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ABSTRACT

 ° This paper ‘describes the procedures for integrating knowledge from
‘different sources in the SRI speech understanding system. A language
definition system coordinates-—-at the phrase level--information from
‘ayntax, semantics, and discourse in the course of the interpretation of
‘an utterance. The system executive uses these contextual constraints in
assigning priorities to alternative interpretations, combining top-down,
bottom-up, and bidirectional strategies as required. Experimental
results that demonstrate the effectiveness of context checking are
discussed.

Descriptive Terms: Language Understanding, Speech Understanding, System
Control, Language Definition, Syntax, Semantiecs, Discourse
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"I INTRODUGTION

h For'the:pést' five years,:SRI' Internatioﬁai hés'participated ina
majof program of research on the analysis of continuous speech by
computer, sponsored by the Advanced Research Projects Agency of the
Department of Defense.* The goal of the program was the development of a
speech understanding system capable of engaging a human operator in a
natural conversation about the performance of a particular task (see
Newell et al., 1973). A rather complex set of specifications defined
the parameters more precisely. The program culminated in the
demonstration of a system that did meet the target specifications (see
Reddy et al., 1976; Medress et al., 1977), but more important for
artificial intelligence were developments in the various knowledge
sources-~particularly syntax, semantics, and discourse--and in the
system architecture necessary for coordinating them efficiently and

effectively.

At SRI, we have made significant advances both in building
components for knowledge sources and in developing a framework for
coordinating and controlling then. The syntactic component 1is a
performance grammar; it desceribes the syntax of the English used in
spontaneous dialog rather than the English of edited text. The

.semantics component uses a partitioned semantic network to enable the
representation of multiple alternative parses without duplication, the -
~association of ‘syntactic units with their network -images; and the

' establishment of scopes . for ‘higher order ﬁfpfedicatés..(espééiaily ' 

' quantifiers). A .discourse component-has ‘been developed that uses the

,gbhtekt' bf'jthé"pbeééding'ﬁdiaibg-ftox5fééblve definite noun phrase - -

_._* This research has*béen'funded under thé fo1iowing ARPA contracts, all
- administered through the Army Research Office: DAHCO4-72-C-0009, DAHCO4-
75-C~0006, and DAAG29-76-C-0011.



~references and expand elliptical utterances; it works on thé partial
knowledge available when parsing an utterance.

:.;_Oué approach to coordination and control stresses integration—-the
process of forming a unified system out of the collection of components
‘--and .control--the dynamic direction of the overall activity of the
 s?stem during = the processing of'an input " utterance. Our approach to
integration provides for interactions of information from various
sources of knowledge in a procedural representation; a means for
adjusting the language definition to particular domains without loss of
generality; and avoids commitment to a particular system control
strategy, thus allowing flexibility in combining words and phrases. Our
approach to control provides special techniques to assign priorities by
using contextual constraints; allows combinations of top-down, bottom-
up, and bidirectional strategies; organizes and constructs data
struetures for hypotheses in a manner that greatly reduces duplication
of effort; and is based on extensive experimental studies to evaluate

-design alternatives.

A review of the total project is beyond the scope of this paper.
Instead, we will concentrate on integration. After presenting an
overview of the operation of the system to provide context, we will
present brief descriptions of the knowledge source components mentioned
.above together with more extensive discussions of a facility for
language definition that provides the basis for coordinating them and of
the executive routines that control them. We conclude with a

consideration of relevant experimental resulis.

... A more complete statement of this work 1is contained in -our final i
. project report (Walker, 1976). A somewhat expanded description of the
 .1aﬁguage definition syStem-'and'ekecﬁtivé'and'the' exbébiménts coﬁductéd'
']fo._tést.them *ié’ﬁréééntéd  in:Péktoh',(jQ??; see:féisd-jJQTSa;b)i ”Tﬁej.f

'“5disc§uréé”3compbnedtﬁis'ftbéatéd'@df¢° fuiiyiin: Groéz:(5977é§'*see'éiso' ""'

1977b for a discussion . of the  concept of focus). . Fikes and Hendrix'

(1977) 'summarize the - scheme for semantic representation and -‘the’



_procedures for deductivé retrieval used " in the system. References to
" other papers are included in the final project report. .
"- lfTﬂeTsy§tem referenced 'in'this'papér"was-dé#elbped jointly by SRI
‘and the System Development Corporation (SDC). -SRI provided capabilities:
7f:f6b: $§sfem:_c6ntro1, . language definition,  syn£ax;:f semantics; * and

discourse analysis. = SDC provided capabilities for sighal processing,

Tacouétics, phonetics, and phonology, as well as special system software
and hardware support (see Bernstein, 1975). The task domain supplied
data management capabilities for querying a file of information on

attributes of ships from the U.S., Soviet, and British fleets.

Barly in 1976, Jjust after the gsystem became operational, the
computer facility at SDC was removed and our collaborative efforts
stopped. Although we were not able to exercise the system extensively
or refine the interface between the acoustic components and those
providing higher level language processing, we were able to collect data
on the performance ¢f the SDC components and have used this information
in extensive tests of our components and of the system framework. It is
on the basis of these experiments that we report on the SRI developments

in speech understanding in this paper.



'IT  THE OPERATION OF THE SYSTEM

} When a':speaker rébofaé aﬁ  ﬁt£éfanbe;fi£-is Ianalyzéd acﬁuSticaily '
-and'bhonetically, and.the results are stored in a file. When these data
are available, the executive begins to predict words and phrases on the
.basis of context--guided by the rules for phrase formation in the
language definition--or to build up phrases from words that have been
identified acoustically in the utterance. As each phrase 1is
constructed, relevant semantic and discourse information 1is checked,
and, if appropriate, a semantic network representation of the phrase is
developed. When the performance of a task results in the prediction of
. a word at a specified place in the utterance, alternative phonological
‘forms of that word are mapped onto the acoustic data for that place, and
'é score indicating thé degree of correspondence is returned. When an
interpretation for the entire utterance is completé, relevant structures
from the semantic model of the domain and from an assoclated relational
data base are processed to identify in semantic network form the content
of an appropriate response. This response is then generated either in

text form or through the use of a speech synthesizer.




' IIT  THE LANGUAGE DEFINITION

:Tﬁe'ithE iéﬁgUage'is'a subset of natdﬁal,'cdilddﬁiei'-EngliSh that -
is  suitable for carrying on a dialeg between a user and the system
regarding information in the data base. The definition of this language
consists of a lexicon containing the vocabulary, a set of composition
rules for combining words into phrases and smaller phrases into larger
ones, and some global declarations giving information needed by the
definition cempiler, which translates the language definition into an
efficient internal representation, and by the executive, which operates
_:on that representation. The lexicon is separated into categories, such
as noun and verb, and the words in each category are assigned values for
© various attributes, such as particuiar grammatical features and semantic
representations. The composition :rules .are phrase-structure rules
adgmented by a procedure that is executed whenever the rule constructs a
‘phrase. Information provided by the procedure includes Dboth atiributes
~ ‘of the phrase based on the attributes of its constituents, and factors
:for use in judging the acceptability of the phrase. The global
ideclaﬁations give such information as 1ists of attributes for the

different categories.

: . An attribute statement may compute .values that specify acoustic
propertieés related to the input signal, syntactic properties .such as
fmecd:ahd number (Singuiar or plural),  semantic properties such " as the

B semantlc network representatlon of the meanlng -of ‘the phrase and"

Vfﬁf; dlscourse. propertlee Tor f anaphora _and e111p31s. ;LThe values ofez.f

feonstltuent attrlbutes are used in computlng the attrlbutes of larger

o fphfaéee,__and the attrlbutes of complete 1nterpretatlons are used 1n'

si:generating responses.;"



The factor statements compute acceptablllty ratings for an 1nstance

_ of the phrase._ The scores for factors .are non-Boolean; that is, they

o may assume a wide range of values. As a féSult a*prbbdsedf instance of

ar phrase is not necessarily simply accepted or reJected' it may be rated .

‘as mcre or-less acceptable dependlng on-a comblnatlon of factcr values.

o lee' attrlbutes,- factors may be acoustlc, syntact1c, semantlc or

- discourse related. - Acoustic factors reflect’ how well the words match
hthe actual dinput; syntactlc factors deal w1th tests like number.
agreement between various constituents; semantic factors assure that the
meaning of the phrase is reasonable; and discocurse factors indicate
whether an elliptiecal or anaphoric phrase makes sense in the given
dialog context. The values of factors are included in a composite score
for the phrase. The scores of constituents are combined with the factor
scores to produce the scores of larger phrases, and the ascores of

‘complete interpretations are used in setting executive priorities.

o The attribute and factor statements in the procedural parts of the
rules contain specifications for most of the potential interactions
among system components. Attributes and factors either have constant
values or have values that depend on attributes of constituents and
-global information (such as a model of the discourse or the results of
preliminary, low-level acoustic processing). By design, the attributes
and factors of a phrase are not allowed to depend on the context formed
by other phrases that can combine with it to produce 1larger structures.
By giving up explicit context dependency, it becomes easier to share
phrases among different contexts, which allows the executive to reduce
dupllcatlon of effort. . However, ccntextual restrictions provide
 heuristic 1nformat10n that in- practlce is too. valuable to lgncre, so the

o executlve algorlthms for pPlOPltY settlng take them 1nto account cy"'

'-V}spec1al technlques descrlbed beLow.; Essentlally, we have takeh3thg- :,:j s

_fexpllclt context dependencles out of the rules sc that phrases cah'he':h

.hj'shared by dlfferent contexts, :and have developed methcds: 1n Tthe',

_executlve $o | that . ccntextual restrlctlons can 'still be’ used in’

controlllng the operatlon ‘of the system.,-

o



eThe form of the rules is de31gned to av01d commltments to

partlcular system control strategles .For example the rule procedures-_y:

~can’ be executed w1th any subset of constltuents, so _1ncomplete phrases
 can be constructed to pPOVlde: 1ntermed1ate results,. and it is ncte”
'necessary tc acquxre constltuents in 4 strlctly 1eft-to~r1ght order.'.
'JThlS flelelllty has made 1t p0331b1e to experlment._wlth alternatlve 5

'_system control strategles.'.'



IV SYNTAY

_;The syntactic kﬁéwledge ;ih’tﬁe 3ystem'eiérre§besehtedIBO£EIfinzﬁﬁe'“.
‘phrase structure part of tﬁe language definition . rules and  in the
attribute and factor statements in the procedural part of the rules.
fSyntax provides computaticonally inexpensive information about which
words or phrases may combine and how well they go together. In testing
word or phrase combinations, syntactice information alone often can
'reject an incorrect phrase without requiring costly semantic and
discourse analysis. Factors are used for traditional syntactic tests,
such as agreement for person or number, but factors also are used to
'_reduce'the scores of unexpected phrases. For example, WH questions that
.:are hegative (e.g., "What -submarine doesn’t the U.S. .own?") .are hot
expected to occur. A factor statement’ lowers -the value -for this
‘interpretation but does ‘not eliminate it completely, so that if no

| better hypothesis can be formed to account for the input utterance,'this

. interpretation will be accepted. Since the language definition system

-provides the capability for evaluating phrases in context by means of
:_non;Booleah'factors, the grammar can be tuned.tbs;pértiCular discourse
situations ‘and language users  simply by adjustihg-factors that.enhance :

. or dlmlnlsh the acceptability of partlcular 1nterpretatlons. It _is not

_;necessary to :rewrite  the 1anguage deflnltlon for each new problem'..”

'domain;-T

' The constltuent structures deflned by the comp051tlon rules in'ﬁheif_-*l-f

_system allow WH questlons How anx questlons, How+Ad]ect1ve questlons,t  ..-"

1mperat1ves and statements'f BE and DO verb forms are 1ncluded Nounﬁ_':f':'

"';fphrases can be of a ;varlety of types. We have concentrated on those:

eispelevant for the: domaln hav1ng WH determlners (what whlch whose):fe:_'ﬁ e

7I{quant1f1ers (all ‘any; both ‘each, elther,. every, nelther,” no, - none,3'

' some),-partltlve-expre331ons (contalnlng ?of") expre551ons wmth numbers'



-(from_ one through the mllllons) and unlts (tons,' feet knots), and

'comparlsons 1nvolv1ng numbers There are more ‘than 100 dlfferent klnds

*[:of ba31c noun phrases,- to whlch may be added recur31vely “of NP"-:' a

expr9331ons: and some .classes of prepos;tlonal phrases._- The lexlcon'd'”

'fcontalns over 600 entrles, regular plurals,_ past and past partlclple:..d-.' 

"_forms and other sufflxes are handled by rules




v '_SEMANTICS'- o

The system s knowledge: about the domaln -is"embcdied 3 in a

'partltloned semantlc netwcrk | semantlci network con31sts of 3.

eollection of nodes ‘and ares where each node- represents an obgect (a
physical object, situation, event, set, or the 1like) and each arc
represents a binary relationship. The structure of our network differs
from that of conventional networks in that nodes and arcs are
| partitioned into spaces. These spacesz, playing in networks a role
roughly analogous to that played by parentheses in logical notation,
group information into bundles that help to condense and organize the
" ‘network’s knowledge. NetWork'par;iticning serves a variety of purposes
e-in'_the”speech understanding system: -.encoding logical connectives and

higher-order predicates, “especially qcactifiers3: assoeciating syntactic
| units with their network images; intefbeiatihg new:insuts' with previous
snetwork knowledge while maintaining a definite boundary between the new
_ and the old; simultaneously encoding in one network structure multiple
| hypotheses concerning alternative incorporations of a given constituent
into -1arger phrases; sharing network representaticns: among competing
hycctheses;' maintaining  intermediate results during - the question-
_answering process; and defining hierarchies of local contexts for
3:dlscourse analy31s o L ' e
_ . The’ network 1ncludes an encodlng of knowledge about the 'dcmain of -
.':;dlscourse. Thls model Serves as a fcundatlon on whlch the structures

'fcorresponding to new utterances are bullt" 1t 1s used to. assess the-

-5feas1b111ty of comblnlng utterance ccnstltuents to form larger phrases-s-gﬁ.*V'”""”

'-',_and 1t 1s a source of lnformatlcn for answerlng querles, supplemented by”s;{-'

d:f:a relatlonal data base whlch can be accessed dlrectly from the network

10




Concepts in the domaln that can be referenced by 1nd1v1dual words

~-are  so llsted in the lex1con. A lex1cal 1tems are comblned into

';fphrases, these network references are passed to semantlc comp031t10n'

-'rOutlnes These _routlnes : construct new network structures thatr

_represent the meanlngs of the composite phrase,_enccdlng new 1nstances;,-7

-::or new comblnatlons of concepts.j'ﬁs' phrases are comblned 1nto larger

: 5phrase .= unlts, _the composltlon :”routines are applled untll ;an ::'r

" interpretation for the entire - utterance has beén constructed In this’
process, case relations provide a basis for using syntactic information
in constructing semantic interpretations; they alse allow rejecting
- unallowable semantic structures and blocking syntactic predictions for
words that cannot fit in the current context. The interpretation for
the entire utterance takes the form of a network fragment anchored to

concepts in the original domain model, but maintained in a separate

."'pEPtition'called a seratch space.

o The sccplng of quantlflers contalned 1mp1101t1y or expllcltly 1n'7'
the utterance, is- performed in a separate step after an 1nterpretat10n
has been assigned to the total input. . Scoping is accompllshed by adding

new partitioning to the network fragment without changing the topology

~ .of the existing structure.

- Once a network structure encoding a fully-quaﬁtifiedZihterpretation-
-of'an'input is formulated, it is passed to'a response ;ccﬁponent}-'For
. questions and commands requesting 1nformat10n, ecalls to -a deduction
o ccmponent are generated to retrieve or derive the requested 1nformat10n

:_from the network encodlng ‘of the domain model.

e v vl

* see: Walker, 1976 and Flkes and Hendrlx, 1977, for a descrlptlon of
the deduction component. : o . .

Bk




Coyr DISCOURSE'

.'. The dlscourse component of the speech understandlng system relates
ea glven utterance (or a portlon of it) to the overall dlalog context and
“to entities ‘and structures in the domain. . .The procedures we have
fdeveloped are based on systematic studies of dialogs between two people
performing some activity together. Contextual influences were found to

.. operate on two different levels in a discourse. The global context--the

total discourse and situational setting--provides one set of constraints
on the interpretation of an utterance. These constraints are used in

identifying the referents of definite noun phrases. The second set of

- constraints is provided by the 4immediate context of closely preceding

 utterances. - These constraints .are used ~ in . the interpretation ‘of
elliptical ‘expressions to ekpand  uttérance fragments into complete
utterances. For the data base domain of the speech understanding
' "system, the discourse context is limited to a linear history of
preceding interactions. For complex task-oriented dialogs, the linear
‘discourse history can be replaced by a structured history related to the

organiZation of the task being performed (see Grosz, 1977a,b).

‘To  determine the referents of definite noun 'phraees, it is

";necessary_to group those-parts of the global knowledge base  (that is,

©* the knowledge about ‘the domain of discourse) that are in the focus of

attention of thecdiéIOg ”perticicents;.~To”énc0de ‘this focus, we have

'-tlntroduced a’ spec1a1 paPtltlonlng that is ihdependentﬂof'fthe 1ogical

'V'tpartltionlng used to represent _semantlc 1nformatlon 'spacés*-iﬁ'fhe<1 ,jit._ '

“efOCUS partltlonlng are used to group together and hlghllght those 1tems""'-'f

ﬂiln the knowledge baee that are relevant at a. glven p01nt in'a dlalog

The central process necessary for resolvlng deflnlte ‘noun phrases Q""

c.1s flndlng a network structure that matches the semantlc structure built

i



for ‘the - noun phraSe' The'matching  ‘$ *perfenmed by the deduction

-component “which assoc;ates nodes and arcs 1n the network fragment’f'

"g:'correspondlng to the noun phrase w1th nodes and arcs in. the knowledge:n

' . base. The focus representatlon is used to constraln the seareh requlred'_

;by thls matchlng proeess on’ the ba31s of the dlscourse context

The constltuents m1531ng from an elllptleal utterance are’ found in

.7the 1nterpretation of the 1mmed1ately precedlng utterance The pPOceSS-
of bulldlng an 1nterpretatlon for - an elllptlcal phrase entalls two
steps. First, the items missing from the current utterance are found in
the interpretation of the preceding utterance (or, equivalently, the
's8lot that the elliptical phrase fills in the preceding utterance is
determined). Syntactic information plays a major role in this
identification, because the corresponding elements usually are

- structural units of the same type. Semantic closeness, determined firom
- the taxonomlc ‘hierarchy of ‘the network, also is considered. - ‘Second, a
_ _complete phrase 13 bullt u51ng the elllptlcal phrase ‘and the m1531ng
'.”constituents- found - 1n _the prev1ous :utteranee. -~ The’ coordlnatlon of

‘syntactic ~and semantioc infonmatien; achieved  through network

: pértitioning, is used to minimize the computation required.

;13-




CVID EXECUTIVE =

_ Tﬁe.exechtiie has - three main- respon51b111t1e3': (1) it coordlnatesh'
:the work of the other - components of the system by calllng ecoustlc
processes and applying language definition rules; (2) it assigns
priorities to the various tasks in the system; and (3) it organizes
hypotheses and results so that information is shared and duplication of
effort is avoided. When a successful interpretation has been found, the

executive invokes the response functions, which produce a reply.

The principal data structure used by the executive is c¢alled the
-parse net.* It is a network with two types of nodes: phrases and
predictions. 'Ehrases'QOPrespond-to-words or composition rules . from the

-language - definition: :phraseS“'can:be - complete, . containing all their

. .constituents, or incomplete, with some -or all of their constituerts

. missing. A prediction is for a particular categor& of phrase associated
‘with a partieular location in the utterance. As the interpretation of

an utterance progresses, new phrases that have been constructed from

- existing phrases or from words found in the utterance are added to the

parse net. At the same- time, new predictions -are made as more
information is obtained.  Thus, as the interpretation .process advances,

the parse net, which holds intermediate hypotheses and eresults,ﬁgrows.

S complete ‘root category phrase (typlcally,,_a 'Sentence) ‘with its =

._;attrlbutes and factors constltutes an lnterpretatlon of the utterance

There are two tasks entalled 1n malntalnlng and evolv1ng thls perse-;_ n

fnet the word task and the predlct task. The role of the word task 1s'_._]l'”'

' “3Ve.to look for a partlcular word 1n a partlcular locatlon ln the utterance."”

'_If the acoustlc mapper has not been called prevmously to test for that'

f-'word 1n that locatlon, the word task calls CipL If ‘a word is: found'

The- de51gn of the parse net was '1nsp1red by Kaplan s (1973)'muiti;
processing cornsumer-producer approach . : _

-



-sueeessfully in the ‘specified location, the word -is used to build new

-'phrases.'

The rcle of the predlct task is to make a predlctlon for a’ word or"_-i'

prhrase that can " help complete an 1ncomplete phrase.- Whenever 'a new 5,'

: _'constituent is 1nserted 1nto an 1ncomplete phrase, ”'any adJacent

':_constltuents that ~had - been mlsslng can be predlcted New predlctlons
- ean ‘include- pred1ct10ns for partlcular words, leadlng to' new instances

' of calls on the word task.

A prediction serves as an intermediary between two sets of
incomplete phrases: consumer phrases that all are missing a constituent
-of the predicted category at the predicted 1location in the input, and
producer phrases that all might supply the missing constituents. Note
that a phrase can be a consumer for one prediction and a producer for
another. The full set of producer-consumer connections in the parse net
‘makes explicit the different sentential contexts for each - phrase. . This
‘contextual information 1is used by the executive in ‘setting priorities
‘and in lookahead. ' o

Establishing the priority of a task begins with = determining the
_ggggg of the phrase involved. The score is computed from the results of
‘the acoustic mapping of any of the words contained in the phrase, from
‘the factor statements for the phrase, and from the scores of the
constituents. The score is thus a local, context-free piece of
information about how good the phfase is. After the score is
':determlned the phrase is given a rating that is an estnmate of the best
_Zscore for an interpretation that c¢an: be constructed for a phrase of the

root (sentence) category that uses the glven phrase. The ratlng for a

'_phrese does depend on 1ts consumers that is, ‘on the other phrases 1n' .

-; which' it may be embedded to form a. sentence " This ratlng 15 thenhf_- o

flimodlfled dependlng on’ the control strategy belng used “and the result 1szfc’" -

"'f_the grlorlty of the task to be performed for that phrase.-3

Both the word and the predlct task can “work ElthEP left-to rlght -

-,'through an 1nput ov bldlrectlonally from - words selected ~at arbltrary

15



.pOSltlonS w1th1n an’ utterance. -'The syetem is de51gned to allow

:‘oonstltuents of phrases to be added 1n any order,_ so experlmentatlon

. jtw1th ‘A varlety of control strategleS' has been ' p0551ble.-_ Moreedf'.

3:_1mportant1y from the system control standp01nt, each task does a llmited-t

' _amount of proce331ng and then stops after schedullng further operatlons't;5'

' 'Q]for later. - The schedullng does not spec1fy a partlcular tlme for a

" Future operation,” but . 1nstead gives the operatlon a certain prlorlty
}The operatlon is ‘performed - when 1t"becomes top - prlorlty This
organization allows the executive to control the overall activity of the

system by setting task priorities.

6



VIIT 'EX'PE'RIMENTAL RESULTS

: _ We have experlmented with- two technlques fdf-using-efhe ¢onsume§
-context in settlng phrase _ratlngs. In one,'calléd the';merging method,
the rating with respect to a particular consumer is formed by adding the
phrase score and the consumer rating. (Whenever possible, ratings are
assigned top-down in the parse net so that consumer ratings are directly
available for use in this process.) The phrase rating 1is then the
maximum rating with respect to any of its consumers. This method is
fast, but it leaves the rating unaffected by the consumer restrictions
that are expressed 1in rule procedures rather than in structure
declarations. A phrase may satisfy the structural requirements of a
- consumer C but . still be incompatible with C because * of constraints
~encoded in C’s factor statements. ‘For example, if the only senténtial
context being considered is "Is it owned by --", the etructural
'requirements will be satisfied by any noun phrase, but semantic factors

Wwill restrict the alternatives to possible owners.

The second technique for setting phrase ratings is called the

cohtékt-checking method. It takes into account the procedural
‘information ' in the rules by exploring paths in the parse net and

executing the corresponding procedures to gather attribute and factor

"jlnformatlon Eaeh'pPOducer-cbnsumer path from "a phrase . P to- a root

'jcategory phrase reflects a- way of constructlng an- 1nterpretatlon using

:P. Varlous paths from ‘P ‘are formed, -and the ratlng for P is ‘its best

- ratlng Wlth respect to any of the constructed paths..:"

To reduce the cost _of ratlng alternatlves by the context«checklngl"" §

| method,'a heurlstlc search i3 made ln the parse net for a  near Optlmalv*f-'*'

.:path rather than exhaustlvely trylng all p0351b111t1es. The heuPlSth: . :;

exploits the = fact that, typically, when a phrase is belng 'rated,:the”'

e



" higher level phrases ‘that form .its context have already been rated.
(The paree net is initializéd 86 that'a context ‘of prev1ously rated
- jphrases ex1sts even' when the eystem 13 d01ng bottom—up proce351ng )

';These prlor ratlngs prov1de 1mportant heuristic 1nformatlon The obJect'

Hfle to Find the path glVlng the best score,_so ‘the paths w1th the hlghest C

ﬂprlor ratlng ‘are explored first. When a complete path 1s found one

that leads to a root-category phrase, the scope for that path is used as

a threshold to prune other paths that have lower ekﬁected:ratings.

The context-checking wmethod takes more computation per ratihg
‘assignment than the merging method, but it produces better phrase
ratings since it gathers more information in forming them. The
experimental results support the conclusion that the extra effort spent
'in this method is worthwhile; it leads to better system performance as
~refiected 1in both accuracy and runtime. As a  background for
consideration of these results, it is necessary to consider briefly the
. -scope of the expebimental effort as a whole.

_ The experiments to determine the effects of variations 'ih'edntrei
strategy for our speech understanding system were conducted using a
simulated version of the acoustic processing components, as indicated
above. Although we lost access to the mapper as a result of the removal
of the computer facility on which the total system was being
implemented, there are compelling reasons for doing simulation
experiments. Extensive testing with the actual mapper would have been
impossible both because of the time required and because of increased
demands on memory with the large delays -for ‘page swapping by the time
. sharing system. . In addition, We were able'to'study control etrategles
’lthat otherw1se would have been £o0 slow for the mapper. jf__j_ -

The mapper 31mulatlon reproduces the observed mapper performance'

' statistlcs for the false-alarm Pate, the hlt scores and the' partleular  5'

.-false»alarm words and thelr scores. _ Because of 1nsuff101ent data, we

vwere “not  able to simulate  more eomplex-_statlstlcs such e_es -thetgf:

cooccurrence of hits and false ~alarms or the dependence of scores on
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-posiﬁioﬁ ﬁifhin the -utterancé. Cbnséquéntly, the experiménts are
- designed = to emphasize ‘comparisons between performance levels for the
 j¢diffefént'désign alternatives and should not -be ;aken as estimates of
-Lthe absolute value of the system g performance with a real mapper._’For

_thls reason we do not con31der here the effectlveness of the system as
1”a whole, although there are observatlons that _are relevant for an
 .eva1uat1on ‘of ‘the overall results of the ARPA Speech Understanding
Research Program (see the sections on ExperimentaIIStudies in Paxton,
1977, or Walker, 1976).

In the main experiment of the series, the performance of the speech
understanding system, with a lexicon of 305 words, was measured on a set
of 60 test sentences, while varying four major control-strategy design
choices. The sentences covered a wide range of vocabulary and included
‘questions, commands, and eiliptical sentences. The 60 sentences ranged
_in length from 0.8 to 2.3 seconds. There were 10 sentences at eacﬁ 0.3
. second interval. = The sentences averaged 5.9 words in length, with a

maximum of 9 words.

- In addition to studying the effects of context checking, we also

- examined the following alternatives:

* To island drive or not: go in both directions from
arbitrary starting points in the input versus proceed
strictly left to right from the beginning.  Island driving
allows interpretations to be built up around words that

match well anywhere in the input.

"% To map a2ll or one: test all the words at once at -a ‘given

* . location versus trying them one .ata .time and delaying
further testing when a good match is found. Mapping all at
- once-identifies - the best - acoustic candidates  and reduces
. the . chances. of - followxng false. paths,.-but-~-its takes
-substantlally more time. : S o

_.%' To focus or not: assmgn' prloritles for tasks focusing on
'-;;selected alternat1ves by 4inhibiting competion - or proceed*_ﬁ,
ﬂ'each tlme w1th the task w1th the’ hlghest score.3 .- '

All comblnatlons of the four control-strategy varlables were tested on
o the 60 sentences.' Thls experlmental de31gn allows us to compare the 16

- comblnatlons of control ch01ces and _to ”evaluate,_ by analysis of
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' wvariance, the effecdts 'of the ccntrol strategy variables, that is, the
 fchange in performance each produces averaged over-all the pOSSibllltleS
's'for the “other varlables.- The probabilitmes assoclated w1th ‘an - effect.~

are expressed as p< 01, p( 05, and p< 10, correspondlng to the dlfferent SR

:llkelihoods that the effect is the result of random Varlatlon. j,-

We w1ll dlscuss here only the results that show the effects of
'context= checking. The ‘most important performance’ measures . for the
system are accuracy (the percentage of sentences for which the correct
sequence of words is found) and runtime (the computation required by the
system, including simulated acoustic processing time). In the rest of
this sectien, these variables will be considered in order as the resuits

demonstrate the effects of context checking.

First, however, it should be noted that the control strategy
affects accuracy only indirectly: all the strategies are complete in the
.'-sense that they only reorder, and never eliminate, alternatives. If
‘there were no false alarms, all the systems would get 100% of the test

gentences correct. Even with false alarms, the strategies would get an
equal percent correct, if all the possible alternatives could be tried
‘before the system picked an interpretation. Errors would only occur
when false alarms had high enough scores to displace hits in the highest
‘rated interpretations. However, in the actual system, the large number
of alternatives makes it impossible to consider all of them in the space
and time available. As a result, the order in which the alternatives

are considered can affect the accuracy, and so can the demands on space

~and ~time. Control strategy thus affects accufacy - indirectly by .

. reordering alternatlves ‘and by modlfylng space and tlme requlrements..

'-fTo explaln the accuracy effects, we must lcok at’ these other factors.

_ In thlS experlment the storage 11mit had an 1mportant 1nfluence on j,'__
~ accuracy In the 960 tests (60 sentences tlmes 16 systems), 578 (60 2%)}3

*fewere correct and 382" (39 8%) .were ﬁrong - Of the errors, 175 (HB%) hadeg_

an incorrect | 1nterpretatlcn, while 207 (54%) had no '1nterpretatlon at

all. Since’ the systems could pctentlally get'the correct answer,land no
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‘time limit was imposed until at least one interpretation had been found,

ailof the 207 sentences with no 1nterpretat10n ‘were a result of running

'f 0ut of storage.

_f The storage llmlt used in thé tests:'wes”based' on the - number of

_phrasee constructed When the ‘total reached 500 “the system would stop
"trylng new alternatlves and if any interpretation had been found plck '
" the highest rated 1nterpretation' as its answer. Ehe average- number of
phrases constructed over all systems was 204 nonterminal and 63
terminal. The system with the best accuracy, which included context
checking, had the lowest average (113 nonterminals and U5 terminals),
while the system with the worst accuracy, without context checking, had
one of the highest averages (260 nonterminals and 68 terminals).
‘Overall, there was a strong negative correlation (-.93) Dbetween system

“accuracy and average number of phrases constructed.

For the 16 system configurations, the values for accuracy ranged
from - 46.7% to 73.3%. Averaged over the aystems, the inclusion of
context checking provided an increase  in aceuracy of 11.6%, p<.05.
Configurations with context checking coﬁstructed on the average 240
phrases; those without constructed 294; this difference 1is significant,
p<.01. Surprisingly, context checking alse results in a significant
reduction in the false terminal percentage -- from 87.5% to 86.2%,
p<.01. This reduction may be evidence that context checking is giving '
iower priority to looking for words adjacent to false alarms than it
gives to looking next to hits. This change could affect the false
‘ terminal likelihood, since there is always a hit adjacent to a hit,

‘while false alarms often have nothing but other false alarms next to

';'them. In addltlon to its effect on false termlnals, -eontext checking'.

__fmay -also be 1mprov1ng the storage requlrements and accuracy by generally
"flmprov1ng the prlorlty settlng, thereby reduclng the llkellhood of_fﬂ.

'follow1ng false paths.e-- N : S :
”eThe" 1mportant role of the storage llmlt Craises the question of i'

- Whether the accuracy effects would have - dlsappeared if more etobege had
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been available. Vwé believe that the effects would have been-emaller but
: st111 1mportant =Th' effects on the propertion - of false terminal

iiphrases would remaln, as .would the effects on prlorltles. A smaller

a-_percentage of false termlnals and better prlorltles ‘Will cause the

_system to flnd the correct 1nterpretatlon sooner, and even 1f the
'3tstorage :11m1t were relaxed : the 11m1t on 'runtlme would remain to
:peﬁalize'eyeteme'that were slow to Find the right answer. The effects
of control strategy choices on accuracy would vanish only if space and

runtime limitations were both removed.

The system runtime is another important performance measure. Here,
we will use the phrase total runtime to refer to the simulated acoustic
processing, plus the actual processing time (on a DEC PDP KA-10) for the
executive and the semantic components. The executive time is mainly
"spent setting priorities and parsing. The semantics time is used in
: constructing ~semantic translations and in dealing with anaphoric
..references and elliipsis. The reported total runtime does not include
"~ acoustic preprocessing or question answering, since neither is affected
'by the experimental variables. We report results only for total,
. executive, and acoustic times; semantic times are not reported, both
because they are redundant given the other three measures, and because

they are relatively small in comparison to the others.

For the 16 system configurations, the values for runtime ranged
“from 221 to 550 seconds per sentence. Context checking was the only
. control variable to reduce total runtime. The difference in seconds per
- sentence of processing time (from 421 ' to 383) was significant, p<.01.
Sepabating'exchtive and acoustic runtimes from the total again showed
”“fthat in both cases, context checks decrease the runtlme.:_ ?Or eXecutive :

- 'runtlme the dlfference is: from 117 tc 109 seconds, p< 107 for acoustlc

t;'“runtlme the dlfference 1s from 282 to 25H seconds, p< 01

It noteworthy that the extra effort fcr ccntext checklngfs

' Iresulted 1n a ‘net decrease in proce331ng tlme For example, the bestt

'system conflguratlon, whlch included context checklng, spent an average
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of 6.3 seconds per sentence doing extra processing for the context
checks: hHowever, this was still 41 seconds per sentence faster than the
- system _configured = in the same - way but .without ‘doing - the context
ehecking. > |
| In summary, context checking had uniformly good effects. ~ For both
~accuracy and runtime, it was worth ‘the extra effort to get better
| priority sétting. -This'fesﬁlttclearly depends on the fact that we put a
" large amount of the system’s knowledge intc the rule procedures of the
language definition rather than into the structural declarations. It
would be of considerable interest to provide a direct experimental test
of the effects of varying the style of the language definition. For
example, while keeping the scope of the language constant, a greater
amount of the linguistie knowledge could be encoded in the rule

structures rather than in the rule procedures. Such an experiment would
provide information about the performance effects of the different

representational styles and would indicate the extent to which the
effects of design features such as context—chécking for assigning
ratings are dependent on a particular style of language definition. In
drawing conclusions from such an experiment, we would be generalizing
both over the population of input sentences and over the population of

language definition styles.
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IX  CONCLUSION’

‘“The work on speech understanding at SRI has produced system control
concepts and a set of system components that are well-suited for further
research on speech understanding and also for research on natural
language understanding systems with text input. Under ARPA support,® we
are continuing to apply these products of the speech understanding
project in a Navy command and control context to provide natural
language access to a distributed data base stored on a number of

different computers. Under Nationai Science Foundation support,**

we
are exploring the significance of these products for understanding
natural language dialog Dbetween humans and computers for the
. accomplishment of a structured task in a dynamie situation. We believe
that the elaboration of complex knowledge sources and the development of
sophisticated mechanisms for integrating and controlling them will prove
o have major implications for future work in both artifieial

intelligence and computational linguisties.

e 1 s 2
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