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Abstract

GeneralizedVultitext Grammar(GMTG) is a syn-
chronouggrammarformalismthatis weakly equi-
alent to Linear Contet-Free Rewriting Systems
(LCFRS),but retainsmuchof thenotationalandin-
tuitive simplicity of Context-FreeGrammarnCFG).
GMTG allows both synchronousand independent
rewriting. Such e xibility facilitatesmore perspic-
uousmodelingof paralleltext thanwhatis possible
with othersynchronougormalisms. This paperin-
vestigateshegeneratie capacityof GMTG, proves
that eachcomponengrammarof a GMTG retains
its generatie powver, andproposes generalization
of Chomsk Normal Form, which is necessaryor
synchronou€KY-style parsing.

1 Intr oduction

Synchronousgrammarshave been proposedfor
the formal descriptionof paralleltexts representing
translationsof the samedocument. As shawvn by
Melamed(2003),a plausiblemodelof paralleltext
mustbe ableto expressdiscontinuougsonstituents.
Sincelinguistic expressionsan vanishin transla-
tion, a good model must be able to expressinde-
pendentin additionto synchronousjewriting. In-
version TransductionGrammar(ITG) (Wu, 1997)
and Syntax-DirectedTranslationSchema(SDTS)
(Aho and Ullman, 1969) lack both of theseprop-
erties. SynchronousTree Adjoining Grammar
(STAG) (Shieber1994)lacksthe latter and allows
only limited discontinuitiesn eachtree.
GeneralizedMultitext Grammar(GMTG) offers
a way to synchronizeMildly Contet-Sensitve
Grammar (MCSG), while satisfying both of the
above criteria. The move to MCSG is motivated
by our desireto more perspicuouslyaccountfor
certainsyntacticphenomendhat cannotbe easily
capturedby contet-free grammars,suchas clitic
climbing, extraposition, and other types of long-
distancemaovement(Becler et al., 1991). On the
otherhand,MCSG still obseres somerestrictions
thatmale the setof languagest generatesessex-
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pensve to analyzethanthe languagegeneratedy
(properly)contet-sensitve formalisms.

More technically our proposalstartsfrom Mul-
titext Grammar(MTG), a formalism for synchro-
nizing context-free grammargecentlyproposedy
Melamed(2003). In MTG, synchronousewriting
is implementedby meansof an indexing relation
thatis maintainedver occurrencesf nonterminals
in a sententiaform, usingessentiallythe samema-
chineryas SDTS. Unlike SDTS,MTG canextend
the dimensionalityof the translationrelation be-
yondtwo, andit canimplementindependentewrit-
ing by meansof partial deletionof syntacticstruc-
tures. Our proposalgeneralizesMTG by maoving
from componentgrammarsthat generatecontext-
freelanguageso componengrammarsvhosegen-
eratve power is equivalentto Linear Contet-Free
Rewriting Systems(LCFRS), a formalism for de-
scribing a classof MCSGs. The generalizations
achieed by allowing context-free productionsto
rewrite tuplesof strings,ratherthansingle strings.
Thus,we retaintheintuitive top-davn de nition of
synchronouslerivationoriginalin SDTSandMTG
but not foundin LCFRS,while extendingthe gen-
eratve power to linear context-free rewriting lan-
guages. In this respect, GMTG hasalso beenin-
spired by the classof Local UnorderedScattered
Context GrammargRambaev and Satta,1999). A
syntacticallyvery differentsynchronougormalism
involving LCFRS has beenpresentecby Bertsch
andNederhof(2001).

This paperbeginswith aninformal descriptiorof
GMTG. It continueswith an investigationof this
formalisms generatie capacity Next, we prove
thatin GMTG eachcomponengrammarretainsits
generatie power, a requirementfor synchronous
formalismsthat Rambav and Satta(1996) called
the “weak languagepreseration property’ Lastly;
we proposea synchronougieneralizatiorof Chom-
sky Normal Form, which lays the groundverk for
synchronougarsingunder GMTG using a CKY-
stylealgorithm(Youngey 1967;Melamed,2004).



2 Informal Description and Comparisons

GMTG is a generalizatiorof MTG, which is itself
a generalizatiorof CFG to the synchronousase.
Herewe presenMTG in anew notationthatshaws
therelationto CFG moreclearly For example,the
following MTG productionsangeneratéhe multi-
text [(I fedthecal), (ya kotakormil)]:1

[(S).(S) — [(PN'VP?),(PN'VP?)] (1)
[(PN), (PN)] = [(1), (ya)] ()
[(VP),(VP)] — [(VINP?),(NPVI)]  (3)

[(V), (V)] — [(fed),(kOlel)] (4)
[(NP), (NP)] = [(D'N?), (N?)] (5)

[(D),0] — [(the), ()] (6)

[(N),(N)] = [(ca), (kota)] (7)

Each productionin this example has two com-
ponents,the rst modeling English and the sec-
ond (transliteratedRussian Nonterminalswith the
samendex mustberewrittentogethersynchronous
rewriting). One strengthof MTG, and thus also
GMTG, is shawvn in Productiong5) and(6). There
is a determinerin English, but not in Russian,so
Production(5) doesnot have the nonterminalD in
the Russiancomponentand(6) appliesonly to the
English component(independentewriting). For-
malismsthatdo notallow independentewriting re-
quire a correspondingD to appearin the second
componenbntheright-handside(RHS)of Produc-
tion (5), andthis D would eventually generatehe
empty string. This approachhasthe disadantage
thatit introducesspuriousambiguity aboutthe po-
sition of the “empty” nonterminalwith respectto
the othernonterminalsn its component.Spurious
ambiguityleadsto wastedeffort during parsing.

GMTG's implementatiorof independentewrit-
ing throughthe emptytuple () senesa very differ-
ent function from the empty string. Considerthe
following GMTG:

[(5):(5)] = [(a), (e)] (8)
[(8),(8)] — [(X), (¥?)] 9)
[(X), 01 = (0,01 [ [(¢),0] | [(4),0] (10)
[0, = [0: ()] 1 {0, (N 110:(9)] (A1)

Production(8) assertsthat symbol a vanishesin
translation ts applicationremovesbothof thenon-
terminalson the left-handside (LHS), pre-empting
ary otherproduction. In contrast,Production(9)

T\We write production components both side by side and one
above another to save space, but each component is always in
parentheses.

explicitly relaxesthe synchronizatiorconstraintso
thatthe two componentzanbe rewritten indepen-
dently The othersix productionsmake assertions
aboutonly one componeniand are agnosticabout
the other component. Incidentally generatingthe
samelanguagewith only fully synchronizedpro-
ductionswould raisethe numberof requiredpro-
ductionsto 11, soindependentewriting alsohelps
to reducegrammarsize.

Independentewriting is also useful for model-
ing paraphrasing.Take, for example,[(Tim got a
pink slip), (Tim got laid off)]. While the two sen-
tenceshave the samemeaning,the objectsof their
verbphrasesrestructuredvery differently GMTG
canexpressheirrelationshipsasfollows:

[(S),(9] — [(NP'VP?),(NP'VP?)]  (12)
[(VP), (VP)] — [(VINP?),(V'PP)] (13)
[(NP), (PP] — [(DT'A% N?), (VB R%)] (14)
[(NP), (NP)] = [(Tim), ('Tim)] (15)

[(V),(M)] = [(g09), (got)] (16)

(BT, 01 = [(@&,0] (17)

[(A), 0] = [(pink), ()] (18)

[(N), O] —[(slip), ()] (19)

[0:(VvB)] = [0, (laid)] (20)

[0, (R)] = [0, (off)] (21)

As describedy Melamed(2003),MTG requires
productioncomponent$o be contiguousexceptaf-
ter binarization. GMTG removes this restriction.
Take, for example,the sentencepair [(The doctor
treatshisteeth, (El médicole examinolos diente3]
(DrasandBleam,2000). The Spanishclitic le and
the NP los dientesshouldboth be pairedwith the
EnglishNP his teeth giving riseto a discontinuous
constituentin the Spanishcomponent. A GMTG
fragmentfor the sentencés shawvn below:

[(S):(9)] — [(NP'VP?), (NP'VP?)]
[(VP),(VP)] — [(VINP?),(NP*VINP?)]
[(NP), (NP)] — [(Thedocto), (El médico)]

[(V), (V)] — [(treats, (examino)]

[(NP), (NP,NP)] — [(histeeth, (le, los dienteg]

Note the discontinuitybetweenle andlos dientes
Suchdiscontinuitiesaremarkedby commason both
theLHS andthe RHS of therelevantcomponent.
GMTG's exibility allows it to dealwith mary
complex syntactic phenomena. For example,
Becler et al. (1991) point out that TAG doesnot
have the generatie capacityto modelcertainkinds
of scramblingin German,whenthe so-called‘co-
occurrenceconstraint” is imposed, requiring the



derivational pairing betweenverbsand their com-
plements. They examinethe English/Germarsen-
tencefragment](... that the detectivehaspromised
the client to indict the suspectof the crime), (...
daRdesVerbrechensder DetektivdenVerdachtigen
demKlientenzuiberfihrenversprochenhat)]. The
verbs verspiochen and Uberfihren both have two
nounphrasessarguments.In Germanthesenoun
phrasescan appearto the left of the verbsin ary
order The following is a GMTG fragmentfor the
abo/e sentenceair’:

. -3
(N%,, haspromised\?,,..S)

(5)]

= . ) .

[(S) (&'NL,$'N2,,. S'versprochemat
(S (toindict N, .. N?

. suspect crime)

[(é, S )] 7 [(N%erb,vam, zutberfihren

The discontinuitiesallow the noun agumentsof
verspiochento beplacedin ary orderwith thenoun
agumentsof Ubertihren Rambav (1995)givesa
similaranalysis.

3 Formal De nitions

Let Vv bea nite setof nonterminalsymbolsand
let Z be the setof integers® We de ne Z(Vy) =
{A®) | A € Vy, t € Z}.* Elementsof Z(Vy)
will be called indexed nonterminal symbols In
whatfollows we alsoconsidera nite setof termi-
nal symbolsVp, disjoint from V, andwork with
stringsin V;*, whereV; = Z(Vy)UVr. Fory € V',
wede neindex(y) = {t | v =~y AW4" " €
vy, AW € T(Vy)}, i.e. thesetof indexesthatap-
pearin -.

An indexedtuple vector, or ITV, is a vectorof
tuplesof stringsover V;, having theform

¥ = [M--s7a)s---5 (D1, - -+ TDgp )]
whereD > 1,¢; > 0andy;; € Vi forl <i < D,
1 <j <g;. Wewrite7[i], 1 <14 < D, todenotethe
i-th componenbdf 7 and(7[i]) to denotethe arity
of sucha tuple, which is ¢;. Whenp(7[i]) = 0,
(4] is the emptytuple, written (). This shouldnot
be confusedwith (¢), thatis the tuple of arity one
containingtheemptystring. A link isanITV where

These are only a small subset of the necessary productions.
The subscripts on the nonterminals indicate what terminals they
will eventually yield; the terminal productions have been left
out to save space.

3Any other infinite set of indexes would suit too.

“The parentheses around indexes distinguish them from
other uses of superscripts in formal language theory. However,
we shall omit the parentheses when the context is unambigu-
ous.

] (23)

eachny;; consistof oneindexednonterminakndall
of thesenonterminalsare coindexed. As we shall
see,the notion of a link generalizeghe notion of
nonterminalin contet-free grammars: each pro-
ductionrewritesa singlelink.

De nition 1 Let D > 1 be someinteger con-
stant. A generalizedmultitext grammar with D
dimensiong D-GMTG for short) is a tuple G =
(Vn, Vi, P, S) whee Vy, Vr are nite, disjointsets
of nonterminaland terminal symbolsrespectively
S € Vy isthestartsymboland P is a nite setof

productions.Ead productionhastheforma — £,

(22) whee @ is a D-dimensionallink and 3 is a D-

dimensionall TV sud that p(afi]) = ¢(B[i]) for
1 < < D. If afi] containsS, theny(ali]) = 1.

We omit symbol D from D-GMTG wheneer it is
not relevant. To simplify notation, we write pro-
ductionsasp = |[p1,...,pp|, With eachp; =
(Aila - aAiqi) — (ail, ceey aiqi)’ Ai]’ € Vn. lLe.
we omit the uniqueindex appearingon the LHS of
p. Eachp; is calleda production component The
productioncomponent) — () is calledtheinactive
productioncomponent.All other productioncom-
ponentsare called active and we setactive(p) =
{# | ¢ > 0}. Inactive productioncomponentsre
usedo relaxsynchronousewriting onsomedimen-
sions thatis to implementrewriting ond < D com-
ponents.Whend = 1, rewriting is licensedon one
componentindependentlyf all the others.

Two grammarparameterplay animportantrole
in this paper Letp = [p1,...,pp] € P andp; =
(A’ila s 3Aiq1') — (a’ﬂa LR aqu)

De nition 2 The rank p of a production p is
the number of links on its RHS: p(p) =
lindex(aiy - -+ a1g, 001 -+ - apg,, ). Therank of a
GMTGG is p(G) = maxpep p(P).

De nition 3 Thefan-out of p;, p and G are, re-

spectively o(p;) = ¢, ¢(B) = 22, o(pi) and
¢(G) = maxpep (P).

For example therankof Production(23)is two and
its fan-outis four.

In GMTG, the derwves relation is de ned over
ITVs. GMTG derivation proceedsy synchronous
applicationof all the actve componentsn some
production.Theindexed nonterminalgo be rewrit-
tensimultaneouslynustall have the sameindex ¢,
andall nonterminalsndexedwith ¢ in the TV must
be rewritten simultaneouslySomeadditionalnota-
tion will help us to de ne rewriting precisely A
reindexing is a one-to-onefunction on Z, andis
extendedto V; by letting f(a) = a fora € Vp



and f(A®) = AU®) for A® ¢ TZ(Vy). We
also extend f to stringsin V;* analogously We
saythata, o/ € V;* areindependentif index(a) N
index(a/) = 0.

De nition 4 Let G = (Vn,Vp,P,S) be a

D-GMTGandletp = [p1,...,pp] Withp € P

andpi = (Aﬂ, B aAiqi) — (ail, ceny aiqi)- Let
7 andd betwo ITVswith ¥[i] = (yi1, - - ., 7ig;) @nd
0fd] = (6i1,. .-, dig;). Assumehat « is somecon-
catenationof all «;; andthaty is someconcatena-
tionofall v;;,1 <% <D, 1< j<g,andlet f be
somereindeing sud that strings f(a) and~y are

independent.The derivesrelationy =¥, § holds
wheneer there existsanindex t € Z sud thatthe
following two conditionsare satis ed:

(i) for eadhi € active(p) wehave

t t t
it Yigg = Yo AL AY - -75(,,-71145(,3%’-%

sut thatt ¢ index(vp7i; -+ ;) @ndeadh
d;; is obtainedfrom-y;; by replacingead AS?

(i) foreadi ¢ active(p) wehave
t & index(7y;1 -+ 7ig;) @andF[i] = d]z].

We generalizethe =7, relationto = and=, in
theusualway; to representlerivations.

We can now introducethe notion of generated
language(or generatedrelation). A start link
of a D-GMTG is a D-dimensionallink where at
least one componentis (S(Y)), S the start sym-
bol, andthe restof the componentsre (). Thus,
there are 2P — 1 start links. The language
generatedoy a D-GMTG G is L(G) = {7, |
7,5' :>*G Twa 75’ aStartIink’ iw[z] = ()Oriw[z] =
(wi) withw; € V1 < ¢ < D}. EachITV in
L(G) is calledamultitext. For every D-GMTG G,
L(G) canbe partitionedinto 2° — 1 subsetseach
containingmultitexts derived from a differentstart
link. Thesesubsetsare disjoint, since every non-
emptytuple of astartlink is eventuallyrewritten as
astring, eitheremptyor not>

A start production is a productionwhoseLHS
is astartlink. A GMTG writer canchoosehecom-
binationsof componentsn which thegrammarcan
generateby includingstartproductionswith thede-
siredcombination®f actve componentslf agram-
mar containsno start productionswith a certain
combinationof actve componentsthenthe corre-
spondingsubsetof L(G) will be empty Allow-
ing a single GMTG G to generatemultitexts with

SWe are assuming that there are no useless nonterminals.

someempty tuples correspondgo modelingrela-
tions of differentdimensionalities.This capability
enablesa synchronouggrammarto govern lower-
dimensionalsublanguages/traiaions. For exam-
ple, an English/ItalianGMTG caninclude Produc-
tion (9), an English CFG, and an Italian CFG. A
single GMTG can then govern both translingual
and monolingualinformationin applications.Fur
thermore,this capability simpli es the normaliza-
tion proceduredescribedn Section6. Otherwise,
this proceduravould requireexceptionsgo be made
wheneliminatingepsilonsrom startproductions.

4 Generative Capacity

In this sectionwe comparethe generatie capac-
ity of GMTG with that of mildly context-sensitve
grammars. We focus on LCFRS, using the no-
tational variant introducedby Rambav and Satta
(1999),brie y summarizedelon. Throughouthis
section,stringsw € V; and vectorsof the form
[(w)] will beidenti ed. For lack of space,some
proofsareonly sketched,or entirely omittedwhen
relatively intuitive: Melamedet al. (2004)provide
moredetails.

Let Vr be someterminalalphabet.A functiong
hasrankr > 0 if it is de ned on (V)71 x (V)72 x
oo x (V)Ir, forintegersf; > 1,1 < i < r. Also,
g hasfan-outf > 1if itsrangeis asubseof (V;)7.
Letyh,IL‘ij,]_Sth,l SZSTandISjS
fi, be string-\aluedvariables.Functiong is linear
regular if it is de ned by anequationof theform

911, s T1py )y ey @1y Zrg,)

where(yy, ..., yy) representsomegroupinginto f

stringsof all andonly thevariablesappearingn the

left-handside,possiblywith someadditionaltermi-

nalsymbols.(Symbolsp, ¢ and=-¢ areoverloaded
below.)

De nition 5 A Linear Context-Free Rewrit-
ing System (LCFRS) is a quadruple
G = (Vn,Vp,P,S) whee Vy, Vp and S are
as in GMTGs, every A € Vy is associated
with an integer ¢(4) > 1 with ¢(S) = 1,
and P is a nite setof productionsof the form
A — g(Bi,By,...,Byqg), Whee p(g) > 0,
A,B; € Vy,1 < i< p(g) andwhee g is alinear
regular function having rank p(g) and fan-out
0(4), de nedon (V;)#(B1) x ... x (V;)¢Bes),

For every A € Viy andr € (V;)94), wewrite
A=grif

(i) A—g() € Pandg() =T, orelse



(i) A = g(Bi,...,Byg)) € P, Bi =g 7 €
(VT*)(P(Bi) for every1l < i < p(g), and
(Tt Tp) = T

Thelanguagegeneratedy G is de nedasL(G) =
{w | § =¢ (W), w e Vi}. Letp € P,
p = A — g(B1,Ba,...,Byg). Therank of p
andG are,respectiely, p(p) = p(g) andp(G) =
max,cp p(p). Thefan-out of p andG are,respec-
tively, (p) = ¢(A4) andy(G) = maxpep ¢(p).

The proof of the following theoremis relatvely
intuitive andthereforeomitted.

Theorem1 For any LCFRSG, there exists some
1-GMTG G’ with p(G") = p(G) and o(G') =
¢(G) suhthat L(G') = L(G).

Next, we shav that the generatie capacity of
GMTG doesnot exceedthat of LCFRS. In order
to comparestring tupleswith barestrings, we in-
troducetwo specialfunctionsranging over multi-
texts. Assumetwo freshsymbols#,¢ ¢ (Vi U

Vn). For a multitext ¥ we write pad(¥y) =
7, where ¥'[{] = (0) if i = () and
¥'[i] = #[i] otherwise,1 < i < D. For

a multitext [(w1), (w2), ..., (wp)] with no empty
tuple, we write glue([(w1), (w2),-...,(wp)]) =
w1 Hwo# - - - #wp. We extend both functionsto
setsof multitexts in the obvious way: glue(L) =
{glue(l) | I € L} andpad(L) = {pad(l) | [ € L}.

In a D-GMTG, a productionwith d active com-
ponents,1 < d < D, is saidto be d-active. A
D-GMTG whosestartproductionsareall D-active
is calledproperly synchronous

Lemma 1l For anyproperlysyntironousD-GMTG
G, there existssomeL.CFRSG’ with p(G') = p(G)
andy(G') = ¢(G) suhthat L(G') = glue(L(Q)).

Outline of the proof. We setG' = (V},, Vp, P,
[S]), whereVy, = {[p,t] | p € P, t € index(G)}U
{[S]}, index(G) is the setof all indexes appearing
in the productionsof G, and P’ is constructedcas

follows. Letp,p’ € P with p = [p1,...,pp],
1_71 = [pllaapID]1 b = (Aila---;AiD) —
(ail,...,aiqi), and p; = (Bila---aBz'D) —

(Bit, - - - » Big.). Assumethatp canrewrite theright-
handsideof 7, thatis

[(/3117 e alglq'l)a R (ﬁDla e 7ﬁqu)]
[(0115---301g1)5+ -5 (OD15- -+, 0Dgp)]-
Thentheremustbe atleastoneindex ¢ suchthatfor

eachi € active(p), (Bi1,--- ,ﬂiq;) containsexactly
q; occurrencesf t.

P
=a

Let ap = Q11" 01g 021 """ QDgp- Also let
index(ap) = {t1,---,t,p} andlet ¢(t;) be the
numberof occurrence®f ¢; appearingn ap. We
dene an alphabetX; = {z;; | 1 < i <
p(@), 1 < 35 < ¢(t;)}. Foreachi andj with
1 <4 < D,i € active(p) and1 < j < g,
we de ne a string h(p, 4, j) over Xz U V- asfol-
lows. Let a;; = Y1Ys---Y,, eachY, € V7. Then
h(]_)a Za]) = YIIYQI e YZ’ Where

e Y/ =Y} in caseYy € Vr; and

e Y] = x4, in caseY, € I(Vy), wheret is
the index of Y}, andtheindicatedoccurrence
of Y} is the m-th occurrenceof suchsymbol
appearingrom left to right in string az.

Next, for every possiblep, ', andt asabove, we
addto P’ aproduction

pe=[Pt] = g([B, t1], - ., [B, L))
where

g(<$11a s aa"lcp(h))a R <xp(;7)la s 7xp(ﬁ)£p(tp(§))>)
= <h(ﬁ, 1, 1)5 s 7h(ﬁ7 Da QD)>

(eachh(p, 1, j) above satis esi € active(p)). Note
that ¢ is a function with rank p(p) and fan-out
Y24 = ¢(F). Thuswe have p(p)) = p(p)
and ¢(p;) = ¢(p). Without loss of generality
we assumethat G containsonly one production
with S appearingon the left-handside, having the
form ]_95' = [(S), ) (S)] _) [(Al)’ ) (Al)]
To complete the constructionof P’, we then
add a last production [S] — g¢([pg,1]) where
g({(z11,712,...,21D)) = (zu#z12f -+ #x1D).
We claimthat,for eachp, p’ andt asabove

[(A%la 7A%q1)a--- ’ (AlDla"'aAquD)]
#z; [(un,... ,ulql),... . (uDl,. .. ,quD)]

iff []_)I, t] =g <’u,11, ceey Ulgy, UL, - - - ,’LUDqD). The
lemmafollows from thisclaim. =
Theproofof thenext lemmais relatively intuitive

andthereforeomitted.

Lemma 2 ForanyD-GMTGG, there existsa prop-
erly syncironous D-GMTG G’ such that p(G') =
p(G), 9(G") = max{p(G),D}, and L(G") =
pad(L(G)).

CombiningLemmasl and2, we have
Theorem?2 For any D-GMTG @G, ther exists
some LCFRS G’ with p(G') = p(G) and
©(G") = max{p(G),D} sud that L(G') =
glue(pad(L(G))).



5 WeaklLanguagePresewation Property

GMTGshave theweaklanguagepreseration prop-
erty, which is one of the de ning requirementf
synchronousewriting systemgRambav andSatta,
1996). Informally statedthe generatie capacityof
the classof all componentgrammarsof a GMTG
exactly correspondso the classof all projectedan-
guages.In otherwords,the interactionamongdif-
ferentgrammaicomponent# therewriting process
of GMTG doesnot increasethe generatie power
beyond the abore mentionedclass. The next result
stateghis propertymoreformally.

Let G be a D-GMTG with productionset P.
For1 < i < D, the i-th component gram-
mar of G, written proj(G,i), is the 1-GMTG
with productionsP; = {p; | [p1,...,pD] €
P, pp # () — (} Similarly, the i-th
projected language of L(G) is proj(L(G),i) =
{fwi | [(wi),...,(wp)] € L(G), (w;) #
(}. In general L(proj(G,i)) # proj(L(G), ),
because component grammars proj(G, ) inter
act with each other in the rewriting processof
G. To give a simple example, considerthe 2-
GMTG G with productiong(S), (S)] — [(¢g), (¢)],
[(5),(8)] = [(@AM), (aSM)] and[(4),(S)] —
[(SM), (SMb)]. ThenL(G) = {[(a"), (a"b")] |
n > 0}, andthusproj(L(G),2) = {a™b" | n >
0}. Ontheotherhand,L(proj(G,2)) = {a™b™ |
n,m > 0}. Let L(LCFRS) be the classof all lan-
guagegyeneratedy LCFRSs. Also let £, and
L1y betheclasse®f languaged. (proj(G, d)a and
proj(L(G), d)), respectiely, for every D > 1, ev-
ery D-GMTG G andeverydwith1 < d < D.

Theorem3 L,y = L(LCFRS) and L) =
L(LCFRS).

Proof
reml.

Let G besomeD-GMTG andlet d beaninteger
suchthatl < d < D. It is notdif cult to seethat
glue(pad(L(proj(G,d)))) = L(proj(G,d)). Hence
L(proj(G, d)) canbegeneratedy someLCFRS by
Theorem2.

We nov dene a LCFRS G’ such that
L(G") = proj(pad(L(GQ)),d)). AssumeG" =
(Vn, Vi, P, S) isaproperlysynchronou®-GMTG
generatingpad(L(G)) (Lemma?2). Let G' =
(V4 Vi, P',[S]), whereVy, and P’ areconstructed
from G” almost as in the proof of Lemma 1.
The only differenceis in the de nition of strings
h(p,,7) andthe productionrewriting [S], speci-
ed asfollows (we usethe samenotationasin the
proofof Lemmal). h(p,i,5) = Y{Yy--- Y/, where
for eachk: () Y, = Y, if Y, € Vp andi = d;

The D casesdirectly follow from Theo-

(i) Y, = eif Y}, € Vp andi # d; (iii) Y, = zym
if Yy € Z(Vn), with ¢, m asin the original proof.
Finally, the productionrewriting [S] hasthe form
[S] = 9([ps,1]), whereg({z11, %12, ..., 71D)) =
(z11212 -+ - z1p). To concludethe proof, notethat
proj(L(G), d)) andproj(pad(L(G)),d)) candiffer
only with respecto string¢. Thetheoremhenfol-
lows from the factthat LCFRSis closedunderin-
tersectiorwith regularlanguagegWeir, 1988). =

6 GeneralizedChomsky Normal Form

Certainkindsof text analysigequireagrammaiin a
corvenientnormalform. The prototypicalexample
for CFGis Chomsl NormalForm (CNF),whichis
requiredfor CKY-style parsing. A D-GMTG is in
GeneralizedChomsky Normal Form (GCNF)if it
hasno uselesdinks or uselesgerminals,andevery
productionis in oneof two forms:

(i) A nonterminal production hasrank= 2 and
noterminalsor ¢'sonthe RHS.

(i) A terminal production hasexactly onecom-
ponentof theform A — a, whereA € Vy and
a € Vp. Theothercomponentsireinactive.

Thealgorithmto corverta GMTG to GCNF has
the following steps:(1) adda new start-symbo(2)
isolateterminals,(3) binarize productions,(4) re-
move €'s, (5) eliminateuselesdinks andterminals,
and (6) eliminate unit productions. The stepsare
generalizationsf thosepresentedby Hopcroftetal.
(2001)to the multidimensionakasewith disconti-
nuities. The orderingof thesestepsis important,as
somestepscanrestoreconditionsthat otherselim-
inate. Traditionally the terminalisolation and bi-
narizationstepscamelast, but the alternatve order
reduceghe numberof productionghatcanbe cre-
atedduringe-elimination. Stepg(1), (2), (5) and(6)
arethe samefor CFG and GMTG, exceptthatthe
notionof nonterminain CFGis replacedwith links
in GMTG. Somecomplicationsarise,however, in
thegeneralizatiorof stepg(3) and(4).

6.1 Step3: Binarize

Thethird stepof corvertingto GCNFis binarization
of theproductionsmakingtherankof thegrammar
two. Forr > 0 andf > 1, we write D-GMTG™ to

representheclassof all D-GMTGswith rankr and
fan-outf. A CFGcanalwaysbe binarizedinto an-
otherCFG:two adjacenthonterminalsarereplaced
with a singlenonterminathatyieldsthem. In con-
trast,it canbeimpossibleto binarizeaD-GMTGgf)

into an equivalent D-GMTG?2. From resultspre-
sentedby Rambav andSatta(1999)it follows that,



|:(S)] N [(ngav\?ventpghomeAéarly)
(S) ( IDgiamoy N IlDatA?anoV %ashol )

Pat went home early

damoy

Pat

rano

pashol

Figure 1: A productionthat requiresan increased
fan-outto binarize,andits 2D illustration.

for every fan-outf > 2 andrankr > 4, there
aresomeindex orderingsthat canbe generatedy
D-GMTG but not D-GMTGY . The distin-
guishing characteristioof suchindex orderingsis
apparenin Figure 1, which shavs a productionin
a grammaiwith fan-outtwo, anda graphthatillus-
trateswhich nonterminalsare coindexed. No two
nonterminalsare adjacentin both componentsso
replacingary two nonterminalswith a singlenon-
terminalcauses discontinuity Increasinghefan-
out of the grammarallows a single nonterminalto
rewrite as non-adjacennonterminalsin the same
string. Increasinghefan-outcanbenecessargven
for binarizinga 1-GMTG productionsuchas:
[(S,9] — [(N'VZPPA*Y PPN'ATV?)]  (25)
To binarize, we nondeterministicallysplit each
nonterminalproductionpg of rankr > 2 into two
nonterminalproductiongy; andps of rank< r, but
possiblywith higherfan-out. Sincethis algorithm
replaces with two productionghathave rank < r,
recursvely applyingthealgorithmto productionf
rank greaterthan two will reducethe rank of the
grammairto two. Thealgorithmfollows:

(i) Nondeterministicallychosen links to be re-
movedfrom py andreplacedwith a singlelink
to make p1, where2 < n < r — 1. Wecall
thesdinks them-links.

(i) Createa new ITV 7. Two nonterminalsare
neighbors if they are adjacentin the same
stringin aproductionRHS. For eachsetof m-
link neighborsn component in py, placethat
setof neighborsinto the d'th componenbf 7
in the orderin which they appearedn pg, so
thateachsetof neighborsbecomes different
string,for1 < d < D.

(iii) Createa new uniquenonterminal,say B, and
replaceeachsetof neighborsin productionp
with B, to createp;. The productionp, is

[B,...,B] =7

For example binarizationof the productiongor the
English/Russiammultitext [(Pat wenthomeearly),
(damoyPat ranopasho)]® in Figurel requiresthat
weincreasahefan-outof thelanguagdo three. The
binarizedproductionsareasfollows:

(9)] (NpgVP?)
[(S)_ - _(VPQPISIt}DaVPZ)] (26)
VP [ (VIAZ,)
[(V(P,V)P)_ - _(vl,A?anK/l)] (27)
(V) | [ (VaventPhome)
[(V,V)_ - _(Pgamoyt\?rlaashol)] (28)

6.2 Step4: Eliminate ¢'s

Grammarsin GCNF cannot have ¢'s in their
productions. Thus, GCNF is a more restrictive
normal form than those usedby Wu (1997) and
Melamed (2003). The absenceof ¢'s simpli es
parsersfor GMTG (Melamed, 2004). Given a
GMTG G with ¢ in some productions,we give
the constructionof a weakly equvalent gram-
mar G’ without ary ¢'s. First, determineall
nullable links and associatedstrings in G. A
link A = [(Al,...,Al),...,(AD,...,AD)]
is nullable if X = % where §y =
[(all,...,alql),...,(aDl,...,aDqD)] is an
ITV whereat leastone «;; is . We saythe link
X is nullable and the string at address(d, g) in
A is nullable. For eachnullable link, we create
2™ versionsof the link, wheren is the numberof
nullablestringsof thatlink. Thereis oneversionfor
eachof the possiblecombinationsof the nullable
stringsbeing presentor absent.The versionof the
link with all stringspresentis its original version.
Eachnon-originalversionof thelink (exceptin the
caseof startlinks) getsa uniquesubscriptwhichis
appliedto all the nonterminalsin the link, so that
eachlink is uniquein the grammar We construct
a nev grammarG’ whoseset of productionsP’
is determinedasfollows: for eachproduction,we
identify the nullablelinks on the RHS andreplace
them with each combinationof the non-original
versionsfound earlier If a string is left empty
duringthis processthatstringis removed from the
RHS andthe fan-outof the productioncomponent
is reducedby one. Thelink onthe LHS is replaced
with its appropriatematching non-original link.
Thereis one exceptionto the replacements.If a
productionconsistsof all nullable strings, do not
includethis case. Lastly, we remorve all stringson
the RHS of productionsthat have €'s, and reduce
the fan-outof the productionsaccordingly Once

5The Russian is topicalized but grammatically correct.



again,we replacethe LHS link with theappropriate
version.
Considertheexamplegrammar:

[(5),(5)] — [(4 BQAI) (32A )] (29)
[(4,4),(A)] — [(a,BY),(B")] (30)
[(B), (B)] — [(b),(e)] (31)
[(B), (B)] — [(b),(bb)] (32)

We rst identify which links are nullable. In this
cas€(4,A), (A4)] and[(B), (B)] arenullablesowe
createa new versionof both links: [(A1, A1), ()]
and[(B1), ()]. We thenalterthe productions.Pro-
duction(31) getsreplacedy (40). A new produc-
tion basedon (30) is Production(38). Lastly, Pro-
duction (29) hastwo nullable stringson the RHS,
soit getsalteredto addthreenew productions(34),
(35)and(36). Thealteredsetof productionsarethe
following:

[(8),(8)] — [(A'B*AY),(B*A")] (33)
[(8),(8)] — [(A'BfAY),(A)]  (34)
[(8),(8)] — [(AiB*A}),(B?)]  (35)
[(8),0] — [(A1B741),0)] (36)
A,4),(4)] - [(a,B"),(B) (37)
[(41,41),0] = [(a,B1),()] (38)
[(B), (B)] = [(b), (bb)] (39)
[(B1), 0] = [(b),0)] (40)

Melamedet al. (2004) give more detailsabout
corversionto GCNF, aswell asthefull proofof our
nal theorem:

Theorem4 For eath GMTG G there exists a
GMTGG' in GCNFgeneating the samesetof mul-
titextsas G but with ead (¢) componenin a multi-
text replacedby ().

7 Conclusions

GeneralizedMultitext Grammaiis acorvenientand
intuitive model of paralleltext. In this paper we
have presentedsomeformal propertiesof GMTG,
including proofs that the generatie capacity of
GMTG is comparabldo ordinaryLCFRS,andthat
GMTG hasthe weak languagepreseration prop-
erty. We also proposeda synchronougjeneraliza
tion of Chomsly Normal Form, laying the founda-
tion for synchronou€KY parsingunderGMTG. In
future work, we shall explore the empiricalproper
tiesof GMTG, by inducingstochasticGMTGsfrom
realmultitexts.
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