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Abstract

Context free grammars parse faster than TFS
grammars, but have disadvantages. On our test
TFS grammar, precompilation into CFG results
in a speedup of 16 times for parsing without
taking into account additional mechanisms for
increasing parsing efficiency. A formal
overview is given of precompilation and
parsing. Modifications to ALE rules permit a
closure over the rules from the lexicon, and
analysis leading to a fast treatment of semantic
structure. The closure algorithm, and retrieval
of full semantic structure are described.

Introduction

Head Driven Phrase Structure Grammar
(HPSG), Pollard and Sag (1994) is expressed
in Typed Feature Structures (TFSs). Context
Free Grammar (CFG) without features
supports much faster parsing, but a TFS
grammar has many advantages. Fast parsing
can be obtained by precompili ng a CFG
approximation, with TFSs converted into CF
near-equivalents. CFG parsing eliminates
impossible trees, and TFS unification over the
remainder eliminates more, and instantiates
path values. Our method treats slashes
separately in a precompiled table, and careful
allocation of categories to TFSs makes TFS
unification unnecessary: instead skeleton
semantic structures are formed in parsing, and
full structures retrieved afterwards.

A prototype precompiler and fast parser1
were built in Prolog, and tested with an HPSG
grammar of English by Matheson (1996),

                                                     
1 Downloadable code on
http://www.cs.york.ac.uk/~johnb or
http://www.soft.net.uk/research/hsppar.htm .

written in the ALE formalism, by Carpenter
and Penn (1996). This has the 6 schemas and 5
principles of HPSG, with 184 lexemes.

A complex sentence,“ kim can believe sandy
can expect sandy to persuade kim to promise
sandy to try to expect sandy to persuade kim to
promise kim to give sandy a happy happy
book” , parsed in 3.3s. with retrieval, 5.6 times
faster than with TFSs, Brown and Manandhar
(2000). An 11 word sentence  was 18 times
faster at 87ms., or 16 times counting retrieval.

1 Relationship to Work Elsewhere

In precompilation, Torisawa et. al. (2000)
repeatedly applied rules leading to maximal
projections from lexical heads, allocating
categories to mothers and non-head daughters.
Our approach allocates categories in a closure
over the rules starting with the lexicon, as in
Kiefer and Krieger (2000). We differ from
both these in that the CFG grammar equates to
the TFS grammar, accepting exactly the same
strings: a CFG parse tree translates into a TFS
tree with no loss of nodes.

We precompiled 550 CF categories and
18,000 rules in 1 hour on a 280MHz. Pentium
II . This compares to 5,500 categories and
2,200,000 rules from 11,000 lexemes in 45
hours by Kiefer and Krieger on a 300MHz.
Sun Ultrasparc 2, where sets of TFSs in the
closure are replaced by common most-general
unifiers. The common unifier technique was
used to add a CFG back-bone  to a unification
grammar by Carroll (1993). An np has the
same number, person and gender features
irrespective of an optional specifier and
multiple adjectives. A lexical vp, partiall y
saturated vp and sentence contain decreasing
subcategorisation data. Therefore numbers of
phrasal and lexical categories are comparable,
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even with exact CF representation. Since this
eliminates Kiefer and Krieger’s annotation
with values of relevant paths, large rule
numbers are more tolerable.

Our parsing speed-ups are comparable with
Kentaro Torisawa’s speed-ups of between 47
and 4 in C++ with arrays to store rules and
edges, on a 300MHz. Sun Ultrasparc. We used
Prolog without constant-time access arrays,
with clauses hash-indexed on just the first
argument. Global data structures for edges in a
chart necessitate dynamic clauses with heavy
assertion costs: when referenced, all arguments
are treated before matching any against
precompiled tables. Tree-structured tables are
inefficient, using either one clause per arc with
heavy invocation costs, or arguments of nested
structures, copied on clause invocation. From
full instrumentation revealing bottlenecks, we
predict a further speed-up of 10 times, using
ideal global data structures in imperative code.

2 Formal View of Precompilation and
      Parsing

Our CF and TFS grammars are equivalent
for two reasons. First, in CF category
allocation, TFSs in the li st reached by
NONLOCAL: INHERITED: SLASH are
allocated separate categories and are otherwise
ignored. The filler-head schema unifies a list
member with a TFS from the first daughter, so
a precompiled table can predict the outcome
during CF parsing. This avoids over-generation
of categories formed by alternative slash TFSs
in multiple phrasal TFSs arising in long-range
dependencies. Second, although semantic sub-
structure (also containing word morphology) is
omitted in category allocation, its index
structure may be considered depending on the
HEAD value. This makes CFG categories
maximally selective. The now unnecessary
TFS unification over the CFG parse tree is
replaced by semantic TFS retrieval from
skeleton structures in constituents.
   The method treats grammar rules where
mother and daughters each comprise a TFS,
expressed as conjoined constraints :

  nTFSTFSTFS ¡10→                        (1)

where a TFS is given by:

  

TFS FS type FS type

FS path value FS FS

value TFS iable TFS

path feature feature path

→

→

→

→

&

: &

var &

:       (2)

The value following a feature in a TFS of a
particular type is a sub-type of that given by an
appropriateness function Approp T F T: × →
where F  and T  denote finite sets of feature
symbols and types. T  is organised into a
subsumption hierarchy with a single root  bot.

The grammar may either be lexicalist, or
have a large number of specialised rules. Each
TFS is well-formed, containing no feature not
appropriate to its type: it is not totally well-
formed with all appropriate features present.
TFS unification involves type-coercion which
also occurs in constraint application to a TFS,
for example of feature value: in a rule. Where

a TFS of type t1  does not contain feature, it is

coerced into the most general sub-type t t2 1 of  

for which Approp t feature2 ,
¢ £

 is defined.

An integer Tl , corresponding to a CFG
category, is allocated in our precompilation to
each unique lexical TFSl , ignoring nested
TFSs encoding slashes and semantics, so that

 

T slash v

index v

semantics v TFS

l

l

=
−

−retrieve (omit( : ,

re introduce( : ,

omit( : , ))))

1 1

2

3

                             (3)

                       

where slash, semantics and index are paths and
1v , 2v  and v3 are values. Implementation is

by matching against a discrimination tree
which is traversed in correspondance with
TFSl , from which types are ignored in a
subtree reached by path where
omit , path v TFSl:

¤ £
 applies and considered

where re introduce− path v TFSl: ,
¤ £

 applies.

Where corresponding types from TFSl  and the
tree are unequal, a new branch is grown,
terminating with a new Tl : this mechanism
ensures each terminal is marked. Because co-
indexing by syntactic paths in a rule (Section
5) unifies  index, this is re-introduced in an np
and in a category that unifies with an np to
form an np. The function in (3) is an example
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of a restrictor, Shieber (1985), although here
we shall show that it does not lead to any
approximation in parsing.

Precompilation generates multiple
instantiations of each rule (1), paired with
equivalent CFG rules, stored in a tuple:   

T T T rule namen0 1→ −¥¦ §
,                  (4)

Each represents the pair-wise unification of
some TFS TFSn1 ¨ with a sequence of TFSs

where each is either lexical, like TFSl , or
derives from some rule instantiation, li ke
TFS0 . For each sequence T Tn1 ¨  of
categories derivable from such instantiations,
using the discrimination tree, only the first
corresponding instantiation encountered is
treated, since all generate the same T0 .

By  these means the closure becomes a
bounded operation. This approach is valid
since slashes are treated separately during
parsing, and as in GPSG, Gazdar et. al. (1985),
no phrase acceptable on syntactic grounds is
then rejected on semantic grounds.

The CFG rules (4) are treated by a parser
with a chart containing constituents :

start end T sem slashes

start end T sem slashes

l l l, , , ,

, , , ,

 and

                (5)0 0 0

The latter requires a CFG rule nTTT ©10→
and consecutive constituents:

    

start end T sem slashes

start end T sem slashes

j start end
n n n n n

j j

1 1 1 1 1

11

, , , ,

, , , ,

,

ª
where for > = −

Slashes are treated by precompili ng a table

with entries T Ts,  where Ts  represents Tl  or

T0 , and T  is the category assigned to a slash
taken from a lexical TFS, and where

retrieve Ts

« ¬
 unifies with retrieveT

« ¬
prefixed by SYNSEM : LOC . Where in (4)
rule name filler head− = − , (5) is formed only

if ∃ • = = ∈∧T T T T T T slashess s s, 1 2 2

­ ®
      (6)

This mimics the operation of the filler head−
schema. In this case, in  (5),
  slashes slashes slashes Ts0 1 2 2= ∪ − ¯ °
whereas with other schemas Ts2

± ° = ∅  : this

mimics the operation of the non-local-feature

principle. The CFG grammar generated by this
method accepts the same strings as the HPSG
grammar and does not just approximate it.

The semantic component sem0  represents a

TFS, identical to semj  in that sub-constituent

known as the semantic head, according to the
semantics principle of HPSG, except that some
paths are co-indexed with paths in the semantic
components of the other sub-constituents:

sem f sem semn0 1= , ,²³ ´
      (7)

To reduce copying overheads and eliminate
TFS unification, sem0  is encoded in a skeleton
form, which is a Prolog structure:

s n sem type p pm_ _ , , ,0 1 ²µ ¶
       (8)

The type sem type_ 0  is not equal to T0 , and is

the category of the lexical source of sem0 ,
which is a transitive semantic head of  the
corresponding TFS0 . For example, the
sentence TFS contains a semantic component
that derives from the head verb. In parsing,
p k mk ,1≤ ≤  is bound to the unique identifier
of the sub-constituent containing a path that
must be co-indexed with a path insemj . In the

prototype parser this path is the kth. one during
a traversal of semj  in the lexical source, that is

found to be co-indexed with a syntactic path,
that is in turn found to be prefixed by a path
co-indexed between the corresponding
daughters of the original rule (1) forming
TFS0  (see Section 5).

At retrieval time,

  
[ ]( )mpptypesemsemsem ,,,_ 100 ·=

 
(9)

where this indicates the semantic sub-structure
in ( )0_ typesemretrieve , with the addition

that each path for co-indexing associated with
1≤ ≤k m is co-indexed with the appropriate
path in the TFS given
by [ ]( )lkp pptypesemsem ,,,_ 1 · ,   (10)

from the pk th. sub-constituent. A retrieval
graph is compiled at category allocation time
to support retrieve. Currently the semantic
details of the slash are not recovered: sentences
with slashes are accepted identically to ALE.
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3 Modification of ALE rules

Figure 1 is the head-subject-complement
schema in the ALE formalism. Figure 2 shows
sections of the single Prolog clause containing
57 goals in 61 lines including the head,
produced when ALE compiles the schema.
This is invoked by the ALE chart parser after
choosing the first of a speculative edge
sequence. Its TFS is the structure SVs, which
resembles (2): the functor represents the type,
and each argument is a value from a
(feature: value) pair. The feature is retrieved
by successive instantiations of an ALE clause
compiled from the grammar definition:
approps( +type, (-approp_feature:
                                -approp_type))      (10)

(phrase,Mother,synsem:loc:(cat)
                         :(spr:[ ] ,subj:[ ] ,comps:[ ] ))    M
 ===>
cat> word,HeadDtr,synsem:loc:(cat):
                          (head:inv:plus,

                   spr:Spr,
                   subj:[SubjSynsem] ,
                   comps:CompSynsems)),     D1

goal> (li st_sign_to_synsem(CompDtrs,
                                          CompSynsems)),  P1
cat>  (SubjDtr),                    D2
goal> (sign_to_synsem(SubjDtr,
                                       SubjSynsem)),       P2
cats> (CompDtrs,ne_list),       D3
goal> head_feature_principle(Mother,
                                               HeadDtr),       P3
       semantics_principle(Mother,HeadDtr), P4
       marking_principle(Mother,HeadDtr),   P5
       nonlocal_feature_principle(Mother,

       HeadDtr,[SubjDtr|CompDtrs] )).   P6

Figure 1: The Head_subject_complement
Schema from HPSG

Goals treat a TFS in a structure Tag-SVs, to
allow type-coercion during unification into a
sub-type, possibly supporting additional (never
fewer) features. Tag, originally unbound, is
then bound to a new copy: argument values are
appropriate types (10) for new features, and
unchanged for existing ones. Goal 21
references the second edge in the sequence,
corresponding to D2 of  the original schema.

rule(Tag, SVs, Iqs, Start, End,Edge_no) :-       1
  add_to_type_word(Tag-SVs, Iqs, Iqs_out0), 2
  ud(A-bot, Tag-SVs, Iqs_out0, Iqs_out1),       3
  featval_synsem(Tag-SVs, FS2, Iqs_out1,
                                                      Iqs_out2),   4

. . . . .
  featval_inv(FS5, FS6, Iqs_out5, Iqs_out6),   8
  add_to_type_plus(FS6, Iqs_out6, Iqs_out7), 9
  featval_subj(FS4, FS7,Iqs_out7, Iqs_out8),10
  featval_hd(FS7, Tag2-SVs2, Iqs_out8,
                                                 Iqs_out9),      11
  ud(B-bot, Tag2-SVs2, Iqs_out9,
                                                  Iqs_out10),   12
  featval_tl(FS7,FS8,Iqs_out10, Iqs_out11), 13
  add_to_type_e_list(FS8, Iqs_out11,
                                              Iqs_out12),       14
  featval_comps(FS4, Tag3-SVs3, Iqs_out12,
                                               Iqs_out13),      15
  ud(C-bot, Tag3-SVs3, Iqs_out13,
        Iqs_out14),       16

. . . . .
  ud(D-bot, E-bot, Iqs_out15, Iqs_out16),     18
  ud(C-bot, F-bot, Iqs_out16, Iqs_out17),     19
  solve(list_sign_to_synsem(E-bot,F-bot),[ ] ,
                           Iqs_out17, Iqs_out18),        20
  edge(Edge_noB,End,EndB,TagB,SVsB,
                           IqsB,DaughtsB,RuleB),       21

. . . . .
  deref(I, bot, Tag4, SVsList),                     31
  SVsList=..[Type| MemList] ,                     32
  match_list_rest(Type,MemList,EndB,
                 EndEdges,Edge_nos,[ ] ,Iqs_out27,
                                                 Iqs_out28),    33

. .    . . .
  solve(head_feature_principle(K-bot,L-bot),46
      [ semantics_principle(M-bot,N-bot),        47
        marking_principle(O-bot,P-bot),        48
        nonlocal_feature_principle(Q-bot,R-bot,
               S-bot)] , Iqs_out40,Iqs_out41),        49
  add_to_type_phrase(Z-bot, Iqs_out41,
                                              Iqs_out42),       50

. . . . .
  add_edge_deref(Start,EndEdges,Z,bot,
     Iqs_out52,[Edge_no,Edge_noB|Edge_nos] ,
     head_subject_complement).        61

Figure 2: The Head-subject-complement
               Schema after Compilation by ALE

Goal 33 corresponding to D3 references the
remaining edges: their number equals the
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number in the comps list of the sub-constituent
unifying with the head daughter D1. Goal 61
creates the edge of the new phrase and
corresponds to the mother M. Goal 20, and
lines 46 to 49 forming one goal, are
invocations of ALE procedures, corresponding
to P1, and P3 to P6.  Apart from the first, these
lines invoke HPSG principles.

ALE supports inequalities which HPSG
does not use, here in li sts with names of the
form Iqs_* : the output from one goal is input
to the next, and edges contribute new lists for
concatenation. The following three goals
enforce constraints in the schema:
   ud(Tag1-SVs1, Tag2-SVs2, Iqs_in, Iqs_out),
   featval_FEAT(FS_in, FS, Iqs_in, Iqs_out),
   add_to_type_TYPE(FS_in, Iqs_in, Iqs_out)
The first invokes a general purpose procedure
for full-scale unification of the TFSs in its first
two arguments. Often this just generates a co-
indexing variable for reference elsewhere: A in
goal 3 corresponds to HeadDtr in D1. A is an
unbound Tag and bot is the most general type
in the hierarchy: ud makes A reference Tag-
SVs. If SVs becomes subject to type coercion,
A references the new structure through Tag.

The second returns in FS the value of FEAT
from FS_in, type-coercing this when  FEAT is
not appropriate. The add_to_TYPE goal
obtains the common sub-type of TYPE and the
type of FS_in, which is coerced to adopt this
sub-type: the procedure is precompiled from
the type hierarchy. Goals 4 to 9 use
featval_FEAT and add_to_type_TYPE to
enforce a (path: value) constraint in the first
line of D1. Goals 10 to 16 treat three other
constraints in D1: two of the values are co-
indexing variables. For conciseness, the figure
omits such goals after the first edge reference.
Goals 31 and 32 extract the list of synsem
structures CompDtrs, returned by the ALE
procedure list_sign_to_synsem: the list derives
from the value of the list CompSynsems.

Goal 50 coerces the initial type of Z-bot, the
new constituent, to phrase as required in M.
Then unshown goals constrain paths in this
TFS according to the (path: value) constraints
in M. Goal 61 invokes a procedure that asserts
a new edge containing this coerced TFS
referenced by Z, between positions Start, and
EndEdges from the last edge of goal 33. The

new edge contains a list of edge identifiers in
the sequence, and the schema name, from the
last two arguments.

The schema of Figure 2 is extended by our
precompiler, to generate the tuples in a closure
and details of co-indexing in order to guide
semantics treatment. The modified goals are
shown in Figure 3: clause modification is
easier than modifying the complex compiler
code in ALE, and the compiled schema already
invokes ALE procedures appropriately.

During the closure, procedures invoked by
goals 21 and 33 must constrain rule application
so each sequence of edges is treated just once
by each rule. Prolog backtracking cannot be
altered to achieve this, and the edge and
match_list_rest goals are modified. A list of
identifiers of edges already invoked is passed
between instances of these goals.

Detection of co-indexing requires access to
the TFS in each sub-constituent after constraint
application, and to the new TFS inside
add_edge_deref before edge assertion, when
co-indexing information is lost in copying.
Since each schema is applied without
backtracking to a single sequence of edges
each containing Tag-Bot, the list of sub-
constituent TFSs can be returned through the
head of the rule: the new TFS, Z-bot appears as
two arguments of the last goal.

rulejcb(Tag,SVs,Iqs,Start,End,Edge_no,
    - [Tag-SVs,TagB-SVsB,MemList],
    - Z-bot, + Edge_countA,
     - head_subject_complement,  + Edges_in,
      -Edges_outC):-                     1                       
edgejcb(Edge_noB,StartB,EndB,TagB,SVsB,
       IqsB,DaughtsB,RuleB,Edge_countA,
       Edge_countB, Edges_in, Edges_outB),  21
match_list_restjcb(Type,MemList,EndB,
       EndEdges,Edge_nos,[ ] ,Iqs_out27,
       Iqs_out28,Edge_countB, Edge_countC,
       Edges_outB, Edges_outC),                     33
replace_add_edge_deref(Start, EndEdges,

             Z, bot, Iqs_out52,
                [Edge_no, Edge_noB | Edge_nos] ,
                 head_subject_complement )          61

Figure 3: The Head_subject_complement
                Schema after Further Compilation
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The extra argument 7 of rulejcb is a list of
sub-constituent TFSs after constraint
application. Z-bot is the new TFS.
Edge_countA is an initial count of 1 of the
edges encountered so far. Remaining
arguments are the rule name, and lists of edge
identifiers before and after rule application.

Goal 21 invokes a new clause that invokes
edge, and adds 1 to Edge_countA to form
Edge_countB. The edge number, Edge_noB, is
added to the head of Edges_in, to form
Edges_out. Goal 33 invokes a recursive clause
which similarly treats elements of MemList.

Goal 61 invokes a new procedure without
additional arguments, to assign T0  to the new
TFS, Z-bot, using the discrimination tree and
to assert a tuple (4). If T0  is new, a fully
dereferenced Z-bot is added to the retrieval
graph, and a new edge asserted with the
retrieved TFS. Another asserted clause
associates T0  with the edge number: similar
clauses were asserted in lexical edge creation.
They are referenced in tuple formation, from
edge numbers in argument 6.

For debugging, an asserted clause contains
the string deriving a tuple, structured into sub-
phrases using brackets. Only the first sub-
phrase deriving each category is used, to
restrict numbers. Even so, this permitted the
detection of over-generation arising from
ungrammatical strings. This arose from the
verbs is, can, be, seem, and the infinitival to
not specifying their subject beyond co-
indexing it with the subject of their
complement, which is variously another
(sometimes infinitival) verb or a predicate.
This allowed generation of infinite sequences
like “X is is…”  where X is any phrase. It was
cured by hand-specifying each subject as np.
Complements were similarly treated for
believe and expect. An automatic approach
would propagate possible subjects, including
alternatives to np in a larger grammar, from
the complement into the outer verb.

To allow for large numbers of phrasal
edges, edges optionally have unbound SVs
arguments which are bound using the retrieval
graph when referenced With over-generation
cured, only 18,000 tuples were generated, and
the facility was unused.

4 The Closure Algorithm

Using the TFS of each lexeme, an edge is
asserted with an identifier between Bottom and
Last_free_edge_number-1: Start and End are
unbound so every sequence of edges is
considered by rulejcb. Then the algorithm of
Figure 4 is executed. On each  recursive
invocation, numbered in argument three,
repeat_apply makes a pass over these edges
and new edges generated in previous
invocations. The first unused identifier after a
pass is asserted in last_free_edge_number, and
when this is unchanged after a pass in which
no edges were asserted, termination occurs.

The first edge in a sequence is selected by
apply_schemas_to_a_first_edge: N is the
identifier which is incremented on each
recursion between Bottom and End. If
SVs in an edge is unbound, it is re-formed from
the retrieval graph by add_SVs_to_edge.

Selection of the remaining edges in a
sequence occurs non-deterministically within
the compiled grammar rules. These are
invoked by try_all_rules which references
rulenames, previously asserted to identify all
rules in a li st. It invokes try_all_rules/4 to
recurse through the list, each time invoking
try_all_edges  inside a negation, since a
failure-driven loop treats multiple edge
sequences by invoking the non-deterministic
rulejcb. The TFS of the first edge appears in
the first two arguments: its identifier N appears
alone and as the first in a list of edge identifiers
for the sequence, completed inside rulejcb.

To minimise compilation time, each
sequence must be treated once by each rule.
Sequences unpredictably contain 2 or 3 edges,
and a first edge E1 can combine with edges
created by sequences of edges treated after E1.
No edge can ever be discarded as a candidate
for any daughter in any rule. Sequences are too
numerous to record by asserting clauses to be
referenced before rule application.

The chosen solution is straightforward and
fairly efficient. On each pass of repeat_apply, a
range of acceptable edge identifiers is
established. Four global variables holding
identifiers, Bottom, Top, End and
Last_free_edge_number are asserted in clauses
bottom, top, end and last_free_edge_number
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respectively. The first three are adjusted in
repeat_apply, whilst the last is incremented in
replace_add_edge_deref on edge assertion.

On any pass, edges with N>End are
asserted, and apply_schemas_to_a_first_edge
treats first edges between Bottom and End. At
the end of a pass, Top is set equal to End and
End is then set to Last_free_edge_number-1:
before the first pass Top is set to Bottom – 1.

repeat_apply(Bottom,Last_free_edge_number,
                    Pass_no):-
  end(End),
  apply_schemas_to_a_first_edge(Bottom,End),
  last_free_edge_number(Last_free_edge_no2),
  End2 is Last_free_edge_number2 – 1,
  retractall(end(_)),assert(end(End2)),
  Pass_no_out is Pass_no + 1,

                    (! , ( (not(Last_free_edge_number = =
               Last_free_edge_number2))

   ->
                        (repeat_apply(Bottom,Last_free_edge_no2,

      Pass_no_out),!)
      ;true
                      ).

apply_schemas_to_a_first_edge(N,L):-
  edge(N,Start,End,Tag, SVs, Iqs, Dtrs,

  Rule_name),!,
  (var(SVs) -> add_SVs_to_edge(N,Tag,SVs)
                   ; true),
  try_all_rules(Tag,SVs,N),!,
  New_N is N + 1,
  (not(New_N > L) ->
  (apply_schemas_to_a_first_edge(New_N,L))
                               ; true).
try_all_rules(Tag,SVs,N):-
  rulenames(Rulenames),
  try_all_rules(Tag, SVs,N,Rulenames).
try_all_rules(Tag,SVs,N,
                        [Rulename|Rulenames] ):-
  not(try_all_edges(Tag, SVs,N,Rulename)),
  try_all_rules(Tag, SVs,N,Rulenames),!.
try_all_edges(Tag, SVs,N,Rulename):-
  rulejcb(Tag, SVs, [ ] , _ , _ , N, Daughters,
                 Mother,1,Rulename,[N] ,D2),
  fail.

Figure 4: Algorithm for Tuple Generation

Consequently, edges between Top+1 and End
were always created during the last pass:
initially this is the set of lexical edges.

In edgejcb and match_list_restjcb, an edge
identified by d2 or d3 depending on position in
a sequence, has its SVs unified with the rule
daughter if a following test succeeds. Test 1
succeeds if d1 was created on the previous pass
(or as a lexical edge, for pass 1), and d2 (and
d3 for a 3-daughter sequence), were created on
any pass (including lexemes) up to and
including the last. The d1 restriction prevents
treatment on multiple passes. If Test 1 fail s,
Test 2 succeeds if d2 is newly created on the
previous pass, and d1, (and d3), were created
on any pass (including lexemes) up to and
including the last. If this fails, Test 3 is passed
if d1 and d2 were created on any pass up to but
not including the last pass, and if the same rule
successfully treated them earlier as the start of
a 3-edge sequence.

By delaying combination of a new edge into
a sequence, until the pass after its creation, we
avoid a repeat pass to catch the case where the
other edges do not yet exist at creation time.
Overall this necessitates < 1 extra, low cost
pass. HPSG eliminates sequences mainly by
constraints between daughters, avoided on this
extra pass by trivial arithmetic comparisons in

O End Top End Bottom− × −
¸ ¹ ¸ ¹º »

 whilst the

unavoidable O End Top−
¼ ½

 costs of first-

daughter unification are small
Test 3 treats a new d3, with old d1 and d2,

one of which must have been new on an earlier
pass, when it was treated under Test 1 or 2.
Since d3 is a potential complement of either d1
or d2, some sequence [d1, d2, d3'] was treated
earlier, even if d3' failed unification: at that
time treated_edges_before(Rulename, [d1,d2] )
was asserted. Unification of d2 in [d1, d2, d3]
takes place (on repeated passes) only if this
asserted edge is found. Successful unifications
will be repeated, but the closure on our test
grammar has only 7 passes, and in
backtracking only one [d1, d2]  unification
takes place for all [d1, d2, d3] .
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Figure 5: Application of Head-Complement Schema to an Edge Sequence

5 Treatment of Semantic Structures

In a constituent, the co-indexing of paths in a
copy of the semantic sub-structure of a
semantic head was explained in (7) to (10).
Figure 5 il lustrates this for the head-
complement schema.. In the verb (the semantic
head),  the semantic and syntactic paths Pm
and Ps co-index at the variable Ind2, where :
Pm = SYNSEM: LOCAL: CONTENT:
   NUCLEUS: LIKEE    and
Ps =  SYNSEM: LOCAL: CATEGORY:
   COMPS: HD: LOCAL: CONTENT: INDEX
The rule co-indexes a pair of syntactic paths in
head and non-head daughters:
Ph =  SYNSEM: LOCAL: CATEGORY:
   COMPS: HD  and
Pnh = SYNSEM

Since the concatenation (Ph : Psuffix) = Ps
where Psuffix = LOCAL: CONTENT: INDEX,
then the TFS reached by Pm in the head unifies
with that reached by (Pnh: Psuffix) in the other
sub-constituent. The index structure reached by
INDEX has a dual role in an np: as well as
appearing in the semantic structure of the

phrase, it also tests syntactic agreement of its
number, person and gender features via co-
indexing in the rule. It was therefore
considered in category allocation.

Analysis involves applying each grammar
rule to a sequence of Tag-bot structures. In
these, the Tag of each co-indexed node is
bound to a 3-digit integer xyy, where yy and x
are ordinals identifying the co-indexed node in
the rule, and the first daughter with a path to
that node. The head daughter is distinguished
since its path SYNSEM: LOCAL: CONTENT
co-indexes with that path in the mother. This
leads to <Ph, Pnh> pairs, each identified by an
integer Path_no, for each rule. For each pair in
each rule a clause is asserted:
rule_paths(Rulename, Path_no, _, Daught_no)
where Daught_no locates Pnh.

Each lexeme that a tuple (4) shows to be
unifiable with the head daughter of some rule,
is treated to detect 3-tuples of the form:
< Indn, Path_no, Suffix_no >  according to the
mechanism ill ustrated in the example above:
Suffix_no identifies a single Psuffix path. A
skeleton semantic structure (8) is derived,
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where each pk argument corresponds to a 3-
tuple, ordered as Indn nodes are encountered in
a TFS traversal. Path_no fields appear in the
same order in an asserted clause
r_n(cat, Paths) where cat is Tl  allocated to the
lexeme. During constituent construction in
CFG parsing, Daught_no of the sub-
constituent is known, and Rulename is deduced
from the tuple (4), so r_n and rule_paths
identify the pk argument in (8) to bind to the
edge identifier of the sub-constituent.

Retrieval graph arcs leading to nodes li ke
Ind2 are marked by asserted clauses:
   arc_to_retrieval_tag2(+Current_arc_no,
              +Category, _ , -Path_no, -Suffix_no).
For each possible <Path_no, Suffix_no> pair
generating (Pnh : Psuffix), this path is
speculatively followed in the retrieval graph
for each lexeme to identify a node and assert:
    find_type_node_compiled(+Path_no,

     +Category, +Suffix_no,
          -Type_node_no,  -Arc_no_in).

When retrieving the TFS0  of a CFG
constituent from the retrieval graph, once the
semantic path semantics from (3) is
encountered, the sem type_ 0 of (8) is treated,
starting at the node reachable by semantics.
Where an arc number matches that in an
arc_to_retrieval_tag2 clause, Path_no and
Suffix_no are used to address
find_type_node_compiled. Category here
derives from sem typepk_  from (10), being the

category of the semantic skeleton in a sub-
constituent identified by the appropriate pk  in
(8): the ordering ensures that successive arcs
matching arc_to_retrieval_tag2 clauses
correspond correctly with consecutive pk

arguments. The arc in the TFS being
constructed is redirected to a copy of the
indicated node, and traversal of the retrieval
graph continues from that node. Arc_no_in is
used recursively with arc_to_retrieval_tag2 to
detect if the target type-node should itself be
replaced by a node derived from a further sub-
constituent.

This technique also properly treats the
head-subject-complement, subject-head and
adjunct-head rules. In this last case the RESTR
set of identifiers for the noun and adjectives is

properly constructed. This set is not accessible
from the semantic TFS of the sentence since
the grammar (probably incorrectly) co-indexes
the Indn of the verb with the node reached by
INDEX in the np, rather than with that from
which the INDEX and RESTR arcs emerge.
The specifier-head rule uses a different form of
co-indexing which we have not yet treated:
appropriate semantic structures are still
returned for the sample grammar, where no
specifier has a more specific index structure
than any head np. The counter-example“ a
sheep” which derives its number from the
specifier is not in the lexicon. Similarly, the
approximation that an arc in the head is
redirected to a node in another sub-constituent
avoids unification of index structures to
properly treat “… sheep eat(s)” : such low-cost
unification can easily be added to retrieval.

Our precompiled CFG is an exact
equivalent of the TFS grammar rather than an
approximation, since our restrictor does not
eliminate paths affecting agreement except for
slash: slashes are treated separately in our
parsing algorithm, as in CFG. Since the
schemas treated enforce agreement through a
syntactic path in the head, the semantics in the
head can be omitted by the restrictor. This also
eliminates the major source of TFS expansion
in a closure. The test grammar does not make
the daughter TFSs of a phrase accessible
except  through its semantics, so these are also
eliminated from consideration.

The path to the index structure in an np is
co-indexed by the mechanism in Figure 5, and
by other schemas, some of which co-index it
with index in another sign combining with np
to produce np. Therefore it is re-introduced for
category allocation after semantics is excluded
(3). The RESTR component is still excluded: a
linguistic reason is that its value depends on
word morphology, whilst syntactic agreement
depends on more general features.

However, no automatic mechanism could
restrict the index treatment as we do. Verbs
like believe, seem, persuade, expect and
promise take a vp or an s as complement.
They could potentially specify agreement with
the semantic part of a vp of varying saturation.
In practice only the syntactic HEAD of the
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complement is constrained, so these verbs
differ from verbs that take np as a subject. A
linguistic reason is that the semantic structure
of a verb depends on its word morphology as
in Figure 5, whilst in an np this dependency
applies only to RESTR and not to INDEX.

An automatic mechanism to generate our
restrictor would necessitate a closure from a
sample of the lexicon, since only when
syntactic agreement occurs can the need for
semantic agreement be assessed. The linguist
can predict such agreement by inspection, so a
better approach might be to automatically
generate diagrams li ke Figure 5 to guide in the
choice of restrictor. An over-drastic restrictor
becomes apparent only when a retrieved TFS
from CF parsing does not match the original
from TFS parsing. Automatic mechanisms for
comparison might be worth investigating.

Automatic mechanisms to derive our
treatment of slashes may be possible, since
they are associated with lists that grow during
parsing, not shrink as do subcat, subj or comps
li sts. Our test grammar does not maintain
quantifier lists, but their behaviour is in many
ways similar to that of slashes.

We do not currently retrieve the semantic
structure of slashes. If each slash is paired with
the edge number of its lexical origin, and
details of slashes satisfying the filler-head
schema during parsing are indexed by edge
number, then the semantics can be retrieved
from the TFS corresponding to T1  in (6), when
the slash is encountered during retrieval.

6 Conclusion

It has proved practical to precompile in an
acceptable time a realistic HPSG grammar into
exactly equivalent (neglecting semantics) CFG
categories and rules, of reasonable number and
compact size, together with a table to control
slash agreement. It was also possible to
generate data structures for building skeleton
semantic structure and retrieving its full
structure after parsing, obviating the need for
TFS unification. A Prolog prototype parses 18
times faster, and is estimated to be 180 times
faster in an optimum imperative code solution.
This predicted speed-up would exceed that
obtained with a CFG approximation, where

TFS unification must follow CFG parsing. The
kind of co-indexing used in the specifier-head
schema is not treated in semantic retrieval, but
the method seems extensible to embrace this.
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Abstract

In this paper, we identify syntacticlexical ambi-
guity andsentencecomplexity as factorsthat con-
tribute to parsingcomplexity in fully lexicalized
grammarformalismssuchasLexicalizedTreeAd-
joining Grammars.We alsoreporton experiments
that explore the effectsof thesefactorson parsing
complexity. We discusshow theseconstraintscan
be exploited in improving efficiency of parsersfor
suchgrammarformalisms.

1 Introduction

The time taken by a parserto producederivations
for input sentencesis typically associatedwith the
lengthof thosesentences.Thelongerthesentence,
themoretime theparseris expectedto take. How-
ever, complex algorithmslike parsersaretypically
affectedby several factors. A commonexperience
is that parsingalgorithmsdiffer in the numberof
edgesinsertedinto the chartwhile parsing. In this
paper, we explore someof theseconstraintsfrom
theperspectiveof lexicalizedgrammarsandexplore
how theseconstraintsmightbeexploitedto improve
parserefficiency.

We concentrateon the problemof parsingusing
fully lexicalizedgrammarsby lookingat parsersfor
LexicalizedTreeAdjoining Grammar(LTAG). By
a fully lexicalized grammarwe meana grammar
in which thereareoneor moresyntacticstructures
associatedwith eachlexical item. In the caseof
LTAG eachstructureis a tree(or, in general,a di-
rectedacyclic graph).For eachstructurethereis an
explicit structuralslot for eachof theargumentsof
the lexical item. The variousadvantagesof defin-
ing alexicalizedgrammarformalismin thiswayare
discussedin (JoshiandSchabes,1991).

An example LTAG is shown in Figure 1. To
parsethesentenceMs. Haag playsElianti theparser
hasto combinethe treesselectedby eachword in
thesentenceby usingtheoperationsof substitution
andadjunction(the two compositionoperationsin
LTAG) producinga valid derivation for the sen-
tence.

Noticethatasa consequenceof this kind of lexi-

calizedgrammaticaldescriptiontheremightbesev-
eral different factorsthat affect parsingcomplex-
ity. Eachword canselectmany differenttrees;for
example, the word plays in Figure 1 might select
several treesfor eachsyntacticcontext in which it
can occur. The verb plays can be usedin a rela-
tive clause,a wh-extractionclause,amongothers.
While grammaticalnotionsof argumentstructure
andsyntaxcanbe processedin abstracttermsjust
as in otherkinds of formalisms,the crucial differ-
encein LTAG is thatall of this informationis com-
piled into a finite setof treesbefore parsing.Each
of theseseparatelexicalizedtreesis now considered
by theparser. Thiscompilationis repeatedfor other
argumentstructures,e.g. theverbplayscould also
selecttreeswhichareintransitive thusincreasingthe
setof lexicalizedtreesit canselect.Thesetof trees
selectedby different lexical itemsis what we term
in this paperaslexical syntacticambiguity.

The importanceof this compilation into a set
of lexicalizedtreesis that eachpredicate-argument
structureacrosseachsyntacticcontext hasits own
lexicalized tree. Most grammarformalisms use
featurestructuresto capturethe samegrammatical
andpredicate-argumentinformation.In LTAG, this
larger set of lexicalized treesdirectly corresponds
to the fact that recursive featurestructuresarenot
neededfor linguistic description. Featurestruc-
turesare typically atomic with a few instancesof
re-entrantfeatures.

Thus, in contrastwith LTAG parsing,parsing
for formalismslike HPSGor LFG concentrateson
efficiently managingthe unification of large fea-
ture structuresandalsothe packingof ambiguities
when thesefeaturestructuressubsumeeachother
(see(OepenandCarroll,2000)andreferencescited
there).Wearguein thispaperthattheresultof hav-
ing compiledout abstractgrammaticaldescriptions
into asetof lexicalizedtreesallowsusto predictthe
numberof edgesthatwill beproposedby theparser
even beforeparsingbegins. This allows us to ex-
plore novel methodsof dealingwith parsingcom-
plexity that aredifficult to considerin formalisms
thatarenot fully lexicalized.
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Figure1: Examplelexicalizedelementarytrees. They areshown in the usualnotation: ��� anchor � �!�
substitutionnode�#"$� footnode� na � null-adjunctionconstraint. Thesetreescanbecombinedusingsub-
stitutionandadjunctionto parsethesentenceMs. Haag playsElianti.

Furthermore,asthesentencelengthincreases,the
numberof lexicalizedtreesincreaseproportionally
increasingtheattachmentambiguity. Eachsentence
is composedof several clauses. In a lexicalized
grammar, eachclausecanbe seenasheadedby a
single predicatetree with its argumentsand asso-
ciatedadjuncts. We shall seethat empirically the
numberof clausesgrow with increasingsentence
length only up to a certain point. For sentences
greaterthana certainlengththenumberof clauses
donotkeepincreasing.

Basedon theseintuitionswe identify thefollow-
ing factorsthat affect parsingcomplexity for lexi-
calizedgrammars:

Syntactic Lexical Ambiguity Thenumberof trees
selectedby the words in the sentencebeing
parsed. We show that this is a betterindica-
tor of parsingtime thansentencelength. This
is alsoa predictorof thenumberof edgesthat
will be proposedby a parser, allowing us to
betterhandledifficult casesbefore parsing.

Sentence Complexity The clausal complexity in
thesentencesto beparsed.Weobserve thatthe
numberof clausesin a sentencestopsgrow-
ing in proportionto thesentencelengthaftera
point. We show that beforethis point parsing
complexity is relatedto attachmentof adjuncts
ratherthanattachmentof arguments.

2 LTAG Treebank Grammar
The grammarwe usedfor our experimentswas a
LTAG TreebankGrammarwhichwasautomatically
extractedfrom Sections02–21of the Wall Street
JournalPennTreebankII corpus (Marcus et al.,

1993).Theextractiontool (Xia, 1999)convertedthe
derivedtreesof theTreebankintoderivationtreesin
LTAG which representthe attachmentsof lexical-
izedelementarytrees.Thereare %�&('*) treetemplates
in thegrammarwith +,&,�-&(.*/ treenodes.Eachword
in thecorpusselectssomesetof treetemplates.The
total numberof lexicalized treesis 01/*2!��3�2*) . The
totalnumberof wordtypesin thelexiconis +*+4�5/601. .
Theaveragenumberof treesperword typeis /!78&(' .
However, this averageis misleadingsinceit does
not considerthe frequency with which words that
selecta large numberof treesoccurin the corpus.
In Figure2 weseethatmany frequentlyseenwords
canselecta largenumberof trees.
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Figure2: Numberof treesselectedplottedagainst
wordswith aparticularfrequency. (x-axis:wordsof
frequency : ; y-axis: numberof treesselected,error
barsindicateleastandmostambiguousword of a
particularfrequency : )

Another objection that can be raisedagainsta

38



Treebankgrammarwhich has beenautomatically
extractedis that any parsingresultsusing sucha
grammar; might not be indicative of parsing us-
ing ahand-craftedlinguisticallysophisticatedgram-
mar. To addressthis point (Xia andPalmer, 2000),
comparesthis Treebankgrammarwith the XTAG
grammar(XTAG-Group,1998),alarge-scalehand-
craftedLTAGgrammarfor English.Theexperiment
shows that 82.1%of templatetokensin the Tree-
bankgrammarmatcheswith a correspondingtem-
platein theXTAG grammar;14.0%arecoveredby
theXTAG grammarbut thetemplatesin two gram-
marslook different becausethe Treebankand the
XTAG grammarhaveadopteddifferentanalysesfor
the correspondingconstructions;1.1%of template
tokensin the Treebankgrammararenot linguisti-
cally sounddueto annotationerrorsin theoriginal
Treebank;andtheremaining2.8%arenotcurrently
coveredby the XTAG grammar. Thus, a total of
96.1%of the structuresin the Treebankgrammar
matchupwith structuresin theXTAG grammar.

3 Syntactic Lexical Ambiguity
In a fully lexicalized grammarsuchas LTAG the
combinationsof trees(by substitutionandadjunc-
tion) canbethoughtof asattachments. It is thisper-
spectivethatallowsusto definetheparsingproblem
in two steps(JoshiandSchabes,1991):

1. Assigningasetof lexicalizedstructurestoeach
word in theinputsentence.

2. Findingthecorrectattachmentsbetweenthese
structuresto getall parsesfor thesentence.

In this sectionwe will try to find which of these
factorsdeterminesparsingcomplexity whenfinding
all parsesin anLTAG parser.

To test the performanceof LTAG parsingon a
realistic corpususing a large grammar(described
above) we parsed /*/*.(3 sentencesfrom the Wall
StreetJournalusing the lexicalized grammarde-
scribedin Section2.1 All of thesesentenceswere
of length /60 wordsor less. Thesesentenceswere
taken from the samesections(02-21)of the Tree-
bank from which the original grammarwas ex-
tracted. This was doneto avoid the complication
of usingdefault rulesfor unknown words.

In all of theexperimentsreportedhere,theparser
producesall parsesfor eachsentence.It produces
a sharedderivation forest for eachsentencewhich
stores,in compactform,all derivationsfor eachsen-
tence.

1Someof theseresultsappearin (Sarkar, 2000).In thissec-
tionwepresentsomeadditionaldataonthepreviousresultsand
alsotheresultsof somenew experimentsthatdo not appearin
theearlierwork.

We found that the observed complexity of pars-
ing for LTAG is dominatedby factorsother than
sentencelength.2 Figure 3 shows the time taken
in secondsby the parserplotted againstsentence
length. We seea greatdealof variation in timing
for the samesentencelength,especiallyfor longer
sentences.

Wewantedto find therelevantvariableotherthan
sentencelengthwhich would be theright predictor
of parsingtime complexity. Therecan be a large
variationin syntacticlexical ambiguitywhichmight
bea relevant factorin parsingtime complexity. To
draw this out, in Figure4 we plottedthenumberof
treesselectedby a sentenceagainstthe time taken
to parsethatsentence.By examiningthis graphwe
canvisuallyinfer thatthenumberof treesselectedis
a betterpredictorof increasein parsingcomplexity
thansentencelength.We canalsocomparenumer-
ically the two hypothesesby computingthecoeffi-
cientof determination( <�= ) for thetwo graphs.We
get a <�= valueof 367>%*. for Figure3 anda valueof367>'*/ for Figure4. Thus,we infer that it is thesyn-
tacticlexical ambiguityof thewordsin thesentence
which is themajorcontributor to parsingtimecom-
plexity.
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Figure 3: Parse times plotted against sentence
length. Coefficient of determination: < = �@367>%*. .
(x-axis: Sentencelength; y-axis: log(time in sec-
onds))

Since we can easily determinethe numberof
treesselectedby asentencebeforewestartparsing,
we can usethis numberto predict the numberof
edgesthatwill beproposedby a parserwhenpars-
ing this sentence,allowing usto betterhandlediffi-
cult casesbefore parsing.

2Note that the precisenumberof edgesproposedby the
parserandothercommonindicatorsof complexity canbeob-
tainedonly while or afterparsing.Weareinterestedin predict-
ing parsingcomplexity.
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Figure4: The impactof syntacticlexical ambigu-
ity on parsingtimes.Log of thetime takento parse
a sentenceplottedagainstthe total numberof trees
selectedby thesentence.Coefficient of determina-
tion: <�=
AB367>'*/ . (x-axis: Total numberof treesse-
lectedby a sentence;y-axis: log(time)in seconds).

We test the above hypothesisfurther by parsing
thesamesetof sentencesasabove but this time us-
ing anoraclewhich tells us the correctelementary
lexicalizedstructurefor eachword in thesentence.
Thiseliminateslexical syntacticambiguitybut does
not eliminateattachmentambiguity for the parser.
Thegraphcomparingtheparsingtimesis shown in
Figure 5. As the comparisonshows, the elimina-
tion of lexical ambiguityleadsto a drasticincrease
in parsingefficiency. The total time taken to parse
all /*/*.(3 sentenceswentfrom 548Ksecondsto 31.2
seconds.

Figure 5 shows us that a model which disam-
biguatessyntacticlexical ambiguitycanpotentially
be extremelyuseful in termsof parsingefficiency.
Thus disambiguationof tree assignmentor Su-
perTagging (Srinivas, 1997) of a sentencebefore
parsingit might bea way of improving parsingef-
ficiency. This gives us a way to reducethe pars-
ing complexity for preciselythe sentenceswhich
wereproblematic:theoneswhichselectedtoomany
trees.To testwhetherparsingtimesarereducedaf-
ter SuperTaggingwe conductedan experimentin
which the output of an C -best SuperTagger was
taken asinput to the parser. In our experimentwe
set C to be %(3 .3 Thetimetakento parsethesameset
of sentenceswasagaindramaticallyreduced(theto-
tal time takenwas21K seconds).However, thedis-
advantageof this methodwasthat the coverageof

3(Chenet al., 1999)shows that to getgreaterthan97%ac-
curacy usingSuperTaggingthe valueof D mustbe quitehigh
( DFE�GIH ). They useadifferentsetof SuperTagsandsoweused
their resultsimply to getanapproximateestimateof thevalue
of D .

the parserwasreduced:926 sentences(out of the
2250)did notgetany parse.Thiswasbecausesome
crucial treewasmissingin the C -bestoutput. The
resultsaregraphedin Figure6. Thetotalnumberof
derivationsfor all sentenceswentdown to 1.01e+10
(the original total numberwas1.4e+18)indicating
(notsurprisingly)thatsomeattachmentambiguities
persistalthoughthe numberof treesare reduced.
We are experimentingwith techniqueswhere the
outputof the C -bestSuperTaggeris combinedwith
otherpiecesof evidenceto improve thecoverageof
theparserwhile retainingthespeedup.
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Figure5: Parsetimeswhentheparsergetsthecor-
rect treefor eachword in thesentence(eliminating
any syntacticlexical ambiguity).Theparsingtimes
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Figure6: Time takenby theparserafter C -bestSu-
perTagging( CKAL%(3 ). (x-axis: Sentencelength;y-
axis: log(time)in seconds)

4 Sentence Complexity
Therearemany waysof describingsentencecom-
plexity, which are not necessarilyindependentof
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each other. In the context of lexicalized tree-
adjoining grammar (and in other lexical frame-
wM orks,perhapswith somemodifications)thecom-
plexity of syntacticandsemanticprocessingis re-
latedto thenumberof predicate-argumentstructures
beingcomputedfor agivensentence.

In thissection,weexplorethepossibilityof char-
acterizingsentencecomplexity in termsof thenum-
berof clauseswhich is usedasanapproximationto
the numberof predicate-argumentstructuresto be
foundin asentence.

The numberof clausesof a given sentencein
the PennTreebankis countedusingthe bracketing
tags. The count is computedto be the numberof
S/SINV/SQ/RRCnodeswhichhave aVP child or a
child with -PRDfunction tag. In principlenumber
of clausescan grow continuouslyas the sentence
length increases.However it is interestingto note
that99.1%of sentencesin thePennTreebankcon-
tain6 or fewerclauses.

Figure 7 shows the averagenumberof clauses
plottedagainstsentencelength. For sentenceswith
no morethan50 words,which accountsfor 98.2%
of the corpus,we seea linear increasein the av-
eragenumberof clauseswith respectto sentence
length. But from that point on, increasingthe sen-
tencelengthdoesnot leadto aproportionalincrease
in the numberof clauses. Thus, empirically, the
numberof clausesis boundedby a constant. For
somevery long sentences,the numberof clauses
actuallydecreasesbecausethesesentencesinclude
longbut flat coordinatedphrases.

Figure 8 shows the standarddeviation of the
clause number plotted against sentencelength.
There is an increasein deviation for sentences
longerthan50 words. This is dueto two reasons:
first, quite often, long sentenceseitherhave many
embeddedclausesor areflat with long coordinated
phrases;second,thedatabecomesparseasthesen-
tencelengthgrows,resultingin highdeviation.4

In Figure9 andFigure10 we show how parsing
time variesasa function of the numberof clauses
presentin the sentencebeing parsed. The figures
areanalogousto theearliergraphsrelatingparsing
time with otherfactors(seeFigure3 andFigure4).
Surprisingly, in both graphswe seethat when the
numberof clausesis small (in this caselessthan. ), an increasein the numberof clauseshasno ef-
fectontheparsingcomplexity. Evenwhenthenum-
berof clausesis 0 we find thesamepatternof time
complexity that we have seenin the earliergraphs
when we ignoredclausecomplexity. Thus, when
the numberof clausesis small parsingcomplexity

4For somesentencelengths(e.g., length NPOIQ-H ), thereis
only onesentencewith that lengthin thewholecorpus,result-
ing in zerodeviation.
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Figure7: Averagenumberof clauseplottedagainst
sentencelength
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Figure8: Standarddeviationof clausenumberplot-
tedagainstsentencelength

is relatedto attachmentof adjunctsratherthanargu-
ments. It would be interestingto continueincreas-
ing the numberof clausesandthe sentencelength
andthencomparethedifferencesin parsingtimes.5

We have seenthat beyond a certain sentence
length,the numberof clausesdo not increasepro-
portionally. We conjecturethat a parsercan ex-
ploit this observed constrainton clausecomplexity
in sentencesto improve its efficiency. In awaysim-
ilar to methodsthat accountfor low attachmentof
adjunctswhileparsing,wecanintroduceconstraints
on how many clausesa particularnodecandomi-
natein a parse. By makingthe parsersensitive to
this measure,wecanpruneout unlikely derivations
previously consideredto beplausibleby theparser.
There is also an independentreasonfor pursuing
this measureof clausalcomplexity. It can be ex-
tendedto a notion of syntacticandsemanticcom-
plexity as they relate to both the representational

5Weplanto conductthisexperimentandpresenttheresults
duringtheworkshop.
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Figure 9: Variation in times for parsing plotted
againstlengthof eachsentencewhile identifyingthe
numberof clauses.
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Figure 10: Variation in times for parsingplotted
againstthe numberof treesselectedby eachsen-
tencewhile identifying thenumberof clauses.

andprocessingaspects(Joshi,2000).Theempirical
studyof clausalcomplexity describedin thissection
might shedsomelight on the generalissueof syn-
tacticandsemanticcomplexity.

5 Conclusion

In this paper, we identifiedsyntacticlexical ambi-
guity andsentencecomplexity as factorsthat con-
tribute to parsingcomplexity in fully lexicalized
grammars.

Weshowedthatlexical syntacticambiguityhasa
strongeffectonparsingtimeandthatamodelwhich
disambiguatessyntacticlexical ambiguity can po-
tentiallybeextremelyusefulin termsof parsingef-
ficiency. By assigningeachword in the sentence
with thecorrectelementarytreeshowedthatparsing
timeswerereducedby severalordersof magnitude
(the total time taken to parse/*/*.(3 sentenceswent
from 548Ksecondsto 31.2seconds).

We conductedan experimentin which the out-
put of an C -bestSuperTaggerwastakenasinput to
theparser. The time taken to parsethesamesetof
sentenceswasagaindramaticallyreduced(thetotal
time takenwas21K seconds).Thedisadvantageof
this approachwasthat926out of theoriginal 2250
sentencesdid notgetany parse.

Weshowedthatevenassentencelengthincreases
the numberof clausesis empiricallyboundedby a
constant.The numberof clausesin 99.1%of sen-
tencesin thePennTreebankwasboundedby 6. We
discussedhow thisfindingaffectsparsingefficiency
and showed that for when the numberof clauses
is smallerthan + , parsingefficiency is dominated
by adjunctattachmentsratherthanargumentattach-
ments.
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kY�9d } {�z��?d��9r�n�d��!�9j�k d�f kUj�pgk?dG�g�9j�p��i«
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og���9rgr!²Yc�p u l!²��!�9r�v��]¹U�E�,¹��U�
z9rYc�z9²G�9o�ngr�kqh � ²gj � �]¹g�U�
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1. Introduction 

We demonstrate the tool set available to linguistic 
developers in our NLP lab, with a particular 
emphasis on the tools for incremental regression 
testing and creation of regression suites. These 
tools are currently under use in the daily 
development of broad-coverage language analysis 
systems for 7 languages (Chinese, English, French, 
German, Japanese, Korean and Spanish). The 
system is modular, with the parsing engine and 
debugging environments shared by all languages. 
Linguistic rules are written in a proprietary 
language (called G) whose features are uniquely 
suited to linguistic tasks (Heidorn, in press). The 
engine underlying the system, as well as the user 
interface for linguistic developers, is 
unicode-enabled thus supporting both European 
and non-Indo-European languages. 

2. Tools for regression testing 

The purpose of this class of tools is to build 
regression suites, which is a collection of what we 
call master files. The master files take the form of 
stored output trees, and keep a record of the state 
of development at any point in time.  

The linguistic developer builds a set of regression 
files over the course of grammar development, 
thus developing annotated corpora.  Because the 
system is intended to cover a broad range of input 
including ungrammatical input, and because we 
are very open to letting real text dictate grammar 
structures rather than theory, we find that 
annotated structures output by the system are 
more useful for development than manually 
tagged corpora.  

The standard practice of parser development 
within our group is schematically shown in Figure 
1. As grammar work progresses, developers can 
run regression tests against the regression suites to 
examine the consequences of the changes to the 

grammar. When differences are found, the system 
gives a color-coded display of the differences 
(new changes in green, what is in the master file 
in red, and unchanged part in gray). If the change 
is an improvement, the developer can choose to 
update the master file by simply double-clicking 
on the sentence number on the display, and add 
the sentences that are newly accommodated to the 
regression suite. If the change is evaluated as 
negative, the linguistic developer reworks the 
rules that caused the regression. 

Since we run regression tests many times a day in 
the grammar development, the processing speed 
of the systems is a vital issue. Current 
performance estimates for regression testing are 
20 to 30 sentences per second on a 550 MHz 
Pentium III machine with 512MB RAM across 
languages (average sentence length = 16.51 words 
in English, 49.02 chars in Japanese, for example). 
We also have means to distribute the processing 
of regression testing onto multiple CPUs: 
currently, 3 machines with 4 CPUs each (500 
MHz, 768MB RAM) regress 27,000 sentences in 
less than 100 seconds or about 275 sentences per 
second (English, on the same corpus as above).  
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Figure 1. Flow diagram of daily grammar development process


