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Prefa
e { Version 3.0ale 3.0 is 
ompletely 
ompatible with ale 2.0 grammars, and adds the followingnew features:� A semanti
-head-driven generator, based on the algorithm presented in Shieberet al. (1990). The generator was adapted to the logi
 of typed feature stru
-tures by O
tav Popes
u in his Carnegie Mellon Master's Thesis, Popes
u(1996). O
tav also wrote most of the generation 
ode for this release. Gram-mars 
an be 
ompiled for parsing only, generation only, or both. Some glue-
ode is also available from the ale homepage, to parse and generate withdi�erent grammars through a unix pipe.� A sour
e-level debugger with a graphi
al XEma
s interfa
e. This debuggerworks only with SICStus Prolog 3.0.6 and higher. A debugger with redu
edfun
tionality will be made available to SWI Prolog users in a later release.This debugger builds on, and in
orporates the fun
tionality of the 
ode for theSICStus sour
e-level debugger, written by Per Mildner at Uppsala University.� Fun
tional des
riptions. Instead of binding variables in a des
riptionand 
alling a pro
edural atta
hment, e.g., a 
ons f:X,g:Y,h:Z goalappend(X,Y,Z), it is now possible to in
orporate 
ertain fun
tional relationsinto des
riptions themselves, e.g., a 
ons f:X,g:Y,h:append(X,Y).� a /1 atoms. There are now an in�nite number of atoms (types with no appro-priate features), impli
itly de
lared in every signature. These atoms 
an bearbitrary Prolog terms, in
luding unbound variables, and 
an be used wher-ever normal ale types 
an, e.g., f:(a p(3.7)). a /1 atoms are extensionalas Prolog terms, i.e., are taken to be identi
al a

ording to the Prolog pred-i
ate, ==/2. In parti
ular, this means that ground atoms behave exa
tly asale extensional types.� Optional edge subsumption 
he
king. For 
ompleteness of parsing, one onlyneeds to ensure that, for every pair of nodes in the 
hart, the most generalfeature stru
ture spanning those nodes is stored in the 
hart. This 
an redu
ethe number of edges in many domains.� An autonomous intro/2 operator. Features 
an now be de
lared on their ownin a separate part of the grammar.� Default spe
i�
ations for types. These are NOT default types. If a type ap-pears on the right-hand side of a sub/2 or intro/2 spe
i�
ation, but not oniii



iv CONTENTSthe left-hand side of one, ale will assume this type is maximal, i.e., assumethe spe
i�
ation, Type sub [℄. Similarly, if it o

urs on a left-hand side,but not on a right-hand side, ale will assume the type is immediately sub-sumed by bot, the most general type. In both 
ases, ale will announ
e theseassumptions during 
ompilation.� Several bug 
orre
tions and more 
ompile-time warning and error messages.� An SWI Prolog 2.9.7 port. Version 3.0 will be the last version for whi
h wewill port the system to Quintus Prolog. We will now support ale for SICStusProlog and SWI Prolog. The SICStus version of the system works for SICStusProlog 3.0.5 and higher, ex
ept for the sour
e-level debugger, whi
h requiresversion 3.0.6.We would like to thank all of the users who have supplied us with feedba
kand suggestions over the past few years for how to improve ale. In parti
ular, wewould like to thank Ion Androutsopoulos, Mike Cal
agno, Mats Carlsson, FrederikFouvry, Gertjan van Noord, Peter van Roy, Margriet Verlinden, and Jan Wielemakerfor their patient assistan
e. This release in
orporates many, but unfortunately notall of those 
hanges. Quite a few more will be made in the next several releases,along with many performan
e improvements. Bob Carpenter and Gerald PennMurray Hill and Tuebingen, Mar
h 1998



Prefa
e { Version 2.0ale 2.0 is a proper extension of version 1.0. Spe
i�
ally, version 2.0 will run anygrammar that will run under version 1.0. But version 2.0 in
ludes many extensionsto version 1.0, in
luding the following.� Inequations� Extensionality� General Constraints on Types� Mini-interpreter� Error-suppressionInequations allow inequational 
onstraints to be imposed between two stru
tures.Extensionality allows stru
tures of spe
i�ed types to be identi�ed if they are stru
-turally identi
ial. Together, these provide the ability to simulate Prolog II pro-grams (Colmerauer 1987). ale 2.0 also allows general 
onstraints to be pla
edon types, using arbitrary des
riptions from the 
onstraint language, in
luding pathequations, inequations and disjun
tions, and pro
edural atta
hments. It also hasa mini-interpreter, whi
h allows the user to traverse and edit an ale parse tree.Error messages for in
ompatible des
riptions are now automati
ally disabled duringlexi
on and empty 
ategory 
ompilation.The se
ond release of ale, Version 2.0, is based on an extension of the �rstversion of ale, that was 
ompleted for Gerald Penn's (1993) MS Proje
t in theComputational Linguisti
s Program at Carnegie Mellon University.There are many people whom we would like to thank for their 
omments andfeedba
k on version 1.0 and �-versions of 2.0. These people have a
tually used thesystem in their resear
h and have thus had the best opportunity to provide us withpra
ti
al feedba
k. First, we would like to thank the �rst group of users, housed atSharp Laboratories of Europe, lo
ated in Oxford, England, in
luding Pete White-lo
k, Antonio San�llipo, and Osamu Nishida. They not only used the system butprovided feedba
k on the 
ode. Se
ondly, the group at University of T�ubingen,who are developing a 
ompeting system, Troll, have rigorously tested existing sys-tems, in
luding ale, both for their ability to express grammars naturally and foreÆ
ien
y. Spe
i�
ally, we would like to thank Detmar Meurers, Dale Gerdemann,Thilo G�otz, Paul King, John GriÆth, and Erhard Hinri
hs. John and Thilo alsoprovided the 
hanges ne
essary for the system to run dire
tly in Quintus Prolog.This group is undoubtedly the best informed when it 
omes to implemented gram-mar formalisms. We would also like to thank the grammar development group atv



vi CONTENTSStanford University, in
luding Ivan Sag, Chris Manning, Suzanne Riehemann. Wewould further like to thank Bob Kasper, Carl Pollard, and Andreas Kathol of theOhio State University, for a great deal of feedba
k on the design of HPSG gram-mars in general, and ale implementations of them in parti
ular. Chris Manning,in addition, found a bug in SICStus Prologs prior to 2.1.8, whi
h prevented 
y
li
stru
tures from being used in 
ompleted 
hart edges, a bug found by both StevenBird of Edinburgh and C. J. Rupp of IDSIA. Their feedba
k on Bob Carpenter'sprototype implementation of HPSG for English led to the design of Gerald Penn'smu
h more 
omprehensive implementation of HPSG and was the primary impetusfor the importation of general type 
onstraints into version 2.0. Next, we would liketo thank Claire Gardent, who has been using ale to develop dis
ourse grammarsin Amsterdam. We should also thank Carsten Guenther and Markus Walther, ofthe Universities of Hamburg and D�usseldorf, respe
tively, who have used the systemto develop phonologi
al grammars. Finally, we should thank Mi
hael Mastroianni,who implemented a 
omprehensive approa
h to 
onstraint-based phonology in ale(Mastroianni 1993). He su�ered through early, buggy versions of the system, thussparing the rest of us mu
h of that pain. The feedba
k we re
eived from these userswas invaluable.We would like to thank EAGLES, the European Advisory Group on Linguis-ti
 Engineering Standards, for allowing us to present our system at a meeting inSaarbr�u
ken in Mar
h 1993 of the European Expert Group on Linguisti
 Formalismsdevoted to implemented formalisms. We learned a great deal from the other par-ti
ipants in the workshop in
luding espe
ially Jo
hen D�orre, Mi
hael Dorna, andMartin Emele, of Stuttgart, and Andreas Podelski, then asso
iated with the Digi-tal Equipment Paris Resear
h Lab. We also bene�tted from dis
ussions with HansUszkoreit, Rolf Ba
kofen, and Uli Krieger, of Saarbr�u
ken, Steve Pulman from SRIin Cambridge, and C. J. Rupp and Graham Russell, of ISSCO in Switzerland.We had many dis
ussions of the ale formalism at the HPSG workshop running
on
urrently with the LSA Linguisti
 Institute in Columbus. We would espe
iallylike to thank Gregor Erba
h for 
omments on our system, in
luding ben
hmark testresults. We would also like to thank Hiroshi Tusda, of the Institute for New Ger-nateion Computer Te
hnology, for dis
ussion of our systems and 
omparisons to hissystem, 
u-Prolog. We also dis
ussed ale heavily during the workshop on implemen-tations of attribute-value logi
s, during the 1993 Summer S
hool on Logi
, Language,and Information in Lisbon, Portugal. We espe
ially bene�tted from dis
ussions withSuresh Manandhar, of the University of Edinburgh, and Gerrit Rentier of TilburgUniversity, and Gert Webelhuth of the University of North Carolina, among thosewe have not already thanked. We also bene�tted from dis
ussions with Ed Stablerand Mark Johnson, and from sitting in on their 
lass on the implementation of
onstraint-based grammars.We would also like to thank Ann Copestake and Ted Bris
oe, of the CambridgeComputing Laboratory, for feedba
k on the design of the system.We would like to thank Ri
hard O'Keefe, who provided some invaluable feedba
kon 
oding style. Of 
ourse, any glit
hes or failure to follow his ex
ellent example areour own.We would also like to thank Elizabeth Hinkelman, who runs the Software Reg-istry, and Mark Kantrowitz, who administers the Prolog Resour
e Guide and thePrime Time Freeware for AI CD-ROM. They have helped in publi
izing the system



CONTENTS viides
ription as well as providing a

ess.The extensions we have not made, though would like to, in
lude the addition of:� Primitive, Atomi
 Data Types� Parametri
 Types� Partial Type Inferen
e� Assert Mode in Compiler� Peephole Code Optimization� Subsumption Che
king of Chart EdgesThe in
orporation of Prolog data types su
h as Real, Integer, Chara
ter, and String,is straightforward theoreti
ally, but not so straightforward in terms of ale. Thesame goes for parametri
 polymorphism at the type level. Partial type inferen
e
ould provide a great deal of optimization in some 
ir
umstan
es. We 
ould not�gure out how to in
oprorate these three 
hanges without drasti
ally modifyingthe underlying representations and algorithms. The remaining 
hanges are lyingdormant be
ause we have other obligations.The next wave of development of attribute-logi
 grammars should not be inProlog, but rather through the use of a dire
t abstra
t ma
hine. Bob Carpenter hasworked on an abstra
t ma
hine with Yan Qu, in the 
ontext of her MS proje
t inthe Carnegie Mellon Computational Linguisti
s Program, and with Shuly Wintner,of the Te
hnion, in Haifa, Israel, who is writing a PhD dissertation on the topi
.Su
h an undertaking is also underway among the LIFE 
ommunity, led by HassanA��t-Ka
i, Andreas Podelski, and Peter van Roy.We would like to thank a number of people for dis
overing bugs and providing
omments on Version 2.0: Ingo S
hroeder, Frank Morawietz, Detmar Meurers, RobMalouf, Frederik Fouvry, Jo Calder, and Suresh Manandhar.Finally, we would like to thank Jo Calder,Chris Brew, Kevin Humphreys, andMike Reape, who developed the Pleuk grammar development environment as wellas interfa
ing it to ale. Details of that system 
an be found in the appropriateAppendix.This material is based upon work supported under a National S
ien
e Foun-dation Graduate Resear
h Fellowship (for Gerald Penn). Any opinions, �ndings,
on
lusions or re
ommendations expressed in this publi
ation are those of the au-thor(s) and do not ne
essarily re
e
t the views of the National S
ien
e Foundation.Bob Carpenter and Gerald PennPittsburgh, August 1994



Prefa
e { Version BetaA number of people have asked me to make this system, along with its do
umen-tation, available to the publi
. Now that it's available, I hope that it's useful. Buta word of 
aution is in order. The system is still only a prototype, hen
e the label\version �."Any bug reports would be greatly appre
iated. But what I'd really like is 
om-ments on the fun
tionality of the system, as well as on the utility of its do
umenta-tion. I am also interested in hearing of any appli
ations that are made of the system.I would also be glad to answer questions about the system. I have tried to do
umentthe strategies used by ale in this guide. I have also tried to 
omment the 
ode tothe point where it might be adaptable by others. I would, of 
ourse, be interested inany kind of improvements or extensions that are dis
overed or developed, and wouldlike to have the 
han
e to in
orporate any su
h improvements in future versions ofthis pa
kage.In the implementation, I have endeavored to follow the logi
 programmingmethodology laid out by O'Keefe (1990), but there are many spots where I havefallen short. Thus the 
ode is not as fast as it 
ould be, even in Prolog. But I viewthis system more as a prototype, indi
ating the utility of a typed logi
 programmingand grammar development system. Borrowing te
hniques from the wam dire
tly,implementing an abstra
t ma
hine C, would lead to roughly a 100-fold speedup, asthere is no reason that ale should be slower than Prolog itself.I would like to a
knowledge the help of Gerald Penn in working through manyimplementation details of a general 
onstraint resolver, whi
h was the inspirationfor this implementation. This version of the system is a great improvement on thelast version due to Gerald's work on the system. Se
ondly, I would like to thankMi
hael Mastroianni, who has a
tually used the system to develop grammars forphonology. Finally, I would like to thank Carl Pollard and Bob Kasper for lookingover a grammar of hpsg 
oded in ale and providing the impetus for the in
lusionof empty 
ategories and lexi
al rules.The system is available without 
harge from the author. It is designed to run ineither SICStus or Quintus Prologs. Bob CarpenterPittsburgh, 1992
viii



Chapter 1Introdu
tionThis report serves as an introdu
tion to both the ale formalism and its Prologimplementation. ale is an integrated phrase stru
ture parsing and de�nite 
lauselogi
 programming system in whi
h the terms are typed feature stru
tures. Typedfeature stru
tures 
ombine type inheritan
e and appropriateness spe
i�
ations forfeatures and their values. The feature stru
tures used in ale generalize the 
ommonfeature stru
ture systems found in the linguisti
 programming systems patr-ii andfug, the grammar formalisms hpsg and lfg, as well as the logi
 programmingsystems Prolog-II and login. Programs in any of these languages 
an be en
odeddire
tly in ale.Terms in grammars and logi
 programs are spe
i�ed in ale using a typed versionof Rounds and Kasper's attribute-value logi
 with variables. At the term level, wehave variables, types, feature value restri
tions, path equations, inequations, general
onstraints, and disjun
tion. The de�nite 
lause programs allow disjun
tion, nega-tion and 
ut, spe
i�ed with Prolog syntax. Phrase stru
ture grammars are spe
i�edin a manner similar to d
gs, allowing de�nite 
lause pro
edural atta
hment. Thegrammar formalism also fully supports empty 
ategories. Lexi
al development issupported by a very general form of lexi
al rule whi
h operates on both 
ategoriesand surfa
e strings. Ma
ros are available to help organize large des
riptions, eitherin programs or in grammars. Both de�nite 
lause programs and grammars are 
om-piled into abstra
t ma
hine instru
tions. These instru
tions are then interpretedby an emulator 
ompiled from the type spe
i�
ations. Like Prolog 
ompilers, astru
ture 
opying strategy is used for mat
hing both de�nite 
lauses and grammarrules.For parsing, ale 
ompiles from the grammar spe
i�
ation a Prolog-optimizedbottom-up, dynami
 
hart parser. De�nite 
lauses are also 
ompiled into Prolog.As it stands, the 
urrent version of ale, running the feature-stru
ture-based naivereverse of a 30-element list on top of the SICStus 3.7 native 
ode 
ompiler, runsat roughly 152,300 logi
al inferen
es per se
ond (LIPS) on a Sun Ultra Enterprise450. This is slightly faster than the speed of the SICStus 3.7 interpreter on theProlog naive reverse, 60% as fast as SWI Prolog 3.2.7, and about 9% as fast as theSICStus 3.7 
ompa
t-
ode 
ompiler. The de�nite 
lause 
ompiler performs last 
alloptimization, but does not index �rst arguments or use spe
ialised list 
ells at theWAM level. Thus it will perform relatively well versus non-optimized interpreters,but lag further behind 
ompiled grammars when programs are written in a more1



2 CHAPTER 1. INTRODUCTIONsophisti
ated manner than naive reverse.Full details of the theory behind ale 
an be found in Carpenter (1992).The user who is only interested in de�nite 
lause programming 
an skip thematerial on phrase stru
ture grammars, while those interested in only grammarswithout pro
edural atta
hments may skip the material in the se
tion on de�nite
lauses.



Chapter 2Prolog PreliminariesWhile it is not absolutely ne
essary, some familiarity with logi
 programming ingeneral, and Prolog in parti
ular, is helpful in understanding the de�nite 
lauseportion of ale. Similarly, experien
e with uni�
ation grammar systems su
h aspatr-ii, d
gs, or fug is helpful in understanding the phrase stru
ture 
omponent ofthe system. In parti
ular, writing eÆ
ient programs and grammars in ale involvesthe same kinds of strategies ne
essary for writing eÆ
ient programs in Prolog orpatr-ii. For those not familiar with Prolog, the sequen
e of two books by Sterlingand Shapiro (1986) and by O'Keefe (1990) are ex
ellent general introdu
tions to thetheory and pra
ti
e of logi
 programming. For those not familiar with uni�
ation-based grammar formalisms, Shieber (1986), Gazdar and Mellish (1987) and Pereiraand Shieber (1987) are useful resour
es.For those not familiar with Prolog, we need to point out the salient features ofthe language whi
h will be assumed throughout this report. This se
tion 
ontainsall of the information ne
essary about Prolog required to run ale.2.1 TermsA Prolog 
onstant is 
omposed of either a sequen
e of 
hara
ters and/or under-s
ores, beginning with a lower 
ase letter, a number, or any sequen
e of symbolssurrounded by apostrophes. So, ab
, johnDoe, b 17, 123, 'JohnDoe', '65$',and ' 65a.' are 
onstants, but A19, JohnDoe, B 112, au8, and [dd,e℄ are not(although see the warning at the end of this se
tion). A variable, on the other hand,is any string of letters, unders
ores or numbers beginning with a 
apital letter. ThusC, C foo, and TR5ab are variables, but 1Xa, aXX, and Xy1 are not.In general, it is a bad idea to have 
onstants or variables whi
h are only dis-tinguished by the 
apitalization of some of their letters. For instan
e, while aBaand aba are di�erent 
onstants, they should not both be used in one program. Onereason for this in the 
ontext of ale is that the output routines adopt standard
apitalization 
onventions whi
h hide the di�eren
es between su
h 
onstants.Warning: As pointed out to us by Ingo S
hroeder, 
onstants or atoms beginningwith a 
apital letter are not treated properly by the 
ompiler. Thus 
onstants su
h1Te
hni
ally, a variable may begin with an unders
ore, but su
h variables, said to be anonymous,have a very di�erent status than those whi
h begin with a 
apital letter. The use of anonymousvariables is dis
ussed later. 3



4 CHAPTER 2. PROLOG PRELIMINARIESas 'Foo' should not be used.2.2 Spa
e and CommentsIn your own program and grammar �les, extra whitespa
e between symbols beyondthat needed to separate 
onstants or variables is ignored. Whitespa
e 
onsists ofeither spa
es, blank lines or line breaks are ignored. This allows you to formatyour programs in a manner that is readable. Furthermore, any symbols on a lineappearing after a % symbol are treated as 
omments and ignored.2.3 Running PrologTo �re up Prolog lo
ally, you should 
onta
t your systems administrator. You shouldhave either SICStus or SWI Prolog, or a Prolog 
ompiler 
ompatible with one ofthese. On
e Prolog is �red up, you will see a prompt. The Prolog prompt shouldlook like:| ?-It is important that Prolog be invoked from a dire
tory for whi
h the user haswrite permission. ale, in the pro
ess of 
ompiling user programs, writes a numberof lo
al �les.2.4 QueriesWhat you type after the prompt is 
alled a query. Queries should always end witha period and be followed by a 
arriage return. In fa
t, all of the grammar rules,de�nite 
lauses, ma
ros and lexi
al entries in your programs should also end withperiods. Most of the interfa
e in ale is handled dire
tly by top-level Prolog queries.Many of these will return yes or no after they are 
alled, the signi�
an
e of whi
hwithin ale is explained on a query by query basis.2.5 Running ALETo run ale, it is only ne
essary to type the following query:| ?- 
ompile(File).where File is the �le in whi
h the �le ale.pl resides. SWI Prolog users must type:| ?- 
onsult(File).Note that File does not have to be lo
al to the dire
tory from whi
h Prolog wasinvoked.In SICStus Prolog, when ale is loaded, it turns on Prolog 
hara
ter es
apes.ale will not be able to generate 
ode properly during 
ompilation without this.



2.6. EXITING PROLOG AND BREAKING 52.6 Exiting Prolog and BreakingTo exit from Prolog, you 
an type halt at any prompt (followed by a period, of
ourse).If you �nd Prolog hanging at some point, and you are working on a standardUnix implementation, typing 
ontrol-
 should produ
e something like the followingmessage:Prolog interruption (h for help)?You should reply with the 
hara
ter a, with or without a following period, followedby a 
arriage return. If this doesn't work, typing 
ontrol-z should take you out ofProlog altogether.2.7 Saved StatesAll information 
on
erning an ale state is en
oded in the 
urrent Prolog state.Thus, any options presented by the lo
al system to save Prolog states should beable to save ale states.



Chapter 3Feature Stru
tures, Types andDes
riptionsThis se
tion reviews the basi
 material from Carpenter (1992), Chapters 1{10, whi
his ne
essary to use ale.3.1 Inheritan
e Hierar
hiesale is a language with strong typing. What this means is that every stru
ture it uses
omes with a type. These types are arranged in an inheritan
e hierar
hy, wherebytype 
onstraints on more general types are inherited by their more spe
i�
 subtypes,leading to what is known as inheritan
e-based polymorphism. Inheritan
e-basedpolymorphism is a 
ornerstone of obje
t-oriented programming. In this se
tion, wedis
uss the organization of types into an inheritan
e hierar
hy. Thus many types willhave subtypes, whi
h are more spe
i�
 instan
es of the type. For instan
e, personmight have subtypes male and female.ale does mu
h of its pro
essing of types at 
ompile time, as it is reading andpro
essing the grammar �le. Thus the user is required to de
lare all of the typesthat will be used along with the subtyping relationship between them. An exampleof a simple ale type de
laration is as follows:bot sub [b,
℄. % two basi
 types -- b and 
b sub [d,e℄.d sub [g,h℄.e sub [℄.
 sub [d,f℄. % b and 
 unify to df sub [℄.There are quite a few things to note about this de
laration. The types de
lared hereare bot, b, 
, d, e, f and g. Note that ea
h type that is mentioned gets itsown spe
i�
ation. Of 
ourse, the whitespa
e is not important, but it is 
onvenientto have ea
h type start its own line. A simple type spe
i�
ation 
onsists of thename of the type, followed by the keyword sub, followed by a list of its subtypes(separated by whitespa
e). In this 
ase, bot has two subtypes, b and 
, while f, dand e have no subtypes. The subtypes are spe
i�ed by a Prolog list. In this 
ase, aProlog list 
onsists of a sequen
e of elements separated by 
ommas and en
losed in6



3.1. INHERITANCE HIERARCHIES 7square bra
kets. Note that no whitespa
e is needed between the list bra
kets andtypes, between the types and 
ommas, or between the �nal bra
ket and the period.Whitespa
e is only needed between 
onstants. The extra whitespa
e on su

essivelines is 
onventional, indi
ating the level in the ordering for the user, but is ignoredby the program. Also noti
e that there are 
omments on two of the lines; re
allthat 
omments begin with a % sign and 
ontinue the length of the line. Every type(ex
ept a /1 atoms, dis
ussed below) must have at most one sub de
laration, i.e.,all of the immediate subtypes must be de
lared in one de
laration.The subtyping relation is only spe
i�ed by immediate subtyping de
larations;but subtyping itself is transitive. Thus, in the example, d is a subtype of 
, and 
is a subtype of bot, so d is also a subtype of bot. The user only needs to spe
ifythe dire
t subtyping relationship. The transitive 
losure of this relation is 
omputedby the 
ompiler. While redundant spe
i�
ations, su
h as putting d dire
tly on thesubtype list of bot, will not alter the behavior of the 
ompiler, they are 
onfusing tothe reader of the program and should be avoided. In addition, the derived transitivesubtyping relationship must be anti-symmetri
. In parti
ular, this means that thereshould not be two distin
t types ea
h of whi
h is a subtype of the other.There are two additional restri
tions on the inheritan
e hierar
hy beyond therequirement that it form a partial order. First, there is a spe
ial type bot, whi
hmust be de
lared as the unique most general type. In other words, every type mustbe a subtype of bot. If a type is used on the left-hand side of a sub de
laration,but never de
lared as a sub-type of anything else, it is assumed that this type isan immediate subtype of bot. Similarly, ale assumes that all types for whi
h nosubtypes are de
lared are maximal, i.e., have no subtypes.The se
ond and more subtle restri
tion on type hierar
hies is that they bebounded 
omplete. Sin
e type de
larations must be �nite, this amounts to the re-stri
tion that every pair of types whi
h have a 
ommon subtype have a unique mostgeneral 
ommon subtype. In the 
ase at hand, b and 
 have three 
ommon subtypes,d, g, and h. But these subtypes of b and 
 are ordered in su
h a way that d is themost general type in the set, as both g and h are subtypes of d. An example of atype de
laration violating this 
ondition is:bot sub [a,b℄.a sub [
,d℄.
 sub [℄.d sub [℄.b sub [
,d℄.The problem here is that while a and b have two 
ommon subtypes, namely 
 and d,they do not have a most general 
ommon subtype, sin
e 
 is not a subtype of d, andd is not a subtype of 
. In general, a violation of the bounded 
ompleteness 
onditionsu
h as is found in this example 
an be pat
hed without destroying the ordering bysimply adding additional types. In this 
ase, the following type hierar
hy preservesall of the subtyping relations of the one above, but satis�es bounded 
ompleteness:bot sub [a,b℄.a sub [e℄.e sub [
,d℄.
 sub [℄.



8 CHAPTER 3. FEATURE STRUCTURES, TYPES AND DESCRIPTIONSd sub [℄.b sub [e℄.In this 
ase, the new type e is the most general subtype of a and b.This last example brings up another point about inheritan
e hierar
hies. Whena type only has one subtype, the system provides a warning message (as opposedto an error message). This 
ondition will not 
ause any 
ompile-time or run-timeerrors, and is perfe
tly 
ompatible with the logi
 of the system. It is simply nota very good idea from either a 
on
eptual or implementational point of view. Formore on this topi
, see Carpenter (1992:Chapter 9).3.2 Feature Stru
turesThe primary representational devi
e in ale is the typed feature stru
ture. In phrasestru
ture grammars, feature stru
tures model 
ategories, while in the de�nite 
lauseprograms, they serve the same role as �rst-order terms in Prolog, that of a universaldata stru
ture. Feature stru
tures are mu
h like the frames of AI systems, there
ords of imperative programming languages like C or Pas
al, and the featuredes
riptions used in standard linguisti
 theories of phonology, and more re
ently, ofsyntax.Rather than presenting a formal de�nition of feature stru
tures, whi
h 
an befound in Carpenter (1992:Chapter 2), we present an informal des
ription here. Infa
t, we begin by dis
ussing feature stru
tures whi
h are not ne
essarily well-typed.In the next se
tion, the type system is presented.A feature stru
ture 
onsists of two pie
es of information. The �rst is a type.Every feature stru
ture must have a type drawn from the inheritan
e hierar
hy.The other kind of information spe
i�ed by a feature stru
ture is a �nite, possiblyempty, 
olle
tion of feature/value pairs. A feature value pair 
onsists of a feature anda value, where the value is itself a feature stru
ture. The di�eren
e between featurestru
tures and the representations used in phonology and in gpsg, for instan
e, isthat it is possible for two di�erent substru
tures (values of features at some level ofnesting) to be token identi
al in a feature stru
ture. Consider the following featurestru
ture drawn from the lexi
al entry for John in the 
ategorial grammar in theappendix, displayed in the output notation of ale:
atQSTORE e_listSYNSEM basi
SEM jSYN npThe type of this feature stru
ture is 
at, whi
h is interpreted to mean it is a 
ategory.It is de�ned for two features, QSTORE and SYNSEM. As 
an be seen from this example,we follow the hpsg notational 
onvention of displaying features in all 
aps, whiletypes are displayed in lower 
ase. Also note that features and their values are printedin alphabeti
 order of the feature names. In this 
ase, the value of the QSTORE featureis the simple feature stru
ture of type e list,1 whi
h has no feature values. On the1Set values, like those employed in hpsg, are not supported by ale. In the 
ategorial grammar



3.2. FEATURE STRUCTURES 9other hand, the feature SYNSEM has a 
omplex feature as its value, whi
h is of typebasi
, and has two feature values SEM and SYN, both of whi
h have simple values.This last feature stru
ture doesn't involve any stru
ture sharing. But 
onsiderthe lexi
al entry for runs:
atQSTORE e_listSYNSEM ba
kwardARG basi
SEM [0℄ individualSYN npRES basi
SEM runRUNNER [0℄SYN sHere there is stru
ture sharing between the path SYNSEM ARG SEM and the pathSYNSEM RES SEM RUNNER, where a path is simply a sequen
e of features. This stru
-ture sharing is indi
ated by the tag [0℄. In this 
ase, the sharing indi
ates thatthe semanti
s of the argument of runs �lls the runner role in the semanti
s of theresult. Also note that a shared stru
ture is only displayed on
e; later o

urren
essimply list the tag. Of 
ourse, this example only involves stru
ture sharing of a verysimple feature stru
ture, in this 
ase one 
onsisting of only a type with no features.In general, stru
tures of arbitrary 
omplexity may be shared, as we will see in thenext example.ale, like Prolog II and hpsg, but unlike most other systems, allows 
y
li
 stru
-tures to be pro
essed and even printed. For instan
e, 
onsider the following repre-sentation we might use for the liar senten
e This senten
e is false:[0℄ falseARG1 [0℄In this 
ase, the empty path and the feature ARG1 share a value. Similarly, thepath ARG1 ARG1 ARG1 and the path ARG1 ARG1, both of whi
h are de�ned, are alsoidenti
al. But 
onsider a representation for the negation of the liar senten
e, It isfalse that this senten
e is false:falseARG1 [0℄ falseARG1 [0℄Unlike Prolog II, ale does not ne
essarily treat these two feature stru
tures as beingidenti
al, as it does not 
on
ate a 
y
li
 stru
ture with its in�nite unfolding. We takeup the notion of token identi
al stru
tures in the se
tion below on extensionality.It is interesting to note that with typed feature stru
tures, there is a 
hoi
e be-tween representing information using a type and representing the same informationusing feature values. This is a familiar situation found in most inheritan
e-basedrepresentation s
hemes. Thus the relation spe
i�ed in the value of the path SYNSEMRES SEM is represented using a type, in:in the appendix, they are represented by lists and treated by atta
hed pro
edures for union andsele
tion.



10 CHAPTER 3. FEATURE STRUCTURES, TYPES AND DESCRIPTIONSSEM runRUNNER [0℄An alternative en
oding, whi
h is not without merit, is:SEM unary_relREL runARG1 [0℄In general, type information is pro
essed mu
h more eÆ
iently than feature valueinformation, so as mu
h information as possible should be pla
ed in the types. Thedrawba
k is that type information must be 
omputed at 
ompile-time and remaina

essible at run-time. More types simply require more memory.23.3 Subsumption and Uni�
ationFeature stru
tures are inherently partial in the information they provide. Basedon the type inheritan
e ordering, we 
an order feature stru
tures based on howmu
h information they provide. This ordering is referred to as the subsumptionordering. The notion of subsumption, or information 
ontainment, 
an be used tode�ne the notion of uni�
ation, or information 
ombination. Uni�
ation 
onjoinsthe information in two feature stru
tures into a single result if they are 
onsistentand dete
ts an in
onsisten
y otherwise.3.3.1 SubsumptionWe de�ne subsumption, saying that F subsumes G, if and only if:� the type of F is more general than the type of G� if a feature f is de�ned in F then f is also de�ned in G su
h that the value inF subsumes the value in G� if two paths are shared in F then they are also shared in GConsider the following examples of subsumption, where we let < stand for subsump-tion:agr < agrPERS first PERS firstNUM plusign phraseSUBJ agr < SUBJ agrPERS pers PERS firstNUM plu2In general, the amount of memory required to represent n types is proportional to the numberof pairs of 
onsistent types. In the worst 
ase, this is O(n2) in the number of types.



3.3. SUBSUMPTION AND UNIFICATION 11sign signSUBJ agr SUBJ [0℄ agrPERS first PERS firstNUM plu < NUM pluOBJ agr OBJ [0℄PERS firstNUM plufalse false [1℄ falseARG1 false < ARG1 [0℄ false < ARG1 [1℄ARG1 false ARG1 [0℄Note that the se
ond of these subsumptions holds only if pers is a more generaltype than first, and sign is a more general type than phrase. It is also importantto note that the feature stru
ture 
onsisting simply of the type bot will subsumeevery other stru
ture, as the type bot is assumed to be more general than everyother type.3.3.2 Uni�
ationUni�
ation is an operation de�ned over pairs of feature stru
tures that 
ombinesthe information 
ontained in both of them if they are 
onsistent and fails otherwise.In ale, uni�
ation is very eÆ
ient.3 De
laratively, unifying two feature stru
tures
omputes a result whi
h is the most general feature stru
ture subsumed by bothinput stru
tures. But the operational de�nition is more enlightening, and 
an begiven by simple 
onditions whi
h tell us how to unify two stru
tures. We begin byunifying the types of the stru
tures in the type hierar
hy. This is why we required thebounded 
ompleteness 
ondition on our inheritan
e hierar
hies; we want uni�
ationto produ
e a unique result. If the types are in
onsistent, uni�
ation fails. If thetypes are 
onsistent, the resulting type is the uni�
ation of the input types. Next,we re
ursively unify all of the feature values of the stru
tures being uni�ed whi
ho

ur in both stru
tures. If a feature only o

urs in one stru
ture, we 
opy it overinto the result. This algorithm terminates be
ause we only need to unify stru
tureswhi
h are non-distin
t and there are a �nite number of nodes in any input stru
ture.Some examples of uni�
ation follow, where we use + to represent the operation:agr + agr = agrPERS first NUM plu PERS firstNUM singsign sign signSUBJ agr + SUBJ [0℄ bot = SUBJ [0℄ agrPERS 1st OBJ [0℄ PERS first3Using a typed version of the Martelli and Montanari (1982) algorithm, whi
h was adapted to
y
li
 stru
tures by Ja�ar (1984), uni�
ation 
an be performed in what is known as quasi-lineartime in the size of the input stru
tures, where in this 
ase, quasi-linear in n is de�ned to beO(n � a
k�1(n)), where a
k�1 is the inverse of A
kermann's fun
tion, whi
h will never ex
eed 4or 5 for stru
tures that 
an be represented on existing 
omputers. There is also a fa
tor in the
omplexity of uni�
ation stemming from the type hierar
hy and appropriateness 
onditions, whi
hwe dis
uss below.



12 CHAPTER 3. FEATURE STRUCTURES, TYPES AND DESCRIPTIONSOBJ agr NUM pluNUM plu OBJ [0℄t t tF [0℄ t + F t = F [1℄ tG [0℄ F [1℄ F [1℄G [1℄ G [1℄agr + agr = *failure*PERS first PERS se
onde_list + ne_list = *failure*HD aTL e_listNote that the se
ond example respe
ts our assumption that the type bot is themost general type, and thus more general than agr. The se
ond example illustrateswhat happens in a simple 
ase of stru
ture sharing: information is retrieved fromboth the SUBJ and OBJ and shared in the result. The third example shows how twostru
tures without 
y
les 
an be uni�ed to produ
e a stru
ture with a 
y
le. Just asthe feature stru
ture bot subsumes every other stru
ture, it is also the identity withrespe
t to uni�
ation; unifying the feature stru
ture 
onsisting just of the type botwith any feature stru
ture F results simply in F . The last two uni�
ation attemptsfail, assuming that the types first and se
ond and the types e list and ne listare in
ompatible.3.4 InequationsFeature stru
tures may also in
orporate inequational 
onstraints following (Carpen-ter 1992), whi
h is in turn based on the notion of inequation in Prolog II (Colmerauer1987). For instan
e, we might have the following representation of the semanti
s ofa senten
e:SEM binary_relREL knowARG1 [0℄ referentGENDER mas
PERS thirdNUM singARG2 [1℄ referentGENDER mas
PERS thirdNUM sing[0℄ =\= [1℄Below the feature information, we have in
luded the 
onstraint that the value of thestru
ture [0℄ is not identi
al to that of stru
ture [1℄. As a result, we 
annot unifythis stru
ture with the following one:



3.5. TYPE SYSTEM 13REL knowARG1 [2℄ARG2 [2℄Any attempt to unify the stru
tures [0℄ and [1℄ 
auses failure.3.5 Type SystemAs we mentioned in the introdu
tion, what distinguishes ale from other approa
hesto feature stru
tures and most other approa
hes to terms, is that there is a strongtype dis
ipline enfor
ed on feature stru
tures. We have already demonstrated howto de�ne a type hierar
hy, but that is only half the story with respe
t to typing. Theother 
omponent of our type system is a notion of feature appropriateness, wherebyea
h type must spe
ify whi
h features it 
an be de�ned for, and furthermore, whi
htypes of values su
h features 
an take. The notion of appropriateness used here issimilar to that found in obje
t-oriented approa
hes to typing. For instan
e, if afeature is appropriate for a type, it will also be appropriate for all of the subtypesof that type. In other words, appropriateness spe
i�
ations are inherited by a typefrom its supertypes. Furthermore, value restri
tions on feature values are also inher-ited. Another important 
onsideration for ale's type system is the notion of typeinferen
e, whereby types for stru
tures whi
h are underspe
i�ed 
an be automati-
ally inferred. This is a property our system shares with the fun
tional language ml,though our notion of typing is only �rst-order. To further put ale's type systemin perspe
tive, we note that type inheritan
e must be de
lared by the user at 
om-pile time, rather than being inferred. Furthermore, types in ale are semanti
, inSmolka's (1988b) terms, meaning that types are used at run-time. Even though aleemploys semanti
 typing, the type system is employed stati
ally (at 
ompile-time)to dete
t type errors in grammars and programs.As an example of an appropriateness de
laration, 
onsider the simple type spe
-i�
ation for lists with a head/tail en
oding:bot sub [list,atom℄.list sub [e_list,ne_list℄.e_list sub [℄.ne_list sub [℄intro [hd:bot,tl:list℄.atom sub [a,b℄.a sub [℄.b sub [℄.This spe
i�
ation tells us that a list 
an be either empty (e list) or non-empty(ne list). It impli
itly tells us that an empty list 
annot have any features de�nedfor it, sin
e none are de
lared dire
tly or inherited from more general types. Thede
laration also tells us that a non-empty list has two features, representing thehead and the tail of a list, and, furthermore, that the head of a list 
an be anything(sin
e every stru
ture is of type bot), but the tail of the list must itself be a list.Note that features must also be Prolog 
onstants, even though the output routines
onvert them to all 
aps. The appropriateness de
laration, intro, 
an be spe
i�ed



14 CHAPTER 3. FEATURE STRUCTURES, TYPES AND DESCRIPTIONSalong with subsumption, as shown above, or separately; but for any given type, allfeatures must be de
lared at on
e. If no intro de
laration is given for a type, it isassumed that that type introdu
es no appropriate features. If an intro de
larationis made for a type that does not o

ur on either side of a sub de
laration, that typeis assumed to be an immediate subtype of bot with no subtypes of its own. If avalue restri
tor (su
h as list above for feature tl) does not o

ur on either side ofa sub de
laration, it too is assumed to be maximal and an immediate subtype ofbot.In ale, every feature stru
ture must respe
t the appropriateness restri
tions inthe type de
larations. This amounts to two restri
tions. First, if a feature is de�nedfor a feature stru
ture of a given type, then that type must be appropriate for thefeature. Furthermore, the value of the feature must be of the appropriate type, asde
lared in the appropriateness 
onditions. The se
ond 
ondition goes the otherway around: if a feature is appropriate for a type, then every feature stru
ture ofthat type must have a value for the feature. A feature stru
ture respe
ting thesetwo 
onditions is said to be totally well-typed in the terminology of Carpenter (1992,Chapter 6).4 For instan
e, 
onsider the following feature stru
tures:listHD aTL botne_listHD botTL ne_listHD atomTL listne_listHD [0℄ ne_listHD [0℄TL [0℄TL e_listThe �rst stru
ture violates the typing 
ondition be
ause the type list is not appro-priate for any features, only ne list is. But even if we were to 
hange its type tone list, it would still violate the type 
onditions, be
ause bot is not an appropri-ate type for the value of TL in a ne list. On the other hand, the se
ond and thirdstru
tures above are totally well-typed. Note that the se
ond su
h stru
ture doesnot spe
ify what kind of list o

urs at the path TL TL, nor does it spe
ify what theHD value is, but it does spe
ify that the se
ond element of the list, the TL HD valueis an atom, but it doesn't spe
ify whi
h one.To demonstrate how inheritan
e works in a simple 
ase, 
onsider the spe
i�
ationfragment from the 
ategorial grammar in the appendix:4The 
hoi
e of totally well-typed stru
tures was motivated by the desire to represent featurestru
tures as re
ords at run-time, without listing their features. Internally, a feature stru
ture isrepresented as a term of the form Tag-Sort(V1,...,VN) where Tag represents the token identity ofthe stru
ture using a Prolog variable, Sort is the type of stru
ture, and V1 through VN are the valuesof the appropriate features, in alphabeti
al order of the features' names, whi
h are themselves leftimpli
it. Furthermore, the Tag is used for forwarding and dereferen
ing during uni�
ation.
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tional sub [forward,ba
kward℄intro [arg:synsem,res:synsem℄.forward sub [℄.ba
kward sub [℄.This tells us that fun
tional obje
ts have ARG and RES features. Be
ause forwardand ba
kward are subtypes of fun
tional, they will also have ARG and RES features,with the same restri
tions.There are a 
ouple of important restri
tions pla
ed on appropriateness 
onditionsin ale. The most signi�
ant of these is the a
y
li
ity requirement. This 
onditiondisallows type spe
i�
ations whi
h require a type to have a value whi
h is of thesame or more spe
i�
 type. For example, the following spe
i�
ation is not allowed:person sub [male,female℄intro [father:male,mother:female℄.male sub [℄.female sub [℄.The problem here is the obvious one that there are no most general feature stru
turesthat are both of type person and totally well-typed.5 This is be
ause any personmust have a father and mother feature, whi
h are male and female respe
tively,but sin
e male and female are subtypes of person, they must also have mother andfather values. It is signi�
ant to note that the a
y
li
ity 
ondition does not ruleout re
ursive stru
tures, as 
an be seen with the example of lists. The list typespe
i�
ation is a

eptable be
ause not every list is required to have a head and tail,only non-empty lists are. The a
y
li
ity restri
tion 
an be stated graph theoreti
allyby 
onstru
ting a dire
ted graph from the type spe
i�
ation. The nodes of the graphare simply the types. There is an edge from every type to all of its supertypes, andan edge from every type to the types in the type restri
tions in its features. Typespe
i�
ations are only a

eptable if they produ
e a graph with no 
y
les. One 
y
lein the person graph is from male to person (by the supertype relation) and fromperson to male (by the FATHER feature). On the other hand, there are no 
y
les inthe spe
i�
ation of list.The se
ond restri
tion pla
ed on appropriateness de
larations is designed to limitnon-determinism in mu
h the same way as the bounded 
ompleteness 
onditionon the inheritan
e hierar
hy. This se
ond 
ondition requires every feature to beintrodu
ed at a unique most general type. In other words, the set of types appropriatefor a feature must have a most general element. Thus the following type de
larationfragment is invalid:a sub [b,
,d℄.b sub [℄intro [f:w,g:x℄.5The only �nite feature stru
tures that 
ould meet this type system would have to be 
y
li
, asnoted in Carpenter (1992). The problem is that there is no most general su
h 
y
li
 stru
ture, sotype inferen
e 
annot be unique.
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 sub [℄intro [f:y,h:z℄.d sub [℄.The problem is that the feature F is appropriate for types b and 
, but there is not aunique most general type for whi
h it's appropriate. In general, just like the bounded
ompleteness 
ondition, type spe
i�
ations whi
h violate the feature introdu
tion
ondition 
an be pat
hed, without violating any of their existing stru
ture, by addingadditional types. In this 
ase, we add a new type between a and the types b and 
,produ
ing the equivalent well-formed spe
i�
ation:a sub [e,d℄.e sub [b,
℄intro [f:bot℄.b sub [℄intro [f:w,g:x℄.
 sub [℄intro [f:y,h:z℄.d sub [℄.This example also illustrates how subtypes of a type 
an pla
e additional restri
tionson values on features as well as introdu
ing additional features.As a further illustration of how feature introdu
tion 
an be obeyed in general,
onsider the following spe
i�
ation of a type system for representing �rst-orderterms:sem_obj sub [individual,proposition℄.individual sub [a,b℄.a sub [℄.b sub [℄.proposition sub [atomi
_prop,relational℄.atomi
_prop sub [℄.relational_prop sub [unary_prop,transitive_prop℄intro [arg1:individual℄.unary_prop sub [℄.transitive_prop sub [binary_prop,ternary_prop℄intro [arg2:individual℄.binary_prop sub [℄.ternary_prop sub [℄intro [arg3:individual℄.In this 
ase, unary propositions have one argument feature, binary propositions havetwo argument features, and ternary propositions have three argument features, allof whi
h must be �lled by individuals.



3.6. EXTENSIONALITY 173.6 Extensionalityale also respe
ts the distin
tion between intensional and extensional types (seeCarpenter (1992:Chapter 8). The 
on
ept of extensional typing has its origins inthe assumption in standard treatments of feature stru
tures, that there 
an onlybe one 
opy of any atom (a feature stru
ture with no appropriate features) in afeature stru
ture. Thus, if path �1 leads to atom a, and path �2 leads to atom a,then the values for those two paths are token-identi
al. Token-identity refers to anidentity between two feature stru
tures as obje
ts, as opposed to stru
ture-identity,whi
h refers to an identity between two feature stru
tures that 
ontain the sameinformation.Smolka (1988a) partitioned his atoms a

ording to whether more than one 
opy
ould exist or not. In ale, following Carpenter (1992), this notion of 
opyability hasbeen extended to arbitrary types { loosely speaking, those types whi
h are 
opyablewe 
all intensional, and those whi
h are not we 
all extensional. Thus, it is possibleto have two feature stru
tures of the same intensional type whi
h, although theymay be stru
ture-identi
al, are not token-identi
al. Formally:Given the set of types, Type, de�ned by an ale signature, we designate asubset, ExtType � Type, as the set of extensional types. With the ex
ep-tion of a /1 atoms, dis
ussed below, this set 
onsists only of maximallyspe
i�
 types, i.e., for ea
h � 2 ExtType, there is no type � su
h that �subsumes � .The restri
tion of ExtType to maximally spe
i�
 types is pe
uliar to ale, and islevied in order to redu
e the 
omputational 
omplexity of enfor
ing extensionality.6We need one more de�nition to formally state the e�e
t whi
h an extensionaltype has on feature stru
tures in ale.Given a set of extensional types, ExtType, we de�ne an equivalen
e re-lation, �, the 
ollasping relation, on well-typed feature stru
tures, su
hthat F1 � F2 for F1 6= F2 only if:� F1 has the same type, �, as F2, and � 2 ExtType, and� for every feature, f , appropriate to �, F f1 , the value of f in F1, andF f2 , the value of f in F2, are de�ned, and F f1 � F f2 .In ale, all feature stru
tures behave as if they are what Carpenter (1992) referredto as 
ollapsed. That is, the only 
ollapsing relation that exists between any twofeature stru
tures is the trivial 
ollapsing relation, namely:F1 � F2 if and only if F1 is token-identi
al to F2.In the 
ase of a
y
li
 feature stru
tures, this de�nition is equivalent to saying thattwo feature stru
tures of the same extensional type are token-identi
al if and onlyif, for every feature appropriate to that type, their respe
tive values on that featureare token-identi
al. For example, supposing that we have a signature representing6In theory (Carpenter 1992), this set is only required to be upward 
losed, whi
h means thatif � 2 ExtType, and � subsumes � , then � 2 ExtType. This relaxation of our requirement thatextensional types be maximal would a
tually not be too diÆ
ult to implement.



18 CHAPTER 3. FEATURE STRUCTURES, TYPES AND DESCRIPTIONSdates, then the two substru
tures representing dates in the following stru
ture mustbe token identi
al.married_personBIRTHDAY [1℄ dateDAY 12MONTH novYEAR 1971SPOUSE BIRTHDAY [1℄ dateDAY 12MONTH novYEAR 1971In other words, this represents a person born on 12 November 1971, who is marriedto a person with the same birthdate.Now 
onsider a slightly more 
omplex example, whi
h employs the followingsignature.bot sub [a,b,
,g℄.a sub [℄intro [f:b,g:
℄.b sub [℄.
 sub [℄.g sub [℄intro [h:a,j:a℄.If a, b, and 
 are extensional, then the values of H and J in g are always token-identi
al, i.e., every feature stru
ture of type g satis�es:gH [0℄ aF bG 
J [0℄But if only a, and b are extensional, and 
 is intensional, then the values of H andJ are not ne
essarily token-identi
al, although they are always stru
ture-identi
al:gH aF [1℄ bG 
J aF [1℄G 
To 
ite an earlier example, suppose we were to spe
ify that the type false,used in the liar senten
e and its negation, were extensional. Now the liar senten
e'srepresentation is:[0℄ falseARG1 [0℄



3.6. EXTENSIONALITY 19as before, but the negation of the liar senten
e would also be represented by:[0℄ falseARG1 [0℄sin
e if were still represented by:[1℄ falseARG1 [0℄ falseARG1 [0℄then we 
ould 
ite a non-trivial 
ollasping relation, �, in whi
h [1℄ � [0℄.As a related example, 
onsider:sA [0℄ tC [0℄B [1℄ tC [1℄Assuming that t is extensional and only appropriate for the feature C, then thestru
tures [0℄ and [1℄ in the above stru
ture would be identi�ed.Extensionality allows the proper representation of feature stru
tures and termsin both PATR-II, the Rounds-Kasper system, and in Prolog and Prolog II. ForPATR-II and the Rounds-Kasper system, all atoms (those types with no appropriatefeatures) are assumed to be extensional. Furthermore, in the Rounds-Kasper andPATR-II systems, whi
h are monotyped, there is only one type that is appropriatefor any features, and it must be appropriate for all features in the grammar. InProlog and Prolog II, the type hierar
hy is assumed to be 
at, and every type isextensional.Just as with implementations of Prolog, 
ollapsing is only performed as it isneeded. As shown by Carpenter (1992), 
ollapsing 
an be restri
ted to 
ases whereinequations are tested between two stru
tures, with exa
tly the same failure be-havior. It turns out to be less eÆ
ient to 
ollapse stru
tures before asserting theminto ale's parsing 
hart, primarily be
ause the time to test arbitrary stru
tures for
ollapsibility is at least quadrati
 in the size of the stru
tures being 
ollapsed. Seethe se
tion below on inequations for further dis
ussion. Currently, extensionality isonly enfor
ed before the answer to a user query is given.Extensional types in ale are spe
i�ed all at on
e in a list:ext([ext1; : : : ; extn℄):in the same �le in whi
h the subsumption relation is de�ned. All types that are notmentioned in the ext spe
i�
ation are assumed to be intensional, ex
ept ale's a /1atoms, dis
ussed below, whi
h have the same extensionality as Prolog terms, i.e., ifthey are ground or have the same variables in the same positions.7 These do notneed to be de
lared as su
h. If more than one ext spe
i�
ation is given, the �rstone is used. If no ext spe
i�
ation is given, then the spe
i�
ation:ext([℄).7This is given by the == operator in Prolog.



20 CHAPTER 3. FEATURE STRUCTURES, TYPES AND DESCRIPTIONSis assumed. If a type o

urs in ext/1, but does not appear on the left or right-handside of a sub de
laration, it assumed to be maximal, and immediately subsumed bybot.Of 
ourse, 
ollapsing is only enfor
ed between feature stru
tures whose life-spansin ale8 overlap. So, for example, if one request is made for the representation ofthe liar senten
e:[0℄ falseARG1 [0℄and then another is made for that of its negation, the output is not:[0℄(referring to the same token above) but rather:[0℄ falseARG1 [0℄Every time a new 
ontext arises, numbering of stru
tures begins again from [0℄.3.7 a /1 Atomsale also provides an in�nite 
olle
tion of atoms. These are of the form:a Termwhere Term is a prolog term. Two a /1 atoms subsume ea
h other if and only if theirterms subsume ea
h other as prolog terms. As a result, no two di�erent, groundatoms subsume ea
h other; and the most general atom of this 
olle
tion is a . Theyimpli
itly exist in every type hierar
hy, with a being immediately subsumed bybot, and with every ground atom being maximal. a /1 atoms are extensional; andnon-ground a /1 atoms are extensionally identi
al as Prolog terms, i.e., if they havethe same variables in the same positions. For example, a f(X) and a g(X) are nottaken to be the same atom, nor are a f(X) and a f(f(X), nor are a f(X) and af(Y). But a f(X) and a f(X) are. Their status in the type hierar
hy should notbe expli
itly de
lared, nor should the fa
t that they bear no features, nor shouldtheir extensionality.Some 
are must be exer
ised when using non-ground atoms in 
hart edges. ale's
hart parser 
opies edges, in
luding the Prolog variables inside a /1 atoms. Whenthese variables are 
opied, identity among variables within a single edge is preserved,but identity among variables between di�erent edges may be lost. Be
ause aledelays the enfor
ement of extensional type 
he
king, this 
ould result in ale losinga path equation between two atoms. The best way to avoid this is always to useground atoms in 
hart edges. Otherwise, the user should at least avoid relying onextensional identity when writing grammars by not using the ale built-in �= orinequations between non-ground atoms from di�erent edges.8The life-span of a feature stru
ture in ale is the period from its 
reation to the point when theuser 
ommand 
urrently being exe
uted �nishes, unless that feature stru
ture is asserted as an edgein ale's 
hart parser. In this 
ase, the life of the feature stru
ture ends when the edge is removed.Every new request for a parse to ale removes all of the 
urrent edges.



3.8. ATTRIBUTE-VALUE LOGIC 21If the user requires intensional atoms, they must be expli
itly de
lared. Theremust also be no user-de�ned type, a , in the type hierar
hy. Certain argumentsto a /1 
annot be used, su
h as a itself, and other prolog reserved words, su
h asmod, unless they are used with the proper operator pre
eden
e and proper numberof arguments to be parsed by Prolog.Otherwise, a /1 atoms 
an be used wherever a normal type 
an. They areparti
ularly useful as members of large domains that are too tedious to de�ne,su
h as phonology attributes in natural language grammars, or to pass extra-logi
alinformation around a parse tree, su
h as numbers representing probabilities. Tode
lare a feature's value as any a /1 atom, use a :sign intro [phon:(a_ _)℄.The parentheses are re
ommended for readability, but not ne
essary. Be
ause sub-sumption among a /1 atoms mirrors subsumption as prolog terms, one 
an alsode
lare features appropriate for only 
ertain kinds of atoms. For example:sign intro [phon:(a_ phon(_))℄.de
lares phon appropriate to any atom whose term's fun
tor is phon/1.Stru
ture-sharing between a /1 prolog terms in feature appropriateness de
la-rations is ignored by ale. For example, the de
laration:foo intro [f:(a_ X),g:(a_ X)℄.is treated as:foo intro [f:(a_ _),g:(a_ _)℄.ale does respe
t stru
ture-sharing between a /1 prolog terms in des
riptions.3.8 Attribute-Value Logi
Now that we have seen how the type system must be spe
i�ed, we turn our attentionto the spe
i�
ation of feature stru
tures themselves. The most 
onvenient and ex-pressive method of des
ribing feature stru
tures is the logi
al language developed byKasper and Rounds (1986), whi
h we modify here in three ways. First, we repla
ethe notion of path sharing with the more 
ompa
t and expressive notion of variabledue to Smolka (1988a). Se
ond, we extend the language to types, following Pollard(in press). Finally, we add inequations.The 
olle
tion of des
riptions used in ale 
an be des
ribed by the following bnfgrammar:<des
> ::= <type>| <variable>| (<feature>:<des
>)| (<des
>,<des
>)| (<des
>;<des
>)| (=\= <des
>)



22 CHAPTER 3. FEATURE STRUCTURES, TYPES AND DESCRIPTIONSAs we have said before, both types and features are represented by Prolog 
onstants.Variables, on the other hand, are represented by Prolog variables. As indi
ated bythe bnf, no whitespa
e is needed around the feature sele
ting 
olon, 
onjun
tion
omma and disjun
tion semi-
olon, but any whitespa
e o

urring will be ignored.These des
riptions are used for pi
king out feature stru
tures that satisfy them.We 
onsider the 
lauses of the de�nition in turn. A des
ription 
onsisting of a typepi
ks out all feature stru
tures of that type. A variable 
an be used to refer to anyfeature stru
ture, but multiple o

urren
es of the same variable must refer to thesame stru
ture. A des
ription of the form (<feature>:<des
>) pi
ks out a featurestru
ture whose value for the feature satis�es the nested des
ription. An inequation=n= <des
> is satis�ed by those feature stru
tures that are not token-identi
al tothe feature stru
ture des
ribed by <des
>. Inequations are dis
ussed in more detailbelow.There are two ways of logi
ally 
ombining des
riptions: following Prolog, the
omma represents 
onjun
tion and the semi-
olon represents disjun
tion. A featurestru
ture satis�es a 
onjun
tion of des
riptions just in 
ase it satis�es both 
onjun
ts,while it satis�es a disjun
tion of des
riptions if it satis�es either of the disjun
ts.We should also add to the above bnf grammar the following line:<des
> ::= (<path> == <path>)This is an equational des
ription, of whi
h inequations are the negation. Equationalor inequational des
riptions are satis�ed by the presen
e or absen
e, respe
tively,of token-identity. In parti
ular, an inequation between two stru
turally-identi
alfeature stru
tures 
an be satis�ed, while a path equation 
an only be satis�ed bytwo stru
turally-identi
al feature stru
tures, but is not ne
essarily satis�ed.All instan
es of equational des
riptions 
an be 
aptured by using multiple o
-
urren
es of variables. For example, the des
ription:([arg1℄==[arg2℄)is equivalent to the des
ription:(arg1:X,arg2:X).assuming there are no other o

urren
es of X.Standard assumptions about operator pre
eden
e and asso
iation are followed byale, allowing us to omit most of the parentheses in des
riptions. In parti
ular, equa-tional des
riptions bind the most tightly, followed by feature sele
ting 
olon, thenby inequations, then 
onjun
tion and �nally disjun
tion. Furthermore, 
onjun
tionand disjun
tion are left-asso
iative, while the feature sele
tor is right-asso
iative.For instan
e, this gives us the following equivalen
es between des
riptions:a, b ; 
, d ; e = (a,b);(
,d);ea,b,
 = a,(b,
)f:g:bot,h:j = (f:(g:bot)),(h:j)f:g: =\=k,h:j = (f:(g: =\=(k))),(h:j)f:[g℄==[h℄,h:j = (f:([g℄==[h℄)),(h:j)



3.8. ATTRIBUTE-VALUE LOGIC 23Note that a spa
e must o

ur between =n= and other operators su
h as :.A des
ription may be satis�ed by no stru
ture, a �nite number of stru
tures oran in�nite 
olle
tion of feature stru
tures. A des
ription is said to be satis�able if itis satis�ed by at least one stru
ture. A des
ription � entails a des
ription  if everystru
ture satisfying � also satis�es  . Two des
riptions are logi
ally equivalent ifthey entail ea
h other, or equivalently, if they are satis�ed by exa
tly the same setof stru
tures.ale is only sensitive to the di�eren
es between logi
ally equivalent formulasin terms of speed. For instan
e, the two des
riptions (tl:list,ne list,hd:bot)and hd:bot are satis�ed by exa
tly the same set of totally well-typed stru
turesassuming the type de
laration for lists given above, but the smaller des
riptionwill be pro
essed mu
h more eÆ
iently. There are also eÆ
ien
y e�e
ts stemmingfrom the order in whi
h 
onjun
ts (and disjun
ts) are presented. The general rule forspeedy pro
essing is to eliminate des
riptions from a 
onjun
tion if they are entailedby other 
onjun
ts, and to put 
onjun
ts with more type and feature entailments�rst. Thus with our spe
i�
ation for relations above, the des
ription (arg1:a,binary proposition) would be slower than (binary proposition,arg1:a), sin
ebinary proposition entails the existen
e of the feature arg1, but not 
onversely.9At run-time, ale 
omputes a representation of the most general feature stru
turethat satis�es a des
ription. Thus a des
ription su
h as hd:a with respe
t to the listgrammar is satis�ed by the stru
ture:ne_listHD aTL listEvery other stru
ture satisfying the des
ription hd:a is subsumed by the stru
turegiven above. In fa
t, the above stru
ture is said to be a vague representation of all ofthe stru
tures that satisfy the des
ription. The type 
onditions in ale were devisedto obey the very important property, �rst noted by Kasper and Rounds (1986),that every non-disjun
tive des
ription is satis�ed by a unique most general featurestru
ture. Thus in the 
ase of hd:a, there is no more general feature stru
ture thanthe one above whi
h also satis�es hd:a.The previous example also illustrates the kind of type inferen
e used by ale.Even though the des
ription hd:a does not expli
itly mention either the featureTL or the type ne list, to �nd a feature stru
ture satisfying the des
ription, alemust infer this information. In parti
ular, be
ause ne list is the most generaltype for whi
h HD is appropriate, we know that the result must be of type ne list.Furthermore, be
ause ne list is appropriate for both the features HD and TL, alemust add an appropriate TL value. The value type list is also inferred, due to thefa
t that a ne list must have a TL value whi
h is a list. As far as type inferen
egoes, the user does not need to provide anything other than the type spe
i�
ation;the system 
omputes type inferen
e based on the appropriateness spe
i�
ation. Ingeneral, type inferen
e is very eÆ
ient in terms of time. The biggest 
on
ern should9This is be
ause the depth of dereferen
ing depends on the history of types a given stru
tureis instantiated to. There is no path 
ompression on-line, but it is 
arried out before an edge isasserted into the 
hart.



24 CHAPTER 3. FEATURE STRUCTURES, TYPES AND DESCRIPTIONSbe how large the stru
tures be
ome.10 In 
ontrast to a vague des
ription, a disjun
-tive des
ription is usually ambiguous. Disjun
tion is where the 
omplexity arises insatisfying des
riptions, as it 
orresponds operationally to non-determinism.11 Forinstan
e, the des
ription hd:(a;b) is satis�ed by two distin
t minimal stru
tures,neither of whi
h subsumes the other:ne_list ne_listHD a HD bTL list TL listOn the other hand, the des
ription hd:atom is satis�ed by the stru
ture:ne_listHD atomTL listEven though the des
riptions hd:atom and hd:(a;b) are not logi
ally equivalent(though the former entails the latter), they have the interesting property of beinguni�able with exa
tly the same set of stru
tures. In other words, if a feature stru
-ture 
an be uni�ed with the most general satis�er of hd:atom, then it 
an be uni�edwith one of the minimal satis�ers of hd:(a;b).In terms of eÆ
ien
y, it is very important to use vagueness wherever possiblerather than ambiguity. In fa
t, it is almost always a good idea to arrange thetype spe
i�
ation with just this goal in mind. For instan
e, 
onsider the di�eren
ebetween the following pair of type spe
i�
ations, whi
h might be used for Englishgender:gender sub [mas
,fem,neut℄. gender sub [animate,neut℄.mas
 sub [℄. animate sub [mas
,fem℄.fem sub [℄. mas
 sub [℄.neut sub [℄. fem sub [℄.neut sub [℄.Now 
onsider the fa
t that the relative pronouns who and whi
h are distinguishedon the basis of whether they sele
t animate or inanimate genders. In the 
atterhierar
hy, the only way to sele
t the animate genders is by the ambiguous des
rip-tion mas
;fem. The hierar
hy with an expli
it animate type 
an 
apture the samepossibilities with the vague des
ription animate. An e�e
tive rule of thumb is thatale does an amount of work at best proportional to the number of most generalsatis�ers of a des
ription and at worst proportional to 2n, where n is the numberof disjun
ts in the des
ription. Thus the ambiguous des
ription requires roughlytwi
e the time and memory to pro
ess than the vague des
ription. Whether theamount of work is 
loser to the number of satis�ers or exponential in the number ofdisjun
ts depends on how many unsatis�able disjun
tive possibilities drop out earlyin the 
omputation.10Finding most general satis�ers for non-disjun
tive des
riptions, even those involving type in-feren
e, is quasi-linear in the size of the des
ription. But it should be kept in mind that there isalso a fa
tor of 
omplexity determined by the size of the type spe
i�
ation. In pra
ti
e, this fa
toris proportional to how large the inferred stru
ture is. In general, the size of the inferred stru
tureis linear in the size of the des
ription, with a 
onstant for the type spe
i�
ation.11It 
orresponds so 
losely with non-determinism that satis�ability of des
riptions with disjun
-tions is NP-
omplete. Furthermore, the algorithm employed by ale may produ
e up to 2n satis�ersfor a des
ription with n disjun
tions.
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ement of InequationsInequations are persistent in that on
e that are 
reated, they remain as long as oneof the stru
tures being inequated remains. Thus the following two des
riptions arelogi
ally equivalent:f:(=\=
), f:
f:
, f:(=\=
)Both will 
ause failure; but they are not operationally equivalent. An inequation isevaluated when it arises, and again after high-level uni�
ations in the system; butinequations are not evaluated every time an inequated stru
ture is modi�ed. In anideal system, inequations would be atta
hed dire
tly to stru
tures so that they 
ouldbe evaluated on-line during uni�
ation. As things stand, ale represents a featurestru
ture as a regular feature stru
ture with a separate set of inequations. Also, the
omplexity is sensitive to the 
onjun
tive normal form of inequations at the time atwhi
h it is evaluated, though this form may later be redu
ed.These sets of inequations are evaluated at run-time at the point they are en-
ountered, before answers are given to top-level queries, before any edge is addedto ale's parsing 
hart, after every daughter is mat
hed to a des
ription in an alegrammar rule12, and after the head of an ale de�nite 
lause has been mat
hed to agoal. At 
ompile-time, inequations are 
he
ked for every empty 
ategory, for everylexi
al entry, and after every lexi
al rule appli
ation.Inequations are also symmetri
. Thus the following two des
riptions are logi
allyequivalent:f:(=\= X),g:Xf:X,g:(=\= X)Both inequate the values of f and g. Again, these are not operationally equivalent.Be
ause inequations are evaluated at the time they are en
ountered, the se
ondordering will normally dete
t an immediate failure sooner than the �rst.An inequation between two feature stru
tures is a requirement for them notto be token-identi
al. Thus, if a type is intensional, it is possible for two featurestru
tures to be of that same type, and still satisfy an inequation between them.Thus, any attempt to inequate two stru
tures that should be identi
al as a result ofextensional typing will also 
ause failure. For instan
e, 
onsider the following:s sF [1℄ t F [3℄H [1℄ + G [4℄ = failureG [2℄ t [3℄ =\= [4℄H [1℄The values of the features F and G 
annot be inequated be
ause they are extensionallyidenti
al (assuming the type t is de
lared to be extensional and is only appropriatefor the feature H.12In the 
ase of 
ats>, they are enfor
ed after the list des
ription itself is mat
hed, and also afterevery element of the list is mat
hed.



26 CHAPTER 3. FEATURE STRUCTURES, TYPES AND DESCRIPTIONSWhen inequations are evaluated, they are redu
ed. This redu
tion 
onsists, inpart, of partial evaluation of extensionality 
he
king, whi
h is otherwise delayed inale. For instan
e, 
onsider the following:F [1℄ sH botJ botG [2℄ sH botJ bot[1℄ =\= [2℄If the type s is extensional and appropriate for the features H and J, then theinequation above is redu
ed to the following:F [1℄ sH [3℄ botJ [4℄ botG [2℄ sH [5℄J [6℄[3℄ =\= [5℄ ; [4℄ =\= [6℄The set of inequations is stored in 
onjun
tive normal form. The 
ost is some spa
eover the re-evaluation of inequations. Of 
ourse, if the types on [3℄ and [4℄ weremore re�ned than bot, then the inequations [3℄ =\= [5℄ and [4℄ =\= [6℄ wouldfurther redu
e. In addition, when redu
ing inequations in this way, we eliminatethose that are trivially satis�ed. The ones that are printed are only the residue afterredu
tion. For instan
e, 
onsider the following stru
ture:F [1℄ sH [3℄ aJ botG [2℄ sH [3℄J bot[1℄ =\= [2℄Sin
e the H values are token-identi
al, this stru
ture redu
es to the following.F sH [3℄ aJ [4℄ botG sH [3℄J [5℄ bot[4℄ =\= [5℄If stru
tures [4℄ and [5℄ had been of non-uni�able types, then there would be noresidual inequation at all | the original inequation would trivially be satis�ed.



3.9. MACROS 27An important sub
ase is that of an inequation between extensional atoms. If anatom is extensional, then there is only one instan
e of it. Thus an inequation be-tween two identi
al, extensional atoms always fails. For example, if a type signaturein
ludes:bot sub [..., a, b, ...℄.a sub [℄.intro [f:bot℄.b sub [℄....ext([..., b, ...℄).then the des
ription:(a,f:=\= b)is satis�ed just in those 
ases where the value of f is not of type b. If b wereintensional, then the inequation in this des
ription would essentially have no e�e
t.In fa
t, the only produ
tive instan
es of inequations between two intensionally typedfeature stru
tures are those used with multiply o

urring variables. In all otherinstan
es, there is no way for the inequation to be violated, sin
e there is no way torender a stru
turally-identi
al 
opy of an intensionally typed feature stru
ture token-identi
al to any other stru
ture. ale dete
ts these trivially satis�ed inequations anddisposes of them.3.9 Ma
rosale allows the user to employ a general form of parametri
 ma
ros in des
riptions.Ma
ros allow the user to de�ne a des
ription on
e and then use a shorthand forit in other des
riptions. We �rst 
onsider a simple example of a ma
ro de�nition,drawn from the 
ategorial grammar in the appendix. Suppose the user wants toemploy a des
ription qstore:e list frequently within a program. The followingma
ro de�nition 
an be used in the program �le:quantifier_free ma
roqstore:e_list.Then, rather than in
luding the des
ription qstore:e list in another des
ription,� quantifier free 
an be used instead. Whenever � quantifier free is used,qstore:e list is substituted.In the above 
ase, the <ma
ro spe
> was a simple atom, but in general, it 
anbe supplied with arguments. The full bnf for ma
ro de�nitions is as follows:<ma
ro_def> ::= <ma
ro_head> ma
ro <des
>.<ma
ro_head> ::= <ma
ro_name>| <ma
ro_name>(<seq(<var>)>)<ma
ro_spe
> ::= <ma
ro_name>| <ma
ro_name>(<seq(<des
>)>)



28 CHAPTER 3. FEATURE STRUCTURES, TYPES AND DESCRIPTIONS<seq(X)> ::= X| X, <seq(X)>Note that <seq(X)> is a parametri
 
ategory in the bnf whi
h abbreviates non-empty sequen
es of obje
ts of 
ategory X. The following 
lause should be added tore
ursive de�nition of des
riptions:<des
> ::= � <ma
ro\_spe
>A feature stru
ture satis�es a des
ription of the form � <ma
rospe
> just in 
asethe stru
ture satis�es the body of the de�nition of the ma
ro.Again 
onsidering the 
ategorial grammar in the appendix, we have the followingma
ros with one and two arguments respe
tively:np(Ind) ma
rosyn:np,sem:Ind.n(Restr,Ind) ma
rosyn:n,sem:(body:Restr,ind:Ind).In general, the arguments in the de�nition of a ma
ro must be Prolog variables,whi
h 
an then be used as variables in the body of the ma
ro. With the �rst ma
ro,the des
ription � np(j) would then be equivalent to the des
ription syn:np,sem:j.When evaluating a ma
ro, the argument supplied, in this 
ase j, is substituted forthe variable when expanding the ma
ro. In general, the argument to a ma
ro 
anitself be an arbitrary des
ription (possibly 
ontaining ma
ros). For instan
e, thedes
ription:n((and,
onj1:R1,
onj2:R2),Ind3)would be equivalent to the des
ription:syn:n,sem:(body:(and,
onj1:R1,
onj2:R2),ind:Ind3)This example illustrates how other variables and even 
omplex des
riptions 
an besubstituted for the arguments of ma
ros. Also note the parentheses around thearguments to the �rst argument of the ma
ro. Without the parentheses, as inn(and,
onj1:R1,
onj2:R2,Ind3), the ma
ro expansion routine would take this tobe a four argument ma
ro, rather than a two argument ma
ro with a 
omplex �rstargument. This brings up a related point, whi
h is that di�erent ma
ros 
an havethe same name as long as they have the di�erent numbers of arguments.Ma
ros 
an also 
ontain other ma
ros, as illustrated by the ma
ro for propernames in the 
ategorial grammar:pn(Name) ma
rosynsem: � np(Name),� quantifier_free.



3.9. MACROS 29In this 
ase, the ma
ros are expanded re
ursively, so that the des
ription pn(j)would be equivalent to the des
riptionsynsem:(syn:np,sem:j),qstore:e_listIt is usually a good idea to use ma
ros whenever the same des
ription is going tobe re-used frequently. Not only does this make the grammars and programs morereadable, it redu
es the number of simple typing errors that lead to in
onsisten
ies.As is to be expe
ted, ma
ros 
an't be re
ursive. That is, a ma
ro, when ex-panded, is not allowed to invoke itself, as in the ill-formed example:infinite_list(Elt) ma
rohd:Elt,tl:infinite_list(Elt)The reason is simple; it is not possible to expand this ma
ro to a �nite des
ription.Thus all re
ursion must o

ur in grammars or programs; it 
an't o

ur in either theappropriateness 
onditions or in ma
ros.The user should note that variables in the s
ope of a ma
ro are not the same asale feature stru
ture variables | they denote where ma
ro-substitutions of param-eters are made, not instan
es of re-entran
y in a feature stru
ture. If we employ thefollowing ma
ro:blah(X) ma
rob,f: X,g: X.with the argument (
,h:a) for example we obtain the following feature stru
ture:bF 
H aG 
H awhere the values of F and G are not shared (unless 
 and a are extensional). We
an, of 
ourse, 
reate a shared stru
ture using blah, by in
luding an ale variablein the a
tual argument to the ma
ro. Thus blah((Y,
,h:a)) yields:bF [0℄ 
H aG [0℄Be
ause programming with lists is so 
ommon, ale has a spe
ial ma
ro for it,based on the Prolog list notation. A des
ription may also take any of the forms onthe left, whi
h will be treated equivalently to the des
riptions on the right in thefollowing diagram:



30 CHAPTER 3. FEATURE STRUCTURES, TYPES AND DESCRIPTIONS[℄ e_list[H|T℄ (hd:H,tl:T)[A1,A2,...,AN℄ (hd:A1,tl:(hd:A2,tl: ... tl:(hd:AN,tl:e_list)...))[A1,...,AN|T℄ (hd:A1,tl:(hd:A2,tl: ... tl:(hd:AN,tl:T)...))Note that this built-in ma
ro does not require the ma
ro operator �. Thus, forexample, the des
ription [a|T3℄ is equivalent to hd:a,tl:T3, and the des
ription[a,b,
℄ is equivalent to hd:a,tl:(hd:b,tl:(hd:
,tl:e list)). There are manyexample of this use of Prolog's list notation in the grammars in the appendix.3.10 Fun
tional Des
riptionsale also provides the means to de�ne fun
tions mapping des
riptions to des
riptions.The syntax is:<fun
_def> ::= <fun
_spe
> +++> <des
>.<fun
_spe
> ::= <fun
_name>| <fun
_name>(<seq(des
)>)Fun
tional des
riptions are 
ompiled into 
ode that is evaluated at run-time, �rstadding to ea
h argument (if any) the des
ription given for that argument, and thenevaluating to the resulting des
ription, whi
h 
an itself in
lude other fun
tional de-s
riptions, in
luding re
ursive 
alls. As an example, one may 
onsider the append/2fun
tion:append([℄,L) +++> L.append([X|L1℄,L2) +++> [X|append(L1,L2)℄.The lists shown here are instan
es of ale's list ma
ro notation. Noti
e that the onlytype 
he
king in this de�nition is performed by appropriateness and the list ma
ro,so the �rst 
lause 
ould su

eed with any L. To add more, one 
ould rede�ne the�rst 
lause as:append([℄,(list,L)) +++> L.Fun
tional des
riptions 
an be used wherever other des
riptions 
an. The usershould be parti
ularly 
areful with ensuring that the arguments to a fun
tional
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ription 
all will be suÆ
iently instantiated for the 
all to terminate; and the
lauses, 
orre
tly ordered for the des
ription to terminate 
orre
tly. Type 
he
king
annot ensure this, in general. For example, in the de�nition for append/2, with orwithout expli
it type-
he
king on the se
ond argument, both 
lauses will mat
h afun
tional des
ription whose �rst argument or any tl value in the �rst argument isstri
tly of type list, i.e., a list that is not known to be elist or nelist. Su
h afun
tional des
ription will, thus, evaluate to an in�nite number of results. Clausesin fun
tional des
riptions are 
onsidered in the order they are given; and the sear
hfor solutions always ba
ktra
ks into subsequent 
lauses.Any fun
tional des
ription that 
an be de�ned so that its argument des
riptionsare only variables, and its result has no (mutual) re
ursion should be de�ned as ama
ro instead, whi
h is 
ompletely expanded at 
ompile-time. Remember, however,that it is not always suÆ
ient to repla
e the +++> with ma
ro: variable repla
ementin ma
ros works by true textual repla
ement, whereas the variables in fun
tionaldes
riptions are ale des
riptions. For example, the fun
tional des
ription:foo(X) +++> (bar,f:X,g:X).evaluates to a feature stru
ture with a re-entran
y. The ma
ro:foo(X) ma
ro (bar,f:X,g:X).does not ne
essarily evaluate to a feature stru
ture with a re-entran
y. The fun
-tional des
ription, foo/1 is 
orre
tly 
onverted to the ma
ro:foo(X) ma
ro (bar,f:(Y,X),g:(Y,X)).The ale variable, Y, establishes the re-entran
y that the ma
ro variable, X, doesnot.3.11 Type ConstraintsOur logi
al language of des
riptions 
an be used with the type system in orderto enfor
e 
onstraints on feature stru
tures of a parti
ular type. Constraints areatta
hed to types, and may 
onsist of arbitrary des
riptions. Their e�e
t is to requireevery stru
ture of the 
onstrained type to always satisfy the 
onstraint des
ription.Constraints are enfor
ed using the 
ons operator, e.g.:bot sub [a,b℄.a sub [℄intro [f:b,g:b℄.b sub [℄.a 
ons (f:X,g:=\= X).The 
onstraint on the type a (whi
h must o

ur within parentheses) requires allfeature stru
tures of type a to have non-token-identi
al values for features f and g.Noti
e that the type b has no 
onstraints expressed. This is equivalent to spe
ifyingthe 
onstraint:b 
ons bot.
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h is satis�ed by any feature stru
ture (of type b). A type 
onstraint may useany of the operators in the des
ription language, in
luding further type des
riptions,whi
h may themselves be 
onstrained. The type, bot, may not have type 
onstraints,nor may a /1 atoms.It is 
ru
ial that the type des
riptions be �nitely resolvable. Be
ause simpledepth-�rst sear
h is used to evaluate 
onstraints, in�nite resolution paths will 
ausethe system to hang. For example, the following signature should not 
ontain thefollowing 
onstraints:bot sub [a,b℄.a sub [
℄intro [f:bot℄.
 sub [℄.b sub [℄intro [g:bot℄.a 
ons f:b.b 
ons g:
.This is be
ause a subsumes 
. Noti
e, however, that type 
onstraints 
an be used toprovide additional information regarding value restri
tions on appropriate features.In general, ale performs more eÆ
iently when restri
tions are provided in the ap-propriateness 
onditions, rather than in general 
onstraints; but type 
onstraints
an en
ode a greater variety of restri
tions. Spe
i�
ally, they allow 
onstraints toexpress path equations and inequations, as well as deeper path restri
tions. Con-straints may in
lude relational 
onstraints, whi
h are de�ned using de�nite 
lauses,whi
h are dis
ussed below. Type 
onstraints are eÆ
iently 
ompiled in the same wayas other des
riptions. Also, like appropriateness 
onditions, they are only enfor
edon
e for any given stru
ture.It is also important to note that be
ause of the delay in ale's inequational en-for
ement, type 
onstraints that involve re
ursion that terminates by an inequationfailure may go into in�nite loops due to this delay in enfor
ement. Be
ause exten-sionality is only enfor
ed before the answer to a top-level query is given, re
ursivetype 
onstraints that rely on the extensional identity of two feature stru
tures toterminate on the basis of their type will not terminate.3.12 Example: The Zebra PuzzleWe now provide a simpli�ed form of the Zebra Puzzle (Figure 3.1), a 
ommon puzzlefor 
onstraint resolution. This puzzle was solved by A��t-Ka
i (1984) using roughlythe same methods as we use here. The puzzle illustrates the expressive power of the
ombination of extensional types, inequations and type 
onstraints. Su
h puzzles,sometimes known as logi
 puzles or 
onstraint puzzles, require one to �nd a state ofa�airs within some situation that simultaneously satis�es a set of 
onstraints. Thesituation itself very often impli
itly levies 
ertain 
onstraints.We 
an represent the simpli�ed Zebra Puzzle in ale as:% Subsumption%=======================



3.12. EXAMPLE: THE ZEBRA PUZZLE 33Puzzle: Three di�erent houses ea
h 
ontain a di�erent pet, a di�erent drink, andan inhabitant of a di�erent nationality. The following six fa
ts are true about thesehouses:1. The man in the third (middle) house drinks milk.2. The Spaniard owns the dog.3. The Ukranian drinks the tea.4. The Norwegian lives in the �rst house.5. The Norwegian lives next to the tea-drinker.6. The jui
e-drinker owns the fox.Questions: Who owns the zebra? Who drinks jui
e?Figure 3.1: The Zebra Puzzle.bot sub [house,des
riptor,ba
kground℄.des
riptor sub [nat_type,ani_type,bev_type℄.nat_type sub [norwegian,ukranian,spaniard℄.norwegian sub [℄.ukranian sub [℄.spaniard sub [℄.ani_type sub [fox,dog,zebra℄.fox sub [℄.dog sub [℄.zebra sub [℄.bev_type sub [jui
e,tea,milk℄.jui
e sub [℄.tea sub [℄.milk sub [℄.house sub [℄intro [nationality:nat_type,animal:ani_type,beverage:bev_type℄.ba
kground sub [
lue℄intro [house1:house,house2:house,house3:house℄.
lue sub [maximality℄.maximality sub [℄.ext([norwegian,ukranian,spaniard,fox,dog,zebra,jui
e,tea,milk℄).% Constraints%=============================ba
kground 
ons(house1:nationality:N1, % inequational 
onstraints



34 CHAPTER 3. FEATURE STRUCTURES, TYPES AND DESCRIPTIONShouse2:nationality:(N2,(=\= N1)),house3:nationality:((=\= N1),(=\= N2)),house1:animal:A1,house2:animal:(A2,(=\= A1)),house3:animal:((=\= A1),(=\= A2)),house1:beverage:B1,house2:beverage:(B2,(=\= B1)),house3:beverage:((=\= B1),(=\= B2))).
lue 
ons(house3:beverage:milk, % 
lue 1(house1:nationality:spaniard,house1:animal:dog % 
lue 2;house2:nationality:spaniard,house2:animal:dog;house3:nationality:spaniard,house3:animal:dog),(house1:nationality:ukranian,house1:beverage:tea % 
lue 3;house2:nationality:ukranian,house2:beverage:tea;house3:nationality:ukranian,house3:beverage:tea),house1:nationality:norwegian, % 
lue 4(house1:nationality:norwegian,house2:beverage:tea % 
lue 5;house2:nationality:norwegian,house3:beverage:tea;house2:nationality:norwegian,house1:beverage:tea;house3:nationality:norwegian,house2:beverage:tea),(house1:beverage:jui
e,house1:animal:fox % 
lue 6;house2:beverage:jui
e,house2:animal:fox;house3:beverage:jui
e,house3:animal:fox)).maximality 
ons(house1:nationality:(norwegian;ukranian;spaniard), % maximality 
onstraintshouse2:nationality:(norwegian;ukranian;spaniard),house3:nationality:(norwegian;ukranian;spaniard),house1:animal:(fox;dog;zebra),house2:animal:(fox;dog;zebra),house3:animal:(fox;dog;zebra),house1:beverage:(jui
e;tea;milk),house2:beverage:(jui
e;tea;milk),house3:beverage:(jui
e;tea;milk)).The subsumption hierar
hy is shown pi
torially in Figure 3.2. The type,
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kground, with the assistan
e of the types subsumed by house and des
riptor,represents the situation of three houses (the features of ba
kground), ea
h of whi
hhas three attributes (the features of house). The impli
it 
onstraints levied by thesituation appear as 
onstraints on the type, ba
kground, namely that no two houses
an have the same value for any attribute. These are represented by inequations.But noti
e that, sin
e we are interested in treating the values of attributes as tokens,we must represent those values by extensional types. If we had not done this, thenwe 
ould still, for example, have two di�erent houses with the beverage, jui
e,sin
e there 
ould be two di�erent feature stru
tures of type jui
e that were nottoken-identi
al. Noti
e also that all of these types are maximal, and hen
e satisfythe restri
tion that ale pla
es on extensional types.The expli
it 
onstraints provided by the 
lues to the puzzle are represented as
onstraints on the type 
lue, a subtype of ba
kground. We also need a subtype of
lue, maximality, to enfor
e another 
onstraint impli
it to all 
onstraint puzzles,namely the one whi
h requires that we provide only maximally spe
i�
 answers,rather than vague solutions whi
h say, for example, that the beverage for the thirdhouse is a type of beverage (bev type), whi
h may a
tually still satisfy a puzzle's
onstraints.To solve the puzzle, we simply type:| ?- mgsat maximality.MOST GENERAL SATISFIER OF: maximalitymaximalityHOUSE1 houseANIMAL foxBEVERAGE jui
eNATIONALITY norwegianHOUSE2 houseANIMAL zebraBEVERAGE teaNATIONALITY ukranianHOUSE3 houseANIMAL dogBEVERAGE milkNATIONALITY spaniardANOTHER? y.no| ?-So the Ukranian owns the zebra, and the Norwegian drinks jui
e. A most generalsatis�er of maximalitywill also satisfy the 
onstraints of its supertypes, ba
kgroundand 
lue.Although ale is 
apable of representing su
h puzzles and solving them, it is nota
tually very good at solving them eÆ
iently. To solve su
h puzzles eÆ
iently, a
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Figure 3.2: Inheritan
e Network for the Zebra Puzzle.system must determine an optimal order in whi
h to satisfy all of the various 
on-straints. ale does not do this sin
e it 
an express de�nite 
lauses in its 
onstraints,and the reordering would also be very diÆ
ult for the user to keep tra
k of whiledesigning a grammar. A system that does do this is the general 
onstraint resolverproposed by Penn and Carpenter (1993)13.

13This system was a
tually the pre
ursor to ale. It implemented a 
ompletely reversible
onstraint-based parser/generator with a weighting on the 
onstraints based on their maximalnon-determinism. Re-ordering 
onstraints, however, proved to be insuÆ
ient for eÆ
ient parsingor generation, 
ompared to a uni-dire
tional system su
h as ale.



Chapter 4De�nite ClausesThe next two se
tions, 
overing the 
onstraint logi
 programming and phrase stru
-ture 
omponents of ale, simply des
ribe how to write ale programs and how theywill be exe
uted. Dis
ussion of intera
ting with the system itself follows the des
rip-tion of the programming language ale provides.The de�nite logi
 programming language built into ale is a 
onstraint logi
programming (
lp) language, where the 
onstraint system is the attribute-valuelogi
 des
ribed above. Thus, it is very 
losely related to both Prolog and login.Like Prolog, de�nite 
lauses may be de�ned with disjun
tion, negation and 
ut. Thede�nite 
lauses of ale are exe
uted in a depth-�rst, left to right sear
h, a

ordingto the order of 
lauses in the database. ale performs last 
all optimization, butdoes not perform any 
lause indexing.1 Those familiar with Prolog should have notrouble adapting that knowledge to programming with de�nite 
lauses in ale. Theonly signi�
ant di�eren
e is that �rst-order terms are repla
ed with des
riptions offeature stru
tures.While it is not within the s
ope of this user's guide to detail the logi
 program-ming paradigm, mu
h less 
lp, this se
tion will explain all that the user familiarwith logi
 programming needs to know to exploit the spe
ial features of ale. Forba
kground, the user is en
ouraged to 
onsult Sterling and Shapiro (1986) with re-gard to general logi
 programming te
hniques, most of whi
h are appli
able in the
ontext of ale, and A��t-Ka
i and Nasr (1986) for more details on programming withsorted feature stru
tures. For more advan
ed material on programming in Prologwith a 
ompiler, see O'Keefe (1990). The general theory of 
lp is developed ina way 
ompatible with ale in H�ohfeld and Smolka (1988). Of 
ourse, sin
e aleis literally an implementation of the theory found in Carpenter (1992), the user isstrongly en
ouraged to 
onsult Chapter 14 of that book for full theoreti
al details.The syntax of ale's logi
 programming 
omponent is broadly similar to thatof Prolog, with the only di�eren
e being that �rst-order terms are repla
ed withattribute-value logi
 des
riptions. The language in whi
h 
lauses are expressed inale is given in bnf as:<
lause> ::= <literal> if <goal>.<literal> ::= <pred_sym>1Thus, additional 
uts might be ne
essary to ensure determinism, so that last 
all optimizationis e�e
tive. 37



38 CHAPTER 4. DEFINITE CLAUSES| <pred_sym>(<seq(des
)>)<goal> ::= true| <literal>| (<goal>,<goal>)| (<goal>;<goal>)| (<des
> =� <des
>)| (<
ut_free_goal> -> <goal>)| (<
ut_free_goal> -> <goal> ; <goal>)| !| (\+ <goal>)| prolog(<prolog_goal>)Just as in Prolog, predi
ate symbols must be Prolog atoms. This is a more restri
tedsituation than the de�nite 
lause language dis
ussed in Carpenter (1992), whereliterals were also represented as feature stru
tures and des
ribed using attribute-value logi
. Also note that ale requires every 
lause to have a body, whi
h mightsimply be the goal true. There must be whitespa
e around the if operator, butnone is required around the 
onjun
tion 
omma, the disjun
tion semi
olon, the
ut or shallow 
ut symbols !,->, or the unprovability symbol n+. Parentheses, ingeneral, may be dropped and re
onstru
ted based on operator pre
eden
es. Thepre
eden
e is su
h that the 
omma binds more tightly than the semi
olon, while theunprovability symbol binds the most tightly. Both the semi
olon and 
omma areright asso
iative.The operational behavior of ale is nearly identi
al to Prolog with respe
t togoal resolution. That is, it evaluates a sequen
e of goals depth-�rst, from the leftto right, using the order of 
lauses established in the program. The only di�eren
earises from the fa
t that, in Prolog, terms 
annot introdu
e non-determinism. Inale, due to the fa
t that disjun
tions 
an be nested inside of des
riptions, additional
hoi
e points might be 
reated both in mat
hing literals against the heads of 
lausesand in expanding the literals within the body of a 
lause. In evaluating these 
hoi
es,ale maintains a depth-�rst left to right strategy.We begin with a simple example, the member/2 predi
ate:2member(X,hd:X) iftrue.member(X,tl:Xs) ifmember(X,Xs).As in Prolog, ale 
lauses may be read logi
ally, as impli
ations, from right to left.Thus the �rst 
lause above states that X is a member of a list if it is the head of alist. The se
ond 
lause states that X is a member of a list if X is a member of thetail of the list, Xs. Note that variables in ale 
lauses are used the same way as inProlog, due to the notational 
onvention of our des
ription language. Further notethat, unlike Prolog, ale requires a body for every 
lause. In parti
ular, note thatthe �rst 
lause above has the trivial body true. The 
ompiler is 
lever enough toremove su
h goals at 
ompile time, so they do not in
ur any run-time overhead.2As in Prolog, we refer to predi
ates by their name and arity.



39Given the notational 
onvention for lists built into ale, the above program 
ouldequivalently be written as:member(X,[X|_℄) iftrue.member(X,[_|Xs℄) ifmember(X,Xs).But re
all that ale would expand [X| ℄ as (hd:X,tl: ). Not only does ale notsupport anonymous variable optimizations, it also 
reates a 
onjun
tion of two de-s
riptions, where hd:X would have suÆ
ed. Thus the �rst method is not only moreelegant, but also more eÆ
ient.Due to the fa
t that lists have little hierar
hi
al stru
ture, list manipulationpredi
ates in ale look very mu
h like their 
orrelates in Prolog. They will alsoexe
ute with similar performan
e. But when the terms in the arguments of liter-als have more interesting taxonomi
 stru
ture, ale a
tually provides a gain overProlog's evaluation method, as pointed out by A��t-Ka
i and Nasr (1986). Considerthe following fragment drawn from the syllabi�
ation grammar in the appendix, inwhi
h there is a signi�
ant intera
tion between the inheritan
e hierar
hy and thede�nite 
lause less sonorous/2:segment sub [
onsonant,vowel℄.
onsonant sub [nasal,liquid,glide℄.nasal sub [n,m℄.n sub [℄.m sub [℄.liquid sub [l,r℄.l sub [℄.r sub [℄.glide sub [y,w℄.y sub [℄.w sub [℄.vowel sub [a,e,i℄a sub [℄.e sub [℄.i sub [℄.less_sonorous_basi
(nasal,liquid) if true.less_sonorous_basi
(liquid,glide) if true.less_sonorous_basi
(glide,vowel) if true.less_sonorous(L1,L2) ifless_sonorous_basi
(L1,L2).less_sonorous(L1,L2) ifless_sonorous_basi
(L1,L3),less_sonorous(L3,L2).For instan
e, the third 
lause of less sonorous basi
/2, being expressed asa relation between the types glide and vowel, allows solutions su
h as
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(w,e), where glide and vowel have been instantiated as theparti
ular subtypes w and e. This fa
t would not be either as straightforward oras eÆ
ient to 
ode in Prolog, where relations between the individual letters wouldneed to be de�ned. The loss in eÆ
ien
y stems from the fa
t that Prolog musteither 
ode all 14 pairs represented by the above three 
lauses and type hierar
hy,or perform additional logi
al inferen
es to infer that w is a glide, and hen
e lesssonorous than the vowel e. ale, on the other hand, performs these operations byuni�
ation, whi
h, for types, is a simple table look-up.3 All in all, the three 
lausesfor less sonorous basi
/2 given above represent relations between 14 pairs of let-ters. Of 
ourse, the savings is even greater when 
onsidering the transitive 
losureof less sonorous basi
/2, given above as less sonorous/2, and would be greaterstill for a type hierar
hy involving a greater degree of either depth or bran
hing.While we do not provide examples here, suÆ
e it to say that 
uts, shallow 
uts,negation, 
onjun
tion and disjun
tion work exa
tly the same as they do in Prolog. Inparti
ular, 
uts 
onserve sta
k spa
e representing ba
ktra
king points, disjun
tions
reate 
hoi
e points and negation is evaluated by failure, with the same results onbinding as in Prolog.The de�nite 
lause language also allows arbitrary prolog goals, using the pred-i
ate, prolog(<prolog goal>). This is perhaps most useful when used with theProlog predi
ates, assert and retra
t, whi
h provide ale users with a

ess to theProlog database, and with I/O statements, whi
h 
an be quite useful for debuggingde�nite 
lauses.Should prolog goal 
ontain a variable that has been instantiated to an alefeature stru
ture, this will appear to Prolog as ale's internal representation of thatfeature stru
ture. Feature stru
tures 
an be asserted and retra
ted, however, with-out regard to their internal stru
ture. The details of ale's internal representation offeature stru
tures 
an be found in Carpenter and Penn (1996), and brie
y on p. 85.Another side e�e
t of not dire
tly atta
hing inequations to feature stru
turesis that if a feature stru
ture with inequations is asserted and a 
opy of it is laterinstantiated from the Prolog database or retra
ted, the 
opy will have lost theinequations. In general, passing feature stru
tures with inequations to Prolog hooksshould be avoided.Be
ause the enfor
ement of extensionality is delayed in ale, a variable whi
his instantiated to an extensionally typed feature stru
ture and then passed to aprolog hook may also not re
e
t token identities as a result of extensionality. Pro-vided that there are no inequations (to whi
h the user does not have dire
t a
-
ess), this 
an be enfor
ed within the hook by 
alling the ale internal predi
ateextensionalise(FS,[℄).There is a spe
ial literal predi
ate, =�, used with in�x notation, whi
h is truewhen its arguments are token-identi
al. As with inequations, whi
h forbid token-identity, the =� operator is of little use unless multiply o

urring variables are usedin its arguments' des
riptions. Note, however, that while inequations (=\=) andpath equations (==) are part of the des
ription language, =� is a de�nite 
lausepredi
ate, and 
annot be used as a des
ription. It is more important to note thatwhile the negation of the stru
ture-identity operator (==), namely the inequation3Table look-ups involved in uni�
ation in ale rely on double hashing, on
e for the type of ea
hstru
ture being uni�ed.
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 when interpreted persistently, the negation of the token-identityoperator (=�), a
hieved by using it inside the argument of the \+ operator, is non-monotoni
, and thus its use should be avoided.It is signi�
ant to note that 
lauses in ale are truly de�nite in the sense thatonly a single literal is allowed as the head of a 
lause, while the body 
an be a generalgoal. In parti
ular, disjun
tions in des
riptions of the arguments to the head literalof a 
lause are interpreted as taking wide s
ope over the entire 
lause, thus providingthe e�e
t of multiple solutions rather than single disjun
tive solutions. The mostsimple example of this behavior 
an be found in the following program:foo((b;
)) if true.bar(b) if true.baz(X) if foo(X), bar(X).Here the query foo(X) will provide two distin
t solutions, one where X is of type b,and another where it is of type 
. Also note that the queries foo(b) and foo(
)will su

eed. Thus the disjun
tion is equivalent to the two single 
lauses:foo(b) if true.foo(
) if true.In parti
ular, note that the query baz(X) 
an be solved, with X instantiated toan obje
t of type b. In general, using embedded disjun
tions will usually be moreeÆ
ient than using multiple 
lauses in ale, espe
ially if the disjun
tions are deeplynested late in the des
ription. On the other hand, 
uts 
an be inserted for 
ontrolwith multiple 
lauses, making them more eÆ
ient in some 
ases.4.1 Type Constraints RevisitedThe type 
onstraints mentioned in the last 
hapter 
an also in
orporate relational
onstraints de�ned by de�nite 
lauses, with the optional operator goal. Considerthe following example from hpsg:word 
ons Wgoal (single_rel_
onstraint(W),
lausal_rel_prohibition(W)).In this example, the 
onstraint from the des
ription language is simply the vari-able W, whi
h is used to mat
h any feature stru
ture of type word. That fea-ture stru
ture is then passed as an argument to the two pro
edural atta
hmentssingle rel 
onstraint/1 and 
lausal rel prohibition/1, whi
h ea
h representa prin
iple from hpsg whi
h governs words (among other obje
ts). Noti
e that thegoal, when non-literal, must o

ur within parentheses.While every type 
onstraint must have a des
ription, pro
edural atta
hmentsare optional. If they do o

ur, they o

ur after the des
ription. The syntax is givenin bnf as:<
ons_spe
> ::= <type> 
ons <des
>| <type> 
ons <des
>goal <goal>



Chapter 5Phrase Stru
ture GrammarsThe ale phrase stru
ture pro
essing 
omponent is loosely based on a 
ombinationof the fun
tionality of the patr-ii system and the d
g system built into Prolog.Roughly speaking, ale provides a system like that of d
gs, with two primary dif-feren
es. The �rst di�eren
e stems from the fa
t that ale uses attribute-valuelogi
 des
riptions of typed feature stru
tures for representing 
ategories and theirparts, while d
gs use �rst-order terms (or possibly 
y
li
 variants thereof). These
ond primary di�eren
e is that ale's parser uses a bottom-up a
tive 
hart parsingalgorithm and a semanti
-head-driven generator rather than en
oding grammars di-re
tly as Prolog 
lauses and evaluating them top-down and depth-�rst. In the spiritof d
gs, ale allows de�nite 
lause pro
edures to be atta
hed and evaluated at ar-bitrary points in a phrase stru
ture rule, the di�eren
e being that these rules aregiven by de�nite 
lauses in ale's logi
 programming system, rather than dire
tly inProlog.Phrase stru
ture grammars 
ome with two basi
 
omponents, one for des
ribinglexi
al entries and empty 
ategories, and one for des
ribing grammar rules. We
onsider these 
omponents in turn.5.1 Lexi
al EntriesLexi
al entries in ale are spe
i�ed as rewriting rules, as given by the following bnfsyntax:<lex_entry> ::= <word> ---> <des
>.For instan
e, in the 
ategorial grammar lexi
on in the appendix, the following lexi
alentry is provided, along with the relevant ma
ros:john --->� pn(j).pn(Name) ma
rosynsem: � np(Name),� quantifier_free.np(Ind) ma
ro 42



5.1. LEXICAL ENTRIES 43syn:np,sem:Ind.quantifier_free ma
roqstore:[℄.Read de
laratively, this rule says that the word john has as its lexi
al 
ategory themost general satis�er of the des
ription � pn(j), whi
h is:
atSYNSEM basi
SYN npSEM jQSTORE e_listNote that this lexi
al entry is equivalent to that given without ma
ros by:john --->synsem:(syn:np,sem:j),qstore:e_list.Ma
ros are useful as a method of organizing lexi
al information to keep it 
onsistenta
ross lexi
al entries. The lexi
al entry for the word runs is:runs ---> � iv((run,runner:Ind),Ind).iv(Sem,Arg) ma
rosynsem:(ba
kward,arg: � np(Arg),res:(syn:s,sem:Sem)),� quantifier_free.This entry uses nested ma
ros along with stru
ture sharing, and expands to the
ategory:
atSYNSEM ba
kwardARG synsemSYN npSEM [0℄ sem_objRES SYN sSEM runRUNNER [0℄QSTORE e_listIt also illustrates how ma
ro parameters are in fa
t treated as variables.Multiple lexi
al entries may be provided for ea
h word. Disjun
tions may also beused in lexi
al entries, but are expanded out at 
ompile-time. Thus the �rst threelexi
al entries, taken together, 
ompile to the same result as the fourth:



44 CHAPTER 5. PHRASE STRUCTURE GRAMMARSbank --->syn:noun,sem:river_bank.bank --->syn:noun,sem:money_bank.bank --->syn:verb,sem:roll_plane.bank --->( syn:noun,sem:( river_bank; money_bank); syn:verb,sem:roll_plane).Note that this last entry uses the standard Prolog layout 
onventions of pla
ingea
h 
onjun
t and disjun
t on its own line, with 
ommas at the end of lines, anddisjun
tions set o� with verti
ally aligned parentheses at the beginning of lines.The 
ompiler �nds all the most general satis�ers for lexi
al entries at 
ompiletime, reporting on those lexi
al entries that have unsatis�able des
riptions. In theabove 
ase of bank, the se
ond 
ombined method is marginally faster at 
ompile-time, but their run-time performan
e is identi
al. The reason for this is that bothentries have the same set of most general satis�ers.ale supports the 
onstru
tion of large lexi
a, as it relies on Prolog's hashingme
hanism to a
tually look up a lexi
al entry for a word during bottom-up parsing.For generation, ale indexes lexi
al entries for faster uni�
ation, as des
ribed in Pennand Popes
u (1997). Constraints on types 
an also be used to enfor
e 
onditions onlexi
al representations, allowing for further fa
torization of information.5.2 Empty Categoriesale allows the user to spe
ify 
ertain 
ategories as o

urring without any 
orre-sponding surfa
e string. These are usually referred to somewhat misleadingly asempty 
ategories, or sometimes as null produ
tions. In ale, they are supported bya spe
ial de
laration of the form:empty <des
>.Where <des
> is a des
ription of the empty 
ategory.For example, a 
ommon treatment of bare plurals is to hypothesize an emptydeterminer. For instan
e, 
onsider the 
ontrast between the senten
es kids over-turned my trash 
ans and a kid overturned my trash 
ans. In the former senten
e,whi
h has a plural subje
t, there is no 
orresponding determiner. In our 
ategorialgrammar, we might assume an empty determiner with the following lexi
al entry(presented here with the ma
ros expanded):



5.2. EMPTY CATEGORIES 45empty � gdet(some).gdet(Quant) ma
rosynsem:(forward,arg:(syn:(n,num:plu),sem:(body:Restr,ind:Ind)),res:(syn:(np,num:plu),sem:Ind),qstore:[ (Quant,var:Ind,restr:Restr) ℄.Of 
ourse, it should be noted that this entry does not mat
h the type system of the
ategorial grammar in the appendix, as it assumes a number feature on nouns andnoun phrases.Empty 
ategories are expensive to 
ompute under a bottom-up parsing s
hemesu
h as the one used in ale. The reason for this is that these 
ategories 
an be usedat every position in the 
hart during parsing (with the same begin and end points).If the empty 
ategories 
ause lo
al stru
tural ambiguities, parsing will be sloweddown a

ordingly as these stru
tures are 
al
ulated and then propagated. Considerthe empty determiner given above. It 
an be used as an ina
tive edge at every nodein the 
hart, then mat
h the forward appli
ation rule s
heme and sear
h throughevery edge to its right looking for a nominal 
omplement. If there are relatively fewnouns in a senten
e, not many noun phrases will be 
reated by this rule and thus notmany stru
tural ambiguities will propagate. But in a senten
e su
h as the kids likethe toys, there will be an edge spanning kids like the toys 
orresponding to an emptydeterminer analysis of kids. The 
orresponding noun phrase 
reated spanning toyswill not propagate any further, as there is no way to 
ombine a noun phrase with thedeterminer the. But now 
onsider the empty slash 
ategories of form X=X in gpsg.These 
ategories, when 
oupled with the slash passing rules, would roughly doubleparsing time, even for senten
es that 
an be analyzed without any su
h 
ategories.The reason is that these empty 
ategories are highly underspe
i�ed and thus havemany options for 
ombinations. Thus empty 
ategories should be used sparingly,and prefarably in environments where their e�e
ts will not propagate.Another word of 
aution is in order 
on
erning empty 
ategories: they 
an o

urin 
onstru
tions with other empty 
ategories. For instan
e, if we spe
ify 
ategoriesC1 and C2 as empty 
ategories, and have a rule that allows a C to be 
onstru
tedfrom a C1 and a C2, then C will a
t as an empty 
ategory, as well. These 
ombi-nations of empty 
ategories are 
omputed at 
ompile-time; but the sheer number ofempty 
ategories produ
ed under this 
losure may be a pro
essing burden if theyapply at run-time too produ
tively. Keep in mind that ale 
omputes all of theina
tive edges that 
an be produ
ed from a given input string, so there is no wayof eliminating the extra work produ
ed by empty 
ategories intera
ting with other
ategories, in
luding empty ones.
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al RulesLexi
al rules provide a me
hanism for expressing redundan
ies in the lexi
on, su
h asthe kinds of in
e
tional morphology used for word 
lasses, derivational morphologyas found with suÆxes and pre�xes, as well as zero-derivations as found with detran-sitivization, nominalization of some varieties and so on. The format ale providesfor stating lexi
al rules is similar to that found in both patr-ii and hpsg.In order to implement them eÆ
iently, lexi
al rules, as well as their e�e
ts onlexi
al entries, are 
ompiled in mu
h the same way as grammars. To enhan
e theirpower, lexi
al rules, like grammar rules, allow arbitrary pro
edural atta
hment withale de�nite 
onstraints.The lexi
al rule system of ale is produ
tive in that it allows lexi
al rules toapply sequentially to their own output or the output of other lexi
al rules. Thus,it is possible to derive the nominal runner from the verb run, and then derive theplural nominal runners from runner, and so on. At the same time, the lexi
al systemis leashed to a �xed depth-bound, whi
h may be spe
i�ed by the user. This boundlimits the number of rules that 
an be applied to any given 
ategory. The bound onappli
ation of rules is spe
i�ed by a 
ommand su
h as the following, whi
h shouldappear somewhere at the beginning of the input �le::-lex_rule_depth(2).Of 
ourse, bounds other than 2 
an be used. The bound indi
ates how many ap-pli
ations of lexi
al rules 
an be made, and may be 0. If there is more than onesu
h spe
i�
ation in an input �le, the last one will be the one that is used. If nospe
i�
ation is given, the default is 2.The format for lexi
al rules is as follows:<lex_rule> ::= <lex_rule_name> lex_rule <lex_rewrite>morphs <morphs>.<lex_rewrite> ::= <des
> **> <des
>| <des
> **> <des
> if <goal><morphs> ::= <morph>| <morph>, <morphs><morph> ::= (<string_pattern>) be
omes (<string_pattern>)| (<string_pattern>) be
omes (<string_pattern>)when <prolog_goal><string_pattern> ::= <atomi
_string_pattern>| <atomi
_string_pattern>, <string_pattern><atomi
_string_pattern> ::= <atom>| <var>| <list(<var_
har>)><var_
har> ::= <
har>| <var>



5.3. LEXICAL RULES 47An example of a lexi
al rule with almost all of the bells and whistles (we put o�pro
edural atta
hment for now) is:plural_n lex_rule(n,num:sing)**> (n,num:plu)morphsgoose be
omes geese,[k,e,y℄ be
omes [k,e,y,s℄,(X,man) be
omes (X,men),(X,F) be
omes (X,F,es) when fri
ative(F),(X,ey) be
omes (X,[i,e,s℄),X be
omes (X,s).fri
ative([s℄).fri
ative([
,h℄).fri
ative([s,h℄).fri
ative([x℄).We will use this lexi
al rule to explain the behavior of the lexi
al rule system. Firstnote that the name of a lexi
al rule, in this 
ase plural n, must in general be aProlog atom. Further note that the top-level parentheses around both the des
rip-tions and the patterns are ne
essary. If the Prolog goal, in this 
ase fri
ative(F),had been a 
omplex goal, then it would need to be parenthesized as well. The nextthing to note about the lexi
al rule is that there are two des
riptions | the �rstdes
ribes the input 
ategory to the rule, while the se
ond des
ribes the output 
at-egory. These are arbitrary des
riptions, and may 
ontain disjun
tions, ma
ros, et
.We will 
ome ba
k to the 
lauses for fri
ative/1 shortly. Note that the patterns inthe morphologi
al 
omponent are built out of variables, sequen
es and lists. Thus asimple rewriting 
an be spe
i�ed either using atoms as with goose above, with a list,as in [k,e,y℄, or with a sequen
e as in (X,man), or with both, as in (X,[i,e,s℄).The syntax of the morphologi
al operations is su
h that in sequen
es, atoms maybe used as a shorthand for lists of 
hara
ters. But lists must 
onsist of variables orsingle 
hara
ters only. Thus we 
ould not have used (X,[F℄) in the fri
ative 
ase,as F might is itself a 
omplex list su
h as [s,h℄ or [x℄. But in general, variablesranging over single 
hara
ters 
an show up in lists.The basi
 operation of a lexi
al rule is quite simple. First, every lexi
al entry,in
luding a word and a 
ategory, that is produ
ed during 
ompilation is 
he
ked tosee if its 
ategory satis�es the input des
ription of a lexi
al rule. If it does, then a new
ategory is generated to satisfy the output des
ription of the lexi
al rule, if possible.Note that there might be multiple solutions, and all solutions are 
onsidered andgenerated. Thus multiple solutions to the input or output des
riptions lead tomultiple lexi
al entries.After the input and output 
ategories have been 
omputed, the word of the inputlexi
al entry is fed through the morphologi
al analyzer to produ
e the 
orrespondingoutput word. Unlike the 
ategorial 
omponent of lexi
al rules, only one output word
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onstru
ted, based on the �rst input/output pattern that is mat
hed.1 Theinput word is mat
hed against the patterns on the left hand side of the morphologi
alprodu
tions. When one is found that the input word mat
hes, any 
ondition imposedby a when 
lause on the produ
tion is evaluated. This ordering is imposed so thatthe Prolog goal will have all of the variables for the input string instantiated. At thispoint, Prolog is invoked to evaluate the when 
lause. In the most restri
ted 
ase, asillustrated in the above lexi
al rule, Prolog is only used to provide abbreviations for
lasses. Thus the de�nition for fri
ative/1 
onsists only of unit 
lauses. For thoseunfamiliar with Prolog, this strategy 
an be used in general for simple morphologi
alabbreviations. Evaluating these goals requires the F in the input pattern to mat
hone of the strings given. The shorthand of using atoms for the lists of their 
hara
tersonly operates within the morphologi
al sequen
es. In parti
ular, the Prolog goalsdo not automati
ally inherit the ability of the lexi
al system to use atoms as anabbreviation for lists, so they have to be given in lists. Substituting fri
ative(sh)for fri
ative([s,h℄) would not yield the intended interpretation. Variables insequen
es in morphologi
al produ
tions will always be instantiated to lists, even ifthey are single 
hara
ters. For instan
e, 
onsider the lexi
al rule above with everyatom written out as an expli
it list:[g,o,o,s,e℄ be
omes [g,e,e,s,e℄,[k,e,y℄ be
omes [k,e,y,s℄,(X,[m,a,n℄) be
omes (X,[m,e,n℄),(X,F) be
omes (X,F,[e,s℄) when fri
ative(F),(X,[e,y℄) be
omes (X,[i,e,s℄),X be
omes (X,[s℄).In this example, the s in the �nal produ
tion is given as a list, even though it isonly a single 
hara
ter.The morphologi
al produ
tions are 
onsidered one at a time until one is mat
hed.This ordering allows a form of suppletion, whereby spe
ial forms su
h as thosefor the irregular plural of goose and key to be listed expli
itly. It also allowssubregularities, su
h as the rule for fri
atives above, to override more general rules.Thus the input word bea
h be
omes bea
hes be
ause bea
h mat
hes (X,F) withX = [b,e,a℄ and F = [
,h℄, the goal fri
ative([
,h℄) su

eeds and the wordbea
hes mat
hes the output pattern (X,F,[e,s℄), instantiated after the input ismat
hed to ([b,e,a℄,[
,h℄,[e,s℄). Similarly, words that end in [e,y℄ havethis sequen
e repla
ed by [i,e,s℄ in the plural, whi
h is why an irregular form isrequired for keys, whi
h would otherwise mat
h this pattern. Finally, the last rulemat
hes any input, be
ause it is just a variable, and the output it produ
es simplysuÆxes an [s℄ to the input.For lexi
al rules with no morphologi
al e�e
t, the produ
tion:X be
omes XsuÆ
es. To allow lexi
al operations to be stated wholly within Prolog, a rule maybe used su
h as the following:1Thus ale's lexi
al rule system is not 
apable of handling 
ases of partial suppletion, whereboth a regular and irregular morphologi
al form are both allowed. To allow two ouptut forms, onemust be 
oded by hand with its own lexi
al entry or a separate lexi
al rule.
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omes Y when morph_plural(X,Y)In this 
ase, when morph plural(X,Y) is 
alled, X will be instantiated to the list ofthe 
hara
ters in the input, and as a result of the 
all, Y should be instantiated toa ground list of output 
hara
ters.We �nally turn to the 
ase of lexi
al rules with pro
edural atta
hments, as inthe following (simpli�ed) example from hpsg:extra
tion lex_rulelo
al:(
at:(head:H,sub
at:Xs),
ont:C),nonlo
al:(to_bind:Bs,inherited:Is)**> lo
al:(
at:(head:H,sub
at:Xs2),
ont:C),nonlo
al:(to_bind:Bs,inherited:[G|Is℄)ifsele
t(G,Xs,Xs2)morphsX be
omes X.sele
t(X,(hd:X),Xs) if true.sele
t(X,[Y|Xs℄,[Y|Ys℄) ifsele
t(X,Xs,Ys).This example illustrates an important point other than the use of 
onditions on
ategories in lexi
al rules. The point is that even though only the LOCAL CAT SUBCATand NONLOCAL INHERITED paths are a�e
ted, information that stays the same mustalso be mentioned. For instan
e, if the 
ont:C spe
i�
ation had been left out ofeither the input our output 
ategory des
ription, then the output 
ategory of the rulewould have a 
ompletely un
onstrained 
ontent value. This di�ers from the default-based nature of the usual presentation of lexi
al rules, whi
h assumes all informationthat hasn't been expli
itly spe
i�ed is shared between the input and the output. Asanother example, we must also spe
ify that the HEAD and TO BIND features are tobe 
opied from the input to the output; otherwise there would be no spe
i�
ationof them in the output of the rule. This fa
t follows from the des
ription of theappli
ation of lexi
al rules: they mat
h a given 
ategory against the input des
riptionand produ
e the most general 
ategory(s) mat
hing the output des
ription.Turning to the use of 
onditions in the above rule, the sele
t/3 predi
ate isde�ned so that it sele
ts its �rst argument as a list member of its se
ond argument,returning the third argument as the se
ond argument with the sele
ted elementdeleted. In e�e
t, the above lexi
al rule produ
es a new lexi
al entry whi
h is likethe original entry, ex
ept for the fa
t that one of the elements on the sub
at list ofthe input is removed from the sub
at list and added to the inherited value in theoutput. Nothing else 
hanges.Pro
edurally, the de�nite 
lause is invoked after the lexi
al rule has mat
hed theinput des
ription against the input 
ategory. Like the morphologi
al system, this
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ontrol de
ision was made to ensure that the relevant variables are instantiated atthe time the 
ondition is resolved. The 
ondition here 
an be an arbitrary goal, butif it is 
omplex, there should be parentheses around the whole thing. Cuts shouldnot be used in 
onditions on lexi
al rules (see the 
omments on 
uts in grammarrules below, whi
h also apply to 
uts in lexi
al rules).Currently, ale does not 
he
k for redundan
ies or for entries that subsume ea
hother, either in the base lexi
on or after 
losure under lexi
al rules. ale also doesnot apply lexi
al rules to empty 
ategories.5.4 Grammar RulesGrammar rules in ale are of the phrase stru
ture variety, with annotations for bothgoals that need to be solved and for attribute-value des
riptions of 
ategories. Thebnf syntax for rules is as follows:<rule> ::= <rule_name> rule <des
> ===> <rule_body>.<rule_body> ::= <rule_
lause>| <rule_
lause>, <rule_body><rule_
lause> ::= 
at> <des
>| 
ats> <des
>| sem_head> <des
>| goal> <goal>| sem_goal> <goal>The <rule name> must be a Prolog atom. The des
ription in the rule is taken to bethe mother 
ategory in the rule, while the rule body spe
i�es the daughters in therule along with any side 
onditions on the rule, expressed as ale goals. A furtherrestri
tion on rules, whi
h is not expressed in the bnf syntax above, is that theremust be at least one 
ategory-seeking rule 
lause in ea
h rule body.2 Thus emptyprodu
tions are not allowed and will be 
agged as errors at 
ompile time.A simple example of su
h a rule, without any goals, is as follows:s_np_vp rule(syn:s,sem:(VPSem,agent:NPSem))===>
at>(syn:np,agr:Agr,sem:NPSem),
at>(syn:vp,agr:Agr,sem:VPSem).2By doubling the size of the bnf for rules, this requirement 
ould be expressed.
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e about this rule. The �rst is that the parenthesesaround the 
ategory and mother des
riptions are ne
essary. Looking at what therule means, it allows the 
ombination of an np 
ategory with a vp type 
ategory ifthey have 
ompatible (uni�able) values for agr. It then takes the semanti
s of theresult to be the semanti
s of the verb phrase, with the additional information thatthe noun phrase semanti
s �lls the agent role.Unlike the patr-ii rules, but similar to d
g rules, \uni�
ations" are spe
i�ed byvariable 
o-o

urren
e rather than by path equations, while path values are spe
i�edusing the 
olon rather than by a se
ond kind of path equation. The rule above issimilar to a patr-ii rule whi
h would look roughly as follows:x0 ---> x1, x2 if(x0 syn) == s,(x1 syn) == np,(x2 syn) == vp,(x0 sem) == (x2 sem),(x0 sem agent) == (x1 sem),(x1 agr) == (x2 agr)Unlike lexi
al entries, rules are not expanded to feature stru
tures at 
ompile-time. Rather, they are 
ompiled down into stru
ture-
opying operations involvingtable look-ups for feature and type symbols, uni�
ation operations for variables,sequen
ing for 
onjun
tion, and 
hoi
e point 
reation for disjun
tion.The des
riptions for 
at> and 
ats> daughters are always evaluated in the orderthey are spe
i�ed, from left to right. This is signi�
ant when 
onsidering goals thatmight be interleaved with sear
hes in the 
hart for 
onsistent daughter 
ategories.The order in whi
h the 
ode for the mother's and semanti
 head's des
riptions isexe
uted depends on the 
ontrol strategy used during parsing or generation. Theseare des
ribed in Se
tions 5.4.3 and 5.4.4, respe
tively. In theory, the same grammar
an be used for both parsing and generation. In pra
ti
e, a single grammar israrely eÆ
ient in both dire
tions, and 
an even exhibit termination problems inone, just as a Prolog program may have these problems with queries that havedi�erent argument instantiations. So while it is not ne
essary to fully understandthe parsing or generation algorithms used by ale to exploit its power for developinggrammars, pra
ti
al implementations will order their pro
edural atta
hments anddistribute their des
ription-level information with these algorithms in mind.Within a single des
ription, in the 
ase of feature and type symbols, a double-hashing is performed on the type of the stru
ture being added to, as well as eitherthe feature or the type being added. Additional operations arise from type 
oer
ionsthat adding features or types require. Thus there is nothing like disjun
tive normal-form 
onversion of rules at 
ompile time, as there is for lexi
al entries. In parti
ular,if there is a lo
al disjun
tion in a rule, it will be evaluated lo
ally at run time. Forinstan
e, 
onsider the following rule, whi
h is the lo
al part of hpsg's S
hema 1:s
hema1 rule(
at:(head:Head,sub
at:[℄),
ont:Cont)===>
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at>(Subj,
at:head:( subst; spe
:HeadLo
,)),
at>(HeadLo
,
at:(head:Head,sub
at:[Subj℄),
ont:Cont).Note that there is a disjun
tion in the 
at:head value of the �rst daughter 
ategory(the subje
t in this 
ase). This disjun
tion represents the fa
t that the head valueis either a substantive 
ategory (one of type subst), or it has a spe
i�er value whi
his shared with the entire se
ond daughter. But the 
hoi
e between the disjun
ts inthe �rst daughter of this rule is made lo
ally, when the daughter 
ategory is fullyknown, and thus does not 
reate needless rule instantiations.ale's general treatment of disjun
tion in des
riptions, whi
h is an extension ofKasper and Round's (1986) attribute-value logi
 to phrase stru
ture rules, is a vastimprovement over a system su
h as patr-ii, whi
h would not allow disjun
tion ina rule, thus for
ing the user to write out 
omplete variants of rules that only di�erlo
ally. Disjun
tions in rules do 
reate lo
al 
hoi
e points, though, even if the �rstgoal in the disjun
tion is the one that is solvable.3 This is be
ause, in general, bothparts of a disjun
tion might be 
onsistent with a given 
ategory, and lead to twosolutions. Or one disjun
t might be dis
arded as in
onsistent only when its variablesare further instantiated elsewhere in the rule.5.4.1 Pro
edural Atta
hmentsA more 
ompli
ated rule, drawn from the 
ategorial grammar in the appendix is asfollows:ba
kward_appli
ation rule(synsem:Z,qstore:Qs)===>
at>(synsem:Y,qstore:Qs1),
at>(synsem:(ba
kward,arg:Y,res:Z),qstore:Qs2),goal>append(Qs1,Qs2,Qs).3In a future release, 
uts will be allowed within des
riptions, to allow the user to eliminatedisjun
tive 
hoi
e points when possible.
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i�ed after the two 
ategory des
riptions. Conse-quently, it will be evaluated after 
ategories mat
hing the des
riptions have alreadybeen found, thus ensuring in this 
ase that the variables Qs1 and Qs2 are instanti-ated. The append(Qs1,Qs2,Qs) goal is evaluated by ale's de�nite 
lause resolutionme
hanism. goal> atta
hments are always evaluated in the order they are spe
i�edrelative to the enfor
ement of 
at> and 
ats> daughters, from left to right. Allpossible solutions to the goal are found with the resulting instantiations 
arryingover to the rule. These solutions are found using the depth-�rst sear
h built intoale's de�nite 
onstraint resolver. In general, goals may be interleaved with the 
at-egory spe
i�
ations, giving the user 
ontrol over when the goals are �red. Also notethat goals may be arbitrary 
ut-free ale de�nite 
lause goals, and thus may in
ludedisjun
tions, 
onjun
tions, and negations. Cuts may o

ur, however, within the
ode for any literal 
lause spe
i�ed in a pro
edural atta
hment. The atta
hmentsthemselves must be 
ut-free to avoid the 
ut taking pre
eden
e over the entire ruleafter 
ompilation, thus preventing the rule to apply to other edges in the 
hart or forlater rules to apply. Instead, if 
uts are desired in rules, they must be en
apsulatedin an auxiliary predi
ate, whi
h will restri
t the s
ope of the 
ut. For instan
e, inthe 
ontext of a phrase stru
ture rule, rather than a goal of the form:goal>(a, !, b)it is ne
essary to en
ode this as follows:goal>
where the predi
ate 
 is de�ned by:
 if(a, !, b).This prevents ba
ktra
king through the 
ut in the goal, but does not blo
k thefurther appli
ation of the rule. A similar strategy should be employed for 
uts inlexi
al rules.As a programming strategy, rules should be formulated like Prolog 
lauses, sothat they fail as early as possible. Thus the features that dis
riminate whether arule is appli
able should o

ur �rst in 
ategory des
riptions. The only work in
urredby testing whether a rule is appli
able is up to the point where it fails.Just as with patr-ii, ale is re-
omplete (equivalently, Turing-equivalent),meaning that any 
omputable language 
an be en
oded. Thus it is possible torepresent unde
idable grammars, even without resorting to the kind of pro
eduralatta
hment possible with arbitrary de�nite 
lause goals. With its mix of depth-�rstand breadth-�rst evaluation strategies, ale is not stri
tly 
omplete with respe
t toits intended semanti
s if an in�nite number of edges 
an be generated with the gram-mar. This situation is similar to that in Prolog, where a de
laratively impe

ableprogram might hang operationally.
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ats> OperatorThe 
ats> operator is used to des
ribe a list of daughters, whose length 
annotbe determined until run-time. Daughters are not parsed or generated as qui
kly aspart of a 
ats> spe
i�
ation. Note also the interpretation of 
ats> requires that itsargument is subsumed by the type list, whi
h must be de�ned, along with ne list,e list, et
., and the features HD, and TL, whi
h we de�ned above. This 
he
k isnot made using uni�
ation, so that an underspe
i�ed list argument will not workeither. If the argument of 
ats> is not subsumed by list, then the rule in whi
hthat argument o

urs will never mat
h any string, and a run-time error message willbe given. This operator is useful for so-
alled \
at" rules, su
h as hpsg's S
hema2, part of whi
h is given (in simpli�ed form) below:s
hema2 rule(
at:(head:Head,sub
at:[Subj℄))===>
at>(
at:(head:Head,sub
at:[Subj|Comps℄)),
ats> Comps.Sin
e various lexi
al items have SUBCAT lists of various lengths, e.g., zero for propernouns, one for intransitive verbs, two for transitive verbs, 
ats> is required in orderto mat
h the a
tual list of 
omplements at run-time.It is 
ommon to require a goal to produ
e an output for the argument of 
ats>.If this is done, the goal must be pla
ed before the 
ats>. Our use of 
ats> isproblemati
 in that we require the argument of 
ats> to evaluate to a list of �xedlength. Thus parsing with the following head-�nal version of hpsg's S
hema 2 wouldnot work:s
hema2 rule(
at:(head:Head,sub
at:[SubjSyn℄))===>
ats> Comps,
at>(
at:(head:Head,sub
at:[Subj|Comps℄)).One way to work around this is to pla
e some �nite upper bound on the size of theComps list by means of a 
onstraint.s
hema2 rule(
at:(head:Head,sub
at:[SubjSyn℄))goal> three_or_less(Comps),
ats> Comps,
at>(
at:(head:Head,
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at:[Subj|Comps℄)).three_or_less([℄) if true.three_or_less([_℄) if true.three_or_less([_,_℄) if true.three_or_less([_,_,_℄) if true.The problem with this strategy from an eÆ
ien
y standpoint is that arbitrary se-quen
es of three 
ategories will be 
he
ked at every point in the grammar; in theEnglish 
ase, the sear
h is dire
ted by the types instantiated in Comps as well as thatlist's length. From a theoreti
al standpoint, it is impossible to get truly unboundedlength arguments in this way.5.4.3 ParsingThe ale system employs a bottom-up a
tive 
hart parser that has been tailoredto the implementation of attribute-value grammars in Prolog. The single mostimportant fa
t to keep in mind is that rules are evaluated from left to right, withthe mother des
ription 
oming last. Most of the implementational 
onsiderationsfollow from this rule evaluation prin
iple and its spe
i�
 implementation in Prolog.In parsing, sem head> and sem goal> spe
i�
ations are treated exa
tly as 
at> andgoal> spe
i�
ations, respe
tively.The 
hart is �lled in using a 
ombination of depth- and breadth-�rst 
ontrol.In parti
ular, the edges are �lled in from right to left, even though the rules areevaluated from left to right. Furthermore, the parser pro
eeds breadth-�rst in thesense that it in
rementally moves through the string from right to left, one word ata time, re
ording all of the ina
tive edges that 
an be 
reated beginning from the
urrent left-hand position in the string. For instan
e, in the string The kid ranyesterday, the order of pro
essing is as follows. First, lexi
al entries for yesterdayare looked up, and entered into the 
hart as ina
tive edges. For ea
h ina
tive edgethat is added to the 
hart, the rules are also �red a

ording to the bottom-up ruleof 
hart parsing. But no a
tive edges are re
orded. A
tive edges are purely dy-nami
 stru
tures, existing only lo
ally to exploit Prolog's 
opying and ba
ktra
kings
hemes. The bene�t of parsing from right to left is that when an a
tive edge isproposed by a bottom-up rule, every ina
tive edge it might need to be 
ompletedhas already been found. This is a
tually true as long as the dire
tion of traversalthrough the string is the opposite of the dire
tion of mat
hing daughter 
ategoriesin a rule; thus the real reason for the right-to-left parsing strategy is to allow thea
tive edges to be represented dynami
ally, while still evaluating the rules from leftto right. While the overall strategy is bottom-up, and breadth-�rst insofar as itsteps in
rementally through the string, �lling in every possible ina
tive edge as itgoes, the rest of the pro
essing is done depth-�rst to keep as many data stru
turesdynami
 as possible, to avoid 
opying other than that done by Prolog's ba
ktra
kingme
hanism. In parti
ular, lexi
al entries, bottom-up rules, and a
tive edges are allevaluated depth-�rst, whi
h is perfe
tly sound, be
ause they all start at the sameleft point (that before the 
urrent word in the right to left pass through the string),and thus do not intera
t with one another.ale 
omputes the 
losure of its grammar rules under appli
ation of the �rstdaughter's des
ription to empty 
ategories at 
ompile-time. This is known as Empty-
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losure or EFD 
losure. This 
losure operation has three advantages.First, given ale's 
ombination of depth-�rst and breadth-�rst pro
essing, it is ne
-essary in order to ensure 
ompleteness of parsing with empty 
ategories, be
auseany permutation of empty 
ategories 
an, in prin
iple, be 
ombined to form a newempty 
ategory. Se
ond, it works around a problem that many non-ISO-
ompatiblePrologs, in
luding SICStus Prolog, have with asserted predi
ates that results inempty 
ategory leftmost daughters not being able to 
ombine with their own out-puts. Third, it allows the run-time parser to establish a pre
ondition that rules onlyneed to be 
losed with non-empty leftmost daughters at run-time. As a result, whena new mother 
ategory is 
reated and 
losed under rules as the leftmost daughter, it
annot 
ombine with other edges 
reated with the same left node. This allows ale,at ea
h step in its right-to-left pass throught the input string, to 
opy all of the edgesin the internal database ba
k onto the heap before they 
an be used again, and thusredu
es edge 
opying to a 
onstant two times per edge for non-empty 
ategories.Keeping a 
opy of the 
hart on the heap also allows for more sophisti
ated indexingstrategies that would otherwise be overwhelmed by the 
ost of 
opying edges withlarge-sized 
ategories in Prolog before the mat
h. The EFD 
losure algorithm itselfis des
ribed in Penn (1999).EFD 
losure potentially 
reates new rules, a pre�x of whose daughters havemat
hed empty 
ategories, and new empty 
ategories, formed when every daughterof a rule has mat
hed an empty 
ategory. The 
losure in 
omputed breadth-�rst.EFD 
losure may not terminate. As a result, 
ompilation of some grammarsmay go into in�nite loops. This only o

urs, however, with grammars for whi
hevery parse would go into an in�nite loop at run-time if EFD 
losure were notapplied | spe
i�
ally, when empty 
ategories alone 
an produ
e in�nitely manyempty 
ategories using the rules of the grammar. Be
ause early versions of ale didnot 
ompute a 
omplete 
losure of grammar rules over empty 
ategories (even atrun-time), some grammars that terminated at run-time under these early versionswill not terminate at 
ompile-time under the 
urrent version.Rules 
an in
orporate de�nite 
lause goals before, between or after 
ategoryspe
i�
ations. These goals are evaluated when they are found. For instan
e, if agoal o

urs between two 
ategories on the right hand side of a rule, the goal isevaluated after the �rst 
ategory is found, but before the se
ond one is. The goalsare evaluated by ale's de�nite 
lause resolution me
hanism, whi
h operates in adepth-�rst manner. Thus 
are should be taken to make sure the required variablesin a goal are instantiated before the goal is 
alled. The resolution of all goals shouldterminate with a �nite (possibly empty) number of solutions, taking into a

ountthe variables that are instantiated when they are 
alled.The parser will terminate after �nding all of the ina
tive edges derivable fromthe lexi
al entries and the grammar rules. Of 
ourse, if the grammar is su
h thatan in�nite number of derivations 
an be produ
ed, ale will not terminate. Su
h anin�nite number of derivations 
an 
reep in either through re
ursive unary rules orthrough the evaluation of goals.ale now has an optional me
hanism for 
he
king edge subsumption (Se
tion 7.9).This 
an be used to prevent the propagation of spurious ambiguities through theparse. A 
ategory C spanning a given subsequen
e is said to be spurious if thereis another 
ategory C 0 spanning the same subsequen
e su
h that C is subsumed byC 0. Only the most general 
ategory needs to be re
orded to ensure soundness. It
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an also be used to dete
t two derivations of the same 
ategory. Our experien
e,however, has been that most uni�
ation-based grammars do not have any spuri-ous ambiguity. They normally in
orporate some notion of themati
 or fun
tionalstru
ture representing the meaning of a senten
e; and in these 
ases, most stru
-tural ambiguities result in semanti
 ambiguities. For su
h grammars, subsumption
he
king is probably not worth the e�ort, and should be left disabled.5.4.4 Generationale also 
ontains a generator, based on the Semanti
 Head-Driven Generation al-gorithm of van Noord (1989), as extended by Shieber et al. (1990), and adapted tothe typed feature logi
 of Carpenter (1992) by Popes
u (1996). Its implementationin ale is des
ribed in Penn and Popes
u (1997).Given a des
ription of a feature stru
ture, ale's generator will non-deterministi
ally generate all the word strings that 
orrespond to its most generalsatis�er(s). In other words, the generated word strings, when parsed in ale usingthe same grammar, will result in feature stru
tures that unify with a most generalsatis�er of the initial des
ription (rather than ne
essarily be identi
al). That partof the feature stru
ture whi
h represents semanti
 information drives the generationpro
ess.The semanti
s/1 Dire
tiveale identi�es this part using a user-de�ned dire
tive, semanti
s/1. This dire
tivedistinguishes a binary user-de�ned de�nite 
lause predi
ate as the predi
ate to use to�nd semanti
 information. The �rst argument is always the feature stru
ture whosesemanti
s are being identi�ed; and the se
ond argument is always the semanti
information. The example below, taken again from the sample generation grammar,simply says that the semanti
s of a feature stru
ture is the value of its sem feature:semanti
s sem1.sem1(sem:S,S) if true.In general, the se
ond argument does not need to be a sub-stru
ture of the�rst | it 
ould have a spe
ial type that is used only for the purpose of 
olle
tingsemanti
 information, possibly spread over several unrelated sub-stru
tures. Thebody 
an be arbitrarily 
omplex; and there 
an be multiple 
lauses for the de�nitionof this predi
ate. The predi
ate must, however, have the property that it willterminate when only its �rst argument is instantiated, and when only its se
ondargument is instantiated. ale will use this predi
ate in both \dire
tions" | to �ndsemanti
s information, and in reverse to build templates to �nd stru
tures that havemat
hing semanti
 information. There 
an be only one predi
ate distinguished bysemanti
s/1. If there are multiple dire
tives, ale will only use the �rst.The AlgorithmSemanti
-head-driven generation makes use of the notion of a semanti
 head of arule, a daughter whose semanti
s is shared with the mother. In semanti
-head-driven generation, there are two kinds of rules: 
hain rules, whi
h have a semanti
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PRED mary, PRED john< > >ARGS

PRED call_up<SEM|ARGS

sentence

Figure 5.1: The initial root.
PRED mary, PRED john< > >ARGS

PRED call_up<SEM|ARGS

sign

Figure 5.2: The semanti
s template.head, and non-
hain rules, whi
h la
k su
h a head. These two subsets are pro
esseddi�erently during the generation pro
ess.Given a feature stru
ture, 
alled the root goal, to generate a string for, thegenerator builds a new feature stru
ture that shares its semanti
 information (usingthe user-de�ned semanti
s predi
ate with the se
ond argument instantiated) and�nds a pivot that uni�es with it. The pivot is the lowest node in a derivation treethat has the same semanti
s as the root. The pivot may be either a lexi
al entry orempty 
ategory (the base 
ases), or the mother 
ategory of a non-
hain rule. On
ea pivot is identi�ed, one 
an re
ursively generate top-down from the pivot usingnon-
hain rules. Sin
e the pivot must be the lowest, there 
an be no lower semanti
heads, and thus no lower 
hain-rule appli
ations. Just as in parsing, the daughtersof non-
hain rules are pro
essed from left to right.On
e top-down generation from the pivot is 
omplete, the pivot is linked to theroot bottom-up by 
hain rules. At ea
h step, the 
urrent 
hain node (beginning withthe pivot) is uni�ed with the semanti
 head of a 
hain-rule, its non-head sisters aregenerated re
ursively, and the mother be
omes the new 
hain node. The non-headdaughters of 
hain rules are also pro
essed from left to right. The base 
ase is wherethe 
urrent 
hain node uni�es with the root.An example from the sample generation grammar in Appendix A.3 illustratesthis better. Suppose that the generator is given the goal des
ription:(senten
e,sem:(pred:de
l,args:[(pred:
all_up,args:[pred:mary,pred:john℄)℄))Figure 5.1 shows the initial root (the most general satis�er of the input des
ription);and Figure 5.2 shows the template that ale uses to �nd a pivot. Next (Figure 5.3),a pivot is sele
ted, in this 
ase by unifying the template with the mother 
ategoryof the non-
hain rule, senten
e1:senten
e1 rule(senten
e,sem:(pred:de
l,args:[S℄))===>
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PRED mary, PRED john< > >ARGS

PRED call_up<SEM|ARGS

sentence

PRED mary, PRED john< > >ARGS
PRED call_up<SEM|ARGS

sentence

PRED mary, PRED john< > >ARGS
PRED call_up<

s
SEM

ROOT

PIVOT

NEW ROOT

sentence1

Figure 5.3: The �rst pivot is found.
at> (s,form:finite,sem:S).We 
an tell that senten
e1 is a non-
hain rule be
ause it la
ks a sem head> daugh-ter, unlike, for example, the 
hain rule s:s rule(s,form:Form,sem:S)===>
at> Subj,sem_head>(vp,form:Form,sub
at:[SUBJ℄,sem:S).The only daughter of senten
e1 be
omes the new root.The pivot 
hosen for that root is the lexi
al entry for 
alls, whi
h is obtainedby applying the lexi
al rule, sg3, to the �rst entry for 
all in the grammar. Thatpivot has no daughters, so it must now be 
onne
ted by 
hain rules to the new rootin Figure 5.3. The 
hain rule, vp1, is 
hosen, its semanti
 head is uni�ed with theentry for 
alls, its one non-head daughter is re
ursively generated (whi
h simplysu

eeds by unifying with the lexi
al entry for john), and its mother be
omes thenew 
hain node (Figure 5.4).Again (Figure 5.5), 
hain rule vp1 is 
hosen, its semanti
 head is uni�ed withthe new pivot, its non-head daughter is re
ursively generated by unifying with thelexi
al entry for up, and its mother be
omes the next 
hain node.
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np
AGR sg3
SEM sem
    ARGS e_list
    PRED john

NON-HEAD
DAUGHTER

PRED mary, PRED john< > >ARGS
PRED call_up<

s
SEM

SEM [0]
np p

SEM|PRED up

np
AGR sg3
SEM [1]

vp
FORM finite

p
SEM|PRED up

vp
FORM finite

<SUBCAT

SEM

, >
np
AGR sg3
SEM [0]

[0][PRED mary],[PRED john]<ARGS
PRED call_up

>

vp1

NEW ROOT

< , , >SUBCAT

SEM [1][PRED mary],[0][PRED john]<ARGS
PRED call_up

>

PIVOT

NEW CHAIN NODE

Figure 5.4: First 
hain rule appli
ation.



5.4. GRAMMAR RULES 61

np
AGR sg3
SEM sem
    ARGS e_list
    PRED john

NON-HEAD
DAUGHTER

p
SEM sem
    ARGS e_list
    PRED up

PRED mary, PRED john< > >ARGS
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Figure 5.5: Se
ond 
hain rule appli
ation.
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hain rule, s is 
hosen. Its non-head daughter is re
ursively generatedby unifying with the lexi
al entry for mary, and its mother, the new 
hain node,uni�es with the new root (Figure 5.6). With generation below the pivot of Figure 5.3having been 
ompleted, it is linked to its root dire
tly by uni�
ation, yielding thesolution, mary 
alls john up.Pivot Che
kingale's generator uses a simple depth-�rst sear
h strategy, displaying solutions as it�nds them. As a result, it is not 
omplete. Following the suggestion made in Shieberet al. (1990), ale also 
he
ks whether there are semanti
 head ! mother sequen
esthat 
ould possibly link a potential pivot to the 
urrent root before re
ursivelygenerating its non-head daughters. If not, then the pivot is dis
arded. Semanti
-head-driven generators that do not prune away su
h bad pivots from the sear
h treerun a greater risk of missing solutions be
ause top-down generation of the bad pivot'snon-head daughters may not terminate, even though it 
an never yield solutions.This 
he
k is valuable be
ause it in
orporates synta
ti
 information from the motherand semanti
 head into the otherwise semanti
 predi
tion step.It also 
reates another termination problem, however, namely the potential forin�nitely long semanti
 head ! mother sequen
es in some grammars. To avoid this,ale requires the user to spe
ify a bound on the length of 
hain rule sequen
es at
ompile-time. This 
an be spe
i�ed with the de
laration::- 
hain_length(4).Other values than 4 
an be used, in
luding 0. The default value is 4. ale 
ompiles
hains of semanti
 head and mother des
riptions of this length to perform the pivot
he
k more eÆ
iently at run-time.The sem goal> OperatorFor the most part, the generator treats pro
edural atta
hments as the parser does| it evaluates them with respe
t to other daughter spe
i�
ations in the order given.The one ex
eption to this is sem goal> atta
hments. These goals are distinguished asatta
hed to the semanti
 head, and are therefore evaluated either immediately beforeor immediately after the sem head> des
ription. As a result, sem goal> spe
i�
ation
an only o

ur immediately before or immediately after a sem head> spe
i�
ation;and thus only in 
hain rules. sem goal> atta
hments are not evaluated duringthe pivot 
he
k des
ribed above | only the sem head> and mother des
riptions.During parsing, sem goal> spe
i�
ations are treated exa
tly the same as goal>spe
i�
ations, i.e., evaluated in order.To summarize, the order of exe
ution for a non-
hain rule spe
i�
ation duringgeneration is:� the mother des
ription, then� the 
at>, 
ats>, and goal> des
riptions, in order, from left to right.There are no sem head> or sem goal> spe
i�
ations in a non-
hain rule. The orderfor a 
hain rule spe
i�
ation during generation is:
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ation and uni�
ation.



64 CHAPTER 5. PHRASE STRUCTURE GRAMMARS� the pre-head sem goal> spe
i�
ation, if it exists,� the sem head> des
ription,� the post-head sem goal> spe
i�
ation, if it exists,� the mother des
ription, then4� the 
at>, 
ats> and goal> spe
i�
ations, in order, from left to right.Again, pra
ti
al grammar implementations will arrange information in rules in su
ha way as to ensure termination and to for
e failure as early as possible. For non-
hainrules, this means making the mother and early daughters or goals as informativeas possible at the des
ription level (that is, up to where type inferen
ing 
an takeover). For 
hain rules, the semanti
 head and its atta
hments should be maximallyinformative.

4The standard head-driven-generation algorithm enfor
es the mother des
ription after the non-semanti
-head-related daughters. We deviate from this order in order to enfor
e the pivot 
he
k,whi
h requires instantiating the mother, more eÆ
iently.



Chapter 6Compiling ALE ProgramsThis se
tion is devoted to showing how ale programs 
an a
tually be 
ompiled.ale was developed to be run with a Prolog 
ompiler, su
h as SICStus Prolog's. AnSWI port of ale is available, whi
h also has a less extensive 
ompilation phase. Westrongly re
ommend SICStus Prolog. SWI Prolog does not s
ale up well to large-sized grammars. The lo
al systems administrator should be able to provide help onrunning Prolog. This do
umentation only assumes the user has �gured out how torun Prolog as well as write and edit �les. It is otherwise self-
ontained.6.1 File ManagementAfter starting up Prolog, the following 
ommand should be used to load the alesystem:| ?- 
ompile(AleFile).where AleFile is an atom spe
ifying the �le name in whi
h ale re-sides. For instan
e, in Unix, you might need to use something like:
ompile('/users/
arp/Prolog/ALE/ale.pl')., or a lo
al abbreviation for it like
ompile(ale). if the system is in a �le named ale.pl in the lo
al dire
tory (SIC-Stus and SWI 
an �ll in the \.pl" suÆx). With SWI Prolog, the 
ommand:| ?- 
onsult(AleFile).must be used instead. Note that the argument to 
ompile must be an atom, whi
hmeans it should be single-quoted if it is not otherwise an atom. After the systemhas 
ompiled, you should see another Prolog prompt. It is ne
essary to have writepermission in the dire
tory from whi
h Prolog is invoked, be
ause ale 
reates �lesduring 
ompilation. But note that neither the grammar nor ale need to be lo
allyde�ned; it is only ne
essary to have lo
al write permission.ale sour
e 
ode, being a kind of Prolog 
ode, must be organized so that predi
atede�nitions are not spread a
ross �les, unless the appropriate multifile de
larationsare made. For instan
e, the sub/intro 
lauses spe
ifying the type hierar
hy mustall be in one �le. Similarly, the de�nite 
lauses must all be in one �le, as must thegrammar rules and ma
ros. 65



66 CHAPTER 6. COMPILING ALE PROGRAMS6.2 Compiling Programsale 
an 
ompile a program in
rementally to some extent. In parti
ular, the 
om-piler is broken down into six primary 
omponents for 
ompiling the type hierar-
hy, fun
tional des
riptions, type 
onstraints, the attribute-value logi
, the de�nite
lauses and the grammar. Compiling the type hierar
hy 
onsists of 
ompiling typesubsumption, type uni�
ation, appropriateness spe
i�
ations, and extensionality in-formation. The logi
 
ompiler 
ompiles predi
ates whi
h know how to add a typeto a feature stru
ture, how to �nd a feature value in a type and how to performfeature stru
ture uni�
ation, as well as the most general satis�ers of every type,with 
ode atta
hed to enfor
e 
ons/2 
onstraints. Compiling the grammar 
onsistsof 
ompiling the lexi
on, empty 
ategories, rules and lexi
al rules, and if 
ompilationfor generation is enabled, the semanti
s/1 dire
tive. Ma
ros are not 
ompiled, butare rather interpreted during 
ompilation.There is one predi
ate 
ompile gram/1 that 
an be used to 
ompile a whole alegrammar from one �le, as follows:| ?- 
ompile gram(GramFile).where GramFile is the name of the �le in whi
h the grammar resides. The 
ompilerwill display error messages to the s
reen when it is 
ompiling. But sin
e ale usesthe Prolog 
ompiler to read the �les, Prolog might also 
omplain about syntax errorsin spe
ifying the �les. In either 
ase, there should be some indi
ation of what theerror is and whi
h 
lause of the �le 
ontained it.ale's 
ompiler 
reates 
ode for parsing, generation, or both. As of the presentversion of ale, only one grammar 
an be used, even if 
ode for both modes is tobe 
reated. Two �les, ale parse.pl and ale gen.pl, are in
luded with the distri-bution, whi
h provide some example glue 
ode to link together two ale pro
essesrunning under SICStus Prolog 3.0 or higher in order to parse and generate with twodi�erent grammars.At startup, ale produ
es 
ode only for parsing. To produ
e 
ode for generationonly, use the 
ommand:| ?- generate.
ompiler will produ
e 
ode for generation onlyyes| ?-To produ
e 
ode for both parsing and generation, use parse and gen instead. Toswit
h ba
k to produ
ing 
ode for parsing only, use parse. Note that these 
om-mands modify the behaviour of the 
ompiler, not the 
ompiled 
ode, so grammarsmay need to be re
ompiled after these dire
tives are issued.The following predi
ates are available to 
ompile grammars and their 
omponentparts. They are listed hierar
hi
ally, with ea
h 
ommand 
alling all those listedunder it. Ea
h higher-level 
ommand is nothing more than the 
ombination ofthose 
ommands below it.



6.2. COMPILING PROGRAMS 67Command Requires File Mode Clause-------------------------------------------------------------------
ompile_gram nothing * both
ompile_sig nothing * both
ompile_sub_type nothing * sub
ompile_unify_type 
ompile_sub_type
ompile_approp 
ompile_unify_type * intro
ompile_extensional 
ompile_approp * ext
ompile_fun 
ompile_sig * both +++>
ompile_
ons 
ompile_fun * both 
ons
ompile_logi
 
ompile_sig both
ompile_mgsat 
ompile_sig
ompile_add_to_type 
ompile_sig
ompile_featval 
ompile_add_to_type
ompile_u 
ompile_sig
ompile_subsume 
ompile_sig parse/subtest
ompile_d
s 
ompile_logi
 * both if
ompile_grammar 
ompile_logi
 *
ompile_lex_rules 
ompile_logi
 * parse **>
ompile_lex 
ompile_logi
 * parse --->
ompile_rules 
ompile_logi
 * parse ===>,empty
ompile_logi
 * gen ===>,empty--->,**>
ompile_generate 
ompile_rules * gen semanti
sThe table above lists whi
h 
ompilations must have already been 
ompiled before thenext stage of 
ompilation 
an begin. Thus before 
ompile grammar 
an be 
alled,
ompile logi
 must be 
alled (or equivalently, the sequen
e of 
ompile mgsat,
ompile add to type, 
ompile featval, and 
ompile u). Ea
h 
ommand withan asterisk in its 
lauses 
olumn in the above table may be given an optional �leargument. The �le argument should be an atom whi
h spe
i�es the �le in whi
h therelevant 
lauses 
an be found. The 
lauses needed before ea
h stage of 
ompilation
an begin are listed to the right of the asterisks. For instan
e, the if 
lausesmust be loaded before 
ompile d
s is 
alled. But note that 
ompile unify typedoes not require any 
lauses to be loaded, as it uses the 
ompiled de�nition ofsub type rather than the user spe
i�
ation in its operation. Thus 
hanges to thesignature in the sour
e �le, even if the sour
e �le is re
ompiled, will not be re
e
tedin 
ompile unify type if they have not been re
ompiled by 
ompile sub type �rst.If an attempt is made to 
ompile a part of a program where the relevant 
lauseshave not been asserted, an error will result.Note that 
ompile subsume only 
ompiles 
ode if subsumption 
he
king (p. 93)and parsing have been enabled.Ea
h of the lowest level 
ommands generates intermediate Prolog sour
e 
odefor that fun
tion, whi
h is then 
ompiled further by a Prolog 
ompiler. ale uses aterm-expansion-based 
ompiler in both SICStus and SWI Prologs that avoids thene
essity for 
reating intermediate �les. It also improves the speed of intermediate
ode 
ompilation. Be
ause both SICStus and SWI Prologs require the user to reada �le on disk in order to use their 
ompilers, ale must 
reate a zero-byte �le 
alled



68 CHAPTER 6. COMPILING ALE PROGRAMS.ale
 throw to throw 
ontrol to its intermediate 
ode 
ompiler. For that reason,the Prolog pro
ess must have write permission in the lo
al dire
tory to 
reate this�le, if it does not already exist.After a grammar is 
ompiled, the system plus grammar 
ode 
an be saved withthe 
ommand:| ?- save program(File).This will save the state of the Prolog database in File. SICStus users should nor-mally use this rather than save/1, whi
h 
reates a larger �le by saving other in-formation like the state of Prolog's internal sta
ks. The SWI Prolog 
ommand isqsave program(File). With either Prolog, the state 
an be reloaded, by exe
utingthe saved �le dire
tly.In general, whenever the ale sour
e program is 
hanged, it should be re
ompiledfrom the point of 
hange. For instan
e, if the de�nite 
lauses are the only thing thathave 
hanged sin
e the last 
ompilation, then only 
ompile d
s(FileSpe
) needsto be run. But if in 
hanging the de�nite 
lauses, the type hierar
hy had to be
hanged, then everything must be re
ompiled.ale treats lexi
on 
ompilation di�erently than the other stages. Two 
ommands,lex 
ompile/0 and lex 
onsult/0, 
ontrol whether the intermediate 
ode for thelexi
on and empty 
ategories is 
ompiled or 
onsulted (a lesser degree of 
ompila-tion). Lexi
on 
ompilation is usually the most time-
onsuming stage of grammar
ompilation in ale, and 
onsulting the 
ode for this stage 
an result in a substantial
ompile-time speed-up. The de
rease in run-time performan
e is only signi�
ant ingrammars with a high degree of lexi
al ambiguity, i.e., where one string has a verylarge number of entries in the lexi
on. By default, ale 
onsults the 
ode for thelexi
on. In SWI Prolog, only lexi
on 
onsulting is available.When 
onsulting is 
hosen, the lexi
on and empty 
ategories are also 
onsulteddynami
ally. This means that individual entries 
an be retra
ted and added withoutre
ompiling the entire lexi
on. To retra
t a lexi
al entry, use the 
ommand:| ?- retra
t lex(LexSpe
).LexSpe
 
an either be a word, or a list of words. The words given to retra
t lex/1are not 
losed under morph rules | derived entries with di�erent forms mustbe retra
ted expli
itly. retra
t lex/1 iterates through all of the entries thatmat
h the given word(s), asking for ea
h one whether it should be retra
ted.retra
tall lex/1 will remove all of them without asking.To add lexi
al entries, use the 
ommand:| ?- update lex(UpdateFile).UpdateFile is a �le 
ontaining new lexi
al entries and empty 
ategories. New lexi
alentries are 
losed under lexi
al rules, as usual.11Earlier versions of ale also permitted in
remental updating and retra
tion of empty 
ategories.Be
ause empty 
ategories are now 
losed under phrase stru
ture rules at 
ompile-time, this is nolonger possible.



6.3. COMPILE-TIME ERROR MESSAGES 696.3 Compile-Time Error MessagesThere are three sour
es of 
ompile-time messages generated by ale: Prolog mes-sages, ale errors, and ale warnings.ale uses Prolog term input and output, thus requiring the input to be spe
i�edas a valid Prolog program. Of 
ourse, any ale program meeting the ale syntaxspe
i�
ation will not 
ause Prolog errors. If there is a Prolog error generated,there is a 
orresponding bug in the grammar �le(s). Prolog error messages usuallygenerate a message indi
ating what kind of error it found, and just as importantly,whi
h line(s) of the input the error was found in. The most 
ommon Prolog errormessages 
on
ern missing periods or operators whi
h 
annot be parsed. Su
h errorsare usually 
aused by bad pun
tuation su
h as missing periods, mispla
ed 
ommas,
ommas before semi
olons in disjun
tions, et
. These errors are usually easy totra
k down.Prolog also generates warnings in some 
ir
umstan
es. In parti
ular, if youonly use a variable on
e in a de�nition, it will report a singleton variable warning.The reason for this is that variables that only o

ur on
e are useless in that theydo not enfor
e any stru
ture sharing. There is little use for singleton variables inale outside of the Prolog goals in morphologi
al rules and some ma
ro parameters.Usually a singleton variable indi
ates a typing error, su
h as typing AgrNum in onelo
ation and Agrnum in another. It is standard Prolog pra
ti
e to repla
e all singletonvariables with anonymous variables. An anonymous variable is a variable whi
hbegins with the unders
ore 
hara
ter. For instan
e, a singleton variable su
h asHead 
an be repla
ed with the anonymous variable Head, or even just , to suppresssu
h singleton variable warnings. Two o

urren
es of the simple anonymous variableare not taken to be 
o-referential, but two o

urren
es of something like Head aretaken to be 
o-referential. In parti
ular, the two des
riptions, (foo:X, bar:X) and(foo: X, bar: X) are equivalent to ea
h other, but distin
t from (foo: ,bar: )in that the latter des
ription does not indi
ate any stru
ture sharing. The se
onddes
ription above is 
onsidered bad style, though, as it uses the anonymous variableX 
o-referentially.Besides Prolog syntax errors, there are many errors that ale is able to dete
tat 
ompile time. These errors will be 
agged during 
ompilation. Most errors givesome indi
ation of the program 
lause in whi
h they are found. Some errors maybe serious enough to halt 
ompilation before it is �nished. In general, it is a goodidea to �x all of the errors before trying to run a program, as the error messagesonly report serious bugs in the 
ode, su
h as type mismat
hes, unspe
i�ed types,ill-formed rules, et
.In 
ertain 
ases, it is preferable to disable those error messages 
on
erned withale's inability to add in
ompatible des
riptions to a feature stru
ture. This isespe
ially true during lexi
on and empty 
ategory 
ompilation, when, due to theintera
tion of disjun
tions and type 
onstraints, the number of su
h errors 
an beoverwhelming. In the 
urrent version of ale, these errors are automati
ally disabledduring lexi
on and empty 
ategory 
ompilation, and enabled otherwise. Commandswill be added to future versions so that the user may 
ontrol when these errorsshould be displayed.Less serious problems are 
agged with warning messages. Warning messagesdo not indi
ate an error, but may indi
ate an omission or less than optimal ale



70 CHAPTER 6. COMPILING ALE PROGRAMSprogramming style.The ale error and warning messages are listed in an appendix at the end of thisreport, along with an explanation. The manual for the Prolog in whi
h ale is beingrun in will probably list the kinds of errors generated by the Prolog 
ompiler.



Chapter 7Running and Debugging ALEProgramsAfter the ale program 
ompiles without any error messages, it is possible to testthe program to make sure it does what it is supposed to. We 
onsider the problemfrom the bottom-up, as this is the best way to pro
eed in testing grammars. aledoes not have a sophisti
ated input/output pa
kage, and thus all ale pro
eduresmust be a

essed through Prolog queries.7.1 Testing the SignatureOn
e the signature is 
ompiled, it is possible to test the results of the 
ompilation.To test whether or not a type exists, use the following query:| ?- type(Type).Type = bot ?;Type = 
at ?;Type = synsem ?yesNote that the prompt | ?- is provided by Prolog, while the query 
onsists of thestring type(Type)., in
luding the period and a return after the period. Prolog thenresponds with instantiations of any variables in the query if the query is su

essful.Thus the �rst solution for Type that is found above is Type = bot. After providingan instantiation representing the solution to the query, Prolog then provides anotherprompt, this time in the form of a single question mark. After the �rst promptabove, the user typed a semi
olon and return, indi
ating that another solution isdesired. The se
ond solution Prolog found was Type = 
at. After this prompt,the user requested a third solution. After the third solution, Type = synsem, theuser simply input a return, indi
ating that no more solutions were desired. Thesetwo options, semi
olon followed by return, and a simple return, are the only onesrelevant for ale. If the anonymous variable is used in a query, no substitutions71



72 CHAPTER 7. RUNNING AND DEBUGGING ALE PROGRAMSare given for it in the solution. If there are no solutions to a query, Prolog returnsno as an answer. Consider the following two queries:| ?- type(bot).yes| ?- type(foobar).noIn both 
ases, no variables are given in the input, so a simple yes/no answer, followedby another prompt, is all that is returned.The se
ond useful probe on the signature indi
ates type subsumptions and typeuni�
ations. To test type subsumption, use the following form of query:| ?- sub_type(X,Y).X = and,Y = and ?;X = ba
kward,Y = ba
kward ?yesNote that with two variables, substitutions for both are given, allowing the possibil-ity of iterating through the 
ases. In general, wherever a variable may be used in aquery, a 
onstant may also be used. Thus sub type(synsem,forward). is a validquery, as are sub type(synsem,X) and sub type(Y,forward). The �rst argumentis the more general type, with the se
ond argument being the subtype.Type uni�
ations are handled by the following form of query:| ?- unify_type(T1,T2,T).The interpretation here is that T1 uni�ed with T2 produ
es T3. As before, any subsetof the three variables may be instantiated for the test and the remaining variableswill be solved for.The following query will indi
ate whether given features have been de�ned and
an also be used to iterate through the features if the argument is uninstantiated:| ?- feature(F).Feature introdu
tion 
an be tested by:| ?- introdu
e(F,T).whi
h holds if feature F is introdu
ed at type T.Type 
onstraints 
an be tested using:| ?- show_
ons(Type).



7.2. EVALUATING DESCRIPTIONS 73whi
h will display the des
ription of the 
onstraint assigned to the type, Type.Finally, the inherited appropriateness fun
tion 
an be tested by:| ?- approp(Feat,Type,Restr).A solution indi
ates that the value for feature Feat for a type Type stru
ture isof type Restr. As usual, any of the variables may be instantiated, so that it ispossible to iterate through the types appropriate for a given feature or the featuresappropriate for a given type, the restri
tions on a given feature in a �xed type, andso on.There is one higher-level debugging routine for the signature that outputs a
omplete spe
i�
ation for a type, in
luding a list of its subtypes and supertypes,along with the most general feature stru
ture of that type (after all type inferen
eand 
onstraint satisfa
tion has been performed). An example of the show type/1query is as follows:| ?- show_type fun
tional.TYPE: fun
tionalSUBTYPES: [forward,ba
kward℄SUPERTYPES: [synsem℄MOST GENERAL SATISFIER:fun
tionalARG synsemRES synsemIf synsem had any appropriate features, these would have been added, along withtheir most general appropriate values.7.2 Evaluating Des
riptionsDes
riptions 
an be evaluated in order to �nd their most general satis�ers. aleprovides the following form of query:| ?- mgsat tl:e_list.ne_list_quantHD quantRESTR propositionSCOPE propositionVAR individualTL e_listANOTHER? n.yesNote that there must be whitespa
e between the mgsat and the des
ription to besatis�ed. The answer given above is the most general satis�er of the des
riptiontl:e list using the signature in the 
ategorial grammar in the appendix. It is



74 CHAPTER 7. RUNNING AND DEBUGGING ALE PROGRAMSimportant to note here that type inferen
e is being performed to �nd most generalsatis�ers. In the 
ase at hand, be
ause lists in the 
ategorial grammar are typed tohave quanti�ers as their HD values, the value of the HD feature in the most generalsatis�er has been 
oer
ed to be a quanti�er.Satis�able non-disjun
tive des
riptions always have unique most general satis-�ers as a 
onsequen
e of the way in whi
h the type system is 
onstrained. But ades
ription with disjun
tions in it may have multiple satis�ers. Consider the follow-ing query:| ?- mgsat hit,hitter:(j;m).hitHITTEE individualHITTER jANOTHER? y.hitHITTEE individualHITTER mANOTHER? y.noAfter �nding the �rst most general satis�er to the des
ription, the user is promptedas to whether or not another most general satis�er should be sought. As thereare only two most general satis�ers of the des
ription, the �rst request for anothersatis�er su

eeds, while the se
ond one fails. Failure to �nd additional solutions isindi
ated by the no response from Prolog.Error messages will result if there is a violation of the type hierar
hy in thequery. For instan
e, 
onsider the following query 
ontaining two type errors beforea satis�able disjun
t:| ?- mgsat hd:j ; a ; j.add_to 
ould not add in
ompatible type j to:quantRESTR propositionSCOPE propositionVAR individualadd_to 
ould not add undefined type: a tobotMOST GENERAL SATISFIER OF: hd:j;a;jj



7.2. EVALUATING DESCRIPTIONS 75ANOTHER?Here the two errors are indi
ated, followed by a display of the unique most generalsatis�ers. The problem with the �rst disjun
t is that lists have elements whi
hmust be of the quanti�er type, whi
h 
on
i
ts with the individual type of j, whilethe se
ond disjun
t involves an unde�ned type a. Note that in the error messages,there is some indi
ation of how the 
on
i
t arose as well as the 
urrent state of thestru
ture when the error o

urred. For instan
e, the system had already �guredout that the head must be a quanti�er, whi
h it determined before arriving at thein
ompatible type j. The 
on
i
t arose when an attempt was made to add the typej to the quant type obje
t.To explore uni�
ation, simply use 
onjun
tion and mgsat. In parti
ular, to seethe uni�
ation of des
riptions D1 and D2, simply display the most general satis�ers ofD1, D2, and their 
onjun
tion (D1,D2). To obtain the 
orre
t results, D1 and D2mustnot share any 
ommon variables. If they do, the values of these will be uni�ed a
rossD1 and D2, a fa
t whi
h is not represented by the most general satis�ers of either D1or D2. Providing most general satis�ers also allows the user to test for subsumptionor logi
al equivalen
e by visual inspe
tion, by using mgsat/1 and 
omparing the setof solutions. Future releases should 
ontain me
hanisms for evaluating subsumption(entailment), and hen
e logi
al equivalen
e of des
riptions.mgsat 
an also be used to test fun
tional des
riptions, e.g., for the fun
tionalappend on p. 30:| ?- mgsat append([bot℄,[bot,bot℄).ne_listHD botTL ne_listHD botTL ne_listHD botTL e_listANOTHER?The Prolog predi
ate iso des
/2 
an be used to dis
over whether two des
rip-tions evaluate to the same feature stru
ture. This 
an be useful for testing exten-sional type de
larations.| ?- iso_des
(X,X).X = _A-bot ?yes| ?- iso_des
((a_ atom),(a_ atom)). % a_ atoms are extensionalyes| ?- iso_des
(b,b). % for b, intensional



76 CHAPTER 7. RUNNING AND DEBUGGING ALE PROGRAMSno| ?- iso_des
(a,a). % for a, extensional, with feature fno| ?- iso_des
(f:(a_ at1),f:(a_ at1)). % f approp. to a_ atomsyes| ?- iso_des
(f:(a_ at1),f:(a_ at2)).no7.3 Hiding Types and FeaturesWith a feature stru
ture system su
h as ale, grammars and programs often ma-nipulate very large feature stru
tures. To aid in debugging, two queries allow theuser to fo
us attention on parti
ular types and features by supressing the printingof other types and features.The following 
ommand supresses printing of a type:| ?- no write type(T).After no write type(T) is 
alled, the type T will no longer be displayed duringprinting. To restore the type T to printed status, use:| ?- write type(T).If T is a variable in a 
all to write type/1, then all types are subsequently printed.Alternatively, the following query restores printing of all types:| ?- write types.Features and their asso
iated values 
an be supressed in mu
h the same way astypes. In parti
ular, the following 
ommand blo
ks the feature F and its valuesfrom being printed:| ?- no write feat(F).To restore printing of feature F , use:| ?- write feat(F).If F is a variable here, all features will subsequently be printed. The followingspe
ial query also restores printing of all features.| ?- write feats.7.4 Evaluating De�nite Clause QueriesIt is possible to display de�nite 
lauses in feature stru
ture format by name. Thefollowing form of query 
an be used:



7.4. EVALUATING DEFINITE CLAUSE QUERIES 77| ?- show_
lause append.HEAD: append(e_list,[0℄ bot,[0℄ )BODY: trueANOTHER? y.HEAD: append(ne_list_quantHD [0℄ quantRESTR propositionSCOPE propositionVAR individualTL [1℄ list_quant,[2℄ bot,ne_list_quantHD [0℄TL [3℄ list_quant)BODY: append([1℄,[2℄,[3℄)ANOTHER? y.noNote that this example 
omes from the 
ategorial grammar in the appendix. Alsonote that the feature stru
tures are displayed in full with tags indi
ating stru
-ture sharing. Next, note that prompts allow the user to iterate through all the
lauses. The number of solutions might not 
orrespond to the number of 
lausede�nitions in the program due to disjun
tions in des
riptions whi
h are resolvednon-deterministi
ally when displaying rules. But it is important to keep in mindthat this feature stru
ture notation for rules is not the one ale uses internally,whi
h 
ompiles rules down into elementary operations whi
h are then 
ompiled,rather than evaluating them as feature stru
tures by uni�
ation. In this way, aleis more like a logi
 programming 
ompiler than an interpreter. Finally, note thatthe arity of the predi
ate being listed may be represented in the query as in Prolog.For instan
e, the query show 
lause append/3 would show the 
lauses for appendwith three arguments.De�nite 
lauses in ale 
an be evaluated by using a query su
h as:| ?- query append(X,Y,[a,b℄).append(e_list,[0℄ ne_listHD aTL ne_listHD b



78 CHAPTER 7. RUNNING AND DEBUGGING ALE PROGRAMSTL e_list,[0℄ )ANOTHER? y.append(ne_listHD [0℄ aTL e_list,[1℄ ne_listHD bTL e_list,ne_listHD [0℄TL [1℄ )ANOTHER? y.append(ne_listHD [0℄ aTL ne_listHD [1℄ bTL e_list,[2℄ e_list,ne_listHD [0℄TL ne_listHD [1℄TL [2℄ )ANOTHER? y.noThe de�nition of append/3 is taken from the syllabi�
ation grammar in the ap-pendix. After displaying the �rst solution, ale queries the user as to whether ornot to display another solution. In this 
ase, there are only three solutions, sothe third query for another solution fails. Note that the answers are given in fea-ture stru
ture notation, where the ma
ro [a,b℄ is 
onverted to a head/tail featurestru
ture en
oding.Unlike Prolog, in whi
h a solution is displayed as a substitution for the variablesin the query, ale displays a solution as a satis�er of the entire query. The reasonfor this is that stru
tures whi
h are not given as variables may also be furtherinstantiated due to the type system. De�nite 
lause resolution in ale is su
h thatonly the most general solutions to queries are displayed. For instan
e, 
onsider thefollowing query, also from the syllabi�
ation grammar in the appendix:| ?- query less_sonorous(X,r).less_sonorous(nasal,r)



7.5. DISPLAYING GRAMMARS 79ANOTHER? y.less_sonorous(sibilant,r)ANOTHER? n.Rather than enumerating all of the nasal and sibilant types, ale simply dis-plays their supertype. On the other hand, it is important to note that the queryless sonorous(s,r) would su

eed be
ause s is a subtype of sibilant. This ex-ample also 
learly illustrates how ale begins ea
h argument on its own line arrangedwith the query.In general, the goal to be solved must be a literal, 
onsisting only of a relationapplied to arguments. In parti
ular, it is not allowed to 
ontain 
onjun
tion, dis-jun
tion, 
uts, or other de�nite 
lause 
ontrol stru
tures. To solve a more 
omplexgoal, a de�nite 
lause must be de�ned with the 
omplex goal as a body and thenthe head literal solved, whi
h will involve the resolution of the body.There are no routines to tra
e the exe
ution of de�nite 
lauses. Future releasesof ale will 
ontain a box port tra
er similar to that used for Prolog. At present,the best suggestion is to develop de�nite 
lauses modularly and test them from thebottom-up to make sure they work before trying to in
orporate them into largerprograms.7.5 Displaying Grammarsale provides a number of routines for displaying and debugging grammar spe
i�-
ations. After 
ompile-time errors have been taken 
are of, the queries des
ribed inthis se
tion 
an display the result of 
ompilation.Lexi
al entries 
an be displayed using the following form of query:| ?- lex(kid).WORD: kidENTRY:
atQSTORE e_listSYNSEM basi
SEM propertyBODY kidARG1 [0℄ individualIND [0℄SYN nANOTHER? y.noAs usual, if there are multiple entries, ale makes a query as to whether more shouldbe displayed. In this 
ase, there was only one entry for kid in the 
ategorial grammar



80 CHAPTER 7. RUNNING AND DEBUGGING ALE PROGRAMSin the appendix.Another predi
ate, export words(Stream,Delimiter), writes an alphabetisedlist of all of the words in the lexi
on, separated by Delimiter, to Stream. In SICS-tus Prolog, for example, export words(user output,'nn') will write the words tostandard output (su
h as the s
reen), one to a line.Empty lexi
al entries 
an be displayed using:| ?- empty.EMPTY CATEGORY:
atQSTORE ne_list_quantHD someRESTR [0℄ propositionSCOPE propositionVAR [1℄ individualTL e_listSYNSEM forwardARG basi
SEM propertyBODY [0℄IND [1℄SYN nRES basi
SEM [1℄SYN npANOTHER? no.Note that the number spe
i�
ation was removed to allow the empty 
ategory tobe pro
essed with respe
t to the 
ategorial grammar type system. As with theother display predi
ates, empty provides the option of iterating through all of thepossibilities for empty 
ategories.Grammar rules 
an be displayed by name, as in:| ?- rule forward_appli
ation.RULE: forward_appli
ationMOTHER:
atQSTORE [4℄ list_quantSYNSEM [0℄ synsemDAUGHTERS/GOALS:CAT 
atQSTORE [2℄ list_quant



7.5. DISPLAYING GRAMMARS 81SYNSEM forwardARG [1℄ synsemRES [0℄CAT 
atQSTORE [3℄ list_quantSYNSEM [1℄GOAL append([2℄,[3℄,[4℄)ANOTHER? n.Rules are displayed as most general satis�ers of their mother, 
ategory and goaldes
riptions. It is important to note that this is for display purposes only. Therules are not 
onverted to feature stru
tures internally, but rather to predi
ates
onsisting of low-level 
ompiled instru
tions. Displaying a rule will also 
ag anyerrors in �nding most general satis�ers of the 
ategories and rules in goals, and 
anthus be used for rule debugging. This 
an dete
t errors not found at 
ompile-time,as there is no satis�ability 
he
king of rules performed during 
ompilation.Ma
ros 
an also be displayed by name, using:| ?- ma
ro np(X).MACRO:np([0℄ sem_obj)ABBREVIATES:basi
SEM [0℄SYN npANOTHER? n.First note that the ma
ro name itself is displayed, with all des
riptions in the ma
roname given repla
ed with their most general satis�ers. Following the ma
ro name isthe ma
ro satis�ed by the ma
ro des
ription with the variables instantiated as shownin the ma
ro name display. Note that there is sharing between the des
ription inthe ma
ro name and the SEM feature in the result. This shows where the parameteris added to the ma
ro's des
ription.Finally, it is possible to display lexi
al rules, using the following query:| ?- lex_rule plural_n.LEX RULE: plural_nINPUT CATEGORY:nNUM singPERS pers



82 CHAPTER 7. RUNNING AND DEBUGGING ALE PROGRAMSOUTPUT CATEGORY:nNUM pluPERS persMORPHS:[g,o,o,s,e℄ be
omes [g,e,e,s,e℄[k,e,y℄ be
omes [k,e,y,s℄A,[m,a,n℄ be
omes A,[m,e,n℄A,B be
omes A,B,[e,s℄when fri
ative(B)A,[e,y℄ be
omes A,[i,e,s℄A be
omes A,[s℄ANOTHER? n.Note that the morphologi
al 
omponents of a rule is displayed in 
anoni
al formwhen it is displayed. Note that variables in morphologi
al rules are displayed asupper 
ase 
hara
ters. When there is sharing of stru
ture between the input andoutput of a lexi
al rule, it will be displayed as su
h. As with the other ale grammardisplay predi
ates, if there are multiple solutions to the des
riptions, these will bedisplayed in order. Also, if there is a 
ondition on the 
ategories in the form of anale de�nite 
lause goal, this 
ondition will be displayed before the morphologi
al
lauses. As with grammar rules, lexi
al rules are 
ompiled internally and not a
tuallyexe
uted as feature stru
tures. The feature stru
ture notation is only for display.Also, as with grammar rules, displaying a lexi
al rule may un
over in
onsisten
ieswhi
h are not found at 
ompile time.7.6 Exe
uting Grammars: ParsingIn this se
tion, we 
onsider the exe
ution of ale phrase stru
ture grammars 
ompiledfor parsing. The examples shown in this se
tion have been produ
ed while runningwith the mini-interpreter o�. The mini-interpreter will be dis
ussed in the nextse
tion.The primary predi
ate for parsing is illustrated as follows:| ?- re
 [john,hits,every,toy℄.STRING:0 john 1 hits 2 every 3 toy 4CATEGORY:
atQSTORE e_listSYNSEM basi
SEM everyRESTR toyARG1 [0℄ individualSCOPE hit



7.6. EXECUTING GRAMMARS: PARSING 83HITTEE [0℄HITTER jVAR [0℄SYN sANOTHER? y.CATEGORY:
atQSTORE ne_list_quantHD everyRESTR toyARG1 [0℄ individualSCOPE propositionVAR [0℄TL e_listSYNSEM basi
SEM hitHITTEE [0℄HITTER jSYN sANOTHER? y.noThe �rst thing to note here is that the input string must be entered as a Prolog listof atoms. In parti
ular, it must have an opening and 
losing bra
ket, with wordsseparated by 
ommas. No variables should o

ur in the query, nor anything otherthan atoms. The �rst part of the output repeats the input string, separated bynumbers (nodes in the 
hart) whi
h indi
ate positions in the string for later use ininspe
ting the 
hart dire
tly. ale asserts one lexi
al item for every unit interval,with empty 
ategories being stored as loops from every single node to itself. These
ond part of the output is a 
ategory whi
h is derived for the input string. If thereare multiple solutions, these 
an be iterated through by providing positive answersto the query. The �nal no response above indi
ates that the 
ategory displayed isthe only one that was found. If there are no parses for a string, an answer of no isreturned, as with:| ?- re
([runs,john℄).STRING:0 runs 1 john 2no Noti
e that there is no notion of \distinguished start symbol" in parsing. Rather,the re
ognizer generates all 
ategories that it 
an �nd for the input string. Thisallows senten
e fragments and phrases to be analyzed, as in:



84 CHAPTER 7. RUNNING AND DEBUGGING ALE PROGRAMS| ?- re
 [big,kid℄.STRING:0 big 1 kid 2CATEGORY:
atQSTORE ne_list_quantHD someRESTR andCONJ1 kidARG1 [0℄ individualCONJ2 bigARG1 [0℄SCOPE propositionVAR [0℄TL e_listSYNSEM basi
SEM [0℄SYN npANOTHER? n.There is also a two-pla
e version of re
 that displays only those parses thatsatisfy a given des
ription:| ?- re
([big,kid℄,s).STRING:0 big 1 kid 2noThis 
all to re
/2 failed be
ause there were no parses of big kid of type, s. Inter-nally, the parser still generates all of the edges that it normally does | the extrades
ription is only applied at the end as a �lter.On
e parsing has taken pla
e for a senten
e using re
/1, it is possible to lookat 
ategories that were generated internally. In general, the parser will �nd everypossible analysis of every substring of the input string, and these will be availablefor later inspe
tion. For instan
e, suppose the last 
all to re
/1 exe
uted was re
[john,hits,every,toy℄, the results of whi
h are given above. Then the followingquery 
an be made:| ?- edge(2,4).COMPLETED CATEGORIES SPANNING: every toy
atQSTORE ne_list_quant



7.6. EXECUTING GRAMMARS: PARSING 85HD everyRESTR toyARG1 [0℄ individualSCOPE propositionVAR [0℄TL e_listSYNSEM basi
SEM [0℄SYN npEdge 
reated for 
ategory above:index: 20from: 2 to: 4string: every toyrule: np_det_nbar# of dtrs: 2A
tion(retra
t,dtr-#,
ontinue,abort)?|: 
ontinue.no| ?-The possible replies in the a
tion-line will be dis
ussed in the next se
tion. Thistells us that from positions 2 to 4, whi
h 
overs the string every toy in the input,the indi
ated 
ategory was found. Even though an a
tive 
hart parser is used, it isnot possible to inspe
t a
tive edges. This is be
ause ale represents a
tive edges asdynami
 stru
tures that are not available after they have been evaluated.Using edge/2 it is possible to debug grammars by seeing how far analyses pro-gressed and by inspe
ting analyses of substrings.There is also a predi
ate, re
/4 that binds the answer to variables instead ofdisplaying it:1| ?- re
([kim,walks℄,Ref,SVs,Iqs).Iqs = [ineq(_A,index(_B-third,_C-plur,_D-mas
),_E,index(_B-third,_C-plur,_D-mas
),done)℄,SVs = phrase(_F-synsem(_G-lo
(_H-
at(_I-verb(_J-minus,_K-minus,_L-none,_M-bool,_N-fin),_O-unmarked,_P-e_list),...)))?Ref is an unbound variable that represents the root node of the resulting featurestru
ture. SVs is a term whose fun
tor is the type of the feature stru
ture, whosearity is the number of appropriate features for that type, and whose arguments arethe values at those appropriate features in alphabeti
al order. Ea
h value, in turn,is of the form, Ref-SVs, another pair of root variable and type-fun
tored term. Iqsis a list of the inequations that apply to the feature stru
ture and its substru
tures.Ea
h member of the list represents a disjun
tion of inequations, i.e., one must be1A
tually, this example is a bit of an improvisation | the sample hpsg grammar in
luded inthe ale distribution does not use inequations.



86 CHAPTER 7. RUNNING AND DEBUGGING ALE PROGRAMSsatis�ed, with the list itself being interpreted 
onjun
tively, i.e., every member mustbe satis�ed. Ea
h member is represented by a 
hain of ineq/5 stru
tures:ineq(Ref1,SVs1,Ref2,SVs2,ineq(......,done)...)The �rst four arguments represent the Ref-SVs pairs of the two inequated fea-ture stru
tures of the �rst disjun
t. The �fth argument 
ontains another ineq/5stru
ture, or done/0. These three stru
tures are suitable for passing to gen/3 orgen/4. These representations are not grounded; so if you want to assert them intoa database, be sure to assert them all in one predi
ate to preserve variable sharing.For more details on ale's internal representation, the reader is referred to Carpenterand Penn (1996).There is also a re
/5, whi
h works just like re
/4, but �lters its output throughthe des
ription in its last argument, just like re
/2:| ?- re
([kim,walks℄,Ref,SVs,Iqs,phrase).Iqs = [ineq(_A,index(_B-third,_C-plur,_D-mas
),_E,index(_B-third,_C-plur,_D-mas
),done)℄,SVs = phrase(_F-synsem(_G-lo
(_H-
at(_I-verb(_J-minus,_K-minus,_L-none,_M-bool,_N-fin),_O-unmarked,_P-e_list),...)))?The 
all su

eeds here be
ause the given answer is of type, phrase.re
 list/2 iteratively displays all of the solutions for ea
h string in a list of listof words that satisfy a des
ription:| ?- re
_list([[kim,sees,sandy℄,[sandy,sees,kim℄℄,phrase).STRING:0 kim 1 sees 2 sandy 3CATEGORY:phraseQRETR e_listQSTORE e_setSYNSEM synsem...ANOTHER? y.STRING:0 sandy 1 sees 2 kim 3CATEGORY:phraseQRETR e_listQSTORE e_setSYNSEM synsemANOTHER? y.no



7.7. EXECUTING GRAMMARS: GENERATION 87If no �ltering through a des
ription is desired, the des
ription, bot, whi
h is triviallysatis�ed, 
an be used. When re
 list/2 runs out of solutions for a string, it moveson to the next string.re
 best/2 iteratively displays all of the solutions satisfying a given des
rip-tion for the �rst string in a list of list of words that has a solution satisfying thatdes
ription.| ?- re
_best([[kim,sees,sandy℄,[sandy,sees,kim℄℄,phrase).STRING:0 kim 1 sees 2 sandy 3CATEGORY:phraseQRETR e_listQSTORE e_setSYNSEM synsem...ANOTHER? y.noWhen re
 best/2 runs out of solutions for a string that had at least one solution,it fails. It only tries the strings in its �rst argument until it �nds one that hassolutions.There is also a three-pla
e re
 list/3 that 
olle
ts the solutions to re
 list/2in a list of terms of the form fs(Tag-SVs,Iqs).7.7 Exe
uting Grammars: GenerationThe generator 
an be used with the predi
ate gen/1,3 predi
ate. It 
an take asingle des
ription argument:| ?- gen((senten
e,sem:(pred:de
l,args:[(pred:
all_up,args:[pred:mary,pred:john℄)℄))).CATEGORY:senten
eSEM semARGS arg_ne_listHD semARGS arg_ne_listHD semARGS arg_listPRED maryTL arg_ne_list



88 CHAPTER 7. RUNNING AND DEBUGGING ALE PROGRAMSHD semARGS arg_listPRED johnTL e_listPRED 
all_upTL e_listPRED de
lSTRING:mary 
alls john upANOTHER? y.STRING:mary 
alls up johnANOTHER? y.noNoti
e the extra set of parentheses ne
essary to make the whole des
ription a singleargument for gen/1.gen 
an also take three arguments:gen(Ref,SVs,Iqs)where Ref, SVs and Iqs are the three parts of ale's internal representation of afeature stru
ture as de�ned in the last se
tion. This alternative is most useful whenthe feature stru
ture has been generated before by another pro
ess, like parsing, orretrieved from a database.| ?- re
([john,
alls,mary,up℄,Ref,SVs,Iqs),gen(Ref,SVs,Iqs).CATEGORY:senten
eSEM semARGS arg_ne_listHD semARGS arg_ne_listHD semARGS e_listPRED johnTL arg_ne_listHD semARGS e_listPRED maryTL e_list



7.7. EXECUTING GRAMMARS: GENERATION 89PRED 
all_upTL e_listPRED de
lSTRING:john 
alls mary upANOTHER? n.Iqs = [℄,SVs = senten
e(_O-sem(_N-arg_ne_list(_M-sem(_L-arg_ne_list(_K-sem(_J-e_list,_I-john),_H-arg_ne_list(_G-sem(_F-e_list,_E-mary),_D-e_list)),_C-
all_up),_B-e_list),_A-de
l)) ?yesIn both 
ases, ale will print the input feature stru
ture and then will generate anddisplay all possible string solutions through ba
ktra
king.It is also possible to bind the string to a variable, using gen/4 :gen(Ref,SVs,Iqs,Ws).Ws will non-deterministi
ally be bound to the word lists that 
onstitute valid solu-tions to the generation problem. This 
an be used as input to re
/1, for example.| ?- re
([john,
alls,mary,up℄,Ref,SVs,Iqs),gen(Ref,SVs,Iqs,Ws).Iqs = [℄,SVs = senten
e(_O-sem(_N-arg_ne_list(_M-sem(_L-arg_ne_list(_K-sem(_J-e_list,_I-john),_H-arg_ne_list(_G-sem(_F-e_list,_E-mary),_D-e_list)),_C-
all_up),_B-e_list),_A-de
l)),Ws = [john,
alls,mary,up℄ ? ;Iqs = [℄,SVs = senten
e(_O-sem(_N-arg_ne_list(_M-sem(_L-arg_ne_list(_K-sem(_J-e_list,_I-john),_H-arg_ne_list(_G-sem(_F-e_list,_E-mary),_D-e_list)),_C-
all_up),_B-e_list),_A-de
l)),Ws = [john,
alls,up,mary℄ ? ;Iqs = [℄,SVs = s(_L-finite,_K-sem(_J-arg_ne_list(_I-sem(_H-e_list,_G-john),_F-arg_ne_list(_E-sem(_D-e_list,_C-mary),_B-e_list)),_A-
all_up)),Ws = [john,
alls,mary,up℄ ? ;Iqs = [℄,SVs = s(_L-finite,_K-sem(_J-arg_ne_list(_I-sem(_H-e_list,_G-john),_F-arg_ne_list(_E-sem(_D-e_list,_C-mary),_B-e_list)),_A-
all_up)),Ws = [john,
alls,up,mary℄ ? ;



90 CHAPTER 7. RUNNING AND DEBUGGING ALE PROGRAMSnoThe last two solutions in the example above are generated be
ause the input string,john 
alls mary up, 
an be parsed both as a senten
e type and as an s type.7.8 Mini-interpreter (parsing only)ale 
ontains a mini-interpreter that allows the user to traverse and edit an aleparse tree. By default, the mini-interpreter is o� when ale is loaded. To turn themini-interpreter on, simply type:| ?- interp.interpreter is a
tiveyes| ?-To turn it o� again, use nointerp. Any parse automati
ally stores the followinginformation on the edges added to ale's 
hart:� Spanning nodes� Substring spanned� Creator� Daughters (if any)The spanning nodes are the nodes in the 
hart that the edge spans. The substringspanned is the 
on
atenation of lexi
al items between the spanning nodes. If anedge was formed by the appli
ation of an ale grammati
al rule, its 
reator is thatrule, with the daughters being the daughters of the rule, i.e., the 
at>, and 
ats>of the rule). If the rule was 
reated by EFD 
losure, the mini-interpreter will treatit as the user's rule it was 
reated from, displaying the empty 
ategories that hadmat
hed its daughters during EFD 
losure in the same way as daughters mat
hedat run-time. If an edge represents an empty 
ategory, its 
reator is normally empty;but empty 
ategories 
reated during EFD 
losure will show the rules that 
reatedthem, along with their empty 
ategory daughters. If an edge represents a lexi
alitem, its 
reator is lexi
on. In the 
ase of empty 
ategories not 
reated by EFD
losure and all lexi
al items, there are no daughters.The status of the mini-interpreter has no e�e
t on 
ompilation. The same 
odeis used regardless of whether the mini-interpreter is a
tive or ina
tive. The mini-interpreter only has an e�e
t on the run-time 
ommands re
/1,2,4,5 and dre
/1.When the mini-interpreter is a
tive, re
/1 operates in one of two modes: query-mode or go-mode. When the mini-interpreter is a
tive, re
/1 always begins inquery-mode. In query-mode, the user is prompted just before any edge is added.Be
ause ale parses from right to left, the edges are en
ountered in that order. Theprompt 
onsists of a display of the feature stru
ture for the edge, followed by the



7.8. MINI-INTERPRETER (PARSING ONLY) 91mini-interpreter information for that edge, followed by an a
tion-line, whi
h liststhe options available to the user. For example (from the hpsg grammar in
luded inthe ale distribution):| ?- re
([kim,sees,sandy℄).STRING:0 kim 1 sees 2 sandy 3wordQRETR list_quantQSTORE e_setSYNSEM synsemLOC lo
CAT 
atHEAD nounCASE 
aseMOD nonePRD boolMARKING unmarkedSUBCAT e_listCONT nom_objINDEX [0℄ refGEN gendNUM singPER thirdRESTR e_setEdge 
reated for 
ategory above:from: 2 to: 3string: sandyrule: lexi
on# of dtrs: 0A
tion(add,noadd,go(-#),break,dtr-#,abort)?|:We see, in this example, the main a
tion-line for re
. If the user sele
ts add, theedge is added, and re
 pro
eeds, in query-mode, as usual. If noadd is sele
ted,the edge is not added, and re
 pro
eeds in query-mode. In every ale a
tion-line,the �rst option is the one that ale would have 
hosen if the mini-interpreter weredisabled.go puts the mini-interpreter into go-mode. In go-mode, re
 pro
eeds as it wouldif the mini-interpreter were ina
tive, or to think of it another way, it fun
tions asif the user always 
hose the �rst option on every a
tion-line, but it does not stopto ask. As it adds the edges, it displays them, along with their mini-interpreterinformation. go suÆxed with a number, e.g., go-1, puts the mini-interpreter intogo-mode until it en
ounters an edge whose left node is that number, and then,beginning with that edge, automati
ally swit
hes ba
k into query-mode. With ale's
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urrent parsing strategy, go-N will remain in go-mode until it en
ounters the �rstedge 
orresponding to the (N+1)st lexi
al item in the string being parsed.break simply invokes the Prolog break 
ommmand, pla
ing the user into aProlog interpreter with a new break-level. Edges that have been added so far 
anbe examined and retra
ted at this time. When the user pops out of the break, the
urrent prompt is redisplayed.dtr-N displays the Nth daughter, its mini-interpreter information, and the a
tion-line for dtr:A
tion(retra
t,dtr-#,parent,abort)?|:retra
t removes the displayed edge (in this 
ase, the daughter) from the 
hart.When the parse 
ontinues, ale grammar rules will not be able to use that edge.The 
urrent edge (the parent of this daughter), however, 
an still be added. dtr-Nhas the same e�e
t as in the re
 a
tion-line. parent returns to the 
urrent edge'sparent and its a
tion-line (either re
 or dtr).The mini-interpreter will not display any edge that has already been retra
ted.Note that if edges are retra
ted, there may be gaps in the sequen
e of 
hart-edgeindi
es.If abort is sele
ted, the parse is aborted. All of the edges added so far remainin memory until the next re
 statement. The edge that was displayed when abortwas 
hosen is dis
arded.Mini-interpreter information is also available through the run-time 
ommands,edge/2 and edge/1, e.g.:| ?- edge(2,4).COMPLETED CATEGORIES SPANNING: every toy
atQSTORE ne_list_quantHD everyRESTR toyARG1 [0℄ individualSCOPE propositionVAR [0℄TL e_listSYNSEM basi
SEM [0℄SYN npEdge 
reated for 
ategory above:index: 20from: 2 to: 4string: every toyrule: np_det_nbar# of dtrs: 2A
tion(retra
t,dtr-#,
ontinue,abort)?
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tually asserted into the 
hart is assigned a unique number,
alled an index, whi
h edge/2 displays also. retra
t and dtr behave the sameas in the dtr a
tion-line. 
ontinue tells the mini-interpreter that the user is donetraversing the parse tree rooted at the 
urrent edge, and to �nd more.edge/1 works exa
tly as edge/2 does, ex
ept that its input is the unique indexnumber that ale stores with every edge.7.9 Subsumption Che
king (parsing only)ale 
an perform subsumption 
he
king on edges during parsing. By default, it doesnot. To enable it, use the 
ommand:| ?- subtest.edge subsumption 
he
king a
tiveyes| ?-To turn it, o�, use nosubtest.When subsumption 
he
king is enabled, alewill only add a new feature stru
tureto the 
hart between nodes n and m if there is no other edge 
urrently spanning nand m whose feature stru
ture subsumes the new one. If, instead, the new featurestru
ture subsumes an existing one's, then the existing edge is retra
ted and repla
edwith the new one.Note that if edges are retra
ted, there may be gaps in the sequen
e of 
hart-edgeindi
es.Extra 
ompiled 
ode is required in order to make subsumption 
he
king moreeÆ
ient. If subsumption 
he
king is enabled when a grammar is 
ompiled, this
ode will be 
ompiled also. If it is disabled, the subsumption 
he
king 
ode will be
ompiled when the subtest 
ommand is given. Only in the former 
ase, however,will subsumption 
he
king be used during EFD 
losure to redu
e the number ofempty 
ategories to 
onsider at run-time. The empty 
ategories and phrase stru
turerules must be re
ompiled (with 
ompile rules) if subsumption 
he
king is enabledafter the initial 
ompilation of a grammar for empty 
ategories to be tested forsubsumption.Our experien
e has been that subsumption 
he
king is not required in mostuni�
ation-based grammars, and should therefore be left disabled. It is useful onlyfor those grammars whi
h have true spurious ambiguity or redundan
y. Grammarsthat in
orporate some notion of themati
 or fun
tional stru
ture for representingthe meaning of a senten
e normally realise stru
tural ambiguities as semanti
 am-biguities that should be retained in the 
hart.If both subsumption 
he
king and the mini-interpreter are enabled, then the usermay override either of these behaviours. In the former 
ase, before the new featurestru
ture is dis
arded, it will be displayed along with the dis
ard a
tion-line:A
tion(noadd,
ontinue,break,dtr-#,existing,abort)?|:
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ontinue instru
ts the parser to look for more subsuming edges. If no more arefound, the new feature stru
ture is added to the 
hart. existing displays theexisting 
hart edge that subsumes the new one with the edge/2 a
tion-line. Therest behave as des
ribed above.In the latter 
ase, before an existing edge is retra
ted, its feature stru
ture willbe displayed along with the retra
t a
tion-line:A
tion(retra
t,
ontinue,break,dtr-#,in
oming,abort)?|:retra
t retra
ts the existing, subsumed edge and asserts the in
oming feature stru
-ture. in
oming displays the in
oming feature stru
ture, along with the in
ominga
tion-line:A
tion(noadd,dtr-#,existing,abort)?|:the fun
tions of whose options have already been des
ribed.7.10 Sour
e-Level Debuggerale also provides an XEma
s-based sour
e-level debugger. This 
an only be usedfor parsing or de�nite 
lause resolution, and only with SICStus 3.8.6 or higher,and XEma
s 20.3 or higher. In future releases, a debugger with a more restri
tedfun
tionality will be made available for users of SWI Prolog.The ale sour
e-level debugger is implemented on top of the SICStus sour
e-level debugger. The debugger provided with ale has the 
omplete fun
tionality ofthe SICStus sour
e-level debugger with ordinary Prolog programs; so you only needthis one if you will need to debug both. SICStus debugger 
ommands that are notexpli
itly mentioned in this se
tion are not supported in ale debugging.ale sour
e 
ode must o

ur in a single �le in order to be debugged. To debugProlog sour
e 
ode, please refer to the SICStus do
umentation. For both ale andProlog debugging, the prolog 
ag, sour
e info, needs to be turned on, using the
ommand:| ?- prolog_flag(sour
e_info,_,on).The SICStus XEma
s interfa
e should do this automati
ally.When a Prolog hook is en
ountered while debugging an ale grammar, the SIC-Stus debugger is automati
ally invoked. The hook will be embedded in a Prolog
all/1 statement. If the leap option of the SICStus debugger is used, the leapends at the end of the hook | ale will 
reep when it resumes 
ontrol.To install the ale sour
e-level debugger, follow the dire
tions in the distribution�le, debugger/INSTALL.7.10.1 Running without XEma
sTo run the debugger without XEma
s, simply run SICStus Prolog from the dire
torywith debugger.pl and type:| ?- 
ompile(debugger).



7.10. SOURCE-LEVEL DEBUGGER 95This assumes that ale.pl and the debugger subdire
tory are lo
ated in the samedire
tory. If ale.pl has not been loaded already, this will 
ompile ale.pl as well.There will be a warning message about bu�er-mode when it loads, whi
h 
an beignored. Then type:| ?- noema
s.You 
an add a noema
s/0 dire
tive to the end of debugger.pl to do this automat-i
ally.7.10.2 Running with XEma
sTo run the debugger with XEma
s, you must run SICStus Prolog and ale withinXEma
s as an inferior pro
ess. To do this:1. set the EPROLOG environment variable to the 
ommand that runs SICStusProlog in the shell that you will run XEma
s from (this is not ne
essary if the
ommand is 'si
stus'),2. run XEma
s from the dire
tory with debugger.pl,3. load the �le to be debugged in Prolog major mode,4. Use the XEma
s 
ommand, M-x run-prolog, to run SICStus prolog as aninferior pro
ess,5. From the SICStus Prolog prompt, type:| ?- 
ompile(debugger).There is also a 
ommand:| ?- ema
s.that will turn on the XEma
s interfa
e, if it has been disabled by noema
s/0.7.10.3 Debugger CommandsThere are seven basi
 
ommands in the ale debugger, four of whi
h are variantsof normal ale 
ommands. These four, d
ompile gram/1, dre
/1, dquery/1 anddgen/1, are the debugger variants of 
ompile gram/1, re
/1, query/1 and gen/1,respe
tively. The other three, dleash/1, dskip/1, and d
lear bps/0, will be ex-plained below.Currently, the ale sour
e-level debugger 
an only debug grammars down to thelevel of feature stru
ture uni�
ation, i.e., feature stru
ture uni�
ation is treated as anatomi
 operation. Constraints and pro
edural atta
hments on types using 
ons andgoal 
annot be debugged either, nor 
an inequation enfor
ement, edge subsumption
he
king, or extensionalization. These will be possible in a future version. For now,d
ompile gram/1 
ompiles a grammar in exa
tly the same way that ale normallydoes to the point where it 
an be debugged. It then reopens the grammar �le anduses the token-stream dire
tly to index those parts of the grammar sour
e 
ode thatit 
an debug by line number. d
ompile gram/1 also requires that all of the ale
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e 
ode for a grammar be in a single �le, i.e., unlike ale without the debugger,you 
annot load other auxiliary �les from within a grammar �le. This restri
tionwill also be lifted in a future version.d
ompile gram/1 also allows for tra
ing through the EFD 
losure algorithm,again down to the level of feature stru
ture uni�
ation.After a grammar has been 
ompiled for debugging with d
ompile gram/1,dre
/1, dquery/1 and dgen/1 
an be used for parsing, de�nite 
lause resolutionor generation, respe
tively, with the debugger. dquery/1 works exa
tly as query/1does: it �rst �nds most general satis�ers of the arguments and then sear
hes fora solution with Prolog-style SLD-resolution using the 
lauses provided by the user.dre
/1 and dgen/1 work exa
tly as re
/1 and gen/1 do, ex
ept that lexi
al rulesare not 
ompiled out, so that they 
an be debugged. Also remember that aleparses right-to-left with EFD-
losed rules and empty 
ategories, and that it usesa semanti
-head-driven generator. With parsing, the debugger 
an also be used in
onjun
tion with the 
hart mini-interpreter des
ribed above for extra 
ontrol of the
hart. With generation, the debugger su

essively shows the 
onstru
tion of thepivot template, pivot mat
hing, pivot 
he
king and the linking of the pivot with theroot. Generation of non-semanti
-head daughters is performed re
ursively.7.10.4 Debugger Ports and StepsThe ale debugger is loosely based on the pro
edural box model of exe
ution thatmany Prolog debuggers use. There are four kinds of ports, 
all, exit, redo, and fail.The ale debugger does not support ex
eption ports. A 
all port o

urs at everyinitial invo
ation of a step that ale takes in parsing or de�nite 
lause resolution, alist of whi
h is given below. An exit port o

urs at the su

essful 
ompletion of su
ha step; a redo port o

urs when a subsequent step has failed and ale ba
ktra
ksinto the 
urrent step to �nd more solutions, and a fail port o

urs when a step hasfailed to produ
e any or any more solutions.Consider, for example, what happens when ale applies the following des
riptionto a feature stru
ture that o

urs in the lexi
al entry for the word, foofoo --->(a;f:b),g:
.The �rst port we en
ounter is when ale tries to add the type a. This is a 
all port:Call: add type, a, to lex entry?If this su

eeds, then an exit port o

urs:Exit: add type, a, to lex entry?and pro
essing moves on to g:
. If this fails, then we must ba
ktra
k through addinga for more solutions (for example, if there is a disjun
tive 
onstraint on that type):Redo: add type, a, to lex entry?If there is another solution, then another exit port o

urs. Otherwise, the next portis fail port:



7.10. SOURCE-LEVEL DEBUGGER 97Fail: add type, a, to lex entry?and pro
essing 
ontinues with the other disjun
t, f:b. Certain steps in ale, notablythe depth-�rst rule appli
ation of the 
hart parser, are failure-driven loops. Toindi
ate that these \failures" are a
tually a normal part of exe
ution, they aredisplayed as, e.g.:Finished:
lose 
hart edge under rule appli
ation?Enfor
ing des
riptions at a feature also 
ounts as a step:Call: enfor
e des
ription on f value of lex entry?If we agree to this, then the next step would be to add the type bCall: add type, b, to value at f?and so on.The steps in a des
ription whose ports the ale debugger keeps tra
k of are givenin Figure 7.1: There are other kinds of steps besides des
ription-level ones, thatStep Kind Example MessageAdding types des
 add type, a, to lex entryAdding a /1 atoms des
 add atom, foo(X), to lex entryFeature sele
tion des
 enfor
e des
ription on f valueof lex entryAdding path equations des
 path equate [f,g℄ with [f,h℄Adding inequations des
 inequate ...with des
riptionUni�
ation (from shared des
 unify ...with V arvariables)Ma
ro substitution des
 substitute ma
ro des
ription for np/1Fun
tional des
ription des
 evaluate fun
tional des
ription,evaluation append/2Figure 7.1: Des
ription-level Stepspertain to ale's built-in 
ontrol for parsing and de�nite 
lause resolution. Thesesteps, along with their kind, are given in the table in Figure 7.2. The steps forgeneration are given in Figure 7.3. Almost all of these involve sub-steps that enfor
edes
riptions. Some, su
h as 
hart-edge 
losure, involve other sub-steps su
h as rulesele
tion. Lexi
al rule appli
ation in
ludes input and output morph appli
ation, aswell as morph 
ondition (given in a when 
lause) appli
ation. The one generationstep of kind, lr, takes pla
e when the pivot template is mat
hed against a (baseor derived) lexi
al entry. Unlike the 
ompiled generator, the debugger does not
ompile lexi
al rules into the non-
hain-rule sele
tion step, so that the user 
an seetheir appli
ation. Instead, a base lexi
al entry is �rst sele
ted without referen
e tothe pivot template, then zero or more lexi
al rules are applied bottom up, until aderived entry is eventually uni�ed with the pivot template. Lexi
al rules are, thus,treated as a spe
ial kind of unary 
hain rule. The length of these spe
ial 
hains isstill 
ontrolled by lex rule depth/1, not 
hain length/1.
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ategory derivation empty empty 
ategoryEFD Closure empty 
lose empty 
ategories under rulesEFD mat
hing empty apply daughter 1 of rulesenten
e1 to empty 
ategoryLexi
al entry derivation lex derive seen from base entry: seeLexi
al rule appli
ation lr apply lexi
al rule, passive,to seeInput morph appli
ation lr apply morph to input: seeOutput morph appli
ation lr apply morph to input: see,output: seenMorph 
ondition appli
ation lr apply morph 
onditionFun
tional des
ription 
lause fun evaluate fun
tional 
lause forsele
tion append/2De�nite 
lause sele
tion rel evaluate relational 
lause forhead feature prin
iple/2De�nite 
lause resolution rel resolve goal, append/3Negated goal (\+) resolution rel resolve negated goalShallow 
ut (->;) exe
ution rel exe
ute shallow 
utExtensional identity (�=) rel resolve extensional identity
he
kProlog hook 
all rel resolve prolog hook:(num(N),write(N)Closing new 
hart edge under rule 
lose 
hart edge under rulerules as leftmost daughter appli
ationRule sele
tion rule apply rule, s
hema1.Figure 7.2: Parsing and De�nite Clause Resolution Steps7.10.5 LeashingWith so many steps, and four possible ports, stepping through an entire parse in alarge grammar would be a very trying experien
e. The ale debugger provides threebasi
 ways to �lter through the steps to �nd points of interest in a parse or de�nite
lause query.The �rst is leashing. Leashing allows the user to distinguish at whi
h stepsinformation is simply displayed and at whi
h steps the debugger stops and asksthe user what to do. Unlike the SICStus debugger, leashing in the ale debuggeris a property of steps, not ports. The 
ommand to 
ontrol leashing is dleash/1.The argument to dleash/1 
onsists of a sign, + or -, plus the kind of step. A +sign indi
ates that the debugger should stop and ask what to do at steps of thatkind; and a - sign indi
ates that it should simply display the port and pro
eed. Forexample, to turn leashing o� for empty 
ategories, type:| ?- dleash(-empty).yesThere is also a spe
ial kind, all, that allows the user to turn on and o� leashing on



7.10. SOURCE-LEVEL DEBUGGER 99Step Kind Example MessageBuild semanti
 index gen build semanti
 index from rootBuild pivot template gen build pivot template from indexFind pivot gen find pivotMat
h pivot (lexi
al entry) gen mat
h pivot against entry derivedfrom seeMat
h pivot (empty 
ategory) gen mat
h pivot against empty 
ategoryMat
h pivot (mother of gen mat
h pivot against mother ofnon-
hain rule) non-
hain rule, senten
e1Apply 
hain rule gen apply 
hain rule, s, to, pivotPivot 
he
k gen 
he
k for link from pivot to rootGenerate from pivot gen re
ursively generate from pivotGenerate pre-head daughters gen re
ursively generate pre-headdaughters from pivotGenerate post-head daughters gen re
ursively generate post-headdaughters from pivotConne
t pivot to root gen 
onne
t pivot to rootConne
t 
hain node to root gen 
onne
t new 
hain node to rootUnify pivot template with lr unify pivot template and seelexi
al entryUnify 
hain node gen unify mother of 
hain rule, s,with rootFigure 7.3: Generation Stepsall kinds of steps at on
e. The default leashing at start-up is +all.If a kind of step is leashed, then the debugger will stop at every port for everystep of that kind, and ask what to do. The possible responses are given in Figure 7.4:Not all responses are available at all ports. The kind of port (
all, fail, et
.) is whatdetermines the possible responses. The responses, ? and h are always available, andlist the other legal responses at the 
urrent port.7.10.6 SkippingEven leashing may not be enough for very large parses or queries be
ause of thesheer number of ports displayed. The ale debugger also provides a fa
ility forauto-skipping. Whereas turning leashing o� at a kind of step is like automati
allyanswering 
 (advan
e to next port) at those steps, auto-skipping is like automati
allyanswering s, whi
h advan
es to the next exit or fail port of the 
urrent step withoutstopping at or even displaying the ports in between. The 
ommand for this isdskip/1, and its argument is of the same form as the argument to dleash/1. Thesigns have a di�erent meaning, of 
ourse. For example, dskip(+empty) means thatyou want the debugger to auto-skip steps of kind empty, i.e., not stop and ask,whereas dleash(+empty) means that you want to leash steps of kind empty, i.e.,stop and ask. When a step where auto-skipping is set is en
ountered, it is displayedwith an automati
 reply without stopping, e.g.:Call: empty 
ategory? <auto-skip>
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ription Ports? show available 
ommands at 
urrent port 
,e,r,fh same as ?a abort pro
essing 
,e,r,ff fail at this step (go to fail port) 
,e,rr retry this step (go from fail to 
all port) f
 advan
e to next port 
,e,r,fLF same as 
s advan
e to next exit/fail port of this step 
,rn advan
e to �rst port on new line of grammar �le 
,e,r,fl advan
e to next breakpoint 
,e,r,f+ set breakpoint at 
urrent line 
,e,r,f- 
lear breakpoint at 
urrent line 
,e,r,f� PrologGoal pass a goal to Prolog 
,e,r,fi toggle 
hart mini-interpreter 
,e,r,fd display 
urrent stru
ture 
,e,r,fFigure 7.4: Possible Responses at Debugger PortsExit: empty 
ategory? <auto-skipped>Edge added: Number:0, Left:1, Right:1, Rule:emptyCall: 
lose 
hart edge under rule appli
ation?7.10.7 BreakpointsThe �nal kind of �ltering is the breakpoint. In the ale debugger, breakpoints area property of lines in a grammar sour
e �le, not steps or ports. For a �ner grain ofresolution, it would be ne
essary to give ea
h potential breakable step its own linein the input. By setting breakpoints and then using the l response, the debuggerwill advan
e to the next step whose line has a breakpoint without displaying anysteps in between. If that step is not leashed or has auto-skipping set, the debuggera
ts a

ordingly after displaying it.There are 
urrently two ways to set a breakpoint. One is to use the + responsefrom within the debugger at a step at whose line you wish to set a breakpoint. Theother is only available when the debugger is used with an installation of XEma
sthat supports XPM resour
es. In this 
ase, when a sour
e �le is 
ompiled a smallglyph will be displayed at the left edge of every breakable line. Cli
king on thisglyph on
e with the left mouse button sets a breakpoint. Cli
king again 
lears it.A breakpoint 
an also be 
leared with the - response.It is often the 
ase that a line will have several breakable steps on it, for example,feature paths:synsem:lo
al:
at:head:verb,qretr:e_listIf a breakpoint were set at the �rst line, then leaping from the 
all port for synsemwould still advan
e to the 
all port for lo
al:Call: enfor
e des
ription on synsem value of lex entry? l
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e des
ription on lo
al value of value at synsem?To avoid this, the response n is provided, for leaping automati
ally to the �rst porton a di�erent line in the sour
e �le. The 
ombination of n and l 
an be used toleap more e�e
tively in �les that pa
k many steps, parti
ularly des
ription steps,into one line.All breakpoints 
an be 
leared at on
e using the 
ommand, d
lear bps/0.



Chapter 8ALE Keyword SummaryThe following is a summary of keywords dis
ussed in this manual, along with pagereferen
es. A table of auxiliary keywords, those that only o

ur as arguments ofother keyword operators, su
h as the 
at> argument of a rule, will be provided ina future version.A keyword of kind Des
ription is one that o

urs in an ale des
ription of afeature stru
ture. One of kind Def. Clause, or DCL, is one that o

urs in ale'sde�nite 
lause language. One of kind Signature is a de
laration that o

urs in anale signature. One of kind Type is an ale type with spe
ial properties. One of kindale is a Prolog query (entered at the | ?- prompt) that 
an be used after ale hasbeen loaded (see p. 4). One of kind Mini-interpreter is a mini-interpreter 
ommandthat appears in an interpreter a
tion-line. One of kind Debugger is a Prolog querythat 
an be used after the sour
e-level debugger has been loaded. For debuggerresponses, the reader is referred to the table on page 100.Keyword Kind Des
ription Page, Des
./DCL Conjun
tion 22, 40--> Signature De
lare lexi
al entry. 42-> (;) Def. Clause Shallow 
ut. 40: Des
ription Feature value. 22; Des
./DCL Disjun
tion. 22, 40! Def. Clause Cut. 40\+ Def. Clause Negation-by-failure. 40== Des
ription Path Equation. 22=� Def. Clause Prede�ned token-identity de�nite
lause predi
ate. 40=\= Des
ription Inequation. 22� Des
ription Ma
ro instantiation. 28[: : :℄ Des
ription Prede�ned list ma
ro. 29% Prolog Comment delimiter. 7
102



103Keyword Kind Des
ription Pagea Des
ription/Signature Built-in extensional atom. 20abort Mini-interpreter Abort parse. 92add Mini-interpreter Add the 
urrent edge. 91approp ale Show value restri
tion on a feature at a type. 73assert Prolog Add 
lause to Prolog database. 40bot Type In an ale signature, this type must appear,and must subsume all of the other types. 6break Mini-interpreter Invoke Prolog break. 92
hain length ale Set limit on 
hain rule sequen
e length. 62
ompile gram ale Compile ale signature (or parts of it | seetable, p. 66). 66
ompile Prolog Compile a Prolog �le. 4
ons Signature De
lare type 
onstraint. 31, 41
onsult Prolog Load Prolog �le (su
h as an ale signature)into database. 4
ontinue Mini-interpreter Pro
eed to look for more (subsum-ing/subsumed) edges. 93,94
ontrol-
 Prolog Prolog interrupt. 5
ontrol-z Unix Unix interrupt. 5d
lear bps Debugger Clear all breakpoints in 
urrent grammar �le. 101d
ompile gram Debugger Compile grammar �le for sour
e-level debug-ging. 95dgen Debugger Generate with sour
e-level debugger. 96dleash Debugger Set or remove leashing on a kind of step. 98dquery Debugger Evaluate a de�nite 
lause with sour
e-level de-bugging. 96dre
 Debugger Parse with sour
e-level debugger. 96dskip Debugger Set or remove auto-skipping on a kind of step. 99dtr-N Mini-interpreter Display Nth daughter edge of 
urrent edge. 92edge ale Show a 
hart edge. 84ema
s Debugger Turn on XEma
s interfa
e to sour
e-level de-bugger. 95empty ale Show empty 
ategories. 80empty Signature De
lare empty 
ategory. 44export words ale Send list of words in lexi
on to stream 80existing Mini-interpreter Display edge that subsumes new feature stru
-ture. 94ext Signature De
lare extensional types. 19feature ale Test if feature exists. 72generate ale Tell 
ompiler to produ
e 
ode for generationonly. 66



104 CHAPTER 8. ALE KEYWORD SUMMARYKeyword Kind Des
ription Pagegen ale Generate a string using the 
ompiled genera-tor. 87,89go Mini-interpreter Add 
urrent and all subsequent edges. 91go-N Mini-interpreter Add 
urrent and all subsequent edges untilnode N is rea
hed. 91halt Prolog Exit from Prolog. 5if Def. Clause De�nite 
lause language equivalent of :-. 38in
oming Mini-interpreter Display in
oming edge that subsumes existingedge. 94interp ale Turn on mini-interpreter. 90intro Signature De
lare appropriate features for type. 13introdu
e ale Test if a feature was introdu
ed by a type. 72iso des
/2 ale Test whether two des
riptions evaluate to thesame feature stru
ture. 75lex ale Show lexi
al entry. 79lex 
ompile ale Compile lexi
on intermediate 
ode (SICStusonly) 68lex 
onsult ale Dynami
ally 
onsult lexi
on intermediate
ode 68lex rule ale Show lexi
al rule. 81lex rule Signature De
lare lexi
al rule. 46lex rule depth ale Set bound on lexi
al rule appli
ation. 46list Type This type, along with types e list andne list, and features HD and TL, must be de-�ned in an ale signature in order to use theprede�ned [: : :℄ ma
ro in des
riptions, or the
ats> list-argument operator in grammati
alrules.
29, 54

ma
ro ale Show ma
ro de�nition. 81ma
ro Signature De
lare ma
ro. 27mgsat ale Find most general satis�er(s) of a type. 73no write feat ale Hide a feature and its value. 76no write type ale Hide a type. 76noadd Mini-interpreter Do not add the 
urrent edge. 91noema
s Debugger Turn o� XEma
s interfa
e to sour
e-level de-bugger. 95nointerp ale Turn o� mini-interpreter. 90nosubtest ale Disable edge subsumption 
he
king. 93parent Mini-interpreter Return to parent edge. 92parse ale Tell 
ompiler to produ
e 
ode for parsing only. 66



105Keyword Kind Des
ription Pageparse and gen ale Tell 
ompiler to produ
e 
ode for parsing andgeneration. 66prolog Def. Clause De�nite 
lause hook to Prolog. 40query ale Evaluate a de�nite 
lause. 77re
 ale Parse a string. 82,84{86re
 best ale Parse �rst parsable string in a list of strings 87re
 list ale Parse a list of strings 86,87retra
t Mini-interpreter Retra
t 
urrently displayed edge. 92retra
t Prolog Remove 
lause from Prolog database. 40retra
tall lex ale Retra
t all of a word's entries from lexi
on 68retra
t lex ale Retra
t a word's entry from lexi
on 68rule ale Show grammati
al rule. 80rule Signature De
lare grammati
al rule. 50semanti
s ale De
lares a semanti
s de�nite 
lause predi
ate. 57show 
lause ale Show a de�nite 
lause. 76show 
ons ale Show 
onstraint for a type. 72show type ale Show subtypes, supertypes, 
onstraint andmost general satis�ers for a type. 73sub Signature De
lare subtyping relationship. 6subtest ale Enable edge subsumption 
he
king, and, ifne
essary, 
ompile 
ode for it. 93sub type ale Test subsumption between two types. 72true Def. Clause De�nite 
lause that is always sati�ed (alsoused to 
onstru
t ground 
lauses in def. 
lauselanguage). 38type ale Test if type exists. 71unify type ale Unify two types. 72update lex ale Add new entries to lexi
on 68write feat ale Don't hide a feature. 76write feats ale Don't hide any features. 76write type ale Don't hide a type. 76write types ale Don't hide any types. 76



HDRUG: A Graphi
al UserEnvironment for NaturalLanguage Pro
essing in PrologHdrug is an environment to develop logi
 grammars / parsers / generators for naturallanguages. The pa
kage is written in Si
stus Prolog version 3 and uses library(t
ltk)to implement its user interfa
e. T
l/Tk is a powerful s
ript language to developappli
ations for the X-windows environment.Hdrug o�ers various tools to visualize lexi
al entries, grammar rules, de�nite-
lause de�nitions, parse trees, feature stru
tures, lexi
al- rule- and type-hierar
hies,graphs of the 
omparison of di�erent parsers on a 
orpus of test senten
es et
., in aTk widget, LaTeX/DVI format, and the Clig system.The pa
kage 
omes with a number of example grammars, in
luding the grammarsto be found in the distribution of the ALE system.Hdrug allows for easy 
omparison of di�erent parsers/generators; it has extensivepossibilities to 
ompile feature equations into Prolog terms; it 
an produ
e graph-i
al (Tk), and ordinary Prolog output of trees, feature stru
tures, Prolog terms(and 
ombinations thereof), plotted graphs of statisti
al information, and tables ofstatisti
al information. Et
. Et
.Using just menu's and buttons it is possible to parse senten
es, generate sen-ten
es from logi
al form representations, view the parse trees that are derived bythe parser or generator, 
hange a parti
ular version of the parser on the 
y, 
omparethe results of parsing the same senten
e(s) with a set of di�erent parsers, et
.HDRUG was designed and implemented by Gertjan van Noord. The HDRUGhome-page is http://www.let.rug.nl/~vannoord/Hdrug/.
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Pleuk Grammar DevelopmentEnvironmentFor those using SICStus 2.1#9 under X windows, the Pleuk grammar developmentshell has been adapted for ALE. Pleuk provides a graphi
al user interfa
e, fa
ili-ties for maintaining and testing 
orpora, and an intera
tive, in
remental derivation
he
ker. Pleuk is available free of 
harge from:ftp.
ogs
i.ed.a
.uk:/pub/pleukThe �le README 
ontains instru
tions for downloading the system. Pleuk hasbeen ported to Sun SPARCs SunOS 4.* and HP-UX. For more information, sendemail to pleuk�
ogs
i.ed.a
.uk. Pleuk was developed by Jo Calder and Chris Brew ofthe Human Communi
ation Resear
h Centre at the University of Edinburgh, KevinHumphreys of the Centre for Cognitive S
ien
e at the University of Edinburgh, andMike Reape, of the Computer S
ien
e Department, Trinity College, Dublin.As of this release, Pleuk will not work under SICStus 3.0 or later.
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Chapter 9Referen
esThis 
olle
tion of referen
es only s
rat
hes the surfa
e of the relevant literature.A mu
h more 
omplete survey of the histori
al perspe
tive on typed uni�
ationgrammars and programs 
an be found in Carpenter (1992), and in subsequent papersin ACL, EACL, COLING, et
.A��t-Ka
i, H. (1991). The wam: A (Real) Tutorial. MIT Press, Cambridge, Mas-sa
husetts.The best available introdu
tion to Prolog 
ompiler te
hnology, fo
using onWarren's Abstra
t Ma
hine for Prolog.A��t-Ka
i, H. (1986a). An algebrai
 semanti
s approa
h to the e�e
tive resolution oftype equations. Theoreti
al Computer S
ien
e, 45:293{351.Seminal work in sorted feature stru
tures, based on A��t-Ka
i's 1984 Univer-sity of Pennsylvania dissertation. Fo
uses on general 
onstraint resolution.A��t-Ka
i, H., and Nasr, R. (1986b). login: A logi
al programming language withbuilt-in inheritan
e. Journal of Logi
 Programming, 3:187{215.The �rst appli
ation of feature stru
tures to logi
 programming. In
ludessorted, but not typed feature stru
tures. Also in
ludes good details on theMartelli and Montanari (1984) uni�
ation algorithm applied to feature stru
-tures.A��t-Ka
i, H. (1984). A Latti
e-Theoreti
 Approa
h to Computation based on a Cal-
ulus of Partially Ordered Type Stru
tures. Univ. of Pennsylvania dissertation.A��t-Ka
i's introdu
tion of sorted  -terms, whi
h are like our feature stru
-tures only without the appropriateness 
onditions, inequations and exten-sionality. An appendix 
ontains a 
oding of the Zebra Puzzle, a ben
hmarklogi
 puzzle for 
onstraint resolution.Carpenter, B. (1992) The Logi
 of Typed Feature Stru
tures. Cambridge Tra
ts inTheoreti
al Computer S
ien
e 32, Cambridge University Press, New York.Contains all the theoreti
al details behind the ale feature stru
tures, de-s
ription language and appli
ations. A must for fully understanding aleand a number of related variations.108



109Carpenter, B. and G. Penn (1996) Compiling Typed Attribute-Value Logi
 Gram-mars. In H. Bunt and M. Tomita, eds., Re
ent Advan
es in Parsing Te
hnology.Kluwer.A des
ription of the theoreti
al underpinnings of ALE 2.0, in
luding thedata stru
tures, type inferen
e me
hanism, des
ription resolution, parsing,and inequation solving.Colmerauer, A. (1987). Theoreti
al model of prolog II. In van Canegham, M., andWarren, D. H., editors, Logi
 Programming and its Appli
ation, 1{31. Ablex,Norwood, New Jersey.Des
ribes uni�
ation with 
y
li
 terms and inequations in a logi
 program-ming environment.Gazdar, G., and Mellish, C. S. (1989). Natural Language Pro
essing in Prolog.Addison-Wesley, Reading, Massa
husetts.An introdu
tion to 
omputational linguisti
s using Prolog. Also 
ontainsa very general introdu
tion to simple patr-ii phrase stru
ture grammars,in
luding simple implementations of uni�
ation and parsing algorithms. Aversion is also available using Lisp.H�ohfeld, M., and Smolka, G. (1988). De�nite relations over 
onstraint languages.lilog{report 53, ibm { Deuts
hland GmbH, Stuttgart.Highly theoreti
al des
ription of a 
onstraint logi
 programming paradigm,in
luding an appli
ation to feature stru
tures similar to those used in login.Ja�ar, J. (1984). EÆ
ient uni�
ation over in�nite terms. New Generation Comput-ing, 2:207{219.Uni�
ation algorithm for possibly 
y
li
 terms in Prolog II. In
ludes quasi-linear 
omplexity analysis.Kasper, R. T., and Rounds, W. C. (1990). The logi
 of uni�
ation in grammar.Linguisti
s and Philosophy, 13(1):35{58.The details of Kasper and Rounds original feature stru
ture des
ription sys-tem and related theorems.Martelli, A., and Montanari, U. (1982). An eÆ
ient uni�
ation algorithm. ACMTransa
tions on Programming Languages and Systems, 4(2):258{282.The Union/Find uni�
ation algorithm used by ale, whi
h was adapted tothe 
y
li
 
ase by Ja�ar (1984).Mastroianni, M. (1993) Attribute-Logi
 Phonology. Carnegie Mellon UniversityLaboratory for Computational Linguisti
s Te
hni
al Report CMU-LCL-93-4.Pittsburgh.The des
ription and motivation for an attribute-logi
 approa
h to phonol-ogy. In
ludes extensive dis
ussion of its implementation in ALE, in
ludingsyllable stru
ture and morphologi
ally 
onditioned e�e
ts su
h as epenthesis,harmony and assimilation.O'Keefe, R. A. (1990) The Craft of Prolog. MIT Press, Cambridge, Massa
hussetts.



110 CHAPTER 9. REFERENCESBest text on advan
ed programming te
hniques using Prolog 
ompilers.Should read Sterling and Shapiro's introdu
tion as a pre-requisite.Penn, G. (1993). A Utility for Typed Feature Stru
ture-based Grammati
al The-ories. Te
hni
al Report. Laboratory for Computational Linguisti
s, CarnegieMellon University, Pittsburgh.This proje
t served as the basis of the version 2.0 updates of ALE. Thereport details these updates, in
luding the algorithms used to implementthem and other eÆ
ien
y issues. It also des
ribes Penn's implementation ofHead-Driven Phrase Stru
ture Grammar (HPSG), as represented in the �rsteight 
hapters of (Pollard and Sag 1994).Penn, G. (1999). A Parsing Algorithm to Redu
e Copying in Prolog. Arbeitspapierdes Sonderfors
hungsberei
hs 340, Nr. 137.A presentation of the Empty-First-Daughter 
losure algorithm, whi
h 
an beused to redu
e 
opying in Prolog-based parsers.Penn, G., and Carpenter, B. (1993). Three Sour
es of Disjun
tion in a TypedFeature Stru
ture-based Resolution System. Feature Formalisms and Linguisti
Ambiguity, H. Trost ed. Ellis Horwood, New York.A presentation of the prin
ipal sour
es of 
omplexity in solving 
onstraintpuzzles, su
h as the Zebra Puzzle, a simpli�ed version of whi
h is presented inthis manual; and an outline of steps taken to 
ope with them in the reversiblegeneral 
onstraint resolver whi
h was the pre
ursor to ale.Penn, G. and Popes
u, O. (1997). Head-Driven Generation and Indexing in ale.Pro
eedings of Workshop on Computational Environments for Grammar Devel-opment and Linguisti
 Engineering (ENVGRAM), 35th ACL / 8th EACL.Des
ribes the implementation of ale's head-driven generator, and a simpleindexing strategy for lexi
al entries during generation.Popes
u, O. (1996). Head-Driven Generation for Typed Feature Stru
tures.Carnegie Mellon University MS Proje
t.The extension of semanti
-head-driven generation to typed feature stru
turesused in ale.Pereira, F. C. N., and Shieber, S. M. (1987). Prolog and Natural-Language Analy-sis. Volume 10 of CSLI Le
ture Notes. Center for the Study of Language andInformation, Stanford.Ex
ellent introdu
tion to the use of term uni�
ation grammars in naturallanguage. In
ludes a survey of Prolog, parsing algorithms and many samplegrammar appli
ations in syntax and semanti
s.Pollard, C. J. (in press). Sorts in uni�
ation-based grammar and what they mean.In Pinkal, M., and Gregor, B., editors, Uni�
ation in Natural Language Analysis.MIT Press, Cambridge, Massa
husetts.Contains the original extension of Rounds and Kasper's logi
al language tosorts. Also motivates the use of sorts in natural language grammars.Pollard, C. J., and Sag, I. A. (1994). Head-driven Phrase Stru
ture Grammar.Chi
ago University Press, Chi
ago.



111The primary grammar formalism whi
h motivated the 
onstru
tion of theale system. Provides many examples of how typed feature stru
tures andtheir des
riptions are employed in a sophisti
ated natural language appli
a-tion.Shieber, S. M. (1986). An Introdu
tion to Uni�
ation-Based Approa
hes to Gram-mar. Volume 4 of CSLI Le
ture Notes. Center for the Study of Language andInformation, Stanford.Best sour
e for getting a
quainted with the appli
ation of feature stru
turesand their des
riptions to natural language grammars.Shieber, S. M., Uszkoreit, H., Pereira, F. C. N., Robinson, J., and Tyson, M. (1983).The formalism and implementation of patr-ii. In Resear
h on Intera
tive A
-quisition and Use of Knowledge. Volume 1894 of SRI Final Report, sri Interna-tional, Menlo Park, California.Original do
ument des
ribing the patr-ii formalism.Shieber, S. M., Pereira, C. N., van Noord, G., Moore, R. C. (1990). Semanti
-Head-Driven Generation. In Computational Linguisti
s, Vol. 16(1):30{42.The main referen
e for a des
ription of the semanti
- head-driven generationalgorithm.Smolka, G. (1988a). A feature logi
 with subsorts. lilog{report 33, ibm {Deuts
hland GmbH, Stuttgart.An alternative logi
 to that of Rounds and Kasper, whi
h in
ludes sorts,variables and general negation.Smolka, G. (1988b). Logi
 programming with polymorphi
ally order-sorted types.lilog{report 55, ibm { Deuts
hland GmbH, Stuttgart.An appli
ation of ordered term uni�
ation to typed logi
 programming.Sterling, L., and Shapiro, E. Y. (1986). The Art of Prolog: Advan
ed ProgrammingTe
hniques. MIT Press, Cambridge, Massa
husetts.Best general introdu
tion to logi
 programming in Prolog.van Noord, G. (1989). BUG: A Dire
ted Bottom-Up Generator for Uni�
ationBased Formalisms. Working Papers in Natural Language Pro
essing, KatholiekeUniversiteit Leuven, Sti
hting Taalte
hnologie Utre
ht.Proposes the �rst semanti
-head-driven generation algorithm.



Appendix ASample GrammarsA.1 English Syllabi�
ation Grammar% Signature% =========bot sub [unit,list,segment℄.unit sub [
luster,syllable,word℄intro [first:segment,last:segment℄.
luster sub [
onsonant_
luster, vowel_
luster℄intro [segments:list_segment℄.
onsonant_
luster sub [onset,
oda℄.onset sub [℄.
oda sub [℄.vowel_
luster sub [℄.syllable sub [℄intro [syllable:list_segment℄.word sub [℄intro [syllables:list_list_segment℄.segment sub [
onsonant,vowel℄.
onsonant sub [sibilant,obstruent,nasal,liquid,glide℄.sibilant sub [s,z℄.s sub [℄.z sub [℄.obstruent sub [p,t,k,b,d,g℄.p sub [℄.t sub [℄.k sub [℄.b sub [℄.d sub [℄.g sub [℄.nasal sub [n,m℄.n sub [℄.m sub [℄. 112



A.1. ENGLISH SYLLABIFICATION GRAMMAR 113liquid sub [l,r℄.l sub [℄.r sub [℄.glide sub [y,w℄.y sub [℄.w sub [℄.vowel sub [a,e,i,o,u℄.a sub [℄.e sub [℄.i sub [℄.o sub [℄.u sub [℄.list sub [e_list,ne_list,list_segment,list_list_segment℄.e_list sub [℄.ne_list sub [ne_list_segment,ne_list_list_segment℄intro [hd:bot,tl:list℄.list_segment sub [e_list,ne_list_segment℄.ne_list_segment sub [℄intro [hd:segment,tl:list_segment℄.list_list_segment sub [e_list,ne_list_list_segment℄.ne_list_list_segment sub [℄intro [hd:list_segment,tl:list_list_segment℄.% Rules% =====word_s
hema_re
 rule(word,syllables:[Syllable|Syllables℄,first:First1,last:Last2)===>
at> (syllable,syllable:Syllable,first:First1,last:Last1),
at> (word,syllables:Syllables,first:First2,last:Last2),goal> (\+ less_sonorous(Last1,First2)).word_s
hema_base rule(word,



114 APPENDIX A. SAMPLE GRAMMARSsyllables:[Syllable℄,first:First,last:Last)===>
at> (syllable,syllable:Syllable,first:First,last:Last).v_syllable rule(syllable,syllable:[Vowel℄,first:Vowel,last:Vowel)===>
at> (vowel,Vowel).v
_syllable rule(syllable,syllable:[Vowel|Segs1℄,first:Vowel,last:Last)===>
at> (vowel,Vowel),
at> (
oda,segments:Segs1,last:Last).
v_syllable rule(syllable,syllable:Segs,first:First,last:Vowel)===>
at> (onset,segments:Segs1,first:First),
at> (vowel,Vowel),goal> append(Segs1,[Vowel℄,Segs).
v
_syllable rule(syllable,syllable:Segs,first:First,last:Last)===>
at> (onset,segments:Segs1,



A.1. ENGLISH SYLLABIFICATION GRAMMAR 115first:First),
at> (vowel,Vowel),
at> (
oda,segments:Segs2,last:Last),goal> append(Segs1,[Vowel|Segs2℄,Segs).
onsonant_
luster_base rule(
onsonant_
luster,segments:[Consonant℄,first:Consonant,last:Consonant)===>
at> (
onsonant,Consonant).onset rule(onset,segments:[Consonant1|Consonants℄,first:Consonant1,last:Consonant3)===>
at> (
onsonant,Consonant1),
at> (onset,segments:Consonants,first:Consonant2,last:Consonant3),goal> less_sonorous(Consonant1,Consonant2).
oda rule(
oda,segments:[Consonant1|Consonants℄,first:Consonant1,last:Consonant3)===>
at> (
onsonant,Consonant1),
at> (
oda,segments:Consonants,first:Consonant2,last:Consonant3),goal> less_sonorous(Consonant2,Consonant1).% Lexi
on% =======p ---> p.t ---> t.k ---> k.



116 APPENDIX A. SAMPLE GRAMMARSb ---> b.d ---> d.g ---> g.s ---> s.z ---> z.n ---> n.m ---> m.l ---> l.r ---> r.y ---> y.w ---> w.a ---> a.e ---> e.i ---> i.o ---> o.u ---> u.% Definite Clauses% ================less_sonorous_basi
(sibilant,obstruent) if true.less_sonorous_basi
(obstruent,nasal) if true.less_sonorous_basi
(nasal,liquid) if true.less_sonorous_basi
(liquid,glide) if true.less_sonorous_basi
(glide,vowel) if true.less_sonorous(L1,L2) ifless_sonorous_basi
(L1,L2).less_sonorous(L1,L2) ifless_sonorous_basi
(L1,L3),less_sonorous(L3,L2).append([℄,Xs,Xs) if true.append([X|Xs℄,Ys,[X|Zs℄) ifappend(Xs,Ys,Zs).



A.2. CATEGORIAL GRAMMAR WITH COOPER STORAGE 117A.2 Categorial Grammar with Cooper Storage% Signature% =========bot sub [
at,synsem,syn,sem_obj,list_quant℄.
at sub [℄intro [synsem:synsem,qstore:list_quant℄.synsem sub [fun
tional, basi
℄.fun
tional sub [forward,ba
kward℄intro [arg:synsem,res:synsem℄.forward sub [℄.ba
kward sub [℄.basi
 sub [℄intro [syn:syn, sem:sem_obj℄.syn sub [np,s,n℄.np sub [℄.s sub [℄.n sub [℄.sem_obj sub [individual, proposition, property℄.individual sub [j,m℄.j sub [℄.m sub [℄.property sub [℄intro [ind:individual,body:proposition℄.proposition sub [logi
al,quant,run,hit,nominal℄.logi
al sub [and,or℄.and sub [℄intro [
onj1:proposition,
onj2:proposition℄.or sub [℄intro [disj1:proposition,disj2:proposition℄.quant sub [every,some℄intro [var:individual,restr:proposition,s
ope:proposition℄.every sub [℄.some sub [℄.run sub [℄intro [runner:individual℄.hit sub [℄intro [hitter:individual,hittee:individual℄.nominal sub [kid,toy,big,red℄



118 APPENDIX A. SAMPLE GRAMMARSintro [arg1:individual℄.kid sub [℄.toy sub [℄.big sub [℄.red sub [℄.list_quant sub [e_list, ne_list_quant℄.e_list sub [℄.ne_list_quant sub [℄intro [hd:quant,tl:list_quant℄.% Lexi
on% =======kid --->� 
n(kid).toy --->� 
n(toy).big --->� adj(big).red --->� adj(red).every --->� gdet(every).some --->� gdet(some).john --->� pn(j).runs --->� iv((run,runner:Ind),Ind).hits --->� tv(hit).% Grammar% =======forward_appli
ation rule



A.2. CATEGORIAL GRAMMAR WITH COOPER STORAGE 119(synsem:Z,qstore:Qs)===>
at> (synsem:(forward,arg:Y,res:Z),qstore:Qs1),
at> (synsem:Y,qstore:Qs2),goal> append(Qs1,Qs2,Qs).ba
kward_appli
ation rule(synsem:Z,qstore:Qs)===>
at> (synsem:Y,qstore:Qs1),
at> (synsem:(ba
kward,arg:Y,res:Z),qstore:Qs2),goal> append(Qs1,Qs2,Qs).s_quantifier rule(synsem:(syn:s,sem:(Q,s
ope:Phi)),qstore:QsRest)===>
at> (synsem:(syn:s,sem:Phi),qstore:Qs),goal> sele
t(Qs,Q,QsRest).% Ma
ros% ======
n(Pred) ma
rosynsem:(syn:n,sem:(body:(Pred,arg1:X),ind:X)),� quantifier_free.



120 APPENDIX A. SAMPLE GRAMMARSgdet(Quant) ma
rosynsem:(forward,arg: � n(Restr,Ind),res: � np(Ind)),qstore:[� quant(Quant,Ind,Restr)℄.quant(Quant,Ind,Restr) ma
ro(Quant,var:Ind,restr:Restr).adj(Rel) ma
rosynsem:(forward,arg: � n(Restr,Ind),res: � n((and,
onj1:Restr,
onj2:(Rel,arg1:Ind)),Ind)),� quantifier_free.n(Restr,Ind) ma
rosyn:n,sem:(body:Restr,ind:Ind).np(Ind) ma
rosyn:np,sem:Ind.pn(Name) ma
rosynsem: � np(Name),� quantifier_free.iv(Sem,Arg) ma
rosynsem:(ba
kward,arg: � np(Arg),res:(syn:s,sem:Sem)),� quantifier_free.tv(Rel) ma
rosynsem:(forward,arg:(syn:np,sem:Y),res:(ba
kward,arg:(syn:np,sem:X),



A.2. CATEGORIAL GRAMMAR WITH COOPER STORAGE 121res:(syn:s,sem:(Rel,hitter:X,hittee:Y)))),� quantifier_free.quantifier_free ma
roqstore:[℄.% Definite Clauses% ================append([℄,Xs,Xs) iftrue.append([X|Xs℄,Ys,[X|Zs℄) ifappend(Xs,Ys,Zs).sele
t([Q|Qs℄,Q,Qs) iftrue.sele
t([Q1|Qs1℄,Q,[Q1|Qs2℄) ifsele
t(Qs1,Q,Qs2).



122 APPENDIX A. SAMPLE GRAMMARSA.3 Simple Generation Grammar% An implementation in {\s
 ale} of the grammar in Shieber & al,% "Semanti
-Head-Driven Generation", CL 16-1, 1990.% Signature% =========bot sub [pred, list, sem, form, agr, sign℄.pred sub [de
l, imp, love, 
all_up, leave, see, john, mary, mark,friends, often, friend, up, you, i℄.de
l sub [℄. imp sub [℄.leave sub [℄. love sub [℄. 
all_up sub [℄. see sub [℄.john sub [℄. mary sub [℄. mark sub [℄.friends sub [℄. friend sub [℄.often sub [℄. up sub [℄.you sub [℄. i sub [℄.list sub [e_list, ne_list, arg_list, sub
at_list℄.e_list sub [℄.ne_list sub [arg_ne_list, sub
at_ne_list℄intro [hd:bot, tl:list℄.arg_list sub [e_list, arg_ne_list℄.arg_ne_list sub [℄ intro [hd:sem, tl:arg_list℄.sub
at_list sub [e_list, sub
at_ne_list℄.sub
at_ne_list sub [℄ intro [hd:sign, tl:sub
at_list℄.sem sub [℄ intro [pred:pred, args:arg_list℄.form sub [finite, nonfinite℄.finite sub [℄.nonfinite sub [℄.agr sub [sg1, sg2, sg3, pl1, pl2, pl3℄.sg1 sub [℄. sg2 sub [℄. sg3 sub [℄.pl1 sub [℄. pl2 sub [℄. pl3 sub [℄.sign sub [senten
e, verbal, np, adv, p℄intro [sem:sem℄.senten
e sub [℄.verbal sub [s, vp℄ intro [form:form℄.s sub [℄.vp sub [℄ intro [sub
at:sub
at_list℄.np sub [det, n℄intro [agr:agr, arg:sem℄.det sub [℄ intro [np_sem:sem℄.n sub [℄.adv sub [℄ intro [varg:sem℄.p sub [℄.ext([sg1,sg2,sg3,pl1,pl2,pl3℄).% Lexi
on% =======



A.3. SIMPLE GENERATION GRAMMAR 123love --->vp, form:nonfinite,sub
at:[(np,sem:Obj),(np,sem:Subj)℄,sem:(pred:love,args:[Subj,Obj℄).
all --->vp, form:nonfinite,sub
at:[(np,sem:Obj),(p,sem:(pred:up,args:[℄)),(np,sem:Subj)℄,sem:(pred:
all_up,args:[Subj,Obj℄).
all --->vp, form:nonfinite,sub
at:[(p,sem:(pred:up,args:[℄)),(np,sem:Obj),(np,sem:Subj)℄,sem:(pred:
all_up,args:[Subj,Obj℄).leave --->vp, form:nonfinite,sub
at:[(np,sem:Subj)℄,sem:(pred:leave,args:[Subj℄).see --->vp, form:nonfinite,sub
at:[(np,sem:Obj),(np,sem:Subj)℄,sem:(pred:see,args:[Subj,Obj℄).see --->vp, form:nonfinite,sub
at:[(s,form:finite,sem:Obj),(np,sem:Subj)℄,sem:(pred:see,args:[Subj,Obj℄).john --->np, agr:sg3, sem:(pred:john,args:[℄).mary --->np, agr:sg3, sem:(pred:mary,args:[℄).mark --->np, agr:sg3, sem:(pred:mark,args:[℄).friends --->np, agr:pl3, sem:(pred:friends,args:[℄).friend --->n, agr:sg3, arg:X, sem:(pred:friend,args:[X℄).i --->np, agr:sg1, sem:(pred:i,args:[℄).



124 APPENDIX A. SAMPLE GRAMMARSyou --->np, agr:sg2, sem:(pred:you,args:[℄).often --->adv, varg:VP, sem:(pred:often,args:[VP℄).up --->p, sem:(pred:up,args:[℄).% Lexi
al Rules% =============sg3 lex_rule (vp, form:nonfinite, sub
at:Sub
at, sem:Sem) **>(vp, form:finite, sub
at:NewSub
at, sem:Sem)if add_sg3(Sub
at,NewSub
at)morphs (X,y) be
omes (X,i,e,s),X be
omes (X,s).non_sg3 lex_rule (vp, form:nonfinite, sub
at:Sub
at, sem:Sem) **>(vp, form:finite, sub
at:NewSub
at, sem:Sem)if add_nonsg3(Sub
at,NewSub
at)morphs X be
omes X.% Grammar Rules% =============senten
e1 rule(senten
e,sem:(pred:de
l,args:[S℄)) ===>
at> (s,form:finite,sem:S).senten
e2 rule(senten
e,sem:(pred:imp,args:[S℄)) ===>
at> (vp,form:nonfinite,sub
at:[(np,sem:(pred:you,args:[℄))℄,sem:S).s rule(s,form:Form,sem:S) ===>
at> Subj,sem_head> (vp,form:Form,sub
at:[Subj℄,sem:S).vp1 rule(vp,form:Form,sub
at:Sub
at,sem:S) ===>sem_head> (vp,form:Form,sub
at:[Compl|Sub
at℄,sem:S),
at> Compl.



A.3. SIMPLE GENERATION GRAMMAR 125vp2 rule(vp,form:Form,sub
at:[Subj℄,sem:S) ===>
at> (vp,form:Form,sub
at:[Subj℄,sem:VP),sem_head> (adv,varg:VP,sem:S).% Semanti
s Dire
tive% ====================semanti
s sem1.% Definite Clauses% ================sem1(sem:S,S) if true.add_sg3([(np,sem:Sem)℄,[(np,agr:sg3,sem:Sem)℄) if !, true.add_sg3([Cat|Cats℄,[Cat|NewCats℄) if add_sg3(Cats,NewCats).add_nonsg3([(np,sem:Sem)℄,[(np,agr:(=\=sg3),sem:Sem)℄) if !, true.add_nonsg3([Cat|Cats℄,[Cat|NewCats℄) if add_nonsg3(Cats,NewCats).



Appendix BError and Warning MessagesB.1 Error Messagesa /1 atom de
lared subsumed by type TSubsumption over a /1 atoms has a �xed de�nition. Subtyping spe
i�-
ations with a /1 atoms are not allowed.add to 
ould not unify FS1 and FS2The uni�
ation between feature stru
tures FS1 and FS2 failed.add to 
ould not unify paths � and � in FSThe uni�
ation between paths � and � failed in feature stru
ture FSfailed.add to 
ould not inequate FS1 and FS2The inequation between features stru
tures FS1 and FS2 
ould not beensatis�ed.add to 
ould not add feature F to FSThe value of feature F is not uni�able with the similar value in featurestru
ture FS.add to 
ould not add undefined ma
ro M to FSMa
ro M used in feature stru
ture FS is unde�ned.add to 
ould not add in
ompatible type T to FSType T is not 
ompatible with the type of feature stru
ture FS.add to 
ould not add undefined type T to FSType T in feature stru
ture FS is unde�ned.add to 
ould not add ill formed 
omplex des
ription D to FS126



B.1. ERROR MESSAGES 127Des
ription D is ill formed and 
ould not be uni�ed with feature stru
-ture FSappropriateness 
y
le following path � from type TThere is a sequen
e of features � whi
h must be de�ned for obje
ts oftype T where the value must be of type T .bot has appropriate featuresThe most general type, ?, 
annot have any appropriate features.bot has 
onstraintsThe most general type, ?, must not have 
ons 
onstraints.
ats> value with sort S is not a valid list argumentAn argument of 
ats> was dete
ted at run-time, whi
h is not of a typesubsumed by list.
onsistent T1 and T2 have multiple mgus TsTypes T1 and T2 have the non singleton set Ts as their set of mostgeneral uni�ers.
onstraint de
laration given for atoma /1 atoms must not have 
ons 
onstraints.des
ription uses unintrodu
ed feature FA des
ription uses the feature F whi
h has not been de�ned as appro-priate for any types.edge/2: arguments must be non-negativeThe arguments to edge/2 represent nodes in a parsing 
hart, and thusmust be non-negative integers.edge/2: first argument must be < se
ond argumentThe arguments to edge/2 represent nodes in a parsing 
hart. Edges onlyspan from one node to an equal or greater valued node. edge/2 showsedges where the other node has a greater value. empty/0 shows edgeswhere the node has an equal value.extensional type E is not maximalType E is de
lared extensional but does not observe the maximalityrestri
tion.feature F multiply introdu
ed at Ts



128 APPENDIX B. ERROR AND WARNING MESSAGESThe feature F is introdu
ed at the types in Ts, whi
h are not 
omparablewith one another.illegal variable o

uren
e in T sub Ss (intro FRs)In subtype/feature spe
i�
ations, neither T or any of the types in Ssor FRs, or any of the features in FRs 
an be unbound variables. If avalue restri
tion is an a /1 atom, that atom 
an be unbound, or 
ontainunbound variables, but the a /1 operator must still appear.in
ompatible restri
tions on feature F at type T are TsThe inherited restri
tions, 
onsisting of types Ts, on the value of F attype T are not 
onsistent.invalid line � in ruleA line of a grammar rule is neither a goal nor a 
ategory des
ription.lexi
al rule LR la
ks morphs spe
ifi
ationThe obligatory morphs part of lexi
al rule LR is missing.multiple 
onstraint de
laration error for TMore than one 
ons de
laration exists for type T .multiple feature spe
ifi
ations for type TThe appropriate features of T 
an be introdu
ed along with subtypingor by themselves, but there 
an only be one de
laration of appropriatefeatures.multiple spe
ifi
ation for F in de
laration of TMore than one restri
tion on the value of feature F is given in the de�-nition of type T .no lexi
al entry for WExpression W is used, but has no lexi
al entry.pathval: illegal path spe
ified - �Path � is not a valid path spe
i�
ation for the given feature stru
ture.rule R has multiple sem head> spe
ifi
ationsMore than one semanti
 head de
laration was found in grammar rule R.



B.1. ERROR MESSAGES 129rule R has no 
at> 
ats> or sem head> spe
ifi
ationThe grammar rule named R is empty in that it does not have any daugh-ter spe
i�
ation.rule R has wrongly pla
ed sem goal> spe
ifi
ationsA sem goal> spe
i�
ation o

urs somewhere other than immediatelybefore or immediately after a sem head> spe
i�
ation in rule R.subtype/feature spe
ifi
ation given for a /1 atomSubsumption over a /1 atoms has a �xed de�nition, and they 
an haveno features. Subtype or feature spe
i�
ations for them are not allowed.subtyping 
y
le at TThe subsumption relation spe
i�ed is not anti-symmetri
. It 
an beinferred that the type T is a proper subtype of itself.subtype T1 used in T2 unde
laredUnde�ned type T1 de
lared as subtype in de�nition of T2.T multiply definedThere is more than one de�nition of type T .T subsumes botT is de
lared as subsuming the most general type, ?.T1 used in appropriateness definition of T2 unde
laredUnde�ned type T1 used as value restri
tion in de�nition of T2.undefined ma
ro M used in des
riptionA des
ription uses a ma
ro whi
h is not de�ned.undefined type T used in des
riptionA des
ription uses a type T whi
h is not de�ned.undefined feature F used in path �A path � of features uses unde�ned feature F in a des
ription.unsatisfiable lexi
al entry for WWord W has a lexi
al entry whi
h has no satisfying feature stru
ture.upward 
losure fails for F in S1 and S2S1 subsumes S2, but the value restri
tion for F at S1 does not subsumethe value restri
tion for F at S2.



130 APPENDIX B. ERROR AND WARNING MESSAGESB.2 Warning Messages=� a

essible by pro
edural atta
hment 
alls from 
onstraint for TThe built-in =� predi
ate (extensional identity 
he
k) is non-monotoni
,so its use should be avoided in 
onstraints atta
hed to types.atom a /1 Atom is ground in de
laration of TOne of the appropriate features of T has a value restri
tion that is aground a /1 atom. Every feature stru
ture of type T will have the samevalue at this feature.homomorphism 
ondition fails for F in T1 and T2It is not the 
ase that the appropriateness restri
tion on the type T =T1 + T2 is the uni�
ation of the appropriateness restri
tions on T1 andT2.lexi
al des
ription for W is unsatisfiableIn
ompatibilities in the lexi
al des
ription for wordW 
ould not produ
ea satisfying feature stru
ture.no 
hain rules foundAll the grammar rules in the program were non-
hain rules (no semanti
heads).no definite 
lauses foundThere were no de�nite 
lause rules spe
i�ed in the program.no features introdu
edThere are no appropriate features for any types.no fun
tional des
riptions foundThere are no fun
tional des
ription de�nitions in the program.no lexi
al rules foundThere were no lexi
al rules spe
i�ed in the program.no lexi
on foundThere were no lexi
al entries spe
i�ed in the program.no non 
hain rules foundAll the grammar rules in the program were 
hain rules (with semanti
heads).



B.2. WARNING MESSAGES 131no P definite 
lause foundA de�nition for de�nite 
lause predi
ate P , whi
h was de
lared as thesemanti
s predi
ate, was not found in the program.no phrase stru
ture rules foundThere were no phrase stru
ture rules spe
i�ed in the program.no semanti
s spe
ifi
ation foundThere was no spe
i�
ation of the semanti
s de�nite 
lause predi
ate inthe program.no types definedThere were no sub or intro de
larations found in the program.unary bran
h from T1 to T2The only subtype of T1 is T2. In this situation, it is usually more eÆ
ientto elimate T1 if every instan
e of T1 is a T2.



Appendix CBNF for ALE<des
> ::= <type>| <variable>| (<feature>:<des
>)| (<des
>,<des
>)| (<des
>;<des
>)| � <ma
ro_spe
>| <fun
_spe
>| a_ <prolog_term>| <path> == <path>| =\= <des
><type> ::= <prolog_fun
tor><feature> ::= <prolog_atom><path> ::= list(<feature>)<ma
ro_def> ::= <ma
ro_head> ma
ro <des
>.<ma
ro_head> ::= <ma
ro_name>| <ma
ro_name>(<seq(var)>)<ma
ro_spe
> ::= <ma
ro_name>| <ma
ro_name>(<seq(des
)>)<fun
_def> ::= <fun
_spe
> +++> <des
>.<fun
_spe
> ::= <fun
_name>| <fun
_name>(<seq(des
)>)<
lause> ::= <literal> if <goal>.<literal> ::= <pred_sym>| <pred_sym>(<seq(des
)>)132



133<
ut_free_goal> ::= true| <literal>| prolog(<prolog_goal>)| (<
ut_free_goal>,<
ut_free_goal>)| (<
ut_free_goal>;<
ut_free_goal>)| (<des
> =� <des
>)| (<
ut_free_goal> -> <
ut_free_goal>)| (<
ut_free_goal> -> <
ut_free_goal>; <
ut_free_goal>)| (\+ <
ut_free_goal>)<goal> ::= true| <literal>| prolog(<prolog_goal>)| (<goal>,<goal>)| (<goal>;<goal>)| (<des
> =� <des
>)| (<
ut_free_goal> -> <goal>)| (<
ut_free_goal> -> <goal> ; <goal>)| !| (\+ <goal>)<lex_entry> ::= <word> ---> <des
>.<rule> ::= <rule_name> rule <des
> ===> <rule_body>.<rule_body> ::= <sem_less_rule_body>| <sem_less_rule_body>,<sem_rule_body>,<sem_less_rule_body><sem_less_rule_body> ::= <rule_
lause>| <rule_
lause>, <sem_less_rule_body><rule_
lause> ::= 
at> <des
>| 
ats> <des
>| goal> <goal><sem_rule_body> ::= sem_head> <des
>| sem_goal> <goal>, sem_head> <des
>| sem_head> <des
>, sem_goal> <goal>| sem_goal> <goal>, sem_head> <des
>,sem_goal> <goal><lex_rule> ::= <lex_rule_name> lex_rule <lex_rewrite>morphs <morphs>.



134 APPENDIX C. BNF FOR ALE<lex_rewrite> ::= <des
> **> <des
>| <des
> **> <des
> if <goal><morphs> ::= <morph>| <morph>, <morphs><morph> ::= (<string_pattern>) be
omes (<string_pattern>)| (<string_pattern>) be
omes (<string_pattern>)when <prolog_goal><string_pattern> ::= <atomi
_string_pattern>| <atomi
_string_pattern>, <string_pattern><atomi
_string_pattern> ::= <atom>| <var>| <list(<var_
har>)><var_
har> ::= <
har>| <var><seq(X)> ::= <X>| <X>, <seq(X)><empty_prod> ::= empty <des
>.<type_spe
> ::= <type> sub <list(<type>)>| <type> sub <list(<type>)>intro <list(<frestr_spe
>)>| <type> intro <list(<frestr_spe
>)><frestr_spe
> ::= <feature>:<type>| <feature>: a_ <prolog_term><
ons_spe
> ::= <type> 
ons <des
>| <type> 
ons <des
>goal <goal><ext_spe
> ::= ext(list(<type>))<prog> ::= <prog_line>| <prog_line> <prog>



135<prog_line> ::= <type_spe
>| <ext_spe
>| <
ons_spe
>| <ma
ro_def>| <empty_prod>| <
lause>| <rule>| <lex_entry>| <lex_rule>



Appendix DReferen
e Card
Grammar----------------------------------------------------------------------Type sub Subtypes (intro [F1:R1,...,Fn:Rn℄). (Subtyping)Type intro [F1:R1,...,Fn:Rn℄. (Appropriateness)ext([Type1,...,Typen℄). (Extensionality)(Types not otherwise de
lared, but used in the above definitions areassumed to be maximal and/or immediately subsumed by bot)Type 
ons Des
 (Type Constraint)(goal Goal).Word ---> Des
. (Lexi
al Entry)empty Des
. (Empty Category)RuleName lex_rule Des
In **> Des
Out (Lexi
al Rule)(if Goal)morph X be
omes [X,e,s℄when PrologGoal.RuleName rule Des
 ===> (Phrase Stru
ture Rule)
at> Des
/ [Daughter℄
ats> ListDes
/ [List of Daughters℄sem_head> Des
/ [Semanti
 Head℄goal> Goal/ [Pro
edural Atta
hment℄sem_goal> Goal. [P.A. to Semanti
 Head℄f(Des
1,...,Des
n) if g(Des
1,...,Des
n)/ (Definite Clause)Des
1 =� Des
2/ (Extensionality Che
k)prolog(PrologGoal). (Prolog Hook)fun(Des
1,...,Des
n) +++> Des
Result. (Fun
tion De
laration)ma
ro(X1,...,Xn) ma
ro Des
. (Ma
ro De
laration)semanti
s Pred. (Semanti
 Pred. De
laration)136



137Compile-time Options----------------------------------------------------------------------| ?- parse/generate/parse_and_gen. (Compilation Mode)| ?- lex_
onsult/lex_
ompile. (Lexi
on Compilation Mode)| ?- (no)adderrs. (Toggle Des
ription Errors)| ?- (no)subtest. (Toggle Subsumption Che
k)| ?- 
hain_length(Num). (Chain Rule Length Bound)| ?- lex_rule_depth(Num). (Lexi
al Rule Depth Bound)Compilation----------------------------------------------------------------------| ?- (d)
ompile_gram(GramFile). (Grammar Compilation)| ?- update_lex(File). (In
remental Lexi
on Update)| ?- retra
t(all)_lex. (In
remental Lexi
on Retra
tion)Grammar Inspe
tion----------------------------------------------------------------------| ?- (no_)write_type(s). (Type Hiding/Showing)| ?- (no_)write_feat(s). (Feature Hiding/Showing)| ?- show_type Type. (Signature Inspe
tion)| ?- unify_type(Type1,Type2,LUB). (Type Unifi
ation)| ?- approp(Feat,Type,Restr). (Appropriateness Inspe
tion)| ?- introdu
e(Feat,Type). (Feature Introdu
tion)| ?- iso_des
(Des
1,Des
2). (Extensional Identity)| ?- mgsat Des
. (Most General Satisfier)| ?- show_
lause PredName(/Arity). (Definite Clause)| ?- lex Word. (Lexi
al Entry)| ?- rule Rulename. (Phrase Stru
ture Rule)| ?- empty. (Empty Category)| ?- ma
ro Ma
ro. (Ma
ro Definition)| ?- lex_rule Lexrulename. (Lexi
al Rule)| ?- export_words(Stream,Delim). (Lexi
on Export)Exe
ution----------------------------------------------------------------------| ?- (d)re
 WordList. (Bottom-up Parsing)| ?- (d)query Query. (SLD Resolution)| ?- (d)gen Des
. (Head-Driven Generation)Run-time Options----------------------------------------------------------------------| ?- (no)interp. (Toggle Mini-Interpreter)| ?- edge(Left,Right). (Chart Edge Inspe
tion)| ?- dleash(+/-Kind). (Port Leashing)| ?- dskip(+/-Kind). (Port Auto-Skipping)| ?- d
lear_bps. (Breakpoint Clearing)


