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Kecently, speech understanding research has taken a
direction which recognizes the importance of syntactic and
semantic constraints as an essential part of tne process
which deciphers speech signals into sequences of sounds (see
| - newell et al. 1973). Consequently, it has become important
1 tfor speech researcners to be acquainted with the work that
nas been aone in tne area of computational linguistics,
attempting to construct computer programs to model the
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1 3 process of natural language understanding. <1his paper will
] %, attempt to provide an introduction to the techniques ana
1 results which have come out of work in computational
7 - linguistics which 1 think have special relevance to the
; g design ot speech wunaerstanaing systems. The paper was
i e written tor an audience with some understanaing ot the
2 iy nature of speech signals and the difficulties ot performing
g 2 an acoustic and pnonetic analysis of such signals but withn
: & little familiarity with tne tecnniques tor parsing and
£ semantic interpretation ol natural language or tne ways in
: 7 which sucn techniques could be usea in a total speech
S = understanding systemn. however, reacers with interests in
computational linguistics, Jinguistics, ana artiticial
= intelligence may also tind tnings ot interest herein For
2 : the reader witn little or no background in the nature of
1 - speecn proauction ana tne characteristics ot speech signais,
. = I suggest the papers oy ULenes ana Pinson (1963) and oy
Jakobson, Fant and Halle (1907) as appropriate
it introductions. This paper snould be readable nowever
3 without such prior kncwleage ot speecn characteristics.
E: N
; 1

T

This paper is not intendeda to be a survey. natner, in
it 1 will try to trace tne aevelopment ¢t wnat 1 think are
several important iaeas ana trends in parsing and syntax and

in semantic interpretation. I will attempt to convey a
g feeling tor wnat I tnink tne state of the art 1is, how it
3 developed conceptuaily, anua some o0f the new perspectives

that tne problems of speecn uncaerstanding place on the
processes of parsing and semantic interpretation.
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Part 1. oSyntactic Analysis

There are two parts to the provlem ot syntactic
anilysis -- one is a component of juagment or decision
(Wwaetner a given string ot words is a sentence or nct) and
the other iz a component ol representation or interpretation
(deciding what tne pieces ol tne seutence arc and nhiw tney
relate to eacn otner). In speech unaerstanaing we wili see
tn2t botn ol tnese are important.

Let me start with a mini-nistory wuJescribing wnat 1
think the current state ot tne art is, hnow it developed
conceptually, and some ot the new perspectives that the
problems ol speecn unaderstanding place on tne evaluation of
parsing tecnnigues.

rhirase Structure Grammars

Tne tiela o1 linguistics was given a great stimulus
when the two aspects ct syntax (judemental and structural)
were combined in tne tormalism ol pnrase structure grammar.
Prior to tnis «development, largely due to Chomsky (e.g.
Cnomsky, 1965), the mechanism wnercby a computer progran
could <decide whelner a given sequence o' words was a
grammatical sentence or not would have vbeen aifficult to
imagine.

Tne principal couponent oi a plirase s=..ucture graamar
is a ccllection o! "rewrite rules" sucn as trne ftollowing:

o =2 nwrP Ve
NP =2 vl W
Vr =0 V e

Intultively, tne tirst rulec inuicates tnat a sentence can
consist ot a noun pnrase tolloweu w©y a verb pnrase.
recrmally, it ingicates tnat in tné course of deriving a
sentence, one can replace an occurrence ol tne symbol 5 in
the string cerivea so tar, witn tne seguence ot two symbols

WP Vr. oSimilarly, onc can replace the wrP wiltn tne segquence
vel N anu the VP witn tne sequence V nr, uitimately deriving
tne sequence vl WV pry N, wnica is tue sequence ol

svntactic woru categories unaerlying a sentence sucn as

ithe man D1t tn& CoOg .
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Parsers and hecognizers

=

The rewrite rules of a phrase structure grammar can be
usea to characterize the set of possible sequences of words
whiecn c¢an be considered grammatical sentences, thereby
tormally representing tne judgmental part of syntax. A
formal algorithm tor taking a graamar and deciding whether a
segquence of words is a sentence with respect to that grammar
is callea an acceptor or a recogh.zer,

'mxx.;:l

£

It in tne course ot aeriving a sentence according to
the rules we keep track o1 whicn symbols were rewritten into
whicn sequences, one can construct a tree structure sucn as
that represented in figure 1 which gives a very nice
representation ot wnat the parts ot the sentence are and how

tney are put together, thus achieving a structural
representation of the sentence. An algorithm for
constructing such a representation wnile accepting or

recoghizing a sentence is caiieu a parser.

NP/\VP‘
7N N\

DET N v NP

DET N
THE MAN BIT

THE D06

rigure 1: A Samplie rnrase oStructure iree

-y Ny wEy ey ey

Lexical categories anu aictionaries

notice that in tigure 1 ana in the grammar rules there
are two ditferent «kincs of names ol nodes; there are
“nonterminal" symbols like S, WP, ana VP, wnich name wnole
pnrase type-, ahu tnere are other symbols which are
essentially lexical word class names, like determiner, noun,
and verop. 1his distinction vetween terminal ana nonterminal
sympbols 1s formalized by aiviaing tne vocavulary otf special

S Y WA
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3y iools of a phrase structure grammar into a terminal anu
nonterminal vocabulary. ‘the initial symoel &, ana all ot
the symbols whicn later get rewritten vy phrase structure
rules are in the nonterminal vocavulary. ‘Ihe derivation of
a sentence stops wnen tie s.ring consists entirely ot
terminal symvbols., 1In a simple view of pnrase structure
grammars, the terminal sympols would be the pnglisn wordas
themselves, but this woula result in a hugé set ot
“singleton" rules such as:

Lkl => the

(on the average tnere would be several sucn rules tor eaca
wora in rwnglisn). Insteaud, tne syntactic wora cliasses
usually serve as tne terminal vocavulary anda tne
corresponaence bdetween syntactic word classes ana tne words
vnemselves is taken care ot vy a dictionary.

Jvtner urammar eodels

All of the apove presenctatlion nas veen a description ot
wnat 1is «callea context tree phrase structure gramumars.
inere are in tact many diftercat Lypec ol pnrase g3tructure
grammars gepeuding on tue types ot rules permittea anu tne
way tnat thney are appiliea. ror eacit difterent type of
gZraisnar, tnere 1is a corresponaing class ol languagvus wnicn
2an ue characterized oy grawmmars ol that type; the grammar
tormalisw is saia to generate tuis class ot languages.
whenever two tormalisms, e¢itner grammars oOr autoaata,
generate tne same class ot languages, tney are saia to ve
generativeiy equivalent or eguivalent in generative power,
ana 1if one tormaplism generates a superset ol tne class
generated Ly anotne: tormalisa, tnen tnat modeli 18 salid  to
pe stronger in generative power. inere is a weli-xnown
nierarcny ot successiveiy aore powertul pnrase structurc
gram@mar fnouels, kncwn amoung torumal language tneorists as the
LuoOmSky hierarcuy. i wouln like to introuuce tnese nere
because l want to coue vack occasionaily and reier Lo tne
various tnings wnicn tne gilrterent moucels can ac.

ine grammar mouelis in tne ChoimsSky nhierarcny are Known
as type 0, type 1, type ¢, and type 3 grammars. ine countext
[ree grammar whnicn we nave just aescrived 15 tne type ¢
grammar and 1s crnaracterizeu by tune tact tuat tne lett-nahdg
sices ot its rewrite rules c¢ousist of a singie nonterminal
sympol and tne right-nana sices wmay o¢ ary nonempty string
01 terminal anu nonterminai symoois,. ine type 3 graamars,
also Known as tinlte state grammars, are more restrictea
tnan tne context 1ree grammars anu corresponu in generative
power to tinite state macnines. Iney are cnaracterized by
rewrite rules whose lett-nanu siaes are single nonterminals
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ang wnose right-nand sides are eitner a single terminal
symbol or a terminal symbol tfollowea oy a single
nonterminal.

At the otner end o!f tne spectrum are tne type 0
grammars, also Kknown as general rewriting systems, whicnh
correspond in generative power to furing macnines. General
rewriting systems are characterized by rewrite rules whose
lef't-nand ana right- hand sides c¢an be arbitrary strings of

terminal and nounterminal symbols subject oniy to tne
constraint tnat terminal symbols cannot be rewritten as some
difterent terminal or nonterwminal symcol. iype 1 grammars,

also known as context sensitive grammars, are strictly less
powertful than general rewriting systems ana strictly more
powertul than context free grammars. ‘Ihey are chnaracterized
by rewrite &ruies in wnicu tne lerft-nana sides specify not
only a nontermina'! symbol to be rewritten, but also a
countext of term:nal and nonterminal symvols wnicu must be
present in order ftor tne rule to be appliea.

rigure ¢ gives a sunmary Of tne types ol rules for eacn
class of grammars.

ln tne tigure, the notation V is usea Lo represent the
unicn of the terwinal anu nonterminai vocavularies of tne
grammar (Vt anu Vn), anc the * operator is useu to indicate
the 3et o¢f all possitle strings whicn can be r2ae from a

given vocabulary (i.e. Vt* incicates tne :et of all
possible termirali strings). The symbol e represents the
empty string (i.e. tne string witn no symocis’.

= = S SR == gk
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TYPE O

GENERAL REWRITING SYSTEM

a—-’B Q,Be v¥

TYPE 1: CONTEXT SENSITIVE

x— y/a— B Xe Vy
OR a, B, yev*
aXB —m8=> ayhB Y #e
TYPE 2: CONTEXT FREE
X—e Yy XeVy,y ev*={e}
TYPE 3: FINITE STATE

X —e a Y X, Y e Vy

X —* a ae€ Vy

rigure 2: ocummary of tne (ChomsKy Hierarcny
of Pnrase otructure Glrammars

tacn of tne grammars in tae LNOoSKY nierarcny
represents a restriction 1in generative power (witn an
attendant ease in parsing or recognition) over tne power of
grammars witn a lower nunuer, racn class witn a nigner
numoer reoresents a specilal case of tne classes witnn lower
numbers., ine principal Gillerence vbetween tne context
sensitive grammar and tne general rewriting systew 1s tnat
tne former 1is pronioitea ©py the nature ot its rules frowu
erasing anytning trom tne working string as it proceeds

(i.e. the right-nand sides of rules are always at least as

iong as the left-hand siades). ror tne general rewriting

systeas, this 1is not tne case, anu aroltrary amounts of

intermediate "scratun worx" can be erased out of a
6
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derivation without leaving a trace in tn. resulting string
that is generated. This 1s what gives the general rewriting
system its power, and also has tne unadesirable consequence
tnat a recognition or parsing algoritnm cannot pe guaranteed
to exist tor general rewriting systems. ror all ot thne
other classes of grammars, it is possible to construct a
recognizer which tor an arvitrary string wWwil.. say yes-or-no

whetner that string 1is 1in a given grammav. General
rewriting systems are theretore not verv lesirable as
nlachine mcdels ot language due to tnis inapilitvy to

guarantee a recognition algoritum.

verivations

ror each of the type 1, 2, ana 3 grammars, formal
parsing algorithms can be deviseu wnich, given a grauwmar ana
a string, can answer the question whether tne string 1is a
sentence witn respect to tne ammar, inis is aone oy
attempting to discover a dcerivati.u of tne string trom tne
initial symool of tne grammar by means of tne rewrite rules.
A cerivation is essentially a sequence of working strings
starting with the injitial symbol, eacn of wnich resuits from
tnhe preczeding one by one applicaticn of a rewrite rule. A
string 1s sald to be genecratca by the grammar it tnere is a
derivavion o! tne gramwmar leauing to it.

Figure 3 gives a osamp.ie aerivation ot the sentence in
rigure 1.
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SUMMARY OF DERIVATION

S —2» DET N V DET N

INTERMEDIATE STRINGS
S

NP VP
DET N VP

DET N v NP

DET N V OET N

rigure 3: A sample verivation

wotice however tnat tnere can ve severai aistinct
gerivations tor a single pnrase stiucture tree corresponaing
to ditrerert orders of applying tne rewrite rules,. rFor
example, it 1instead oGcI' expanding tne subject noun pnrase
betore the verb pr:ase one were tu expanuy tne verp phrase
'irst, one of tne wgerivations ¢! rigure 4 wyoula result.
(rigure 4 compactly represents ail or tne possivie
derivations oI tnis particular surtace string, witnh the
common initial parts of  wuirterent aerivations combineu.
biternative cnoices rIor expanding a given string are
indicated by tne arrows, ana indivigual aerivations are
terminated by undei'lining.)



AT

I

b il
.

wey Y W BN

obBh heport Wo. 3007 bolt peranek and newman Inc.

s X+ DET N V DETN

S
—NP VP
DET N VP
DET N V NP

DET N V DET N

—eNP VNP

DET N |V NP

DET N V DET N

NPV DET N e

DET N V DET N

rigure 4: Alternative verivations ot tne Sa2ntence
from rigure 3

~.8sentially a? ot the expansion tnat appears in the phrase
structure tree ~ould ve done in any oraer anc eacn ditterent
oraering woula .iv 1 aitterent auerivation wnicn corresponds
to eftectively same parse. If we don’t want to be
swamped wiih alternative derivations of the same parse, tnen
we neea to 1include 1in our parsing algoritum some control
strategy that Wwill keep it from getting ail ot them. Tne
typical <control strategy tnat is useda in text~vasea parsers
(as opposea to speech) is to waeciae arvitrarily that the

\O
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oniy derivations which will be considereud will be those
which expand at each step the leftmost nonterminal 1in tne
string. This etfectively selects one canonical aerivation
tor each possible parse tree. This makes tne derivation
shown in figure 3 the canonical one, and the otner two tnat
are shown in rigure 4 are not tound.

The Koots of Nondeterminism

tne control strategy which we have Just dJescribea 1is
very simple to state in terms of a generative rule, but if
on2 warts to use it for an analysis algoritum, it seems to
suggest the following analysis strategy: as you start
scanning along the string, as soon as you fina a piece that
matchnes the right-hana side of some rule, tnen you can
collapse that into a single constituent, However, this
strategy will not work in general, as we can :illustrate with
tne grawmar of fFigure 5. Tnis rigu-e 1illustrates a very
simple grammar tor aritnmetical expressions. In it, an
expression (&) can be a term (1) plus a term or can be just
a single term. Likewise a term can be a facr-» (r) times a
ffactor or just a single factor, and factors can be any of
the symbols a&a, D, or c. VFrigure b snows tne structurc taat
we would like to gec as a parsing of the string "a+b¥®c".

E —e T + T
E —= T
T —=F % F
T —=F
F —= A,B,C

Figure 5: A Simpie Grammar for Aritnme ic Lkxpressions

R e
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/F\

T T
T~

HEEE

A + B x C

rigure b: A Parse Tree for "a+b®c"

Ine way tnat we nave written the rules of tne grammar forces
on us tne priority tnat tne prcduct comes tirst ana then the
sum. (A sligntly more expanded grammar woula include
parentneses to enable one to express tne otner
interpretaticn it that was what was intendea.) Now suppose
Wwe (00K tnis stiring of cnaracters anu tne context rrce rules
of rigure 5 ana started doing reaductions on the string
wherever we coula. weé could reauce the a to an F ana tnen
to a 1, tnen we'd nave to go on to tne + wnicn can’t reduce
by itself. we coulc reduce tne v to an F ana tnen to a 7T
anda then we coulu reduce tue | + | to a single &. after
that we woula reduce tne c to an r ana then to a T and atter
that we would be stuck because tnere is no rule wnich will
redquce +t * 1 to anytning. ine structure that we nave vpuilt
wnen we come t¢ tne impasse is shown in rigure 7,

E

TN

) U PR——
o—n—
O N —

+ *®

rigure 7: A pblockea heverse verivation trom "a+b#c"

11
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rssentially, in order to obtain the parse tree in fFigure 6,
it is necessary not to go aheau and reduce tne seconao ¥ to a
i, lnstead we must postpone that until reuucing the ¢ to an
¥ and reducing tne ¥ * ¢ to a single ¥, wnich can then be
reduceud to a T and the 1 + 1 reduced to a single br.

S0 one tinds tnat wnen one is attempting to do an
analysis thnere is a funaamental nondeterminism that must be

provided ror. Une cores to a place where a rule could be
appliea, but doesn’t know whether that s tne right place to
nake the reduction or not. It is necessary to consiaer botn

alternatives, follow out tne rest of tne analysis, ana see
wnich one (if any) of tne alternative sequences of choices
will give a complete parse tree. This is tne tirst of
several sources of nonaeterminism in botn text and

speech
parsing.
nondeterministic Algorithms

Tnere are many applications in conputer science,
especially in artiticial intelligence anga language
processing, where systematic searcn in a space of
alternative possible cnoice 1is required. A conceptual
aevice for aevising algorithms fcr such tasks is the notion

of a nondeterministic algecrithm or nonaeterministic macnine.
by tnis, we do not reter to an algoritnm wnose openhavior |is
unpredictapie, but ratner to an aostract algoritnm in which
there is a primitive cnoiceé¢ operation wnicn can maxke one of
several choices. Inis algorithm is tnen simulated on a real
macnine by systematically consiaering all possible sequences
ol alternative c¢holices ol tne avstract nondeterministic
algoritnm. 1ne nonaeterministic macbine 1is a

conceptual
device to enable the writer ol a grammar or otner sucn
search algoritnm to tnink of tne macnine as it it were
magically maxing tne rignt choices, freeing nim from
explicitly Keeping track ot tne alternative choices anda
cycling througn tnem. Une says tnat a string is accepted by
a nondeterministic algoritnm if any ot tne alternative

computation paths lead to a successtul analysis.
ihe tirst funagamental idea tnat I woulud 1like you to
remember is this notion of a nondeterministic algorithm as a

device tor coping witn tnis type ot search in a space of
alternative possibilities.

12
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backtracking vs Parallel Searcn
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Bt

There are two principal ways of writing simulators for
E nondeterministic programs -- one is called backtracking and
its effect is that whenever the program is about to make a
choice, it saves somewhere (usually on a pushdown stack) all
of the information tnat is about to be destroyed by the
choice so tnat the simulator can come back later, undo it,
3 1 and try anotner choice. The program then parses 1like a
3 deterministic parser until it encounters a blocked
= contiguration such as tne one in rigure 7, at which point it
: undoes tnhe last choice made &and tries the next possible
aiternative., If there is no other alternate cnoice, tnen it
undoes tne next to last choice, and so on until all possible
choice sequences have been considered. Ffloyd (1967) gives
an efficient general technique for implementing backtracking
simulators for nondeterministic algorithms. 1Ir the case of
rigure T, the result of backtracking would be to undc the
last reduction ot ¢ to T. Finuing notning else to a0, the
parser then would wunao the reduction of ¢ to t, tnen undo

' T

tne reduction of 1 + T to E, and eventually would back up to

[ et ]
Wi 4

I

| BT ]

e

i

| o
s

;‘ tne point wnere tne b nad Deen reduced to F, but tnat ¢ haa

&= not been reducea to T. ine parser could tnen go on to

reauce the ¢ to an F (a second time -- tnis was uone before

= re on the blockeu patn) and tnen reduce tue £ * r to 1, wnich
E %i puts us on the right patn for tne correct analysis,.

. -— A packtracking algorithm aoes its searcn Ly

- 3 systematically working on one patn of tne nonaeterministic

. algorithm, saving enougn to unao it later. Tne systematic

way in which it walks tnrough the space of possible cnoices

is called "depth tirst”. Tnat is, atter wmaking one cnoice,
it proceeds to make a cnoice tnat uepenas on that one, and
anotnzr tnat depends on tnat, ana so on, builaing up a stack
of other untried alternatives at aifterent "aeptns". unly
when it encounters a blockea configuration does it undo the
nmost recently made cnoice, ana it tries all possible cnoices
at tnat "aepth" before backing up to tne next previous level
on tne stack of alternatives. If the space of alternative
choice sequences were laid out as a tree, tne Doacktracking
3 search would correspond to a left-first tree walk.

= B4 3

: Another way of nanaling nonaeterminism is by what 1711
3 call independent alternatives. In such a program, every
time tnat you are about to make a cnoice, you create an
object for eacn of tne possiple c¢ho s, Tnis object
corresponas to a state or cont'iguration o. tne hypotnetical
nonceterministic macnine wnicn you are simulating. 1In a
real macnine, a coniiguration is obasically the contents of
the program counter and the register contents; in the
simulation of a nondeterministic mecnine tnere are many such
contigurations instead of just wone. (Ihjis is similar to

wnat goes on in a time sharing system. ) ror a

=y
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nonceterministic f{inite state macnine, tne contiguration is
basically the state tnat you are in anu tne point in tne
input string that you nave gotten to. ln programming a
system for hanuling inocependent alternatives, every time
tnat you comnme to a cnoice point, YOou make up as many
configurations as there are alternative cnoices, and you are
now tree to work on those configurations all in parallel (or
"preadtn first") or you can jump around from one to Aaotner
(working on the ones that seem most likely ot success h»etore
working on others tor example). witn multiple inaepencent
alternatives, you can pick up a configur~tion, determine its
state, look at where it is in tne input, compute tne next
cont'igurations which it could get to, ang then go to anothner
cont'iguration {which may or may not bpe one Of tre ones you
just createa). Just like a time-snaring system you can run
a lot of tnese contigurations in pseudo parallel witn
varying priorities for service.

ihere is a tremeraous aavantage tor speecn
understanding anda aiso imn text yparsing tor implementing
nondeterministic programs in terms ci independent
alternatives ratuaner tnan backtracking. with independent
alternatives, it you are in a positicn wnere it is auitticult
to deciae wnicn of tne alternative cnoices is tne pest to
toliow, it 1is possivle tor you to toliow several parsings in
paralilel, o¢r vo juwp trom one to anotner afpenuing on wnican
looks better at any given xoment. in tune packtracking
approacn, one mnas tu syotematicaliy walk uown a long patn
into varren territory vetore ne can walk back to the place
wnere tne next vest cnoice is. 1ne oniy way to go back and
consider one ©1 tne alterna®ives to a cnoice is to plow on
aneaa o compietely searcu tne space on tne current patn
exnaustively and tnen back up out of it. once one nas lett
a given patn it is not possiole to come back to it and pusn
it turtner. tven in tne simple illustration oi backtracking
for tne exampie 1in rigure 7, tnere were two or tnrec tnings
ot an unimaginative nature that hnhagd to be unaone Gcetore
getting oback Lo wnere tne rignt alternative cncice naa to be
wade. In more complicateu examples, tne amount ot such
"wasted"”" or uninteresting parts of the space tnat have to ve
searcnea oelore one can get opack to tne correct place Tr10
make an alternative cnoice can ve astronomicai.

1 will make a pitcu tnen lor a secona tuncamental idgea
wnicn you snould Know about -- namely tnis difference
between systematic backtracking and the foilowing o’
multiple independent alternatives.
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pottom Up, Top vown, Preaictive, and nNonpreuictive Parsing

The algoritnm that we described above tor ftinding a
derivation of a given string by reversing the generative
rules of the grammar is an algocrithm that is referred to as
"bottom-up". That is, we look into the input :-tring or the
current working string until we find sometning that matches
the right-hand side of some grammar rule, ana tnen reduce
tnat matching portion by replacing it witn the left-handg
side of the rule. (l1°m assuming a context frece grammar here
tor simplicity.) we apply tnis process over and over again
until we finally reduce tne entire string to a single
symbol. (At least the goal we are trying to achieve is 3uch
a reduction of tne string into a single symbol.) wotice that
in the statement we nave just made, we nave not specitically
mentionea the systematic consideration of each of thne
possible rules that could nave applied at each step and thne
ditferent positions in the working string wnere rules could
have been applied. It is exactly tris freedon fronm
consideration of detail tnat is acnieved LY tninking of tne
process as a nondeterministic algoritam. uf course the
getails need to be consicered eventually in oraer to make
the algoritnm <{unction on a real macnine, but tnese
considerations can Dbe made separately anu tney can be daone
once and tor all tor a parsing syvstew anu not have to De
reaone separately fcr each grammar or version ol a grammar
which is writtemn.

There is another Kina ot parsing aigoritum at tne other
extreme which is callea "top-down". it gets tnis name
because it starts by expanding the grammar rules "from the
top" and only looks for comparison at tne input string wnen
a terminal symvboi appears in the expansion, A simple
version of a tope-uown parser makes use 0of a pushdown store
into which 'ne initial symbol of tne grammar is placea
betore pa _ing begins. Subsequently tne algoritnm proceeds
as follows: If tne topmost symbol on +tne stack 1is a
nonterminal, tnen some rule of tne grammar wWitn that
nonterminal as its lett-nany side 1is selected (anotner
nondeterministic choice) ana the topmost =svmr-~? T tne
pusncown stack is replaced witn symbo.s trom tne rignt-hana
sice of tne rule (so ithe leftmost symbol of tne rignt-nana
side is now tne topmost symbol of tne stack). If the
topmost symbol of the stack is a terminal symbol, then it is
compared witn tne next unusea symbol of tne input string.
1f they are the same tnen tne topmost symooi ol the stackK is
removed ana tne string is aavanced. If tney 4o not watch
then this configuration is olocked -- i,e, this path of the
nonueterministic searcn 1is terminatea. ihe string is
accepted it tne pusndown stack becomes empty at tne same
time that tne last symboi. of tne input string 1is used.
(hote again our use of tne nondeterministic algoritnm to

simplify tne explanation. 1In an actual parsing algorithm,
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all possible cnoices of expanding tne topmost nonterminal of
tne stack are pursued and the string is acceptea it any ot
the alternative computation patits leaas to tne accepting
criterion.) An example of a top-down analysis using a
pusndown store is shown in ¥igure d. (Here the rectangular
enclosure represents the pushdown store, the arrows the
steps in tne analysis, and “he plus sign indicates tne
consumption ot a symool from the input string by a given
stack conf'iguration.)

| S I |NP| loET| N
VP

IVPi'—’ Vi+BIT —= | NP| —=|DET| 4+ THE —»
NP N

|N| + DOG —» I I ACCEPT SENTENCE

rigure 3: A sample Top-aown Preuictive Analysis using
a rPusndown Store

Tne narvara Predictive Analyzer

The original wnarvara Preaictive Analyzer (Kuno anag
vettinger, 1963) does a siigntly more optimized version ot
tne top-uown tecnnique just wcescriovea. it works with a
grammar wWnicn has been transtormed so that all ot its rules
nave 4 terminal symwoli as tne first 3symbol o1 thneir
rignt-nand sides,. Itius at every step ol tne pusudown 3tore
analysis tne algoritnm consumnes a symovol trom tne input
string, anu tne numver of steps in a given computation pathn
of tne nongeterministic macnine is at most n, where n is tne

lengtn ol tne input string. (Ul course tue number of steps
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of the real computer 1in simulating tne nonueterministic
algorithm 1is much greater since it has to tollow out all
possible alternative computation patns.) An additional
advantage of the special form of tne context free rules used
by the predictive analyzer (known as Greibach normal form,
or standard form) is that it eliminates tne possibi ty of
inf'inite loops due to the symbol on top of tne pi. hdown
stack expanding into a string which eventually results in a
new instance of the same symbol on top of tne stack witnout
advancing tne input string. An algorithm due to Greibach
(Greivach, 1907) which converts an arbitrary context free
grammar into a standard form grammar finds and eliminates
the possibility of such "left-recursion".

Preaictive vs nonpredictive rarsing

ITnere nas veen a great deal of discussion in the
parsing literature about the differences between top-down
ana bottom-up algorithms, An example 1is a paper by
Grittiths ana retrick (1965) which characterizes several
varieties ot eacn type. However, in recent years there 1ave
been a number of parsing algorithms developed which don’t
fit into eithher ot tnese broau categories, and 1 tnink tnat
the <classical distinction between top-down and oottom up is
becoming very fuzzy. ‘1ne distinction wnien 1 tnink 1s more
importarn. -- a aistinction wnicn is correlated witn the
top-aown bottom=-up distinction for the two simple algorithms
presented -- is tne aistinction between predictive and
nonpredictive parsing. A preaictive parser is one tnat will
only look at a given point in the input string tor things of
a sort tnat it expects to see there, whereas a nonpredictive
parser will find a given construction only as a function of
the constituents wnich make it up, irrespective of whetiier
such a constitueny. 1is compatible with an analysis ot the
sympols on either side ot it in the input striug. For
example, an innerent teature of the top-down pusndown store
algoritnm whicn 1 presenteu above is tnat at each point in
the analysis there exists on thne stack a preaiction ot the
types ol' pnrases whicn are expected to occur to tne right of
the current point in tnhe input string. As the algoritnm
operates, only those <constituents will ©ve 1looked ftor,
vontri st this witn tne situation in the simple vottom-up
algor.tnm. There, il tne terminal symbols could be grouped
togetner to form some constituent, tnen tnat alternative
woula be tried regaruless ot wunetner tnere is an analysis of
tne symbols to tne lett witn wnicn this constituent could
compbine,

The preaictive parsing tecnnique nas an advantage ftor
wost parsing applications since it considerably reduces the

numoer of applications of rules tnat nave to be considered
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ana the nunmber ot "accidental" constituents thit are found
(i.e. suegquences ol wWcrds tnat could make up a constituent
in some other context but whicn are not a constituent of any
complete analysis of tne current string). ror example, in a
3 preaictive analysis of "tne man bit tne gog", using the
grammar of rigure 1, tne parser looks for a noun phrase at
the beginning of tne sentence because the grammar says that
sentences can vbegin witn noun phrases. tiowever, cnce 1t nas
found tne subject noun phrase, it aoesn’'t try to lcok tor a

3 noun pnrase at tnce place tnat starts witn *"pit" Dbecause
3 there 1is no grammar rule wnicn would use a noun pnrase at
3 that point. In tne pottom-up approacu, all rules are

attempted cverywnere sinee tnere 13 no predietion, NWot only
does tnis result in more rules tnat have to be trieu, but it
also results in more spurious matchnes tnat don’'t leaa to
correct parsings.

: ror parsing text in tne foram ol sequences ol woras,
there 1s a great advantage to using tne preulctive algorithm
becausc 1t 1ollows fewer viinag alleys. wun tne otner nand,
tnere 13 a proolem in coutinuous speeen understanaling wnich
reguces its auvantage., In continuous speecn wuncerstanding,
- tnere 1s a tairly hign procavility that your gzuess tor the
wOor¢ at any given point in tne string may be wrong. iris 1is
espeecially true 0l Lne first ana lasi word in tue seutence
aue to pnonological ertects at the oeglinning ana enus of
utterances. i1 your guess O! tne lirst woru is wrong, then
ali ot your predictions later will oe intfluencea by it, ana
it it inauces you to oniy look for tnose tnings tnat will e
consistent witn tnat wrong woru, tnen you may never recover
tne right parse. ‘Ine nonpredictive parser tnat goes up and
JOWnL tne string doing everytning it can stanus a opelter
cnance of recovering trom sucn errors, Opeeificaily, it
stands a better cnance o! tinding most of ine parse in spite
ol a wrong Or wissing word. it can tuen provicde tnis
information as a source f{or prealiction as to wnat o tne
missing wora mignt be or what King ol word is required in a
ziven region.

Anotner point tnen itnat 1 would like to make 1s tnis
tradectt vetween preuictive anu noanpreaictive parsing
algoritnms tor speecn understanaing. i1 don’t want to make a
strong case tnat one or tne otner is5 velter; 1 want to give
a leeling ftor wnat tne tradeolls 4are tUtetween tne LWo
algorithms. Tne preagictive one wWill ao a mcre seiective
searcn, ana i1!{ one is contiacent tnat tue tnings on wnicn it
is wvasing its predictions are right, tnen it is preleravie.
unh tne otaer naud, it tnere’'s a nign cnrance tuat  tney re
wrong, tnen the uisadvantage i3 tuat tne prediction may keep
you ftrom tindineg enougn ot the correct parse to be a useiul
source of 1ntormation tor errcr correction,
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well-formed Substring lables

ww—“"

Une thing that was found very early in the development
ot parsing algorithums, especially with the enumerative,
| top-down, predictive algorithms is that when alternative
Led ¢computation paths are done Separately, duplicate work is
done on the separate paths. Ffor €éxample, if two possible
ways of analyzing the beginning of a sentence cause the
analysis to split up into two different compuiations, the
entire remaining analysis will be done twice, even though it
lmay be tne same in botn cases. k "well-formed substring
taocle" is & mechanism for saving tne results ot the analysis
of a constituent on one path ot a nondeterministic
computation so tnat they can be used on otner paths without
redoing tne compvtation. snenever in the course of an
i analysis, a complete constituent is founa, it is recorded in
a table incexea by tne type of constituent ang the position
H where it begins. whenever tne algoritnm is about to preaict
a constituent of a given type at a given position, it
consults tne weli-tormea Substring taole to see if such a
. constituent has already been found, ana it 30, tnen the
results are used without recomputation,

-

Iable uUrientea Parsing Algorithms

| Tne use of tne well=-formed substring table is
sufrficiently wusetul tnat Some parsing algoritnms have been
designed exclusively arouna tnat notion, Their central

purpose is to till in this table witn éntries saying there

i3 a constituent of type x from position Yy to position 2z in

tne input. Ineir acceptance criterion fer a string is

tinding in tne table an entry indicating a constituent of
i type "sentence" trom tne beginning to tne vnd ofr the input
Sequence. In tne design of such an algoritnm, one looks for
a Strategy ftor tilling in the tabie SO tnat wnenever, in
H applying a grammar rule, one needs tne answer tc a question
"ls there an x trom » to 2", tne Strategy will already nave
considered all possible weys of tilling tnat entry in the
taole, ana the answer can be determined by simply examining
tne content of tne Lx,y,2] entry of tne taple, The
resulting algoritnm consists mainly of walking tnis matrix
in an appropriate order ang fiiling in entries on the Dbasis
ot otner entries ana tne symools in tne input string, ror
example an algorithm due to founger (1966) fill: in the
-4 entries in order ot lengtn ot tne resulting constituent (ana

torv.as grammar rules whose right-nand siqes consist of a
3 singie nonterminal). Since tne lengtns ot tne constituents
3 wnich match tne right-nana side orf a rule will Le less tnan
the length of tne constituent tnat will result all tne

i

necessary table entries for constituents of a given
reduction will dlready have been made when tnat reduction is
considered. Thus wnen filling in tne taole for constituents

ot lengtn 3 for example, all of tne entries for constituents
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ot length 2 and 1 will already have been maue ana any
questions about tne existence of sucn constituents can be
answered by merely consulting the table, The constituents
or length 1 are found by matcning singleton terwinal rules
against the input string. wneun such an algorithm
terminates, it there is an entry tor the initial symbol ftroa
the beginning to tne end of tne input string, tnen the
string is accepted by the parser, otherwise it 1s rejected.

climinating hedundancy

Iln the avove Lype ot algoritnm, it is critical in oraer
not to a0 a lot ot excessive computations tnat a particular

order ot! tilling 1in the tavle ve used, This is so that one
can rely on any answer tnat is neededa pnaving been put there
at an earlier point in tne 3equence, this nas many
efticiency auvantages tor orainary text parsing. However,

it nas a disaavantage tor speech understanding applications,
since one of the criticai elements eariy in tne cnain may be
misheara or garbied and tnereby Keep tne rest of the
analysis trowm being tound (wnicn could ©0e usea to nelp
identity tne garvled woru). inis same disadvantage applies
to the .ett=-tirst carnonical gerivation ot a parse which we
mentioned earlier, ana toc any other parsing tLecnnique wnich
requires tne inciviaual steps in an analysis to be found in
a particular canonical oruer. It one ot tne critical things
tnat nas to 0e found first in some sucn oraeriang is wrong
ang it all o! tne subsequent processing is rependent on 1it,
then it will ve very ditticult to recover from the error, 1

think tneretore, tnat it is important tor speech
ungerstanuing to try to relax some Ol tnese ordering
restrictionz. inis is a ftuncamental ceparture itrom the way

trat wmost text parsing systems operate ana it is going to
require a aititerent solution to tne prooitem ot I'inding the
s5afle parse over and over again in cgifterent vays.

In many cases, it may be important to vte aole to jump
over ana find tne ooject noun pnrase and tnen tae verod
pnrase when you naven’ 't tound trne subject yet. ror example,
in tnose cases wnere the subject wasn’'t tinuablie because of
a garbied word, a well understoou verpo phrase coula be wusea
to predict wnat kina ot subject ought to be tnere. nowever,
in other ~iases wnen you have tound tne supbject first on one
patn, a computation patn wnich finas tne verv phrase and
tnen comes vack and WOrks on the subject will tind the same
parsing over again., ‘lhe solution that we have been using in
the mbN system (woods, 1974) -- tne solution wnich I think
nas to be used -- 1is to put in appropriate cnecks at various
cnoice points to ask wnether tne tning tnat is about to be
produced nas been founu already on some otner patn and avoid

creating a duplicate. when tnis is done at tne level ot
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noun plrases, embedded clauses, etc., it tends to block the
redundant generation of larger constituents betore the
duplication becomes unianageable, 1t still carries witn it
the cost of tne additional checking, but [ tnink that this

cost is essential in order to cope witnh the errors that will
occur in speech.

Lexical Ambiguity

I've mentioned a number of things wnicn make the
parsing problem fc¢r speecn understanding more difticult tnan

traditional text parsing. Another difticulty is the
ambiguity of word identification in the input sequence of
sounds. Tne major source of lexical ambiguity in text
parsing 1is tne possibility of multiple syntactic categories
for a given wora. In a <2lassical example of sentential
ampbiguity, "Time tlies like an arrow," the word "time" has
three possible s'ntactic categories (noun, verb, or
adjective), "flies"™ <can either be a verv or a noun, and
“like" can either be a preposition or a vero. If we think
o4 a4 parser receiving a sequence ot Liiese Kinas of

categories as input, there would be 3x2x2=z12 strings of
syntactic categorics that you could gei for this sentence.
If you had to put each such sequence througn the parser
separately (apparently sowme early parsers 4id exactly that)
you would be aving twelve separate parsings. Imagine what
woula happen with a senteace of say 20 words with an average
ambiguity ot ¢ categories per wora; you woula have over
1,000,000 different possible such sequences. In speecn
unaderstanaing, this basic ambiguity is magnitied by the
inability to wunambiguously determine tne segmentation of
speech sounas into wo,a sequences., Clearly one doesn’t want
Lo run a parser on a separate enumeration of each possible
sequence of syntactic categories.

wora Lattices
A tecnnique that has been very ettective for aealing
with lexical ampoiguity has been the use of a lattice of

input symbols rather tnan a single string. A simple example
of such a structure is illustrated in figure 9.
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\" N PREP
! DET———N —
N '
—AD) —
TIME FLIES LIKE AN ARROW

Figure 9: A >Sample word Lattice

Such lattice compactly represents all of tne possible
alternative sequences of input symbols with tne comamon parts
of different sequences factored together so that processing
on tnem needs to be done ouly once. with such an input,
grammar rules are matched tne same as beiore, except that as
a rule 1s matcned against the 1input, particular paths are
selectea tnrough tne wora lattice which satisty tne matcn,
This technique hnas a tremenaous venefit in terms of tne
amount of computation renuaired for parsing. wnen a
particular rule 1is matched at a given point ia tne word
lattice, all of tne possible sequences of words in wnicn thne
matching sequence occurs are etftfectively factored togetne
so that the result ot tne reauction 1s eftectively performea
just once tor an entire equivaleace class of word sequences,
1This technique is very attractive for speech wunderstanding
pecause the poscsible alternative segmentations of the input
signal into words leads to a lattice structure similar to
tnat illustratea 1in frigure 9 (altnocugnh of slightly more
varied structure). whereas tne structure in Figure 9§ is
nothing more tnan a sequcuce ol alternative syntactic
categories, tne structures for wWord lattices 1in speecnhn
understanding tena to nave wmucn more brancning, and the
inaividual brancnes leaving a given point do not all come
together again at tne same point. However, tne same parsing
algorithm runs on tnis more generalized input lattice and
saves a tremendous amount of processing by avoiding the
multiplication of combinatorial possibilities.
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Chart Parsers

Ine concept of a word lattice fcr the inpuv symbols and
the wuse of ga well-formed Substring table for representing
the intermediate stages of parsing are clos>ly related, and
can be combined into a Single data Structure in a parsing

algorithm. Tne Structure of tne well-tormed Substring tavle
is exactly the S2me as that of tne word lattice, and ir it

position in tne werg lattice) then it Shares thne property of
compactly €énumerating for g given position all of the
constituents whicn begin at that position and all ot the
positions where such constituents end. g4 classical parsing
algorithm known as Cocke s algoritnm (see Hays, 1962) and a
generalization of that Oy #Hartin Kay, wnich Kay now calls a
chart parser (1967), combine a lattice of input segments
With a lattice of well-formed substrings in g single data
structure called a chart. The goal of such a parser is to
expand the initial lattice ot input symbols into a complete
lattice (or chart) of ail of tne constituents tnpat can be
found in any analysis of any path in tne initial lattice,
An example of Such a lattice fop the sentence "Time flies
like an arrow" is Shown in rigure 10,
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VP
= S-
: TIME  FLIES LIKE AN ARROW

rigure 10: An cxample of a well-formeu Substring Lattice or Chart

cracn labeled norizontal line in tne ligure between vertical
strikes represents a seqment aaded to tne chart as a result
of tne application ot some rule (or one of tne initial
entries in tne wora lattice). botn ol tnese parsing
algorithms (Kay’'s and Locke 's) seiect a particular order for
walking tne chart and Adading new seguments as a result ol
matching rules against the segments alreaay 1in tne chart,
! and both produce a very nice recognition algoritnm tnat
4 keeps a great deal of tne common parts ol differcent analyses
merged together. The principal diftterence between Kay's
parser and Cocke’'s is Kay s generalization of the metnod to
handle general rewriting systems anc¢ an approximation to
transformationa' grammars, sor strictly centext free
. grammars, both ilgoritnms are eftectively tne same. In tnis
: gaper, 1 will call all such parsers (botn Cocke s ana Kay's)
and their derivatives "ecnart parsers"., 1ln particular, the
usual 1implementation ot tne classical nonpredictive
bottom=-up parsing algoritnm is a cnart parser.
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Parsing versus HKecognition

In order to be called a parser, an algorithm must not
only «calculate whetner a string is accepted or not, as does
a recognizer, but it must also keep a recora of the
derivation and provide one or more structural analyses of
tne sentence. In my description of most of the parsing
algorithms so tar, 1 have glossed over this distinction and
only the recognition aspects have been discussed. In order
to be a parser, an algorithm must keep track of and report
what constituents wWere wused as pieces of what higher
constituents. This <c¢an be done conveniently tor a chart
parser by annotating each of the segments of the chart with
a list of the constituents which formed it, -- tnat is, by a
list of the segments which were combinea by some rule to
produce the annotated segment. ln general, there can be
several ways to form a given seguent fromn different
sequences of constituents so the annotation must provide for
several such constituent lists in order to represent all
possible analyses.

poth Cocke’s algorithm and Kay's are bottom-up,
nonpredictive algoritnms and share with other such
algorithms the property ot finding many accidental
constituents that do not form a part of any complete
anaiysis. Such accidental constitueals clutter up the
chart. rigure 11 snows a cnart for our example in wnicn all
such accidental segments have been removed, Sucn a "cleaned
up" chart together with its constituent pointers proviaes a
very compact representation of all ot tne possible
¢lternative analyses of the input witn tne common parts of
“he aifterent analyses merged togetner, tigure 12 snhows the
cnart of rfigure 11 witn constituent pointers aaded for one
particular parsing of tne input, ana tigure 13 snows the
same chart with all constituent pointers included.
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Figure 11: A Chart wit:. Accidental Constituents Removed
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s rigure 13: A cChart Showing All Constituent Pointers for i{wo Parsi
e In more typical cases, one cannot draw as nice a nicture of
the <c¢hart as in our example, (in particular it may not be a
e planar grapn), but inside a computer, a table of positions,
7 each with a set of associated segments (inaicated by the
o constituent type ana tne position wnere the segment ends)
suftfices to hnandle the most general case tor a recognizer,
g For a parser, tne inclusion with each segment of a 1list of
== alternative constituent 1lists, eacn of wnicnh is a list of
segments (wnere a segment is named by its left and right end
- points and tne <couastituent labecl) suffices to produce a
+ compact representation of all the possible parses.
= Earley’s Algorithm
z= There is another parsing algorithm for —context free
: = grammars due to Jay EKarley (Earley, 1970), whizh can be
thought ot as a preaictive chart parser, This al.~rithm
- combines the benefits of tne systematic, lattice-oriented
= parsing of the well-formed substring or chart parser with
== the advantages of rreaictive analysis. Although the
- algoritnm was develop¢d 1in  the context of parsing for
= computer programming longuages, and is presented as such by
" barley, the algorithm has many tneoretical advantages for
a7
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parsing context free grammars in general, and an
appreciation of its operation is important for the

understanding of context tree parsing. karley’s algorithm
does not quite fit into eitner the top-down or the bottom-up
models, or rather it seems to fit equally.well into both.
Starting from the beginning of the string, it begins to fill
in a table (which karley calls a state table) in which it
recoras for each position in the input string, each rule of
the grammar that has been partially matched up to that point
or which might possibly match beginning at that point (i.e.
each rule that would be consistent with what has been parsed
so far to the left of that point). The table 1is organized
into columns, one for each position in the input string, and
the procedure for filling out a given <column i+1 1is as
follows:

1. (transition) Make entries in the column for rules
that appear in the preceding column and whose match can be
continued by matching the input symbol associated witn this
column.

2. (prediction or "pushing") make beginning entries in
this column for every constituent wnich could be used to
continue a match for a rule already in this column (each
rule remembers the column in wnich its match was begun so
that when the match is completed, the algorithm can return
to the column where the constituent was wanted and continue
the match of any and all rules which wanted it. This memory
of the column 1in whicn a subconstituent match was begun
replaces the use of a stack in most predictive algorithms,
and gains o combinatorial benefit by not naving to enumerate
all of the different possible stacks which could sit above a
given subconstitucnt computation. A given constituent in a
given place will be looked for and found only once.)

3. (completion or "popping") For each rule whose match
has just been completed in this <c¢olumn, go back to the
column where that match was begun and pick up and continue
the match of all rules which can use the constituent just
formed.

In karley’s statement of the algorithm the progress of
a rule matcnhn is recorded by a pair of numbers -- the rule
number and the number of symbols in the right-hand siace of
the rule whicih have already been matched. An entry in the
table consists of these two numbers plus the number
indicating the column .n which the rule match was begun, A
sentence is accepted if, when the last column is filled out,
it contains ar entry for a rule whose leftt-hand side is 8§,
whose match has b= n ~ompleted, and whose match was begun in
column 0. (The ai, i*hm begins by initializing coiumn 0 to
contain all of the : .les whose lrit-hand sides are S.)
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Earley 's algorithm 1is frequently thought of as a
top-down parsing algoritum because of the way that it starts
with the assumpticen that it is going to build a sentence and
successively elaborates its set of rules to be looked for by
passing information "down" in step 2. However, once such
top-down prediction (which incidentally may leap over what
will amount to many cycles of left recursion in the final
analysis) has determined the set ot rules to be used at a
given point, the subsequent analysis will do almost the same
kind of bottom-up structure building as any other chart
parser, tne principal difference being tnat for tarley’s
algorithm we will get a subset of those entries in the chart
that would have been produced by an ordinary chart parser,
This 1is because the prediciion technique has eliminated all
those entries which are not at least consistent with some
analysis of the string to the 1left. Once again, this
prediction is a mixed blessing for speech wunderstanding
since if the prediction is made on the basis of unreliable
evidence, it may keep us from finding enough of an analysis
to benefit error correction,

Transition iNetwork Grammars

The presentation sc¢ far has been illustrated by two
extremely simpie sample grammars. when one vegins to write
a grammar for any appreciable subset of natural language,
one finds that there are some verb phrases whicn consist of
a verb aione, some with a verb plus an object noun phrase,
some with a verb, an inairect object and a Jdirect object,
any of these tnrce forms witn a prepositional pnrase addea,
any of the three forms with two prepositional ph.ases, etc.
If one were to write eacn of these as a separate context
free rule, as illustrated in Figure 14a, we find a very
rapid proliferation {possibly infinite) of ruless that share
a lot of stuff in the right-nand sides. People who write
grammars immediately find themselves falling into notations
such as that illustrated ian Figure 14b in which optional
constituents, alternative constituent sequences, and
repeatable constituents are indicated by scme notation
(usually parentheses for optionality, rurly brackets or
vertical strokes for alternative sequences, and the Kleene
star operator (*) for repeatable constiiuents). These are
usually thougnt of just as aboreviations for a set of
ordinary context free rules, but the actual expansion of
such notations into ordinary context free rules is a very
bad way to implement them. Instead, vne buys an advantage
in parsing if ne takes advantage of tnese primitive notions
of optionality, alternatives, and repeatability. Transition
network grammars provide a mechanism for doing this.

29
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A basic transition network (BTN) 1is essentially a
finite state transition diagram to which recursion has been
added by fiat (see Woods, 1969, 1970, 1973a). The result is
no longer a finite state device, but rather is formally
equivalent to a pushdown Store automaton or a context free
grammar, The BTN is a labeled, directed graph whose nodes,
wnich we call states, represent states which the grammar can
be in in the course of generating (or analyzing) a sentence,
and whose arcs represent transitions from state to s.ate.
The 1labels on the arcs indicP.e the input symbol or type of
phrase which must be consumed from the input string in order
to make the transition, It 1is the possibility of arcs
(called PUSH arcs) labeled with the names of phrase
constituents that provides the recursion wnicn makes this
model more than finite state. The grammar contains a start
state for each of the types of constituents which can be
called for on a PUSH arc, and distinguished states called
final states wnich represent the completion of *he analysis
of some constituent, A PUSH arc can be taken if some string
acceptea by the start state associated with the label of

trhat push arc 1is consumea (or generated). There 1is a
mecnanical procegure presented in Wwoods (1969) for
transforming any given context free grammar into an

equivalent BTN and performing a number of optimizing
transformations on tne resulting BIN to produce a grammar
which 1is more compact and more efficient for parsing than
the original context free grammar. Essentialiy the BTN
provides a way to factor a context free gcrammar into a
finite state part and a recursive part so that as much of
the grammar as possible can be expressed in the finite state
part and optimized by the same techniques applicable to
finite state grammars.

The set of notations used by linguists for representing
alternative sequences anc repeatable constituents in their
grammar rules correspond t¢ the operations callea "union",
and "closure" in the theory of finite state automata, which
togetner with the operation of concatenation are known to
generate the finite state langucges, Thus, the right-hand
sides of grammar rules wusing these notations are merely
notational variants of what is in automata theory called a
"regular expression", and there exist formal procedures for
translating such a representation into an equivalent
transition diagram for a finite state macnine. These same
procadures c¢an be used to translate a context free grammar
using these notations into an equivalent BTN, such as the
one illustrated in Figure 1lc,.
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Thus the BTN formalism provides a realization ftor these
notions of alternative sequences and repeatable constituents
that is more efticient for a parser as well as being less
redundant as a linguistic specification. Each of the arcs
leaving a given state represents an alternative possible
continuation of the string bveing generated (or of the
analysis of a given string).

The transition network grammar eftectively provides for
the merging of c¢ommon parts of what would be difterent
context free rules, and this permits parsing operations to
be performed only once on sucn parts instead of separately
on each individual copy as would be the <case 1if the
expressions were expanded into separate ordinary context
free rules. Most of tne parsing algocithms for context free
grammars have natural generalizations to transition network
grammars wnicn take advantage of this merging. In
particular, karley’s algorithm 1is a natural algorithm tor
BTN grammars and the number of parsing operations required
by Earley’'s algorithm for a parsing of an optimized BTN
grammar compared to the parsing of an equivalent context
tree grammar can easily be less by factors of tour or five,.
A presentation of a version ot rarley’s algoritnm tor bIh's
is given in woods (1969).

Grammars for natural English

In comparing the models ot the ChomsKy hierarchy with
each other, it has been fcund that whereas the tinite state
grammars have great computational advantages for parsing
(there exist formal, mechanical op)timizing procedures of
various types for firite state machines), the absence of
recursion makes it unsuitable for na‘ural language analysis.
On the whole, context free grammars provide the simplest and
most natural grammars for natural language but are formally
incapable of dealing with certain kinds of coordinate

constructions and discontinuous constituents. context
sensitive grammars have sufticient formal power to provide a
recognizer for such constructions, but provide no useful

structural descriptions., General rewriting systems add no
useful power not already present in context sensitive
grammars and have the undesirable consequence that it is not
possible to have a parsing algorithm lor the entirc class of
such grammars.
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Transformational Grammars

There are a numter of other grammar formalisms that
have been proposed for natural language which have been
shown to ve equivalent to the ordinary context free grammar
model. Une formalism, however, with considerably more power
than context free grammars has stimulated 1linguistics and
served as the vehicle for most of the study of natural

language grammar in tne last decade, This is the
transformational grammar of Chomsky. A transformational
grammar basically consists of a context free "base" grammar

plus a set of transformational rules which c2. permute the
order of constituents and in general move, delete, and
insert constituents at various positions in the parse tree.
Transformational rules can also test conditions such as
identity of «constituents and the presence of syntactic
features associated with the words ana sometimes the phrases

of the sentence. Perhaps the simplest example »f a
transtormational rule is tne passive transtformation shown in
Figure 15, which produces the "surface structure® for a

passive sentence from the "desp structure" that underlies
the corresponding active sentence.
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PASSIVE
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CONDITION: 4 # 1
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12 \|/ NlP 4 2 BE EN\ll BY N|P
o 3 !
b. EFFECT OF THE RULE ON TREES

Figure 15: A Sample Transtformational hule: The Passive
Transformation

i e

The rule says that if you can analyze an intermediate phrase
structure tree into a sequence consisting of a noun phrase,
optionally an auxiliary verb, followed by a main verb and an
object noun phrase, then you <can transform the tree by
moving the subject noun phrase (1) to the position of the
object noun phrase (4) appending the word "by" on its left,
moving the object noun phrase to subject position, and
appending the morphemes, "be" and "en", to the left of the

main verb. This rule changes the tree structure
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corresponding to "Mary shot John" into that corresponding to
"John was shot by mMary". (A later rule will move the "en"
to the right of the next verb and a "post cyclic" rule will
combine the two into a past participle.) The generation of a
sentence by a transformational grammar consists of the
generation of a deep structure tree by means of the context
free base grammar and then transforminz this tree through a
series of intermedi~te structures into the surface structure
tree by means of the transformational rules, which are
usually oraered, marked as optional or obligatory, and
applied c¢cyclically to successgsive embedded clauses in complex
sentences,

The transformational grammar appears capable of
capturing the major syntactic facts about natural language,
and a great deal of our current knowleage about the syntax
of English nas been discovered and codified in terwus of this
model. However, it 1is incredibly inefficient to parse with
such a grammar and no parsing algorithm suitable for parsing
any significant amount of text has ever been developed for
this grammar model, although Stanley Petrick has spent
considerable effort in tnis direction for a number of years
and has probably the only working parsing algorithm for
transformational grammars in existence (Petrick, 1965).

Augmented Transition Networks

In order to obtain a grammar formalism with the
linguistic adequacy of a transformational grammar while
preserving the efficiency of the various context free
parsing algorithms, 1 have been developing and refining a
model of grammar which I call an augmented transition
network (ATN). Presentations of this nodel appear in woods
(1969, 1970, 1973a). tarlier attempts along similar lines
were made by Thorne, Bratley, ana Dewar (1968) and by Eobrow
and rraser (1969). An ATN consists of a basjic transition
network grammar augmented with a set of registers whicn are
carried along with the state and which can hola arbitrary
pieces of tree structure, and with arvitrary conditions and
actions associated with the arcs of the grammar which can
test and set the contents of these registers. As a parsing
proceeds with an ATN grammar, the conditions and actions
associated with tne transitions can put pieces of the input
string into registers, use the contents of registers ¢to
build larger structures, check whether two registers are
equal, etc., It turns out that this model can construct thne
same kinds of structural descriptions as those of a
transformational grammar and can do it in a much more
economical way. The merging of common parts of alternative
structures, which the network grammar provides, permits a

very compact representation of quite large grammars, and
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this model has served as the basis for several natural
language understanding systems such as the LUNAR system
(Woods, Kaplan, and Nash-webber, 1972, woods, 1973b). For
speech understanding, the transition network grammar is one
of the few linguistically adequate grammars for natural
English that are at all amenable to coping with the
combinatorial problems. This model is being wused as the
basis of the syntactic component of the BHBN speech
understanding project (Bates, 1974, Woods, 1974). Other
types of context free grammars c¢an be augmented by
conditions and actions associated with the grammar rules in
a similar way, but such grammars lose the benefits of the
transition networks (such as merging common parts of
different rules) which we discussed previously. Another
advantage of the transition network formalism is the ease
with which one can follow the arcs backwards and forwards in
order to predict the types of constituents or words which
could occur to the right or left of a given word or phrase.
One of the important roles of a syntactic component in
speech wunderstanding is to predict those places where smill
function words such as "a", "an", "of" should occur since
such words are almost always unstressed and difficult %o
unambiguously find in the input. In the BBN speech system
such words are almost always found as a result of syntactic
prediction and are not even looked for during lexical
analysis since spurious matches would be found more often
than correct ones.

The ATN formalism suggests a way of viewing a grammar
as a map with various landmarks and recognizable locations
that one encounters in the course of <c¢rossing a sentence
from lef't to right. For speech understanding this
perspective is beneficial, for example, in attempiting to
correlate various prosodic characteristics of sentences with
such "geographical landmarks" within the structure of a
sentence.

Let me conclude this presentation of syntactiz
techniques with a reiteration that 1 have not atiempted to
make a case that any one parsing technique or g:rammar
formalism is uniformly better than others (indeed I do not
believe there is a best one for all applications). Rather,
I have atvtempted to give sufficient insight into the
relative advantages and disadvantages to enable +the reader
to make appropriate choices for partic.lar applications.
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Part I1. Semantics

Turning now to the subject of semantiecs, I should
perhaps first make the point that the word "semantics' means
different things to different people. There is a tradition
in philosophy and 1logic thart specifies the semantics of
formal systems such as the propositional calculus in terms
of a set o. "truth conditions" for each possible expression
in the system. These truth corditions are abstract entities
which specify the situations or "possible worlds" in which
the statement would be true. In linguisti¢s, on the other

hand, concern 1is usually devoted to finding a notation or
representation in which to specify ea - of the different
possibie interpretations or '"readings" which a natural

language sentence can have and to procedures for determining
wnether a centence is meaningful or "anomalous" (i.e. not
meaningful). The linguist does not usually follow this up
by proviging a semantics irn terms of truth conditions for
his notation. 1In the field of programming languages 1in
computer science, the semantics of a programming language is
specified in terms of the computations which the machine is
tc perform as a result of a gziven expression. In specifying
a formal semantics for such systems however, one wusually
takes recourse to defining tne semantics by reducing it to
another notation such as tnose of elementary arithmetic,
wnose sSemanties is presumably understood., In the fields of
computational linguistics and artificial intelligence, the
term is perhaps most misused. In some cases, it is taken to
cover everything that isr’t syntax -- i.e. everything: - that
is not part ot a grammar, whilie in others it is asserted to
vpe no aifferent in principle from syntax, and any basis for
a aistinction between the two is denied.

wnile I don’t have tne space here to go into a complete
expositiecn of tne differant concerns of all of these
different perspectives on semantics, I will try to give a
brief synopsis of the aistinctions,

Let us begin by considering what all of these different
things which <call themselves semantics have ir common,
According to m dictionary, semantics 1is "the scientific
study of the relations between signs or symbols and what
tney denote or mean." This is the traaitional wuse of ‘the
term and (epresents tne common thread which 1links the
different concerns a.scussed above, Notice that the term
does not refer to the things den~t~d or the meanings, but to
the relations between these . .ags and thc 1linguistic

expressions which denote tnem. Thus, although it may be
ditfticult to isolate exactly what part of a system is
szmantics, any system which understands sentences and
carries out appropriate actions in respcnse to them is
somehow completing this connection, and therefore 1is

applying semantic knowledge to this task. One of the common
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misuses of the term semantics in the fields of comput~ .ional
linguistics and artificial intelligence 1is to extewnd the
coverage of the term not only to this relation between
linguistic form and meaning, but to all of the retrieval and
inference <capabilities of the system. This misuse arises
: since for many tasks in 1language processing, the wuse of
semantic information to make an evaluation necessarily
involves not only the determination of the object denoted,
out also some inference about that object. 1In absence of a
good name for this further inference process, terms such as
"semantic inferences” have come to be used foi Lhe entire
process. I regret to say that I have nc¢ really good

ikl

substitute term for such processes and, since the
terminology is sSo well established in some of the
literature, I will wuse the term "semantic infercnces" in

this paper 1in referring to 1inferences that cross the
boundary between symbol and referent and then draw

conclusions about that referent. (One must be &ware however
that not all writers who use this term mean the same thing
by it.)

Ll

erns of the linguists and the philosophers in
the areas of semantics are effectively two halves of the
; same process, both of which the fields of computational
E linguistics and speech understanding will have to cope with,
7 In reducing the semantics of natural language sentences to
some formal notation, the linguist has only c-mpleted half
of the job if he does not go or and specify a semantics of
the resulting formal system, It is at this point that the
concerns of philosophers and 1logicians in specifying the
i scmantics for formal systems takes over. Notice that
specifications of the formal semantics of programming
- languages in terus of the notations of elementary arithmetic
are satisfactory only to the extent that we understand fully
what these notations themselves mean., This is also the case
for specifying the semantics of natural language.

e
1”

I hope the above presentation has alerted you to some
of the different kinds of things to which the term semantics
can refer, and I will attempt to make clear which one I am
using in the remainder of this presentation. I should point
out that in the field of computational linguistics we don’t
have nearly as good an understanding of semantics as we do
of syntax. I cannot give you the same kind of evolution of
ideas through successively more powerful models and
techniques, all of which are well understood. Here instead,
the mechanisms wnich we understand tnoroughly are known to
be inadequate for dealing with many aspects of the problen,
and the techniques which bhold promise of dealing with some
of the more difficult problems are not yet sufficiently
understood v tested, for anyone to say whether they in fact
solve the problem or not. In this area, then, Wwe have many
promising approaches, but few definite answers.
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what [ will attempt to do he:re 1is provide an
unaerstarding of some basic orranciples of semantic
representation and interpretation that will apply to any
system that understands natural language (whetner text or
speech), and then some specific techriques which I think
have direct relevance to speech understanding. In
particular, 1 will describe two techniques which are being
appliea 1in the bBbBN speech understanding system. GUne is the
technique of semantic interpretation into procedural
semantics which 1 have applied effectively ¢to several
natural language question-answering applications, and the
other 1is tne technique of "semantic intersections" in
semantic network representations of knowledge which was
develvped by Quillian (1968, 1969). For more details on the
specific applications of tne latter technique to speech
understanaing, see Nash-webber (1974 and 1975%). For the
most part, the details of many other interesting things that
are being done in the arca of computational semantics for
ratural language will have to be left ¢to the references.
Articles which may be of interest include: bruce (1973),
Carbonell and Collins (1974), Collins and Quillian (1969),
Collins =2nd warnock (1Q74), Fillmore (19A4), Green and
kaphael (1968), Heidorn (1972), Norman and Kumelhart (1973),
Sancdewall (1971), Winograd (1972), woods (1967), and
articles by Newell, Simmons, wilks, wincvgraa, Schank, Colby,
Abelson, hunt, Lindsay, ana Becker 1in J3chank and Colby
(1973).

Procedural sSemantics

It appears that the programming language theorists
stand on firmer ground tnan the philosophers or the
linguists in specifying tne semantics of their systenms,
since they ~can define the semantics of their notations in
terms of tne procedures that the machine is to carry out.
Notice tnat the notion of procedure shares with the notion
of meaning that elusive quality of being impossible to
present except by means of alternative representations. The
procedure itself is sometning abstract which is instaatiated
whenever someone carries out the procedure, but otnerwise,
all one has when it 1is not being executed 1is some
representation of 1it.

Although in ordinary natural language not every
sentence 1is overtly dealing with procedures to be¢ executed,
it is possible nevertheles3 to use the notion of proceaures
as a means of specifying tne truth conditions of declarative
statements as well as the intended meaning of questions and
commands. One thus picks wup the semartic chain from the
pnilosopners at the level of truth conditions and completes

it to the level of formal specifications of procedures,
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These can in turn b2 characterized by their operations on
real machines and can be thereby anchored to physies. This
notion of characterizing the truth conditions of sentences
in terms of mechanical procedures is one that I called
"procedural semantics" in my 1968 AFIPS paper (Woods, 1968)

and the term has since gained wide <circulation. The
application of this technique in computer systems for
natural language understanding has been very effective. Two

notable computer systems which make wuse of this type of
semantics are the LUNAR systenm (Wwoods, Kaplan, &
Mash-webber, 1972, woods, 1973b) and the blocks world system
of Winograd (1972). The former wunderstands and answers
questions such as "what 1is the average concentration of
aluminum in high alkali rocks?", while the latter
understands and carries out instructions such as "Put the
pyramid on the ©block in the corner," (including resolving
the ambiguity by determining whether there is a pyramid on a
block or a block in the corner). Since the semantic
techniques used in the LUNAR system are more formalized and
rule driven and since I am more familiiar with the details of
that system, I will use LUNAK as the principal illustration
¢cf tht technique. 1 think the rules wused there can
effectively serve as a formal model for what is going on in
a number of other language understanding systems.

Semantics in LUNAK

The semantic framework of the LUNAK system consists of
three parts -- a semantic notation in which to reprcsent the
meanings of the sentences, a2 specification of the semantics
or meanings of tnis notation by means of LISP programs, - .id
a procedure for assigning representations in the notation to
input sentences, In LUNAR, the semantic notation (which I
have referred to there as a query language) consists of an
extended notational variant of the predicate calculus.

The query language contains ecssentially three kinds of
constructions:

1) designators, which namz or denote objects cr~ classes
of objects in the data base,

2) propositions, which correspond to statements that
can be either true or false in the data base, and

3) commands, which initiate and carry out actions.
Designators come in two varieties -- individual specifiers
and class specifiers. Individual specifiers correspond to

proper nouns and variables, For example, S10046 is a
designator for a particular sample, OLIV is a designator for
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a certain mineral <(olivine), and X3 can ©be a variable
denoting any type of object in the data base. C(Class
specifiers are designators used to denote <classes of
individuals over which quantification can range, They
consist of the name of an enumeration function for the class
plus arguments, For example, (SEQ TYPECS) is a
specification of the class of type C rocks (i.e. breccias)
and (DATALINE S10046 OVERALL OLIV) is a specification otf tne
set of lines of a table of chemical analyses which
correspond to analyses of sample S10046 for the overall
concentration of olivine,

Elementary propositions are tormed from predicates with
designators as arguments, and complex propositions are
formed from these by use cf the logical connectives AND, OR,
and NOT and by quantification, For example,
(CONTAIN S10046 OLLV) is a proposition formed by
substituting designators as arguments to the predicate
CONTAIN, and (AND (CUNTAIN X3 OLIV) (NOT (CUNTAIN X3 PLAG)))
is a complex proposition corresponding to the assertion that
X3 contains olivine but does not contain plagioclase.
Elementary commands consist of the name of a command
tunction plus arguments, and 1lixkxe propositions, complex
commands can be constructed using logical connectives and
quantification, TEST is a command function for testing tne
truth value of a proposition given as its argument., Thus,
(TEST (CONTAIN S10046 OLIV)) will answer yes or no depending
on whether sample S10046 contains olivine, Similarly
PRINTUOUT 1is a command function wnich prints out a
representation for a designator given as its argument.

The format for a quantified proposition or command is:
(rUR QUANT X / CLASS : PX ; QX )

where QUANT is a type of quantifier (EACH, EVERY, SOME, THE,
numerical quantifiers, etc.), X is a variable of
quantification, CLASS is a class specifier for *he class of
objects over whicn quantification is to range, .X specifies
a restriction on the range, and QX 1is the proposition or
command being quantified. (bBoth PX and QX may themselves be
quantified expressions.) For example (FUH EVERY X1 / (SEQ
TYPECS) : (CUNTAIN X1 PLAG) ; (CONTAIN X1 OLIV)) i3 a
quantified proposition corresponding to the statement that
every type C rock that contains plagioclase also contains
olivine., (FUR BVERY X2 / (DATALINE S10046 OVERALL OLIV) : T
2 (PRINTOUT X2)) is a2 quantified command to printout all of
the chemical analyses of S10046 for overall olivine
concentrations. (For expository reasons, the notation nas
been slightly simplified here compared to that actually useq
in the LUNAK system, but the ditferences are minor.)
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Semantics of the Notation

Having specified our semantic notation for representing
the meanings, wWe must now specify the meanings of our
notations, As mentioned before, we do this in LUNAKR by
relating the notations to procedures which can be executed.
For each of the predicate names that can be used 1in
specifying semantic representations, we wWill specify a
procedure or subroutine which will determine the truth of
the predicate for given values for the arguments., Similarly
for vach of the functions which can be used, we will specify
a procedure which <can compute the value of that function
given the values of its arguments, For each of the <class
specifiers for the FUR function, we will require a
subroutine which enumerates the members of the class, The
FOR function itself is also defined by a subroutine as are
the logical operators AND, OR and NUT and the basic¢ command
functions TEST and PRINTOUT. Thus any well formed
expression 1in the query language 1is a composition of
functions which have procedural definitions in the retrieval
component and are therefore themselves well defined
procedures capable of execution on the data base. 1ln fact
in the LUNAR system, the detftinition o©f aill of <tnese
procedures 1s done in L1SP and the notation of the query
language is so cnosen that i%s expressions are executable
LISP programs. The totality of these function definitions
and the data ba.e on which they operate c¢onstitute the
retrieval component of the system.

1t should be pointed out that by virtue of this
definition of the primitive functions anda predicates as LISP
functions, tne query language can be viewed simultaneously
as a higher-level programming language and as an extension
of the predicate calculus. This gives rise to two different
possible types of inference for answering questions,
corresponding to the philosopher’s distinction between
intension and extension. First, because of its definition
by means of procedures, a question such as "Does every
sample contain silicon?" can be answered extensionally {(that
is by appeal to the individuals denoted by the <class name
"samples”) by enumerating the indiviaual samples and
cnecking whether sodium has been found in each one. 0On the
other hand, this same question <could have been answered
intentionally (that is by reference to its meanings alone
without reference to the objects denoted) by means of the
application of inference rules to other (intentional) facts
such as the assertion "bkvery sample contains some amount of
each element.” Thus tie expressions in the query language
are capable either of direct execution against the data base
{extensional mode) or manipulation by mechanical inference
algorithms or theorem provers (intentional mode). Only the
tormer (extensional) mode of inference is actually wused in
the LUNAKk system. This gives rise to some limitations (e.g.
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it is not possible to prove most assertions about infinite
sets in extensional mode), but is very etficient for a
variety of question-answering applications,.

i
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Semantic Interpretation
§‘ Having now specified the notation 1in whicen we will

represent the meanings of English sentences in our system
E and making sure that we understand the nature of the

;- meanings of tne expressions in that notation, we are now
e lett with the specificaticn ot the process whereby meanings

are assigned to sentences, This process 1is referred to as
r semantic interpretation, and in LUNAK it is driven by a set
= ot tformal semantic interpretation rules. The semantic

interpreter operates on a syntactic structure or fragment of
- one which has been constructed by the parser, assigning
%; semantic expressions in the notation to the nodes of this

structure to indicate the "meanings" of tnose constructions
to tne systenm. In LUNAK this procedure is such that ‘the
interpretation orf nodes can be initiated in any order, but
it the interpretation ¢t a node requires the interpretation
of a constituent node, then the interpretation of that
constituent node is pertformed betore the interpretation of
the higher noae is coumpleted, Thus, it is possible to
perform the entire semantic interpretation by calling for
the interpretation ot the top node (the sentence as a
whole), and tnis is the normal mode in which the interpreter
is operated in the LUNAK system.

$ed

iy

By

Semantic Kvles

In determining the meaning of a construction, two types
of information are wused -- syntactic intormation about
sentence construction and semantic information about
constituents. For example, in interpreting the meaning of
the sentence, "S10046 contains silicon," it is both the
syntactic structure of the sentence (cubject = S10046; verd
= "contain"; object = silicon) plus the semantic facts that
$S10046 1is a sample and silicon is a chemical element that
determine the interpretation (CONTAIN S10046 SILICON).
(Note that the predicate CONTAIN here 1is the name of a
procedure in the retrieval component and it is only by the
"accident" of mnemonic design that its name happens to be
the same as the knglish word "contain" in the sentence that
we have interpreted.)

In LUNAR, this information about the semantic
interpretations of syntactic structures 1is embodied in

semantic rules consisting of patter:is that determine whether

I
1
|
|
|
|
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a rule can apply and actions that specify how the semantic
interpretation is to be constructed, An example of such a
rule is given in Figure 16.

(S: SAMPLE-CONTAIN
(S.NP (MEM 1 (SAMPLE)) )

(S.V (OR (EQU 1 HAVE)
(EQU 1 CONTAIN)))

(S.0BJ (MEM 1 (ELEMENT OXIDE ISOTOPE)) )

——l

(PRED (CONTAIN@#11)(#31))))

Figure 16: A Sample Semantic Interpretation HRule

The name of the rule is S:S5SAMPLeE-CONTAIN, and the left-hand
side, or pattern part of the rule, <consists o! tnree
templates wnich match fragments of syntactic structure. The
first template requires that the sentence being interpreted
have a subject noun phrase which is a member of the semantic
class SAHMPLE, the second requires that tne verb be either
"have” or "contain”, and the third requires a direct object
which is cither a chemical element, an oxiae or an isotope,.
The terms S.NP, 5.,V ana S.UBJ name schemata for tree
fragments which are used not only to test for the presence
of their corresponding syntactic structures in the sentence,
but also to associate reference numbers with selected nodes
in the structure. These numbers are used for reference by
the semantic conditions in the templates and for use in the
right-hand side of the semantic rule., For example, the tree
fragment S.NP locates the subject noun phrase o¢f the
sentence and associates tne reference number 1 with that
nuun phrase,

The right-hand side, or action part, of the rule
follows the right arrow and specifies tnat the
interpretation of this node is to be a predicate formed by
inserting the interpretations of two constituent nodes into
the schema (CONTAIN (# 1 1){(# 3 1)), where the expressions
(¢ m n) refer to the interpretation of the node with
reference number n for template number m in the match of the
left-hand side of tne rule.
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Organization of Rules

The semantic rules for interpreting sentences are
usually governed by the verb of the sentence. That is, out
of the entire set of semantic rules, only a relatively small
number of them can possibly apply to a given sentence

because of the verb mentioned in the rule. Similarly the
rules which interpret noun phrases are governed by the head
noun of the noun phrace,. For this reason, the semantic

rules 1irn LUNAR are indexed according to the heads uf the
constructions to which they could applv ar. recorded in the
dictionary wentry for the head words. tach rule then
characterizes a syntactic/semantic environment in which a
word can occur and specifies its interpretation in that
environment., The templates of a verb rule thus deseribe the
necessary and sufficient constituents and semantic
restrictions in order for the verb to be meaningful. Nouns
in noun phrases benave similarly. That is, the semantic
rules not only specify the process of interpretation which
assigns semantic representations, but their left-nand sides
also specify the conditions wunder which given words and
constructions are meaningtful.

Semantic i ules in General

The above presentation is oversimplified in a number or
respects for the sake of expository brevity. There is in
general a greater variety of devices that are wused in the
semantic rules of tne LUNAK system, and tnere are numerous
details or operation that we will not consider here, (Such
as the desired penavior when a template or a rule matches in
several different ways.) ror more details on tiese 1issues,
the reader is referred to woods (1967) and to Woods, Kaplan,
and Nash-webber (1972). There are also many other
interesting issues in the semantics of natural language
which have not been explcred in the LUNAR system or any
other computer system whicn are currently more the domain of
philosopners than computer scientists but which will
eventually have to ©be handled by computer systems if they
are to be tfacile at understanding human language. The
diversity of these issues, however, is beyond the scope of
this presentation.

In many question answering systems semantic
interpretation rules are pairea more directly with the
syntactic rules of the grammar so tnat there is little or io
template matching required (and consequently less latitude
for prouucing semantic interpretations that are not in
node-for-node correspondence witn the syntactic structure).
In still other systems, the semantics are not formalized in
rules, but are simply embodied in arbitrary computer

programs (and consequently totally unconstrained in what
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could be done theoretically but providing 1little or no
theory or conceptual framework for what is going on.)
However, the kind of semantic rules tnat are used in LUNAK
can be used as formal models to explain what is going o1 1in
the semantics of these other systems in which the semantics
is either more restricted or less formalized.

Semantic Judgments

As in tne case of syntax, semantics has toth a
judgmental ana a structural aspect. That 1is, semantic
information is used botn to construct semantic
representations of the meanings of tne sentences and to
reject anomalous or semantically ill-formed sentences. what
we have described so far has mostly dealt with the
structural aspect -- how to assign a semantic representation
to a sentence and what representation to assign. This
capability 1is necessary for any language understanding
systcm whether 1¢ 15 textl or speecn. 1n the judgmental
component, however, there are a number of tnings which
semanrtics can do which are particularly important for speech
understanding. As we pointed out above, the pattern parts
of the semantic interpretation rules can be used to specify
what assemblages of syntactic structures and lexical words
are meaningful.

In tne next few sections, wnat I would like to do is
briefly survey the uses of semantic intormation which have
been made in various question answering systiems wusing the
notion of semantic interpretation rules as presented above
to unify the discussion, I shall no 1longer be directly
concerned with the use of the rules for the assignment of
semantic interpretations to sentences, but with the
ancillary use of tne information embodied in these rules ior
other purposes,

Semantic information 1is wused in a number of text

oriented language understanding systems to select
semantically meaningful parsings from among all of the
possible parsings of a sentence, For example, in tne

context of airline tlight schedules in interpreting a
sentence 3uch as "Does American nave a fight trom some east
coast city to Chicago"™ we <can tell tnat the phrase "to
Chicago" modifies flight ana not «c¢ity because we have
semantic interpretation rules for flights to places while we
do not nave any rules to interpret cities to places. In
speech understanding, this ability to determine whether a

given interpretation of a sentence 1is semantically
meaningful 1is ecritical not only for choosing between
alternative parsings, but also for choosing between

alternative segmentations of the input signal into words.
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In the next few sections I will discuss some of the
. techniques that have been used in various question answering
3 systems to use semantic information for this judgmental role
and discuss their advantages and limitations for speech
understanding applications,
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Semantic Selectional HRestrictions

i

As we mentioned above, the attempt to characterize the
difference between semantically well-formed sentences and
those wnich are semantically anomalous has been a major
=l concern of many linguistic semanticists (see e.g. Katz &
j Foaor, 1964). The device which is wused 1in most such
attempts is a notion of semantic selectional
restrictions -- restrictions between the verbs of a sentence
and semantic features of the arguments which they can
i‘ sensibly take. For example, the restriction that verbs like

"intend" require higher animate subjects is used to explain

§ the oddness of sentences sucn as "the rock intends to sit

there." This account assumes tnat the nouns of the language

can be asslgnec to semantic classes such as "higher animate"

E - and that there must be "semantic agreement" or at least no
:

Lo |
L]

semantic disagreement oetween the verb of a sentence ana the

Q subjects, objects and other arguments which it can take., It

is in this area of semantics that the mnisconceptions about

the distinction between syntax and semantics arise, since

£ . there is usually no difference in principle bpetween the

implementation of such semantic restrictions to reject

- semantically anomalous sentences and implementation of

i syntactic restrictions such as number agreement to reject

syntactically incorrect sentences. For sufficiently

- restricted and fixed domains of discourse, it is possible to

implement such semantic selectional restrictions by

3 »e subcategorizing the syntactic categories of the grammar with

5 classes like “animate noun’ and ‘color adjective’ rather

than simply noun or adjective. One thereby incorporates the

testing of semantic selectional restrictions into the

grammar ana avoias the need for any spzcial mechanism for
- testing semantic selectional restrictions,

ol

The technique of semanticolly subcategorizing the
: syntactic categories of the grammar has been appliec
- effectively in limited speech understanding applications.
a e It has the advantage of being efficient in execution and
3 easy to implement for sufficiently simple understanding
1 . tasks. However, one should understand its limitations. One
I; of the major inadequacies is that the wuse of semantic
1 selectional restrictions as prerequisites for grammaticality
]é or semantic well-formedness is not quite correct. Father

most such conditions are required only for a sentence to be
true. when the sentence is a question or when it asserts a

b
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negative possibility, then semantic selectional restrictions
may be violated by perfectly reasonable sentences, A speech
understanding system which contains sucn restrictions
embecdded in its grammar will fail to parse such inputs.
(For example, 1in Terry Winograd’'s blocks world program the
sentence "Can a table like blocks?"™ fails to parse since the
system applies the =selectional restriction that "like"
requires an animate subject.) A speech understanding systen
which wused such selectional restrictions as a prerequisite
for acceptability of an interpretation of a speech signal
would be unable to "hear" this sequence of words no matter
how well articulated and how successful the acoustic and
phonological analysis, but would rather insist on looking
for some other interpretation of the signal.

An additional limitation of the semantic selectional
restriction approach is that the necessary semantic
information associated with a given argument to a verb is
not necessarily associated with the lexical items in the
noun phrase, but may be associated with the referent of the
noun phrase instead. The association of such information
With the dictionary entries for the words is really just an
approxiamation {albeit a useful one {or many applications) ot
what one really wants the semantic selectional restrictions
to test,

A major practical difticulty with incorporating the

semantic selectional restrictions into the syntactic
categories of the grammar is the lack of extendabiljty thus
induced. If one wants to apply the system to a different

domain of discourse or to extend the domain slightly, he has
to redefine the categories of the grammar.

Semantic Screening

A somewhat more versatile technique for using semantic
information to select an appropriate parsing is to apply
semantic rules to the nodes of the syntactic tree structure
as the nodes are ouilt by the parser, If tne node just
constructed fails to have a semantic interpretation, then
that computation path of the parser is rejected and the
parser looks for other ways to parse the input. This
technique of semantic screening applies the semantic
selectional restrictions as a filter or a sieve duriag the
parsing operation. In its sinplest form, the semantic rules
are associated witn the rules of a context-free grammar in a
one-to-one fashion so that as soon as a syntactic rule is
applied, the corresponding semantic rule is tested.,
Jemantic screening is often touted as a mechanism for
gaining increased efficiency in parsing since it tends to
cause early rejection of parsing patns which otherwise would
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: have been conuvi..ued further,. This argument, however,
neglects to count the cost of the semantic interpretation on
uncompleted parsings which would not have been completed in
any case for syntactic reasons. Whether semantic screening
really provides an increase in efficiency depends on the
: relative costs of the extra or unnecessary semantic
g processing and the syntactic processing that is thereby
- eliminated. In many situatiors, it is more efficient to
= complete the syntactic analys®s and then apply the semantic
testing.

Another technique which 1is related to semantic
screening is to apply tests not only of general semantic
2 well-formedness but also tests of factuality in c¢Onjunctign
3 with tne formation of a constituent. This is the case for
example in winograd’s system when he makes his deczision
about "put the pyramid on the block in the corner” on the
basis of whether there is a pyramid on a block in the
current state of the world and not just on the basis ot
general information about whether pyramids can be on blocks.
This technique <can ©be very useful in scme situations, but
its exclusive and uncontrolled use would .»ake it 1impossible
to say things that were not already true or to ask about
things that were not truc.

Semantic 3election

A major inadequacy of semantic (and of factual)
screening and indeed of any application of semantic
selectional restrictions as strict prerequisites for
well-formedness is its inability to deal with sentences such
as "1 saw the man in tne park with a telescope”"™ in which
+here are many possible parsings which are all semantically
possible, but are not equally plausible. Although it is
possible that I was in a park which containeda a telescope
when 1 saw the man somewnere else, this 1is not the most
likely interpretation in abseiice »>f specific information
that would indicate this interpretation. HRather there is a
kiud of detfault interpretation that the telescope was
probably used to see the man, and in absence of reason to
believe otherwise the man was probably in the park, #what is
required in general rather than a mere rejection of
semantically 1ill-formed interpretations 1is a mechanism to
select the moat plausible interpretation from among a set of
syntactically related alternatives. Although the solution
of this problem in general is not a% hand, a beginning has
been made in a mechanism called selective modifier placement
in the LUNAR parser (see Woods, 1973a). 7This mechanism uses
. information such as the fact that a telescope i3 an optical
inastrument and one can see with an optical instrument to

prefer the alternative of "with a telescope" modifying

L9
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"see"”, while in absence of semantic preference, the modifier
"in the park" modifies the syntactically preceding noun
phrase "man". The technique has not ©been systematically
developed, however, and except for the placement of
prepcs . tional phrase modifiers, the use of semantic
judgments in LUNAR to seiect among alternative parsings is
not well developed.

Semantic Precdiction

All oif v e preceding techniques for making semantic
judgments about completed syntactic constructions are of
grecrt importance for speech wunderstanding. There are,
howz2ver, situations in the course of understanding a speech
utterance where one does not have a complete ccnstruction to
work with and would like to make use of semantic information
to guide the speech understander to 1look for words which
mignt have ©Dbeen slightly garbled or to provide initial
preferences among the words that are discovered on the basis
of acoustic and lexical analyses alone., Given for example
that we have found the words "sample"™ and "contain" in a
speech signal, we would 1like to make use of our semantic
information tc predict tnat there should now occur a word
which 1is a chemical element, an oxide or an icsotope., This
information is contained in our semantic rules (specifically
it 1is in the left-hand sides of the rule~). Similarly upon
encountering the words "sample" ancd "contain" among a large
number of other words in the initial word lattice, we would
Like to use the semantic information to notice that these
two words are related and perhaps go together in the
interpretation of the utterance, Both of tnese semantic
rolcs make use, not of the logical or interpretative sense
of semantics, but of a kind of associational semantics which
studies the semantic relationships among words and concepts.
There are a number of psychclogists and psycholinguists as
well as people in artificial intelligence, sociology and
other field: who have been trying t¢ model this aspect of
semantics with various kinds of network structures. The
initial impetus in this area was created by HKoss Quillian
(1968, 1969), but other researchers in this area of
semantics includ. Abelson, Carbonell, Collins, Rumelhart and
Norman, Schank, Simmons, and others (a sampling of most rf
these authors is given in Schank & Colby, 1973 and others
are cited explicitly in this paper.) The work of Fillmore
(1968) has also been influential in this area of study, and
recently, similar notions have been used at MIT as the basis
for programs tha' analyze visual scenes (winston, 1970). I
will describe here some of the characteristics of semantic
networks as Quillian visualized ¢them which have direct
application in speech understanding and which have been

included in the BBN speech underatanding system.




B
.

l;
E

&1

e
A1

ol

|

1

BB

Ll

Wiy

ol

i

e ‘“'“"F‘“""‘W" o o

W

pBN Report No. 3067 Bolt Beranek and Newman Inc.

Quillian was not interested in the notions of semantics
as characterizing truth. Indeed he denied (I tnink
erroneously) tne psychological relevance of such notions,
Rather he viewed the "meaning" of a word as merely a
collect’on of the concepts that =2re associated with it
(without, however, giving any adequate erplication of what
Was meant by a concept). I consicer Quillian’s original
fornulation and much of the work that it has stimulated to
be inadequate in the respect that it doesn’t give any
attenticn to a specification of the semantics of the network
notation itself, but that doesn’t lessen the wvalidity of
many of the points that he and others of this school have
raised.

Quillian wa3s concerned with investigating the structure
in which humans tore information i< their brains. Thus,
the so called semantic networks are really attempts at
finding structures and organizations for storing knowledge.
His concern is not with having a notation in which to write
down a 1list of facts, ©but rather with an overall memory
structure in which the interrelationships among those facts,
which humans use for retrieval of information and for
construction of inferen. es, are explicitly and efficiently
represented. The important thing for Quillian is not so
much the structure of a particular concept, but the network
of relations to otner concepts that are established. In
particular, Quillian sought to devise a mechanism and a

structure which ould account for the types of semantic
associations which people make ana tne way these
associations manifest themselves in human language

unagerstanding.

To give a tlavor ot the kind of network that Quill:i-n
had in mind, Figure 17 (taken from Quillian, (1969)), give.
an example ot the cnncept associated witn the lexical itcm
"client". tach lexical item or word points to one or more
"concepts" or nodes in the semantic net (corresponding to
different senses of the word) each of wnich is merely an
assemblage ot pointers to other concept node. in the
network. In Figure 17 the identifiers PEKSON, EMPLOY, and
PROFESSIONAL stand for pointers to other concept nodes in
the network. In Quillian’s view, the meaning of a concept
is the sum total of the coilection of concept nodes to which
it 1is connected -- no more and no less. while this gives
very little leverage on solving any of the problems of
semantic interpretation or cnaracterization of truth
conditions, it is a superb mechanism for accomplishing the
semantic predictions and roticing the coincidences among
semantically related words that are required for speech
understanding. In particular, Quilliian’s notion of semantic
ir cerzection can play an important role in speech
understanding.
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figure 17: A rragment of a Quillian Network
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Semantic Intersection

Quillian developed the notion of semantic intersection
as an attempt to account for the human capability to
immediately 1identify the relationsnips between diverse
things such as between ‘plant’ and “alive’ or (more subtly)
vetween Madrid and Mexico, and to account for the tendency
of people to accept an ambiguous term in a particular sense
induced by tne appropriateness to the context without
noticing the other possible senses (a phenomenon called
"foregrounding"). 1In foregrounding, the appropriate sense
is somehow brought forward and made more accessible than the
other senses due to the influence of the context. Tre
mechanism which Quillian proposed to account for such
phenomena and which he believed was the principal process
for accessing intormation from one’s knowledge store was a
process which he called semantic intersection. Quillian
assumed tnat in the brain, whenever a concept was brought
into consideration in a discourse or wWwnatever, it was
somehow Stimulated or "activated" and tnat this activation
passea out in waves from the source of tne stimulation to
the concept noaes to whicn it was connected. When the
activation waves trom two ditterent sources met at some node
in the memory, a semantic intersection was detected, and a
path through tne semantic memory was tnereby estadolished
which represented the semantic relationship between the two
source concepts. (e.g. wmadrid is in Spain which 1is 1like
ifiexico in language and culture.) Similarly, such activations
have some auration in time, and when an ambiguous word 1is
encountered, thne sense that people are likely to take is the
sense wWwhich has semantic connections with concepis that are
currently activated (as detected by tne presence of semantic
intersections).

In speech understanding, this foregrounding effect of
semantic intersections can be used to influence the words
that one hears in an otnerwise ambiguous segment of speech,
ang can be used to detect the coincidences of semantically
related words in a word lattice. Following connections
through the semantic network can also be used to predict
words that have not been detected in tne signal but whicn
are sufficiently likely that tney should be looked for. For
details on the use of such techniques in the wunderstanding
ot continuous speech, the reader 1is again referred to
Nasn-webber (1974, 1975%). Notice that the information that
we have in the pattern parts of tne semantic interpretation
rules ot LUNAK is one type of information that we would like
to have in such a semantic network. Notice also that
wnereas in LUNAR the information about associated semantic
classes is available conveniently 1if one starts with the
head of a construction, similar information in a semantic
network tormat would be equally accessible from any of the
concepts involved in the rule. This is one more instance of
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the importance of breaking a priori orderings of processing
in speech understanding in favor ot multiple, redundant ways
of achieving the same result. 1In any given utterance, it
could be one of the critical head words that is garoled, and
one would like to be able nevertheless to find the semantic
relationships among the arguments and use tuean to predict
the missing head.

Other Aspects of Semantic Nets and
Knowledge Represantation

Another notion embedded in Quillian’s conception of a
semantic network (which also has rudimentary beginnings in
Raphael s SIKR system (Raphael, 1964)) 1is that 1information
abcut a concept can be stored at ceveral difterent levels up
a chain of more and more inclusive concepts (Quillian called
them superconcepts). ror exampls<, a canary is a bird which
is a type ot animal whicn is in tu~n a physical object. It
may thus have certain properties wnicn are storea directly
at the level of canary (such as being yellow) ©but other
properties that are common tO a great many concepts andg
wnich are stored at tne most general level ot applicability.
These would ©be automatically innerited by subconcepts (in
absence of contrary intormation) without haviug to be stored
over and over again tor each of the entities for which they
are true,

There is a tremendous amount o!f interest right now 1in
various semantic network representations, what such
structures snould look like, now they should be used to dao
inferences, what kinas of tnings should be put into a
network in response to understanding a sentence, etc. In
particular, it 1s pointed out, notably by Schank and his
students, that a great deal of wnat 1is understood in
response Lo an 1input sentence <comes from gratuitous
assumptions that are made on the basis of knowledge already
in memory and not specifically transmitted by the se.itence.
For example, Schank cites diaiog pairs such as "would you

like an 1ice <cream cone?" anag "1 just ate”, in whicn the
second utterance should be interpretea as giving a negative
answer to the question, I thnink it snoula be apparent that

when one attempts to understand spoken discourses and make
judgments about the contextual appropriateness of a given
interpretation of an utterance, the ability to make such
semantic intferences using large amounts of semantic and
factual knowledge (acs well as pragmatic knowledge about what
the speaker 1is likely to say in a given situation) will be
of paramount importance, The inapbility to account tor a
given interpretation of an utterance by being able to relate
it to wnat has been said betore or to some aspect of the

current context snoula raise the possibility tnat the
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utterance has been misheard. The ability to fully use this
level of sophnisticated inference as part of a speech
understanding system, however, will probably have to await
further developments 1in the ongoing studies in knowledge
representation and mnmechanical inference. The techniques
which exist today 1in these areas are either extremely
limited or inordinately cumbersome.
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CONCLUSION

I have attempted here to provide a perspective on some
of the work that has been done in the areas of syntax and
semantics for understanding natural language by machines and
to <call special attention to those techniques which have
particular relevance to the problems of speech
understanding.

I have tried to cover a range of different parsing
algorithms and grammar models with emphasis on the
advantages and disadvanta,z2s of the various features of
these models for the particular types of problems that one
will encounter in analyzing continuous speech, and 1 have
tried to give my opinions as to tne value ot these different
features. In particular, I nave argued that tne use of a
predetermined order ot tinding things (such as left to right
across the sentence) is potentially dangerous and perhaps to
be avoided. 1 have pointed out that the ambiguity of
syntactic word class, which is one of the major sources of
ambiguity in bknglish text) is greatly magnified in speech
understanding by the inability to uniquely determine what
the wora at a given position is. whereas in text parsing,
one at least knows what tne word is and therefore has an
expectation of two or three possiole syntactic categories

for it, in speech understanding we may have a half dozen
alternative possioie words at a given point, each with one
or more possible syntactic categories. Hence the

combinatorial problems that arise from the multiplication of
possible alternative analyses 1is much worse for speech.
This 1is complicatea by tne fact tnat most of the techniques
that nave been developed in text parsers for minimizing the
impact of tnese combinatorial possibilities require
carefully designed sequences of iooking for things which
conflict with tne above observation that such constrained
orderings are sensitive to the errors in tne lexical
analysis ot the input that are virtually inevitable in
speech,

The use of word lattices as input instead ol' sequences
and the desigr of parsing algorithms around well-formed
substring tables or charts appear to be viable metnoas for
dealing with the combinatorial problenm of speech
understanding. The merging ¢f common parts of different
analyses permitted by transition network grammars is also
helpful in this respect. In order to be able to correct
errors, it will be essential to be able to come at a given
parsing from several directions., (onsequently <checks will
be necessary at appropriate points to avoid auplicating an
analysis that has already been found.

Another important role of syntax in a speech
understanding system is the prediction of those places where
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small tunction words might occur in order to compensate for
tne unreliability ot their identification by 1lexical
analysis,

Altnough our understanding ol semanties is not as well
advanced as that of syntax (which itself 1s far from
complete), tnere are a number of semantic techniques that
language understanding programs have wused which can have
great benetfit in tne construction of speecn understanding
machines, These include tne use of procedural semantics for
the specifiication of tne operations wnich are to be carried
out 1in response to the understanding of the sentence, the
use of semantic selectional vrestrictions to rule out
unlikely 1interpretations of the speech signal, and the use
of semantic associations as embodied in the Quillian
semantic intersection tecnnique to notice <coincidences
between semantically related words at different points in
tne input. Une should be aware, however, of tne limitations
of some of tnese tecnniques ana the need tor continuea
research in tne areas botn of syntax and semantics in order
to increase the range of things wnichh suchh systems can
understand ana their abilities to choose correctly between
alternative interpretations of a signal.

l think it is clear tnat in order to cover the scope of
material that I have it has been necessary to treat many
issues rather snallowly and others not at ali. dopefully
the references will provide additional detail for the
interested reader to follow up. I nope that 1 hnave given
you some feeling for tne issues and some of the things that
are going on in computational linguistics, linguistics,
psychology, and artificial intelligence relative to syntax
and semantics and scme o! tne ramifications o©of the speech
understanaing task for these areas. Given the different
perspective tnat tnie speecn understanding task places on the
roles of syntax and semantics in language understanding, I
believe tnat the speech understanaing prodblem <¢an have
almost as great an impact on researcn 1in syntax and
semantics as tnese areas are now having on tne problem of
automatic speecn recognition,
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