
The Fourth Symposium on Natural Language Pro
essing 2000AN HPSG FORMALISM FOR IMPLEMENTING A JAVAPARSER�Vlado Ke�seljDepartment of Computer S
ien
e, University of Waterloo, Waterloo, ON N2L 3G1, CanadaWe present a new HPSG formalism used to implement a Java parser for Head-Driven PhraseStru
tureGrammars (HPSGs), named Stefy. The parser is used in an Internet information retrievalsystem. The spe
i�
ationof the formalism is presentedand the reasons for introdu
ing this approa
hare explained. We also present the uni�
ation algorithm and dis
uss its 
omplexity.Key words: HPSG, uni�
ation, parsing, information retrieval.1. INTRODUCTIONThis paper des
ribes the underlying formalism of the parser Stefy|a parser for naturallanguages (NL), implemented in the programming language Java, and based on the HPSG(Head-Driven Phrase Stru
ture Grammar) model for NLs.The parser is a part of a larger proje
t to implement a natural language pro
essing(NLP) system for Internet information retrieval (IR). This larger proje
t requires Java applets
apable of parsing a NL. More details regarding this appli
ation are presented in Ke�selj 1999.HPSG. The HPSG formalism for NLP is a high-level uni�
ation approa
h, suitable forstudies in theoreti
al linguisti
s and strongly in
uen
ed by the Prolog paradigm. As any othergrammar formalism, it is used to des
ribe syntax of a NL; but, unlike other grammars, HPSGalso provides a way of des
ribing semanti
s simultaneously. Additionally, it is re
ognized thatHPSGs also provide a very 
exible model, in whi
h a large number of NL phenomena 
anbe e�e
tively handled (Sag and Wasow 1999), and whose grammars are robust and 
an berelatively easily managed. For this reason, the HPSG model is attra
tive for lower-level,pra
ti
al appli
ations, i.e., for the area of natural language engineering. More details aboutthe formalism and a pre
ise de�nition of it, as used in Stefy, are given in Se
tion 3.Motivation behind Java parser. As mentioned above, this Java parser will be used inInternet IR appli
ations. Some work on developing HPSG parsers in low-level programminglanguages has been done (Makino et al. 1998). However, we are not aware of any reportsabout systems implemented in Java.The additional reasons for using Java for this task in
lude:� Java supports dynami
 
lass loading and obje
t serialization, whi
h are important fea-tures ne
essary for our 
on
ept of distributed NLP,� the similarity between hierar
hi
al HPSG 
on
epts and OOP (obje
t-oriented program-ming) 
an be 
onveniently used in parser and grammar design, and� Java is a good prototyping language, 
ompared to C++ for example, and fa
ilitateseasy experimentation with various approa
hes, whi
h makes this shift in programminglanguage paradigm less drasti
 and easier to handle.�This work is supported by NSERC.
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SNLP'2000, Chiang Mai, Thailand2. BACKGROUNDHPSG. The HPSG model was formulated in 1986. The main books on the subje
t arePollard and Sag (1994) and Sag and Wasow (1999). Carpenter (1992) gives a pre
ise formaltreatment of the formalism.Parsers. The �rst HPSG 
hart parser was introdu
ed by Proudian and Pollard (1985).The parser was implemented in Prolog. In 1990, Popowi
h and Vogel des
ribed their HPSG
hart parser, also developed in Prolog, whi
h had a better 
overage of the developments in theHPSG formalism up to that time. Probably the best-known and the most widely used parsertoday is the system ALE (Carpenter and Penn 1999), whi
h is developed in Prolog. Thesystem LiLFeS (Makino et al. 1999) is an HPSG parser implemented in a low-level language.In Carpenter (1999), a 
hart parser for probabilisti
 
ontext-free grammars, implementedin Java, is des
ribed. The LKB system (Copestake et al. 1999) is a grammar and lexi
ondevelopment environment developed in Lisp. It is designed for use with 
onstraint-basedformalisms, more spe
i�
ally for the use of typed feature stru
tures, su
h as the HPSGformalism.Uni�
ation. Uni�
ation is a built-in feature in the programming language Prolog, butit is not a part of Java. It is an essential notion in the HPSG model, so it is implementedwithin the proje
t Stefy in form of a Java pa
kage 
alled avm. The method of uni�
ation (atleast in the modern sense) is introdu
ed by Robinson in (1965). Our uni�
ation algorithm isa variation of the Huet's algorithm (Huet 1976). Knight (1989) gives a good survey on thesubje
t of uni�
ation. Malouf (1999) treats some eÆ
ien
y issues regarding graph uni�
ationfor parsing 
onstraint-based grammars, whi
h are also relevant for the HPSG parsing.3. HPSG FORMALISMThe HPSG formalism is a relatively 
omplex notion (
ompared to 
ontext-free grammars,for example) and 
an be approa
hed in various ways. One of the 
hoi
es that we have to makebefore de�ning it is related to the tradeo� between implementational eÆ
ien
y and eÆ
a
yof dire
tly 
apturing of various linguisti
 rules. In this se
tion we present our de�nition ofthe HPSGs, as implemented in Stefy, Version 0.1. This de�nition is implementation-oriented,so it does not ne
essarily re
e
t an ideal way of de�ning HPSGs in a theoreti
al-linguisti
sense. However, as dis
ussed in Se
tion 5, it is more suitable for our task than the existingformalism.Before de�ning the 
ru
ial notion of the HPSG formalism|the head-driven phrase stru
-ture grammar|we in
rementally de�ne several simpler notions.The HPSG formalism is based on the attribute-value matri
es (AVM), also 
alled (typed)feature stru
tures. The AVMs are re
ursive stru
tures, and an important question is whetherwe allow 
y
les in those stru
tures; e.g., 
an a proper part of a matrix be the matrix itself.A
y
li
 matri
es are simpler to des
ribe theoreti
ally. On the other hand, allowing 
y
lesis less expensive from the implementational point of view and they provide for a more di-re
t representations of some NL phenomena.1 For this reason, we 
hoose to in
lude 
y
li
matri
es.1E.g., see Carpenter 1992. For example, the senten
e \This senten
e is false." requires a 
y
li
 stru
turefor its semanti
 representation.



An HPSG formalism for implementing a Java parserExample 1. Some examples of AVMs are given below:266666664 employeeID: JQPNAME: John Q. Publi
DEPT: 24 deptID: D1NAME: Dept. of CS 35 377777775This is the example of an AVM 
ontaining data about an employee|a typi
al example fromthe database domain. The itali
 identi�ers employee and dept denote types, the stringstypeset in the sans-serif font and followed by a 
olon, e.g. ID:, denote attributes, and theother strings, e.g `John Q. Publi
', are 
alled atoms.A list 
ontaining two atoms `a' and `b', i.e., ha; bi, 
an be represented as follows:2666664 nlistHEAD: aTAIL: 24 nlistHEAD: bTAIL: [elist℄ 35 3777775The important notion of stru
ture sharing 
an be illustrated by the following AVM:2666664 nlistHEAD: 1TAIL: 24 nlistHEAD: 1TAIL: [list℄ 35 3777775This AVM 
an be interpreted as a pattern that mat
hes all arrays having at least twoelements, and having the �rst two elements equal. The symbol 1 denotes an index, or avariable, and it is used to denote \identi
al" entities, in a 
ertain sense.An example of a 
y
li
 stru
ture is the following:126666666664 employeeID: NCNAME: Ni
k Cer
oneDEPT: 2664 deptID: CSNAME: Dept. of CSCHAIR: 1 3775 37777777775It des
ribes an employee, who is the 
hair of the department he belongs to.Now, we 
an more formally introdu
e these notions. Let At denote a �nite set of at-tributes, A denote an in�nite enumerable set of atoms, and V denote an in�nite enumerableset of variables. We assume that these sets are disjoint.A set of types is a latti
e, and it 
an be any �nite latti
e:De�nition 1 (Latti
e of types) A latti
e of types is a non-empty �nite set T with apartial ordering �, su
h that for every pair t; u 2 T there is a unique smallest element t _ u



SNLP'2000, Chiang Mai, Thailandthat is greater than t and u, and there is a unique largest element t ^ u that is smaller thant and u.As a 
onsequen
e, there exist the minimal and the maximal element of the set T , andthey are denoted ? and >.We assume that the sets At, A, V , and T are disjoint.The type ? is spe
i�
 in our appli
ation in sense that it is not 
onsidered a \valid type;"rather, it is used to denote in
onsisten
ies in uni�
ation operations.Example 2. A latti
e of types 
an be represented by a diagram, e.g.,
nlist elist t t1

list

t2represents a latti
e of types, where nlist _ elist = list , elist ^ t = ?, and so on. Typesnlist and elist 
an be used to represent non-empty and empty lists, as already illustrated inthe previous example.The �rst step towards de�ning AVMs is the de�nition of a simpler kind of AVM, whi
hwe 
all basi
 AVM.De�nition 2 (Basi
 AVM) A basi
 AVM over the set of attributes At, the set of atoms A,the set of variables V , and the latti
e of types T (or simply, over At, A, V , and T ) is anyatom, variable, or any tuple (t; (a1; v1); (a2; v2); : : : ; (an; vn));where n � 0, t 2 T n f?g, ai 2 At, vi 2 V , and ai 6= aj for i 6= j. The set of all basi
 AVMsover At, A, V , and T is denoted MAt;A;V;T , or simply M .We assume that the set of tuples de�ned in this way does not have any elements in
ommon with the sets At, A, V , or T .A basi
 AVM that is a tuple (t; (a1; v1); (a2; v2); : : : ; (an; vn)) is denoted26666664 ta1 v1a2 v2... ...an vn 37777775If the type is not expli
itly denoted, the type > is assumed. For instan
e, [ ℄ represents thebasi
 AVM: (>).De�nition 3 (System of equations) Given a set of basi
 AVMs M , a system of equa-tions (or a system for short) is any �nite relation � � V �M .De�nition 4 (Satis�able system) A system � is satis�able if there exists an equivalen
erelation � on M , su
h that � ��, and for all m � m0 one of the following holds:1. m 2 V or m0 2 V ,



An HPSG formalism for implementing a Java parser2. m;m0 2 A and m = m0, or3. m = (t; (a1; v1); : : : ; (an; vn)), m0 = (t0; (a01; v01); : : : ; (a0n0; v0n0)), ai; a0i 2 At, vi; v0i 2 V ,ai = a0j ) vi � v0j; and there is a t0 2 T n f?g su
h that for all basi
 AVMs m00 =(t00; (a001 ; v001 ); : : : ; (a00n00 ; v00n00)): m � m00 ) t00 � t0:If � is a satis�able system, then there exists the smallest equivalen
e relation � with theabove properties, and we denote it ��.Example 3. A simple example of an unsatis�able system is:f(v1; a); (v2; b); (v1; v2)gwhere a and b are two distin
t atoms.De�nition 5 (AVM) An AVM is any pair (v; �) of a distinguished variable v and a sat-is�able system �. The set of all AVMs is denoted MAt;A;V;T , or simply M .De�nition 6 (Domain of variables) For any basi
 AVM m, we de�ne the domain ofvariables of m, Dv(m), to be:Dv(m) = 8<: ;; if m 2 A;fmg; if m 2 V ;fv1; : : : ; vng; if m = (t; (a1; v1); : : : ; (an; vn)).For a system �, the domain of variables of � isDv(�) = [(v;m)2�(fvg [Dv(m)):For any AVM m = (v; �), we de�ne the domain of variables of m, Dv(m), to be:Dv(m) = fvg [Dv(�):Intuition behind the domain of variables is that a domain of variables in
ludes all variableswhi
h are part of an AVM. Two AVMs are \independent" if their domains of variables aredisjoint.Sin
e any system � is �nite, Dv(m) is a �nite set for any system or any AVM. It is also�nite for any basi
 AVM.Example 4. A frequently used stru
ture in HPSGs is a list. For instan
e, ha1; a2i is a listof two atoms a1; a2 2 A. Using the type hierar
hy given in the previous example, the listha1; a2i 
an be represented in the standard HPSG notation as:2666664 nlistHEAD: a1TAIL: 24 nlistHEAD: a2TAIL: � elist � 35 3777775A

ording to De�nition 5, this AVM 
an be represented as a pair (v1; �), where� = f(v1; (nlist; (HEAD; v2); (TAIL; v3))); (v2; a1);(v3; (nlist; (HEAD; v4); (TAIL; v5)); (v4; a2); (v5; (elist))g:The domain of variables of this AVM is Dv((v1; �)) = fv1; v2; v3; v4; v5g.



SNLP'2000, Chiang Mai, ThailandDe�nition 7 (HPSG rule) If m 2M and v1; : : : ; vn 2 V (n � 1), thenm! v1v2 : : : vnis an HPSG non-lexi
al rule.Let � be a distinguished subset of A, whi
h we 
all alphabet, and its elements are 
alledletters or terminals. For any m 2M and a 2 �,m! ais an HPSG lexi
al rule.Lexi
al and non-lexi
al HPSG rules are 
alled HPSG rules.We de�ne the domain of variables for HPSG rules in the following way:Dv(m ! v1v2 : : : vn) = Dv(m) [ fv1; v2; : : : ; vngand Dv(m! a) = Dv(m):If f : V ! V is a bije
tion, then a variable renaming de�ned by f is a transformationthat repla
es ea
h variable v with its image f(v). Let r be a rule, let Dv(r) = D, and let D1be a �nite set of variables su
h that jDj = jD1j. Then, we 
an always �nd a variable renamingsu
h that after we rename all variables in r and obtain a new rule r1, Dv(r1) be
omes D1.De�nition 8 (HPSG) An HPSG is any tuple (�; At; A; V; T; S; P ), where � is an alpha-bet, At is a set of attributes, A is a set of atoms (� � A), V is a set of variables, T is alatti
e of types, S is the initial AVM (S 2M), and P is a �nite set of HPSG rules.De�nition 9 (HPSG derivation) Let (�; At; A; V; T; S; P ) be an HPSG. The HPSG deriva-tions have the form m) �, where m 2M and � 2 (V [�)�, and they are de�ned re
ursivelyin the following way:1. If S = (v; �), then S ) v is a derivation. The domain of variables of this derivation isde�ned to be Dv(S ) v) = Dv(S).2. If� S1 ) �v� is a derivation, where v 2 V , S1 = (v1; �) 2M , and �; � 2 (V [�)�,� m1 ! 
 is a rule in P , or is obtained from a rule in P by variable renaming, wherem1 = (v2; �1); so that the variable domains of S1 ) �v� and m1 ! 
 are disjun
t,and� S2 = (v1; � [ �1 [ (v; v2)) is an AVM,then S2 ) �
� is a derivation. Its domain of variables is de�ned to be Dv(S2 ) �
�) =Dv(S1 ) �v�) [Dv(m1 ! 
).Example 5. Let 24 tRPREF: �SUFF: � 35be a form of AVM, whi
h we use to represent a list of atoms. The lists � and � are used tostore a reversed pre�x and 
orresponding (non-reversed) suÆx of the represented list. Forinstan
e, the list ha1; a2; a3i 
an be represented as:24 tRPREF: ha2; a1iSUFF: ha3i 35



An HPSG formalism for implementing a Java parserWe need two rules in order to be able to derive one representation from any other equivalentrepresentation: one rule to move an atom from a reversed pre�x to the suÆx, and anotherrule to move an atom from a suÆx to the reversed pre�x. We illustrate just one of therules, sin
e the other is analogous. First, using the standard HPSG notation, the rule 
an berepresented as follows:12666664 tRPREF: 224 nlistHEAD: 4TAIL: 5 [list℄ 35SUFF: 3 [list℄ 3777775! 62666664 tRPREF: 5SUFF: 724 nlistHEAD: 4TAIL: 3 35 3777775The indi
es of the form i are used to denote variables vi. Now we 
an see how the rule isexpressed a

ording to De�nition 7: It is a rule m ! v6, where m = (v1; �) is the AVMde�ned by: � = f (v1; (t; (RPREF; v2); (SUFF; v3)));(v2; (nlist; (HEAD; v4); (TAIL; v5)));(v3; (list)); (v5; (list));(v6; (t; (RPREF; v5); (SUFF; v7)));(v7; (nlist; (HEAD; v4); (TAIL; v3)))g:De�nition 10 (Language generated by HPSG) Let (�; At; A; V; T; S; P ) be an HPSG.The language generated by this grammar is the set:fw 2 �� : S ) w is an HPSG derivation g:The HPSG formalism de�ned in this way does not seem to justify its name, sin
e therole of the word head remains un
lear. The word be
omes relevant in 
ertain 
onventionsused for building rules, 
alled prin
iples. We regard prin
iples as a part of higher level ofabstra
tion. Within this formalism, they are part of the rules. However, the implementationprovides an expli
it way of spe
ifying prin
iples.The HPSG formalism de�ned in this way (as the standard HPSG formalism) does notgive us any new 
lass of languages. It is equivalent to the Turing ma
hine, i.e., the followingtheorem holds:Theorem 1 (Equivalen
e to Turing ma
hines) The 
lass of languages generated byHPSGs is equal to the 
lass of re
ursively enumerated languages.Proof. First, we prove that ea
h language generated by an HPSG is re
ursively enumerable.By �nding all HPSG derivations 
onsisting of no more than n steps given in De�nition 9, andin
rementally in
reasing n, we 
an output all words of the language using a Turing ma
hine.The only nontrivial routine is veri�
ation that a system of equations is satis�able. We willsee in the next se
tion how this 
an be done e�e
tively.Se
ond, we prove that any re
ursively enumerable language 
an be generated using anHPSG. It is known that any re
ursively enumerable language 
an be generated by an un-restri
ted grammar in the Chomsky hierar
hy (i.e., type 0 grammar; e.g., see Hop
roft andUllman 1979). Hen
e, it is suÆ
ient to show that any unrestri
ted grammar 
an be simulatedby an HPSG. Using the AVMs shown in the previous examples, we simulate unrestri
ted



SNLP'2000, Chiang Mai, Thailandgrammar derivations by representing their sentential forms as lists of terminals and non-terminals. Hen
e, we in
lude all terminals and non-terminals of the unrestri
ted grammarin the set of atoms of the HPSG. If S is the start symbol of the unrestri
ted grammar, thenthe initial AVM of the HPSG grammar is:24 tRPREF: hiSUFF: hSi 35The symbol hi denotes the AVM [elist℄. The rules from the previous example are in
luded,so symbols 
an be moved orderly from reversed pre�x to suÆx and vi
e versa. For ea
hunrestri
ted rule, for example ABC ! XY , we introdu
e an HPSG rule:24 tRPREF: 1 [list℄SUFF: hA;B;C; 2 [list℄i 35! 24 tRPREF: 1SUFF: hX;Y; 2 i 35In order to produ
e a word at the end of derivation, for ea
h terminal a of the unrestri
tedgrammar, we introdu
e the following three HPSG rules:24 tRPREF: hiSUFF: ha; 1 [list℄i 35! � t1TERM: a �24 tRPREF: hiSUFF: 1 3524 tRPREF: hiSUFF: hai 35! � t1TERM: a �� t1TERM: a �! aThe last rule is the lexi
al rule. HPSG 
onstru
ted in this way generates the same languageas the starting unrestri
ted grammar.4. UNIFICATION ALGORITHMBefore presenting the uni�
ation algorithm, we introdu
e notions of equivalent systems,equivalent AVMs, solved systems, and 
ompa
t AVMs.4.1. Equivalent AVMsIntuitively, the variables in AVMs are used to \
onne
t" various parts of an AVM, andthis \
onne
ting" 
an be done in various ways for one 
on
eptually unique AVM.Example 6. The AVM � A: aB: b �
an be represented in the following two equivalent ways:(v1; f(v1; (>; (A; v2); (B; v3))); (v2; a); (v3; b); (v4; v1)g)and (v1; f(v1; (>; (A; v2))); (v2; a); (v3; b); (v4; v1); (v4; (>; (B; v3)))g)



An HPSG formalism for implementing a Java parserLet us formally de�ne this equivalen
e relation:De�nition 11 (Equivalent systems and equivalent AVMs) Two systems �1 and �2are equivalent if for any other system �3, both systems �1[�3 and �2[�3 are either satis�ableor not satis�able in the same time.Two AVMs (v1; �1) and (v2; �2) are equivalent, if v1 ��1 v2 and the systems �1 and �2are equivalent.We 
an re
all that the relation �� is de�ned after de�nition 4. If systems �1 and �2 areequivalent, then the relations ��1 and ��2 are equal. Otherwise, if a pair (m1;m2) belongs toone and not the other relation, then we 
an �nd two variables v1 and v2 su
h that v1 6��1 v2and v1 6��2 v2, and two distin
t atoms a and b, and de�ne:�3 = f(v1; a); (v2; b); (v1;m1); (v2;m2)gA

ording to the above de�nition, the systems �1 and �2 are not equivalent, sin
e exa
tlyone of the systems �1[�3 and �2[�3 is satis�able. Hen
e, the de�nition of equivalent AVMsis symmetri
, i.e., v1 ��1 v2 if and only if v1 ��2 v2, for equivalent systems �1 and �2.This relation is an equivalen
e relation and it partitions the set of all systems and theset of all AVMs into equivalen
e 
lasses. Note that all unsatis�able systems form one 
lassin the set of systems. Ea
h other 
lass of systems 
an be put in a pair with a distinguishedvariable, and su
h a pair is asso
iated with a 
lass of AVMs. In the previous example, we sawtwo equivalent AVMs. The former AVM does not \divide," the matrix, and we 
onsider thatto be a good property. The later AVM does divide the matrix. We distinguish the formerAVM, and 
all it a 
ompa
t AVM. In ea
h equivalen
e 
lass of satis�able AVMs, there is atleast one 
ompa
t AVM.De�nition 12 (Solved system and 
ompa
t AVM) A satis�able system � is 
alled asolved system if the following properties are satis�ed:� � has the fun
tional property, i.e., (x; y) 2 � ^ (x; z) 2 � ) y = z,� � is anti-re
exive, i.e., (x; x) 62 � for all x, and� if �+ is the transitive 
losure of �, then �+ is antisymmetri
; i.e., for all variables v1and v2, (v1; v2) 2 �+ and (v2; v1) 2 �+ implies v1 = v2.An AVM (v; �) is 
alled a 
ompa
t AVM if � is a solved system.The 
ompa
t AVMs are important, sin
e they are easier to represent and more eÆ
ientto use in our implementation.4.2. Uni�
ation AlgorithmThe standard uni�
ation algorithm is redu
ed to the algorithm for verifying that a systemis satis�able. The problem of unifying two AVMs m = (v; �) and m1 = (v1; �1) is redu
ed toverifying that the system �2 = � [ �1 [ f(v; v1)g is satis�able. The result of the uni�
ationis the AVM (v; �2). The result 
ould be spe
i�ed in other ways as well, but the resultingAVMs would be equivalent to (v; �2). In the implementation, we prefer that the result is ina 
ompa
t form.Algorithm IsSatis�able is given for the problem: Is a system � satis�able? In additionto a Boolean output, �s is a solved system equivalent to � if the system is satis�able. Thewell-known UNION-FIND stru
ture for representing disjoint sets is used (e.g., see Cormen etal. 1989). The sta
k operations POP and PUSH are also used on �. The algorithm is based



SNLP'2000, Chiang Mai, Thailandon the Huet's uni�
ation algorithm (Huet 1976). The basi
 idea is to keep all equivalentvariables (��) in one set, and use an array f to asso
iate ea
h set representative, whi
h is avariable, with a basi
 AVM.Algorithm 1 (IsSatis�able)Input: � input systemOutput true or false Is � satis�able?�s de�ned if � is satis�able; solved and equivalent systemto �1. For ea
h v 2 Dv(�) do MAKE-SET(v), f [v℄ NULL2. While � 6= ; do3. (v; x) POP(�)4. If x 2 V then5. f1  f [FIND-SET(x)℄6. f2  f [FIND-SET(v)℄7. v  UNION(v; x)8. f [v℄ f29. Else10. f1  x11. v  FIND-SET(v)12. If f [v℄ = f1 or f1 = NULL then 
ontinue13. Else If f [v℄ = NULL then f [v℄ f114. Else If f1 2 A or f [v℄ 2 A then Return false15. Else16. Let f [v℄ = (t; (a1; v1); : : : ; (an; vn)) andf1 = (t0; (a01; v01); : : : ; (a0n0; v0n0))17. t00 t ^ t018. If t00 = ? then Return false19. fa001; : : : ; a00n00g  fa1; : : : ; ang [ fa01; : : : ; a0n0g20. For ea
h a00i in fa001 ; : : : ; a00n00g do21. If a00i = aj = a0k for some aj and a0k then22. PUSH(�; (vj; v0k))23. v00i  vj24. Else If a00i = aj for some aj then v00i  vj25. Else (a00i = a0k for some a0k) v00i  v0k26. f [v℄ (t00; (a001 ; v001 ); : : : ; (a00n00; v00n00))27. �s  ;28.For ea
h v 2 Dv(�) do29. If FIND-SET(v) = v then PUSH(�s; (v; f [v℄))30. Else PUSH(�s; (v;FIND-SET(v)))31.Return trueIn order to determine the running-time 
omplexity, we have to make some assumptionsabout the size of the input. The input system � is a set of ordered pairs of a variable anda basi
 AVM. The size of a basi
 AVM is a 
onstant if it is an atom or a variable, or it isproportional to the number of pairs in it if it is a tuple; i.e., it is a + bn where a and b are
onstants, and n is the size of the tuple. We assume that the size of one su
h pair is the sumof the sizes of its 
omponents, and the size of a system is the sum of the sizes of all su
hpairs.



An HPSG formalism for implementing a Java parserThe loop 2{26 is repeated O(n) times, where n is the size of the input. This is be
ausein ea
h iteration of the loop one pair is poped out of � (step 3). On the other side, new pairsare pushed in step 22, but ea
h su
h push redu
es the total size of all basi
 AVMs by one,so there 
an be at most O(n) pushes.The loop 28{30 is repeated O(n) times, as well.There are two approa
hes to analysis of the loop 20{25. There is a �nite number ofattributes in an HPSG. In the implementation, this is used to 
reate a hash table without
ollisions for keeping attribute-value pairs. Having this in mind, the number of iterationsin loop 20{25 is O(1) (within the outside loop). On the other hand, if we wanted to avoidthis assumption we 
ould keep the attributes in an eÆ
ient sear
h tree and the number ofiterations in the loop would be O(log(n)).The amortized 
omplexity of the operations FIND-SET and UNION is O(m��(m)) for moperations, where �(m) is the very slowly growing inverse of A
kermann's fun
tion (Cormenet al. 1989). Hen
e the 
omplexity of our algorithm is O(n � �(n)). If we did not assumethat the number of attributes is limited by a 
onstant, and used sear
h trees to representbasi
-AVM tuples, then the 
omplexity would be O(n log(n) � �(n log(n))).5. DISCUSSIONThe HPSG formalism is usually based on the theory of typed feature stru
tures des
ribedin Carpenter 1992. The de�nition presented here is more 
ompa
t, and it provides for aneasy implementation in programming languages that do not in
lude a built-in uni�
ationme
hanism. In parti
ular, this formalism des
ribes the Java parser implemented.However, the formalism is not suitable for development of the grammar and lexi
alresour
es. Other systems, like ALE (Carpenter and Penn 1999) and LKB (Copestake 1999),are more suitable for this task. After a grammar or a lexi
on is developed in one of thosesystems, it is translated into a Java des
ription and used in our system.6. CONCLUSIONIn this paper, we have presented a new pre
ise and 
ompa
t des
ription of the HPSGformalism. It is the underlying formalism of the parser Stefy implemented in Java, whi
h is apart of an IR system. It is proven that the grammar de�nes the set of re
ursively enumerablelanguages. ACKNOWLEDGMENTSI wish to thank Dr. Ni
k Cer
one for valuable dis
ussions and 
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