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Abstract

In Optimality-TheoreticSyntax,optimiza-
tion with unrestrictedxpressie poweron
the side of the OT constraintsis unde-
cidable. This paperprovidesa proof for
the decidability of optimizationbasedon
constraintexpresseavith referenceo lo-
cal subtreeqwhich is in the spirit of OT
theory). The proof builds on Kaplanand
Wedekinds (2000) constructionshaving
that LFG generationproducescontext-
freelanguages.

1 Intr oduction

Optimality-Theoretiq OT) grammarsystemsarean
interestingalternatve to classicaformal grammars,
asthey construethe task of learningfrom datain
a meaning-basegvay: a form is de ned asgram-
maticalif it is optimal (mostharmonic)within a set
of generatioralternatves for an underlyinglogical
form. Theharmoly of a candidateanalysisdepends
onalanguage-speci canking(>>) of violablecon-
straints,thusthelearningtaskamountso adjusting
therankingover a givensetof constraints.

1)

Candidated; is moreharmonichanA. iff it incursfewer
violations of the highest-rankingconstraintC* € C in
which A; and A, differ.

The comparison-basedetupof OT learningis
closelyrelatedto discriminatve learningapproaches
in probabilisticparsing(Johnsoret al., 1999; Rie-
zleretal., 2000; Riezleret al., 2002)} however the
comparisorof generatioralternatves— ratherthan
parsingalternatves— addsthepossibility of system-
atically learningthe basiclanguage-speci aqgram-
matical principles (which in probabilistic parsing
aretypically x eda priori, usingeithera treebank-
derived or amanuallywritten grammairfor thegiven

* This work wassupporteddy a postdoctorafellowship of
the GermanAcademicExchangeService(DAAD).
1This s for instancepointedout by (Johnson1998).

language).The “basegrammar’assumedis given
canbe highly unrestrictedn the OT setup.Usinga
linguistically motivatedset of constraints)earning
proceedswith a biasfor unmarled linguistic struc-
tures(cf. e.g.,(Bresnaretal., 2001)).

For computationalOT syntax,an interleaving of
candidategenerationand constraintchecking has
beenproposedKuhn, 2000). But the decidability
of the optimizationtaskin OT syntax,i.e., theiden-
ti cation of theoptimalcandidate(shh a potentially
in nite candidateset,hasnotbeenprovenyet?

2 Undecidability for unrestricted OT

Assumethat the candidatesetis characterizedy
a contet-free grammar(cfg) G4, plus one addi-
tional candidate’'yes. There are two constraints
(C! > C?): C'isviolatedif thecandidatés neither
‘yes norastructuregeneratedby acfg Go; C? is vi-
olatedonly by 'yes. Now, ‘yes is in the language
de ned by this systemiff thereareno structuresn
G, thatarealsoin G5. But the emptinesgproblem
for theintersectiorof two context-free languagess
known to be undecidableso the optimizationtask
for unrestrictedT is undecidabléoo 2

However, it is not in the spirit of OT to have
extremely powerful individual constraints;the ex-
planatorypower shouldratherarisefrom interaction
of simpleconstraints.

3 OT-LFG

Following (Bresnan, 2000; Kuhn, 2000; Kuhn,
2001), we de ne a restricted OT system based
on Lexical-Functional Grammar (LFG) represen-
tations: c(ategory) structure/f(unctioal) structure

2Most computationalOT work so far focuseson candidates
and constraintsexpressibleas regular languages/rationakela-
tions, basedon (Frank and Satta,1998) (e.g., (Eisner 1997;
Karttunen,1998;GerdemanmndvanNoord,2000)).

3Cf. also(Johnson1998)for thesketchof anundecidability
amumentand(Kuhn,2001,4.2,6.3)for furtherconstructions.



pairs (T, ®) like ((4),(5). Each c-structuretree
nodeis mappedto a nodein the f-structuregraph
by the function ¢. The mappingis speci ed by f-
annotationsn the grammarrules (belov cateyory
symbolscf. (2)) andlexicon entries(3).*

FP | vpP
(2) ROOT — {T=¢‘T=¢}

NP FP
FP — { (ttoPic) =] 1=

(tcompP* 0BJ) = |

(NP) F
(tsuB) =} t=1
N F { FP | VP }
t=1 t=4 |t=1
VP — (NP) \%4
(tsusJ)=| =1
v oV { NP ‘ FP }
t=1 | (toe) =] |(tcomp) =]
(3) Mary NP (tPRED)="Mary'
(TNUM)=sG
that F
had F (fTNS)=PAST

seen V (TPRED)="se€ (1suBJ) (toBJ) )’
(TASP)=PERF

(tPRED)="think( (tsuBJ) (tcomp) )'
(TTNS)=PAST

(tPRED)="laugh (tsuBJ) )'
(TTNS)=PAST

thoughtV

laughedv

(4) c-structure
RQOT
VP
[ N
NP v
John \( FP
thought F
—

FP
| —
that NP F
| —_—
Mary F VP
had A
\% NP
| L
seen Titanic
(5) f-structure
r PRED  ‘think((tsuBJ) (TCOMP))' b
TNS PAST
PRED  “John'
SuB) NUM  SG
PRED  ‘sed(tsuBJ) (10BJ))'
TNS PAST
ASP PERF
COMP PRED  Mary'
SueJ [NUM SG ]
08 [ PRED Titanic' ]
L NUM  SG 1

4] abbreviatesg(x), i.e., the presentategory's ¢ image;t
abbreiates ¢(M=), i.e., the f-structurecorrespondingo the
presennodes mothercateyory.

The correctf-structurefor a sentenceas the min-
imal model satisfying all properly instantiatedf-
annotations.

In OT-LFG, the universeof possiblecandidates
is de ned by an LFG Gy4is (encodinginviolable
principles,like an X-bar scheme) A particularcan-
didatesetis the setGery, . (®i,) —i.e., the c-/f-
structurepairsin G nyi0r, Which have theinput @,
astheir f-structure.Constraintsaare expressedslo-
cal con gurationsin the c-/f-structurepairs. They
have oneof thefollowing implicationalforms?

6 N = N
S s’
whereN, N' aredescriptionof nonterminalof Ginvior;

S, 8" are standardLFG f-annotationsof constraining
equationswith 1 asthe only f-structuremetavariable.

7) N = N’
_— _—
p M o pl M o

S S’

where N, N, M, M' are descriptionsof nonterminals
of Ginviot; N, N’ referto the motherin a local subtree
con guration, M, M’ refer to the samedaughtercate-
gory; p,p’, 0,0’ areregular expressionsover nontermi-
nals;S, S’ arestandard-annotationsasin (6).

Any of the descriptionscan be maximally unspe-
cic; (6) canfor example be instantiatedby the
OPSPEC constraint(toP)=+ = (DF 1) (an operator
mustbethevalueof a discoursdunction, (Bresnan,
2000))with the cateyory informationunspeci ed.

An OT-LFG systemQ is thus characterizedy
a basegrammarand a set of constraints,with a
language-speci cankingrelation™> ,:

O = (Ginviol, (C,>r)).
The evaluationfunction Eval . .y picks the most
harmonidrom asetof candidateshasecnthecon-
straintsandranking. Thelanguagdsetof analyses)
generatedy anOT systemis de ned as
L(0) = {{T}, ®;) € Ginviol

[3Pin = (T}, ®5) € EvaI(C,>>L)(Gerbinm‘oz((pin))}

4 LFG generation

Our decidability proof for generation-baseap-
timization builds on the result of (Kaplan and
Wedekind, 2000) (K&WO0O0) that LFG generation
producesontet-freelanguages.

Note thatwith GPSG-stylecateyory-level featurepercola-
tion it is possibleto referto ( nitely mary) nonlocalcon gura-
tionsatthelocaltreelevel.

The string languageis obtainedby taking the terminal
string of the c-structurepartof theanalyses.



Given an arbitrary LFG grammarG and a cycle-freef-

structure®, a cfg G’ canbe constructedhat generates

exactly thestringsto which G assignghef-structure®.
| will referto theresultingcfg G’ asKW (G, ®).
K&WO0O0 presenta constructie proof, folding all f-
structuralcontritutions of lexical entriesand LFG
rules into the c-structuralrewrite rules (which is
possiblesincewe know in adwancethe rangeof f-
structuralobjectsthat caninstantiatethe f-structure
meta-\ariablesin the rules). | illustratethe special-
ization stepswith grammar(2) andlexicon (3) and
for generatiorfrom f-structure(5).

®)

Initially, the generalizedformat of right-hand
sidesin LFG rules is converted to the standard
contet-free notation(resolvingregular expressions
by explicit disjunction or recursve rules). F-
structure(b) contains ve substructuresthe root f-
structure plus the embedded-structuresunderthe
pathssuBJ, comP, COMP SUBJ, and COMP OBJ.
Any relevant metavariable (1, |) in the grammar
mustendup instantiatedo oneof these.Sofor each
pathfrom the root f-structure,a distinct variableis
introducedw, subscriptedvith the (abbreiatedand
possiblyempty)featurepath:v, v, ve, Ves, Veo-

Rule augmentatiorstepl addsto eachcateyory
namea concretef-structureto which the categyory
correspondsSofor FB we getFPw, FPw,, FPw,,
FPw.s, and FPw.,. The rules are multiplied out
to cover all combinationsof augmentectatayories
obeying the original f-annotations. Step2 addsa
setof instantiated-annotatiorscheme$o eachsym-
bol, basedntheinstantiatiorof metavariabledrom
stepl. Oneinstanceof thelexicon entry Mary look

asfollows:
@ Neuaf CEIEIMIY Ly

The rules are again multiplied out to cover all
combinationsfor which the set of f-constraints
on the motheris the union of all daughters'f-
constraintsplusthe appropriatelyinstantiatedrule-
speci ¢ annotations. So, for the VP rule based

(ves PRED)="Mary"' } and

on the cateyories NPZ’UCSZ{ (s NUM)=SG

V’:vc:{

VP, — NPwes V0. is allowed, while
VP:w, = NPws V':ve, is excluded,sincethe $=] annotation
of V' in the VP rule (2) enforceshat¢(VP) = ¢(V').

v PRED)="laugh'
g
(ve TNS)=PAST
Ve = V¢

}, we gettherule

(ve SUBJ) = wes
(ves PRED)="Mary'
(ves NUM)=SG
(ve PRED)="laugh’
(ve TNS)=PAST
Ve = Ve

_ . (ve PRED)="laugh’
NP:““:{(UC@,ZRESI)\A_):Nslgry }v’:uc:{ (ve TNS)=PAST
Ve = Ve

VP:w.:

With thisbottom-upconstructiont is ensuredhat
eachnew catggory ROOT:v:{. .. } (correspondingo
the original root symbol) containsa completepos-
sible collectionof instantiated-constraints.To ex-
cludeanalysesvhosef-structureis not @ (for which
we aregeneratingstrings)a new startsymbolis in-
troduced‘above” theoriginal root symbol.Only for
the setsof f-constraintdhathave ® astheir minimal
model, rules of the form ROOT’ — ROOT:v:{...}
are introduced (this also excludes inconsistentf-
constraintsets).

With thecfg KW (G, ®), standardechniquedor
cfg'scanbeapplied,e.qg.,if therearein nitely mary
possibleanalysedor a given f-structure,the small-
estone(s)canbe produced basedon the pumping
lemmafor contet-free languages. Grammar(2)
doesindeedproducen nitely mary analysegor the
input f-structure(5). It overgenerate$n several re-
spects:ThefunctionalprojectionFP canbe stacled
dueto recursiondike the following (with the aug-
mented~Preoccuringn the F’ rules):

(ve PRED)="sed ...)'

(ve TNS)=PAST
(ve SUBJ) = wes

(ve PRED)="seq ...)"
(ve TNS)=PAST
(ve SUBJ) = wes

FPw.:{ (ves PRED)="Mary’ » —F:v.:{ (vcs PRED)="Mary'
(ve OBI) = veo (ve OBI) = veo
(veo PRED)="Titanic' (veo PRED)="Titanic'
Ve = Ve Ve = Ve
(ve PRED)="seq ...)' (ve PRED)="seq ...)'
(ve TNS)=PAST (ve TNS)=PAST
(ve SUBJY) = wes (ve SUBJY) = wes
F'v.:{ (ves PRED)="Mary’ % —Fw.:0 FPv.:{ (vcs PRED)="Mary'

(ve OBI) = veo
(veo PRED)="Titanic'
Ve = Ve

(ve OBJ) = veo

(veo PRED)="Titanic'
Fw.:0 is oneof the augmentedateyorieswe get
for thatin (3),so KW ((2),(5))generateanarbitrary
numberof thats on top of ary FP. A similar repeti-
tion effect will arisefor the auxiliary had® Other
choicedn generatiorarisefrom thefreedomof gen-
eratingthe subjectin the speci er of VP or FP and
from the possibilityof (unboundedjopicalizationof
the object(the rst disjunctionof the FPrule in (2)
8The F° entriesdo not contritute ary PRED value, which

would excludedoublingdueto theinstantiatedsymbolcharac-
ter of PRED values(cf. K&WOQO, fn. 2).



containsa functional-uncertaity equation):

(10) a.  JohnthoughtthatTitanic, Mary hadseen.
b.  Titanic,JohnthoughtthatMary hadseen.

5 LFG generationin OT-LFG

While grammar(2) would be considereddefectie
as a classicalLFG grammay it constitutesa rea-
sonablexampleof a candidategeneratiorgrammar
(Ginwiot) In OT. Here, it is the OT constraintsthat
enforcelanguage-speci cestrictionsso G i has
to ensurethat all candidatesare generatedn the
rst place.For instancegxpletive elementsasdoin
Whodo you knowwill ariseby passinga recursion
in the cfg constructedduring generation.A candi-
date containingsucha vacuouscycle can still be-
comethewinnerof the OT competitionif the Faith-
fulnessconstraintpunishingexpletivesis outranlked
by someconstraintfavoring an aspectf the recur
sive structure.Sotheharmoty is increasedy going
throughthe recursiona certainnumberof times. It
is for this very reasonthatWhodo youknowis pre-

dictedto be grammaticaln English.

So, in OT-LFG it is not sufcient to apply just
the KW construction] useanadditionalstep:prior
to applicationof KW, the LFG grammarG ;,yior IS
corvertedto a differentform O¢ (G invior) (depend-
ing on the constraintsetC), which is still anLFG
grammarbut hascateyory symbolswhichre ect lo-
cal constraintviolations. Whenthe KW construc-
tion is appliedto O¢ (Ginvior ), &ll “pumping” struc-
turesgeneratedy the cfg KW (O¢ (G inviot), Pin)
canindeedbe ignoredsinceall OT-relevant candi-
datesarealreadycontainedn the nite setof non-
recursve structures. So, nally the rankingof the
constraintgs takeninto consideratiorin orderto de-
terminethe harmoly of the candidatesn this nite
subset.

6 The corversion O¢ (G inviol)

Preprocessing Like K&WOO, | assumean initial

corversionof the c-structurepartof rulesinto stan-
dardcontet-free form, i.e., theright-handsideis a
cateory stringratherthanaregularexpressionThis
ensureshatfor agivenlocal subtreegachconstraint
(of form (6) or (7)) canbeappliedonly a nite num-
berof times:if [ is thearity of thelongestright-hand

side of a rule, the maximal numberof local viola-
tionsis | (sincesomeconstraintof type (7) canbe
instantiatedo all daughters).

Grammar conversion With thenumberof localvi-

olationsboundedwe canencodeall candidatedis-

tinctionswith respecto constraintviolationsat the
local-subtreelevel with nite means: The set of

cateyoriesin the newly constructed.FG grammar
Oc(Ginviot) 1s the nite set

(11) Nog(Ginyn: thesetof catggoriesin Oc(Ginvior)

{N:(n*,n? n®.. . nk)
N anonterminakymbolof G..vior,
k thesizeof theconstraintsetC,
0<n' <,
I thearity of thelongestrhsin rulesof G invior }

Therulesin O¢(Ginvior) areconstructedn sucha
way thatfor eachrule

Xo—)Xl. . .Xm
T Tn

in Giwiq and each sequence (n},n3...n§),

0 < n} <1, all rulesof theform

Xo:{nd, nd ... nf)=X1:(nt ... a8 Xpinl, ... nk),
' Ty T,
0<n; <1

areincludedsuchthatn} (the numberof violations
of constraintC” incurredlocal to the rule) andthe
f-annotationdl] ... T} arespeci edasfollows:
NI
s’] :
any=0,T;=T; (1<j<m)
if Xo doesnot matchthe conditionV;
b.nh =0T =T1A-S; T, =T; (2<j <m)
if Xo matchesVv;
c.nb=0T{ =Ty ASAS T} =T; (2 < j <m)
if Xo matchesoth N andN’;
d np=1Ti=T1AS;Tj =T; (2<j <m)
if Xo matchesV but not N’;
e.ny=LTI=T1 ASA-ST;=T; (2<j<m)
if Xo matchesoth N andN’;

(12) for C' of form (6) [g’ =

N = N’
(13) for C* of form (7) {p Mo p' M o
S

SI

anyg=0,Tj=T;(1<j<m)
if Xo doesnot matchthe conditionV;
b. np = Sdji Tj=6(T3,5,5) (1< j <m),

j=1
where



i d;j =0; 8(T,S,8) =1T;
if X; doesnotmatchM, or X
or X;41 ... Xy, donotmatcho;

...X;j_1 donotmatchp,

i. dj =0; 6(T3,5,8)=T; ASAS
if Xo matchesboth N and N’; X; matchesboth M and
M'; Xy ...X;—1 matchp andp’; X;j41 ... X, matche
ando’;

ii. d; =0; §(15,5,8")=T; A—=S
if Xo matchesboth N and N’; X; matcheshoth M and
M'; X1 ... Xj—1 matchp andp’; X;j41 ... X, matcho
ando’;

iv. dj =1; §(T;,5,8)=T; AS
if Xo matchesV, X; matchesM, X; ...X;_1 matchp,
Xjt+1 ... X, matcho, but (at least) one of them does
not matchthe respectre descriptionin the consequent
(N’7Ml7p’10");

v. dj =1; §(T3,8,8)=T; ASA-S
if Xo matchesboth N and N’; X; matcheshoth M and

M’ )51 ...X;j_1 matchp andp’; X;11 ...X,, matcho
ando’.

Note that the constraintpro le of the daughter
cateyories doesnot play ary role in the determi-
nation of constraintviolations local to the subtree
underconsideratior(only the sequences}, arere-
strictedby the conditions(12) and(13)). Sofor each
new ruletype,all combination®f constrainpro les
onthedaughtersreconstructedcreatingalarge but
nite numberof rules)? This ensureghat no sen-
tencethatcanbe parsedor generatedby G inyior iS
excludedfrom O¢ (G'invior) (asstatedoy fact(14)):10
(14) Coverage presereration

All stringsgeneratedy anLFG grammarG arealsogen-
eratedby O¢ (G).

Theoriginal G analysiscanberecoseredfrom an
O¢(@G) analysisby applying a projectionfunction
Catto all c-structurecatgories:

CafN:(nl,n?...nf)) =N
for every catgory in Mo, ;... (11)

°For onerule/constraincombinationseveral new rulescan
result;e.qg.,if theright-handsideof arule (Xo) matchesdoththe
anteceden{N) andthe consequen{N’) catejory description
of a constraintof form (6), threeclausesapply: (12b), (12c¢),
and(12d). So, we gettwo new ruleswith the countof 0 local
violationsof the constraintandtwo ruleswith countl, with a
differencein thef-annotations.

praviding all possiblecombination®f augmentedateyory
symbolson theright-handrule sidesin O¢ (G) ensureghatthe
newly constructedulescanbereachedrom therootsymbolin
aderiation. It is alsoguaranteedhatwheneerarule R in G
contributesto an analysis,at leastone of the rulesconstructed
from R will contrituteto thecorrespondingnalysisn O¢ (G).
This is ensurecdsincethe subclause# (12) and(13) cover the
full spaceof logical possibilities.

We canoverloadthefunctionnameCat with afunc-
tion applyingto the setof analysegproducedoy an
LFG grammarG by de ning

Ca(G) = {(T, @) | (T",®) € G, T is derved from T' by
applyingCatto all catgory symbols}.

Coveragepreseration of the O¢ constructiorholds
alsofor the projectedc-catgory skeleton(cf. thear
gumentationn fn. 10):

(15) C-structue level coverage preservation
ForanLFG grammarG: Cat(O¢(G)) = G

Eachcategyory in O¢(G) encodeghe numberof
local violations for all constraints. Sinceall con-
straintsarelocally evaluableby assumptionall con-
straintsviolated by a candidateanalysishave to be
incurred local to some subtree. Hencethe total
numberof constraintviolationsincurredby a can-
didatecanbe computedby simply summingover all
category-encodedocal violation pro les:

(16) Total numberof constaint violations
Let NodegT') be the multisetof categyoriesoccurringin
the c-structuretree T', then the total numberof viola-

tions of constraintC* incurredby an analysis(T, ®) €
OC (Ginuiul) is

(1) = ¢
#C( ) Z]V:(...ni...)E]\’ades(T)’n

De ne
Totale (T) = (#Cl (T)a :#:C2 (T)a .. :#C"c (T))

7 Applying KW on O¢(Ginviol)

SinceO¢ (G invior) IS a standard.FG grammay we
can apply the KW constructionto it to get a cfg
for a given f-structure®,;,. The catgyory symbols
thenhave theform X:(n!, ..., n*):w:D, with v and
D arisingfrom the KW construction We canover-
load the projection function Cat again such that
Cat(u:v:w:z) = u for all augmentedtateyory sym-
bol of thenew format; likewise Cat(G) for G acfg.

Since the O¢ construction(strongly) preseres
thelanguagegeneratedgoveragepreserationholds
alsoaftertheapplicationof KW to O¢ (G invior) @and
Ginviol: ESpECHely:

17) Cat(KW(Oc (va,‘al), ‘I‘m)) =
Cat(KW(Ginm'ol, (Pzn))

But sincethesymbolsin O¢ (G nvi01) re ect local
constraintviolations, Cat{ KW (O¢ (G inviot), ®in))
hasthe propertythatall instance®f recussionin the



resultingcfg createcandidateshat are at mostas
harmonicas their non-recussive counterparts As-
suminga projectionfunction CatCountu:v:w:z) =
u.v, we canstatemoreformally:

(18) If Ty andT» areCatCountprojectionsof treesproduced
by the cfg KW (Oc(Ginviot), ®in), Using exactly the
samerules,and T containsa supersebf the nodesthat
T containsthen
ni < ny, forallni,n (i=1..k)
from (n}...ni ... n¥) = Total (T1),
and(n} ...n} ... nk) = Totale(12).

This fact follows from de nition of Total (16): the

violation countsin the additionalnodesin 7% will

addto thetotal of constraintviolations(andif none
of theadditionalnodescontainsary local constraint
violation at all, the total will bethe sameasin Tt).

Intuitively, the effect of theaugmentatiomf the cat-

egory format is that certainrecursionsin the pure

KW construction(which one may think of as a

loop) are unfolded, leadingto a longerloop. The

new loop is sufciently large to make all relevant
distinctions.

Thisresultcanbedirectly exploitedin processing:
if all non-recursie analysesregeneratedof which
thereareonly nitely mary) it is guaranteedhata
subsetof the optimal candidatess amongthem. If
the grammardoesnot containary violation-freere-
cursion,we even know that we have generatedll
optimalcandidates.

(19) A recursionwith the dervationpathA = ... = Ais

called violation-free iff all catgyoriesdominatedby the

upperoccurrenceof A, but not dominatedby the lower

occurrencef A havetheform N : (n!,n? ... n*) with

n'=0,i=1.k

Notethatif thereis anapplicableviolation-freere-
cursion,the setof optimal candidatess in nite; so
if the constraintsetis setup properlyin a linguis-
tic analysis,one would assumethat violation-free
recursionshouldnot arise. (Kuhn, 2000) excludes
the applicationof suchrecursiongdy a similar con-
dition asofine parsability (which excludesvacu-
ousrecursionsver astringin parsing) but with the
KW construction,this condition is not necessary
for decidabilityof thegeneration-baseaptimization
task. Thecfg producedby KW canbetransformed
furtherto only generatethe optimal candidatesac-
cordingto theconstraintranking>> . of the OT sys-
temO = (Ginviol, (C,>r)), eliminatingall but the
violation-freerecursionsn thegrammar:

(20) Creatinga cfgthat producesall optimalcandidates
a.De ne
Tort = {T € KW (Oc(Ginviol), ®in) | T containsno
recursion}.
qu‘i’f is nite and can be easily computed,by keeping
trackof therulesalreadyusedin ananalysis.

b. Rede neEval¢ . to applyon asetof contet-free
analyseswith augmentectategory symbolswith counts
of local constraintviolations:

Evalc s .y (7) = {T € T | T is maximally harmonic
in 7, underranking>> }

Using the function Total de ned in (16), this functionis
straightforvardto computefor nite sets,i.e.,in particu-
lar Evale,» ) (T3.").

c. Augmentthe categyory format further by one index
component? Introduceindex h =0 for all categoriesin
KW (0c¢(Ginviot), ®in) of theform X:(n', ... n*):w:D,
wheren’ = 0 for ¢ = 1..k. Introducea new uniquein-
dex h > 1 for eachnodeof theform X:(n',...n*):w:D,
wheren’ # 0 for somen’ (1 < i < k) occurringin the
analyse€valc s .y (Tay) (i.e., differentoccurrencesf
the samecategory aredistinguished).

d. Constructhecfg

G3, = (N&,.T5, .S, R3.),
where NgT, Tg" are the indexed symbolsof stepc.;
S$. is anew startsymbol; the rules Rg” are (i) those
rulesfrom KW (O¢(Ginviot), ®in) Which were usedin
the analysesin Evale, s .)(Ts. ) — with the original
symbols replacedby the indexed symbols—, (ii) the
rulesin KW (Oc(Glinviot), ®in), in which the mother
catggory and all daughtercateyories are of the form
X:{n',...n*)w:D, n* = 0 for ¢ = 1.k (with the new
index 0 added),and (iii) onerule S§T —S;:h for each
of the indexed versionsS;:h of the start symbols of
KW (Oc(Ginviot), ®in)-

With the index introducedin step(20c), the origi-
nal recursionin the cfg is eliminatedin all but the
violation-freecases.The grammarCat(G$T) pro-
duces(the c-structureof) the setof optimal candi-
datesfor theinput ®;,,:12

(21) Cay(GgT) =
{T'| (T, ®in) € Evale s ) (Gerg,,,., (Pin)) },
i.e., the setof c-structuredor the optimal candidategor
input f-structure®;,, accordingto the OT systemQ =
(Ginvioly (C; >>L>)

"The projectionfunction Cat is againoverloadedo alsore-
move theindex onthecateyories.

2l ike K&WO0O0, | make the assumptionthat the input f-
structurein generatioris fully speci ed(i.e.,all the candidates
have theform (T, ®;,)), but theresultcanbeextendedo allow
for the additionof a nite amountof f-structureinformationin
generation.Then,the speci ed routineis computedseparately
for eachpossiblef-structuralextensionandtheresultsarecom-
paredin theend.



8 Proof

To prove fact(21) we will shav thatthe c-structure
of an arbitrary candidateanalysisgeneratedrom
®in With Ginyier is containedin Cat(Gg™) iff all
othercandidatesreequallyor lessharmonic.

Take an arbitrary candidatec-structureT gen-
erated from ®;, with G.iq Such that T €
Cat{GZ"). We have to shaw thatall other candi-
datesT” generatedrom ®;,, areequallyor lesshar
monicthanT. AssumetherewereaT" thatis more
harmonicthanT. Thenthere mustbe somecon-
straintC* € C, suchthatT” violatesC® fewer times
thanT does,andC" is ranked higherthanary other
constrainin whichT and7” differ. Constrainthave
to beincurredwithin somelocal subtreesoT” must
containa local violation con guration that7”’ does
not contain, and by the construction(12)/(13) the
Oc-augmentednalysisof 7' — call it O¢(T') — must
malke useof someviolation-marled rule not usedin
Oc(T"). Now therearethreepossibilities:

(i) Both O¢(T") and O¢(T") are free of recursion.
ThenthefactthatOc(7") avoidsthehighest-ranking
constrainviolation excludesI” from Cat(G$™) (by
constructiorstep(20b)). This givesus a contradic-
tion with ourassumption.

(i) Oc(T) containsa recursionand O¢(T") is free
of recursion.If therecursionin O¢(T') is violation-
free, then thereis an equally harmonicrecursion-
free candidateT”. But this T” is also less har
monicthanO¢(T"), suchthatit would have beenex-
cludedfrom Ca{G$”) too. This againmeansthat
Oc¢(T') would also be excluded(for lack of therel-
evantrulesin the non-recursie part). On the other
hand.,if it weretherecursionn O¢(T') thatincurred
the additional violation (as comparedto O¢(7")),
thentherewould bea moreharmonicrecursion-free
candidateT”’. However, this 7" would exclude
thepresencef O¢(T') in G by constructiorstep
(20c,d) (only violation-free recursionis possible).
So we get anothercontradictionto the assumption
thatT € Ca{GST).

(iii) Oc(T") containsa recursion. If this recursion
is violation-free,we canpick the equally harmonic
candidateavoiding the recursionto be our O¢(T"),
andwe arebackto case(i) and(ii). Likewise,if the
recursionin O¢(T") doesincur someviolation, not
usingtherecursionleadsto an even moreharmonic

candidatefor which againcasedi) and(ii) will ap-
ply.

All possiblecasedeadto a contradictionwith the
assumptionssono candidatdés moreharmonicthan
ourT € Ca{GgT).

We still have to prove thatif thec-structurel” of a
candidateanalysisgeneratedrom @, with G,yiol
is equally or more harmonicthan all other candi-
dates,thenit is containedin Ca(G$"). We can
constructan augmentedrersionT” of T', suchthat
Cat(T") = T andthenshaw thatthereis a homo-
morphismmappingT” to someanalysisT” € Gg*
with Cat(7T") = T.

We canusethe constraintmarkingconstructionO¢
andthe KW constructionto constructthe tree 7"
with augmentedcategory symbolsof the analysis
T. Theresultof K&WOO plus (17) guaranteghat
Caf(T') = T. Now, there hasto be a homo-
morphismfrom the cateyoriesin T’ to the cate-
goriesof someanalysisn G¢T. G§T is alsobased
on KW (G inviot, Pin) (with an add|t|onallnde< h
on eachcatejory and somecatayoriesandrules of
KW (Ginviol, ®in) having no counterpartn G97).
Sincewe know thatT is equallyor moreharmonic
than ary other candidategeneratedrom ®;,, we
know thatthe augmentedreeT” eithercontainsno
recursionor only violation-freerecursion.If it does
contain suchviolation-free recursionswe map all
categories N on the recursionpathsto the indexed
form N:0, and furthermoreconsiderthe variant of
T' avoidingtherecursion(s)For our (non-recursie)
tree, thereis guaranteedo be a counterparin the
nite setof non-recursie treesin GOT with all cat-
egorlespalrW|se|dent|calapartfrom theindex A in
G og_ We pick this treeand map eachof the cate-
goriesin T' to the h-indexed counterpartThe exis-
tenceof thishomomorphisnguaranteethatananal-
ysisT" € GT existswith Cat(T") = Cat(T") =
T. QED

9 Conclusion

We shaved that for OT-LFG systemsin which all
constraintcanbe expressedelative to a local sub-
treein c-structure,the generationtask from (non-
cyclictd) f-structuresis solvable. The in nity of

3The non-grclicity conditionis inheritedfrom K&WOO; in
linguisticallymotivatedapplicationf theLFG formalism,cru-



the conceptuallyunderlyingcandidateset doesnot

precludea computationalapproach. It is obvious

thatthe constructiorproposecherehasthe purpose
of bringing out the principled computability rather
than suggestinga particular algorithm for imple-

mentation. However on this basis,an implementa-
tion canbe easilydevised.

The locality condition on constraint-checkm
seemainproblematidor linguistically relevantcon-
straints,sincea GPSG-styleslashmechanisnper
mits referenceto ( nitely mary) nonlocalcon gu-
rationsfrom ary givencategory (cf. fn. 5).14

Decidability of generation-basedptimization
(from a given input f-structure)alonedoesnot im-
ply thatthe recognitionandparsingtasksfor an OT
grammarsystemde ned asin sec.3 aredecidable:
for thesetasks, a string is given and it hasto be
shawvn thatthe stringis optimalfor someunderlying
input f-structure(cf. (Johnson1998)). However, a
similar constructionas the one presentechere can
be devisedfor parsing-basedptimization(evenfor
anLFG-stylegrammarthatdoesnotobey theof ine
parsabilitycondition).So, if thelanguagegenerated
by an OT systemis de ned basedon (strong)bidi-
rectionaloptimality (Kuhn, 2001,ch. 5), decidabil-
ity of boththe generaparsingandgeneratiorprob-
lem follows® For the unidirectionallyde ned OT
language(asin sec.3), decidability of parsingcan
be guaranteedinderthe assumptiorof a contectual
recoverability conditionin parsing(Kuhn,in prepa-
ration).
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