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Abstract This paper investigates the time and
space @mplexty of word order computation in
the psychadlingustically motivated gramrmar for-
malism of Performance Grammar (PG). In PG,
the first stage of syntax assembly yields an una-
dered tree('mobhil€") consisting d a hierarchy of
lexical frames (lexically anchored elementary
trees). Associated with each lexical frame is a
lineaize—a Finite-Sate Automaton that locally
computes the left-to-right order of the branches
of the frame. Linearization takes place after the
promotion comporent may have raised certain
constituents (e.g. Wh- or focused plrases) into
the domain of lexcal frames higher up in the
syntactic mohile. We show that the worst-case
time and space ®@mplexty of andyzing inpu
strings of length n is O(n°) and O(n®), respec
tivdy. This result compares favorably with the
time cmplexty of word-order computations in
Tree Adjoining Grammer (TAG). A comparison
with Head-Driven Phrase Sructure Grammar
(HPSG) revals that PG yields a more dedara-
tive linearization method, povided that the FSA
is rewritten as anequivalent regular expresgon.

1. Performance Grammar

Performance Grammar (PG; Kempen, 1999
is a psychdingusticdly motivated grammar
formalism for analysis and generation. Some-
what simplified, and in the termindogy d
TAGs (cf. Joshi & Schabes, 1997, PG de-
fines lexicdly anchored initial trees and gen-
erates derived trees g/nchronowsly linked to
conceptual structures described in the same
formalism (asin Synchronows TAGs; Shieber
& Schabes, 1990 and it fadors dominance
relationships and linea precedencein surface
structure trees (Joshi, 1987. PG differs from
recent TAG versionsin that there ae no aux-
iliary trees, and that adjunctionisreplacel by
a ombination d substitution—the only

Gerard Kempen
Dept. of Psychoogy, Leiden Univ.
PO Box 9555,NL-2300RB Leiden/NL
kempen@fsw.leidenuniv.nl

compasition operation—and finite-state line-
arizers that take cae of verticd movement
(‘promation’) of phrases and d the linea or-

der of branches of derived trees.
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Fig. 1. $mplified lexcal frames underlying
the sentences We know Dana hates Kim and
Kim we know Dana hates (example from Sag
& Wasow, 1999. Order of branches is arbi-
trary. The lines containing fill ed circles de-

note substitution (feature unifi cation).

More predsaly, PG'sinitial trees, cdled lex-
cal frames, are 4-tiered mobiles. The top
layer of a frame @mnsists of a single phrasal
nocke (cdled the 'roat’; e.g. S, NP, ADJP, PP),
which is conreded to ore or more functiond
nodes in the sewmnd layer (e.g., SUBJed,
He&D, Dired OBJed, CoMPlement, MODi-
fier). At most one exemplar of a functional
noce is allowed in the same frame, except for
MOD nodes, which may occur severa times
(cf. the Kleee star: MOD*). Every func-
tional node dominates exadly one phrasal
noce (‘foat’) in the third layer, except for HD
which immediately dominates a lexicd (part-
of-speed) noce. Each lexicd frame is 'an-
chored' to exadly ore lexicd item: a'lemma



printed in the fourth layer below the lexicd
node serving as the frame's HeaD (Fig. 1).

Assciated with nodes in the first and the
third layer are feature matrices (not discussed
any further here), which can be unified with
other matrices as part of the substitution po-
cess The unificaion operation is non
reaursive and always involves one roat and
one foot nock of two dfferent lexicd frames
(seethefilled circlesin Fig. 1). Only locd in-
formation can prevent a substitution. No
fedure information is percolated throughthe
derived tree

Left-to-right order of the branches of a lexi-
cd frameis determined by the 'linearizer' as-
sociated with alexicd frame. We assume that
every lexicd frame has aone-dimensiona ar-
ray spedfying a fixed nunber of positions
(dots, ‘landing sites) for constituents. For
instance, verb frames (i.e., frames anchored
to averb) have an array whaose pasitions can
be occupied by a Subjed NP, a Direa Objed
NP, the Head verb, etc. Fig. 2 shows the 12
dots where @nstituents of English verb
frames can go. The positions numbered F1
throughF3 make up the Forefield (from Ger.
Vorfeld) M1 throughM7 belong to the Mid-
field (Mittelfeld); B1 and B2 are the Back-
field (Nachfeld). The aanaations at the acs
denote possble fill ers of the slots. For exam-
ple, slot F1 can be occupied by ore @nstitu-
ent: either a focus carying constituents (in
Main clauses only), a subardinating conjunc-
tion (in an adverbia MODifier clause), a
Wh-phrase 'promoted’ ou of a lower lexicd
frame (see below), or a nonpromoted Wh-
phrase. The HeeD verb of a dause is as
signed the first Midfield dlot (M1), pcssbly
precaled by the mmplementizer to and fol-
lowed by a particle. Lexicd frames anchored
to ather parts of speed than verbs (e.g. NP-
or PRframes) have their own spedalized
lineaizaionarrays.

A key property of lineaizaion in PG is that
cetain constituents may move out of their
‘own' array and get 'promoted’ to a positionin
an array locaed at a higher level in the hier-
archy o lexicd frames. Promotion takes
place when, dwe to subcaegorizaion con

straints, a lineaizaion array is ‘truncaed’,
that is, instantiated incompletely. For in-
stance, if a verb takes a nonfinite cmple-
ment clause, the whole Forefield (slots F1
through F3) will be missng from the com-
plement's array. Due to incomplete instantia-
tion d the lineaizaion array of a lexicd
frame, one or more @nstituents of that lexi-
cd frame may be deprived o its landing site.
In that case, these @nstituents move up the
hierarchy of lexicd frames, looking for an in-
stantiation d their landing site in a higher ar-
ray. The first (i.e. lowest) landing site is d-
ways chosen as the final destination.
Truncation d lineaizaion arrays only affeds
lateral (i.e. left- or right-peripheral) dots.
The slot occupied bythe heal of the phraseis
never truncaed away, which implies that the
head of a lexicd frame is never promoted.
How many slots at either side of the head are
adualy instantiated, is determined strictly
locdly, i.e. depends only on information
contained by the lexicd frame the aray be-
longs to, and its parent frame (its unificaion
partner).
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Fig. 2.Linearization aray for constituents of
Sframes. Placement condtions are annc
tated on the arcs. E.g., ,, SUBJ/NP|Wh* at
slot F3 means. SUBJed, provided it isan NP
or a Wh-phrase; ,<"“ indicates the prece
dence relation between constituents sharing
a dlot. MODIfiers have not been depicted.

The medhanism controlling the distribution
of constituents over the instantiated slots of a
lineaizaion array, is modeled as a Finite-
Sate Automaton (FSA). The FSA asociated



with alexicd frame traverses the instantiated
dots of its array from left to right. At ead
dlot, it inspeds the set of constituents that are
waiting for placenent in the aray, and in-
serts there any constituents meding the
placement condtions (arc labelsin Fig. 2.

Fig. 3illustrates promotion d a focused Di-
red Objed. Examples (1)-(4), taken from
Haegeman (1994, demonstrate some subtle
consequences of PG’s word ordering scheme

for Wh-questions'.
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Figure 3. Promotior/linearization & work for
the sentence Kim we know Dana hates. The
Direa OBJed of hates carries focus and
therefore needs an F1 dot as landng site.
Because the linearization aray of hates has
been instantiated incompletely, Kim is pro-
moted into the array of the main clause.

(1) Who do youthink left?
[SIF1 Who M1 do M2 you B1
[S[M1 think B1
[S[FHF2-F3 M1 left]]]]]]

(2) *Who do youthink that left?
[SIF1 Who M1 do M2 you B1
[S[M1 think B1
[é[/r—l F2 that ||:3 M1 left]]

Dana

(3) Who do youthink Bill saw?
[SIF1 Who M1 do M2 you B1
[S[M1 think B1
[S[FE+2 F3 Bill M1 saw]]]]]]

(4) Who do youthink that Bill saw?
[SIF1 Who M1 do M2 you B1
[S[M1 think B1
[S[F2 F2 that F3 Bill M1 saw]]]11]

' Our promotion scheme differs from the ‘lifting
scheme recently proposed by Kahane, Nasr & Ram-
bow (1998 in that we dlow promotion exclusively
alonglateral (i.e. truncated) regions of a lineaization
array (thus ruling odu, e.g., the promotion pattern in
example (2) abowve). Lifting daes not seem to embody
an nonrad-hoc equivalent restriction.

As outlined in Kempen & Harbusch (1998
and Kempen (1999, the PG’s word ordering
scheme eables generating the mildly con-

text-sensitive language d'b"c", as well as to
acourt for the movement and word order
patterns in English, German and Dutch, in-
cluding cetain rather complicaed scram-
bling plenomenain German. The complexity
of these phenomena in contrast with the rela-
tive simplicity of this sheme suggests that
PG may giveriseto very efficient methods of
analyzing linea order. Below we show that
the worst-case time and space omplexity is
O(n°) and O(n"), respedively.

2. Time and Space Complexity

Consider inpu stringw=w,,...w, of length n.

The overall analysisisdivided into two steps:

1. Enumerating the mmplete set of lexicd
frame hierarchies dominating al permuta-
tions of w (henceforth cdled the set of
dominance structures), and

2. Cheding linea order on the basis of the
FSA, taking into acourt the possbility of
promotion d phrases in valid daminance
structures.

Sep 1 Any lexicd frame is rewritable in
terms of a context-freerule because the func-
tional nodes in the second layer of a lexicd
frame can be viewed simply as annaations
on edges descending from the roat node.
Every word in w is asociated with ore or (in
case of word-class ambiguity) severa (O(1))
lexicd frames, and every lexicd frame has
exadly orelexicd anchor.

Since alexicd frame is an unadered treg it
can be viewed as an Immediate Dominance
rule with an empty set of Linea Precelence
rules (ID/LP); and parsing with lexicd
frames could proceal as outlined in Shieber
(1984). However, this methodwould na take
the full set of valid daminance structures into
acoun. For instance, the sentence Kim we
know Dana hdes canna be analyzed by an
ID/LP grammar because Kim has moved ou-
side the locdity scope of hate.

Therefore we follow an indired course. We
interpret the inpu string as a multiset, i.e. as
the set of al permutations of inpu words, so



that any scope of locdity isincluded. Moreo-
ver, we ‘fr eezé the lexicd framesinto an ar-
bitrary but fixed left-to-right order of
branches, which gves a @ntext-free gram-
mar®. This guarantees, for instance, that the
valid daminance structure is built for the &-
amplein Fig. 3(as one of the permutations of
We know Dana hdes Kim). Hence, the first
step enumerates all | ocdity domains’.

In order to ded efficiently with multisets in
the inpu, we use adlightly extended version
of Earley parsing which owergenerates with
resped to repetitions of the same input sym-
bd. The reason is that we do nd chedk here
whether any symbal occurs more than orce

First, a subgammar G’ is constructed which
only provides the lexicd frames of any inpu
symbal w, i=1,...,n The only modificaion d
the Earley agorithm concerns the scanning
step. Instead of exploiting ony the items (X,
aetB) where t=w,, in the origina inpu
string, the parser scans all items and produces
(X, ateB) acording to subgammar G'. Ob-
vioudly, this modificaion performs as bad as
ordinary scanning daes in the worst case,
withou introdwing addtiona time and
space requirements are introduced. Moreo-
ver, the modified scanning method implies
that al permutations of the inpu string are
explored. Consequently, given the extended
Earley algorithm for subgammar G, the
time complexity and the space omplexity for
the wnstruction d all dominance structures
of the multiset of w remains O(n°) time and
O(n%) spaceunits’.

Sep 2is based on the lineaizer FSAs and
lineaizaion arrays asciated with the
phrases (‘items)) in the dominance structures.

Withou loss of generality, we assume that the left-
most branch contains the head of the frame. Hencewe
deploy a mntext-free grammar in Greibach namal
form: (X, tY,...Y,), withX andY, ...Y, nonterminal,
andt terminal.

*Throughou the paper we asume a ®ndensed repre-
sentation d the set of potential dominance structures;
cf. ‘items’ in Earley parsing (Earley, 1970.

4 Since the unificaion ogeration in PG is non
reaursive, it only invalves testing a finite list of con-
straints. Hence, it does not increase time complexity.

An array represents a hypaheticd order of
the inpu elements w...w, under the essump-
tionthat the inpu elementsw,...w,, have been
ordered succesgully. These orderings are li-
censed by the finite number of dots in the
FSA. As the grammar is in Gretbach namal
form, ore ordered symbd must equal the
terminal in the rule. All other symbals may
go to the finite set of promotion sites pro-
vided bythe FSA. Therefore, the task of step
2 can be reformulated as follows: For any
derivation, compute dl bijedive functions
from the terminalsin the mntext-freerules to
the inpu symbadls.

In order to ded efficiently with the O(n°)
items that are provided as inpu to step 2, a-
dinary Earley processng is assumed aong
the badpointers inserted in step 1. Initialy,
this yields al items of the form (S, tX,...X,*)
in 1. These O(n) items have successully
passd step 1.Now, ead of theseitemsis as-
sociated with arrays ead representing ore of
the foll owing hypdheses:

t=w, and nolanding siteis sleded, o

t=w, and the sequence w,,...w,, of promoted
symbalsis licensed by a sequence of landing
sites to the left of w, acaording to the item’s
FA (k=2, ...,n.

Exploring the number of resulting items, we
have to consider O(n) context-freerulesin | .
Moreover, the order in the original inpu
string determines a finite sequence of landing
sites acording to the airrently considered
FRA (w, ww, WWWw, .., WWW,..W).
Hence, the spaceis O(n°). With ead array we
asciate a par containing (1) the ‘list of
promoted symbals' LPS and (2) the ‘fixed-
order marke” FOM which provides the in-
dex in w that t takes. Notice the length of
LP&n; |FOM|=1.

Now, all substructures of these items (com-
pletions) are evaluated, taking the drealy
analyzed inpu symbals into acourt (thisin-
dex with resped to w is provided by the
FOM). Hence the mntext-freerules applied
here can orly order O(n-1) times O(n-1)
symbds. In general, assuming FOM=i, there
exist O(n-i+1) times O(n-i+1) potentia or-
ders for the remaining elements w,_,,...w,.

n



Hence, the overall space omplexity is O(n’).
Now consider the general case for an item
(X,tBeYy) in I with LPS=a,..a, and
FOM=i (p<i; j<i; B, Y, 0 possbly empty se-
quences of nonterminds, a,...a=w,.w,
with missng elements):

For any item (Y,t,,d*) in |, the following
hypaheses are generated: w,_,..w,,, is li-
censed by a sequence of landing sites to the
left of w,, acwording to the locd FSA. Fur-
thermore, ore of the following situations
hads: t,=w_ or t,, 0 LPS Consequently,

+1 i+k +1
FOM=i+k LPS=LPStw . .w... If t. O

i+ Wi j+1

LPS the rightmost w,, in LPS is erased
withou lossof generality®.

If we asume that al items are revisited ac
cording to their badkpointers, an ordinary
Earley parser is cgpable of performing step 2.
(Initidly, LPS=nil and FOM=0; findly, an
item (S,a¢) with LPS=nil, FOM=n must ex-
ist.) Hence, the input of size O(n®)—the out-
put of step 1—eals to an owerdl time com-
plexity of O(n’) times O(n’), i.e. O(1°).
Because this result compares favorably with
other grammar formalisms (see below), we
conclude that PG provides an efficient
method for linea order computation. This
advantage derives basicdly from the de
ployment of the promotion/lineaizaion
scheme, which allows for nonlocd ordering
effeds of locd ordering dedsions, in par-
ticular the partial instantiation d lineaizers.

3. PG, TAG, and HPSG

For reasons of spacewe only addressthe two
broadly applied formalisms of Tree Adjoin-
ing Grammar (TAG, cf. Joshi & Schabes,
1997 and Head-Driven Phrase Structure
Grammar (HPSG, cf. Sag & Wasow, 1999.

For TAGs, various definitions of dominance
and linea order have been propased in the
literature (cf. Joshi, 1987 Vijay-Shanker,
1992 for the definition d quasi-trees; Ram-
bow, 1994 for V-TAGS). They al have in
common that longdistance movements are
structurally redized by adjoining, thus

*This refleds the lingustic observation that a pro-
moted phrase chooses the lowest possble landing site.

yielding the extended damains of locdity
charaderistic of all TAGs.

Linea ordering in Local Dominarce/(Tree
Linear Precealence (LD/(T)LP) TAGs pro-
ceals very much like the ID/LP framework
defined for context-free grammars. Since lo-
cd dominance structures are provided where
‘moved’ constituents feaure & the structural
level (i.e. adjoining stretches the distance
between nodkes of the same dementary tree),
the wst of linea ordering is at least O(n’)
time units—as for ordinary TAGs (cf. Joshi
& Schabes, 19979.

As is well-known, scrambling canna be de-
scribed byasimple (LD/(T)LP) TAG. Quasi-
trees represent partial descriptions of trees.
This definition allows for underspedfied a-
dering d moved elements. Loaosely spe&king,
in this framework the spine for promotion is
spedfied dedaratively. Similarly, V-TAGs (a
spedfic kind d Multi-comporent TAG) pro-
vide a method for manipulating dfferent
portions of the same overal derivation tree
Both formalisms are &le to hande scram-
bling plenomena. However, the individua
readings are spelled ou as different derived
trees which are oomputed onthe basis of ad-
joining in an adinary TAG parser; hence
this costs at least O(n°) time units.

The essentia difference between the PG and
TAG formalisms can be summarized as fol-
lows. In bah PG and TAG, daminance
structures—consisting o lexicd frames and
elementary trees, respedively—describe lin-
guisticdly motivated damains of locdity. In
TAG, the ajoining operation which moves
constituents apart, affeds the dominance
structure. In PG, the lineaizaion comporent
leaves the dominance structure intad. The
lineaizer FSA assciated with lexicd frames
can acommodate nstituents originating
from other constituents—a behavior that is
lesscostly, as snown above.

In HPSG (Sag & Wasow, 1999, the PHON
and GAP fedures, the GAP principle and the
argument realization principle are basicdly
resporsible for word ordering and long
distance movement. The PHON fedure of
phrasal types enumerates the linea order on



the basis of list addition (O, i.e. a non
commutative sum). Furthermore, movement
phenomena ae handed by the GAP feature,
the GAP principle and the argument reali za-
tion pinciple. The GAP feature contains a
list of elements to be moved. The argument
realization grinciple, which says that a word
structure treeis well-formed only if the va-
lence lists (SFR and COMPS add upto the
argument structure (ARG-ST), is extended to
instantiate gaps fredy; i.e. some dements of
ARG-ST are neither on the SFR nor on the
COMPSIlist, bu onthe GAP list instead. The
GAP principle tests whether the GAP values
of al daughters add upto be the GAP value
of the mother, unlessthe rule sanctioning the
structure is the Head-Fill er Rule. In order to
ultimately get all gaps fill ed, the initial sym-
ba must have an empty GAP list.

This method, like PG's lineaizaion scheme,
computes linea order withou manipulating
the dominance structure (i.e., the daughters
feaure descriptions). Loosely speding, the
spedficaion in the PHON fedure can be in-
terpreted as a regular expresson equivalent
to a FSA (dthoughthe PHON fedaure does
not provide the definition d the Kleene Star;
the infinity of licensed orderings is provided
by the reaursive gplicaion d schemata, i.e.
AOB, where B has the PHON fedure
COD—cf. Sag & Wasow, o.c., p. 379. Fur-
thermore, the redizaion d movement phe-
nomena arresponds diredly to promotion,
i.e., the gap is percolated alongthe spine. The
definition d landing sites is defined dffer-
ently, howvever. In PG, landing sites are enu
merated dedaratively whereass HPSG termi-
nates the percolation proceduraly in terms of
the GAP principle. As computation d feaure
spedficdions is, in general, NP-complete
(Hegner, 1995, the st of linea order com-
putation is of no particular interest to HPSG.
However, HPSG aims at describing lingustic
phenomena dedarativdy. Our description,
we daim, is more dedarative than the aurrent
HPSG redizdion. The lineaizer FSA of a
lexicd frame can be rewritten as an equiva
lent regular expresson and becmes asoci-
ated with the referring phrasal type in HPSG.

4. Conclusions

We have described an approad to linea or-
dering that involves a nonloca precelence
mechanism which dces not rely on a defini-
tion and scope of movement as in terms of
the GAP fedure. In comparison to TAG’s
structural representations based onadjoining,
PG’s promotior/lineaizaion yields a more
efficient analysis. Compared to HPSG, it can
giverise to more dedarative word ordering.

References

EARLEY, J. (1970. An Efficient Context-free
Parsing Algorithm. Comm of the ACM, 13:2.
HAEGEMAN, L. (1994. Introduction to Govern-
ment and Binding Theory (2 ed). Oxford:
Bladkwell.

HEGNER, S. (1995. Distributivity in Incom-
pletely Spedfied Type Hierarchies: Theory and
Computationd Complexity. University Tubingen,
Lingustics Dept., Tech. Report 4.

JosHI, A.K. (1987. The Relevance of Tree Ad-
joining Grammar to Generation. In: Kempen, G.
(Ed.), Natural languag generation. Dordredt:
Kluwer.

JosHI, A.K., SCHABES, Y. (1997. Tree Adjoin-
ing Grammars. In: G. Rozenberg, A. Salomaa
(Eds.), Handbodk of Formal Languaggs (Vol. 3).
Berlin: Springer.

KAHANE, S., NASR, A. & rRamMBOW, O. (1998.
Pseudo-projedivity: a poynomialy parsable
nonprojedive dependency grammar. Procs. of
COLING-ACL, Mortred.

KEMPEN, G. (1999. Human Grammeaticd Cod-
ing. Ms. Leiden University.

KEMPEN, G., HARBUSCH, K. (1998. A Tree
Adjoining Grammar withou Adjoining. In:
Procs. of TAG+4, Philadelphia PA.

RamBow, O. (1994. Formal and Computationd
Aspeds of Natural Languag Syntax. Ph.D. The-
sis, University of Pennsylvania.

SAG, ILA., WAsow, T. (1999. Syntactic Theory:
A Formal Introduction. Stanford: CSLI.
SHIEBER, S.M. (1984). Dired Parsing d ID/LP-
Grammars. Linguistics& Phil osophy 7.

SHIEBER, S.M., SCHABES, Y. (1990. Synchro-
nows TreeAdjoining Grammars. Procs. of
COLING-90, Helsinki.

VIJAY -SHANKER, K. (1992. Using Descriptions
of Trees in Tree Adjoining Grammars. Compu-
tationd Lingustics, 184.



