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4. The Formalism and Implementation of PATR-11 

Thill JJertion waiJ written by Stuart Shieber, HaniJ U1zkoreit, Fernando Pereira, Jane Robin/Jon, 

and Mabry Tyaon. 

4.1. The PATR-11 Formalism 

4.1.1 Motivation for the Formalism 

The goal of natural-language processing is simple: to enable computers to participate 

in dialogues with humans in their language in order to make the computers more useful to 

their creators. The pursuit of this objective, however, has been a difficult task for at least two 

reasons: first, the phenomenon of human language is not as well understood as is popularly 

supposed; second, the tools for teaching computers what we do know about human language 

are still quite primitive. The solution of these problems falls into the research domains of 

linguistics and computer science, respectively. 

Similar problems have previously arisen in the field of computer science. With the adYent 

of digital computers, the need for effective ways of communicating with computers, other 

than by means of patch panels, became quickly evident. The "black art" of programming

language design has improved greatly over the years and much is now known about effective 

!"ommuniration wit.h computers. In particular, the criteria for good programming languages are 

their pou•er, utility, and, in the case of research languages, 1implicity and mathematica l we/1-

foundedneu. Note that only the first of these can be measured objectively; in fact, the power of 

most current programming languages is equivalent to that of a Turing machine. However, the 

basic fact is that more power is considered better. On the other hand, the other two criteria 

are inherently subjective, which is why programming language design is an art rather than a 

science. Utility, in fact, is usually a relative measure, relative to the purposes the language is 

39 



designed for. SNOBOL is a useful language for string manipulation, but awkward at best for, 

say, mat rix manipulation. This is because the primitives supplied by SNOBOL do not match 

the common underlying operations of matrix handling. 

Among the evaluation criteria for programming languages that have been assiduously 

promoted in the recent past is the aforementioned criterion of simplicity. Other trends have 

been in the direction of declarative languages, languages emphasizing structured programming 

and modularity, and the like. The design of a grammar formalism embodies the same problems 

as the design of a programming language simply because it aspires to the same goal , i.e . ,  

effective communication of information to a computer. Thus, the same criteria can be applied: 

the formalism should be as powerful as possible, should incorporate the types of primitives t hat 

natural-language grammar writers find they need, should be simple and mathematically W<'ll

founded. Trends from programming-language design, such as declarativeness and modularity, 

can also be applied to the problem of designing grammar formalisms for computers. 

Theoretical linguists have been concerned with designing grammatical formalisms that 

provide the tools for expressing universal and language-specific generalizations in a concise and 

transparent fashion. One of their main objectives in this task is to constrain the power of 

their formalisms in concurrence with the cross-linguistic set of constraints upon synt actic and 

semantic phenomena that are found in natural language. 

A radical but widespread opinion regarding the choice of an appropriate formalism 1s 

that. it. should embody all nonaccidental regularities that. are observed in all languages, i .f' . ,  

those that belong to universal grammar. For instance. if aH languages are thought to possess 

coordination , this fact should derive from the formalism. Ir, on the other hand, no language 

in t he world has the word "famakupa," which would be phonologically well-formed in many 

languages, we can then regard this observation as an accidental fact that will be represent<•d 

in the set of particular grammars. 

The PATR-11 formalism as a tool for grammar writing does not attempt to encode most of 

the statements of universal grammar. It is based on the gent•rally acC'epted view that sentences 

have structure, and it provides for structures that are more complex than phrase structure 
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trees. Not only do the regularities of specific languages have to be encoded by the user of the 

formalism-either in the proposed rules or in stipulations with regard to usage constraints

but so do most cross-linguistic generalizations, including constraints on generative power. The 

cross-linguistic generalization and constraints can be reftected in a selected implementation or 

usage notation.  We shall discuss an example of such a notation later. 

4.1 .2 Design of the Formalism 

We now describe the formalism that underlies the implementations of PATR-11. In some 

sense, this is the "operational semantics" of a PATR-11 grammar. Certain implementations may 

make use of certain abbreviations or conventions, but the operation of such implementations 

is defined in terms of this simple underlying formalism. Thus, the formalism bears the same 

relation to PATR-11 implementations as, say, pure LISP does to MACLISP. 

The basic operation in PATR-11 is unification, an extended pattern-matching technique 

that was first used in logic and theorem-proving research and has been arousing considerable 

interest of late in the lin£'Iistics community. Rather than unifying logic terms, however, PATR 

unification operates on directed acyclic graphs (DAG).l DAGs can be atomic symbols or sets of 

label/value pairs whose labels (also called attributes or features) are atomic symbols or otht>r 

DAGs (i .e. , subDAGs). Since two labels can point to the same DAG, the term graph is used 

rather than tree. DAGs are notated either by drawing the labeled graph structure itself or, 

a.� in t.his paper, notating the sets of label/value pairs in square brackets (! ]), with the labels 

separated from their values by a colon ( :) ,  e .g., 

[cat: v 
bead: [aux: false 

form: nonfinite 
voice: active 
trans: [pred: eat 

argt: <f1134> 
[] 

arg2: <f1138> 

I Technically, these are rooted, unordered, directed, acyclic graphs with labeled arcs. See Appendix A for a 
more formal definition or PATR·II grammars and accompanying notions. 
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[]]] 
synca�: [firs�: [ca�: np 

head: [�rans: <f1134>]] 
res�: [firs�: [ca�: np 

head: [�rans: <f1138>]] 
res�: <f1140> 

laabda] 
tail: <f1140>]] 

Note that the re-entrant structure, where two arcs point to the same node, is notated Ly 

labc.>ling the DAG with an arbitrary label (in angle brackets ( < >)) and then using that label 

for future references to the DAG. 

Associated with each lexical entry in the lexicon is a set of DAGs.2 The root of each DAG 

will have an arc labelrd cat whose value will be thr category of tht> associated lexical entry. 

Other arcs may encode information about the syntactic features, translation, or syntactic 

subcategorization of the entry. 

PATR-11 grammars consist of rules with 3 context-free phrase structure portion and a 

series of unifications on the DAGs associated with the constituents taking part in the use of the 

rule. The grammar rules notate how constituents can be bui\t up to form new constituents with 

associated DAGs. The right side of the rule lists the l'at values of the DAGs associated with the 

child constituents; the left side, the cat of the parent. Other unifications specify equi,·alenrc� 

that must exist among the various DAGs and subDAGs of the parent and children. Thus, the 

formalism uses only one representation (DAGs) for lexical, syntactic, and semantic information, 

and just one operation (unification) on this representation. 

By way of example, we present a small grammar for a fragment of English, accompanied 

by a lexicon associating words wit.h DAGs. 

S - NP VP 

<VP agr > - <NP agr > 

VP - V NP 

<VP agr> = <V agr> 

2we shall postpone until later any discussion as to how this association is en<'oded or implemented. 
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Uther: 

<cat> - np 
< agr number> = •ingular 
<agr per�on> = tlaird 

Arthur: 

<cat> - np 
< a gr number> - •ingula r  
<agr per�on> - third 

knight1: 

<cat> = t/ 
< a gr number> - 1 ingular 
<agr per�on> = third 

This grammar (plus lexicon) admits the two sentences "Uther knights Arthur" and "Arthur 

knights Uther." The phrase structure associated with the first of these is 

[s lNP UtherJ [vp [v knights! lNP ArthurJJJ 

The VP rule requires that the a gr feature or the DAG associated with the VP be the 

same as (unified with) the agr of the V. Thus the VP's a gr feature will have as its value the 

1ame node as the V's agr and, hence, the same values for the per�on and number features. 

Similarly, by the unification associated with the S rule, the NP will have the same a gr value 

as the VP and, consequently, the V. We have thus encoded a form or subject-verb agreement. 

4.1.3 Power of the Formalism 

PATR-11 grammars, as just presented, are extremely powerful; in fact, they are equivalent 

to Turing machines. \Ve therefore present a straightforward constraint upon their power that 

guarantees decidability, a constraint Pereira (98J calls off-line parubility. Off-line parsabilit.y 

requires that there be no nonproductive recursive chains or rules in the grammar, i.e., chains 

that can consume no input. Recursive chains or unary rules, or chains of rules in which all 

but one nonterminal in each rule can derive the empty string, are thus eliminated. In the case 

of context-free grammars, removing such rules does not change the power or the formalism. 
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PATR-11 grammars, however, are restricted by this constraint-the specific effect of which is 

to render the parsing problem decidable. 

Nonetheless, the power of PATR-11 grammars remains great. Appendix 8 presents gram

mars for the non-context-free triple-counting language a"b"c" and the- non-indexed language 

a22". It remains an open question whether there are interesting further constraints on PATR-11 

and othe-r unification-based formalisms that reduce the parsing problem significantly without 

unduly constricting generative capacity. We should ke-ep in mind that evaluation of such con

straints requires aesthetic judgments, not scientific ones. 

4.1.4 Future Research to Improve the Formalism 

The formalism is broad and powerful enough to handle most-indeed, probably all

phenomena in the syntax and semantics of natural language. It has also turned out to be well 

suited for the classes of phenomena considered so far. Most of the research will have to be done 

in t.he area of choosing appropriate strategies for application of the formalism. However, there 

is a cla.."s of phenomena that might justify some extension or modification of the formalism: 

the phrnomena of free or variable word order. 

Although the formalism is powerful enough to deal with word order variability, there is 

a strong feeling on our side that it should be possible to express free variation more directly. 

We plan to work out. the necessary modifications in the near future and, to this end, we hope 

to be able to U!4e results of a proposed parallel research project for studying such word order 

variation. 

One dirrct.ion in which the formalism might be extended to allow for word ord<'r 

variability is the relaxation of constraints on possible feature values. Let us assume that these 

values can be nonatomic, i.e., that they can be seti'l or sequences. Let us furthermore regard 

the permutations of verb complements as an example of order variation. By allowing structure 

in the feature system, we can encode much more information about possible VP structures. 

One example follows, but the possibilities are endless (literally so, since, by doing this. we move 

from the realm of context-free languages to the realm of Turing computability). Suppose the-
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range R of the Syncat [see Section 4.3.4.1.] feature included atomic symbols and all sets and 

sequences of elements or R. Also suppose that we define an operation e acting on compound 

elements of R such that 

< a,!3t, ... ,p,. > 81=< n8-y,{3., ... ,/3,. > 
{n,/3t, ... ,/3,.}8"Y=< n9-y,{p., ... ,/3ra} > 

Now we can write a grammar as follows: 

VP-VPCOMP 

Syncat(V Pt) = Syncat(V P2) 9 Form( COM P) 

VP-V 

Synrat(V P) = Syncat(V) 

This structuring allows us a way of expressing free word order in the subcategorizations. Thus, 

if a wrb subcategorizes for { < a/3 > "Y}, it allows argument structures of a/3-y and -ya/J but 

not ila"'t or a-y/3. Using similar techniques, ID/LP could be encoded in a 8 operator working 

on complex structures. In fact, this is basically how the ID/LP direct parsing algorithm of 

Sbieber [ll7J works. 

4.2. Some Us('s of the Formalism: The Current PATR-11 Grammar Design 

In t.his section we present some ideas concerning different uses of the formalism and 

d<'�criht> our own current usage. Although most of the techniques presented here represent 

our current use of the basic formalism, they should not be identified with the formalism itself, 

which allows for quite different strategies of grammar writing. 

It !!hould be mentioned that many syntactic constructs not discussed in this introduction 

to the formalism are currently handled by existing grammars for our implt>mented syst<'m. 

Among t best' are S complements, active, passive, "thert>" insertion, extraposition, raising and 

equi constructions, etc. (See Appendix D for a more romplete PATR-11 grammar, Appendix E 

for a trans<'ript or the parsing system using the grammar.) 

Before we start explaining our use of the formalism let us emphasize once more the con

siderable freedom it allows for writing a grammar. The only label with any sperial signifi<'an<'e 
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in the formalism is the arc label cat. This is a const>quence of the decision to use traditional 

contt'xt-free phrase structure rules to create part of the syntactic and semantic struct urt'. 

Everything else, including the appropriate category symbols, has to be designed by the gram

mar writer. Part of the process of writing a grammar, therefore, involws deciding on a set of arc 

labels (attributt>s, features) that are used to encode pertinent information about constitut>nts. 

4.2.1 Feature Percolation 

Linguistic formalisms often provide a technique for percolating a large set of feat url'" 

from a given child to its parent, for instance, by means of t he head feature l'onvention in GPSG 

or the f=l equation in LFG. Grouping of features in this way ran be accomplished in PATH-II 

by placing the features on a subDAG of the DAG of the child under a special attribute, say 

head, and then unifying the head attribute of parent and child with a unification of the form 

<parent head> = <child head> . Agreement features and rase, are examples of features that 

could be percolated in this way. Thus, the previous sample grammar might be extended to 

allow head feature percolation as follows: 

S - NP VP 

<Shead> = <VP head> 
< NP head a gr > = <S head agr > 

l'P - V NP 

<VP head> = <V head> 

Uther: 

<cat> = np 
<head agr number> = •in gular 
<head agr per�on> = third 

Arthur: 

<cat> = np 
<head a gr number> = •ingular 
<het�d t�gr per.on> = third 

knight•: 

<ct�t> = v 

46 



<head agr number> = •ingular 
<head agr per�on> - third 

4.2.2 Semantics 

The meaning or a constituent, a segment or logical form, needs to be recorded somewhere 

in the DAG associated with it. For reasons of modularity, we would like this encoding to 

be separable from the other portions of the DAG that encode syntactic information. To 

encode meanings with no extra apparatus, we shall use the following encoding or logical-form 

fragments. A predicate applied to several arguments, for instance-/(a, b, c)-will be encoded 

with t.he arcs pred and argi, respectively. A constant will be notated with the feature ref Thus, 

the fragment above would be encoded as 

[pred: f 
argt: [ref: a] 
arg2: [ref: b] 
arg3: [ref: c:]] 

More evocative names for the argument positions could be used, e.g., cgenl, patient, goal, 

though we will not use them here. 

Note that the translation of a parent constituent is often associated with the translat.ion 

or a specific child constituent (with other child translations adding further information). For 

instance, the translation of a VP will be identical to that of the child V, with complements 

supplying translations assigned to the arguments. We can therefore make tran1 a head fea

ture and allow the standard head feature mechanism to distribute it appropriately. Adding 

translations to our small grammar, we get: 

8- NP VP 

<S head> = <VP head> 
<NP head agr > = <S head agr > 

<S head Irani argl> - <NP head Iran•> 

VP - V NP 

<VP head> = <V head> 
<VP head Irani argt> = <NP head Iran•> 
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Uther: 

<cat> = np 
<head agr number> - aingular 
<head a gr per&on> - third 

<head trana • 4> - utlaer1 

A rthur: 

<cat> - np 
<head agr number> = aingular 
<head a gr peraon> - third 

<head trona ref> - a rthur' 

knighta: 

<cat> - t/ 

<head a gr number> - aingular 
<head agr peraon> - third 
<head trona pred> = knight' 

This grammar will admit the same sentenct>s as previously, yielding the translation� (in 

prefix notation) knight' (uther' , arthur' ), and knight' (arthur', uther') respectively. 

4.2.3 Coordinating Syntax and Semantics 

The previous grammar performs a de facto roordinat.ion of syntax and semantiC's by 

requiring that the (syntactically) preverbal NP play the (semantic) role of first argument, and 

that the postverbal complement play the role of second argument. Such a direct one-time 

mapping is difficult to maintain, and various theories have solved this problem in different 

ways. In general, the solution requires adding one more degree of freedom in the mapping. 

GPSG obtains this degree of freedom because intensional-logic operators are ablt> to act as 

combinators, reordering arguments. These operators are introduced t hrough met arules (though 

t.hey could have been introduced by lexical rules). LFG uses an int ermediat e representat ion 

to provide the additional degree of freedom, mapping syntactic objects onto a set of arbitrary 

labds-SUBJ, OBJ, OBJe, etc.-and then mapping these in turn to argument positions . 

Either of these solutions could be modeled in PATR-11, though our artual terhnique 

(which will be presented after subcategorization is discusst'd) is slightly diff<'r<'nt from both. 
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We offer an example of the LFG style solution at this juncture. An LFG grammar unifies the 

preverbal and postverbal NPs as the values of 1ubject and object, respectively. Ir one declares 

these to be head features, they will be unified with the 1ubject and object features or the V 

itself. The lexical entry for the V will then perform the second half of the mapping, i.e., from 

grammatical function to argument position. 

s- NP VP 

<S head> - <VP head> 
< NP head agr > - <S head agr> 

<S head 1ubject> - <NP head> 

VP - VNP 

<VP head> - <V head> 
< VP hea d object> - <NP head> 

Uther: 

<cat> - np 
<head agr number> - 1ingular 
<head agr per�on> = third 

<head tran1 ref> - uther1 

Arthur: 

<cat> - np 
<head agr number> - 1ingular  
<head agr per10n> = third 

<head tran1 ref> = arthur' 

knight1: 

<cat> - ., 
<head agr number> = 1ingular 
<head agr per�on> = third 
<head tran1 pred> = knight' 
<head tran1 argl > = < 1ubject tran1 > 
<head tran1 arge> - <object tran•> 

It is now clear how a lexical rule might be written ror passh·iz.ation: it m<'rdy chang<'.'l t ht• 

roles or 1ubject and object in the lexical entry in the appropriate way. The ability to perrorm 

such redirection or grammatical and semantic functions provides the requisite extra degree or 

freedom. Before presenting an alternative solution to the degree-of-freedom problem, we must 

discuss the related problems or verb phrase structure and subcategorization. 
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4.2.4 Verb Phrase Structure and Subcategorization 

4.2.4.1 Nested versus Flat Structure 

Various alternatives have been suggested for handling verb phrase structures in a gram

mar for English. The proposed methods fall into two main categories: Oat structure and nested 

structure. The Oat structure is epitomized by the treatment in GPSG.  We shall start w ith this 

technique. 

Suppose we have a GPSG of the form 

< l,VP-Vo1···om > 

< 2, VP-V /11· · ·!1n > 

etc. 

This grammar generates Oat verb-phrase structures in which the ,·erb and all of its complements 

are siblings. In GPSG we get appropriate subcategorization by associating with the rule some 

distinguishing feature (in the nontechnical sense) then associating that feature with any verbs 

that subrategorize for the rule. (This association acts like a virtual pointer between verbs and 

rules. ) The feature in the case of GPSG is the rule number. 

Two points deserve mention. First, the rule number terhnique in GPSG is out6ide the 

ft>ature system.3 But, since there is presumably only a finite number or verb phrase rules, there 

is no reason that the rule number could not have status as a normal reature (in the technical 

st>nse). A PATR-II grammar using this technique would look like this: 
VP - Vo 1 · · · Om 

<V 1yncat> - 1 

VP - V /11 · · ·/ln 

<V 1yncat> == e 

and so on. 

3 Actually, the most recent versions of GPSG have abandoned the distinction between rule numbers and features. 
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Second, rule numbers are only one way of distinguishing rules. Any other distinguishing 

feature of rules could be used. In particular, if no two rules share the same right-hand side, 

the right-hand sides could themselves be used as the subcategorization, as in the following 

grammar: 

lP - Vett · · ·etm 

<V .!ynC'at> - [a., ... ,etm] 

l'P ___. V 81· · ·J3n 

<V .!yncat> = [8t . . . . •  .8n] 

Of course, we have introduced notation here that is not found i n  the PATR-1 1  formalism, 

name!�·. lists. Before explaining this, let us be even more free with notation. \\'e could make 

t he grammar still more concise by taking advantage of the fact that DAGs carry their category 

"on their sleeve," so to speak. 

VP - V ett · · ·am 

<V .!yncat> - EB:.1[< eti cat >J 

VP --+ V .8t· · ·.8n 

<V "yncat> = EB:=1[< .8i cat >I 

w h<·rr E9 drnotes the repeated use of the list concatenation operator Ef!. 

Note t hat all the unifications of the rules in this sample l ·p grammar are of exactly the 

same form. We can take advantage of that fact i n  a grammar i n  whirh there is only one VP 

rule by making use of a regular expression notation for the right -hand side of the rule. 

lP--+ V{o-1Uo-2U···U.8m}* 

<V 6yncat> = E9:_1[< COMP; rat >J 

where n is the number of constituents in the instantiat ion of the rule, and COM Pi provides a 

way or accessing the constituents. 

We can now begin to clarify just how such a free-wheeling subcategorization scheme can 

be implemented in strict PATR-11. First of all, the method of getting the behavior of a Kleen<' 

star in context-free grammars is to use a recursive category, i.e . . for each possible complement 
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l'at egory Oj, we have a rule: 

�P, - VP2 Oj 

<VP2 syncat> = <a:i cat> EB <VPt syncat> 

We add a rule to start the recursion: 

\'P - V 

<VP ,,yncat> = <V syncat> 

We merely require that a "(ull-ftedged" VP is one whose synrat is the empty list.\. It ran 
be eas;ly proved that this grammar weakly generates the same language the previous one(s) 

did. The difference, or course, is that the structure is DOW nested, not . fiat. 

Finally, the question remains as to how lists and the EB operation can be encoded. List s 

ran be C'ncoded recursively as either a special symbol denoting the empty list. A, or pmrs 

containing a list element and a l ist. We shall call these two parts first and rest. ThC' syncat arc 

of a verb will then have a value something l ike 

[first: O:t 
rest: [first: 0:2 

rest: 
[first: O:m 
rest: A] ···] ] 

The previous grammar can now be expressed as 

\/P1 - VP2 a:i 

< VP2 syncat first> - <a:i cat> 
<VPt syncat> = <VP2 ayncat rest> 

VP - V 

<VP syncat> = <V ayncat> 

\Ve have seen a smooth progression (rom fiat to nC'st !'d st ructure to deal with the same 

problem or subcat.egori zation. The progression involved moving the in(ormat ion about con

stituency (rom phrase structt.. "Utes to subcategori zation information in the lexicon. l ndeC'd, 

any context-(ree grammar can undergo such a trans(ormation to yield an equivalent PATH-II 

grammar that bas only one nonunary rule and presC'rves the weak-generative character of the 

language. (See Appendix C. ) In effect, we just move all the syntactic information into the IC'xical 
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<'ntri<'s, so that the same PATR-1 1  grammar skeleton can be ust>d to model any CF grammar.  

Because the construction is local, the two methods can be combined freely.  It is this aspect 

that we take advantage of in the transformation of verb phrase rule�. 

4.2.4.2 Complex Subcategorization 

By far the most important comparisons are the similaritif's rather than the differences 

between the fiat and the nested methods of handling VP structure. These are embodied in 

the progression of grammars described above. The techniques encode the same information in 

ways t hat reflect the direct isomorphisms between them. However, the nested technique for 

subcategorization can be extended to allow verbs to subcategorize relative to any aspect of the 

DAG associated w ith a complement, not just the category. The grammar above can be rewritten 

as shown below to allow arbitrary information about complements to be subcategorized for by 

unifying the elements of the syncat list with the whole DAG associated with the complement, 

not just the cat subDAG.  

VPt -+ VP2 Oi 

<VP2 1ynca t  firll> = <oi > 
<VP1 1yncat> - <VP2 1yncat  relt> 

VP -+ V 

<VP 1ynca t> - <V 1ynca t> 

4.2 . .5 Coordinating Syntax and Semantics Revisited 

\Ve now return to our discussion of the coordination of syntactic complement structure 

and semantic argument structure. Our grammar so far has the complement structure of the 

verb recorded in the feature 1yncat  and the semantic structure in the ft>at ure tran1. Since all 

of the information for the mapping is thus available in the lexical entry, we can perform the 

mapping directly by unifying the translations of the various subcategorized elements with the 

various argument positions. For symmetry, we add the preverbal NP to the 1ynca t  list so that 

it too can be unified into the translation. Our grammar becomes 
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s- NP VP 

<Shead> - <VP head> 
<NP head agr> - <Shead agr> 

<VP &yncat firlt> - <NP> 
<VP &yncat red> - }. 

VPt - VP2 NP 

<VP1 head> - <VP2 head> 
< VP2 &yncat fir It> - <NP> 

<VP1 syncat> - <VP2 syncat red> 

�p - v 
<VP head> - <V head> 

<VP &yncat> - <V &yncat> 

Uther: 

<cat> - np 
<head agr number> - singular 
<head agr per�on> - third 

<head tran1 ref> - uther1 

Arthur: 

<cat> - np 
<head agr number> - &ingular 
<head agr per�on> = third 

<head tran1 ref> - arthur' 

knights: 

<cat> - v 

<head agr number> - &ingular 
<head agr perun> - third 
<head trans pred> = knight' 
<head trans arg1 > - <ayncat red jir&t head tran& > 
<head tran1 arge> - <&yncat fir�t head tran&> 
<ayncat firlt cat> - np 

<ayncat red fird cat> - np 
<ayncat red red> - A 

4.2.6 Auxiliaries 

llaodliog auxiliary verbs is a related question. It seems that here a oestf'd struC'ture (as 
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in GPSG or PSG) is relatively well agreed upon. Thus, a rult> of the form 

VP1- V VP2 

<VP1 head> - <V head> 
< V head au.t> - + 

<V �yncat> - <VP2> 
< VP1 6yncat> - <VP2 6yncat> 

<VPt 6yncat red> - A 

would suffice to handle auxiliaries for the nested-structure grammar. llt.>r<' the 6yncat of the V 

will require certain features to be obtained on the sibling VP (VP2), say that its form feature 

be nonfinite. By making form a head feature, we guarantee that the form of a VP comes from 

its first auxiliary, since the auxiliary is the bead of its VP ancestor (VPJ). Finally, all the 

complements of VP2 must be attached before permitting auxiliaries, and the 6yncat feature

now possessing information only about the preverbal constituent-passes from lower to upper 

VP, that is, from VP2 to VP1• 

Note that the verb is required to have a + value for the auz feature. The VP - V rule 

prt.>sented earlier must be augmented by the restriction that the auz feature be -. 

4.2.7 Adverbial Modifiers and the Generalized Wasow Effect 

Modifiers can be easily dealt with in the nested-structure framework by a single rule, 

e.g., 

VP1 - VP2 ADVP 

<VP1 6yncat> == <VP2 6yncat> 

This rule allows adverbials to occur freely among the complements of a verb, embodying 

the so-called Generalized Wauw Effect4, which is evident in such sentences as 

1) Uther gave Lance lot on Thursday a sword. 

Questions about how semantics would be affected and what head features should be 

percolated are as yet unresolved. 

4The phenomenon and its name were brought to our attention by Ivan Sag. 
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4.2.8 An Implementation Notation for Grammar \Vriting 

The PATR-11 formalism can be viewed as a formal language for defining natural-language 

grammars. Unfortunately, as with many formal languages, the notation we have described 

so far is somewhat c lumsy and verbose. Furthermore, there is no way to capture certain 

generalizations about the lexicon that a user might want to enc·ode. We shall now describe a 

specific implementation or a natural-language-processing system whose undE'rlying formalism is 

PATR-11 and whose users are able to tailor the notation to their intended use of the formalism. 

As before, the intention is not to impose any particular u�age, but to allow users to design 

their own mode of operation. The utilization of the formalism that h:ts been described in this 

section bas benefited from the notation, but so would many other implementations based on 

different strategies. The current PATR-11 implementation supports the notation. Without it, 

our lexicon would be much more redundant. 

4.2.8.1 Templates 

Lexical items often share a great deal of structure because of their intended application 

or similarities in the way they function. We would like to define template DAGs that can be 

combined to form the lexical items in such cases. For instance, many verbs in English will 

share certain subcategorization information, such as a single noun-phrase complement that 

comprises the second argument of the predicate/argument. structure. We can define a template 

called Tran,itive to encode this information: 

Let Trtm6itive be 

<"yncat fir61 cat> - np 
<"yncat re61 fir61 cat> = np 

<"yncat re61 re61> - A 
<head Iran" argl> - <"yncat re61 fir"t head tran"> 
<head tran" arg2> = <"yncat fir61 head tran"> 

<head auz> - fal6e 

Templates for V and 96ing, respectively, can encode the fact that thl' word is a verb and that 

it is in the third person singular form.  

Let V be 
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<cat> - V 

Let 9aing be 
<head agr number> = aingular 
<head agr peraon> - third 

The lexical entry for knight� then becomes 

knight�: 

V Tranaitive 9aing 
<head trana pred> = knight' 

4.2.8.2 Path Abbreviations 

Like DAGs, path specifications can be abbreviated by using the same syntax. For 

example, the path abbreviation 

Let Pred be 

<head trana pred> 

allows the same lexical item, kniglall, to be encoded 

knighta: 

V Tranaitive 9aing 
Pred = knight' 

In summary, the use of templates and path abbreviations to tailor an implementation of 

PATR-1 1 to a particular intended usage allows the grammar writer to capture the generalizations 

pertinent to that usage, at the same time facilitating the task of grammar writing and debugging 

by partitioning t.he grammar writing process into modules. Lexical rules provide a similar tool 

for accomplishing these objectives. 

4.2.8.3 Lexical Rules 

To encode the relationships among various lexical items-for instance, between the 

passive and active forms of a ver�we need a notion of a lezical rule. A lexical rule takes 
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as input a single DAG and generates an output DAG by means of unifications. Th,se DM;:

are denoted by the metavariables in and out, respectively. 

As an example, we first discuss the active-passive dichotomy. Rather than generate the 

acth·e from the passive or vice ver&a, we generate both of them from a protoentry for the verb 

whose &yncat feature is exactly like the &yncats presented previously, except that the final node 

is not marked with a A and an arc <&yncat tail> is added pointing to the final node in the 

&yr�rat list. The Tran&itive template now looks like the following: 

Let Tran&itive be 
<&yncat fird cat> - np 

<&yncat red fird cat> - np 
<&yncat rut red> - <&yncat tail> 
<head Iran& argl> - <&yncat fir&l head Iran&> 
<head tran& arge> - <&yncat fir&t red head tran&> 

<head auz> - fal&e 

A lexical rule active is now defined to take a protoentry whose &yncat was generated in this 

form as input and to generate an entry whose <&yncat tail> is A. Pa8&ive, on the other hand, 

takes t.he same protoentry and moves the first element of the &yncat list to the end of the list 

(the tail), thus making it a postverbal complement and making the previous leftmost postverbal 

complement the subject.. Formally, expressed, we have 

Define Active as 

<out rat> - <in cat> 
<out head> = <in head> 

<out head t•oice> = active 
<out &yncat> = <in ayncat> 

<out &ynrat tail> - A 

<out cat> = <in cat> 
<out head> = <in head> 

<out head t•oice> = pa11ive 
<out &yncal> = <in 1yncal re•t> 

<out 1yncat tail> = A 

Dt>fine AgentivePauive as 

<out cat> - <in cat> 
<out head> = <in head> 
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<out head t'oice> = pta11ive 
<out 1yncat> = <in 1yncat red> 

<out 1yncot tail fint cat> = pp 
<out 1yncat tail fird lez> = by 

<out 1yncat tail fird head tran1> = <in 1yncat fir61 head tran1> 

The operation of the three lexical rules on the protoentry for the verb knight is shown as 

an example. First the protoentry: 

[cat: v 
head: [aux: false 

fora: nonfinite 
trans: [pred: knight 

argt : <f 1134> 
[] 

arg2: <f1138> 
[]]] 

syncat: [first: [cat: np 
head: [trans: <f1134>]] 

rest: [first: [cat: np 
head: [trans: <11138>]] 

rest: <f1140>] 
tail : <11140>]] 

The active form is 

[cat: v 
head: [aux: false 

fo111: nonfinite 
voice: active 
trans: [pred: knight 

argt: <f1134> 
[] 

arg2: <f1138> 
[]]] 

syncat: [first: [cat: np 
head: [trans: <f1134>]] 

rest: [first: [cat: np 
head: [trans: <f1138>]] 

rest: <ftt40> 
A] 

tail: <f1140>]] 

The agentlcss passive form is 

[cat: v 
head: [aux: false 
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fo!'ll: nonfinite 
voice: passive 
trans: [pred: knight 

argt: [] 
arg2: <f1138> 

[]]] 
sy.ncat: [first: [cat: np 

head: [�rans: <f1138>]] 
rest: <f1140> 

A] 
tail : <f 1140>]] 

Finally, the agentive passive: 

[ca�: v 
head: [au%: false 

form: nonfinite 
voice: passive 
trans: [pred: knight 

argl: <f1134> 
[] 

arg2: <f1138> 
[]]] 

syncat: [first: [ca�: np 
head: [trans: <f1138>]] 

rest: [first: [cat: pp 
lu: by 
head: [trans: <f1134>]] 

rest: <f1140> 
A] 

tail: <f1140>]] 

4.2.8.4 Advantages of the Notation 

It has been mentioned already that the notation we have introduced, and which is 

used throughout the lexicon, allows convenient abbreviations. Let us exemplify this claim by 

presenting a lexical entry in both its full and abbreviated forms. Here is an entry for the wrb 

1eem: 

seem V - TakeslntransSbar Monadic Extrapos 

- Takeslnf RaisingtoS; 
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This entry collapses two verb entries for 1eem. Both entries share the category, i.e., both 

forms are verbs. The dashes indicate the start of each subentry. The following two sentences 

provide examples of the different syntactic environments that distinguish the two forms: 

It 1eem1 that Uther 6leep1. 
Uther 1eem6 to deep . 

What. follows are the definitions for the templates that are contained in the complex entry. 

Let be be 

<cat> - v 
<head auz> - /al1e 

<head tran1 pred> - <•en•e> 

Let Take1lntran•Sbar be 

<•ynrat ji.r6t cat> - 1bar 
<•yncat tail> - <•yncal rell> 

Let Monadir be 

<head Iran• argl > - <l'yncal fir�t head Iran•> 

Let Take1ln/ be 

<•yncat fir61 rat> - np 
<•ynrat re1t fir6t cat> - vp 

<.,yncat re1t fir.d head form> = infinitival 
<•yncat re61 red> - <•gncat tail> 

Let Rai1 ingtoS be 

<head tran1 argl > - <•gncat re61 fir�t head Iran•> 
<1yttrat red fir•t 1yncat fir•t>= <•gncat fir41> 

The first subentry also contains a name of a lexical rule, Extrapos. Here is the rule: 

Define Ertrapo1 as 

<out cat> = <in cal> 
<out head> = <in head> 

<out head auz> = /aile 
<out head agr per> = p9 

<out 1 gncal fir�t cat> - np 
<out 1 yncal firll lez> = it 

<out •gncat rell> = <in •gncal rell> 
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<out 8ynrat tail> - <in 8ynrat tail red> 
<in 8ynrat tail fir81> - <in 'ynrat firat> 

Without the notational tools introduced in this section we would have to write the following 

two wrb entries for the two forms of 8eem : 

<rat> -
<head auz> -

<head trans pred> 
<synrat first rat> -

<synrat tail> -
<head trans argl > -
<syncat fir61 lez> 

<IJynrat rest firiJt rat> -
<head agr per> 

8eemz: 

<rat> -
<head au:z> 

<head Iran., pred> -
<IJyncat first cat> -

<IJynrat rell first ra t> -
< aynrat rest first head form> = 

<syncat rest re81> = 
<head tran8 a rgt> = 

< 8yncat rest first 8yncat first>= 

v 
falu 
<sense> 
np 
<IJyncat re8t red> 
<syncat re8t first head trans> 
it 
sbar 
p9 

v 
fa lse 
<sen8e> 
np 
vp 
infinitiva l 
<syncat tail> 
<'yncat red /ir8t head tran8> 
<1yncat first> 

In fact, these entries are the structures that are built from the "short" lexical entry w ben t be 

word seem is encountered in an input sentence. 

But our notation does not. only allow <'onvenient abbreviations; it also plays an important 

role in the linguist's use of the formalism. The actual format of the rules and lexiral entries 

writ.ten b:,· the linguist can be detached from the formalism. The grammars look more lik<' those' 

to which be is accustomed. Moreover, and perhaps most importantly, grammar writers can use 

the notational tools to express generalizations they could not state in the "pure" unifiration 

notation of the formalism. The fact that the DAGs associated with a syntacti<'ally motivated 

verb class like raising-to-object share some structure can be expressed in a nonredundant way, 

even if the amount of structure held im common cannot be encoded in a single unification 
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stat l'mf'nt. The linguistic observation that all English modals are finite is expressed by including 

the template Finite in the definition of the template Modal . 

The dt'finition of the notational tools can also be used by the grammar writer to induce 

constraints upon the form and power of the grammar. One could reserve lexical rules for certain 

t)"pt's of rt'gula.rit it's such as relation-changing rules. It is quite conceivable that, at some point, 

the rules aud lexical entries of our grammars will contain nothing but justified abbrt'viations 

of thl' kind introducl'd above. 

4.2.9 Future Research on Uses of the Formalism 

Clt'a.rly, the coverage of the grammar needs further expansion. But there are also more 

basic qu<'st ions that require doser atkntion than how to handle other grammatical pht'nomf'na. 

The linguistic status of templates and lexical rules needs to be determined. One could adopt 

a simple view and usc lexical rules every time the power of pure unification w ith a template 

does not suffice, i .e . ,  whenever changing to the graph structure or lexical entries requires more 

t.han t.ht' simple addition of arcs and nodes. It would be more gratifying, though, if one baci 

a rJeart'r correspondt'nce between the USe of notational tools, on tbe one hand, and classes of 

linguistic regularitil's, on the other. 

Another set of problems arises with the planned integration of non-truth-conditional and 

pragmatic information . If the truth-conditional part of the semantics or a phrase is incorporated 

in t ht' DAG, there is no obvious reason to exclude the presuppositional elements of its meaning. 

Thl' details of �mch a solution as well as of its interaction with discourse representations nrt'd 

to be workt'd out in t be course of further research. 

4.3. The Current PATR-11 Implementation 

4.3.1 Overview 

The development of the PATR-11 implementation took place on the SRI-AI DEC 2060 
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time-sharing system operating under TOPS-20. The original implementation is written Ill 

ll\:TEHLISP-10. In ordrr to integrate PATR-1 1  with the other components of KLAl'S, t hr 

prototype 11'4TERLISP version needed to be transported to a LISP machine. This version now 

runs on � SY\tBOLICS 3600 in ZETALISP. A third version of P�\TR-11 was programmf'cl in 

Pf10LOG. This implementation does not include all the components of the prototype. It �ened 

mainl.Y as a. testbed for a structure-sharing unification algorithm. 

The prototype implementation has five major program components: a set of top-level 

functions; a component for building and handling the internal lexicon; the morphology com

ponent; a context-free parser; a set of functions for structure unification. The grammar consists 

or a set or syntactic rules, a lexicon for basic word forms, a set or affix lexicons, definitions of 

lf'xical rules, templates and path names, and a set of finite state automata representing the 

morphophonemic regularities of English. 

4.3.2 Implementation of the Basic Formalism 

4.3.2.1 Top Level and llser Interface 

The top-level component starts the program, initializes global variabl<'s, sets us<'r 

privil<'ges, and runs the user interface. The main function for the user interfac<' is 

C'0\1i\1A1'4DS. It will prompt. the user with "command or sentence to parse." At this lrwl. t hr 

user ran give commands that load and clear grammars, parse sentenres, debug, trace, and edit 

the grammar and ll'xicon, save any desired ·versions of the grammar, or save the whole system. 

If the user input is enclost>d in parenthes<'s. the expression will be evaluated as an 

INTERLISP S-expression. If a sentence is given instead of a command, PATR-11 will attempt 

to parse it turning ront.rol over to the parser for this purpose. The parser artivates lrxiral 

lookup, morphological analysis, phrase structure building, and graph unification. If parses are 

found, the corresponding semantic translations will be printed out. 
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4.3.2.2 The Lexiron Functions 

PATH-II  actually has several lexicons: a stem (or root) lexicon and several small affix 

lexicons. Lexicons writ ten in t he notation described in Section 4 .2 .8  are stored internally as 

letter trees. The lexical information of an entry i n  these trees is associated with its last letter . 

The trees arc used as discrimination networks for lexical lookup. There are functions that add , 

delete, display,  and change ent ries. Other functions build new internal lexicons from input ted 

lexicon files or write out letter trees in t he linguistic format. 

4.3.2.3 Morphological Analysis 

The lexicon for a language-processing system should not have to l ist the full morphological 

paradigm for each entry when there are many indicat ions of the productivity of morphological 

rules for such processes as plural formation, conjugation, and English genitive inflection. On 

the ot her hand, the regularities that govern these processes are quite different from those 

ent ailed in syntactic processes and, moreever, it is impossible to separate morphological from 

phonological rules. Thl.'refore , one often speaks about the morphophonemic component of a 

grammar. The design of PATR-11 takes the special status of morphophonemic processes into 

account by assigning them to a separate component of the system: the morphological analyzer. 

Our morphologic-al analyzer is based on a recent implementation of Kimmo Koskenniemi 's 

"bi-level model" for morphological analysis and synthesis [64] .  This implementation was 

dcwloped in INTERLISP as a course project at the University of Texas under the direct ion of 

Lauri 1\artt.unen [57] .  

Two-level rules do not describe transformations of segment sequences in  the same way 

a.� do rules of generat ive phonology. They are simply descriptions of correspondences between 

lexical and surface forms. In this respect the model resembles old-fashioned structural phonol

ogy, although it also differs from the letter in several important ways. Just as in structural 

phonology, in the two-level model there are no rule interactions, no relationships such as the 

bleeding or feeding that result from the sequential application of rules, so that subsequent rules 

apply to the output of earlier ones. 
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Likt> t he ot her parts of the PATR-11  processor , the m orphological com ponent is langu ag<·

i ll <kpendt>nl . 

Morphological rules are represented i n  the processor as a1Jtomat a --- more spt>c i fic ally . 

as fin itt>-state transducers. There is a one-to-one correspondence betweC'n tht> rules and t h<· 

aut omat a. The idea of com pi l ing rules i nto fin ite-st3te m ac hines comes originally from \! art i n  

1\.ay and Ronald h:aplan [55] . In  addition to t he functions that analyze morphological form" by 

r11nn ing t he fi n ite-state automata t here are funct ions that com pile and merge t hese automat a 

from sets of phonological rules. 

4.3.2.4 The Parser 

The parser of the I NTERLISP prototype PATR- 1 1  is a context-free , bottom - u p  c h art 

parser w it hout lookahead . It  w as i nspired by the Bear-K arttunen PSG parser , w hich  in t ur n  

is based on D a n  C hester's i mplementation o f  the Coc ke, K asami ,  Younger algorithm ( refer t o  

[15] for a descript ion o f  t h e  parser and algorit h m ) .  

Defore a n e w  constit uent is added t o  t he c hart. t he D:\Gs of parent and c h i ldren nodt>s 

arc selectively u n i fied by the graph unification com ponent according to t he u n ification" bted 

i n  the body of the appl ied rule.  The completed edges of the c hart of t he PATR- 1 1  parser inc l ude 

pointers to t he DAGs assoc iated w i t h  the nodes. 

The treat ment of long-distance gap-fil ler dependencies is based on t he opinion that the 

phenomenon is so gent'ral that t he processor and not the gram m ar should be responsi blt> for 

introd ucing and percolating gaps. Consequently.  no grammar rules have to be dupl icat ed to 

account for gap product ion .  The c urrent sol ut ion resembles t he one i n  the PSG parser :  t h(' 

parser s i m ply "assu m('s" a trace between every two adjacent words i n  the i n put.  These trace" 

c an stand for NPs or PPs. Their agreement features are c arried up t he tree and at(' u n ified i n  

t he end with the fillt'r's agreement features. 

\\'e i ntend to replace t he parser with a "sm arter," mot(' predict i ve one later, that w i l l  

r<'cogni ze potential gaps o n l y  a t  p laces where t hey c a n  really occ ur .  \Ve also want to i nvestigat(' 
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how a phrase-linking solution of the type proposed by Peter� and Ritchie [ 100] could Le 

implementt-d in the PATR-11  formalism. 

4.3.2.5 Graph Unification 

As described before, a PATR-11 grammar is a set of context-free rules annoted with DAG 

unifications. It is useful to approach the problem of constructing a parser for PATR-11 Ly 

determining which extensions should be made of a context-free parser to enforce the constraint s 

specified by unifications. Howe•;er, some parsing strategies that are reasonable for context-free 

grammars are not applirable or are j ust too inefficient for the extended parser. This is especially 

the case with parsers t hat require the context-free grammar to be rewritten into some normal 

form, because, in general, an annoted grammar cannot be rewritten this way. 

The prototype PATR-11 parser is a pure bottom-up context-free parser that applies all 

unifications assoriated with a rule when the latter is used to build a new phrase (parent) from its 

subphrases (children) .  When unifications are applied, both the parent phrase and the children 

may become more specified (more "instantiated" ) . Because of local or global ambiguities in the 

grammar, a given phrase may appear as the child of more than one parent phrase by virtue of 

rule applications that instantiate the child in different ways. For the parser to work properly, 

these alternative instantiations of the DAG associated with a phrase must be segregated. The 

prototype achieves this segregation by copying all the child phrases and their DAGs before 

trying t o  apply a rule (even if the rule application may eventually fail because of contradictory 

unifications or values) .  

The copying method used in  the prototype is easy to implement, which is the main reason 

it was rhosen. However, the wholesale copying of DAGs with each rule application requires far 

more space (and time) than the "structure sharing" method we are now considering. A further 

problem with the prototype parser is that the pure bottom-up strategy bas difficulty in dealing 

with missing constituents (gaps) in a general manner. 

The structure-sharing method of DAG representation and unification is closely modeled 

on the terbnique of the same name used in automatic theorem provers. This connection betwe<'n 
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PATH-II parsers and theorem provers is more than coincidental. as i t  derives from tLe w·ry 

c lose inherent relationship between PATR-1 1  grammars and first-order theories. 

Using structure sharing, the DAG associated with a phrase is represented by a pair of 

i t ems: its "skeleton" -a DAG deriYed by compile-time application of all the unification" of a 

single rule; its "index," a number identifying the particular rule applicat ion t hat creat ed t Li..,  

DAG . The i ndex of a DAG is used to tag records ( "bindings" ) that describe add i t  ions m ad<' 

t o  t he DAG through unificat ion. Bindings are stored in "binding environments." Alt hough 

each alternative partial analysis of the input bas its own binding environment, most of tUt'se 

environments share information because they have been derived (through alternativt' rul<' 

applications) from earlier partial analyses. 

The standard structure-sharing technique, invented by Boyer and Moore [ 1 1 ] ,  reqmres 

an amount of searching for the bindings of a DAG that, at worst, can be proportional t o  

t b e  size of the preceding analysis. Instead of this scheme, we have i n  our experiments w i th  

structure sharing adopted a "logarithmic tree" representation of binding environments and a 

parsing st rat egy t hat make binding lookup at. worst logarithmic with respect to the size of 

the analysis. The parsing strategy used, which is a variation of the Ear\ey parsing technique, 

has t he further advant age of allowing gap-introducing rules with ful l  generality. However, 

to achieve the logarithmic t ime bound forces us to copy new complete phrases as they are 

created , alt hough part ial analyses are stil l  fully structure-shared. Since the trade-offs between 

t his method and t he st andard structure-sharing one are difficult to identify theoretically, we 

plan to implt'ment another wrsion of the structure sharing PATR-11  parser, using the standard 

Boyer and Moore met hod. 

The Prolog implementation of PATR-11 is based on an experimental structure-sharing 

parser of the kind described above. 

4.3.3 PROLOG Implementation 

Besides the INTERLISP and the LISP machine implement ations of PATR-11 , there exi�ts 

also a PROLOG implementation of the basic formalism on the DEC-2060. It  is based on t he 
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t>xperimental structure-sharing PATR-11 parser described in Sect ion 4.3.2.5. The Prolog pro

gram has run successful ly with various PATR-1 1  grammars, with an efficiency similar to that of 

the copying parser. Prolog has been useful for rapid "throw away" testing of alternative parsing 

mechanisms. The advantages of a structure-sharing parser are expected to dominate perfor

mance for larger grammars than our current ones, at which point it wil l become worthwhile to 

reimplement t he parser using more efficient low-level coding on the LISP machines. 

·f.3.4 LISP :rvtachine Implementation 

For the i ntegration of PATR-1 1  with the other components of KLAUS, the prototype 

PATR-11 implementation that had been developed in INTERLISP on a DEC 2060 had to be 

t ransported to a Symbolics 3600 LISP machine. 

The transfer of PATR to the 3600 was done in such a fashion that further development 

could be done on the 2060 and, at the same time, make it relatively easy to retransport to the 

3600. An initial effort to translate the INTERLISP-10 code into ZETALISP code directly by 

using the INTERLISP THANSOR translator revealed a number of problems. 

An alternative method was tried . Symbolics offers an INTERLISP Compatibility Package 

( ILCP) consisting of a translator that runs under JNTERLISP and a run time package that 

runs on the :3600. The translator on the INTERLISP end mainly checks for upper/lowt>r

case problems, handles comments, and other syntactic features of INTERLISP. The run time 

package on the 3600 proYides a simulated INTERLISP enYironment. That is, many of the 

JNTER LISP functions are defined to work as they do in INTERLISP. For instance, MAP 

takes its arguments in the order used by INTERLISP rather than the opposite order used by 

zr•:TALISP. 

The disadvantage of this method is that the ILCP is a rather large set of software that 

is still bt>ing developed. It was necessary to rewrite all the INTERLISP 1/0 functions, as the 

supplied definitions did not cover PATR's particular usage of those functions. At present, this 

software package must be loaded each time the PATR code is loaded. However, it was decided 
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that running w ith the ILCP was easier and more reliable than using a special translator for 

the PATR c-ode. 

Some functions required by PATR, e.g., ASKUSER, were not available. This funct ion 

was coded directly in ZETALISP to use normal mouse selection wh<>n possible. 

When the PATR code was run on the 3600 under the ILCP,  scYeral coding problt>ms were 

discovered. Most of these were avoidable ( i .e ., taking the CAR of an atom)  and a patch was 

made on bot h the INTERLISP  and ZETALISP versions of PATR. 

The only serious difference between these two versions is in the treatment of case dist inc-

t ion. ZETALISP is indiscriminate; it translates all normal input into upper-case. INTERLISP-

10, on the other hand, leaves all i nput in  its original case. 

PATR made extensive use of the lower/upper-c-ase distinction , but, fortunately, most of 

t his select ivity was at'sthetic rather than essential .  We were able to modify the code so that , 

in almost all c-ases, t he program works regardless of whether or not lower and upper case are 

merged. In one or two places, where the difference could not be compensated for by coding, 

the code had to be hand-patc-hed when translated from INTERLISP- 10 to ZETALISP. 

The above desc-ribe the differences in the running code of the two systems. Ot her 

di iTcrencrs are found in the user interface. Some of the utilities provided by the INTERLISP-

1 0  syst e m  are moot on the ZETALISP system, e.g. ,  EXIT and SAVE. Others, such as EDIT,  

were not. directly available on the ZETALISP system. EDIT was coded to be as much like 

the INTERLISP-10  system as possible. DRIBBLE was a feature that could not be provided 

wit.hout. a substantial coding effort. 

The section of code for the user interface needed to be redone. As a result ,  a menu of 

the available commands is now permanently displayed on the screen. To choose a c-ommand, 

the user simply points the mouse and cl icks one of the buttons (usually the left ) on the mouse. 

In a few cases, c licking the middle or right button provides for different options of the basir 

command. For instance, clicking right on FASTLOAD allows the user to specify the syst em 

name first. 
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As PATR outputs text to the screen, it specifies to the 3600 for certain items of tt>xt 

what type of item is being displayed. For instance, when it outputs the name of a DAG, it 

informs the 3600 that it is outputting a DAG. If PATR later asks for the name of a DAG, the 

user may t>ither type in a DAG or point the mouse to one of the printed DAG names. When 

he points t o  this DAG, a box appears around it, indicating that it is a possible answer. If he 

then cl icks a button on the mouse, that DAG name is inputted. 

Almost all of these user interface changes are in the top-level routine that takes commands 

from the user. Therefore, it can be just loaded in place of the INTERLISP-10 command 

interface.  Any new commands can be easily added. A few changes were necessary in the body 

of the system where output is done so that, for instance, the 3600 is told when a DAG name 

is printed. These changes were also added to the INTERLISP-10 version. 

The utilization of the display and user interface features of the 3600 have created a 

superior working environment. The menu-driven top-level functions, together w ith the multi

window display improve grammar and program development. New debugging and editing 

facil ities t hat utilize the available ZETALISP function packages are still being added to the 

system. 

4.3.5 Future Research on the Implementation 

Among the related projects we want to undertake next are the implementation of the 

structure-sharing unification algorithm on t.he LISP machine, the development of a phrase 

structure parser with more predictive power, and a phrase-linking solution to unbounded 

dt>prnd('ncies [ 1 OOJ . 

4.4. Conclusion 

Major parts of our implementation are a grammar formalism and an implementation 

notation designed to serve as a "programming language for linguists." That is, it is a powerful 

grammar-writing system that allows the encoding of many analyses of linguistic phenomena. 
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In the sense that the formalism does not attempt to characterize all and only the grammar� of 

natural languages (though a more constrained theory might use the formalism as its "semant ir�·· 

so to speak), it does not embody a l inguistic theory. Instead, it is a tool linguists can use t o  

t>xpress l inguistic analyses formally; its implementation i s  a tool for testing such expressions. 

The formalism and the notation for grammar writing proved to be adequate and con

venient devices for writing grammars that cover the grammatical phenomena we have dealt 

with so far. The notation has also shown itself to be useful as a conceptual aid in the formula

tion of linguistic-research problems. 

Our modular implementation, consisting of a top level, a parser, a unification component , 

and a morphological analyzer, makes it easy to replace any individual component. 

The current implementation was designed as a research tool. This means that the 

advantages modularity and the convenience of modifying grammars as well as implementation 

had priority over efficiency. Nevertheless, the process of parsing and translating sentences of 

different degrees of complexity is performed at reasonable speed. 
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Appendix A. A Formal Definition of the Formalism 

Definition 4.1.  DAG: 

A DAG dt>fined OYer a finite set or labels A is either 

• an atomic label I E A, or 

• a possibly empty set 8 of pairs < I, v > where I E  A and v is a DAG and 8 does not 
cover 8. (Covering is defined recursively as follows: for all < I, v > E  8, 8 covers v and 
8 covers anything covered by v. The atomic Iabel l covers only itself. )  

I is  called the attribute or feature and v the value of the attribute. 

Definition 4.2. Path:  

A path is  a sequence < n, 1 1 ,  • • .  , 1m > {hereafter notated without commas so as to avoid 

confusion with other sequences) where n is a DAG and the /i are atomic labels. Such a path 

denote" the node nm where < li, ni > E  ni- l ·  

Definition 4.3. Gramm ar: 

A PATR-11  grammar is a sextuple < N, T, A, R, L, S > where 

• N is a finite nonempty set of nonterminals, 

• T is a nont-mpty set of terminals, 

• A is a finite set of labels, (usually a superset of N U T), 
• R is a finite set of grammar rules (see below), 

• L is a relation in T X D, where D is the set of DAGs definable over A, and 

• S E D is the start DAG.  

Definition 4.4. Grammar rule: 

A grammar rule has two parts: 

• a context-free phrase structure rule with uniquely identified nonterminals, notated, e.g., 
VP - V  NP1 NP2 

• a set of unifications, notated as m == n where m and n are DAGs or path specifications 
with nonterminal labels instead of DAGs as the first elements, e.g., < V P /1 /2 > == 
< v 13 > .  
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Definition 4.5. Admissibility: 

iff 

A rule 10 - 11 · · ·1m with unifications U admits a sequence of DAGs < n0 , n1 , . . .  , nm > 

• if li E T ,  then < /i, ni > E  L, and 

• if li E N, then the path < ni cat > denotes li (minus any subscripts), and 

• for all p 1 = p2 in  U the node denoted by P t  is the same as that denoted by p2. A path 
< li k1 • • · kq > denotes a node n if and only if the path < ni k1 • • ·kq > denotes n. 

Definition 4.6. Derivation: 

A DAG no derive" a sequence of DAGs < nt . . . .  , nm > if there is a rule r E R such 

that r admits  < n0, n1 , • • • , nm > .  This is notated no :=:} n 1 • • ·nm. The symmetric transitive 

closure of :=:} is notated :=:} • .  

Definition 4 .  7.  Language: 

The language of a PATR-11 grammar G = < N, T . R, L, S  > is the set {w E T* I S  ==> •  

w }  

Definition 4.8.  Unification: 

The unification of two DAGs n t  and n2 is a DAG n where 

• if n1 is atomic and n2 = { } ,  then n = n. , and similarly with nt and n2 i nt erchanged, 

• if neit.h<'r nt nor n2 is atomic , then for ali i such that < I, t•1 >E n1 , and < I,  vz > E 

n2 , < I, uni /y( t• t . v2 ) > E n and for all I such that < I, t1 > E  ( n1 U n2 ) - ( nt n nz ) . 

< l , t, > E n . 
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Appendix B. Some Grammars for Hard Languages 

The following grammar accepts the non-context-free language a"6"c" : 

s - AI Bl Cl 

<.4s> - <BI> 
<BI> - <CI> 

A "t - A12 A 

<A11 1ucc> - <A12 > 

AI - t 

<num> 0 

B11 - 8.'2 B 

<811 &ucc> - <8•2 > 

B., - t 

<BI> 0 

c.,. - c.,2 c 
<C"t 6ucc> - <CI2 > 

c, - { 

<C"> - 0 

a :  

<cat> - a 

b: 

<cat> = 6 

c: 

<cat> - c 

The following grammar accepts the non-indexed language a2
2" : 

S - A 

A -+ B 

<S m> - <A m> 
<A n> = 0 
<A p> = <A q> 
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<A m> - 0 
<A n> - <A p 1ucc> 
<A q> - <B m> 

A t  - A2 Aa 

<At m JJucc> - <A2 m> 
<A t n> - <A2 n> 

<At q JJucc> - <A2 q> 
<At m 6ucc> - <Aa m> 

<A t p> - <Aa p> 
<At q 6ucc> - <Aa q> 

<A2 p >  - <Aa p> 

a:  

<cat> - B 
<m> - 0 

n. - lh. Ba 

<Bt m 1ucc> - <lh. m> 
<Bt m 6ucc> - <Ba m> 
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Appendix C. Conversion to Normal-Form PATR-11 Grammars 

In Serl ion 4 .2 .4 . 1  we state that any rontext-free gramma;- ran be ronverted to a PAT I ! - 1 1  

gram mar w it h only one nonunary rule. The construction i s  as follows: Given a rontext -frcr 

grammar < N, T ,  R, S > ,  we construct a PATR-11 grammar with the following rules: 

[/' - S' 

s' - s. s2 

<S'syncat> - <S1 syncal rest> 
<S syncat first> - <S cat> 

For every rule o -+ fJt · · ·fJn E R, add the rule 

etr . ,  

s -+ 0 

<S syncat first> - fJ1 
<8 syncat rest first> - fJ2 

and, for every /li , add the rule 

s -+ {Ji 
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Appendix D .  Sample Rules of t h<' PATR-1 1 G ra m mar 

The LISP m achine screen below displays three edit ing windows with sample" of ddi n i t  ions 

( one tem plate and one lexical rule) in the upper window , of syntactic ru les in the m iddle wi ndow ,  

and of lexical entries i n  the lower window . 

<head trans arg2> = <syncet rl!'st re�t f i rst head trans> 
<sync at rest rctst f 1 rst sync at f I rst head> :::: 

<syncat rest f t rst head > .  

let Re o s l ngtoS be 
<head trans argl > = < syncat rest f i rst head trans> 
<syncat rest f t rst syncat f t rst> = <syncet f \ rst > .  

�f l ntt Pass 1 ve as 
<out head for,.> = passprt 
< out cat> = < I n  cat> 
<out head> = < i n  head> 
<out syncat > = < i n  sync at rest> 
<out syncat ta1 I >  = < I n  syncat ta1 I >  
<out syncat tal  I >  = l artbda. 

DEIIOGRRII . defs >petr B: 

S • liP UP: 
< S  heed> = <UP heed> 
<VP syncet (I rst> = <liP> 
<VP syncat rest> = I a .. bda 
<S heed egr> = <liP heed egr > .  

S • Sber VP: 
<S heed> = <VP heed> 
<VP syncet f i rs t >  = <Sber> 
<UP syncet rest > = I llftbde 
<S heed for"> = f I nlte 
< S  heed egr> = < Sber heed egr > .  

ask V TekesSfor Dyad i c ,  

li ve 

proftt se 

bel I eve 

see" 

V ( Pest gave) ( PestPrt gl ven) 
T ekesHPHP Tr I edl c, 

U TekesHPinf T r i ad i c  ObjectContro l ,  

U T ekesHPinf T r I ed I c Subject Contra I lioPess, 

U - TeknSthet Dyadi c  
- TekuliPinf Re l s l ngtoO, 

V - TekuintrensSb•r "oned l c  EMtrepos 
- T ekuinf Rei S I ngto&, 

DEr!OGRArl . l eM >petr B :  
Zr!ACS tPATRJ DEr!OGRRr!. gre" >petr 8:  t I I )  

T y l  
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Appendix E. A Sample Dialog wit h PATR-1 1  

The right-band-side window ( interaction window ) of t he fol lowi ng LI S P  m ach i ne freczc 

frame contains a three-sentence sample dialog with KLAUS. The left-band-side w i ndow can 

b e  used for displaying t he chart, DAGs, words, and ru les t hat \\We b u i l t  or used d ur ing t he 

parsing of a sentence. There is a mouse-operated menu w i ndow on top of t his display w i ndow . 

I n  the freeze frame, the DAG associated by t he pars<'r w i t h  t he last scntence is d isp layed i n  

t he display window . Display window and i nteract ion w i ndow are sepcrated by anot her menu 

w i ndow which represents the user's options at t he top l<'wl of KL:\l "S .  

For each of the sentences in the short dialog, t he parser fou nd exact ly one parse but 

mult iple scopings of quantifiers and tense operat ors. The s<'lect ion of t he dcsired scoping was 

performed in  a temporary menu window using t he mouse. Assert ions as t he first two sentences 

are accepted by KLAUS if they do not contrad ict w i t h  already k now n propositions. Possible 

responses to alternative questions are "YES" , "NO" , or " I DON'T KNO\V'' . The answcr to t he 

third input sentence, which is an alternative question, is based on t he k nowledge t he syst em 

gai n<'d through the first two input sentences. 

Jt{NOI.ILEDGE �EARNING �No �SING SvsTEM 
Ward Show 

Arc: l"teS�S 

ere: NQ935 ru l e  nu,.be r :  SENTENCE • V S 
category: SENTENCE covers : DID SOP1E KNIGHT STORPI A CASTLE 

[INT ERROGAT IVE : TRUE 
CAT : SeNTENCE 
HEAD: [AUK : TRUE 

FORP1: FINITE 
TRANS: [PRED:  '\ ARG I : 

PAST 
[PRED :  STORP11 
ARGI : [RESTRICT : [VAR : < DQ952> 

K91l45 
PRED: KNIGHT 
ARGI : [REF: < DQQS2> ] )  

QUANT : SOP1E 
REF: < D9952>] 

ARG2 : [QUANT : SOP1E 
RESTIUCT : [VAR : < DQQS3> 

KQQ46 
PRED :  CASTLE 
ARGI : [REF:  < DQQSJ > ] ]  

REF : < DQ953 > ] ] ] ] ]  

- - - , 
I'HJI(: T y t  

Graph KLAUS> soM k n '  gh\ l oves gwen 

Rapane One per se found : ere NQ921 

Edt 

Trace 
tkltrace 

load 
System 
Claar 

pres( l ove l ( < so"e x9925 kn l gh t ( x9925 ) > ,  gwen ) ) 

2 scop1 ngs found : 

so,.e( xQQ25, kni ght( x9925) ,  pres( l oveH xQil25, gwen ) ) )  

T ry • n9 to prove assert i on 
T ry 1 ng to prove negated assrr-t 1 on 
OK . 

KLAUS>rvrry knl ght storftrd a cast I r 

One perse found: ere Nll931 

Hardcopy pest ( stor,. l ( <every xllll35 knt ght( xiiii3S) > ,  < soM x9133G c 
Ptofle est I e ( x993&) > ) ) 

6 scap i ngs found : 

WFFa every( xllll35, kn • gnt( xll935) ,  put( so,.o( xllll36, cest l e( xll 
1136 ) ,  star" I ( x91135, xQQ36 ) ) ) )  

PATR 
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Try I ng to prov� asse-rt 1 on 
Tryt ng to prove negated assert 1 on 
OK . 

KLAUS>d l d  so"e kn 1 ght stor" a cest l e  

Ono perse found: ere NQII35 

pest ( stor,.l ( < so"e xlil945 kn l gh t ( x91l45) > ,  < so"e xlllil46 ce 
st l o ( xllll46) > ) )  

6 scop l ngs fo•_ nd : 

so.,o ( xllll45, knl ght( xllll45), pes t ( so.,o( x9946, cest l o( xQII 
46) , stor"l ( xllll45, xllll46 ) ) ) )  

Irl'lng to PI"-"..., -"'u&I"I'-
Vu. 


