq of nodes dlffcrcnt from v, 
that nclthcr h~wc~ v <w p<uent or ,LY thdd Me un- 
(li~mgctl Eh( h 1-value m I(v) 14 r+u cd by a 
p<ilr of 1-v&ics, one III j(I) (VI) ,rnd thr other m 
j( I)(vz), the se< ond bcmg the (h&l 01 thr first 
WV t1ic.n modily the l-v&~cq m the p”rcnt.53 and 
ch~ld~c~n 01 v, III Cl i,u~ly strnightlorwctld way 

Lemma 0: Lrt S, T <md I bc Cm ,lbovc Then, 
for c‘u Ii query (21 on S, thcrr 1s ,I query Q, on 
T 811~ 11 thrlt C), (I) IY isomorphic to Q2( j(l)) for 
nil mst<mccq I of S Thus, T dommntcs S g 

To show thnt S ,md T cuc (Y~IIIV&YI~, we 
h,rvc* to show t11,it s tlolrllll.~lPl 2 This 1s 
not, Iiowcavor, I,I w III pw-rdl ‘IYIV prol,lVlll a 
I Ihrt, tlw r&l I~II~II~~ I,liat rc~pic*~~nl, I IIt> ( yc Its 
II,\VV to 1,~ lun( tmd Th,rt, w, cnc 11 1-v~rluc~ 1x1 
j(Z)(v2) 1~ thr tlnltl c$ cx<u tly oiic I-v~rluc in 
j( I)( vl) Tins IIIOI Iv&c> the lollowmg drfmltlon 

Dcfimtion 4. A conatrmned xchcmn is a pair 
(S, @I,), whcrc S 19 .I 4~ licrna ,wicl Q is a scntcncc 
ovrr S An uwt,,u~c (’ I of S 1s <ul mrt,mcc of 
(S, (1,) lf k la* 
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