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PREFAACE

This report is an augmented version of a report originally issued in September of
1976, during the demonstration at the end of the five-year speech effort- The first
section reports on the various speech understanding sys'ems developed at CMU during
the five year period and highlights their indiid..al contributions- Section II contains a
brief description of several techniques and kn~owledge sources !hat contributed to the
success of the final systems. Section III gives detailed performance results of the
Harpy and Hearsay-I systems. Results include the performance of the systems not
only for the 1000 word tesk but for several simpler tasks. Section IV contains
reprints of papers presented at various conferences since September 1976. Section
V Loot.ains a list of publications of the CMU speech group.

The CMU Speech Group gratefully acknowledges the following contributions which
have been instrunen'al to the successful conclusion of the five-year speech
understanding systems research effort at Carnegie-Mellon University:

Howard Wactlar, Director of our Computer Facility, for h's untiring efforts in
providing a smoothly working real-timt computing environment for speech
understanding systems research.

Carolyn Councill, Mark Faust, Bill Haffey, John Paulson, and other members of the
operations staff for providing a highly cooperative and reliable operating
environment.

Bill Broaoley, Stan Kriz, Rich Lang, Paul Newbury, Mike Powell, Brian Rosen, and
Jim Teter of the engineering group who designed and maintained the speciAl-
purpose systems needed for this reseerch. A speciai thanks to Mark Firley and
Ken Stupak for their superb engineering support.

Allen Newell for giving freely of his tirie and ideas to foster this research.

Joe Traub and the Faculty of the Department of Computer Science for their help
in facilitating this research.

Other individuals and groups wnrking in ths area for providing a stimulating,
intellectual atmosphere in which to solve this difficult problemr

Dave Carlstrom, Steve Crocker, Ccrdell Green, Lick Licklider, and Larry Roberts
for providing a research management environment whirh makes breakthroughs
possibie.
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I. MULTI-SYSTEM APPROACH TO SPEECH UNDERSTANDING*

Raj Re'idy

I NTRODLK T ION

in 1971, a group of srientists recommer;ded the initiation of a five-year research
program towards the denonstraton of ; large-vocabulary connected speech
understanding system (Newell et al., 1971). Instead of setting vague ooiectives, the
group proposed a set of svecific performarce goals (see Fig. 1-I of Newell et al.,
1971). The system was required to accept connected speech from many speakers
ha-ýed on a 1000 word vocabulary task-oreted grammar wihi a constrained task.
The system was expected to nerform with les, than 107- semantic errors, usir'e about
300 million !nstructions per second of speech (MIPSS)** and to be operational within a
five year period- The proposed research w-i-. a highly ambit-ous undertaking, given
"the almost total lack of experience with connicted speech systems at that time.

The Harpy and Hearsay-I1 systems dev loped at Carnegie-Melion University had

the best overall performance at the end of t!-e five year period. F.•,re I illustrates
the performance of the Harpy system relati ( to the orginal specifications. It not
only salisfies the original goals, but exce,.ds some of the stated objectives. It
recognizes speech from male and fema'e o.)eakers using a 1011-word-vocabulary
document retrieval task. Semantic error is 5' and response is an order of magnitude
faster than expected. ]he Hearsay-Il system achievos similar accuracy and runs about
2 to 20 times .lower than Harpy.

Of the many factors that lea to the fnai succec-sful demonstration of these
systems, perhaps the rr;osi important was th, -,systems development methodology that
evch.,ed. Faced with prospects of develo;ini s'stens with a large number of
LMknowns, we opted to deve!op se,.,eral n'-,,edate "tnrow-away" systems ,ather
than work towards a sing!e careftuly des~gr 1,; ultimate system. Many dimensions of
these intermedcate systems were deliberately tinessed or ignored so as to gair, deeper
understanding of some aspect of the overall .stern The purpose of this paper is to

OAL £Pov. ( Nov- 1976

Accept connected speech Yes
from many 5 (3 male, 2 female)
cooperative speakers yes
in a quiet room corn-puler terminal room

using a Food microphone close-talking microphone
with slight tuninS/speaker 2'j-30 sentences/talker
accepting 1000 words i0! i word vocabulary
us-ing an artificial synta.ý a"., branching factor = 33

in a constraining task docunent retr;eval
yielding - 10-! semantic error b.
requir~ng approx. 300 MiPSS rtcqL irr'• 28 YIPSS

:sn- 256k of 36 bit words
cosling $5 per senten,.e processed

"Figure L Harpy performance (cJnrpacd to desired goals

-,* -aier to appear in Carne~ie-Meilon Cor-nout Sc.ence Research Review, 1977.

- The aitua' specfications stated "a few kres rea]-I.me" on a 100 MIPS (Milhon
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Task characteristics
speakers; number, male/female, dialect
vocab.u.ary and syntax
response desired

Signal gathering environment
room noise level
transducer characteristics

Signal transformations
digitizallon speed and accuracy
special-purpose hardware required
parametric representation

Signal-to-symbol transformation
segmentation9
level transformation cccurs
label selection technique
amount of tra!nirng required

iMatching and searching
relaxation: breadth-first
blackboard: best-first, island driven
productions: best-first
Locus: beam search

Knowledge source representation
networks
procedures
frames
productIOns

System organization
levels of representation
single processor / multi-processor

Figure 2. Design choices for speech understanding systems.

"illustrate the incremental understanding of the solution space provided by the various
intermediate systems developed at CMU.

Fipure 2 illustrates the larpe number of design decisions which confront a
speech understanding system designer*. For each of these 10 to 15 design decisions,
we h3ve 3 to 10 feasible alternative choices. Thus the solution space for speech
systems seems to contain 106 to 108 pos.ible system designs. Given the interactions
oetween design choices, it is not possible to evaluate each design choice in isolation
outside the framework of the total system.

* Further discussion of many of these design choices can be found in Reddy
(1976).
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SYSTEMS

Figure 3 shows the genealo?y of the leech understanding systems developed
at CklIl. In this section we wilt briefly outlin4 like irteresting asoects of each of these
systems and discuss their contributions towards the development of speech

understancldng sy,'"rms technology. More cotiplete descriptions ot these systems can
be found in the references listed at the end.

The Hearsay-I System (Erman, Fennell, Lowerre, Neely, and Reddy)*
Hearsay-I (Reddy, Er.rn., and Neely "J73: Peddy, Erman, Fennell and ,",e!,

1973), lhe first speech understanding system devetuped at Carnegie-Mellon University,
was demonstrated in June of 1972. This system was one of the first connected speech
unc•erstanding, systems to use task dependert knowledge to achie'e reduction of the
search space- 'ecognition uses a best-firs_ s,:arch strategy.

Model
Hearsay-I was the first system to utilize independenl, cooperating knowledFe

sources ý-,nd the concept of a global data l:,o-ý, or "blackboard", through whi:h all
Knowledge sources communicate. Knowledge "ources consist of the acoustic-phonetic,
snntactiz, and semantic modules. Each moouli, operales in the "hypothesize-and-test"
mode. Synch:,cnous activation of *he modulEs leads to 3 best-first search strategy.
Several other systems have usec this strateg. (Foigic 1974). This system was one of
the first to use syntactically derived word d v.c'arrs nrid trgrams, as anti-productions
"Neely 1973), to predict fory 3rd and back .,Ard from "islands of reliability". Task
dependent knc:,edge, such ?s a board pow..ton in !he chess task, is used by the
semantic module (Neely 1973) to reject n eanis.jiess partial parses early in the
rcco7nition process The acoustic-phonetic ,ociuie u--es amplitude and zero-crossing
"parameter", to o')tain a multilevel segmenta& on into syolaD'e-size and phoneme-size
units (Erman, 1974).

Performance

Over a wide range of tasks, the averal - scnlec;ce error rate %as 691 with a a
word error rate of 457. Speed .aried betw , ,i 3 and 15 UIPSS over 162 utterances
containing 57F. words Hearsay-[ yields ructt niher accurac.es on tasks %,th which it
is carefully trained. For the chess task, for ir-lance, a.t•rage sentence and word error

rates were 21 and 7 percent, respectively, vwit: an average cpeed of 2 VIPSS.

Discussion
Hearsay-I, as a successful connected- pce(h -.nderstanding system, served to

ciarfy the nature and necessary ,nteractioi of several sources of knowledge. Its
fexibility pro-/vicd a means for testing and e aluatinig competirn theor:es, allowing the

Otter ihcories to be chosen as a basis 'or ,.ýor systems In retrospect, we believe
this system organization would have been aciquate for the APPA specifications given
present acou -.tic-phonetic KnowledgE

"The principle contributors towards Ihe de t--oprnent of each of these systems are
histed within parentheses.

j.i
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The Dragon System (Baker)
-jaker formulated the rcognit~on proc-rr as a ciynamic prograrrimmsn probiem-

The Draeon recog.nition system (Baker, ] 7?1), based on this mO.el was first
di--monstrated in April of 1974. The sste,, wa t;,otivated by a des.,e to use a
general abstrgct model to represent knovie~de sources The model, that of a
prubabilhstic function of a MarkOv process, ,s fleuible and leads to features which allow
it to function despzte high error rates. Reconiton accuracy was greater with Dragon
than with Hearsay-l, but the sy'.tern ran signi,,-' itly slower.

l Model
Dra;on was the first system to demoi-trate the use of a IMarkr.v model and

dynamic pi ogramming :n a ronnected speech iiderstanding system. It intluded several
interestint; features, such as delayed decisio,- and inte-rated representation, and is
eased on a gerneral theoretical framework- The general framework allows acoustic-
phonelic, syntactic, and semantic knowledge 'o be emodied !n a finite--state network.
Each path through this precomplied network :cprcsents an allowed pronunciation of a
syntactically acceptable sentence. Recogni,oi proceeds left-to-right through the
network, searching all possible paths in paral,,-i tc determine the globally optimal path
(i.e., the path which best matches the spoken utterance). Acoustic inputs are peak-to-
peaK amplitudes and zero-crossings frorn ove, la;,oln, one-third octave filters, sampled
every centi-second

"Per formance
Re.ogitiorn accuracy was greatur with PJrr-ion Inan that obtained with Hearsay-

1, but at a cost of speed, Dragon being app oxrnalel. 5 to 10 times slower. Over a
wtde vartety of tasks, the average sentence crror rate was 517. Speed ranged from
14 to 50 MPI'SS_ Th-e computation is essentr)'.ii,.- irear w'th 'he number of slates in the
Markov network. Performance was later rmprveo bv Lowerre (Lowerre, 1976).

Discussion
DragOn, with more accurate performa '(c than Hx-arsay-l, served to stimulate

forther re.earch into factors that led to its ii pr&',-ed performance Many of the ideas
rnotivat'ng its desgqrn were impo-tant in the ue'.'2.o;rent of suosequent connected-
speech understanding systems. Although tali r .- 'steps co not use the Markov Model
and do not Suarantee f,ndine, the globaily i.ptinmil path, the conceots of integ-ated
representation of knowledge sources and fie;Ayecl decisions proved to be very
valoable.

The Harpy System (Lowerre and Reday)
The Harry system (Lowerre 1976) wilý the f:rst connected speech sstem to

satisfy the ortilnai spcc!!tcat-ons -,tven :.i the ,ewrtl report and was first
detnonstr,qted in September of 1976. System "'.osigrn was motivated by an investigation
of the ;mpOrtart design cnoices cotrinbuti tO t' e success of the Dragon and
-i,.arsay-I systerns. The result was a corno, . ,cn of Ihe 'best' features of these two

systems with additional heuristics to gve higt- -peed and acc:uracy.

Model
The Harpy system uses the locus mode; o" ,,'''. 'The locus model of search., a

very succesýsfui search technique in speec'i understanding research, is a graph-
searchinF technique in 4hich all except a bi rni of near-rmss aiternatives around the

.!-



be-,t path are pruned from the search tree at each segmental decis:on point, thus
(.ontaining the exponential growth without reqz-nring backtracking. This techniqu- was
instrumenta: in making Harpy the most succssful connected speech understanding
system to date. Harpy represents syntact,., lerical, and juncture tnowledge in a
ugnfted network as in Dragon, but without the a-priori transitinn Frobabilities. Phonetic
"classification is accomplished by a set 0i sneAKer-dependent acoustic-phonetic
templates based on LPC parameters which represent the acoustic realizations of the
phones in the lexical portion of the network.

Performance
The system was tested on several driferent tasks with r1ierent vocabularies

and branrhing factors- On the 10I I-wori task using the AIX05 grammar (see
Appendix IllI-C), the system word error rate was 37 and the semantic error rate was
5/ (see fio. 1). The system was also tested v.,ith connected digits recognition attaining
a 2V word errur rate. Using speaker-indeperident templates, error rate increases to
77- over 20 speaker including 10 new speak,-rs. Using telephone input increases the
error rate to 7Z. to 117 depending on thc noise characteristics of the telephone
system.

Discussion
B-acktrackirig and redundant computation have alway., been problematic in Al

systems. The Hlarpy system eliminates these in an elegant way, using the beam search
technique Ry comoikng knowledge ahead of time, Harpy achieves a level of efficiency
that is unattainable by systems that dyna,,cally interpret their knowledge. This

permits Harpy to consider many more alternatives and deal with error and uncertainty

in a graceful manner.

The Hearsay-il System (Erman, Hayes-Foth, Lesser, and Peddy)
4f-arsay-|l has been the major research effort of the CMU speech group over

the last three years. During this period, 5olutions were devised to many difficult

conceptual problems that arose during the implementation of Hearsay-I atid other
earlier efforts. The result represents not onl/ an. in!eresting system design for speech
undc-standing but also an experiment in Ihe area of knowledge-based systems
architecture. Attempts are befing made by ctl-e, Al groups to use this type of
architecture in in;ge processing and other knrinwledl.e-intensive systems.

Hearsay-Il is siml;ar to Hearsay-1 in tht it is based on the hypothesize-and-test
paradigm, using cooperating independent kno .ledge sources communicattng through a
global data structure (Li'board). It differs in tie s•cr.se that many of the limitations
and shorti-ornings of Hearsay-i are resolved it, "earsay-il.

Hearsay-l0 differs from the Harpy syst- in in tha. it views knowledge sources as
diferent and !riependent and thus cannot always he integrated into a single
representation. rurther, it has as a design !.DaO the ability to recognize, understand,
and respond even in situations -'here senterlceý cannot be guaranteed to agree with
some predefined, restricted language model a-. is the case with the Harpy system.

Model

The main features of the Hearsay-|H sy-.lcin structure areý I) the representation
of knowledge as self -acti.'ating, async ioneu,. parallel processes, 2) the
representation of the partial analysis in a gc nerahzed three-dimensional network; the

dimensions being level of represe-.tation (e.l'. parametric, segmental, syllabic, lexical,
syntactic), time, and alternatives, with conle-ituaI -nd structural support connections
explicitly specified, 3) a modular structure foi ,ncorporating new knowledge into the
system at any level, and 4) a system struclure suitable for execution on a parallel

processingp system.

6



"Pervormance
The present system has been tested u ,a , W.;oUl 100 utterances of the training

data tor the 1011 -word vocabulary task. Fur a igrammar with simple syntax (AIX05,

the same one used by Harpy), the sentence error rate is about 167. (semantic error

16;4). For a grammar with more complex "-yntax (AIXI5, see appendic 111-C), the

sentence error rate is about 427 (semantic er; ci 26.1) The system runs about 2 to 20

times slower thi7n Harpy.

Discussion
Hearsay-ll represents an important anc: contnuinrg development in the pursuit of

.arge-vocabulary speech understanding systei-, The system is designed to respond in
a semanticall' ocý-re¢, way even when thi information is fuzzy and only partial
recognition is achieved. Independent knole, ge .".ources are easily written and added
to Hearsaj-I1; knowledge sources may al'o be removed in order to test their
effcctiveness. The Hearsay-II system a chitecture offers great potential for
exploiting parallelism to decrease recognitio i times and is capable of application to
other knowledge-intensive Al problems deaih'v with errorful domains. Many more

years of intensive research would be necess ir/ in order to evaluate the full potential

of this system.

The Locust System (Bisiani, Greer, Loweire, and Reddy)
Present knowledge representation and .ear(h used in Harpy tend to require

much memory and are not easily extendable lo very large languages (vocabularies of

Over 10,000 words and more complex syrtay). But we do not view this as an

,n-.urmountable limitation. Modified knowledl.e representation designed for use with
secondary memories and specialized pagir '. should overcome this difficulty. In

addition, it appears larger-vocabulary speech understanding systems can be
,mplemented on mini-computers without i.,•nificant degradation in performance.

Locust is designed to demonstrate the feasibil:ty of these ideas.

Model
The model is essentially the same F . the Hnrpy system except, given the

limitation.-, of storage capacity of main memory, the knowledge representation has to
be reorganized significantly . The network is a0,urn1Cd lo be larger than main memory,
stored on secondary memory, and retrieved u tn: a specialized paging mechanism. The

cho•ce of the file structure representation a id clostering of the states into p-ages of
uniform si;e are the main technical problems .- ssociated with the development of this

Discussion
. paýirg system for the 1011 word .ncahulary is currently operational on a

PDP-1 1!40E and has speed and accuracy perfcrrnance comparable to Harpy on a PDP-
10 (KAIO). Simulation of variouS Dagn•g mod- !- i-. currently in progress. As memories

with decrea,'cd access times become avai'al: c, thiK clasr- of systems is expected to
perform as accurately and nearly as fast as s t..-ms requirinp no secondary memory.

Parallel Systems (Feiler, Fennell, Lesser, McCracken, and Oleinick)
Response ti,..ie for the present systerr. 1. iusually grener than real-time, with

ind~cat-ons that larger vocabularies and more 1-n•iviex syntax w!l require more time for
search. Ore method of achieving greater sp -ci is to use para:el processing. Several

,•systems designed ano developed at CMU e-.;ioi: multi-processor hardware such as

C.mmp and Cm*.

7



Models
Several systems are currently under dev'eioprnent as part of multi-processor

research projects which attempt to explore potential parallehsm of Hearsay and Harpy-
like systems. Fennell and Lesser (1977) stuc'ed the eypected performance of parallel
Hearsay systems and issues of algorithm decnposition. McCracken (1977) is studying
a production system implementation of the H .mr ciy model. Olcinick (1977) and Feiler
(1977) are studying parallel decompositions of the Harpy algorithm. Several of these
studies are not yet complete, but preliminary performance results are very
encouraging. Oleinick has demonstrated a vei sion of Harpy that runs faster than real-
time on C.mmp for several tasks.

Discussion
The main contribution of these system studies (when completed) will be to show

the degree of parallelism which can reasonably be expected in complex speech
understanding tasks. Attempts to produie reliable and cost-effective speech
understanding systems would require extensi\e studies in this direction.

DISCUSS;ION

In the previous section we have briefly outlined the structur2 and contributions
of various speech systems developed at CMUi. in retrospect, it is ciear that the siow
rate of progress in this field is directly attrib table to the large comnbinatorial space of
design decisions involved. Thus, one might reasonably ask whether the human
research strategy in solving this and other .im.,lar problems can benefit from search
reduction heuristics that are commonly used in Al programs. Indeed, as we took
around, it is not uncommon to find resea:ch paradigms analogous to depth-first
exploration, breadth-first with shallow cut-ol ,, oacktracking, "jumping-to-conclusions",
thrashing, and so on.

Our own research has been dominated ny two such paradigms. First is a variant
of best-first search: find the weakest link (and thus the potential for most
improvement) in the system and attempt to improve it. Second is a variant of the
beam seirch: when several alternative approaches look promising, we use limited
parallel search with feed-forward. The sysltm, shown in Figure 3 are examples of
this type of system iteration and rnulti-systerr ; approach.

Many system desig," decisios require ;n operational total systems framework to
conduct experiments. However, it is not n,,cessary to have a single system that
permits all possible variat'ons of system desý".ns. Given enough working components,
with well-dessigned interlaces, one can ,-instruct new system variants without

excessive effort.

The success of the speech underst..tidiwn research effort is all the more
interesting because it is one of the few E !AnplCS in Al research of a five year
prediction that was in fact realized on time .And witnin budget. It is also one of the
fe& examples in Al where adding additional kowledpe can be .,hown to lead to system
speed-up as well as improved accuracy.

We note !n conclusion that speech und s.tandirg research, in spite of the many

supc'rficial differences, raises many of the sa )e is.sues that are central to other areas

of Al. Faced with the problem of reasoning .n the presence of error and uncertainty,
we generate and search alternatives which i-ave associated with them a likelihood

S,aiLje representing the degree of uncerta'ntý Faced with the problem of finding the
most plausible symbohc description of the uttriance :n a large combinatorial space, we

Use . . . t sc u--cd -:n- e braph ..... h,- h oid, ,n proLlem
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solving. Givpn the problems of acquisition and representation of knowledge, and

control of search, techniques used in spee, h are similar to most other knowledge
intensive systems. The main difference is t gat given human performance the criter;a
for succes., in terms of accuracy and response time, far Lxceed the performance
requirements of other Al tasks except perhap, vision.
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II. KNOWLEDGE SOURCES AND TECHNIQUES

The Zapdash Parameters, Feature Extraction, Segmentation, and Labeling for
Speech Understanding Systems (Goldberg, Reddy, and Gill)

Introduction
In spite of early success with very simple parametric representations of speech

(see Reddy 1966 and Erman 1974), recent emphasis has been on highly accurate but
computationally expensive parameter extraction techniques such as LPC spectral
analysis, formant tracking, etc. We feel that simpler, more efficient methods must first
be applied to reduce the amount of input data before more expensive analysis is
performed. The uniform application of LPC analysis to all the input produces accurate
but very redur,ndant results, rnd at high cost. (see Goldberg 1975)

Our api.rroach involves two levels of parameter extraction and analysis. The first
level produces an accurate segmentation with strong clues as to manner of articulation
and phonetic identity of the segments. For this purpose, we have developed the
ZAPDASH parameters, described below. They prcvide a highly efficient basis for an
accurate, robust segmenter and broad classifier. After the phonetic elements are
isolated, a uniform LPC labeling stage is applied only where it is needed to further
refine the segment identification. Preliminary evaluations show significant
computational savings is possible with no sacrifice of segmentation or labeling
accuracy.

The ZAPDASH Parametric Representation
As digital processing of speech becomes commonplace, it becomes desirable to

have a parametric representation of speech which is simple, fast, accurate, and directly
obtainable from the PCM representation of speech. The ZAPDASH representation of
speech (Zerocrossings And Peaks of Differenced And SmootH waveforms) is of this
nature. An important means of reducing computational cost in much of the low level
processing of speech is to reduce the quantity of data in the input representation to
the minimum necessary for accurate analysis of the phonetic content of the speech
signal. Our past experience shows that very simple measures of activity in the low
and the high frequency bands (approximately: <IkHz. and >1kHz.) would suffice for all
but the fine labeling stage. Peak-to-peak amplitudes and zero-crossing counts provide
simple measures of the amount of activity within each particular bond. In ZAPDASH,
the PCM data is used to generate a differenced waveform and a down-sampled,
smoothed waveform (for 10KHz sampling rate, the smoothing FIR filter coefficients
were -1 0 1 Z 4 4 4 2 1 0 -1, used every 4th point). Peak-to-peak distances and
number of zero-crossings are calculated each 10 ms, resulting in 400 8-bit parameters
per second of speech. ZAPDASH can be calculated in 15 to 20 computer instructions
per sample and, therefore, can be extracted in less than a 1/3 real time on
minicomputers with 2 mtc,-o-sec. instruction time. A simple parametric representation
like ZAPDASH appears to provide sufficient information -for accurate phone
segmentation, thus sharply reducing the amount of more detailed spectral analysis
required by rvany other methods. The resulting four parametric measurements
(Smoothed Peak-to-peak, Smoothed Zero-crossing, Differenced Peak-to-peak, and
Differenced Zero-crossing) are sufficient to detect, with reasonable accuraty, a set of
10 features, described below, which are quite useful for both segmentation and initial
broad labeling. The ZAPDASH parameters are used by the first stage segmenter to
make decisions on manner of articulation. The resulting segmentation and broad
class=fcato,,, is accurate yet inrcpcnsive. Further refinement o, the segment Iabels

using spectral analysis is then much more economical.
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Segmentation and Broad Clasification
The first stage of the program cortains an hierarchical, feature-extraction based

segmerter and classifier. A number of features relating to manner of articulation are
extracted. Silence, voicing, frication, front-back placement, high-low placement,
consonant-like, flap-like, aspiration-like, nasal, and sibilant decisions are made using
the ZAPDASH parameters. In the processing of an utterance, a set of segments is
chosen, with broad classification, for the entire utterance. These identify regions of
the signal such as SIL-silence, SON-sonorant, UFR-unvoiced fricative, VBK-back vowel,
etc. Further sub-segmentation and/or reclassification is conditional upon segment
class type, context, and feature values. There are 59 classes currently used internally,
although many overlap one another in the acoustic space.

Modified LPC Labeling
At the second stage, where no further refinement is possible using the ZAPDASH

information, a fine labeler is applied at the mid-points of all segments. The original
PCM signal is compa-ed against stored templates by a modified LPC distance metric.
_takura's minimum prediction residual metric (Itakura 1975) is used to compare the
segment mid-point to a set of speaker-specific trained templates. The segment class is
used to p-ovide a sub-set of the approximately 100 templates, or a set of a priori
weights to be added to the metric values for all templates. In this way, the manner-
of-articulation and the contextual information provided by the earlier feature
extraction improve the labeling.

Results
The highly efficient segmentation procedures in the first level segmenter and

the limitation upon the need for LPC analysis provide a factor of 5 speedup over the
uniform procedures used by HARPY and Hearsay-I1. Preliminary tests with this
program indicate that results for HARPY using this parameterizationi wiN be just as
accurate and will be computed faster than the results obtained with tne more
redundant parameterization it now uses. Present performance of ZAPDASH can be
summarized as follows: Segmentation -- less than 207 extra segments, less than 2%.
missed segments, and boundary placement within an average of 10 ms. of the manually
defined location. Labeling (broad classes) -- 907 correct, (finer labeling) -- correct
template in first place 50? of the time, in the first five places 75% of the time. A more
detailed evaluation will be available shortly.
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A Syllable Based Word Hypothesizer for Hearsay-Il (Smith)

Problem and Motivaticn
A central problem for speech understanding systems is efficiently and accurately

determining what words are implied at the lexical level by the data at lower levei!5
One solution to the problem is to map each word hypothesized by syntactic ar..'
semantic information to the lower level representation, then match and rate the word.

S.1



But as speech ,.ystems permit larger vocabularies and languages with less restricted
syntax and sen antics, they must depend more on bottom-up methods to limit the
search space of possibie *,of-d sequences. The effectiveness of a hypothesizer can be
measured by the percent of the correct words and the number of competing words it
hypothesizes. One method of bottom up word hypothesization ýs to go directly from
the phone sequences found for the utterance to word hypotheses as in the BBN HWIM
speech system (Klovstad, 1976). The solution used in Hearsay-I uses an intermediate

level of syllables between the words and phone segments.

Solution
The word hypothesizer uses equivalence classes of syllables (called Syltypes) to

support word hypotheses (Smith, 1976). These Syltypes were defined so that
syllables which were likely to be given similar segments and labels by the spe-ch
system would have the same Syltype. No attempt is made by the word hypothesizer
to distinguish between words which have the same sequence of Syltypes. The word
verifier later makes this distinction as it rates the words.

The Syltypes we now use are defined by a sequence of states corresponding to
phoneme equivalence classes. A Markov probability model relates the state sequence

of a Syltype to the segment labels hypo t hesised by the segmenter and labeler. A
word may be hypothesised by the following sequence of events: For each syllable
nucleus in the utterance (defined by a heuristic using segment labels and an amplitude
function), the most likely Syltype state sequences are found by searching the segments
from the nucieus out to adjacent nuclei, or perhaps the utterance boundaries. For
each Syltype hypothesized with a "good" rating the set of words containing syllables
mapping to the Syltype, are retrieved using an inverted lexicon. A multi-syitabic word
in the set is rejected if it matches poorly with :idjacent Syltype hypotheses. The word
verifier is then called io rate each word. Those with a poor rating are rejected.

Results
Since the word hypothesizer's ratings for words are user only to determine

whether to reject the word or to verifier the word, it is used as a filter for the word
verifier. The performance relevant to this task is the percentage of the spoken words

correctly hypothesized and the fraction of the vocabulary hypothesized per spoken

word. The re_ s from twenty test sentences indicate that, for a 1011 word
vocabulary, 67, of the correct words are hypothesized when 80 words are
hypothesized per spoken word (87 of the vocaLulary). Of course these numbers can

be varied by changing thresholds. It the speech !system can function with only 57%. of

the correct words hypothesized bottom-up, then only 5! words need to be
hypothesized per spoken word (57. of the vocabulary). Similarly, higher accuracy can

b " obtained with a greater number of competing word hypotheses.

References

A. R. Smith (1976), 'Word Hypothesization in the Hearsay HI Speech System," IEEE Int..

Conf. on AcoustLcs, Speech and Signal Process4ng, Philadelphia, 1976, pp. 549-552.
J. W. Klovstad, "Probabilistic Lexical Retrieval Component with Embedded Phonological

Word Boundary Rules," Bolt, Beranek and Newman Technical Progress Report
No. 6, 1976, pp. 69-108.

Wizard. A Word Verifier for Hearsay-Il (McKeown)

Problem and MotivationI-ey prob-le -,; for speech- -nJ---andin .. . t... :- S the .. rf•,0r f w r

hypotheses generated by various knowleoge sources in the system. The verifier must

"assign a likelihood score which is commensurate with the match between the
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underlying acoustic data and the phonetic description of t'e weord. The goodness of a
score may be only temporally significant; the .coras sho ild rank order competitive
words Mi any !is" area such that the correct word is high i, the ordefing. In addition

to this acc ?ptance criteria, it is also necessary for the veriter to reject absolutely a
larg3 percentage of the hypothesized words, without rejectink a significant number of
correct words, in order to constrain the combinatorics at higher levels.

Solution
In HEARSAY 11, words may be generated bottom-up by thte word hypothesizer

(POK•OW) or predicted top-down by the syntax and semantics module (SASS). Each

uses a very differert strategy for verification since bottom-up iypothesis have a
known approximate begin/end time while top-down hypotheses use i verified word to
predict words to the le't or right, and thus only one time ir known.

The word verifier, WIZARD, uses a general Markov model for spe.ech recognition
(BAKER,1975 ; LOWERRE,1976). The acoustic information is a segme.ntation of the

utterance where each segment is represented as a vector of phoneme probabilities.
SEach word in the lexicon is represented by a statically defined network which
embodie-, alternate pronunciatiors of the word. This model finds the ootimal path
through the word network and assigns as the word score a normalized sum of all the
log-probabilities for states (phonemes) or. that path. Networks do not lake ;nto

account word junctures but do handle internal phoneme junctures. Thus WIZARD

attempts to verify words as if they exist in isolation.
Wizard handles bottom-up words in the following mainer: The predicted

begin/end times are mapped into their respective begin/end segments: bseg/eseg All
paths which begin at b,.eg-1/bseg/beg+l and end at eseg-1/eseg/eseg.l are explLred
in parallel. Each of the nine possible optimal mappings is examined and the best of

these is chosen as the mapping of the word network over the segmented acoustic datq.
Thi., possible time shifting allows the verifier to recover from incorrect times due tc

differenceF in representation of the acoustic data between knowledge sources. As a
resu!t, the verifer may change tines on word hypotheses as well as rate them.

Words which are hypothesized top-dowi, pose a different problem in terms of
verifi.:ation, since only the begin or end time is known. In this mode it is necessary for

WIZARD to predict the m;ssing time as well as to return a rating. A major problem is
bounding the number of segments considered in a prediction. Currently several
heuristics ac- employed. Since all states or. the optimal path must be mapped to at
least one segment, the lower bound on the number of segment• is the minimal number

of network transitions (rninlran). An upper bound was experimentally determined to be
4*mrintran, thus on the average no more than 4 segments are mapped into any one
state. This number is a fonction of the segmentation, which lends to over-segment,

and the network descriptions, which allow reduced spellings. The POkOW word
hypothesizer Eene-ates an upper bound based on the expected number of vowel
nuclei in the word and their position relative to the beginning of the prediction. The

smaller of these upper bounds ;s used. WIZARD iteratively maps each of the segments
from the given begin segment to the upper bound. it considers those mappings which
fall between the lower and upper bounds and picks the best after appropriate
normalization. The time of the best end segment is returned along with the rating.

Results and Conclusions
The results summarized in Table I are for five data sets, containing 100

utterances, in which 332 correct words were hypothesized bottom-up by POKCOW. In

add~t,on, 1303 incorrect words were generated. The vocabulary size for POF•OW and
WIZARD was approximately 590 words. WIZARD rated each of the words using

begpin/end times generated bottom-up. Each verification took, on the average, lOOms of
Crp t.-. nn _ nDEC PDp-iO (K.ti Frt neih raiinc threhorid iIi;, _0 t1ei, ritu ber Of

correct and incorrect words that were accepted or rejected is tabulated. From this
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data the number of words hypothesized per word position and the percent of the
vocabulary hypothesized per word positon can be calculated. These numbers give a
vocie buaary independent measure of performance, allowing corrpari~onF between
various syst .m configurations. An average ranK order of the correct word is provided
which measures, at each threshold, the number of words in each word position that
must be examined in order to include the correct word. The range of rank orders
between the data sets (20 utterances/set) is also indicated.

TABLE I

THR IS I HYPED BY POMOU ACCEPTED REJECTED S.6 RAfkt ORDER
CORRECT 332 326 (98/) 6 ( 21) (3.6 - 7.1)

INCORRELT 13853 18426 (88) 2627 (2011
TOTAL 13385 18752 (80o) 2633 (201)

h/UiORD POS 48 (8Z1 32 ( 67) 8 ( 21)

THR 18 & HYPED BY POrfOW ACCEPTED REJECTED 4.5 RAUL ORDER
CORRECT 332 312 (941) 20 ( 6/) (3.4 - 5.6)

INCORRFCT 13853 6462 (49V1 6591 (SIX)
TOTAL 13385 6774 (511) 6611 (497)

I/WORD POS 48 (871 28 ( 41) 28 (47)

Sample results of verificatjon in the prediction mode are presented in Table II.
In this mode it is important that the best rating for the predicted word comes from a
mapping that closely approximates the actual time in which the wrd appears. If this is
not the case there is the danger that a correct word, which is highly rated, will be
hypothesized with times which will disrupt the recognition of word sequences by top
end knowledge sources. Small errors in the determination of the missing time can
propagate time errors which may cause whole words to be missed. Table I1
summarizes the results of an experiment to predict begin/end times of 529 words
where both times were actually known. The distance, in segments, is calculated from
the known word bound and its predicted word bound. The table also shows the
distribution of distances for the hest mapping. Given that the average segment
duration is 3.2cs, a distance of 2 would correspond to a range of predicted bounds
6.5cs about the actiia! bound. Each prediction takes, on the average, 1BOms of CPU
time.

TABLE 11

BEST RANKED PREDICTED WORD BOUNDARY

DIST FRED CUI cm

8 125 22'

1 289 4e1 647
2 183 19g 83Z
3 41 87 911
a 28 4Z 957

5 17 3. 981
6 7 17 99X

7 A, i• sBt
8 " 81
-9 1 0

Areas of fLuther research involve dynamic generation of multiple word networks
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- -- usin.0tic networ'ks and word juncture ruies, alternate score normalization schemes,
and improvenient in the effectiveness of bounding predictions using vowel nuclei.
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Word Pair Adjacency Acceptance Procedure in Hearsay-Il (Robert Cronk)

Introduction
In the Hearsay-Il speech understanding sysem, several knowledge sources

attempt to construct sequences of words from the word candidates hypothesized on

the blackboard Pairs o! words which are approximately time-contiguous and
syntactical~y adjacent (may be paired in the grammar) are considered for wxtending

word sequences. To avoid the combinatorial expiosion which occurs in a grammar with
a large branching factor, a procedure is required which will constrain the number of
word pairs to those which have a high probability of being the correct ones.

Such a procedure must be computattonally inexpensive, since it must make
decisions on hundreds of pairs of hypothesized words. It must rely upon knowledge of
word junctures and upon the information contained in the segmental transcription of

the spoken utterance. And it must reject as many incorrect pairs (word pairs not

actually spoken) as possible, without rejecting any of the correct pairs.
This paper describes the word pair adjacency acceptance procedure (JUNCT)

developed for Hearsay-H1, the knowledge it uses, -',u the -. -i• , results.

Description
Input to the JUNCT procedure is a pair of woro hypotheses. If it determines

that the words are adjacent, based upon the times associated with the hypotheses, the
juncture rules contained in the procedure, and the blackboard segmental descriptinn of
the spoken utterance the pair is accepted as a valid sequence; otherwise it is rejected.

Word ;tinctures which JUNCT must use to make its decisions fall within three
distinct cases:
(1) Time-contiguous hypotheses: Words which are time contiguous in the blackboard

are immediately accepted by JUNCT as a p',s-ible sequence. No further tests for

adjacency are performed.
(2) Overlapping hypotheses: When two words overlap in time, juncture rules are
appied in the context of the blackboard segmental transcription of the uiterance to
dete'mine if such a juncture is allowable for the word pair.

(3) Separated hypotheses: When the words are separated by some interval of time,
rules are apphed, as in the overlap case, to determ-ne whether the pair can be

accepted as a valid sequence in the utterance.
1he j.;ncture rules used by JUNCT are of two types: (1) allowable overlaps of

word end-phoneme and begin-phoneme, and (2) tests for disallowed segments within

the word juncture. A b't matrix of allowabie overlaps is precompiled into the

procedure, and is indexed by the end-phoneme and begin-phoneme of the word pair.
Any overlap juncture involving phonemes which are not allowed to share segments is
rejected by JUNCT In the separation case, as in allowed overlaps, the blackboard

segmental description of the spoken ,Iterance is examined in the context of the end-
phoneme and begin-phoneme o& the word pair to determine it any disallowed segments

are present in the juncture gap. If such segments are found, the word pair is rejected.

Only when a word pair passes all rule tests which apply in the segmental context of its
juncture is it accepted at -. valid sequence.
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Cur'ent Results
Stand-altone pertcrmance e'.-uaticn runs were made over 60 utterances using

words generated from files produced oy the -earsay-tl word hypothesizer.
Syntactically adjacent pairs ot words whose ratings were 40 and above (on a scale
from 0 to 100) and whose times (left-word end time and right-word begn time) were
within a 200 millisecond interval were considered. All of the words used for testing
the procedure were hypothesized 'bottom-up" in learsay-lZ; no predictions we-e used
in the evaluation runs. The following table summarizes the performance of the .,JNCT
procedure.

CORRECT INCORRECT TOTAL
"WORD PAIRS WORD PAIRS

ACCEP-EDj 188 (957) 2891 (417) 3079 (42"7)

"REJECTED 5 (52ý) 4224 (591) 4233 (51%)

TOTAL 1 7312

It is Lxpected that, as lcwer-level sources of knowledge provide more accurate
times ;cr word hypotheses, the rules for acceptance of valid word pairs may be
tlightered, further increasing the speed and performance of Hearsay-1[

Syntactic Processing in Hearsay-!! (Hayes-Roth, Erman, Fox, and Mostow)
The ba-ic tasks facing the three syntactic knowledge sources in Hearsay-il are-

to parse syntacticai'y acceptable sequences of words; to predict words that can be
(syntacticasly) adiacent to the ends of a word sequence; and to construct larger
sequences ,hen predcicteo woras are verified. The chief obstacle is finding all
possible syntactic structures tthat can produce a given sequence of words. Of the
traditional parsng. :-echansrns, or<y bottorn-up Kay-type parsers have addressed the
problem of huilding Do-,rase-structre trees which are not necessarily anchored at thIe
start (or end) of a sentence But these methods are still inadequate for parsing in the
current environment because of the-r requirement that all constituents of a phrase be
present in order for a phrase to be re:ognized. In Hearsay-Il, a general method for
such partial par._nn of incomo'ete phrase structures nas been developed and is used
"to parse Frammatical word sequences, to predict extensions, and to join up to three
sequences of words together in a new syntactc structure.

The details of the method are now briefly described. To minimize redundant
computing, lh, syntactic ,context-free• grammar is converted to an equivalent template
normal form grammar in which all sequential productiors have binary derivations (e.g.,
,- B C D is replaced by A - 3 X and X -- C D). Thus, frequently occurring
grammatical subsequences are repiace;i by a cOmmOn highur-order non-ter:nina-



thereby minimizinrg recomputation of common subexpressiOns (Hayes-Roth and M.4ostow,

19751)
The word-sequence hypothesizer, WOSEQ, generates the initial word sequerces

that are partial-parsed. G4ven a word sequence wi .. wn, the RECOGNIZE parser
knowledge source wOrks in a conventional bottom-up manner, with the exception that
any words or phrases (non-terminials) that are required by a grammar rule to precede
(follow) a constituent at the first (last) po'.ition of the sequence are pseudo-
recognized; that is, if the word sequence wl ... wn can be derived from the productions
S -# A T, T1- wI V, V -, U X, U- ... wn, A - wO, and X -. w(n0i), then the non-terminals
A and X will be pseudo-recognized and the sequer.ce wl ... wn will be parsed as an
instance of S, with closest left-missinja constituent A and closest right-missing
constituent X_ Bottom-up parsing continues until all of the words in the input
sequence are subsumed by each highest-order phrase or until no further rewrites are
possible. The highest-order phrases constructed that derive the entire word sequence
are referred to as spanning phrases. Because parsing is discontinued on spanning
phrases, the partal-parse technique essentially identifies minimal (lowest-order)
parses of each sequence. Each distinct parse of a sequence specifies a spanning
phrase and the pseudo-recognized closest missing constituents. There may, of course,
be several distinct parses of any word sequence. If ,no parse of a sequence is found,
it is rejected. Whenever a sequence hypothesized by the word-sequence
hypothesizer is rejected, that knowledge source wakes up, decomposes the rejected
sequence into maximal subsequences, :nd then hypothesizes any sufficiently rated new
word sequences.

Given a spanning parse of a sequenre wi ... wn with closest left and right-
missing constituents A and X, the words that can he adjacent to <wl or wn> are all
rightmost derivatives of A or leftmost derivatives of X. If a spanning phrase has no
closest !eft-missing (right-missing) constituent, the possible adjacent words are found
by "going up-and-over": the rtghtmost (leftmost) derivatives are computed for each
constituent that can be directly adjacent to this left-complete (right-complete) phrase
in some higher-leve, spanning phrase. Predictions of words are made by the PREDICT
knowledge source whenever the extensiOn of a previously parsed word sequence is
scheduled and executed. Predictions may be made to both sides or to only one side
depending on the relative and absolte numbers of grammatically possible words on
the two sides. In any case, if none of the predicted words on one side is verified, the
word-sequence hypothesis, allhough synt;ctically valid, is deactivated. No further
processing of that sequence can occur unless it is retrieved by another sequence
extension colliding with it on the side that failed the extension effort. Such a salutary
collision results in tie reactivation of the sequence.

When predictecl words are verifed, the CONCAT knowledge source may extend
the parse by co rcatenating the verified words to the predicting word reference.

Given the sequence <wl .. wn> and verified preceding predicted words al, a2, ..., ak

and verified succeeding predicted words bl, b2 ... , bin, an attempt is maie to partial-

parse all sequences <ai wi - wn bj> as wel! as all sequences <x.1 x2 ... xp a, wi ... wn

bi yl y2 ... yq> where <xl x2 .. Yp at> (<bj yl y1 ._. yq>) is a previous!y parsed

sequence of words on the blackboarc, that is time-adjacent to and precedes (succeeds)
<w1 .. wn>. All successfully parsed sequences generate phrasal hypotheses. Thus, in

addition to simply extending sequences a-word-at-a-time in each direction, finding a
predicted word as the terminus of an ex'sting adjacent sequence can trigger the
corcatenation of three sequences at once.

Conclusion

Because the words that are hypothesized from other knowledge sources form
3rbitrary sequences that usually do not completely stis'y constituent structures of
phrase rewriting rules, a general mechianism for part'ai-parsing 13 neeOed. I he current
implementation generates minimal spanning phrases and retains at most one closest



missing constittient on each side of each phra;e. Partial-parsing times average about
50 msec on the KLIO for a 1000 word vocabulary with a 15 branching-factor
grammar. Extensions of sequen-es are quickly computed by running dowi the right or
left sons of the binar* sequence nodes of the closest missing constituents. Three
adjacent sequences are syntactically concatenated by partial-parsing the concatenated
word sequences. The current implementation provides an efficient solution to essentiai
problems of syntactic processing. In additio.n, the three related knowledge sources
decompose thrs processing into natural components with a grain-size that is attractive
for focusips and control.
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Focus and Control in Hearsay-Il (Hayes-Roth anJ Lesser)
The Hearsay-[[ speech understanding system currently comprises 13 knowledge

sources (KSs), 11 f which are data-directed Each data-directed KS is invoked
whenever new or modified blackboard data configurations matching patterns of
interest are found. Monitoring for potentially relevant data changes is performed in
two steps: changes in hypotheses or links at particular levels are collected in change
set-, specific to each KS; procedures called precondrt~ons then closely examine each
accumulated change and its blackboard contpct to determine if the exact pattern of
interest is present. Once such a pattern is detected, the relevant KS is invoked
(scheduled) to operate upon it. The basti control problem is to execute first those
preconditions and KSs that are most likely to lead to successful recognition of the
utterance The two chief subgoals are: (1) 10 find the best interpretation as quickly
as possible and (2) to reduce the number of ir.correct hypotheses that are generated
and tested. In fact, if too many incorrect hypotheses are examined, working stor3ge
capacity of the system may be exceeded, thus precluding eventual correct recognition
of the utterance.

The current approach to the control problem follows closely the design of the
focus of attention mechanism described ir detail in Hayes-Roth and Lesser (1976). The
basic concepts of that paper are quickly revie-Aea here: (1) The Competition Principle:
the best of severa! alternatives should be performed first; (2) The l Principle:
more processing should be given to KSs operating on -n're valid data; (3) The
jgni•.icance Principle: more p-ocessing should be giv;en to KSs whose expected results

are more significant; (4) The Efficiency PrinEpie: more processing should be given to
KSs that perform most reliably and :nerxpensi ely; (5) The Goal Satisfaction Principle:
more processing should be g:ven to KSs whose respcnses -re most likely to satisfy
processing goals.

The degree to which a precondditon or KS sat sties these principles is reflected
oy its desirability an increasing function of its validity, duration, level of analysis,
importance, concordance with c-)ntro! thrshoids (goals), (relative and absolute)

expected superiority over the best competing alternative in the same lime area, and
the time elapsed since an improved degree of recognition was achieved (stagnation) in
that time area. While the desirablity of ; KS instantiation awaiting execution is
cletermined directly from only one Oata pattern and the declara•i,,e control knowledge
about the direction (on the blackboard) and relative effectiveness of its actions, the
desirability of a precondition is taken to be the maximum of such values over all
hypotheses in irs cnange sei.

Using this general scheme, we have implemented one particular control strategy
by setting particular processing goals on the blackboard. Initially the
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segmen'r/lat.cller if. executed anci loricd !. ri ; compelon. 1his insures that
bottom-up syllable hypothesizalion wili have the benefit of complete segmental
contexts. The syllabte hypothesizer is executed in turn, and for a similar reason is
also fcrced to ,u-r to icompl•oel,. At this a.;nt ,he s.labte-to-word KS responds to
new syllables and generates a!! potentially plausslie words. The strategy module then
estaoihshes thresholds governing which of thf .e words is hypothesizee. It attempts to
have several highly rated words hypothesized ;n each area of the utterance. After
this processing is completed, the word-sequence hypothesizer examines all words in
parallel and identifies promising connected sequences of time-adjacent syntactically
possible pairs of words (seeds). The best of these in each time are thor, hypcthesized.
From this point on, a complex sequence of 1=ita-directed preconditions and KSs is
invoked, scheduled, and executed to contro• syntactc parsing, hypothesization of
-llausible words to extend syntactic sequences, concatenation of verified words or
phrases with adjacent phrases, and the generation of further seeds when the system
is stagnating. Whenever any new complete parse is found, a special KS is invoked to
determine which remaining hypotheses and KS instantiations are insufficiently
attractive to preserve. These are either rejected or deleted. Processing then
continues until a quiescerrce occurs reflect~ng that thse remaining alternatives are
insufficiently credibie to continue. If a s-hiciently p ausible sentence has been
recognized, the stopping condition KS deci'ies to terminate the analysis; or if no
comp!ete sentence has been formed, an attempt is made to interpret the best partial
sequences by the syntax and semantics knowledge source.

Cons C usion

Each precondition and KS is regaroed as a [condition-3action] schema, with
known inputs (blackboard hypotheses and links), a kncwn direction of action (bottom-
up, top-down, or same-level and forwards, backwards, or same-time", known 'eliaLlity
and effiziency, and therefore, a known expected result. By comparing the expected
results of all scheduled activities to the ci,.-•nt state of recognition and desired areas
of activity, the best pending instantiation can be execued first. As a result of tuning
the various weighting factors, we seem to have achieved a desirable baiance of
bieadth- and depth-first search (in a gioba; .ense) with effective suppression of sub-
optirmal (in a local sense) activities. Further, b, separating expensive searches into
two or more success've steps (e.g., change sets and preconditions do gross filtering
and only subsequent KSs do fine, expensive processing; Or, before expensive syntactic
sear,.hes are performed, inexpensive searches are made for plausible sequences of
.syntactic word pairs), it appears that we have achieved some efficiency in the overall
organization and control of the search process.
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Policies for Rating Hypotheses, Halting, and Selecting a Solution in Hearsay-
1I (Hayes-Roth, Lesser, Mostow, and Erman)

Purpose of hypothesis validity ratings
The rating policy rmodule (RPOL) in Iearsay-lI pro.,des a uniform basis for

comparing the plaus!bity of different hypoth,..es The hypotheses may be competing
alternative interpretations of the same porttcii of the utterance at some level of the
blackboard, in wh ch case the nypoinesis VhLit voi. r .....------ e . . .s. ..



more likely, to be tire correct interpretation. However, the hypotheses may describe
different portions of the utterance, or provide representations at different levels of
the blackboard. Having a uniform riting policy means that such hypotheses may
nonetheless be meaningfully compared on the basis of their validity ra'ings. This
information is used in three ways by Hearsay-,;

(1) to focus attention in promising directions by considering higher-rated (more
likely correct) hypotheses before lower-rated hypotheses. This is implemented by
making the priority of a scheduled action an increasing function of the validity ratings
of the hypotheses which are being acted upon (Hayes-Roth and Lesser, 1976). Also,
certain types of actions are riot even scheduled on hypotheses which fail minimum
plausibility tests specified by knowledge source modules. These tests use 'alidity
ratings as a measure of plausibility.

(2) to select the most likely correct interpretation of the utterance if there is
more then one phrasal hypothesis spanning the utterance. The highest-rate-4 such
hypothesis is then the chosen inte pretation.

(3) to prune the sea-ch once a solution (i.e., an utterance-spanning phrasal
hypothesis) has been found. This is done by restricting further processing to those
actions which are capable of leading to a better (higher-rated) solution.

Computation of hypothesis validity ratings
Hypotheses in Hearsay-Il represent ýnterpretations of the speech signal dt

various levels of representation: segmental (lowest level), syllabic, lexical, word-

sequential, and phrasal (highest level). An hypothesis may be either con unctive.
representing a logical product, or temporal sequence, of lower level hypotheses or
disncL.(tive, representing a logical summation of lower level alternative hypotheses.
The degree to which each lower level hypothesis supports the upper hypothesis is
indicated by an implication between -100 (maximally disconfirming) and +100

(maximally confirming). This number is attached to a ink in the blackboard from the
lower to the upper hypothesis.

The validity ratinp. VLD(H) of an hypothes;s H is a measure of the extent to
which that hypothesis is suppor~ed, ultimatel1y, from the acoustic data. The lowest
level hypotheses are rated by the bottom-end processoi. The rating of a higher level
hypothesis H is computed from the validities of the hypotheses which support H
directly from below, and is stored on the blackboard as part of H. The validity rating
of H need only be recomputed when the validlty or implication of its support changes,
or when H receives new support. In surn cases, RPOL immediately propagates
resultant validity changes up through the Wlackboard. Storing the ratings on the

blackboard avoids the expense of recomputing them rezursively whenever they are
used.

The validity rating VLD(H) of a disjun(tive hypothesis H supported by n lower
level hypotheses HI,..., Hn via respective link, LI ... in is given by

Max VLD(Hi*IMPLICATIl'.J'(Li)/100, (i<_in).

Similarly, the ,.alsdity rating of a conp,_nrtive hypothesis at the word level or

below is given by

G( (n-l)/IO) * (Sum VLD(Hi)tIM,*PLICATION(Li)/100), (f1!isn).

The weighting factor CI + mn-l)/10) ref'ects the increased plausibility of an

hypothesis which has rr3.,' -. ! .-tr iuncti'.e supporks.
Above the word level, a somewhat diffc rent function is used to rate conjunctive

hypotheses. The validity '/LD(H) of a phrasa! or word sequence hypothesis H is given

by the ouration-weighted average validity of its n underlying words Wi, where
duration is measured in number of syllables. I.e.,
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VLD{H) - (Sum VLD(Wi)*length(WO)) / Sum ler~gth(Wi), (1.si_<n),

i where Iength(W) = length (in syllables) of the word hypothesis Wi. This formula
-- = is based on the empirical observation that the longer =' word Wi, the greater the

S... .. correlation between its correctness and the correctness of H.

- ~Halting conditions and heuristic pruningl
S.....A phrasal hypothesis can be thought of a; a subpath through a flow graph

Swhose arcs are word hypotheses, and whose soutce and sink are respectively the
beginning and end of the utterance. A solution (itterance-spanning phrase) then
corresponds to a complete path through the graph. The validity rating of a subpath
(hypothesis) is given by the average arc (word hypothesis) validity along the subpath,
weighted by arc (word) length Measured in syllables.

There is a qualitative difference between the task of searching for a solution
(complete path) and the task of deciding when to stop searching and accept the

current best solution. The former task can efficiently be done best-first, i..e., by

extending the most promising path at each step in the search. In contrast, the latter
task inherently involves searching all possible paths in order to guarantee that no path

i is better than the best one found so far. Once a path has been found, the goal of
..... Lprocessing should be to enable such a guarantee to be made as quickly as possible. In

-• order to accelerate the attainment of this goal, two heuristics tor pruning the search
S~are used.

_•, The first heuristic consists of re~ectinR, every word, wOrd sequence, and phrase
hypothesis which, due to its low rating, cannot be extended into a better solution than

S~the best already found. This heuristic can be thought of as a form of alpha-beta
prun ng_, simplified for the case of a one-player game. R~ejecting a subpath
(hypothesis) amounts to abandoning certain nodes in the search tree which correspond
to extensions of that subpath. in operation, an hypothesis is rejected if, when it is
extended into an utterance-spanning path using the hig~hest-rated word hypotheses
currently on the blackboard, the resulting (not necessarily syntactically legal) oath is
rated lower than the best existing soltiton. Further processing on rejected
hypotheses is cancelled. This operationaliztimon is imperfect in that it ignores the
possibility of "missing arcs," i.e., words whici• may subsequently be predicted by the

• syntax module (added as arcs in the graph) and be rated high enough to invalidate
. previous decisions to reject earlier hypothescs

SThe second heuristic is based on the observation that, if a better solution than
S~the current best solution exists, it must be possible to construct it by extending some2
: existing subpath (hypothesis,' which is rated hig~her than the subpath of the existing

solution spanning the same time interval. (Once ag~ain, the missing arc prOblem is
•gnored.) All hypotheses (subpaths) which do not have this property aie decivtd
t..e., incapacitated as active stimuli. Anj scheduled inferential action based on a
stimulus set of hypotheses is cancelled if all the hypotheses in the set are deactivated.
This heuristic can be though of as another form of alpha-beta pruning, rnodifie~d to
allow sharing of common subtrees in the search tree. Deactivating a subpath
(hypothesis) amounts to deferring expdnsion of certain search tree nodes which
correspond to extensions of that subpath.

The observed effest of these two heuristics is to cancel a large amount of
scKeduled processing once a swutiuon is found, and to focus attention on those
activities which are capable of leading to a better solution. When no such activities

i ~are left to pursue, RPOL halts processing, -_elects the highest-rated solution, and
passes it to the semantics module to be interpreted.
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Solutions and partial solutions
RPOL also halts processing when Hearsay-il exceeds predefined limits on size or

execution time. In this case, RPOL chooses the highest-rated utterance--spet-n•g
phrasal hypothesis as its solution. If no such hypothesis has been generated, RPOL
tries to extract a maximum of information from the blackboard by selecting the best
partial parses (phrasal hypotheses) and pa.sing them to the semantics module for

* further interpretation (Hayes-Roth, Fox, GilV, and Mostow, 1976). Here, the "best"
phrase hypothesis H at time t is considered to be the hypothesis whose time interval
includes t and which has the highest information content defined by VLD(H) * length(H).
RPOL finds the best hypothesis at each time t (measured in syllables fr.om the
beginning of the utterance), and passes the (typically small) set of such hypotheses to
the semantics module. Thus even when Hearsay-Il fails to find a complete solution, the
best partial solution (set of partial interpretations) is found, and this information is
used in determining the system's response to the utterance (Hayes-Roth, Gill, and
Mostow, 1976).

Conclusions
The task of rating hypotheses in Hearsay-I is handled by the system policy

module RPOL. The role of knowledge source modules in this task is limited to linking
together hypotheses and specifying the implications with which lower hypotheses
-upport upper hypotheses. Thus the effects of hypothesis rating changes due to new
information are automatically propagated throughout the blackboard without requiring
the help of the knowledge source modules. The centralized implementation of rating
computation and propagation has made it easy to experiment with different rating
formulas. It has also simplified the task of developing new knowledge source modules.

rhe uniform rating scheme employed permits the meaningful comparison of the
plausibility of any two hypotheses. Validity ratings are used by Hearsay-Il to focus
processing, to prune the search, and to select the best solution or partial solution. In
addition, hypothesis validity ratings are used by the knowledge source modules for
plausibtlity tests which must be satisfied in order for various inferencing rules to be
applied. Thus validity ratings help to guide processing in a best-first direction until a
solution is found, and to validate it quickly thereafter as the best possible solution.
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Semantics and Pragmatics in Hearsay-Il (Hayes-Roth, Fox, Gill, and Mostow)
A speech understanding system differs from a recognition system in two

principal ways. First, an understanding system verifies that the sentences it hears are
meaningful and plausible This requires use of semantic knowledge. Second, the
understanding system expects particular types uf communication to occur in specific
discourse cootexts and interprets the sentences it recognizes accordingly. Such
expectation and contextual interpretation requires pragmatic knowledge. The purpose
of semantics and pragmatics knowledge sources is to convert this knowledge about
meanings, intentions, and communication conventions into effective action. The most
significant type of action is one that constrains the recognition process, a search for a
plausible parse of the spoke, utterance. The second most important type of action is
io hypoihesize what was intended. when w ,€ s..d c.. .. .. y be r.rognized.
The last type of effective action needed is to interpret (deduce the intention) of a
successfully parsed utterance
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The complexity of artificial spoken languages may be constrained by restricting
either the way ideas are expressed (syntax) or the number of ideas that can be
expressed (semantics). Our approach, in the news retrieval and computer science
abstract retrieval tasks, has been to develop one comprehensive semantic grammar
(average branching factor 50) used for interpretation of recognized word sequences
and to vary systematically the syntactic con traint of the languages used for speech
recognition per se (branching factors 5, i5, 25). Regardless of the particular syntax
used for recognition, the same general semantic grammar is used for semantic analysis.
This grammar is a template grammar like those developed for Parry by Colby, with
distinct templates for each unique type of semantic form (Colby, 1974; Hayes-Roth and
Mostow, 1975). Semantic interpretation is accomplished by extracting from the (parse)
tree of instantiated templates the particular words or expressions filling the various
functional "slots."

Parti-lly recognized sentences are also easily interpreted in this framework.
When the attempt to recognize a complete sentence has failed, the best (longest and
most highly rated) syntactic word sequences in each time area of the utterance are
passed to semantic analysis. All templates fully or partially satisfied by word
sequences are instantiated. The most fully matched semantic pattern is then chosen as
the interpretation of the utterance. Thus, the recognized sequence "Newell or Simon"
would be interpreted effectively as if "List all abstracts by Newell or Simon from any
journal from any date" had been recognized.

The capacity to provide semantic constraint during recognition is determined
primarily by the reliability of predictions regarding what the speaker is likely to say.
We have implemented a discourse knowledge source incl.ding a conversation model
that prompts the speaker with questions, provides irlformation about using the system
and the organization of the data base, and predicts the (semantic and syntactic) type
of utterance next expected. Earlier versions of the syntax and semantics knowledge
source biased recognition actions in favor of predicted communication forms. However,
both because any valid sentence is permitted at any time and because the system is
usually employed fcr isolated sentence understanding, no direct semantic bias is
currently used The basic scheme for such bias it, however, conceptually simple:
given an expected type of utterance (a iighest-level semantic template), recursively
cominute the expected lower-order subtemplates and, ultimately, the words and
pnrases that would instantiate the expected meaning templates. During recognition,
priority is given to actions based on expected forms, at the expense of delayed
processing of wnexpected word sequences.

Conclusions
We have identified three lypes of actions to be performed by semantics and

pragmatics knowledge sources: (1) bias recognition in favor of expected forms; (2)
interpret semantically plausible, partial sequences; and (3) correctly interpret the
intention of the speaker when a sentence is fully recognized. These actions are
effected in Hearsay-il by combining semantic template grammars with a conversational
model that anticipates the speaker's general intention and can enumerate its manner of
expression. The realization of such actions, at !east in restricted domains of discourse,
can now be considered a well-understood iechnology.
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Discourse Analysis and Task Performance in Hearsay-!I (Hayes-Roth, Gill,
and Mostow)

The discourse analysis module (DISCO) in Hearsay-Il uses knowledge about the
state of the conversation to interpret the speaker's intention and to direct the
appropriate actions within the task program. Usually, the intention of the speaker is to
establish a general area of interest, to retrieve articles by keyword expression, to
further qualify a keyword expression, to print selected articles, or to request certain
irformation about the retrieved articles, such as title, date, author, author's affiliation,

f1 or publisher. The speaker can also ask for help or compiain about the system's
response.

The state ot discourbe is represented by the contents of several sernant~c
registers, one of which points to a node in a finite state automaton discourse model.
"(See Figure 1.) Each node in the model corresponds to a general sentence pattern or
template (Hayes-Roth, Fox, Gill, and Mostow, 1976). (See Figure 2.) Other registers
hold the current menu (general area of interest), the most recent keyword expression,
the article most recently referred to, the most recently retrieved articles, and the
subset of retrieved articles which satisfy further qualifications specified by the
speaker. The finite state model is used to interpret yes-or-no responses and
partially-recognized utterances, and to make predicticns abocit whAt the speaker is
likely to say next. All possible transit;ons between nodes in the rro 4i are permitted;
the arcs in the model indicate the transitions which are considered likely.

Figure 3 shows a sample interaction between DISCO and a speaker. Utterances
enclosed in square brackets denote recognized spoken utterances. In the example
shown, the first utterance

(WE'RE INTERESTED IN LEARNING 3

is recognized by the semantics module as an nstance of the $SELECTION template, and
the semantic feature SLEARNING (indicated area of interest, or menu) is extracted. This
semantic interpretation of the utterance is passed to DISCO, which records the
indicated area of interest, LEARNING, in the MENU register, and sets the NODE register
to point at the $SELECTION node in the finite state model. DISCO then predicts that
the next utterance will be an instance of the SREQUEST template and will concern the
area of LEARNING. These predictions can bc used to bias subsequent processing to
favor recogrition of keywords in the LEARNING menu and function words characteristic
of a IREQUEST (Hayes-Roth, Fox, Gill, and Moi.tow, 1976). Such predictions can also be
used to respond gracefully in the case of a partially-recognized utterance (Hayes-Roth,
Lesser, Mostow, and Erman, 1976). In the example, if the speaker's second utterance

[WERE ANY ARTICLES ON LEARNING WRITTEN IN MAY 1974

were not fully recognized, DISCO would assume that the speaker had REQUESTer6 some
articles about LEARNING and could ask him to repeat the request. If the utterance
fragment "LEARNING WRITTEN IN MAY 1974" were recognized and interpreted by the
semantics module, DISCO could retrieve articles on learning dated May, 1974.
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Figure 1. Semantic registers and fnite state discourse model.
labels Y and N indicate YES and NO responses;

0 indicates empty retrieval set.
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SSELEOTON ' WE\'RE INTERESTF.D -IN LiARNINC ]
SSpectf,es a rf~nu. DISCO responrds oy prrnrti meyworrids and phrý,es from the menu.

i =QuLST r WER'- ANY ARTICLES ON J-:ARMZ VJ[' 71 WTTCN iN MAY 1974
-Spu'fee-. e -el of artcies. D&SCO retrieves the arthcies and asks for further directions.

SPRUM!LIST [ W~I-11-1 OF THI-.E MENTION ROBOTS
"Further ,pecifcs a ,et of zrticles. DISCO removes articles from the currently retrieved
Sset which dion't salitfy the new restrictions.

SGET.INFO Wi 1) WROTE Ti Q'SE
PReq,,ests MfonMt•-c1r a')oL, the retrieved articles. DISCO prints the requested information.

SLISP,. .AS1 LIST Tr41M

Reques.;ts Outpipt of a set of brtides. DISCO prints al! the articles in the currently retrieved set.

NLIS'!IT f PRINT IT
ReCqueslts output of a single arthdc. DISCO prints the article most recently referred to.

S STOP!!.IST'NC [ STOP LISTINO PLEASE
Requests cessation of output. D.SCC aborls the current output operation.

IMA'KE!FLE [ MAKIE A FILE OF Ti'IW:$E PIECES
Reqoests file Ottput. D:SC6 cieates a file conta-:,: ,;, the retrievea articies.

SCOWT -N7,S!MENj [ WilAT ARK T :' K"WlDS) FOR LEA;,-N -
Request!, the conterts of i nc-nu. DISCO hsts tne keywords and phrases of the menu.

_LP [ Wi iAt CAN : ASK
Requests assistmi-e or inforliialon ai)Out tho sys*tem,. DISCO attempts to fulfill the request.

-Ski.'7 " WHY ARE YOCUL 5( SLOW I
C--mpiaint. DiSCO re ..ponds. with a pacifyng nessage.

The follw n,:; three nodes represent responses to yes-or-no questions asked by DISCO.

SWA 1,1 7 U;C

DISCC'( has rintod t:te t1.;e of an atlxie and i'skea, "Do you want to see this a, icle?"

S WI'i 'ji IvOPF

DISC., he.,, prinrl .c sOnrI(- of toe artt ies::, tme currntl.ty retrieved set and asked,
"Do yoi, wh.rt to see aiothc" of those ait,les?"

S ,A it'ET C it. '. F• NJ

DSC.O ;ias. exi;a/.Ied re currer.;ty reti-!vco !-et and asked, "'Jo you want to ask more aLout
<currint nlr,I, n >?" wncre <current :icu•>) s t-he nIIost recent area of interest.

F.-ILu 2. Ieip:n:es C r - nun~j to nicdes i:r. ', t:tC fi;e state model.
II ,u cu a r o; pil5 ac siow-n in squa!e orl'sbeis.

Text dr scrdjus tr-. ,ter,,O, of -a., utterance ,enr-piale and D.SCO's response to it.
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OK. WHAvi SLiiJiLCi DO YOU WANI fO ASK ABOUT?

[ WL'& INTLRIKS]I [) IN LEARMNC ]

i i-,f: KLYWOJ' P-ui;ASVS ViUiIH K.KJVW ABOUY ARE:

LEA R! M iL
__HYP(<;; 15s FORMAI iObl
SCEL.L ,ASS_'T 3 Ti;:3ORY
BRA]W, I-,ORY

CAUSAL PTASOIN'
CoI/L./{jrJ ,NSF TV:[QRY FORMATION
CE•T UP.. INFERi.ENCE

_-_=:• CY,,FI,,, ;;cs

•' GR~CANA.\4ATICAL iNFE•RE'NCE

NIuRAi- N: TWOJRS
PERCEPT RO,,S
OW.i AC....ST IO1, CAPABILITiES
A13S TR C T ION

KNOW1,,LEDG_

OK. ASK ME ABOLJf LFARNINO

,i.RUE ANY ARTIC.ES ON LEAPRAS \YR;TTEN 1% MAY 1974 j

;iAF ~APL WWI C
-T!':.. A:S ': : -R 5

,T S..DL tSLl (FHAV:GR OF SEVERAL
PO00 i S WifEC! CAN LEARN, PLAN Tii ,, ACTIONS, AND COEXIST

DO YOU 1A,, 1 0 SEF 111iS ARTICLE?

[ Wh.:'; yj:(.,;i ; E, '

M)5[ , r A.4 oRACT l.L Etvi4f-!'. E.AATNT TO S0uY TI-,; DEHAVIOR OF SEVERAL
PC, .U01 S Wi iC IA A.L.,,,, PLAN r.i R AC I O,,, AND COEXIST
NIC ,I2LAS V. FtibiDýi Rf

L DJ;L N' Ar H4 <, &A SS 'j,
LALJI"E.\ SiKJSSY

F[,ri ' 3- SAtmcpin .:,eraction i-t ,veen DISCO itInd t.;)eaker.
SpoUci jtterances aie eorcos(c a) squ-ro Mraleels.
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PARALLEL PROCESSING IN SPEECH UNDERSTANDING SYSTEMS

Parallelism in Artificial Intelligence Problem-solving (Lesser and Fennell)

Background
Many artificial intelligence problem-solving tasks require large amounts of

processing power because of the size of the search space that needs to be examined
during the course of problem solution. This s especially true for tasks that involve
the interpretation of real-world perceptual data which is generally very ncisy (i.e.,
speech and image understanding systems). For example, a speech-understanding
system capable of reliably understanding connected speech involving a large
vocabulary is likely to require from 10 to 100 million instructions per second of

computing power, if the recognition is to be performed in real time. Recent trends in
technology suggest that raw computing power of this magnitude can be economically
obtained through a closely-coupled network of asynchronous "simple" processors. The

* ma!or problem with using a network multiprocessor is in specifying the various
problem-solving algorithms in such a way as to exhibit a structure appropriate for
exploiting the available parallelism.

This restructuring of an artifiicial intelligence task for parallel processing may
not be as ditficult as might be expected. The basic problem-solving paradigm that is
used to resolve ambiguities resu!ting from the error in input data and the imprecise
and orrorful nature of knowledge sources implicitly involve parallel activity. This
parallel activity arises because many weakly rsupported alternative hypotheses must be
"simultaneously" evaluated in order to locate a consistent hypothesis which is a
soluticn to the problem. These problem-solving techniques are implemented through

sophisticated control structures that (1) permit the selective search'ng (usually
heuristic) of a large part of the state-space of possibilities and (2) al!ow the combining
of multiple, diverse sources of knowledge (e.g , in the speech domain, acoustics, syntax,
semantics, prosodics) so as to cooperate in resolving ambiguity [Reddy 76, Woods 74,
and Lesser 75AJ. The state-space searching in exiMsting systems is implemented
through backtracking control structures; these are basically sequential implementations
of non-determintstic control structures. Thus, a large potential for parallelism arises
from implementing these non-deterministic control structures in a parallel manner, i.e.,
searching different parts of the state space in parallel. In addition, if these diverse

knowledge sources (KS's, can be made independent, there exists the potential for a
proportional speed-up in the recognition process by executing them in parallel.
Finally, there is the possibility of decomposing each knowledge source into separate
parallel processes.

Summary of Current Research
In order to test the ease and effectivcness w:th which an artificial intelligence

task could be structured for and executed on a multiprocessor, an organization for a
knowledge-based artificial intelligence problem-solving system was developed which
takes maximum advantage of any separability of the processing or date components

available w-thin that organization. Knowledge sources are intended to be largely
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independent and capable of adynchronous e~ecution ;- the form of knowledge source
processes. 2verall system control is distributed and primarily data-directed, being
based on events occurring in a globally sl*.red data base. Such ,4 problem-solving
orp.anization "r. believed to be particularly amenable to implementation in the hardware
env:ronment of a network of closely-coup'eci asynchronous processors which share a
common memory. The Hearsay i1 speech-undestanding system (HSII) [Lesser 75,
Fennell 77, Erman 75), which has been de\eloped using the techniques for system

organization described above, has provided a context for evaluating the
multi processing aspects of this system architecture.

Based on multiprocess simulations and implementation of these systems on the
C.mmp multiprocessor, the following results were ottained [Fenrell 75]:

1. There does exist extensive parallr'lism in the speech understanding
task (e.g., given a small configuration of knowledge sources, between
4-14 processors could be effectively utilized).

2. The overheads involved in supporting the multiprocessing and
synchronization primitives are quite high (e.g., over 1002).

3. The locking structures had to ve very carefully tailored to the
particular set of knowledge sources; otherwise, the effective

parallelism would be significantiy degraded.

In trying to understand the implications of tihe last two results, some tentative
observations were made. The first and somewhat su,*prising observation was that tne
basic self-correcting nature of tre information flow in the HSII system, which comes
from knowledge source cooperation through a hypothesize-and-test paradigm, may
obviate the need for most uses of explicit synchronization techniques to maintain data
integrity To elaborate on this point, one knowledge source can correct the mistake of
another knowledge source whether the error arises from a mistake in the theory

behind the knowledge source or from incorrect synchronization (i-e., working on
partially invalid data). Another example of this self-correcting type of computation
structure is the relaxation method (iteratie refinement) used to solve partial
differential equations This type of computational structure, when put on
asynchronous multiprocessors, can be decomposed so as to avoid a lot of explicit
synchronization at the expense of more cycles for convergence. This type of
decomposition is accomplished by not requir:ng each point to be calculated based on
the most up-to-date values of its neighboring pocnts. The iterative refinement nliture
of computation will correct (within a certain range) for this lack of synchronization. it
is felt the feed-forward/feed-backward data-directed problem-solving paradigm of
HSII ha., similar properties. The other observation was that a drastic decrease in 'he
cost of certain types of synchronization primitives could be accomplished if their
implementation is tailored to their (btatistical) usage.
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The HSll/C.mmp 'System (Lesser, Buchalter, McCracker, Robertson, and
Suslick)

The HSI[/C.mmp system has been developed to test whether an asynchrono,'.s
multiprocess architecture such as C.mmp (16 POP-i1 processors 5haring a common
memory) can be effectively applied to speed up the higher level processing of -4
speech understanding system. Extensive sinulation studies -/ere done on a PDP-1O
using a multiprocess version of '-earsay-II to test the feasibility of the idea before
embarking on the actual implementation (Fennell and Lesser 1977).

A prototype version of this system ,'ritten n L, a system building language

developed by Newell et at. 1970-7 1, was con!.tructed and running in February of 1976.
In addition, an a!gebraic-language interpreter, SL*, was constructed 'or exec,.ting
knowledge sources written in an Algol dialect. However, the knowledce source
modules were very primitive, and no substantia! results were obtained except the
measurement of the overhead of certain Hearsa>y-l] primitives- As ; result of inese
measurements, a reirrplementation was begun in order to sign'ficartly speed up the
system (especially those system primitives which deal with syn"'_ronization Operations),
and to make it possible to run large knowledge source module., :o the small address
space environment that the PDP-11 provides. This reimptemeniatior, is now almost
complete, with preliminary results indicating a spced-up of approximately 10 over the
original version. In 3ddition, a translator has been dee:opec; which takes most PDP-10
statements written in SAIL and translates themn inro eqiuivalent SL* statemenis. Thus, it
should be possible in the next few months to run. without major code conversion, the
knowledge source modules of the POP-JO Hearsay-Il system on the HSII/C.mmp
system.
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A Parallel Production System for Speech Understanding (McCracken)
The question addressed br t'-is thesis (KcCracken 197/) is whether or not a

production system archilecturt; can remedy some of the chronic problems of
kniowledge representation and system organit .lon in large knowledge-based artificial
intelligence systems, particularly speech understanding systems. Of particular interest
is the problem of exploiting parallel machine architectures to obtain near real-time
response- To explore this question, a production system version of the Hearsay-Il
speech understanding system, called HSP, for HearSay Production system, is being
implemented on C.mmp, the Ck,,"U multi-mini-processor. A large fraction of the Hearsay-
1i speech knowledge has been translated into productions for HSP, specifical;y:

PONMOW (word recognmzer), POSSE-WOWOS (word verifier) and SASS (syntax and
semantics)2.

Emn pected results come under two main categories: comparisons between the

way knowledge is encoded in HSP versus Warsay-I], and comparisons in the use of
parallelism- The major differences between the HSP and Hearsay-Il architectures are:
(1) the basic knowledgi- unit in HSP, a production, is considerably smaller than a
Hearsay-Il Knowledge Source ; (2) HSP en-odes knowledge in a more fo-rmal and
simple, but less expressive, language than Hearsay-Il; (3) NSP totally segregates
condition from action (i~e., read from write), while Hea'say-I1 allows a mixture; and (4)
there is virtually no use at local working memory in HSP (only a single shared working
memory), whereas Hearsay-Il knowledge snurces make use of rather laige local data
contexts in addrtion to the shared Blackboard. It is expected that these architectural
diferences will yield an improvement for HSP in effective parallelism, in clarity of
knowledge, in ease of augmentation, and in otler problem areas, such as handling of
error, directionality control, and performance analysis.

1. A production system encodes all long-te:-m knowledge as simple condilion-action
rules which operate from a shared wor,4ing memory. For entry into the subject
see: R. Davis and J. King, An Overview of Production Systems, Ckornputer Science
Department, Stanford Un:versity, Oct. 1915-

2. POSSE, WOMOS, and the version of SASS used are from an earlier version of
Hearsay-It used in the Spring of 1972.
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Ill. PERFORMANCE" MEASUREMENT

In this section we present the detailed performance results obtained for the
Harpy and Hearsay-I! systems in September of 1976. Su-ce then both systems have
been improved; future papers will provide results of improved performance. The
purpose of this section is to provide a record o! system performance as measured on
September 8, 1976.

!n addition to the performance of the systems on the 1011-word tasks, this
section also contains results of experiments on connected digit recognition, effect of
telephone on accuracy, effect of multiple speakers (using speaker independent
templates) on accuracy, and effects of branching factor and vocabulary size oft the
performance of the Harpy system.

Performance of the Harpy and Hearsay-il Systems
Figure I gives the performance of the Harpy system on the 1011-word AI

abstract retrieval task. The vocabulary used in this task and the phone dictionary
associated with the vocabulary is given in Appendix III-R

Given the vocabulary and protocols taken of humans interacting with a mock
system, Hayes-Roth generated a set of typical sentences that are likely to be useful in
the abstract retrieval task_ No attempt was made to restrict these to any specific
grammar. However, care was taken to see that each word in the vocabulary occured
-t least once in these sentences. These sentences (a total of 496) served two
nurposes: 1) as a set of training sentences (spoken by Lee Erman), and 2) for the
iesign of a family of !anguages with varying branching faltors that accept at least the
'raining sentences and possibly many more.

Goodman designed many such languages. Two extreme examples are a language
where any word (of the 10t 11) could follow any other word, permitting many nonsense,
sentences, and another in which only the 496 training sentences were legal. Of the
several languages cnosen for the experimenti4ion, three specific ones--AIX05, AIX15,
and AIXF--are given in, Appendx ]Il-C (an earlier version of AIXF was developed by
Hayes-Roth).

The grammar that allowed Harpy to reach the performance goals of the ARPA
program was AIX05, with a static branching factor of 9.53 and an average dynamic
fanout of 33.4. The others were too large to fit wthin the memory of the POP-10
system. However, it was possible to study the performance of AIXI5 ind AIXF using
variants which used smaller vocabularies, created by eliminating some of thk' proper
nouns.

The training sets for the other four speakers (two male and two f.male)
consisted of a small subset of the original tra•ning sentences. These were used to
generate speaker-dependent phone template. fcr each of the speakers (see the paper
by Lowerre in Sectao'-nZ cn speaker adaptaticn).

A completely new set of 100 test senl'erces was created by Hayes-Roth which
were not part of t;e training set. These are gven in Appendix IlI-A. Erman recorded
all the 100 test sentences and the othtr foLr speakers recorded a subset of twenty
one sentences each. These sentences were useJ Only for testing the performance. of"
the system; the system was not tuned in any way in response to errors in this set.

The Harpy system achieved an aggregate 9i7 sentence accuracy and 957
semantic accuracy over all the 5 speakers and required 27.9 million nstructions per
second of speech processed (Fig 1). Hears,ýý-Il (Fig. 3) was tested on only twenty
two sentences-for lack o' tire and achieved 91 7 semantic accuracy and required about
85 mipss. Figures 2 and 4 give the performance of the two systems on test sentences

recorded live in the classroom on September 8. The Harpy system recognized four of
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the five sentences recorded by two male and one femete speaker correctly. The
Hearsay-lI system recognized Ithree of the five. These suntences were generated by
the observers who were given copies of the grammar; the sentences were in no way
preselected. The classroom environment was somewhat more noisy than the tertminel
room environment normally us.ed to collect training data.
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TASK
Recognition of Al information retrieval task

Vocabulary size: 1011
Branching factor: 9.53
Average fanout: 33.4

DATA
Number of speakers: S

3 male
2 female

Training set for speaker LE
49r, sentences
4B49 words
24.7 minuts ot speech

Training set for s:',nikers OS KP BH CW
256 sentences
1444 words
I0.1 minutes of speech

Test set for aI I s,'eakers
184 sentences
1138 words
G.5 minute5 of speech

PERFORMANCE ON THE TEST DATA
97% word accuracy
91% sentence accur-acy
95% semantic accuracy

27.3 Mipss

Figure 1. Harpy results for the A! retrieval task test data.
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RESULTS OF WIVE SEhTENCES HARPY VERSION

U7T T,'M:IN MORDSIN WORDSOUT #COR XCOR TIhE TIMEOUT ISTPTES SEGMENTS
/TIMEIN

1 2,2 6 6 6 1ne.o 71.3 32.2 161 82

2 2.1 6 6 6 IW8.O 69.9 33.8 355 ?a

3 3.8 9 11 5 55.6 381.1 88.3 396 138

4 2.1 9 9 3 1rp.8 96.1 45.6 432 81

5 1.5 4 4 4 1O0.0 53.0 36.6 352 53

2.3 34 36 38 q8.2 118.3 58.8 359 36.4%

SO.D. 18.8

Correct utts-4/S - 8B.St

RESULTS OF LIVE SENTENCES HARPY VERSION

IUTT I

UTT="ARE ANY PAPERS ABOUT SEMA.TIC NETWORI "
REC="ARE ANY PAPERS ABOUT SE1PNTIC NETUORIS'

CORRECT=E'6 AVE. PRB..-.4954980

IUTT 2

UTT="DOES SEMANTIC NETS GET MENTIONED ANYI;HERE"
REC="DOES SEMANTIC NETS GET MENTIONED ANYIlHERE"
CORRECT=6/6 AVE. PRB.=-.56G786

UTT 3

UTT="WH!CH PAPERS ON REGION ANALYSIS ALSO DISCUSS LANGUAGE UNDERSTANDIN("
REC="WHICH PAPERS ON A REGION ANALYSIS SUBSYSTEM AND DESIGN 1ENTION UNDERSTANDING"

CORRECT=S/9 AVE. PRO..-.6636969 * * . .$ * $

UIT 4

UTT="HOW MANY ARTICLES ON CHESS AND LEARN!NG ARE THERE"

RFC="HOW MANY ARTICLES ON CHESS AND LEARNING ARE THERE"
CORRECT=ý/9 AVE. PRB.--.SS214

UTT 5

UTT="WE'RE INTERESTED IN HEARSAY"

REC="WE'RE INTERESTED IN HEARSAY"
CORRECT=4/4 AVE. PRO.=-.6638372

Figure 2. Harpy results for the live demonstration, 8 September 1976.
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TASK Recognition of Al information retrieval task
Vocabulary size: 1811
Branching factor: 9.S3
Average fanout: 33.4

DATA Number of speakers: 1 male speaker

Training set for word hypothesizer
68 sentences
348 words
2.2 minutes of speech

Training set for word verifier
747 sentences
404• words
24.7 minutes of speech

Test set for all speakers
22 sentences
154 words
1.8 minute of speech

PERFORMANCE ON THE TEST DATA
86% word accuracy
73% sentence accuracy
91% sem2ntic accuracy
85.8 lMipss

Figure 3. Hearsay-11 results for the Al retrieval task test data.

RESULTS OF LIVE SENTENCES: NEPRSAY-1I

UTT 1. UTT='I AM INTERESTEO I ENGLISH"
RECe"I AM INTERESTED IN ENGLISH"

UTT 2a UTT-"ARE ANY PAPERS ABCUT SErMANTIC NETWORKS'
REC-"ARE ANY PAPERS ABCUT A SEMnNTIC NETWORK"

UTT 3! UTT="DOES SEMANTIC NETS GEt MENTIONEO ANYWHERE"
TIMEOUT - 2 best &:-t , parses are:

(OO SIMULTANEOUS ACIIONS ........ I
I .... DESIGN AND SYNIAX MENTIONED ANYWHERE)

UTT 4: UTT."HOW MANY ARTICLES ON CHESS AND LEARNING ARE THERE'
TIMEOUT

UWT S UTT-"WE'RE INT:RESTEO IN HEARSAY"
REC."WE'RE INTERESTED IN HEARSAY"

48Z SENTENCE ACCURACY
60. SEMANTIC ACCURACY

Figure 4. Hearsay-ll results for the live demonstration, 8 September 1976.
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Connected Digit Recognition using Symbolic Representation of Pronunciation
variability (Goodman, Lowerre, Reddy, and Scelza)

Most connected speech recognition sy.lterns, such as Harpy and Hearsay-I!, use
some form of symbolic representation to repre.ent alternative pronunciations of the
vocabulary, whereas most isolated word recognition systems use word templates. In
an attempt to compare relative performance of systems that use symbolic
represertations of words, the Harpy system was run on four tasks requiring fhe
recognition of random sequences of digits. Rrcording was in a computer terminal room
environment (approximately 60 dBA) with speakers recording one session per day in
order to include as much intra-speaker variability as possible. Both male and female
speakers were used.

3-Digits Task
This task was selected as a typical numerical data input task. Sentences are

connected sequences of three digits, such as "zero th-ee eight'. Each of ten speakers

spoke thirty training sentences and 100 test sentences over a period of three weeks.
Using speaker-specific phoneme templates, the word error rate over all ten speakers
was about 27-.

7-Digits Task
This task, sometimes refered to as the "telephone number task", consists of

connected seven digit sequences such as "seven three nine six one seven three". This
taSK was selected as a benchmark. Error rate for tht single speaker was 17.

Telephone Input Task
Sentences are three digit cornected sequences, as in the 3-digits task.

Recordings were taken over telephone fine-. in order to determine the effects of
restricted frequency response, distortion, envelope delay, etc. The error rate under
these conditions was 77.

Speaker Independent Task
This task is similar to the 3-digits task- However, recognition is performed using

speaker-independent phoneme templates computed from the training data for all
speakers. The word error rate was about 77 on test data of 1200 random three-digit
sequences from twenty speakers, including ten. new speakers.

37



A summary of the results for these tasks is shown in the accompanying tables.
The total test data are 2700 sentences, representing more than an hour of recorded
speech. While this is already a large amount of data, a more extensive and thomough
study is to be initiated.

TASK 3-Digit 7-Digit Telephone Speaker-
Independent

Vocabulary Size 10 10 18 10
Branching Factor 10 18 18 10

No. of Speakers 18 1 4 20
Male 7 1 3 14
Female 3 1 6

Training Set

No. of Sentences 300 30 128 308
No. of Words 98o 210 368 908
Mins. of Speech 7.5 1.4 3.1 7.6
Words/minute 120 158 11 118

Test Set
No. of Sentences 1888 100 400 1200
"No. of Words 3880 708 1200 3688
Mins. of Speech 25.1 4.8 18.3 33.8
"Words/minute 120 146 117 109

Performance on Test Data
i Word Accuracy 98 99 93 93
%Sent.Accuracy 96 96 82 83
Mipss 3.5s 3.5 3.6 3.S
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Effects of Branching Factor and Vocabulary Size on Performance (Goodman,
Lowerre, and Reddy)

Analysis
Analysis of the languages of a given set of recognition tasks permits the

comparison of the relative difficulties of the tasks. We have developed notions of
equivalent vocabulary size, branching factor, effective branching factor, search space
size, and search space reduction (Goudman 1976). All of these are useful as relative
comparison measure.

Design
A family of languages having varying characteristics is required in order to be

ab!e to compare language measures with actual performance data. Such a family has
been generated for the A! abstract retrieval task by interactive grammatical inference.
There are four subfamilies for each of the (approx.) vocabulary sizes 250, 500, 750,
and 1000 words. Several grammars representing differing branching factors exist
within each subfamily. With the 250 word grammar, for instance, the available
branching factors are 1.23, 3.87, 4.6, 8.2, 8.8, 11.9, 33.3, and 39.5.

Results
The relationships between accuracy and speed versus branching factor and

vocabulary size are summarized in the acLompanying tables. As expected, there is
positive correlation in all cases. In the case of speed versus branching factor, the
relationship is almost linear. A more comprehensive study of measures for grammatical
complexity and their predictive abilities is necessary before any significance can be
attached to these preliminary results.

Table 1. Effects of branching factor on error rates of the Harpy system within the 250
word family of grammars-

SIATI U
BRANCHING ERROR

GRAMMAR MIPSS FACTOR RATE
AIS06 6.$3 4.G 0%
AISI8 9.36 8.2 4%
AIS15 13.65 11.9 E,%
AI530 44.72 33.3 16%
AIS40 59.15 39.5 16%

Table IL Speed versus vocabulary size for Harpy when
branching factor is held constant (approx. 10).

BRANCHI NG
GRAMMAR M!IPSS FACTOR VOCABULARY SIZE (APPROX)
AIS10 9.36 8.2 258
A I M12' 1E.77 10.5 5 ,8

AIX05 26.00 9.5 1808

References
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APPENDICES for Section III

Appendii Ill-A lists the 100 test sentences used by the uarpy and
Hearsay-Il systems, along with characteristics measuring their complexity
relative to several grammars.

Appendix 111-8 is the phonetic dictionary for the 1011 words used
in the Al retrieval language.

Appendix 111-C contains the complete definition of three of the
grammars (AIXF, AIX15, and AIX05) used in testing the systems. These
grammars have become standards for future development and testing.
AIXF was not used to test Harpy because the network was too large to be
generateo.
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Appendix Ill-A. Characteristics of the Al Retrieval Task sentences

Below is a description of the test sentences ued for the Harpy and Hearsay-1l
systems. The September Hearsay-if result- used 22 of the sentences randomly
selected from the 100. The entire set of 100 was used for the 100 single-speaker
test sentences for Harpy, and 21 of them were used lor the- other four speakers
tested on H•,-py.

CMU Test Sentences

The branching factors previously given for tie languages used by the CMU
s.eech understanding systems (HARPY and Hearsay-1i) are "static" branching factors
,SBF) (as derived by Gary Goodman and described in his recent thesis). Intuitively,
they can be thought of as being derived by doing a Monte Cario probing of a network
describing all acceptable word sequences and taking the average of the nurmber of
words possible following any legal initial sequence. Othar groups have generated
somewhat similar numbers.

What we present here is a characterization of the lexical fanoit allowed by our
grammars for the particular test sentences. The notion is tu calculate the average
fanout for each sentence-initial sequence of words (i.e., going lelt-to-right).

The method used here is the following: For any sequence of words, denote by
Word Branches (WB) the number of words that may legally follow that sequence in the
given language. Consider a sentence of length N-i words to have N WB's -- each is
calculated from the initial sequence of i words, i-0,1 ....N. (i.e., the first WB for any
sentence is always the same -- the number of legal first words.) Then, for any
sentence or collection of sentences, the Average Fanout (AF) is the arithmetic mean of
the WB's of the sentence(s).

"The languages used (all defined using the same 1011-word vocabulary) are
called A[X05, AIXi5, and AIXF. The first two have static branching factors of 10 and
28, respectively. This summary is over 100 test sentences containing a total -f 683
words.

AF
AI XOS AIXIS AIXF sents words/sent

33.4 46.5 68.0 108 6.83 (average over all)

17.3 26.0 33.4 2 3
31.3 45.4 84.0 10 4
36. 1 58.7 73.0 11 5
29.7 41.5 68.3 21 6
33.6 47.0 70.2 24 7
37.2 51.1 78.3 1C 8
38.1 48.5 63.0 9 9
42.3 61.5 78.8 3 18
42.8 57.9 76.3 3 11
21.2 23.9 53.4 2 12
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f he 100 sentences, presented with faneuts according to the AIX05 language.

f 66 00 6 ANY 6 OF 3 THESE 3 fIENTION 1.92 PSYCHOLOGY 3 word,-6
AF -39. 857

66 WHICH 21 COGNITIVE 1 PSYCHOLOGY 2 CONTAINED 192 WINOGRAD'S I
ARTICLE 1 words-6 AF-40.571

6 66 WHAT 26 TOPICS 1 ARE 1 RELATED I TO 192 SEMANTIC 2 NETL1 ORKS 3

words=7 AF-36.S2B
1 66 DOES 196 PATTERN 3 DIRECTED 1 FUNCTION I INVOCATION 3 GET "2

DISCUSSED 1 ANVWIHERE I worc1s-8 AF,30.444
166 WIHICH 21 TITLES 1 CONTAIN I THE I PHRASE 192 TIME 2 COMiPLEXITY 3

words=7 \F=35.875
L 66 DOES 196 THAT I ARTICLE I MENTION 192 TIME 2 OR I SPACE I BOUNDS

3 worcis=8 AF=51.444
- 66 WHICH 21 OF 2 THEM 1 DISCUSSES 132 EVALUATION I FUNCTIONS 3

4ords=6 AF40.8.57
6( 6 ARE 292 THERE 2 ANY S ABSTRACTS I WHICH 1 REFER I TO 192 PAPERS

I BY 96 NEWELL 3 words-10 AF=6.0BO
6 [6 WHERE 5 IS 192 PREOiCATE 1 CALCIJLUS 3 MENTIONED I words=S

AF=44.667

( 66 WHAT 26 ARE 3 SOME I OF I THE I AREAS I OF 192 ARTIFICIAL I
INTELLIGENCE 3 words=9 AF=23.588

SG6, WHAT 26 WAS 1 ITS 1 TITLE I e4ords=4 AF-19.080
( 66 WHO 5 WAS 2 THE 1 AUTHJOR 1 ýiords=4 AF=1S.BBB
6 96 WHERE S DOES 1 HE 1 WUCRK 1 words=4 AF=14.800

[ 66 WHAT 26 IS 4 HER I AFF'LIATION 1 words=4 AF=19.68
6[ 6 WHAT 26 ADDRESS I IS 1 GIVEN 1 FOR I THE I AUTHORS 1 words- 7

AF-12.2750
( 66 HOW 4 nANY 8 REFERENCES 1 ARE 1 GIVEN I words-S AF=13.SBB

I6G PLEASE 4 LIST I THE 1 AUTHORS 1 words=4 AF-14.600
6 66 PLEASE 4 1AKE I ME 1 A 1 FILE 1 OF I THOSE 1 words-7 AF-9.580

1 66 CAN 2 I I HAVE I THESE I ABSTRACTS I LISTED 1 words-6 AF-10.422
I 66 ARE 292 ANY 6 ARTICLES 2 ABOUT 192 STRUCTURED 1 PATTERN 1

ýiECOt..NITION 3 words=7 AF-70.375
6 6ý DO 6 ANY 6 OF 3 THE 1 ABSTRACTS 1 MENTION 192 LEARNING 3

words=7 AF=34. 152

C 66 HOW 4 MANY 8 OF I THESE 1 ALSO I BiT'CUSS 192 ABSTRACTION 3
words=7 AF=34.50

1 £6 W-HICH 21 PAPERS 7 ON ý32 LANGUA(,E 6 UNDERSTANDINC 4 ARE 1 ABOUT

192 ENGLISH 3 4-Ards-8 AF-54.667
66 DO f ANý 6 PAPERS S .01 192 AUTOMATIC 7 PROGRAMrIING 3 EXIST I

L-jords=7 AF=35.750
£ 66 WHAT 46 ABOUT 288 PROGRAM 1 VERIFICATION 3 words-4 AF-76.808

1 66 I 2 AM 2 INTERESTED 1 IN 192 ARTIFICIAL 1 INTELLIGENCE 3
"words=C AF=38.143

- GP THE 3 AREA 2 I 1 AM 1 INTERESTED 1 IN I IS 192 UNDERSTANDING 3
words=8 AF=30.080

"" 66 DON'T I GET 1 ME I ANY 1 ARTICLES 1 WHICH I Ut-'NTION 192 GAME 2
PLAYING 3 words=9 AF=26.900

I 6G 1 2 AM 2 ONLY I INTERESTED 1 IN I PAPERS i. ON 192 CHESS 4
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words-8 AF-30.008
1 [6 LET'S I RESTRICT I OUR I ATTENTION I TO I PAPERS ' SINCE 1

NINETEEN I SEVENTY I FOUR I words=.1 AF-6.909
1 66 DO 6 ANY 6 PAPERS S THIS 1 YEAR I CITE 96 ROSENFELD 3 words-7

AF-23. 0B0
z 66 ARE 292 COt"PUTER 7 NETWORKS 4 Mt NTIONEJ 2 ANYWHERE I words-S

AF-62. 8B
1 66 ARE 292 ANY 6 ARTICLES 2 ABOUT 192 GRAIN 1 OF I COMPUTATION 3

i.iwords.7 AF-7T.37S
6 616 ARE 292 ANY 6 ARTICLES 2 BY 96 ROSENFELD 3 words-S AF-77.580

[ 66 ARE 292 ANY 6 BY 96 FEIGENBAUM 3 AND 96 FELDMAN 1 words-6
AF-80. 288

6 GE ARE 292 THERE 2 ANY S ABSTRACTS I WHICH 1 REFER 1 TO 192 PAPERS
I BY 96 HOLLAND 3 .ords=10 AF-68.0@@

1 66 ARE 292 THERE 2 ANY 5 NEW 2 PAPERS 1 ON 13? PROGRAM i
VERIFICATION 3 words-8 AF=.62.667

1 66 DO 6 ANY 6 OF 3 THESE 3 ALSO 2 t1ENTION 19? PLANNER-LIKE 1
"LANGUAGES 3 words=8 AF-31.333•

GG DOES 196 PROBLEM 1 SOLVING 3 GET 2 MENTIONED 1 ANYWHERE 1
words=6 AF=38.571

: 66 WHICH 21 PAPERS 7 CITE 9C NEWELL 3 AND 96 SIMON I words-6
AF=41.429

S66 ANY 1 ABSTRACTS 1 REFERRING I TO 192 Al 4 OR 191 ARTIFICIAL 1
INTELLI-ENCE I words-8 AF=SO.883

1 66 ARE 292 ASSOCIATIVE 2 MEMORIES 4 DISCUSSED 1 IN 1 RECENT 1
JOURNALS 1 wordsý7 AF=46.080

17 66 ARE 292 LEARNING 4 AND 191 NEURAL 1 NETWORKS 2 MENTIONED 2
ANYWHERE 1 words-7 AF-69.875

1 66 DID 99 REDOY S PRESENT 2 A I PAPER 1 AT 2 IJCAI I words-7
AF=22. 12E

- 66 DIDN'T 1 THAT 1 PAPER 1 QUOTE 9S DREYFUS 3 words-5 AF-28.0B0
1 66 DOES 196 PICTURE I RECOGNITION 3 GET 2 MENTIONED I ANYWHERE 1

words=6 AF=38.571
66 GET I ME 2 EVERYTHING I ON 192 DYNAMIC 3 CLUSTERING 3 words-S

AF=38. 286
1 66 GENERATE I A I COPY 1 OF I THOSE 1 iiords=S AF=11.833
1 6 G IVE 2 -ME 4 THE 1 DATE 1 OF i THAT I ABSTRACT I words-7

AF=9.G25
[ 66 HOW 4 CAN 1 I 1 USE 1 THE 1 SYSTEM 1 EFFICIENTLY 1 words-7

AF=3. S080
66 1 2 AM 2 INTERESTED 1 IN 192 LEARNING 3 words-S AF-44.333

1 66 1'D I LIKE I TO 2 SEE 1 THE I MFNUS I words=6 AF-1.429
S[66 SELECT I FROM 1 ARTICLES I ON 192 GAME 2 PLAYING 3 words=6

( 66 WHAT 26 ADDRESSES 1 ARE I GIVEN I FOR I THE 1 AUTHORS 1 words-7
AF=12.2SB

C K WHAT 26 PAPFRS I ON 192 PREFERENTIAL I SEMANTICS 3 ARE 1 THERE 1
-ords=7 AF=36.375

C 66 WHEN 3 WAS 134 A 20 SEMANTIC I NETWORK 3 LAST 2 REFERRED 1 TO I
words=8 AF=32.333
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S66 WHICH 2i PAPERS 7 CITE 36 FELDMAVN4 3 words.4 AF-38.680
1 66 WHO S HAS 1 WRITTEN I ABOUT 192 AUTOMATIC 7 PINOGRAMMINC 3

words-6 AF-33.286
66 WHO S WAS 2 QUTED I IN I THAT I ARTICLE I uords-6 AF-11.888

1 66 WHICH 21 IS I THE I OLDEST I words-4 AF-19.000

66 ARE 292 ANY 6 NEW 1 BOOKS 1 BY 1G TERRY 1 WINOGRAD 3 words- 7

AF-i8.258
66 CAN 2 1 1 HAVE I THESE 1 ABSTRACTS I L!STED I words-6 AF-18.429

1 66 510 93 CARL I HEWITT S PRESENT 2 A 1 PAPER 1 AT 2 THE i IFIP 1
MEETINGS I IN I SEPTEMBER 1 words-12 AF-14.088

( 66 010 99 ANY 4 ACL 1 PAPERS I CITE 96 RICK I HAYES-ROTH 3 words-7
AF=33.875

( 66 00 6 ANY 6 OF 3 THOSE 1 PAPERS I MENTION 192 AXIOMATIC 1
SEMANTICS 3 words-8 AF-31.000

66 DURING 1 IqtAT 1 MONTHS 1 WERE 1 THEY 1 PUBLISHED 1 words-6
AF= 8'.289

66 HOV 4 MANY 8 RECENT I ISSUES I COWERN 192 INVARIANCE 1 FOR 1
PROBLEM 1 SOLVING 3 -ords:9 AF=27.800

66 HOW 4 MANY 8 SIJMMARIES 1 DISCUSS 192 KNOWLEDGE 2 BASED 1 SYSTEMS
3 words-7 AF-34.625

i 66 HAVE 97 ANY 2 NEW I PAPERS 1 BY 96 LEE I ERMAN 3 APPEARED 1
words=8 AF=29. 778

1 66 I'D I LAKE I TO 2 KNOW I THE I PUBLISHERS 1 OF I THAT 1 STORY 1
words-} AF=7.60i8

1 66 IS 290 HUMAN 3 BEHAVIOR 5 OR 191 HUMAN 3 MEMORY 3 DISCUSSED 2 IN
1 A 1 RECENT I SUMMARY I Ljords=11 AF-47.25S

1 66 LIST 2 THE 2 ABSTRACTS I BY 36 HERB 1 SIMON 3 uords-6 AF-24.429
C 66 WAS 290 ALLEN 2 NEWELL 3 CITED 2 IN 1 THAT 1 SUMMARY 1 ,words-7

AF=45. 76t
1 66 WHAT 26 ABOUT 788 ALLEN ? COLLINS 3 words=4 AF-77.000
1 66 WHERE S DID 1 THAT I ARTICLE I APPEAR I words=S AF=12.SO
8- 6 WHO S HAS 1 WRITTEN 1 ABOUT 192 LANGUAGE 6 COMPREHENSION 3 AND

191 LANGUAGE 6 DESIGN - words=9 AP=47.200
1 66 GUIT 1 LISTING 1 PLEASE I ,j, "ds=3 AF=17.25B
L 66 WEREN'T I SOME I ARTICLES 1 FvlBLISHED 1 ON 192 GOAL I SEEKING 1

COMrPONENTS 3 words=8 AF-2'3.667
66 WHAT 26 SORTS 1 OF 192 LANGUAGE 6 PRIMITIVES 3 ARE 1 WRITTEN 1

UP 1 tjords=8 AF=33.000
1 66 HASN'T 132 A 21 CURRENT I REPORT I ON 192 PRODUCTION 1 SYSTEMS 3

BEEN 1 RELEASED I wordss9 AF=47.900
1 66 ARE 292 THERE 2 ANY S ISSUES 1 ABOUT 192 COOPERATING I SOURCES 1

OF 1 KNOWLEDGE 3 words=9 AP=S8.400
1 66 DID 99 VIC I LESSER S PRESENT 2 PAPERS I AT 2 IFIP 1 words-7

AF =22. 125
1 66 DID 99 ANYONE 1 PUBLISH 1 ABOUT 13Z LARGE 1 DATA I BASES 3 IN 1

COMMUNICATIONS I OF I THE I ACM I words=12 AF-28.385
66 DO 6 ANY 6 AUTHORS 1 DESCRIBE 192 DRAGON 3 words-S AF-4S.667

1 66 GOES 196 HE I WORK I AT I CMU I kiords=S AF-44.333
1-66 DO 6 ANY 6 RECENT 4 ACM I CONFERENCES 1 CONSIDER 192 SEMANTIC 2

NETS 3 OR 191 SEMANTIC 2 NETWORKS 1 words=11 AF-39.591
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1 66 DO 6 RESPONSES I EVER I COME I FASTER I w.-rds-S AF-12.667
6 616 HAS 96 LEE I ERMiAN 4 BEEN I REFTRENCEO 1 IN I ANY I OF I THOSE I

words.9 AF-17.300
GG HAS 96 ALLEN 2 NEWELL 4 PUBLISHF0 2 ANYTHING I RFCENTLY 1

worcds-6 AF-24.S71
6 6gr HAVE 97 ANY 2 NEW 1 PAPERS I BY 3R TERRY 1 LIINUGRAD 3 APPEARED 1

words=8 AF=23.778
1 66 HOWJ 4 BIG 1 IS 1 THE I DATA I BASE 1 words-6 AF=IB.714
66 HOWJ 4 MANY 8 OF 1 THESE 1 ALSO I DISCUSS 192 DYNAMIC 3 BINDING 2

words=8 AF-31.0B0
GG HOW 4 MANY 8 RECENT I ISSUES I CONCERN 192 DISPLAY 1 TERMINALS 3

words-7 AF-34.500
[ 66 KILL I THE 1 LISTING I words-3 AF-17.258
( 66 PLEASE 4 MAKE 1 ME 1 A l FILE I OF 1 THOSE I words-7 AF-9.50
C 66 WHAT 26 IS 4 HIS I AFFILIATION I words-4 AF-19.60G
1 66 WHICH 21 OF 2 THESE S CITES 96 PERRY I THORNDYKE 3 words-6

AF=27.714
(66 WHICH 21 PAPERS 7 ON 192 DESIGN G IN 1 THE 1 ARTS 4 ALSO 2

DISCUSS 192 DESIGN S AUTOMATION 3 words-11 AF-41.6G7
66 WHO S WAS 2 QUOTED 1 IN I THAT I ARTICLE 1 words=6 AF=11.060

1 66 WHICH 21 PAPERS 7 WERE I I4RITTEN 2 AT I NRL 1 OR I AT 1 St•C I
words=9 AF=10.208
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Appendix Ill-B Al Retrievai Language Dictionary

A f-.0) (AX'.UH4'.EHM4.EYL EYCV YR)
ABOUT (-.0) (AH2.,EH3,O) I- (-.0.-14)) (8,0) (AWtL,0) AWC' (AWR.0) ((.- (-,O).-141) (TO).DX)
ABSTWAC1 (-.0) AE3 (. (-,0).-) S (-,0) (OR (R,0),T ý) AE2Z ((- (-,0),-141) (T,O).EX)
AEBSTPACT ION (-.0) A(3 (.- (-.0),-) S (-.0) (DR (R.0),T R) AE2! C.- (-,O).-) SH IN5 N

ABSTRACTS (-.0) AE3 (. (-,0).-; S (-.0) (DR (R.OT R) AE21 (.- (-,0).-) S (14.O)
ACL (-.0) (EYL.0) EVC (EYR.O) S IY (E4 EL,EL2)

ACM t-.0) (EYL.0) EYC' (EVR,O) S IV AM2 M
ACQUISITION (-.0) AE5 (- (-,C),-) WH 11S (Z[4},(Z.0) S) I12 SH INS N
ACTIONS (-.0) AE5 (,- (-,0),-) SWs I1S N (Zj4),(Z.0) S)
ACTIVE (-.0) AE (C- (-.0),-) T1 IN V (FO)

ACVCLIC (-,01 (EVL.0) EYC (EYR.0) S ]H3.. • -.0).-{4)) (K.0) L LJH2 (- (-.0)%-4)) (K.M )
ADAPTATION (,0) AE4 (. (-.0),-,D' (D,Q) AE5 (.- (-,0).-) T (EYL.0) EYC' (EYR.O) SH A145 N
ADAPTIVE (-.,) (IO.UH) C- (-,0),-) (0,0) AE (.*(-.0).-) T IX V (F.0)

ADDIT ION (-.0) IH3 ((.- (-.0).-) (0.0),D0) IH3' SH INS N
ADDRESS (-.3) ((AE,IX),JH) f.- (-,0),-) DR R EH21 S (HW0)
A)DORSS•S (-.0) ((AE.IX).UH) t- (-,0,.-) DR R EH21 S 1144 (Z{4L,(Z,0) $)
ADVISING (-.0) (IXUH) (- (-,0).-) (D,0) V (AYL,0) AVC1 (AYV•0) (Z{4),(Z,0) S) (I-13,IV) NX
AESTHETICS (-,O) AX S T7 EH (- (-.C).-) T IH (- (-.0),-) S (HC,0)
AFFILiATION (-,0) (EH3.AH) F (11.0) EL IY (EYL,O) EYC (EY•.0' SH IH5 N

AFFILIATIONS (-,0) AX (-.0) F EH2 1 IV2 (EYL,0) EYC' (EYRO) SH IH5 N (Z{41.(Z,0) S)
AFTER (-.0) AE' F U- (-.0).-) T,DX) ER
A] (-.0) (EYL.O) EVC, (EVR.O) CAYL,O) AVC (AVR,O.
ALGEBRA!C (-,0) AE3 EL C- (-.0).-) SHN,81 IN (.- (-,O).-t4)) (B.0) Q (EVL.0) EYC (EYRO) IH2 (-,O),-[4') (KO)
ALGO. (-.O) AE4 EL (. (-,0).-) (GO) OW3 EL3
SALGORITHM (-,0) AE EL (.- -,0),-) (G.0) (AAOW) R IH (TH.DM) (IHIKO) M
ALGOPITHMIC (-,0) AE EL (.- (-,0).-) (G.O) (AA,OW) P, IN (THDH) M IN ("- (-,0%.-{4}) (K.0)
ALL (-,0O OWWIf EL
ALL-OR-NONE (-,0) OW4' EL ý-.0) (AA4.0) ER2q7 14) (-.0) N U4 (N.OX)
ALLEN (-,C) AE' EL3 (1H6 NUEN)
ALSO (-,0) (AO,OWA) EL S (IH6 (OW2.0).OW)
ALWAYS (-,0) AO EL W (EYL.0) EYC' (EYV.0) (Z14},(Z.0) S)
AM (-.0) ((EH21.AE3') M.EMO)
AMONG (-.0) (CIXAX' U LMl'2 NX
AN (-,0) AE5' 'EN.N)
ANALOGY (-.0) AE5 ,N.EN) AE4' (ELL) OW4 (- (-.0),-) SHg.B} lV

ANALYSIS (-,0) UH4 N AE EL34 (UN2:2.6.,IH6.0, S 16 S (KHM0)
ANALVZER (-.0) AE5 N EL2 (AVL.0) AYC' (AYR,3) (Z14),(Z,O) S) ER2
AND (-.0) AES5•5. 10I N (- (-.0).-.0) (0,0)
ANN (-,0) AE4 (N.OX)
ANOTHER (-.0) AN N AA2' (DH,IH) (EP.AA2)

AN'SWER 0) AES' N S ER
4NSWEPING .0 AE N St (Q.EQ) IH5 NX
"ANTHONY (-.0) AE4 (N.-) ). (-,0).-,O) TH 11441 N IV
ANY (-.0) (CH3,E-) (N:2;,DX) IY 'IY3,0)
ANYONE (-,O) (EHaEH) (N:2j.0X) IV, (Iv3,0) (-.0) W AH (NDX)

ANYTHING (-.0) (E03.EH) (N,2;,DX) iY' TH (IH3,1Y) NX
ANYWHERE (-.0) ýEH3.EH) (N'2}.DX) IV; (-.0) W (EH3.O) El
"APPEAR (-.0) AAH,3UH2) (- (-.0),-) (P.PH) IV21 ERIISI
APPEARED (-.0) (AHaUH2) (.- (),-- (P.PH) IY2, ER:,tS: (.- (-'0),-) (DDNO)
APPLICATION (-.0) AE3 (. (-.0),-) (P L.PL (L.0)) IH6 (.- (-,0),-) (KVO) (EYL,0) EYC' (EYR.0) SH IH5 N
APPRENTICE (-.0) EH3 (G (-.0).-) (P R.PR (R.0)) EH2N N (.- (-.(),-.0) T IH4 S (I--O)
APPROACH (-.0' UH:2! 1.- (-,0).-) (P Q,PR (R.O,) OW? (.- (-.0),-) 2SN )
APRIL (-.0) tEYLO) EYC' (EY,0) (.- (-0),-) (P R.PR (R,0)) (IN EL,EL2;

APBIB t-.O) A-A Q (1 (-.0),-;4!) (2,0) IV (. (-.0).-) (B.0)

AIRE (-.0) (AAS; i I (EQ2.ER).ER2')
APEA (-.0) IH2N F.R IV2 UH
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AQFAS ,-,01 JH7, ER ('2 UH (ZC';.(Z.) S)
il / ~~ARFN'} (-,0) (AA.'V iER2,•'kj,?21) (hl(-(.L•} (T,o),DX)

ARPA (-,0) AA' (..U J) (. (-W 0,-) Pill IPt
APT (-.0) A4 (E) .,.. (T.O).DX)
ARTICli (-.0) (AA• (EN.O, U12) 1( (-G,0)-) TO)X) I8N, Co- (-.0).-) K( I EL2
ARTICLUS (-.0) (AA3 (E R. ,[2) U. (-.0),-) T,DO) INS' (- (-,0).-) K( 1) EL (Z4,.(7-) S)
ARTIFICIAL (-.0) (AA3 (ER.0, 1R1) (f- (-.0),-) T,DX) IH1' (..0) F 13 SH EL
ARTS (-.C,) AA3, (ER.0) (. 1-0 -' S .1H,0)

ASK (-.0) Af.3? KM
AS' MIAM)1 V (-X0) M14 S E1(4 M- f- (-,0),-(4!) (9.0) L IV
ASSC T)uNS (-.0) All S ER, Si I35 N IZ,4:.(Z.0) S)
A.'1MI.)LAI ON (-.0) Ih) S iII M EL( (LYL.0) EYC' (EYP,0) SH 1N5 N
AC0•CIAT]0N (-.0) UHT S OW'i (S.SH) IY ACI SH (AX.]X INS) (N.DX)
AiSi"CIATIVE (-.O) LN1¼ S OW3 (S.H) IV 11-17 (. (-.0).-) T,DX1 IN3 V (F,0)
"AT (-.0) (AE4,.A[2? (U. (-,C).-:4;) (TO),DX)
ATTENTION (-.0) 0)(2.0H)(- -)-)T1 FH2 N S11 IllS N
ALIGMENTE0 (-,0) AA 1.(-,0).-: M EH N ((. (-,0),-.0) T.DX) I13 1- (-.0),-) (0.0)
AL15,LNT (-,0) AD (- (-.0),-) £G.0) I83, S -,4, (T.0)
AUTHOR (-,0) AO, (-.0) TH ER
AUTvQRS (-,0) AOi (-.0) TH ER (i •3,.0) 'Z;4:,7_,0) S)
AUTOMWAUED (-,0) AS (- (-,.-? T,JX) EH3 M (EYL.0) EVC (EYR,0) ((- (-.0),-) T.DX) Il3 (,- (-,0).-)' (00)
A(JTOMATJC (-,() AO (0. (-.0).-) T.DX> (H3 M Al' ((.- (-.0).-) T.0X) IH3 (.- (-.0),-j4:) (K.o)
AL'TOMMIION (-.0) AA (-,G) -1 T.E, OW21 M tEVL.m0 EYC (EV,O) SN IN5 N
AVAILABLE (-.0) Al V -. (EY: ."0 EVC EVR) ELI _.H -,0),-I4}) (8,0) EL
AWARD (-.0 U.V'2 w? trJy ER t.- (-.0).-) (0.0).DX)
AXIOMATIC (-.0) AL (-.0).-) S I' ,Ai MAE ((. (-A0),-) TD)) I3(. (-.0),-) (KI0)
A)<-- i MS (-.0, Af ¼- (-,0).-) S iY' Ui MA (Z?4i,lZ.0) S)

A -P E (-.,I ...... S) -4(ERQý fL?
U,,(:KE kAON C,- '-,0Y 4;)) (B 0o AE4 (. (-,0. -) (G.0) A[48 M IH6 (N.OX)
R CA NI (.- "-.W -•:4 (R.o) ;H7 N Z - - SH,.B% IV
BANK C.- -,0).-;4' ",,0) AE, NN.' I- (-.0),-;4 (K.O)
BAPROW (- (-,0.-•:) (n EH'3' )ER.R, OW
HASE ,,- (-,0).-',4 } I,)) (EYL.G) E'YC, (EVR,O) S ()H4,0)
BASFEBALL C -,0).-:4:) (q.0) ).VL0) EYC' (EyR.0) S - (8,0) AO EL2
BASED - (-.0),-:4:. (.C:. ivi.0) EVC, EEVQ,O) S -j4} (T.0)
BASES I- (-,W.-:4:) (8,n) (FVL,0) EYC (EVR,0) S IH4 (Z14,(Z.0) S)
RATES ( 4 i :,-;4) (IR,) (VYL,O) FYC (YR,0) G,. (-,0),-) S (HH.0)ii BAY (-,0i.-) 8,O) (FYL,O) EYC' (EYR.0)

ii[,,F,- (-,o)-ý): (iO,) wV.j F' AO) EW
U) HAViOR ,- (-.0).-:4:) 'in ;y o-,tllN,0) ((Y:.O) EYC' EYRo) V Y EW3
I- ! F 1- (-, ,;- 4:) (H, ) (UH, IY) L iV. F HM.S)

• i• 1ý1p"ELIV •-•.> '4:, (8,0)[u) (- ( .0).-:4:; (K,•)) LlIY2

CI Ri INI )-W. 61r)) t(1 47 JI?4 %) (EH~O) [
fir KRAki) - (-0).-:,I:) dO 'AA,7.0 E?2 N AA31 ER (- (-.0),-) (D,O)
M-RI ).- (-.O)12: C, o . R i .- (-,0),-14 k (T.0',DX)

-I • (l.C"W.LI fq -,-' O) " .;V' 0. (-.0).-) O OW IQ2 (N0))I ~ ~~~illf (• (, !-,' 8.0) OH•.ii'].. 1- (-,01,-) (G.O)
S~['IL I'- (-0-;: (H,(o) Iti. Li

i B)!D;NmN .- (-.0),-::, '8e.0) tAYL,;* 4N'C (AYV.0) N ((- )-,0),-.D) (0.0) (CH3.IY) NX
HN NG(- (-. Hr,-,,: ,) (AVE.,0) AYC' (AVQ,0) N (. (-.0).-.D) (,0.) (:H3.1Y) NX (Zj4!,(Z.0) S)
/I -IOKiCAýC:INf: 1. (-,0).-p);) (kO) )AY).,( AYC (AVR,Co OW M (2' ((,-. (-.0).-) (0,0),DX) 114 S 1H6 (N.OX)
Mi " ', OE (8. (-.0),-:;) H.O) L Ai' i? (-.0).-) S OW

l.O K ¼,- {-. 4).-;4', (oi,o) L A3J ; - (-.0),-';4) (K.0)
[ iýOW .- -0).-") O. ýAWL AWC, CAWQ,0) ¼ (-,0),-{4) (8,0) R OW
i/ , N1 (- (-.0 -.-,) (H.0) AI' IN i -
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DcIona, y

BOOKS (- (-,01,-',14) (6.0) UW,{4l (.- (-,0),-) S (HH,O)
BOUNDS (- -.0),-'4) (8.0) (AWL,O) AWC1 (AWR,O) N (,- (-.0).-) S (HH,O)
BRAIN (,- (-.0).-!4') (6•,0) W (EYL.O) EVC (EYR,O) (NOX)
BRUCE (- (-.0).-34)) (6,0) R UW3f S (HHO)

BUCHANAN - (-,0),-141) (9,0) Y IV2! - (-,0),-) (K,O) AE5 N UIH4 'N,DK)
BUSINESS (.- (-.0),-14,) (8,0) 1H (Zf4).(Z,O) S) (N IX,EN) S (N1,0)
BUT (. (-.0).-!4!) (8,0) JH' ((.- (-,0),-141) (T,O).DX)
BY (.- (-.0),-14:) (B8.) (AVL.O) AVC' (AYR.0)
CACM (-,0) S IV (EVL,(,) EVC' (EYVR,O) S IV AH2 M
CAI (-,0) S IV fEYVL. EYC (EYP.O) (AYL.0) AYC' (AYR.C)
CALCULUS (.- (-,0),-) (K.O) AE31 EL4 (- (-,0),-) (K.0) IH3 L I6 S (HW.O)
CAN (. (-.0),-) (K.G) (AE41,I)131) (N.DX)
CAPABILITIfS

(- (-.0),-) (K.M) (FYL,O) FYCI (EVR.O) >.- (-.0),-) P OW3 (.- (-,0),-[41) (8,0) IH EL IH6 (.- (-.0),-) T IV (Z14,,(Z,O) S)
CAP (.- (-.0),-) (K,O) AA' (FR2,, 2),0) ER
CARl (.- (-.0).-) (K,() AA3> ER2 EL3
"CARTOCRAPHY 3. (-.0W.-) (K.0) AA3' ER 30- (-.0),-) T AO (-. (-,0),-) (G.O) ER F IV
CAE- (-.0),-) (K,O) (VYL 0) EVC' (EYR,O) S (HH.O)

CA;:SAL (. (-.0),-) (K,O) A01 (ZZ4:AZ.O S) UH2 EL
CEASE (.0) S IV' S (1H,O)
CEI 3 (-,0) S (EHAA.) Rt21
CHARNIAK (- (-,0),-) SH{,RA ER N IY! AC5 (.- (-,0),-;) (K,O)
CHECKEd (.- (-,0),-) S".) 10 EH' (- (-,0),-) (K,O) ER

CHRCKING (t- -,0.-) 51 EN 0 . (-,0.-) (K.O) (1143,IY) NY
CH[L!;.. (- (-.U),-) S141,10 ERH) 5 (S41H.0)
CfIOOSc (- (-.0).-) SH (1112,0) Uh' (Z14',(Z.0) S)
CHRISTOPIIHR (- (-.0).-) (KO) R I;4 SI - T I (-,0) F E(I2

CHUCK 6- (-,0).-) SH[,110 AA3' (- (-,0),-14}) (KGO)
CIRCLE (-,0) S (4,IX.O) ER (.- (-,0),-) (KO) EL
CIRCUIT (-,0) S (14,0) ER (- (-.0),-) (KO) UH' ((- (-.0).-14)) (T,O).DX)

CIRCUITS (-,0) S ER (,- (-,0),-) (K,0) IX (.- (-0),-? S (HH,O'
CITE (-,0) S (AVIG) AVC! ;AVP,O) ((- (-,0),-14,) (,O),DX)
CITED (-.0) S (AY(,O) AYC' (AYR,0>, (6- (-,0),-) T,DX) 1H3 (.- (-,0),-) (D.O)
CITES (-.0) S (AVYL,) AYCI (AVR,0) (. (-.C).-) S (141-,0)
CLIMBING 6- (-,0).-) (K.O L (AYL,0) AYC, (AYR.0) M IH5 NX

CLUSTERING (. (-.0),-) (K.0) I U1121 S - T ER (1143,1Y) NX
"CMij (-.0) S IV EH2 MI V (1H4,1) 0)W2

CODE (. (-,..- (K.O) OW', (-,0),-) (0.0)
CODING (C (-.0),-) (K.0) OW' 6- (-.0.-) (0.0K) (1113,IY) NX
COGNITION (. (-,0),-) (K.0) AA3 (. (-.0).-) (G.O) N 1143' SH 1H5 N
COGNITIVE (. (-.0),-) (K,O(, AA3' ((. (-.0).-.0) N,.X) IHQ ((. (-,0),-) T.DX) IH4 V (FO)
COLOiV (. (-,0), -K,O) OW3' El 3 (.- (-,0),-14,) (8,0) IV
COLES (. (-,0),-) (K.(.) OW EL (Z:4,(?Z.O) S)

COLLINS 6- (-,0,-) MKO AO EL3 UH2 N (Zk4t,(Z,O) S)
COMF ( (-.0).--) tK.0)) AA51 hi

COMMi-1i4S 3. (-,03,-) (r.,O) AA M EH2' N ( S- (-.0),-) 5 (HH,O)
COMM TltE (. (-.0).-) (K.0) EMN IN? ((- (-,0),-) T.DX) IV
COMMON (F- (-,0), ,¥0) AA M AX (tv.0X)
COMMIJINICATIONW. (-,0),-) 'K.0) AH M UW3 N N3 (- (-.0).-) (K,O) (EYL,O) EVC' (EYR,O) SH , "
COMMIJIN[CATION.(.- (-K0),-) (.O) AH M. UW N IH (. (-,0).-) (K,O) (EYL,P) EVC' (EVR,O) SH M5 N A 4},(Z,O) S)

COMPP.' X (.- (-,0),-) (K.0) AA M 3. (-.0).-.0) (P L.PI (0,0)) Eh (- (-.0),-) S (H4,0)
COMPl.EXiTy .- (-.0).-) KO) AA)22 M (. (-,0).-.0) (P LPL (L.0)) EH4' C. (-.0).-) S 117 ((.- (-,0),-) T,DX) IV
COMPON P ",i 6- (-.0),-) (9,0) AX M (M (-,0).-.0) P OW N AX N (- (-,0),-) S (I1,0)
COMP•RIC.NSION 1. (-.0),-) (K.0) AA M .- (-,0),-.0) (P R.PR (Q,0>) IV H1421 EH2 N SH Iu4 N
COMPUTATION (.- (-.0>-) (K.0) AA' M 3. (-,0),-,0) P 1113 (.- (-.0).-) T (EYL,O) EYC SH W1)5 N
COMPUJT'•iTONAL (- (-.0).-) K,O) AA M , (-,0).-,0) P Ili3 (-.0),-) T (EVL.O) EVC (E£..,U) SH IH5 N (AH EL,EL)

COMPulJT (- (-.0).-) O().. (AW42 MINI.) (% (-,0),-,0) (PPI!) i1214 (UW2.0) (6- ,-.0).-) TOX) ER
COMPIJTCRS (. (-.0),-) (K,O) (A1112 MJ M) (.- (-,0),-.0) (P,PU) IH2' (UW3,O) (6- (-,0),-1 T,0X) ER (Z(4,.(Z,O) S)
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---"~C CW11 IT I IWG 0- -,,- K,W) ýAli2 M,,M} (% -G)-O P,PlHb !A2; UWW•O,(. (-,0),-) T,DX) IN2 NX

CONCEP[UAL .- (-,0D-) (K.0) AX N S Ed t- (-.0).-) Shi.lOl UW EL
CONCEP.N ,- (-,0),-) K,0 (047.)d3) N S EP' (NOX)
CONCk •NED (.- (-.0),-) K,O) (;(7,0H3) N S ER' N 1.- (-,0),-) (0,0)
CONCERNING 1. (-,0),-) (K01) (II(7IlH3) N S ER' N I-15 NX
CONCUPRI•ENT1.- (-,0),-) (K.O) I)5 N (- (-,0),-) K' EW EH2 N ((, (-.0).-{4;) (TO).DX)

CONFENENCE .- (-,0),-) (K,O) AA1 N (-.0) F ER 1146 N S (HHO)
COtNFI HIINCES (.- (-.0),-) (K,)) AA' N (-.0) F ER ]1G N S 1144 S (HH.,0)
CONFINIF .-- (-,-).) (K.)010I.1H3) N F, (AVL,O) AYC (AVR.0) (N.DX)
CONlSIDER ('- (-,O), ",:l) IH3 N S M131 ((.- (-0).-) (0,0)DX) ER

CONSIDEIl)) 1) .- (-,D.0-) (K.O) ((IH,1H3) N,'N) S .H21 (0- (-.0).-) (D.0),DX) ER(- (-,0),-) (0.0)
CONS PAINT (,- (-.O.-) (C,0 (II(7,1H3) N 5 - OR P (EYL.0) EYC (EVR.0) N (M.T)
CONSTIRUCT'ING 1- (-.0),-) 1(,0) (1H7,1H3) N S - D R EH3' (.-, (.0),-) T (IH3,IY) NX

"CONSI kUCTION (.- .0?,-) (K.O) OI7,IH3N S- DR R EH3'(- C-,0,-)SH IH5 N
CONSULTANT (. (-.0),-) (K.0) IH7' N S AO EL (-- (-,0),-) T IUG N (,- (-.0),-) (OT)
CONSULTATION 4.- (-.O,-) 'Ko) AA N S EL3 (.- (-,0),-) T IF.L0) EYC CEVY,O) SN IH5 N

CONSULTATIONS G- (-.0,-) Ko) AA N S AX EL,0) (.- (-,0),-; T (FYL,0 EVC (CYR,O) SH IH5 N (Z{41,(Z,O) S)

CONTAIN (..- (.0),-) (KO) (,IUIH3) N ((. (-.0),-) TDX) ,VO) EVCe (EYRO) (NDX)
CONTAINED I.- (-,0).-) 'K.0) (I'i/,1O3 N (U.- (-.0).-) T,DX) (EYL,P) EVC' (EYR,O) N (.- (-.0),-) (ODHO1,

CONIAINS (. (-.0),-) (K(0) (01).IUO3) N (U.- (-,0).-) T,0)X) Jf YL,M) EYC- (EYR.O) N (Z{4,(Z,O) S)

CON"TEXT K.- (-,D.-) (K O) AA N (. (-0,),-) T FH3' (.- (-,0).-) S -:4; (T,Ol
CONTINUOUS G,- (-.1-) (K.W ]H3113 N (.- (-.0).-) T M)13 N V L;H2 Ali S (M1.0)
CONTROL (-- (-.0),-) (KQ) (10/,1H.3) N 0. (-.0),-) (5H,,10(T) R OW' EL

CO'JTRlOLLU 1 . (-, K,- 0 4K,.) (Il,013) N ,- (-0),-) (T,SiA,,10)) R OW 'El.0) (- (-.0),-) (0,0)
C0.'V. Nfl(;N (,- (-,0),-) (K, ) I)/.iH1) , N (lU) U N 6(, (--.0) -) SH 114 N

CONVt- N fnI o (0- (-.0.,-) (K.01 (.117.1iMo N (VF) .IH'N 0. (-) -) Sr) I,5 N [Z:4:,(Z.O) S)

COOPI.:PA Ied -• (-.0),-) kK.O., OW ACI (- (-,0).-) (P,0) E02 U VL.O) EVC (EVR,O) ((- (-'0),-) TDX) (IH3,IY) NX
COOPNRAI ION K. (-.O),-) (KO) OW AO) (- (.-,)-) (P0n) EP2 (FvLO) EVC (EYR,O) SH IH-5 N

CcPV (.- (-,0),-) (MW() AA, (1- (-.0),-) P IV

-. COPVI?'G 0,- (-,0',-) (K.O) AO' 1.- (-,O).-) P iV ,03.0; NX
CORRf CTNFS[ j,- (0,),-) tK.0; (I Eli ((.- (-,0).-) TOOX) N IX S ý,MO

COMN T (- D.01.-I (K,) (Oth AM- (-,0).- ().T.
.•:- ~CUPI 141,T '0 (,),-) (K.0) I7 W iH5 :,,.i N, U(. k(-,0.-:4,I) IT,O).DX)

CUJRVi() 0- ( .), • (K .') Uh",, C (iV) ,- (-0),-) EO.0O

CVi'I.RKLETIC (-.0) 5 (AV .0) AVC, (AYR 0) (,- (-.0,-,4) (H,0) I-P N Ed (4. (-.0),-) ".0X) itI3 1- (-,0),-) S (HH,O)

CV"(7 IC (-,0) S 1.13' (- (-0) - ('O) K, C)' . UH2 (.- (-,O),-;4:) (KO)
)DANNVY (-W(-,.-" 00). ),DX) A14", W IY

DA A M(,- (-.0),-) (0 )0 ) (P'LC) E"C' (EYR,0) ((- (-, ;,-; (0DO),DX) UH
DAT- (-.C,.-) k),0).DX) k- 0L,) EYC' (EYR.O) (0- -,-,.- : (T,O),')X

DATt' (( (-'),-) () 0 ).,'-X) 4' VL,O) E C' (EVQ.0 - ,- k,-, 1.-; S (HHO)
)D)V). ((Q- (-,0).-) 0)1DX) (0 vLý o VC, (EY.<1, V )r (,.
DAV ID ((- (-.0) .'- ) .0 ) ) (i Y .(.0) Nc' (cEy', O V I . k- t .0. .- i (0.0)

DEAI E ( _ ()om),rDK) H2 (- (-,0),-'4;) 11,O; &.%'. O) EYC (EVY.O .- -,O,-4) T.O),.D,)

DECEMWIR ((" (-.0)-) (0) ).[X) ;H2 S El i: 0- M -,O - ii 0) ER
DECISION Q.- (.-,M,-) 0.0).DX; '-2 S IH 5- ,-.0),-) Srd i;i N
:- DE0LiC):ON (4. (-01),..) O)..DX' (V.'I2,WX) (.- (,O),-) Mr.0' AA3 (. (-,0),-) SH I1"-3 N

(DEDUCTIVE 1.C-. (-.I).- •0,00).D< 1IJ.;'i2.IX) (.- t-.O)-) DC) AA3 ('- (-.0),) " HOX' 1)2 V (FO)
DEMND- (-.0).-) ,0 O). DX IX, 1.i ACE' N (. (-,0,-) (0.0)
DENOTATIONAL (0.- (•,C'.-- (0)0,0)X) IV N OW .- (-,0).-) T. (PEO) E'C (."POl SH IN5 N EL
-DEPTH 14.- (-.0).-) (0,0)1D4) EIt.' h• (-,0).-) TH (HH.O,

DERIVAT ION v,- (-.0).-• 0.).D X) .1l2 Eq 00,0) V tEYL.) LYC (EVR.O) SH, IH5 N

DESCRIDE ((.- (-.0),-) 0.00.0X) Id?. 5 - (K,WH.(',) R (AY1,C; AVC (AYRO; 8
DESCRIPTION ( k.-t-.0).-) .0.W.0D0X) 11,4 S - (K.0) P 1I42 (- 0 -) Sli 1iI5 N

DI-SCRIPTIONS ((- (,0.-) (0,O1.DX) i)< S - (K.0•0 ill (- (-,0),-, SH iri N (Z,4: ',,0) S)
DESIGN ((4.- (-.0)-) (D.0)X) (IX,0O (14.,(Z.01, S) 'AVL,01 AYC' (AYHR,0) (NOX)

"DESIRE (o- (-.0).-) (b,0),0X) (,IllY) (Z41,(Z,O) S) (Av.,O) A'C' (AV, Co ER
DEECOTION ( G.- (-.0).-) (0.I).0DX) (MI4IY) (.- (-.0),-) T7 Fr' (. (-.01.-) SH IW5 N

DEVICES ((.- (-.0),-) (0,).DX) (1Ill,1) V, (AYL,0) AYC (AYý.0) S iH6 (z24)',(Z,0) Sj (iH.Cp
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DIAGNOSIS ((, (-,0),-) (D,O),DX) (AYLO) AYC' (AYR,O) 1H3 (,- (-.0)-) N OW2 S 1H4 S (HH,O)
"DIALOGUE ((. (-.0),-) (•,O),DX) (AVL.0) AVCI (AVR.0) AA EL3 AO (. (-.0),-) (GO)
DICK ((.- (-.0),-) (D,O),DX) IH2' 1.- (-,0).-(41) (KO)
DID ((.- (-i,-) (D,O),DX) (1121,lH3') ((#- (-.0),-) (0,O),OX,D)
DIDN'T ((.- (-0),-) (D,0,0X) 1143' (-- (-,0),-) (0,0) 1H5 N ((.- (-,0),-k4}) (T,O),DX)
DIMNSIO')NAL (4.- (-,0),-) (0),O),DX) P12 kA E112! N (,- t-,O),-,O) SHI,1O1 EN EL3
DIWIfC EO 44.- (-,0),-) (0,O),DX) ER R EH3' ((.- (-.0),-) T.DX) (1143,1)0 (.- '-,0),-) (D,4O,0)
DISCU!S ((S- (-,0),-) (0,O),0X) 1ll1 S - (KO) AA21 S (PH.0)
DISCUSSED ((O . (-.0),-) (0,0),DX) 1114 S - (KO) AA2' S -14, (T,O)
DISCUSSES ((- (-.0).-) (D,O),DX) IH4 S - (K,0) AA2! S 1146 (Z4}4),.(,O) S)
DISCUSSING (.- (-,o,-) (,ODX) I14 S - (MO) AA2' S 1115 NX
DISPLAY (4- (-.0),-) (0,O),DX) (I141.0) S - (P LPL (L,O)2 (EYLVO EYC' CEYRO)
DO (-.0),-) D0'2) (1142,0) LX'6,121
DOES .- (-.0),-) ;D,O),DX) AN2' (Z14ý,(Z,O) S)
DOESN'I ((- (-,0),-) (D,O),DX) AX' (Zý4*,(?0) S) AX N4 ((. (-,0),-j4) (T,O),DX)
DOMAIN ((.- (-.0),-) (0D,),DX) OW M (CYLO) EVCe (EYRO) (N.OX)
DON'T (.- ,-0),-) (0,O).DX) OW2 OW( N ((.- (-,0),-4) (T,0),DX)
DONALD (4.- (-,0),-) (.,D) AA' (N,DX) ELI (.- (-,0),-) tD,O)
DONE (.- (-,0),-) (0,O),DX) AA2';,221 (N,DX)
DOUG (4.- (-,0),-) (0,O),DX) AA21 (- (-,0),-) (G,O)
DRACON (- (-,0),-) DR R A[, ,- (-.0),-) (GO) IH5 N
DRAC;ONS DR (-,O),-i DR R ALI (. (-,0),-) (G.O) IH3 N 2Z0:,(Z,O) S)
C'DAWINGS (. (-,0),-) DR R AA, 1I15 NX (ZjM,(ZO) S,
DREW (- (-C).-) DR R (IH,O) UW,
DREYFUS f,- (-.0),-) DR Q (AYL,O AVC' (AYP.O) F AH S (HH,O)
DRIVING (-.0) (C. (-.0).-) S.P) (PYL,O) AYC' (AYR,0( V (H3,1V) NX
DURING ((.- (-,0).-) ,0',),DX) Er IV2' NX
DYNAMIC ((- (-,0),-) (0,ODX) (AVL,O) AVC! (AYR,O) N AEb M IH3 (.- (-,0),-(4)) (K,O)
FACH (-.0) IVI (.- (-.0),-) SH (HH,0)
EARL (-,0) ERP2 EL2

EARLIJEST (-,0) ER, 1. 1V (IX.) S -!4) (T.0)
EARNEST (-0) ER (N,I)X) IH S -,4, (T,O)
ED (-,0) EH2l (.- (-.0).-) (D.0)
EDINBRLIIQGH (-,0) Cl1'1 (f.- (-.0),-) (0,O),DX) (015 NEN) 4.- (-,01,-,8 (,O) ER2
El FICIENTLY (-,0) (H' (-.0) F 11)2' SH I445 N ((- (-,0),-) (O,T),DX) L !V2
EIGHT (-,0) (f YL.O) EVC' (CYRO) ( 1.- -,0),-4) (T,0)DX)
EIGHTEN. (-,0) ((IL.O) EVC' (EVR,O) ((- (-,0),-) T,DX' IV (NDX)

E IGGHTV (-,0) (VL,O) EYC' (fV•,O) (.. (-,0),-) T,DX) IV
Et [C 'kONiC (.0) (IV ,[El:4) E12 ( (.TSbO) R AA2 N IH3 (, (-.0.-14') (K,O,
EltI( C 'ONICS (-.0) !V 1, F41 3) fH2' (- (-.0).-) (T.SH,1O(,I R AA? N IH3(. (-.0),-) S (HH,O)
Et { Vi N (-.0) [II (,[ I EHN V (Illis N,E4N)
Et I ICT (-,0) Ell EL3 IV' i110 ((- (-,0),-:4,) (T,O),DX)
ENGLISH (-.0) (l4(.1Yi NX (.- (-.0),-,0) (GO) L INC, 5( (SHHH,O)
FIN\)RQNMI.I C (-0) 113 N V (AYL,O) AYCV (AVP,O) ER' N M IH5' (- 1-,0),-) CT.O;
LWIK ý-,o) (AE?,I I) 1R' ]k i 4. (- (-,0),-ý4) (K.O;
ERMhAN (-,.) E, M 1145' (N,DX)

ERNST (-,0) 1118 ER,' N S -:'4, o0)
EUGENE (-,0? Y UWi' (- (-,01,-) Sfl4.o:, !0 ly oX)
EVALUATION (-.0) 1116 V AA E(3 V iJW (EYL,O) EYC' tEV(,0) SH '45 N
EVALUATOR (-,0) 1146 V AA EL. Y UW (EYL,O) EVC' (EYR,O) ((- (-,0).-) T,DX) 71R
EVI.NIS (-,0) ()V,AX) V Elill- N (- (-.0),-) S (HH,o)
LV• i (-,0) 'l.ol V Er2
EVERY (-,0) (1 H, H2) V R4I Iv2
EViWY1IHING (-,0) J-H.EH2) (Vt) R' IV? 14T (1113.1') NX
EXAMP4I. (-,0) El l. (.,0),-) (7;4:,(Z.c) S) AC M - (-,0).-.0) P EL
EXAhIAI L.S (-,0) EH . (-,O),-) (2{4%(2,0) S) AE M I.- (-.0),-.0) P EL (Z,4),(ZO) S)
EXIST (-.0) IH3 (. (-,0).-) (Z;4-,(Z.O) S) 1H7' S -;4; (T,0
EXPERT (-,0) EH2 (.- (-,0),-) SI - P ER ((,- (-,O),-(4j) (TO).DX)
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Dictiornary

EXPLANATION (-.0) EH (.- (-,0),-) S - (P L,PL (L.0)) Di N (EVL,O) EVC' (EYR,O) SH ]Hb N
EXPRESSIONS (-,0) |H3 (.. (-.0),-) S - (P RPR (R,(I)j EH31 SH (IH5 N. N) (Z;4ý,(Z.0) S)
FABLE', (-,0) F (EVLO) EVC (FYRO) (- (-,0),-{4 ) (8,O) AX (LO) (Z{41,(Z,o) S)

FACES (-.0) F (EVW., 0) EVC' (EYk,O) S IH4 (Z1 4},(Z,0) S)
FACTS (-;0) F A'D (.-,0-) S (H11,0)
FAHI MAN (-,0) F AO EL2 M UH4 (N,OX)
FAIRY (-.0) F EH' (ER.,) IV
FASTER (-.0) F Ar3i S - T CR
FEATLIPF-{RIVEN(..0) F IV (.- (-.0).-) SHII10) ER' (- ,0),-) OR R IH V (((114,IX) N),EN)
FEHIPUARY (-.0) F EH3' (.- (-,0),-{4) (8O) (RY) (UW (W,O),O) AA (ERR) IY
FLOE RAL (-.0) F EHN ((- (-.0O,-) DX) ER2 EL3
FEI(GENB].AUM (-,0) F (AVL,O) AYC (AYR,O) (- (-.0),-) (G,O) 1H5 N (', (-,0),-,0) (8,0) (AWL.0) AWf'1 (AWR,O) M
FF1 {MAN (-.0) F EHN2 EL (.- (-,0ý ,-) M 1i6 (,OX)
FICTION (-.0) F 1142 (- (-,0),-) SI)' IH5 N
FIFTEEN (-,0) F 1112, F ((.- (-,0),-) T.DX) IV (NKDX)
FIFTY (-.0) F 1142' F (( i-.0),-) T.DX) IV
FIKES (-.0) F (AVL.P) AVCi (AVRO) (C- (-,0),-) S (HH.0)
FILE (-.0) F (AVL,O) AYC' (AYR,O) EL3
FINISH (-.0) F IH3' N IH5 SH (HH,O)
FINISHED (-.0) F W1)3' N I-5 SH -;4; (T.0)
FIR.T (-.0) F (AA3 ER,I-?) S;, -:4; (T,O)
FIVE (-,0) F (AYLO) AYC' (AYR,O) (V,F)
FOR (-,0) F (AA4,O) FR'
FORESTS (-.0) F AA2 ER; IH S - S 'HH,O)
"FORMAL (-.0) F AA4' ER2 (K.O0) CL?

FORMATION (-,0) F AA4 ER M (EVL.0) EVC' (EYR,O) SH IH5 N
FORTY (-,0) F tJd.II' (ERE142) ((' (-,0),-) T,DX) IV
FOUR (-.0) F AA,' ER
FOURTEEN (-.0) F AAM1' ER ((.- (-.0)-) T.DX) IV (N.DX)
FRAME (-,0) F R (EYL,O) EYC' (EYRO) M
FRAMES (-.0) F R (FYL,O) EYC (EYR,O) M (Z{4},(Z,0) S)
FROM (-.0) F P A141 M
FU (-,0) F UW21
FUNCTION (-,0) F AA' NX .- (-,0),-U) SH INS N
FUNCTIONS (-.0) F AA' NX (.- (-,0).-.0) SH IH5 N (Zi4J,(ZO) S)
FU7ZY (-.0) F UNH2' (Z,41,.(7.0) S) I1
GAMF C'- (-,0).-) (;.0) (EYL.O) EYC' (EVR.O) M
GAM•FS .- (-.0).-) (GO) (FYL,O) EVC' (EYRO) M (Z!4:,i,0) S)
GARY (.- (-.0).-) (GO) AE2' ER IV2
GASCHNIG C.- (-,0),-) (GO) AEt SH N IH3 (.- (-,0),-I4;) (KO)

GENERAL C.- (-,0'.-) H{,) 101 EHN. N ER2' EL3
GENERATe (C - (-.0),-) S145,101 EH2 N ER (F.VL.(,) EVC' (CEYRO) ((.- (-.0),-14}) (T,O),DX)
GECNERATION (,- (-,0),-) Sli,.Iol I11 N ER (UVL,) EVC' (EYRO) SH INs N
GFOMFTRI(: C.- (-.0),-i SHJIO) IV ii MA E1121 (- (-.0),-) DR R IH8 (.- (-,0).-{) (K.O)
GEORGE (- (-,0).-) SH14,10 UW4 ER' (. (-.0),-) Sl.IO)
GEl C.- (-,0),-) (GO) (0H2',1143 (1 - (-.0),-141) (T.O),DX)
GIPS (.- (-,0).-) (GO) 1113' (- (-,0),-) S (HH,O)
GIVE C.- (-P.O-) (G.O) IH2' CF,V (', 0 ))
GIVEN C,- (-,0).-) (G.O) IH3' V U11 (N,I)X)
GM C.- (-,0),-) ';H1,10; IV, EN2 M
GO (- -,0),-) (O,) Ow'.:,36.
CO-MOKU (6- (-.0).-• (GO) OW M I)W' (C- (-,0),-) (K.O) UW
GOAL C.- (-,0.-) (GO) Ow' El
GOALS C,- (-,0)-) (GO) OW3' Lt. (Z,4,,(Z,O) SI
GRAIN (.- (-,0),-) (GO) R (EYLO) EVC' (EYR,O) (NDX)
GRAMMARS C.- (-,0),-) (GO) P A"(I M El' (Z[4f,(Z,O) S)
GRAMMATICAL (,- (-,0),-) (G.O) EP M AE' ((- (-,0),-) T,DX) IH8 C.- (-,O),-j4}) (.,O) EL
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GRA/'PHiCS (.- -,O,-) (G.O) R AE2' F ]12 (,- (-,0),-) S (HH.O)
HAMHURG (-.0) (HH.O) AA' M (,- (-,O),-,B) (8,0) E1W2 ( (-.0),-) •G,O)
HA'NS (-,0) (HH.0) AA' N (-.0) S (HH,O)

HAPPEN (-.0) (HHO) AE' (- (-,0).-) P EH2 AN,OM

HARRY (-,0) (HH2.HI4) AE2' (EW R) IV2
HAS (-,0) (1-1-.41912.0) AE4. ,W4,(Z.0) S)
HASN'T (-,0) (HH.H(12,0) AE' (Z)4%,(,O) S) IH6 N C(.- (-.0),-14}) (T,0).DX)
HAVE (-,0) (14,HH112.0) (AE',AEC5' V fF,O)
HAVEN'T (-,0) (HH,EI|112.0) AE1 (V,-) (FH2 NEN) ((.- (-,0),-{4,) (l,0),DX)
HAYES-ROTH (-,0) (HH,.1tl2.0) (FYL,0) EVC (EYR,0) (Z[4d,(Z,O) S) R AA TH (HH,O)
HIE (-.0) (HH1,t142,0) IY'

HEARSAY (-.0) (HH.HI12.0) IV2 ER (-.0) S (EYL,O) EVC' (EYR,O)
HE1.1 (-,0) (H4i,0) AA3' FI..3 (. (-,0),-) (PO)

HENDRIX (-,0) (01,0) HN2 N ((,- (-.0).-,0) (OR,D),DX) ER 1H2' (,- (-,0),-) S (HH,O)
H[H (-.0) (HH4,J1112') LW'
MERB (-,0) (Hh4,f) ER, (. (-,0).-[4,) (8,O)

HIR I(4'ERT (-,0) (HH,0) ER2' (C (-,0),-(4}) (8,0) ER ((. (-,O),-{4 ) (TO),DX)
lIt EROSTATIC (-.0) 'H11,O) f 1i (. (-,0),-) DR R OW S - T A[ ((. (-,0),-) T,OX) IH3 (#- (-,0).-) (KO)

t;IW4JISTIC (-.0) (0012,10) (FH3,1Y?,0) EP 11121 S (. TO) IH2 (.- (-,O),-14}) (KO)
4W V/ITT (-,0) (MHJ.I1442.0) V IW l114 ,.- (-.0).-) (T.O)

HILARY (-,0) (4H,,142.0) L13 ER, M2
HI1L (-L0) (W,1,1H2,O) AH3, CL-1

(HiS (-,0) (WH,0) ]H3' (Z:4:.(4,O) S)
HISTORY (-.0) (HII.,O) M143' S - DP ER IV
HOLLAND (-,0) (HH,0) AA' F1:4 EN ••- (-.0.-O0 (',0)
HOw (-,0) (Hi(.41112,0) (A\V[.,')) AWC' (AWR.O)
4HUJGHt (-.0) (Hi1.41412.0) 1H2 Ull'

HIUhMIAN (-,0) (H4i.,1412,0) IW.:I' Nil U14 (N,0X)

HUNODRED (-,0) (41(4,0) (AA.',AA21) N G.- (-.0),-) (OR,0.0) ER C.- (-.0).-) W..)
HUNGRY (-.0) (HH.0) U42' NX (. (-01,-) (GO) R IV3

HUNT (-.0) (H.H,O) UH2' N ((, (-,0),-14!) (T,O).DX)
HYPOTHESIS (-.0) (HH.0) (AYLO) AVC, (AVR.0) (- (-,0),-) P AA TH IH6 S IH6 S (HH,O)

1" (-,0) (AVL.O) AVC' (AYRO)
I'D (-.0) (AY[,O) AVC' (AYRO) (. (-.0),-) (0,0)
I'm (-,0) (AYL.0) AVC' (AYR.AYXO) M

IEEL. (-.0) (AYLO) AVC (AYPO) ((- (-.0).-) T.DX) R I44' (. (-.0),-) P (ELAX EL) Iy
IFIP (-,0) (AYLO( AVC' (AYR.C) F IH2 (C (-.0),-) (P.O)
IJCAI

(-.0) (AYL,O) AYC (AVR,O) (- (-,0).-) Sll4,10} (EVL,O) EVCl (EYR,0) S !Y ([L,O) EVC (EYR.0 (AYL,O) AVC (AVR.0)
ILLI•OIS (-.0) IH3 EL3 UH1 N OVL,0) OVC' (OV'R,C)
IMAGE (-.0) EH2 M' iH3 (1 (-.0).-) SH),8S

IMAGES (-,0) EH2 M, IH3 (. (-.C).-) SH{,8) IH3 (z:4:,(Z.0ý S)
IMPROVING (-.0) 1H3 hi (- (-.0).-.0) PI R (IHO) UW, V (IH3.1) NX

I (-,o) (4)i i 11 )' IX'N I N X,
INDUCTIVE (-,0) 1144 N 4.- (-(')-0,) (0,0 AA3 (. (-,0),-) T MH2 V (r.o)

INDUSTRIAL (-,0M 1H4 N 1.- (-.01-,) (D,O) AA21 S - OR (R.(O If2 EL3

INEXACT (-,0' 116 N IH43 (_ (-.0),-) (7A4j,(7,O) S) AE H(- (-,0),-{4}) (T,O)1, )
INFF.R4C{F (-,Oý 14i3 N F1 R Il( N S (il,0)
INFfR• 41CfS (-,) 1,1.1 N F1 R ]li N S 1111 17(4;.-Z,O) SV
INK f.Wlh rVIAL (-,0) 443 N F ER2' FI2 N SH4 EL
NtFOPR.4ATION (-,0) 14W3 N F .iL;2 M (LYLO) (YC (FY.O; SHI 1H5," N
]MHEP) lANCE (-.0) Di3 N (itI,1412.0) L143 ER' ID2 (- (-,0;,-) T I14 N S (HH,0)
INSAhN (-,0) I13 N S (EYLO) EVC' (EYQO) (N,0X)
INSTITLITE (-.0) IH3 N S - T 1144 (. (-,0),-) T UW3'((ý (-.0).-;-4!) (T.O).DX)
INTEML IG NCE (-.0) 1443 N (Q. (-.0).-) T.DX) CH EL 1H6' (. (-,0),-) SH 143 N S (HH.0)
INTEL!I IGENT (-,0) IH3 N ((. (-.0),-) I.DX) Ei E 1H6'1.- (-,0),-) SH 1H3 N C. (-,0),-) (0,T)
INTENSITY (-.0) 1143 N C- (-.0),-) T FH2' N S 1-4 t(. (-.0),-) T.ODX) IV

INTENTIONS (-.01 ;H5 N C. (-,0),-) T EH2 N S4 I i5 N (Z:4:.(Z.3) S)
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DIlc rnry

INTER1ACTIVE (-,0) 11]3 N (..- (-,0),-) DR.X) ER AE[ (.- (-.OT-) 1143 V (F.O)
INTlERLS1 LD (-,0 1143, N (-.(),-)DRRXI ER S(- ,0) IH3 (- (-.0),-) (0,0),O)
INTE)4PMEABE (-,0) 11-17 N (Q. (-0,- )R,0X) ER (l- (-.0),-) (4P,O) ER~21 ((#- (-,0).-) lODX) UW4 1- :-,0).,{4)) (8.0) EL
INTEIRPRETIVE (-.0) IH5 N ((.- (-,0),-) DR.DX) ER3' C.- (-0)-,) P ER ((.- (-,0),-) T.DX) IH2 V (FO)
INTER•IUPTS (-.0) IH3 N ((.- (-,0).-.C ODX) ERA3 AA2 (- (-,0),-) S t.HH,O)
INTERV(IW (-.0) IH5 N (.- (-.0),-) DR.OX) ER' (V,F) V UW
INTOIATION (-.0) 11-5 N (.- (-.0),-) T UH N' (EYL,O) EVC (EYR,O) SH IH5 N
INVARIANCE (-.0) 1143 N V EH3 ZR' IV (IH41431,O) N (-,0) S (HH.0)
INVARIANCES (-.0) IH3 N V EH3 ER' IV (H44(31,0) N (-,0) S IH4 (Z{4x,,Z.O) S)
!NVESYMV:Nl (-.0) I)5 N V EN4 9) - M IHN N (.- (-,0),-14D) (TO)
INVOCATION (-.0) 1 H3 N f-,0) V{ I iH8 C. (-,0),-) (KO) (EYL,O) EVC' (EYR.0) SH IH5 N
IRV (-.0) ER2. V (F.,)
IS (-,0) IH3' (ZI4,(7,O) 9)
ISN'T (-.0) IH3' (7!4',(G,O) S) (IHG NEN) ((.. (-,0).-(4) (T,0),DX)
ISOMERS (-,0) (AVL.0) AYC (AVR,0) S EH4 M' ER (Z[4.(Z.O) S)
ISSAC (-.0) (AVi .0) AYC' (AVR,0) (t4l,(Z.O ) S)H3 (.- (-,0),-(4)) (KO)
ISSUE '-,) 1113 SH' L'V3,51
ISSUJED (,0 11-13 SN' LJW 15j C.- (-.0).-) (0,0)
ISSUES (-,0) D13 SH 4rYi:S,5 (Z'4:,(7.,0) S)
IT (--,0) 1|1M,I (-(,0),-) (T.Ol), DX)

ITERA) ION (-,0) "i:3 ,.- (-.0),-) LDX) ER (LVLO) EYCI (EYP.O) SH IH5 N
ITS (-,0) liG' (- (-0).-) 9 (1l,)0)
JACK (. -O,)SlI{.10! ALTO, (- (-.0),-14}1) (K,O)

JAM((- (-0),-) S ,10, (IVLO) EVC' (CYR,O) M k-.0) (Z74,(Z,O) S)
JANUARY (. (-.,) siiiO: AML' N V (L;H,Il2) (AA4,0) (E;,1) IV
JEAN (.- (-,)-) sii',io: IV, (N.oX)
JI 1IEV I,- (-,0),-) Sli:,lOI EH3, F R IV2
J(REV (.- (--l0),-) Sit), 10) EHN CR IV

JOHN C.- (-.0),-) SI,l0 AA2, (N.DX)
"JOS~lli (.- (-.0),-) SH',,IO1 OW' S III F (HH,O)
JOURNAL ._ (-,0),-) S 4)l,10 ER' N (AA,D) EL3
!'OLRNALS (, (-,0),-) SHN,1O) ER' W4 (AA.0) EL3 (Z)4:,(Z.O) S)

JIUDEA (. (-.0),-) SH 101 LIWV (3 (-0).-) (0,0) IV IH2
JUDICIAL (,- (-,0),-) 51:,13 UW3 4. (-,I- -) (0,0) ;H3 Sli EL3
JUILV (.- (-Y0).) SH,.O,0 AX' ; (AYLO) kYC {AYRO)
JUNE (.- (-.0),-) S14 10; (1H2 0) tW' (N.DX)
KARL (, 4-,0,-) (KO) AA3' E142 EL3
KEITH (,. (-.0),-) (KO) IV, TH (4H.0)
KEN (.- (-. (K,-) (i,0) E142! (N)XI
KEY (-- (-.04.-) .K,) IV'

KEVS C. (-.0),-) (K,.) IYV S (HHE)
KILL C. (-.0). 1 (K,O) il-i EL

KIN) (.- (-,0I,-) (KO) (AVI ,0) AVC' 1AYR.O) N (4.- (-.W.-) (0.0)
KINDS (.- (,01,-I (KID) (AYL,O) AVC (AYRO) N' LO.D) tZi4;,4Z.0) S)
KIO (.-- (-,M.-) K: (1143',1Y) N
KN '1'.,' (-.0) N OW'
KNOWLLEGE (-.0) N AA' El 3 Ii)i (. (-.0).-) SHI,21
KNOWN (-,0) N OW' (NDX)
KUGEL (.- (-.0).-) (K.0) UIW2' ý.- (-,0),-) (G,O; CL

LABS (-,0) L A[, (I (-.0).-:41) (8O) (Z ',,(Z,0) S5
LAMqiD)A (-,0) L A[ M 4. (-.0),-) (0.0) (A4.;H)
LAINGUACE (-.0) L (A-A,AEt1 NX .- (-,01,-,0) WH' IHi (.- -,0).-) (?H (SH IC,I0,),SH;,IO))
LA;GJAGFS (-,0, 1 (AA,AE4) NI) 4.- (-.0.-0) W/lU IH ( (-.0),-) (ZH (SHN, IOO),SH!,10)) 11-12,l3,61 (Z6 4;.(ZO) S)
LARGE (-.0) L AA R CP- (-.0),-) SH (HII.0)
LAST (-0) L A['S -I S 41f.0)
LATLY (-.0) (1,12?) (.VL.) EYC' (EYRO) (.- (-.0),-i (T (-,0),0) L IV
LATEST (-,0) L (EYLO) EVC' (EYR.O) (,- (-.0).-j4;) (T,0,D>X) IH4 S -)4) (T,O)
LAURENT (-.0) L AA4 ER2' DIO N (. (-,0).-) (7,0)
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ELARNING (-,O) L2 ER, N IH7 NX
S( C TUR r (.0) L Ell (.- (-.0),-) SI,10I ER (Z14,,(Z,O) S)

LEE (-.0) L IV'
LENAT (-.0) L AA21 (NOX) A142 ((.- (-.O).-14) (T,O),DX)

LEONARD (-,0) L AA2 EN' ER (.- (-0),-) (D.O0),DX)
LES (-.0) L U0,l11 S (OIi.)
LESSEN (-.0) L All' S ER2

LEI (-.0) L A142' (,- (-.,),-4-) (T.0),0X)
LET'S (-.0) L AH2' - (-.0).-) S (1*1,0)
LEXICOMETWY (-.0) L Eli (. (-.0).-) S IH2' (.- (-,0),-) (K,O) AA M UH4 (-.0),-) DR R IV2
LIGHT (-0) L (AYL,O) AYC! (AYRO) ((.- (-,0),-(4.) (T.0).DX)
LIKE (-.0) L (AYL,0) AVC' (AYRO) (.- (-,0),-{4I) (KO)
LIMIT (-,0) L iH M UH41 (C.. (-.0),-J44) (T,O),DX)
LIMITED (-,0) L iH M UL44 CC.- (-.0),-) (T,D,O), GX) 1H4 (P- (-.0),-) (0,0)
LINDA (-,0) L 1H6 NJ (- (-,O).-,D) (D0O) UH4
LINE (-0) L (AVL.0) AVYC (AVR,0) (N.DX)
L LINEAR (-0) L 1143' N IY ER
LINGUISTICS (-,(I) L IH13 NX (- (-.0),-1 W'iH 1H S - T IH3 0- (-.0),-) S (HH,0)
LISP (-,0) L IH6f S - (P,(
LIST (-,0) L IH6 (Z[41,1.70) S) (T.0),G)
LISTED (-,0) l IH6' S - T (IX.IH4) (. (-.0),-) (O,1H,0)
LISTING (-.0) L U14 S - l' (il13.IV) NX
LOCATION (-.0) L OW3 -- (-.0).-) (KO) (F:VL.0) EV'P (EYQ,0) SH Ilib N
LOCATIONS (-,) L OW (,- (-,0),-) (KO) (FY,O) EVC' (EVR,O) SH 1115 N (ZI4},(Z,0) S)
LOGIC (-.0) L AO (. (-,0).-) SHl',I 14; 3 (.- (-.0).-:4'i) (K.0)
LOGICAL (-,0) L AOO (.- (-,0).-) Skl;.'., IH3 -- -.0).-) (K.O) EL

ONC (-.0) L2 0W4' NX

LOSING (-.0) L UW3' {ZI4,.(7_.0) S (11t3.IY) NX
tOW (-.0) L OW
MAC(INr,' (-.0) M IH5 SHN V (N,I)DX)
MACF'kr•iS (-.0) M ;HS SHN IV N (04;.(Z.0) S)
MACRO (-.0) M Al r, 0- (-W, O-) (K.OP R OW

;A[ELi IN (, A (-) A (-0),-) (O,0,-,0X) AH EL i1G (N.AOX)

MAGAZINES (-.0) M P( 'I (- (-,0),-) (G,O) IH4 (Zý4:.,(.0) S: iV N (Zj4;,(Z,0) S)
MAE (-,0) ML (E ) EC EY ) .- (-.0),-4) (K,O)
MANA•C;-ML-lt (-.0' 1A Ar.i (DX,N) EH2N SH:.81 hi EH2 N (.- (-,0),-4,.) (T,O),DX)
MANIPULATING (-,0) M P(01 N [H3 C- (-.0),-) P Y UH2 L (EVL,O) EYC' (EYR,0) ((.- (-,0),-) T,DX) (IH3,1Y) NX
MANIPULATORS (-,0) M I5 N Il3 (- -,0),-) P V UW2 L (EYL,O) ZYC' (EYRO) ((.- (-,0),-) TDX) ER (Z{4'.(Z,O) S)
MANNA (-,0) M AA' N AA
"MANTPA (-.0) M AO N1 I- (-0),-) R !H2
: MANIY (-.0) M (E1h2,.IH3) (NDX) IYV
MAFP;NG (-.0) M AL5 ( -.0),-) P (IH3,Y) NX
MAR2CHi (-.0) M APA R (,- (-.0),-) SH (HH,0)
"MARKET (-.C) 1A A.A2 ER2 .- (-,0'.-) (KO) !H3 ((- (-,0),-14) (T.0),DX)
MATR (-.0) M PA' ER2
MOASLAND (-.01 L A0 ER (AO 4,EZPO) S) L ULri' N (- (-.0),-.0) (0.0)
MARTELLI (-,0J M FP2' (C.- (-.0).-) EL3 iV2
MAr.VIN (-.0) M PAJ R1 V IH (N,I)X)
MARY (-,0) M A[-2' FI4 IY2
MASINTER (-,0) M UHf) S EH2, N (- (-.0),-) TDX) ER
MASSACfUSETTS (-.0) M ArE S IH5 o- (-.0).-) W.1, UW3 S 14 C S (1,4,0)
MATCHING (-.0) N4 A[-, (- (-.0).-) SA4,10I IH'I NX

MAY (-.0) JA (EYL.0) EYC EVR'
MCCARTHY (-.0) M Afk`5 (-.),.-) (K,O) AA31 ER2 TH iV
MCCORDLICK (-,0) M (- (-.0),-) 1K.0) AA41 ER (.- O,:-0).- 0,0X) iH8 0- (-,O),-{ý4) (KO)
MC)EIMOIT (-.0) M 113 (- (-,0),-) DR ER M [114 (.- (-.Cn.-) (T,O

"NA E (-,O) M Iv'
L.AN]INC (-,0) M ;V NJ (IH3.1V) NX
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DictE anary

M[ A1S (-AN) M IV N, (Z,4,,(?,O) S)
Mf.01:AL (-,O) M IH (U- (-.0),-) (0 0),DX) 1112 ( ,-,0),-141) (KO) EL
Mi(- )N( (-,0) M IV, ((.- (-,0),-) TDX) IH7 NX

M fA•I NGS (-.0) M IYi ((.- (-.0),-) ODX) IH7 NX (Z, 1,S))
MU- I APE (-.0) M AA2 EL3' G- (-,01,-) S ER
MEIMOPIES (-,0) M EH2' M (OW4,0) (R.F42) iY2 (Z(S,0),S)
MFMO•PV (-,0) M EH2' M (OW4,0) (N,ER2) IY2
MENTION (-,0) M (EH2,|H) N1 ( -, (..0),-.0) SH1,101 1145 N
MFNTIONED (-,0) M (EH2,1H) N1 U- (-,0),-,0) SH[,10 IH5 N ((- (-,0).-i4}) (DO),DX)
MENTIONING (-.0) M (EI4.,IH) N (- (-,0),-.0) SH 15I1 N (UH3,IY) NX
MENTIONS (-,0) M (EH2.1H) N' U- (-,0),-,O) SH 1113 N (Z,4,,(Z,0) S)
MFNJ (-.0) A EH2' N V (AX,Il7)
MENUS.I (-,0) M £142' N V 1107 (Z4C,(Z.0) S)
ME', A. SYMBOLIC (-,0) M £H ((o- (-.0),-) TOX 14H3 S IHS' M ((.- (-,0),-14)) (6.0),B) AGO EL IH3 (-- (-,0).-A4)) (KO)
.MVIAMATHEI4MICS (-.0) M EH ((- (-,0).-) TDX) H15 M AF TH AH2 M! AES (-- (-,0),-) TOX) IH3 (- (-,0),-) S (HH,0)
MEtI HODS (-.0) M EH2 TH IH4 (.- (-.0).-) S (HH,O)
MICHAEL (-,0) M (AYL,O) AVC! (AYR.0) 1- (-.0),-) (KO? EL
MICHALSKI (-,0) M I1I (.- (-,01.-) (K.0) AO' EL S - (KO) IV
MICHIE (-.0) M 1142 .- (-0,),-) Si,81: IV
MIKE (-,0) M (AYL,O) AYC, (AYR,0) I- (-,0),-t4;) (K,O)
"MINJIhtAL (-,0) M 1143 N 114' K' EL2
MINKEW (-,0) M 1142' NX (- ,.0).-) K(KO) :ER2
MINSKY (-.0) M I1)3 N S - (K.0) IV'
MITCHELL. (-,0) M 1143 (.- (-,0),-) SH).IO} EL3
Mi ISP (-,0) EHNI M (-.0) L IHG1 - (P.0)

KMi ISP2 (-,0) Eli-4 M (-.0) L IHG1 S - T iH2 UW (UW2,0)
"MODEL (-.0) M AA' (i(- (-,0),-) D,DX) EL2
MODEL ING (-,0) M AA' (- (-,0).-) .0DX) EL (]H3.1Y) NX
MODELS (-,0) Mi (AO.AA) ((. (-.0),-) D.D0) EL31 (Z:4ý,iZ,O) S)
MONITOR (-,0) M AA N UH' ((- (-,0),-) TOX) (F14.0) ER
MONKFV (-.0) (K),M)) LI2 NX U- (-.0),-) (K.0) !V
MONTH (-.0) M (AA',tIH2') N (H (-,0),-,0 H T .(Ht,0)
MONTHS (-,0) M (AA1,|IIH2') N U- (-,0),-.0) (T,0,Tfi) S (NH.O)
M()P[ 0(-.) M AAf,' IR2
MOST (-.0) IA)40Vf S -41' (TO)
MOrOW (-,0) M) AA S - T (AWL.O) AWC' (AWR,O)
MOTION (-,O) M OW SF1 I141 N
MO\VE- (-.0) M IJW2' V C. 0)
MOV.MI.NM S (-.0) M UW2 V M EtI2 N (- (-.0),-) S (HH,O)
MOVIES (-,0) M UW2 V1 IV (Z,4:,(2.0) S)
M))LjrIL[E{,I/ (-.0) M EL (-- (( - (T,0•,DX) IY i EH VF EL
MOI .TPROCLSS (-,0) M OW4 EL2 ((- -. 0),-;4;) (T,O),DX) iv (.- (-.0),-) (P R,PR (R,O)) AO S IH7 S (HH,0)
MI)SIC (-,0) M (Y.0) IV F141 (Z4;4,(7.0) S) IH4 (.- (-.0),-'41) (K,O)
MtjUT (-.0) M UH2N S -:4: (T.O)

MYSELi (-.0) M (AYL.O) AYC (AYR,0) S Ali?' EL F (HFiT)
NA[;t (-.0) N (CYLO) VYC' 1EYR.0) (.- (-,01,-i ,0) EL
NASh WI-ER (,0) N AC .x SH W E013' 1- (-,0),-H4.) (1",0) EQ

ON- IGNAJ ( - N AC5 SH 11-14 N CL9
NATURAL (-,0) N A ý,( -((-,0-) Ssii,iO; ER2 EL3
NEIS (-,0) N AN?2'36} (- (-.0).-) S (HH.0)
NE i WORK (-.0) N £112 (- (-.0),-) (T -,0) W (AA4,0) ER2 (.- (-,0).-(4!) (K.0)
NETWORKS (-.0) N EH2 .- (-.0).-) (T -.0W W ER2' (.- (-,0).-) S (HH.0)
NEURAL (-.0) N AA4, (R,E?2) E1 2
NEW (-.0) N (IH2,0) UW1 (UIW2,G)
NEWaORN (-.0) N (IH(3,0) UW' (- (-.0),-i4) (8,0) AA4 ER2 (N,DX)
NEWCOMER (-,0) N (UH3,O) IAW' (- (-.0),-) (K.O) AA M ER
NEWELL (-,0) N (IHS,(IH,O) U\W21 10,301 EL
NEWEST ,-.0) N UW IH' S -j4} (T.0)
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N[WFV (-,0) N (U)4,O) uW', IV
NEWSL(CTTEhR (-.0) N IH51 (LU,3,0) (1!4,(?.0) S) L EH2 ((,- (-.0),-) TDX) ER
NEXT (-.0) N ElI' (.- (-,0).-) S - (T,0)
N1i (-.0) EN (AYL,O) AVC, (AVR,O) (EYL.0) EVC (EYRO) (.- (-,0),-) SN (HH.0)
:NIL G.(- ,0) N IN31 EL (Z2 4,,(,7..0) e)

NILSSON (-G,) N IV EL: (-,0) S ULt) (N, DX)
NINE (-.0) N (AYL.0) AYC (AYR.0) N,
NINF-LLN (-,0) N (AV(.0) AVC (AYR,0) N ((.- (-,0)-) TDX) IV' (N.OX)
NINETV (-.0) N (AYL.O) AVC (AYR.0) N (C.- (-,0).-) TDX) IYI
NO (-.,; N OW4'
NOMINATING (-,0) N AA M UH N iEVL,0) EVC' (EVR.0) ((- (-.0).-) T,DX) (IH3,IV) NX
NOEUlNATION (-.0) N AA M UH N (CYLO) EyC' (EYRO,) SH JH5 N
NOMINEES (-.0) N AA M UHN N IY (Z,4.,(Z.O) S)
NON- INDEPENDENT

(-,0) N AA N IH3 N ((.- (.-.0),-) D.DX) IH3' 1.- (-.0,-) P EH2 N ((.- (-.0),-,0) D.DX,0) IH2 N ((.- (-,0),-14;) (T,0),DX)
NONDETENI-ANISTIC

(-.0) N AM2 N ((.- (-,0),-) D,0X) IVt [.- (-M0),-) (DRT) ER M IH7 N IH3 S - " 13 - (-,0),-141) (KO)
NOR• (-,0) N AA4, ER2 IV
NORMAN (-.0) N OW01 ER2 M UH (NOX)
NOT (-.o) N AA' ((.- (-,0),-I4) (T,O),DX)
NOTES (-,O N OW' (.- (-.0),-) S (HNo)
NOVLMHER (-.0) N OWl V EH3 M (- (-,0),-{4)) (8,0) (L,.,AH3)
NRL (-.0) FEH N.EN) AA3 E2'1 EH EL
OBJECT (-.0) AO D. (-.0).-) SHE,s,8 IH2':.,4) ((o- (-.0).-)4!) (T,0),DX)
OBJECTS (-.0) AO (.- D -,0),-) SHS' IH2'-,14) .- (-.0,-) S (iH,0)
OCTODEIR (-,0) AA2 ((. (-,0),-) TDX) OW' (.- (-,0),-14') (8,0) EW
OF (-,0) ((JKLN?2) V'
OHLANDER (-.0) OW FE2' AE4 N ((.- (-,0),- DX) ER
OK (-.G) OW t- (-,0),-) (K,o) (VYL.0) EYCI (EYRO)
OLDEST (-.0) OW' EL ((i- (-,0),-) (0,o).nx) IH6 S -k4} (T.o)
ON (-.O) AA2? (N.OX)
ON-LINE (-,0) AA N L2 (AYL,C) AVC, (ACAO) )N,0DX}
ONE (-,0) W AA4' ('N.OX)
ONES (-,0) W AA' N (7.4;,(7,0) S)
ONLY (-.0) OW4' N2 L2 IV
ONTOGECN' (-,O) E[lH N (.- (-.0),-) T AD, 6. (-,0),-.0) SF,8; Ih45 N IV
OPERA7I Jt.AL (-.0) AD (. (-.0),-) (P,.0 ER2 (-VL.0) EYC, CEYRO) SH (|H5 N.EN) EL2
OP.CIMAL (-.0) AA ((,- (-.0),-) TDX) 11IG MI F.2
OPTIMI.7.F (-,0) AA (.- (-.0).-) T 1I6 M (AYLO) AYC' (AYR.0) (Z:41.(Z.0) 5) - (0,0)
OR (-,0) (OW:4,AA"1,(.) [l?;'.,
ORiEIE (-,0) UW4 ER' I(,- (-,o)-) D,DX) ER
ORDERS (-.0) UW4 FRI ((- (-.-) D,DX) ER (Z,4:.(Z.O, S)
ORI;,AN)ZATION (-.0) AA4 FIR (.- -,0)-) (G.0) lH3 N IH6 (Z,•,Z.0) S) tEVL.O) EVC' (EYR,O) SH IH5 N
ORIENTED (-,0) UW4 ER?2 IV EH2 N (() (-.0),-) TDXl IH4 (_ (-,0),-) (0,0)
OUR (-.0) (AA3.(AWI ,0) AWC tAWR.0)) ER'
OUpsE(.V&S (-,0) AA Q S EH2 (L! 1'.) (V.,-) (G?4',(Z.0) S)
0V WRi AYS (-.0) OW V ER L (EVL,0) EYC (EVR.O) (Zý4:,.(.0) S)
PACKET (.- (-,0).-) P AL3' - (-,),-) (K.0) IH3 ((,- (-,0),-l4!) (.0).DX)
PAIR (,- (-,0).-) P EH' ER
PAt.(E- A (. (-,0),-) P A[' (M.-) AA ELIi AA4
PAPER (- (-.0),-) P (EVL.0) EVC' (EYR,0) C -,),-) (P.O)
PAPERS (,- (-.0).-) P (EVL.O) EYCI (EYR.0; (C- (-,0),-) (P.(,0 ER (Z;4;.(Z,O) 5)
PAPERI (.- (-,0).-) P AL3' .- (-.0),-) (P.0) ER (- (-.0).-) T,0)
PARALLEl ISM (- (-,0). ) P E113 ER UII2 EL31 EL IHG (Zj4,.(Z.G) S) dH6 MEM)
PARANOIA G0- (-),-) (P,O) ER UH N (O\'L.0) OVC' (OYRO) NH2
PARAPHRASE ( P (-,0).-) p AL? EP (AXO) F Z (Vi C', •VC' (EVY.0) (Z;4,Z.0) S)
PAROV (.- -,0.- P A[2 ER! 512
PARTIAL P.- 4-0)-) p AA3 ER Si':,,10 IH EL
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PASCAL (- (-.0).- P AE'' '1 - (W.O) AE EL3
PAT (.- (-.0),-) P ADI ((.- (-.0.',4)) (T.0),DX)

PATHFINDER (- (-,0),-) P ACA TH F (AYLO) AYC' (AYR,o) N ((. (-,0),-) D.DX) IR
PA! T(E N (- (--0),-) P AE' (X,(L-- (-.0),-) TDO) ) ER (NOX)
PEARL (-- (--0),- (PpO) kR2 F.i.2
PERCEPTION (.- (-.0),-) (P.)) FR k EU•' ( (-,1),-) SHI 10 1115 N
PFPCEPTRCINS (- (-.0),-) (P,O) FR S El' (,- (-.0),-) DR R AA N (7;4:.(ZO) S)

WPRIORMA CE (.- (-.0).-) (P.0) UR? F AA4' ER2 M UH N S (HHO)
PENRY (.- (-,0).-) P EH3 ER, IV
"PITER 4.- (-,0),-) P IV' ((,- (-.0).-) TDX) (EHILO) ER
PHOTOGRAMME)WV (-,0) F OW ((- (-.0),-) T.DX) IH8 (.- (-0).-) (G.O) R AE M 1H7T (.- (-.0),-) DR R IV2
P1IPASE (-.0) F P (fYL,0) EVC; (YYP.O) (7(4,(Z.O) S)

PIHPA¶ES (-.0) F R (EYL,O) LVC; (EYl,O) (Z,,4.(Z.0) S) 1H (Zj4',(?,O) S)
PIIvTICIANS, (-,0) F IX (Z;4;,(7_0) S) IH' SH I15 N (Z4•.(7_-0) S'

PICTURE £.- (-,0),-) P IH3 (.- (-,0),-) SH{,IO ER
PI[(Ct 4.- (-P0),-) P IV' S (HH,4 )

PINGL (.- (-,0),-) P (Ill3.IV) W~x (. (-.0).-) (G,0> EL1'
PLtAN(ES (,- (-.0),- (P L,PL (L,O)) (FVL.O) EYC (EYRO) N (Z'4,,(ZO) S)
PLA0INER-LIKE (.- (-.0.-) 'P LPL (L,O)) AF' (DXN) ER (EL.L) (AVL,O) AYC' (AYR.0) (,- (-.0),-{4)) (Kvo)

- I ATMN ING (.- (-0),-) P L.PL L,O)) A15' (OX.N) (113,1Y) M.(
S-PL,'.- (-.0).-) (p L,PL (LO)) AC5' N IZ'4;.(Z.0) S)
PLA'/ING 4.- (-.0).-) (P L.P. 1,0), (EYL.0) EVC' (EYR.o) (OH3,IY) NX
PLFASE 4.- (-,0),- tP (L,L2,P1. (L.0)) IV, (Z,4:,Z.0) S)

"i POKE4 (,- (-,0),-) P OW (. (-,0),-} (K,o) ER
POLYHEI)RA (. -. 0).-) P AO EL UH4 iV SH,.O) ;13 id2
PR[ DIC;,Il c ,- (-,cA,- 'P R.PR (Ri,(;) EH4• 0.- (-,0).-) (0,0) DX) iH3 (- (-.0),-) K.O) 1H3 4).- (-.0),-14)) (T.O OX)
PREI{ ()I."gT]AL 4.- (-.0),-) (P U.PR (R.0 EH3' F E12 EH N 4.- (-,0,-0) SH:,) EL3
PRESENT ( P (-.0).- R (P,PR (R.OK. IHS' (Z14ý,iZ.O S) EH2 N (.- (-.0).-[41) (T,O).DX)
PRICE ( P (-0).-) (P RPp (1.0)) (AYL.O) AYC' (AYRP.) S (HH,0)
PRICE'S 4- (-,0).-) (P UP. (OM) 9AYL.O) AVC' (AYVR,O S IH4 (Z(4,,(Z.O) S)
PR1•MTiVEs (. (-,),-) (P PYR (R.M) iH M AX .- (-.0),-) I iX V (Z:4,.(Z,O) S)
PRINT (-.0).-) (P R.PR (ROY. (1M2,IH8) N' ((.- (-,0),-141) (T,O).LOX
PRINTED 4. (-.0',-i (P P.Pq (W.,) C)142.Ar.41 N tk.- (-,0),-T TX) IX (1 - (-,0).-) (DO)
PRINT f,'G (- (-.0),-) (P R.PR (Piy) (H2'.AE' ) N 1(.- (-.0),-) T.DX) IH5 NY
PROBL[-I C.- (-,0(,-) (P Q.," 9 (Pp., (.- (-,0),-4'.) (B,j"- -i !M

PPOBLf . .- (-,M),-) (P i,PR (RW(,', A-A i. t-.0),-:4", (8.0) LL M (Z;4t,(Z.0) S)
PROCEDIJ.AL (. (-.0),-) (P,0) R2 S IV (. (-.0),-) SHI10) ER21 EL
PRSCLI)IJUI ; 4- (-.0),-) ' 'R AX'. 1) S IV (- (-,O.,-) Sh,.10: ER 2143.3) S)
Ppo(:Ol f.}ING ( P (-.0q,- ' ( AX' ER) S IV C'- (-,G). ý O,0).DX) i[4 NX
PRCCLI[))INGS (. (-.0),-) P (P AX, E; R, } . (-. 1;.0),i.DX IH5 NX (Z14}.(Z.0) Si
-tcro I . .- (-..),-s (P PMP (P.O,' AO S ]it' S iV.!Xi (y1'.:20) 5)

P C(IA...;IN(, (. (-.0) p-} (P R.P. (P.).') AA' S DiG S ,I3;Y) .\)

1I'RCD JCU (. (,0),-) P (P AX', F1) ((- (-.0).-) ,,,O),I0 ) UW 5 (i-,.
PPODuCFi) .- (-r)-) P io J.X. Eo) (k- (-,0),-) ,0),DX L-•W S -- 4: (T,O)
PRODUCTION M. (-,0), (P,0W I " ( ( 0.-,o).DX) AA2 . .- (,0,-) SH' IHi4 (N.DX)
PROPtCTIVITY 4. (-,:).-):P PP (P,() AAS1(4.- (-,0),-) .DX) All '- (-,0),-) T !H3 V IH(4.- (-.0).-) T.OX) IV

PPOR,,AM (t (-.0.-) (P 4, P q(P.01 UW4 (-(-.0),-) WC' W Ar '.4
PIOR;%PAM4IN(; (. .. O-' ,04 •R.0)' U\. 4. (-.0),-) A(O; ' 2 A(.'A IHS.M 1) NX
PPOC;IAMS R. (mE,.- .i' .?.TR(P,('' OW ).- (-.0S,- tG'2) ) A-5 M (?4),(2_,) 5)
P'ROLIW I ; (- R-,Oi,- l PF 1,OP ,), AO: - -... _ G,O) P E(N' S (H.O)
PRG)CO (.- (-('A.-' wP F.PI•P (P.(' u F )hlt.O)
m'PpCC1 ).( (-,').-' P R,Pq kR. , tJ\% F S (iNO)

PRI• 'P OTIES 4.- U,0),- (P P.P.' ,O IO- (-,2)-) (Po; E . ý- (-,0).-) T.DX) IV (Zt4,,(Z.0) S)
PPOTOCOL (,- (-.0).-) (P QPR (H.- O\V (U, -0).-) T,OX Ow, 4- ,-,0),-) (K.0) AO EL

"PROTOCOLS '- (-,0),-) kP P.PQ ,,,, Oc\ H(- "-,C-) TOX) O•,v1 K.0-,0),-) [KO AO EL Z(!4;.(Z.0) S)
PpOVIR 4.- (-,0).-' P R•PR it.0 UW2' V ER2
PwROVIXG ( -. )- Up P 1 .,;',\%(' v 1w)4 '0
.. v , Ur.:OV Or ,O S (AVy, r AvO Y OVý,n -i - K (0 GO i FW(i t1 i!H4 . (-)-. SH iY
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•I ,

PUBLISH (,- (-.0).) (P0l) (tJH2,AO) (.- (-,,-4i) (R~1', t ]I4' SW (HH.0)

PUBLISHED (.-,0),-) (P,( ( 2,AO) .(-.0),-:4,1) R,O) L IHi,' SN (D.O)
PURBLISHEQ C.- (-,0).-) (PO) 0(,21,)O) (.- C-,0),-{4) (8,n) L IH2' SN ER
PUBLISHERS (.- (-,O),- (P.0) (Ii),2,AO) (.- (-,0),-14,1) (8.0) L IH2; SH ER CZ414,(ZO) S)

1- ~~~PUJRPOSE (. -0,)(P.0I) EW/. (.- (-.0).-) P LH4 S (HR,0
PUTNAMA(. (-.0o-) P AA, (.- (-.0).-) N UI44 m
QUERIES (.- (-.0),-) WH IY3 (ER (R,(i).R) 1Y2' 1Z{41.(Z.O) S)
QUESTION 0. (-,0),-) vWH EH3' S (-,0) SH 1145 N
QUIT G.- (-0).- H DIO ' k(- (-,0/,1-'4') (T,O).DX)
0UOT (E- (-,0).-) V,'H OW, (.- (-,0),-1,) T,O),DX)
QUOTED .O (-,0)-) W l OW' ((--.o).-) -1.0)DX) IX (.- (-,0),-) (0,0)
RADIO (-.0) 9 (EYL.O) LYC (LYR,O) (.- (-.0)%-) COX) IV OW
-RAJ (-,0) P A01 /ii

RALSTON (-,0) R AO EL?' S - I T1 (N, OX)
PAIIA). (-,0) R AAl N AA2 (N,DX)
RAPHAEL (-,0) Q At 41 F IV2 EL;4

RAVL4,). (-,0) R (FVL,O) EVC' (EYPO) M UN N (.- (-,0),-) (0,0)
Pf AL-WOiLID (-,0) R IV? EL (-,0) W LR21 EL (.- (-.0).-) 10,O)
RI:ASONING (-,0) R IV, (Zj4:.(2.0) S) (Il)310) N (iU3.iV) NX
RF.CFTNT (-,0) R IV2' S (015 N,f)N) (1. (-,0),-'4:) (T.0),DX)

PRCcENTLV (-,0) R P121 S (IHG N,•) ( G- (-.0),-;41) (T,0),D0) L IY
RI'COLiNITION (-,0) R EH31 (- (-.0),-1 (K,0) IX (.- (-.0).-) N IH3 SH IH5 N
tI:t))DV (-,0) R:. 151 EH21 ((.- (-.0),-) (0.00).X) Iy
RI:DLICTrON (-,0) P IV2 ((.- (-,0),-) D.DX) AAZ' (- (-.0).-) SH I145 N
PIHI' ,O R Iv (_ (-,0).-) (DAO

RI:) 1It! (-,0) (R.M IY21 (-.0) F EP
Pif11)F! h'C[ (-,0) Q EH3' (-.0) F ER N S (Hit,0)
REF..11 hCEi) (-,0) 1 EH3' (-,0) F ER N S -14;. (T.O)

RI F I Mit.•CLS (-.0) Q EH3i (-.0) F ER N S IfiG (Z;4X,(Z.0) S)
PLFI -_F.D R-,0) ! YV21 _-..0) F ER 0- (-,0),-) (0,0)

nRFERRING (-.0) R IV2' (..0) F ER (IH3.1y.0) NX

REGARDING (-.0) R IV2, (.- (-,0).-) (C.,0) AA2 EP (DX.0) IH5 NX
RLGION (-,o R IY' .- (-.Ot.-) SH.R) I4-5 N
.RGULARLY (-.0) R Eu (.E (-,0),-) (.O)(Y,O) UW (ELL) ER L IV

RELITER (-.0) R !I11 (.- (-.0),-) TDX) ER
PEi ATE (-.0) R (IH3.1Y2) L (EVL,O) EYC EVYP' (- (-.O),-4:) (TO),D)O

RELATED (-,0) R (OH3.1V2) L (EYLEO) EYC EVR, (. (-.0),-) TDX) (IHd3IX) C.- (-.0).-) (,0DKO)

RELATES (-,0) R (IH3,IV2) L (EYL.0) EYC EVYR .-- (-.0).-) S ((HO)
RE) ATIONAL (-.0) R IV L (EYL.O) EVC, (EYR.O) SH N EL
REi ( AS[O (-.0) R (GH3IY2) L IV' S -W (T.0)
REPOTT (-.01 R 1)43 (. (-,0),-) P AA•f ER (-,O,,-044) (T,O).)X)
ri"GI.R (-.M) R 11)3 (. (-.0),-) P AA4, ER (E - (-.0),-) 1OX) EP

PFPCPTFRS (-.0) R (IH3,1V2) (..0 (-.),-) P OW, EQ2 ((. (-,0),-) T,DX) ER (Z{4I,(Z,0) S)

WRPORTS (-0) P43 (-. ).-) P OW' (R,ER2) (.- (-.0),-) S (HH,O)

REPRESCIUTATION(-,() R EH3 4.- (-.0),-) (P RPR (W.10) 1H2' (Z{4:.(7,0) S) IN4 N .- (-,0),-) T (EVL,O) EVC (E•V.,0) !H I1'5 N
REPRESENTIN'G (-,0) ? EH3 ( W- (-.0),-) (P R,PR (.0)) 1P12' (Zý4,.(Z.0) S) EH2 N ((.- (-,0),-) T,DX) (IH3.IY) NX
REOUE.;i (-.0) R (IH3.IV2.) (- (-,0),-) (K,o) OW AE S -14; (T,0)

RFSEARCH (-,0) R IV S ER' (- (-.0).-) SI1,201

iR.Sr)LUTION (-.0) R 1116' (214,.(7.0) S) UH2 (EUl,) 0W2 Sl IM5 N
RF.!1OURCE '-,0) R IV S UW14' ER S (HH.O)
Rf-lI'4)PJ S (-.0) R (1143,17?) S - (P,O) AA' N S (-,)X) (Z4>.(Z,0) S)

W1 SITICY (-,0) P ()'43,1v?) S (-,0) 0(0 (P.0), R) I?2, ((- (-.0),-W4}) (T,O.,DX)

RPTW)IVAL (-.0) W (PlW)IV2),FR3) (.- (-.0',-.0) (SHI'I,)O}.)P) (P.0) IV2' V L/W EL
pfREIRIEVE (-.0) P U4H3.IV2) (,- (-,0).-) (SH11.)O,T) R iV, V JF.OR

RFvIEV,0/1 (-.0) R (1113iV2) (.-.v) (I•Ol) IV UW (Zi4W.G(,O) S)

RHOMHLRG (-,C) R AA M ¼- C-,O),-4'.) (RO) ER2 (.- (-,0),-) (C,O)
RICH (-,0) P 1(3 (- (-.0I,-) SH) ;.O 10
RICHARD (-.0) P 1442' (.- '-.0),-) SHKIO} ER 1.- (-.0),-) (0,0)
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RICK (-,0) P :i) .- I -. 0',-l!) (K.0)

RIEGER (-.0) P IY2, (.- '-,0)-,) (G,0 ER
RIESHECK (-,C) R I S - (B8O) EHN (.- (-.0),-:4,) (K.0)
RISEIAN (-.0) Q (AYL.0) AYCI (AYRO) (24•,,(Z.O) S) M EH2 (NDX)

ROBERT (-.0) R AO, (1- (-,0).-;4o) (8.0) ER ((. (-.0),-(4}) (T.0),DX)
ROBOT (-,o) P OW (.- (-,0).-14;) (a,O) AOD , (-,O-4) (T,0),DX)

ROBOTIC (-.0) Q OW (.- (-,0).-{4) (B,0) AO1 (- (-,G),-) TDX) 113 (o. (-,O),-{4,' (K,O)

ROBOTICS (-,01 R OVi ( (-,0),-;4:', (8.O) AOi ((. (-.0),-) T,DX) IH3 (- (-.0),-) S (H4,O)
ROBOTS t-.0) Q OW (.- (-,0),-14:) (8.0) AA (-. (-.0),.. S (HH,0)
ROCHESTER (-,0) R AA (- -.O)-) Sh:,10 EN4 S - DR ER

ROGER (-.0) Q AO, (-.0).-) SHM,10} FR
RON (-.0) P AAN (NDX)

ROSENWFELT) (-,0C) R OW, (OW3,() (),"4:.,Z.0) S) 186 N (-.0) F EH4 EL (- (-,0).-) (0,DH,0)
RUBIN (-.0) Q U%',I (- (-,0),-:4;) (8,O) IN (N,0X)
RULE (-,0) R UJW2' FL

RULES (-.0) Q UwYa EL (2;4',(7.()) 3)
R1.1"FI hART (-.0) P AA M EL2 ( 0 }1,) AA3 EQ (- (-,0),-) (T.O)

RITCEGEP (-.0) R AA5 (11- (-,0),-) (G.O) ER, Cý41,Z.0) S)
IVCM•N1ER (-,0) R I' (- (-,0),-) N ER
S-I-GRAPHS (-,0) Ili? S All.' EL• (- (-.0).-) (G,O? R A[ F S (HIi,C)

SAC(I` I)OI 1 (-,0) S AL S " (-.0).-) (D,O)X) AO (4- (-.0),-) T,DX) IV
SAMM" Y (-,0) S AL5 M EM [ ,- (-,OX-( (TO)

qSAN1EWALL (-.0) S A[,' N (- (-.0).-) (0,0) W EL2

SATISFACTION (-,0) S A[ (T,DX) IX S F AC (,- (-,0),-) SH 115 N
SAY (-,0) S (FVL,0) EYC' (EYRo)
SCFNE (-,0) S IVI ANMX)

SCHAC-K (-.0) SH A[CS NN (- (-.0).-.0) (K.0)

SCIECrCE (-,0) S LAYLO) AYC' (AYIRO) IH5 N S (H(,0)
SCOTT (-,0) S - (K.0) AA31 (.- (-.0),-;4!) (TO),DX)

SSEARCH (-,0) S ER (-- (-.0),-) SH (H8),0)

SEE (-.0, S IV'
S Sg K (-,G) S (IViX') .- (-,O!,-:4:) (KO)
SFEKING (-,0) S (1Y.!%) (.- (-.0).-) (K.0) (13.13Y) NX
SEGM(I-NTATION (-,0) S EH2 (• (-.0),-) (GO.) M UHt) iN (C- (-,0),-) T (EVL,O) LYC (LYR,0) SH 15 N

SEL((:T (-,0) S )AX,!X) L EHI (.- (-.0).-k4!) (T.0),DX)

SELlZER (-,O) S EH EL21 (- (-0),-i S Ek
SEMANTIC (-,0) M II•c. M A[5 N 0.- (-.0).-) T,DX) IH3 (.- (-,0),-4) (K,O)

SEMANTICS (-,O) S 1h)6' M A[•i N )((-.0).-) LOX) 1H3 (.- ,-,0).-) S (HH.0)
SEN'SE (-,O) S EH N S (HH.O)
SENTEINCE (-,0) S (EH2 ,0- (-,0),-) E[N.Et42 N,EN) ' (-.0),-.o) T EN2 N) S' (Hl1.0)

SENTENCES (-.0) S (EH2 C.- (-.0).-) ENJ.(EN2 N.EN) (. (-.0),-.0) T EN2 N) S' IH6 (Z14W,(Z,0) S)
SEPTE HFR (-,0) 5 EH' . (-,0),-) T EH M (.- (-,Oh-;4t,) (8,0) EQ

SE1IAL (-.0) S IH2 ER IVY2 AM iL

SESSil}'D (-,0) S tAI2,FH) (.0.) SM' 'Hb N
SESS!ONS (-,0) S (AH2.FH.) (-,0) SH! 1iH N (Z:4:.(Z,0) S)

SEV[IN (-.0i S AlI2 VI Uh4 (N.OiX)
SEVl-W i.EN (-.0) c (AH2,FM) VI , ((,5FI,12) N,FN () (-,0).-) TDX) iV (NDX)
SEVFNMWY (-,O) S (Ah2,F'l VI ((1!i5,Td2) NFN) ((.- (-.0),-) iDX.0) IV

S'VfRAL (-.0) S Fh,2 Vi EL
SEVYM'OUR (-.0 S IV V, OW E[2
SHAPE (-.0) SH (EVLO) EYC' (EYR.0) (.- (-.0),-) (P.0)

SHiAW (-.O' S A(;[

511 (-.D) SH IVa
S Ii GOTý liN'C (-.0) Sol U,\V:? ((ý (-.0'1,01 T.DX) .;#43,jy) tux

SuiRTiLIFFE (-,0) Sli AJaG .,2 t- (-;,-) (TO) L "i1? F tmm,0)SHCUL1) t-,O St; (i:13.0) 0h-,,11..(,0- (0).00,X)

S.ioW (-.C) SM AkAS' (OWvo)
SIGART (-,0) S 11)3 C. (-,O),-) (;.0) AA3 (PC;, ((.- (-.0,-•) (T,O),DX)
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six) Ossy t-.0) 1; !H2 .- (-,0):-) 1 AAL2' S !Y
SIMON (-,) S (AYL,O) AVC' (AVR.0) M (UH2.1H3) (ND.D,

SIMULATION (-.0) S 1143 M V I);fl L (EVL.0) EYC' (EMR,0I Sh (IH5 N,!N)
SIMULTANEOLJS (-.0 S (AYL,O) AYC (AYR,O) M EL3 (,- (-,0),-) T (FYL,O) EVC (EYR,O) N IV IH3 S (HH,O)

SIlMi-LTANfOOSLV(-,0) S (AVL,O) AVCý (AYRO) M EL3 (.- (-.0).) T (EYL,0) EYC (EVR,G) N IY 1N3 S L IV
SINCE (-.0) S (1H3.1*4) N' S 4HH,0)

SIx (-.O) S !H31 (. (-.0),-) S (HKO)

SIXTEEN (-.0) S IM*, (- (-.0),-) S - T IV (N.DX)
SIXTY (-.O)S IH' (.- (.,),- S-T IV

SIZE (-,0) Sf (AVL,O) AVC (AYR,0) (ZQ41.(Z.0) S)

SLAGLE (-.0) S L (EVl.0) EYC (EYR.0) (.. (-,0),-) (GO) EL
SL.OW (-,0"- S L OW'
sMC (-,0) EN S EH21 M S IV
SMITH (-.0) S M 1i: H (1IO)

SNARING (-,0) S N (EYL,O) EVC, (EYQO) ER (I-3,1V) NX

so (-,0) S OWil
SOBEL (-.0) S ow'i ,. (-.3),-[4i) (RO, EL
"SOFTWARE (-.0) S AO, F 4 Oi (T.0) V/ ER2
SOLOWAY (-.0) S AO EL I UW2 W (1VL 0) EYC' (EYRO)
SOLUTIONS (-.0) S OW L, UW SH 1II5 N (Z{4".(Z.O) S)

SOLVING (-.0) S AA' EL2 V Ili5 NX
somr (-.0) S AA' M
SOmFTIH NG (-.0) S AA' M 7H (1)3.IV) NX

SOMFWHFRE (-.0) S AA, M W i.H3 ER

SORT (-.0) S LAYW, FR (C.- (-,.-1: (T.O).DX)

SORTS (-,O) S UW4, EQ (,- E -R0),-) S (HiLO)

SOURCES (-.0) S UWA ER S I14' (2:4:.(Z.0) S
SPAC(f. (-,0) S - (P.0) (FV.0) EVC, (EYR,0) S (HH,0)

SPANNING (-.0) S - (P."), AES (,4.()Xl (14,kIYV N
SK'l-LCH (-.0) S - (PO) IV, t,- (-,0) -) SH (H.1,0)

SPLE[l (-S0) 5 - (P,()) ly' (- (-.0).-) (0,0)
SPPOULL (-.0) S - (P R.PR (R,() A0 IL3

SRI (-.0) EN') S IkA2 ER2 fAVI,O) AVC, (AV2,0)

STAN, ORD (-,O) S - T A[5 N F ER (,- o-,0).-) (D,0)

STATE (-,O) S - T (EVL,O) EYC, (EYR,0) ((.- (-.0),-'4!) (T,O).DX)

STEREO (-.0) S - T IH3P ER :V2 OW
STEVE (-.0) S - T IV, V (F,0)

STOCHASTIC (-.O)S - T 1H3 (- (-.0).-) K.0) AEO' S - T IH3 (- (-,0.,-jC) (KO)

STOCK (-.0) S - T AC' (- (-,0).-'4)) (K,O)

STOP (-.) S - T AA' (. (-,0),-) (P.0)

STORAGE (-,0) S - T IW4; FR i2 - (-,0) -,0) (7 H (SH,0, SH)

STORED -.Z) S - T (AAG.t0, rW ,- (-,D),-) (0,0)
STOPR(S (-.0) S - T (AA4.ftO) CR' IV (z•.AZ.,O) S)

STOPY (-,0)S - T AC EP iY
STRUCTURE (-.0) S - OR R EH3 ( (-,0).-) Sh;.8: ER
SIPUCTURED (-.0) S - DR R EH3.- (-.0),-) SH,,8, ;R , (-,0).-) (,0),o.0)

STRUCTURES (-,n) S - ZR Q E3 ". (-,0),-) SHý,8, ER (ZI4:,Z,0) S)

STUDIES (-.0) S - I uH) t(.- (-.0).-) O.DXJ IV (Z:4,.(Z,G) S)
SUBJECT (-.0) S AA., ..- (-,0).-) Sl i13 ((!Q (-.0),-14:) (T.0),DO)

SUBJECIS (-,0) C AA, ( (-,0),-) SH 1143 ( 5 (-.0),-) S (HH,0)
SUBPROBLEM", (-.0) S U14" (- (-.0).-) (P PP9 QP)) AO' (,- (-.0).-'4ý ) (6,0) Ei L M (ZI4I,(Z.0) S)
SLUSELIIVCI (-.0) S A•A (- (-.O.;,, 8,0) S AX EL ER ((- 1.,) -!41) (T,O).DX)

SUBSVSTEM (-.0) S U10 (.- (-.0).-;4,, (F.0) S I*44 S - T (GtiG M.EM)
SU.MF)( (-.0) S U02, M IH2 ('- (-S0).-) 5 (HH,0)
SUMM.4ARIES (-.0) S U114, 'M P IV'2 (Z!4'.(7,01 S)

SUMM)kARY (-,0) S Ulis4 Im P IV2

SUNG (-,0) S UW.4 (NX
SUNSHINE (-.0) S Ul12 N S 4 (AYL.0) .tYC (AYR.0) (N CX)
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S.[I C(.,0) SNi ER 0
SUPNOTES (-.0) S (111.) EW N 0W2' DW( (-.,0),-) S (HS n'

SUpVt V (-.0) 5 EP v (i YL,0 EYC, (EvZ,0)
SUR)VEYVS (-,0) S EP V (EVL.0) EYC' (EYR.O) (141},(Z.O) 51

SUSSF x k-,o) S U1121 S 2It3 (.- (-.0).-) S
SUZUKI (-0 S i144 (Z;4'.ý,O) S) UW3, (- (-,0),-) (K,O) IV
SYK•S (-,0( S (AVLO.) MC, (AYR.CI (k (-.0).-) S (HPK0)

SYMBOL (-.o0 S IH5 M4 (- (-.0),-.8) (6.0) EL2
SVNCHRONIZATION (-.0) S W(43 N (- (-,C).-) K. ER N INH' (Z;4;.(Z.O) S) (EYL.O) FYC (EfYO) SN (I15 N,ENI)

SYNTACTIC (-.0) S 1;43 N (G (-.0).-) T AP, C(-.0)-) T 143 K
SVNTAX (-,O) S 1:43 N (C.- (-.0).-) T.OX) API (.- (-,0).-) 5 (Hi,0)

SVNTi[SIS (-.0) S jh45 1 T7H lH61 b :t4 S (MH.O)
SYNTHLYIS2E( (-.0) S IP5 N lH i.G S iAvL.o) AYC' (AYR,O) (Z;4z.iZ.O) S) ER
SYSTEM (-.; S ]H4l S - T (IliG )AJIO4)

SYSTEMS. (-,0) IH4, S - 7 IkHe m iz:4ý,,Z.0 S)
TAKE ((1 .- ,- TD)X( (CVL.0) FVC EYPI (.- :-,0),-:4ý) (K,.))

TAIES (.- (-.).-) T >DX) (A[.EVL EVC EVRý L ý2*,4:,tZ,O) S)
TA~t: (- (-,0,,-) T.DX) A[ S - (K.0)

TECH-1 1- -(-,;.- i,0X) E`0 (. (-.0),-> C (I H2. ) LiWl
TECHNICA 1(.- (-.0)-) T.DX) EH (- (-.0?-) (KW0> N 1( H (-0),- ((K0) Eý,

TECHNIQUES U.- -.C;.- T.11, Ex fH Co.,-) o'% NIY (I f - 0).-) =H.0 1

TECHNOLOGY (t,- (-.0),- TD>) .",3 (. (-.0).-i N AA EL3, U•,4 .- (-.0.-) SH;.82 IV
TED ((,- (-.0).-, i.DX; Ei,' t-.0).-) M.0)

=T t EOLOGICAL (- (-.0).-) T,0X) Iv? E, 'i ;h. EL3 AO (, (-.C',-• SH.B' ;H3 (- (-,0.) (G,K E1L2

IEMPORAL C(- (-.E).-) .)>X) £4' M • C. -.0).-,0< (P R.PQ (P•,0) OW4 E12

'EN ((,- (-.0),-) T, if) [H (N O)X,
---TERM AL - (-.0),-) DQ EQ2 &A (04C.h,2) %, EL2

TE,.,M}NALS (- (-.0;.,-) 7,r>) [C'2 (MhtA ' N 11.2 Z-.0: 4Z' 0) S)S~~TE PNONATE ,' (-,(j,-) T.•:)O [P. M• lib ,% rr,' ICY Cv, 'Y 3 (k- •-,01,,-:4:, (T,0).DX)(

TLWM!NAIION U- (-.0),-l T,>:.\- E hQ4. N jYJ- I EVC. [EYV.0* Si 1"5 N

TERRY (C,- •-,O),-) T.D0 ) A ?. ( 7 .1 ' IV2
"TEXT C.((- -C ,-) 7Al, i E0 t .C.-) S -A : O.0 p
TEXTt RE CC- (-0 ).-) T ,Xi Ci' i -. O.-) S (-.0)SHi :0:1

7, K(-.0 T ý A. ALr) to(, - ', .0(-)S if)'O

T-.0) CriUO AP" (,. (-.0)-:4) (T.O).;)X)

TwfAU)AATUPGIST (-.o) Th AA' M EP4-. S(-, ;W-.0'.-)SH:.9, w3 S - (0,1)

HTN P -. 01 H.04; Ato (2'R

TN) OPEM (-.0) ji I:,3 Fi ,4 ' N :

THiOV (-.0, U"' ;) V !.2',l.L'> EVP.

T h IPC 04 (- Tt 1 ) :'• ' W 4-.- -( 2.-) 1.> iv
IT.4I)TTV (Fo R-. 3..P, h- A 2.c ; E

II THEY -. D,• i YL.(l) Pi 'r t'•E P .0

TrIPTEEN (-.0- 7.0T-X) IY (N,S('X)

THOMAS ( T- .C T' /tA M lr,6 S I k 0)
THCO)P DVKL (- . TH A4' (02 5 (.- E.O-,-2 0 .D ; (AY Y ' V A O (f- A -Ct -A0 (K...)
THOSE (-I) (.H T ( )AA? ',,' S)
THOi GHT (-.C.) T-ti AO . -,

TNRUGH (-.0 IH Q L:W'
TIL ,.- (-.i,3-) .)>:)' /: KS
I ,m-. "•.ox AV7,.0 A-C, !AYP.O, m

T1 M, S C).-- ;- T,ZC . ', > AY2 LC, AyC (AYi.Col'. Z,-:.... "I

db



-oD chi, crlbry

TITI G0!. (-,0.- ,'X .A. ,0) AVC, (AVP,0) (.- ,-0).-) T,3X) iAh3,0) EL
TITLES ((- 0),-) T,OX) (AVLO) AYCI (AVP,0) (., (-,0),-) T,0X) (A13,0) EL (Z{40,(Z.O) S)
TO ( T--,,-( T,I) (X) llill,(H,) UW',IXQ)

PO'IC X`.- (,;. :. TrX: AAl (i (-,0),-) (P,0 )1H3 C.- 1-,0)-• , (KO)
TOPICC ,'- (-.O', .- T,fX) AO) C. C-.0).-) (P,O) Il3' - (-( 0),-) S (HH,0)
"TOPOLOL V (- (-,0',-) .DX) A0 1. (.0)-) P AU [130 UHI (.- (-,0),-) Sii101} IV

14TASACTION (- (-.0),-) ()1,H ,O,, (P•,0( AP' N S AE (.- (-,0),-) SH,81 11H5 N
-T1ANSACTICN5 C.- (-,0)-. '.W;,S: OP) (,0) ,4 N L AL - (-,0),-) SH{,8k Il5 ?4 ;Zj4),(7,0) S)
:T., (.- (-.P,-) •:,e:,DR (q,O) AE[: N S F ER2
TPANU. lION U- (-01,-) (SI1,R .0P) )P M) A[4: N S III SHW.8 IH5 N
I WAtm) I;" (+- (-.(.- .SH;,$:,Dj (•K) /iE41 N S hi (IH3,)H) (U- (-,0),-{41) (T,0),DX)
TPA;:M)TT,4G 0. CO)-) •:,,.DP) (Q.G'; AFA , z) .4 (iH3.IH) 0'- (-,0)-) T,DX) IH5 NX
T Q!! '(S ,-.O .-.) jH,8',,.R) (P,,9 V' 17Z4',(U?,C) S5
•T;•ObUL'.L C,- (-.O--) (SkAP) (Q.0) AAi ".- (-,0),-4) (80)0) EL
TC., (-,0: -) (:H7,:.nR) (R,P) tAiL0) AYC, (AVR.0)
."TOP (C- (-.,-) DX) U'V (4.- (-01,-) T.')Y) ER
TUTOR!AL ((- (-,).- T, DX' W3 (.- (-0),-) T.DX) AA4 EQ IVM EL3
70 ,'RING A(.- (-.O),-) T,DX) jW' 1,• (.0),-) 7,0.".) l (6H3.iY) NX
TV T. (- ( , ; ýT X) IV! V 1V2
TW(.VL V.- C-,0).-)• BX) VW AM, EL V (F,0)
TWrI\' Y (C..- .- ,)-) TDX' Ovt. EH' N (,i- ?-,0),-) T,DX,0'. IV

• . T~W (. ((D- -, -) ,:.) (;,12,0') Uv/' (UiW2,0))

YPES ((- :-,0l,-1 rDX) (AV(C.I AYC. (AYR,C) .- (-,0',-) S (HH,0)
U S (-.0) V LW EHi, ..'S Wi.0)

"•-P-UR (-,0) V UW%'V EP
UL tK4A;-. (-.0) fO LL M )W• ,N 1I)X)
UNCER.3TAN)ING (-.0) 1)!411 C-. (-0),.) (C.0).DX.0) EP3 S - T,-.T,0) A'A N ,.- (-.0),-) (D,O),DX.0) (MH3,1X) NX
uN 1 C OM (G,0I V UH! N, lei F AA4 ER2 (K,.-)
jNIVERSALS (-,0 Y iii4 N' Di3 V EQ.' S EL (Z141,(1.,o0 Z)
' UP (-.0) A421 ,- ( .-,"L- '.,

I~~~q ~(-.0, %.iGi1' HI 0.
IllF'- (-,( Y uVW "Z)4;,,7,0) S)SLJ~~~~SING (-0 ('''• Zý4: (7.0," S) (IV3.Y) UX

-Jq -.w)V U- L0-4i 3 Em S AA2 EP2
t,SO]:jAL LV (-,C,) V i;W :, (Zi (.,, EL2. IV

V\•PIETY (-.0) V LP2, (AV.: AYC, (AYRO) 13 (- (,0) T',DX) 'VY
VEIIif ICATION (-.') V FHir 04 !h r 1X,11, 3.- (-.0),-) ('(,S (LYL,0) VYC ';-.YR,0) SH CH5,IX) "N.i)X)

-- • ~ ~Vic (-,0)) .v~f ) h11., f..- -4:,',;

'IVILVI S (-.0) ,•.V) i UW L Z,.,:.'... '
ViSION i-, -, ') .V ' (. - ( .) )V ,-.'- . N
V VI S'AL (-.0) V 112, 1 -,0-.0- • ifl 1.,: 0) LUW2 E!
VO (I).i (-.0' V A!%- Y ;hi". N' "- :4. o•..A . '
WAi i)INCL'ER j-1b W A C) I[ -- (0,-) D.0X O hi12' N),E [k
VMA i V (-,) 'N AO; u 3 IV2
W AN' (-.01 W A" ,' (, (-.- .OC C TO)
v, (-. W, ;AA.t,H- .At' /-'.;)2,0) !)

WA S,4I (-.0 W.' 1-,1 (7;4'7,(/,) S' IiO , ((,- 1. 0,-)4') J.S pDX,
-- A A ),N C(- , V A MA' .0 ).-) S !i;;- N
W',Vktf ")RlS (-.0) 4 ([EV .0') 'C"O, V . AO P M ;Z,4', S)
W( (-.0) W% ,v-,'
Wt.",; (-0) W V' ( - (--.0),-) U;,0)
Wf 'L (-.1C W EH3, [R IO,•O:

Wf.'Vt -. 0) W IVY iV,.)
-I/LriK (-.0) W IV, (. (-,0),-:4ý) (KO)
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Appendix Ill-C-1. Al Retrieval Language Grammar: AIXF

<SLUTTLk-AN'Cb I ScS[NTENCE1>
cSA, THE

A
ANl

4ACQUWE., - HAV

suI
KNOW

.<AfrIL.A1 ION> - cADORECS/S>
<AFI.JLIATIONIS>

•--' <ADDRF!;.,/S,* , AO)DRISM;iS
:AODAFD!;IS

<AFF-ILIATION/5> , AFrILIATIONS
ArfI LIATION

-< AI> - A]
ARTIFICIAL IN ELLiGENCE

<AS ALSO-- •. <SALSO , I tS

1I) ACDIIIDN

_<SALSOh• I O,'JTCPICS> •-MWiv(JON> S-TOPICS,
:S.MN FION> .STOPICS> .- SALSO,
",$ALSO> -.4MfI]ON> <STOPICS.

<$MFITr1ON•- - CITE
__ __•.REI-tI ? ;0

<DICUSS/S>
CONCERN

CONTAIN THE PHRASE
DESCRIBE
RELAIT TO

•: •-SiA\') .$MF NTIONEDoHAVE,

,i <$TOPIC' ... .STOPiC-,

$TOP.'C> 1CONjk;NCTION> <;TOPIC>

.<ALV/IAYS. A-.VAAVS

UiS. AL IV
-7 #I- ((11 l~flt V

<SANYINODA] (IEf!:.S, <- PJECI-Sj>

S<££0M• h.<$Pit (T{'S i>"

<SPIEC:SI - <;TOPV/S>

<A-IlC,.K/S>

S<A UST Ik'A C T/•.
I <PqO':(I ! ),NGJS><WL-- i < xi• IflONT/ S>

<ISSUEI!?>
<JOtIRNAL/S,
NCTES
<PV lEW/S>

<V0l 1J-Y[!S>
P. PIE C

•. SliP stY /S>
<S JMANfRY/S,

TECHNICAL PAPERS
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AIXF

<SPIECI-s -. STORV/S 2>
ý/MTkCLE/? 2A
-:<BOOrS 2>
<PAPERIS 2>
<ABS'PACT/5 2>
<PPOCL)ING/S 2>
-<EPORT/S 2>
<ISSUE/S 2>
<JOURNAL/S 2>
NOT ES
<REVIEW/S 2>
<VOi UME/S 2>
FIECE
<SURVEYI/S 2>
<SUMM fARY/S 2>
TECHNICAL PAPERS

<$SOMETHINW> - ANYTHING
SOMETHING
EV-RV rI-ING

•<SOME,, - <OA>

<SANYIPIEC.S,-. <&PIFCFSq,
-<SOMf iE C S',
<SOMF 1> OF lTHE <SPIECFS>
S<SOMfI hIN.;L <SR 4CENT>

S~<$PMECV':Sý • <SPIE(:f.] ,

-<DATE> <$PIECESI >
<SPJEC({'1 <;\VHL.'i)ATU>
<SPI'CFSI> <SWRITTEN1> <SWHEN!U;ATE>
<Sr.CFNT> <SPIECFSI>

S<S.OME'PLF5:. -<S'h4.FHIINC>

_<SOM" J> <STrtAIG'IECi4>
<s..<SOMF > <SPIECES>

.SSOM1 . • ALL
MANY
ANN
ANY MOPE
mORE

• ~~SOME O•

501.41 MOPE
<SPECENT> LATEST

RECENT
NEW
CURRI NT

•- <£SANV'SOUP•CE'PIECEs- - -{5OUPCE'P!ECES:.
•: <.€ S0bIE'> -<•CGJqCE'PIECTS-.

"<4SOMF-> S5f(,E'T> <SSOURCE:PiECES,-RECENT>
S<SOhK* <$PIECES> <tFROM> <$SOULRCE>

<SRFC•• N'T> <SSOUkCEPJECUS :RECENT>
<PIC('.s- .SFQ)OK> SSCOUPCE>

<SSOLRcE P:;E :fD S-. - (. :- C
SSOURCE 4PECSI 2>

<--PRM:, <SA, <SCONFEPENCE>
-SCOFQ"Ff Ph4CE " SPIECESI 2,
<SPIEES> <$FROM> <SOURCE.

<$SOUPCE'PIECESr, R[CENT>- <SCONFFiA.nCE>
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S<$OuRCV> .•P;ECE�1 2..
<PRLCKI I)ING/S> <$FROM> ,SA> <SCONFERINCE>
<SCONI I:1•I Ci> ,,PIECcS 1 2>

<SARTICL-.,'i i(LE> . HUMAN PROOLLfel SOLVING
THOUGHT AND LANGUAGE

<$ASK> , ASK
__ •_;R[QUEST

DEMAND
SAY

.. AU<THOR3>.. <SAUTHORS I>
<SAUTHORS 1 <SCONJUNCTION> .SAUTHORS 1>

<SAUTHORS1, . REDDY
"DREYFUS
ANN RUBIN
ANTHDON ,MARTELLI
BERNARD) lAi t IZER
BERT RAPHAEL
BONNIE NASI4H WEBBER
"CHPISTOP14ER RIES8ECK
CHUCK RIEGER
DAVE RUMHFI IIART
D)AVID MAPP
DAVID MICHIE
DICK S(I TZE
DONALD NORMAN
DOUG IErNAT
DREW MCDERMOTT
EARl. HUNT
EARl SA(- ftkOTI
ED RISEMAN
E-l lOT ý"LOWAY
[PIK SANDEWALI

EIIGENK CHARNIAK
GARY HIEIUI)ClX
GFORCE ERNST
HIWI.RERT Ell OCK
HILARY PlI'NAIA
HUGH NA';U(
IPV SOuli
JACK MINKI.k
JACK MOSTOW
JAIdI,• SLA ; (-
j[[' iAN II )

JO•N (;AS(;HNIG
JOHN MCCARTHY
JOHN NEWCOMi R
jOSEPH. WLIZENBAUM
JUJDEA PEARl
KARl PINGL I

KEITH PRICE
KEN RALFTON
KING SUNG FU
LAULE NT SIKLOSSV
LINDA MASINTER
LES EARNEST
"MADELINE BATES
MARY NEWBORN
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MARY SHAW

MIKE RV(JI.'.ER
MITCHIAI k'EWLV
NOPI SiJZLjKI
PAM{ (A MCCOR[lUCK
PAT WINSTON
PERRY THORNDYKE
PETLR KLIGCEL
RANAN BANrIYJI
PAY1MOO•D SPROULL
RICH FIKES
RICH SMITH
RICHARD MICHALSKI
R:CHARO VALDINGER
ROBEHT PEITER
ROGER SCHANK
RON OHLAINDU
SCOTT FAILMAN
SEYMOUR PAPERT
STEVE REED
"STEVE COLES
STEVE /UCKER
TED SHORTLIFFE
THOMAS MARSLAND
THOMAS SYKES
VIC LESSEI:
WALLY PHCMHEPG
WOODY BLFOSOE
YORICK WILKS
ZOHAR MANNA
SIMON

':•:~N F.WU{ I L

WOODS
HO( AND
ROSE NFF.I
Fi.IG( I NAUM
f It i)MAN
"NILSSON

WINO)GRAD
MINSKY
At L['1 COLL I NS
AL I[1 Ni VELL
AZRIEL ROSNIFLL0
BILL WOODS
BRUC! L)UCHANA1N
CArd. HEWITT
DANNY PORROW%
L ) F EIGENBJAUM
GIPS
HANS D1_Ri iNEk
HARRY (HAk '0W
HFRI. !lM40N
ISSSAC A'IMOV
jWHI1Y F It OMAN
JOHN: HOLLANO
KEN COLBY
"cLEF ERMAN
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7 LrONARO 'fIN

MARVIN M)N'V
MICH•AL ARBIi({
NILS, Nh S',;ON

-AJ I•DED
WICK KAYES-ROTH
TEWPV WINOGRAD

4<CONAINCTI1N> . A*iO
NOT

-BUT NOT
AND NOT
OR NOT

-c$AUTHOPSG'(AIf> - ,AUTHOR/',ý AND <DATEJS>
<DAIf/S> AND <AUTHOR/S)

<AUTH4OR/5, r AUTklORS

AUTHOR
<DATE/S> . DATES

DATC
"•" <S'3E > - rSBF II

"<SHAVE> SEECI
--- " <$BEI> - <SlsF[PR[S]>

"<S•BE[PASTl>
<SHAVE> . HAVE

HAS
_HAPPEN/S>. HAPPENS~~~~<SBEi>• elE

.HE, I, NOT
ISN"T
ARI.N'I
WASN'T
WENIN'T

-<BE'TOPICSiMFwIOND, <$tSHVE-> ASTOPICS> BEEN <9MFNTIONED[PP]> <$SOMEWHERE>
-R <'.. ýSTOPICS> $MF!'ED>P]>
<4HAVE'> cSTOPIC3ý BEh' 4MfIWTIONED[PP]>

<SDO'> <STOPICS- GET (SMFiT:.l[DiPP)> <sSOMEI,"wh{E>
<-DO,> <STOPiCS> GEl <SMFNTIGN[D[PP)>

-,HAVC'.• <SIAVEý
-HAVENrT

<-llAVE> NOT

4M( NTICNt DbPPl> . csCiTED>
DISCUSS[ED

MIN lIN-ffD
COt6CEIW I)

-< PI f TEN> AB(OUT
"<s.-OMVi 4 pi IN <SANV'PIECES-

SOMF wHf w1.
ANNVWH0 Wi
AT ALL

.<SSOMfWH4.l 2> . IN ANY'MPiECES,

SOMVili RE
ANYVWHE E
AT ALL

<SDO> <SO>
<'DON'T>

<SRE[PRQ[}> - IS
ARE
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,SlE[PAST]-. WAS
WERI-

<$BE[ MHERI'],, •
<,M'> 4$1EARSAYV. HAVE
cSRE!THERPF

<$HEARSAY> - YOU
THE DATA BANK
THE DATA BASE
HEARSAY
THI SVSYTEM

<$nIFITHI~lfi: - ..:Gil-'> TfEREF

<SHAVEI• TEHEW BUEN
<$FE[THFrT-,ANYPI-CFS:, - <SF.E[THElE}> tSANYLIECES>

DO V.U HAPPEN TO HAVE <SANY'PIECES,
<SlfOW'lAArNYPIECES2> ARE THERE

OW'MAr.'•'PIECISS> -<$S14OWlMANY>
<gIIOW'MAANV> <$PIECES>

.<CHESS; - CHESS
GAME PLAYING

KSCHOOSSE> • GET
CHOOSE
SEUI [(:
SUBSELECT
RETRIE VE

<,CITE> - <CITQS,

REFITNQ 10
<SHAVE- <$CITED,

<CiTES> .- CITES
CITE

<TCITED> - CITED
QUOTED
-"RENFEF. CE D
REFF ,I•ED TO

<SCOMMAD:. - TRY TO GET <$WHAT>
<SWHAT> - <SWHAj2>

<SWHAT2 > <SCONjUJ\CT ION> 4WHAT I>
<$CONFFfIE•C(3, ý <$A> ýSCONFEIa-INC[E

ýSCONFFIII IUCI -ý

<SCONF• REI C[:. • <SzCONFERF.CE1>
<SCONFFREINCE I> <4CONFEWENCE2>

<tCONFFRIlI-C[I> - IJCAI
ACM
E rf

IFIP
<S;CONFi IJ'hl'CC2 • <MI:4F• iNG/S>

<CONrl t:I~'C~fS>

<COhW-NTN1GN/S>

<MFIF1IN';/!.> - MiF. INGS
M.I.I IN(;

l CONFLWEINCES
CONW f HlXCL

,N [S'SIONS
SESSIION

<CONVENT' ON/S> - CONV.NTIONS
CONVENTION
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<SCONTAIN> - <CON1AINJS>
CONTAINED)

-<CONTAIN/S> - CONTAINS
CONIAIN

<$CONTENTSlMEIiJ> - c<GIMMt[.: THE .SKEYWORDS>
<SWHATIWHICH> <$KEVW0RDS> <SREi.ATE'TO> <SSUPERiMlVNU>

-cSWHAT'WHICH> <SMFIJPMENU> <SPRELAITETO> <SUPERjMENU>

<SWHAT'WHICH> .SKEVYWODS> <;MAY> <$I> USE FOR RETI21EVAL

S<WHATIBE> THF <,KEVWOPDS>
<SGIMMV- - eSIWANNAI

,-•:: <S{.[h4ME•, -jACQUIRE:,

W<S'•lLI)> <$i4EtASAY> RETRIEVE

c<$WOHLL> S-IiF.ARSAY> <SLIST>
<SI lST)

<SWOUJI.D> <SHEARSAY> <$GIVE> <$ME>

<Sr,IVE> <$MEF
,,: ýs,• •{,vt I >

r1LIST> roR <4MF,
<SIWANNA, TO <SACQUIRE>
TRY TO (ET

<SKCVW0Ri)SG - KLV <WORDJS>

KLY <PIWA•E/g,
P.I:Y"IEVAL <KEY/S>

4<WHAT'V/HICi> - WI4AT

"SRf•.I AT1'I 0> - <lrnI Af-C/> TO

<sr,.Eý Pri ATCD 10
<SSUP--'eAI 1?1 1:. v SA1I0

GAMf PLAYING

'LAF1NING

SEMNVI IC INETWORKS
COMP:JTATIONAL L'NGUISTICS
UNDERSTANDING

ADAPIATION
INTEWACTIVE DESIGN

DESIGN
AUTOMATIC PRO,;;AMMING

HYPOTHE;IS FOPMATION

DEDUC-IVE •ETRIEVAL
GEOMnTRI(C MODELIN3
INTERAC1IVE KN3WLEDGE SYSTEMS

COGNITIVE SCIEhiCE

COGNITION
AUtTOMr I ION
DATA STRtJCTUJi q
FOIRMAL Sr:HArk ]CS

LANuLIAGE ULNý •STAN)NLýS<•;4MF/IA4MI~u> .<TOPIC ,'.

TOPIC ,Mf lqJ/S>
.[• <M PvJ N/s >

<SIJF3JI CT/!.,

<ARI A/ >

<SMAV- - CAN

COUI D
SHOULD
MUST
MAY
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<$1> -I

WE
4<WHAT:8E> - 4WHAT'WHICH> <$BE>S~WhAT'S
cSDATE> . ,,fDATfi,

"IH[ LAST <g,9IJMHfR• 4c$TIMES-N
c0DATF)> 'SCONJUNCTION> ctDATEI
4<DATEI> 4THROUGH> <SDATEI.

O<$ATEI> - <SVEAR>S<SbAONT I>
THE ,MONTHfS> OF <SM(-NTHI>

"4"SMONTH- ýSYEAQ,
<$NiJMIll:R> - <$4IjNOIRDS>

. <.cSNUtil4Uk 3

-<HlIJNVRCDS> <$NUMBER I,
4<TIMLS., - I.4,)NTHS

ISSUES
VOLUMES
VEARS
T IM[S

-4THPOLUGt, . TO
THROUGIH
TILL

"<$VEAP> - N}NETEEN <$NUMBERI>
<4MONTHi . - MAY

JANUJARY
FE EIUARY
MARCH
APRIL
JUNE
.JULY
AUJGUST
SE PTEhMHER
OCTOOELN
NOVEMIER
DEC.Mt4ER

<MONTH/S> - MONTHS
MONTH

<$DESIRF> - .SWANI>

WOULD LIKE
DES:RE

--SWANT> - DESIRE
SEE)U

WANT
WISH

S<$13 ,T5> - ONE
TWO

T HIhIT[
FOUR
F IVE

-- - m'SIX

Si. vi N

NINE
<SDO, . DO

DOES
DID

<SDON'T,7 - DON'T
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=,. DIDNI'T

DOESN'
ýSno> NOT

.CDOSOMf '.- > .jfl':o> ,;SOMLI>
$FfLE> - fILE

COPY
<$1rlNISlCO[ . SrINISlIED I>

ALL <Sr!NISHEDI*

<SFINISIKEDI - THROUGH
DONE
FINISHED

,<FROM> - IN_•. •or
"FROM
AMONG

<$GETIAFFILIATION> - WIiLWE .$DO> <STHEY> WORK
.. I$OI> ýSTHEV> WORK ,4WHERE>

<SWHAT'IE> <STH1IR> <SAFFILIATION>
WHAT <ADORESSIS> <$8)E GIVEN FOR <SITSIAUTHOR>

-<THEV> -THEY

HE
SHE

<SWER, <WHLWH >
I<WHk kf3, <;CONJUNCT]ON. 4WiHEQEI>

iSTHF FR - THEIR
HIS
HER

<SITSiAUT o(R.. -. <SITS> ~ALJT4OP,/S>
THE <AilTHOR/S> O$CFTkATPIECE>

I<$GETAUTHOR, . <SPROVIDE> <SITSlAUTt4OR>
WHO
WHO WROTE <STiA1,PIECE>
IW140 <SF.i SII3'AUTHOR>

<&PROVID'C, - , t-
<SW\HA T IMi

I<THAT'PJI.CE> - <STII:I

I<;ThATPI1(:E 2>
<G{I'•AUTHORIDAIC'., SPPOVICC, TS'AjTHOR'DATEý,
I<ITS'ALITHOP:IDA-, S <ITS, -SAUU'RS'ATE>

THL <SAUIH0RS;IIAIE> Q , iOPTCE>
iSGLTDIAI[ • <$ POVIFf,> <SiTS,;ATE,

,SWHifN S•WHAI'WHIC.I, <MONTHIS> <SDE[CASTk> <&TRATPIECE> $WRITTENI>

-/lWHN S-rF <THATPIECt> <SWRITTENi>
41ITSLOAIE, - <SITS> <DATE/S>

Tr-E <DATEIS> -.SOf"HATPIEPCE>
<JWHEN,- <SP* 4

= ~SIN'CE

BEFOR'E
I " DURING

<SWkITTENI> - PUBLISHED
I P;"INTLD

IWRIITEN
WWRI!TEN UP
ISSUED
IpRi: (ASED
PPODLCED

4<WRITTEN, 2ý - PGBLIS,ýED
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PRINTED
WRITTEN
WW~T TEN UP
ISSUED
~rm ASCD
PRODUICED

<SrET'IJNO> - 411CPAFFILIATION>
<SGEM'UTlIOR,

<SGEDIAUTHOR1DATE.
.SGET{)A IE
<SET'NEWLS)>

<SCET11 ITLE>
<SGE T11 TLI.E'tIWE STi
<cSCET'Q ITLE0LMlST>

<SE1PU8L ISHEQ>
<SG~ET'JdlfI RENCES>
<SGET'OI.DEST>

<SEWT'I*:WEST> - <SPROVIDE> THE <SNEWESY>
<SGETITIYLE> - <SPRDVIDE> <SITSITITLE>

WHICH CONE/S>
4IGET'1 IILEIIJEWUST> - <GETITITLE:. OF T14E <$NEWEST>
<$GET') IILEIlLEb - 4FET'TITLE> OF THE <$OLDEST>
<SGETIPLJBLISHER> - <SPRDVIDC> <S11SIPUBLISHER>

<SBE> <STHAI'PIECEs PUBLISHED <$IN> cSSOURCE2>
WHEPE DID <CrTfA1'PIECEN APPEAR

<SE~LEfXS 4PROVIDE> <SITS~EFERECES>
WHO <tBE(PASTI, <SCITED,, <SIN> <THAT!PIECE>
<srDo,ý. <STHATIPIECE> <&CITE> <SOURCE2>
<SHOW'MIANV; REFER1ENCES <4wcvorkEeE';JTHAT1PIECE>

.cSGET'OLOEST> - <$PROVIDE> THE <SOLDEST>
ýSNEWEST> <4NFWCST1>

ýSNFW WST I , ONES
<SNEWERT I <NUMMRIR
<SNEV/ESTI, <S?4IJMfER> cSPiECfSI>
<SNEWCqT I> <SrPk.> -<SHAT1PIECE>
<SNEW[-STl -SPIECES 1 2>

<SOLOEST> -<SOOESTI>
SOLDFlST I> ONES

<S0LrDESTI> <SNUMnIER>
< DLEVI > <SFrlom> <STkATPIEL:E>

<SITSIPLBLISHIEQ, - 415,.S <PUBLiS~iER/S>.
TIIF <PUIL ISHESR/'> <$0F'1HAT1P!ECE,.

<STN> IN
By

<SS SWO2> <COPFF11NC3

<SA> <SOU0LRCE>
<SA> SIr.C.ENT> <SSOURCE>

THE :Rif l.4FCLIS> 4SFROM> <THT'1iECE>.
<SAINY'l'ECES, SCITED>. <SIN> STHA~tPiECE,.

<SlIOW'kIrkt'Y:. SWi4ATv/HICH>
HOW MANN'

ýSRE> GiV.EN
<SBITErlW j> C4FRDM, 4THAT'PIECEý

<SITS5-!TLE> * CSITS> <TITLE/S>
THE <TI;L[/S> <SOFITH~APIECE>
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<ONE/S> . ONE
ONES

,SIWANNA., - <$I'D> LIKE

-<MAV> <ST>
,sWOumL f,. WOULD

"CAN
COUtO[

"t<SIST> - LIST
PRINT
T RANGMl I

<StGVE> - <,GIVEI>

GET FOR
TELL

•I•. US

<SGIVEI; - GET
GIVE
SHOW

-<GRIPE, - 1C$.c- ,SMIMRSAV> cqALWAYS> <SSLOW>

HAVL'T ','OLj FINISHED
WHY <SiM ,.<iif APSAY SO SLOW
DO PLMI'-.E5i S EVE W C:OMF FASTER

HOW . 'M-AVSi •i$MPWOVEliS,
DO ALL QU[RiiS TAKE THIS LONG
HOW LONG DOES IT TAKE
WHEN WILL <4IiCARSAY> HAVE THE ANSWER
DOES IT ALWAYS TAKE TAIS LONG TO ANSWER cSME,
WHAT -'MYV> <SI> DO TO ,SIMPROV['ti5,

"<SSLOW> - SO SLOW
SLOW
THIS SLOW

<SIMPIROVE'HS> - HMI P
SPEED 4SM AnSAY> UP
HELP .^HFARSAV>
USE <S•HARSAY. EFFICIENTLY

,< IiEt V. . il! 1 1
HOW M' •iS TH7 DATA BASE
"<•,AT'. ORTS'OF-, fTkIEVALIS> CAN <4II[AR'AY> DO
TFLL :SIAMFi WHAT TO DO
<SWHAT'WHICH.' f X•MJNI NLU> <S,4AY> .>I, <&SEFK.
,"I4AI'_ORIS'OF, RE IiLVAL <KEVIS> <SMAYA> <Sl> <,SEEkI>
" WI1ATSOQS)F>-..PTEGS- St-iPRESI, AVAILABLE
<SWHATSOQTSOF> <WMH"UMENJ, <${lE> STORED
WHAT IS 0W F, E[VERY ($PIECSI>
WHAT DO <SI> HAVL TO DO

CA.' \YOU If i P
sWýHA 'SOTIS'OF- LMi- NUIM[NU> <EB;..,HEWE,

CAN VYOh H I [V ,MF

HELlP .jF>
-PSJP•IOVIC , <SAý 4MFN 'L4L
<tWHAT1IS> ,SOMF, ,VAFNI'M'FNU> ,SFROM> <$^I>

SWKfAtWHICH> FACTS AR- STORM'

,•WHAT'IS, ThE SIZE OF <,HEARSAY,
WHAT .:MAV> <41> <SASK>
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AW(

WHA! CAIN <$)4fAISAY> DO

-:'S)wSO AiV XF ~ O

cQ[T i4UWL/5~l> -L WTitVA,.

CHOOS
SEEK~

<K-EYI/S> . '[YS

<•WHIH> $,,MfNTION>
4.\VHA1IS- WHAT'S

;,F HASI •SIAFT[,
". <$~~SOlv4F> . -_,SOMi"I •

S$.OMl I > OF <ME

STHAT-P~iCF3. <STHAVPIECF2>
<ST.il IA-

S<-3~' SAN~vSCýUQCE'PiECES>
<SOwI2vP S j;;ii,M> ýJSOLiACF2>
S$WI-U IWHICH. *S&OUPUE>

<SSOURCE - SAo- J'ijG'1tiAL
ASSOCCATION~ FOP COMPU$.ATIONAL tlNGUISrlCS
COGN, i iVf PSYCHiOLOGY
AC.
Al TIXT
ARI'A SUI;Jý? . ES

'IART NEV/SLLTI3'i

CCMiIJuNICAT IONS O~i 11f AOi-4
CAG M

COMPUIJI ý P.\S~V/-

I iFO'4A N ANO CONTkOt

-T"i J: •; Cfi 1) 1 N 1,-; S>

'wRNAL 0 A

! =I7 ,,.t~<SiOilbr,)q;'[l, - <S~ M '- Rl>M:N '• , Ifd& <IP-

•- .<THAT v-A ;V.> Z- < -iSN;E>-2

•. ~ ~ ~ <j'4 , i IDO>,AN'i.C

:~~~~~~~~~ <iH'V'AdVSD.EI(F--<~)><AYSUC'iCS
•:'~ ~ ~ ~ ~ ~~W (•IO:,Aý( ':CS •;•,>,SGCZ

-•: ~ ~ ~ ~ SPL hAVW-U 'WHC,•S£0•

;- <!IIIbW ,,,UN,1,> • SOL RCEP;•.E74



Wi HAYL

WE> HAVi lii o, .,, wou o
IID
WEE

cSITS> THlE
THEIR
ITS

ISOF'THAT$PIECET OF ' ITATPIEC
F kOM ST HAT-PI ECEz

-<FPUiLISHElR/S> PUBLISHERS
PLUBLISHEq[

<REMRFfIfCSf - REFF4EENCE

p Ecr fU1. NC. F..S
-<TJTLE/S> - TITLES

TITU

<WORD/s WORDS

<PHRA-I •S, PIIRASES

Pi(QAS,

/<LAST, - LAST
MOS T 

R[CENTLY
,4L rA 3r{'S3 LI q ,•

P;RAMMATiCAt ]uýEUwr;CE

NEIJPAL NUiWORKS
I ~~~AWiT 6•ACT I ;-,
n• DvINAM.;C CLUJSTIA•;NT

CEti ASSF.LWi V 1111 ORV

S•;MAV, <S HAVE TKATTPLECE> <$LiSTED,
i " Sl !ST TW T-3,% .,FwrSy,

I .iST <SrhrTPiECE>
i <$THE:I,ii kTý 0-1; NEXT

IET NflýT <tIJMfiEP-

~rlE - 1pR5T

t FTWi I N S1.11MBIER AND ýSNLW8E3E OF THEM

THE -1PT <SNdMBER>

wk; 5 I Tiki C

i ,<$LISTIN-V, - LISTING

P PA;NT j%

Wý17 Il~
<SI.4AKE> - (0iV

I' T CE

ý;MAKý -A A, C!,AK sJi 1
<~AA '~' C.; E <SNLWCGl

SA

I1AAK1 LLLBjl
<SiAKE A'i.: I C>STH•A7PIE
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c<$FFI p $FATLD i0

• ,r, 'GA •iIN'G

S ~ON
SR t It.:• fý-1"! ; 10

-• " nISCUSSIt•C
CI U C Liss I NG0 Ctc 4N ];; G

.iN ClONING
L•; (51SCUS-j/> • DiSCLISStS

D�ICOISCUC-S

--- : <c$MFNTI1C•DCO - :SCIE> <$RC•>

<S Nlý H•INLsAVE>•---•": <~$N4. tNTIONF n . AVE > - cSMf 141 ]C.,[D[PP]>

RFLAIrL) l0
__I ".COU.CI¼4IgEO

•E; <Mi-h4,l4110K'S - MEN vTIONS

MHN ,ION

cSWRI1TEN -. S$WPITTi'4l>
-"PFCFNTLY, cSWPITTEN.1>
-c$WIi ENI> <SPF-CFNTLv>

<$WWITT[,N 2> -$SWRITTENI ?>
<SFC-FNfLY 2> SWRIT-ENI 2>

SWP,"I-(NI 2> <;R(C.LNTY 2>

<TOPIC!'> -:OP;CS
"TOPICS~~~<:Mr NaijIS> - ML'NLZ.

9 M i f;i

<SiJ.IlI.CT %w, ,- SUBJICTS
SLOji C i'

.ARI A/ . ARCAS

APi A
<SMV- iTQPq
- <$?;FSTAI £i Nr - 4S!5 <,LLJW',kf> TO <,ACQILIRE> <&WHAT>

<IOON')> <S(;IVE> 4Mf > <$WHAT>
<C.N',VANT> - WOLL NOT LKE

_SO~ > <C.WANT>
A"F ,'L S1 I LAST

NEW[ ".,
<$1 Ix?, <bVtP8ITLN.

MOST RCEf
• . •$'•0>- C'O

S< <$TYNS <:S. IT.IGITS>

<C--' ?;S. .F, NILLtELIVT-0

rFiF T-1 IN
c;) ITL i N

PGHT'ScSTENc-. IWC NT/

S;~ ,IP Y
IIII•+,FOTV



AIXF

SIXTY
St ViN(Y" ~EIC-HTV
_ .NIETY

<SOLDESTLI - OLDEST

FIRST
EARL TEST
Fi"$T SWPITTEN>

I<OURS F-i V''S,> - "RLIRIEVALIS>
•t < ;SMIY ATTENTIONJ

-MYSELF
OURSELVES
ALL .:RETRIEVALfS>

.. :VHE!,)AT- - THIS YEAR

LAST YEAR
SINCE LAST YEAR

<STORVS> STORIES

STORY
<ARTICLE-/S, - ARTICLES

ART ICLE
i - <BOOK/S> -BOOKS
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,5;FI> .AI)TIORS) .- CITED> <SIN> <SSOMYI'0'ILM>

<SPlUNI 'I I.;T')ArL > • SF[PASTj> <ýSýOVil> <5WMITTENI> <SWHLN'DATE>
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.SllW MqC~lCC•'•e<$HAV1 , ý$ALTHORSý <$S,,'iTTEN> (•,iNO•:

<SLUE'WtV'AMI iC.iq7OPIC> W vI1OY ',OTF S.ANVlNGDAT%,'IECES>

h,"S <$I N(;&,'v> ,TOPjCS>
•F('UL.FTV'AUYFG•'R. • 5Rr'q (UIC.S-
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<SRE'rOPlCSMIf U, 0>N, <SNM. W.VHFUEi 2- <($PrCENTLY>
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<SPRUNL' :5T,
<SRQI(SM>

S<SSEk I (: ION >
""SVLS>
<SSTOP'LISTING>
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DESIGN
AUTOMATIC PPtgdPAMMING
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Li PI VAT(P(. O Pl

DEýiGN AiJIOMAr8N
ODESIGN IN Tht AP'.$

. [;,{TLC;VC:. O;, LiG, 4T SOL•...L

Diit ;,/ ILP;,•iNALS

Dq:v N,3 A C Aq

Sg4



AIXF

DYNAMIC tINDING

DVN/I,-,IC r' ,MMi.G

EL[ C ! I CON)C I

EXPES; SYSTEMtS
EXPJLANMI•iO1 CAPABILITIES

RFAi3f S OR FAIRV TALES
FfATl Lf- C&IVEN SYSTEMS
THi F FCFPAL JiM;ICIAL SVSTEM
FIPST O%)ULP LOGIC

F'2,fttS AW) THI KNV]PONMýNTSF~~U??V KOWL[ )G[

F1U72Y PRODI IA SOLVING
A GAMW •,ODEt

CGLNEPAI PiJPPOSF MODELS

iUNFQA1 IGN OV NATUWAl LANGUAGE

GO OR GO-MOKU
IOAI 5S( Kit; COMPONWNTS
GRAPH It.TLi:PRiTA[•L( GAM{.S
IHLIWOR•TA;IC TmiiOYV
iHIqIISl IC PPGGdAMMIN-.
HI !KiSTIC: TECfNIQUES

HUMAN I3C HAVO0
HUMAN Mi MOPY
ý,HJMAN \/IIOllj
IMPROVIN'G POCMAMS

INDUCTIVE A' ,--IRONS
INDUSTWIAL APP :CATION
I,•EXACT ;FPkLSi-,TAHICN

INF LIC Lý
.•NF•LI;, OULST ION ANSWLNING
iNFORMA2;ON PQ0CLSS;NG UIVEIkSALS
INFlI l'TAtNC. OF PPOPERTIES

•, •I P1'•'TELL I.SEt: U'c;.-INLS

IN" ILNT ION.
N'TEWAC) !VE PPOGRAM SYVT,4ESIS

i.NTekP;ZT~ lyESEMANTICS
i,'0NCA T 10%,
iNVAPIANCE FOR PRO_1LEM SOLVING

iTvLS; Mr A} . \31

iK.O,/. t [;GF RAGU) SYSTEMS
ILA•ldA CA, '( S

LA'.3'uA(U ".i
A A :Ar i T I IS

iARiGE DATA PAFF5
i ;*•iH ('A', f R'." CI•Cit

STHI F3~ 'utIi V •(IIA [
-- IvT 0 Fit iý).i i£.-. Yf DHiA L

Ttii DRFVR Di litf ~11
TiI ijS 7 U'ý, ff Al

Tý!( !,N'AN, t- Lil•;IS71C

AXiOMS t0i GO)
COM0i07J1i' FSAE, j FONWiLA TAti

-MAGE INTLiNSI1Y JQDP'ýTANPING
T'OUUL L SHOOT ;G



IA%3jAl-.i COM'PLJEN-51ION

CO-"h•IIOE- KLWORIKS
GWAPH MfrTCHJN,-
ASSOCIATIVf .ýKSWIWVJS>
UNIrORM PROOF PQOCEIU)UES
PLAr NE\II- •iI:E LANGGdAGES
"HILL CLIMBING

4cTIlMFlS'ilCf COMP1.114ITY
EVALUAI ION FUNCTIONS
PROGR~AM Vi W)F 1CATION
FRAAME TE~[OQY

PULEOICAt[ CAL CULLS

GRAIN OF COMP.1'iATiON
PAT IStRN tATCflNi
RfCOGW;ITON DEViCES

PAI T[:N rIl COION

STIŽLCTLjPf) PAIl_ I-N RFCODNITION
PATTCWN bIRUCTED FUNCTION INVOCATION

Rf'iOLUT!CN THEORTM PkOVING
iIMf {)j(:Al C:OS, I; TATOION
VISLIPAL CO3AMDNI;CAi ION
A PAQT;i{ VALWjATO7
.Hi LAN.;bUAG; P-,.,C.A

PHOTOGAMM4I I (V
P;Cru~r I€ r'OU;N-T ION

VISLiAL PýAhES IN 7HE RECOGNiTION Of POLYMEO.A
P4C0-I WlFrIAL Gi MANTICS
"TYi GAMI oF PC;KLW
PPOCktlUlAL EVi NS
PRICE'S. iUl OR|Ai

PRODUCTIViTY , CHOLOCV
A QI GION ANAL VIS SULISVSTUM

'E!1`1I:S 43II;cIr.-W[} I) KNO'WvLLi)GE IN ýELATOAL PQOD.ICT?0N SYSTEMS

ROOTICS COOii NAI ION AND kESOURCE LIMITED PROCESSES

USING S-L-(,P.APHS
90L0 AC:Qt;iST 10N CAPARILi IrS

SCENE SE Mr NIrA1 iON
SEP"AL PAiTCYN AC^QISITIMO
7-Hi S IY SL vi, hIGHT NINE GAMt
SNARING D[A(GOh'S

S-N4TNCE h,. ANj!•C, IN CONTEXT
$DFTWA;• NNT[.bPuPTS
StVf 0H!I (,OAL5 S]IMLM TANEOUJSLY

SHAPE GP.,MK4I•,'L
SIMU TAM OCIS ACT IONS
STATE CESCP7PTION MODELS
STOCHAST;C MODCELING
A STiIŽFO ;,AP 0' ViEWS
STO~hC;t I°Z DI.JCT !O,

SYNIACTIC )METHODS
SVNCh•GNiZ"T'ON OF CO hCUAIlT PROCESSES
Al LICTiJfCV
THf COPM'i27ES AND 1NOUGhT AWARD

<:fM F MOI'V/•., Ml IIIV
M F A4( hIE IF

-. . ..... ... .... .% T . . S
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AI)(F

4W• <$WHAT?,

"ýSWHt R I, - At .. WOýXPLAC >

WITH SUMiX
c$WORKPLACE> ý CM0

THL GM RESEARCH LAGS
THE INST IlUT( FOR SEMANTC AND COQNITIVL2 STUDIES

MASSACHUSET TS
N Ni

• NI [

"POCHICSTEP
WIUTGL PS

SRI
STAWf OWO

SUSSEY
WAT;O.ON PESEARfCii

--- IHAMRUIC
EOINBURGH

"<$WORKPLACE2> THE SUNSHINE STATE
THE US
THE USSO

87



Appendix IIl-C-2 Al Retrieval Language Grammar: AIXI5

cSS> - ,A,ý'VPAVLWUS rA600T TOPiCS
TIA; 1 t Ii .j( UUA -SAB~ktT TOPIC>

- <ýSAkL_ I ill Uf - JPOO',;'PAPW!- ; •.._A1MVT T0P;Z=
<SAkE 1 III ill > •A•' PAP;.q., ,I <l JUl PN'A.
<SAkf Till "l -SA PA;'OPLR SINCE SDAT(
- A I Il ,ý >'IhN PAPERS- 4t. mT MFNT.ION THE <SOATESOr1MECOntFREta••.
c&AW. 1141 •I i,• " PAPUWRS> WrICH <SCITEAUTHOR,
c<ARkI HI WI!., t• E)A.S> cSJ'(iOUT TOPIC>
-SARU • . S•ANV,"JOURALS> 4 /i.bOUT TOPIC, BUT NOT <STOPICS>
"<SAP[> .-j-tNY APE*S - <ýthfOuT TOPIC>
t<$ARE SAN\W 'AMt CS> 'SAUO;T TOPIC> S<ALSOAI3OUT TOPIC•

SAUE <4ANVPAILRS - <.PV AYUTtiOR>

<$AWE, SANVrPAPEWS> F kIM -S,, COVFEkIE c'l>
<ARIt <c$AI, PAfE WS - f ROM SJOURNAL >
<SARE> <$ANV PAfIPS., FN,'v <STNLCONF[ELIECE..S> IN THE MONTH OF cSDATE>
<5ARL. <SALJTHORIS, CITED BY <SA.Y PAPEPS>
<,ARL> <5ALUTIOQi.S> CITED IN' &ANYYPAPERS,
<SARE> <S;OPICs- <$M. TkTICN'tD0 ANYWHiER
<SARE> 00OPICS> 41 ' I> IN <$A PAPEt-<SARI> -<STOPICS- <$MEFNIIONED> IN "iJOVRNALS>

<$AIE> ANY *.S\V'AU3 iOR,
-<APE YOU SALV/AYS> <STt1tSSLOW>
<SDbDiD. 4.ANY'CONFFER ,C. -'5. $MFNTLjN TOPIC>
CSDOLDID, 54AtV CONEF RI IC( /S> PURLiS4 <c•SOuRNAt S.E
<_00$DIOD c.AX"jOURNALS. tS?4hTIOr TOPIC>
400V10-.|T cA0' FAPEQS- CA.iO/[uT TOPIC> 4,(50 l4l l'.. OPIC>
•:D'501> <$A." PArS <.CA[PS C JA TrP:C> SFNTIONTOPIC>

M)OiDiD> <5AM; PATE kS <.AA.OUT TOPIC> EXIST
,<$0,D010> SANY PAPE 4S> -. ý 14., .•NTION TOPIC>
<O'DID-.A5,V1PAPF-Sh> $C. i'f AUlTiOR>
<0,'0ADID,-,A PAPERS- <:?Ai 1,-IONTOTIC>
<.'DODID> < VAN PAPVQS> . A/ NCIýN' TOPIC-, RUT "C" >SOPICS.
<$DO'DIDO <SAM' PAi RS. .WS, S VEAP. 401iE AýiTriW-,;

f"DlIflI> <&Au; -O 10Q-; Pi S. N;i CSA PAPER, AT CSThIZC0,S(FRILC-:-S>
>$T0fltDID> <SAU!rOi:'IS . JI l; , g PAPEk.- AT S$TriFC0ýji-O hCE /S, IN <$DATE>S<$•,O'D~50LI0. <S.AUTi,•i s.- Pu7Q~ .iT ,fPAPEits- 41 <•:,iE, CONF,•LRLCL."S>

. i" ~~(SflOJ[ID> ,53 (AI;TP'S 't>;,ii:, 5i• <$A PA0EP.

! <[{00-bID- t$A'4 11.O2-'S. Wui;•T f >$, APIJ,.5. . A1L:V-<
-" DO)I{0: -$A';Th S, WW.' t <SAAPAE4A. < Jh7S1miAS

! <$,")O'400IO. .5T,:, AI;ItQ•S. . p.. i mpI., TOP:C>

CC DOD- .4> 11). opAls Pull'. !Si-AKTIGlt$DL>O DAE

S<SO'DX> •1 $ "'APLW> <CIN A;TtIOP,
.:ýSDO'D,[. Aj QU[ P:.S TA ,;1 ';i ;,
<SDO'UI{)- ANVO1i' PijLý i -AIC;,,.IT S OA ' C> L iv > 4L.. . ;,

<500DI'D-[. TI' Si'O.K;l; S EV{ ; CO-Kt -AST~t[
<5 SkTWIP W 'SK. ,ItT , >wCKPLACE

.S< S:] 'U[5,) f•S','* c$,THt ;,A,-f I-. $ .',AFlOIO. ;OPIC -
_• <S.)O[•.[:t:•-S~> •.$T•4 P1,-PE.W-. PP1 ,-a:,CL- <5A .OuPt.A,>

<SI)OLSSI;)ESNI , .-CTOPICS-. '$D;LZ Mt. I.-$IFSTIOKLD AtK• \Y,'-WI
<S)DOES)[OESN I, T .$ALV,4',5< TAL:E 7.-iS LONGO TO A4t6W(P ME

S<£~~~~~."5.0") ' M• T •, I t-, , AI PA-'•i .-. <S{AD•k' T TOPIC>S<SCFT k.I- AOLIt,,AL > TE;i IN SCU 47E' AUTO $:AE
<SO Mt- > ,;A PAPER-i. AT0I' <1-,T.>
<SuiT i-Al- 'SA~vVYP411.S-T OPIC OUI TOPIC,

r -M

SS.>
<SEW SAO;,L



T2f Mi 'TA'A PAf'f4S, Vi--,yT;C 1: No' S?0PCS>
S<.FT Mi -A*,x KA;I S. .•AiOQZT TOPIC. FkOM <0ATE; TILL 4,DATE>

<Sr i $A:,\ PA[;g5 ShYAife
c5(df T M: .jPAPLuS, ;;k;N, 4TIM i:; WIi

S I GE T $L' <V ;j~- AUO uT 7romcl
>tf I -MFf .tQLJANIvTY > MOPL PLLASE

<(C,fL1 ,I S IOMr VI S460AJO TOPIC>

<S(41 MI: H-,MiM; FkOLA .SThPNAL, .$ABOUT TOPIC>
- ~~~~<;1317 MI ('1 c[.SANZ',O•:Ab.ThiCA..ATi_,TITiL> PSOM 57rT1 JOuRI4A<>

< W l. <Sf )V'JUOfiEIiF OF Slii-iE[PAPEPh
<Si-t Mi > r Ait;, OIT'AuTruU';A;L.T ILL> OF EACn
"<"1 II W iM; ;sus
<SH•W M, fu'• PAPIHS. . $0,t.i? <"N TOPIC.
<SHO4W MAY' PAPLQS - St14 .;:Ot; TOPIC,

,U~~~-AlW 4AV\PP2U-. STHIS VEAP. <$MFCION TOPIC>
>.J W MANY FW PAI KS , SWLWi. .513VALTHR

.iSDWMA?.'AN Soi~; 4E;t 'SOY AU;TnOP- AN:) NO7 <SAU'HOP/ýS,-<$OW Mit, V PAV•i •',S -S'.;ei [iI 2SWrTTLXPJBLIS7¶L> UN <$DAIE> TO <$DATE>

<SiifW MIt\tV PAPFPP6 F kQM .$DA TIE THFi OQL t~h <SDAT , <$MfNTIO WED TOPIC .
Si,$0W MAN' PAPi 1•,- HAS'! .SAi.ROR,' 'l cS.,lTTLN:PdBLISiHO> SRCWE <$DATE>

/ ifOW MANV'4'>z - •jO•U;Al 2S ; ',MII,•0 IOPC>

<510W MA!N)'> J-UIIC1 .AQiLG\E
<515 THUi 'Po COvf4 IGCL. let 4CLOPLAC(>
<55 TH~ 4j . ?i.(, :Ow.dL &;,OM <SDATE> 0N <, ATE>
<$15 THlI i • -; P -. PI: 1 , s [M,7 :OpiC>
<$1S5 tPli ANYTHING r.1,W <S/41O:0 TOPICý
<$1S> <$A3T.'2- !,0? S•AUTOR'S> CUE-)C IN 4,ANV TAPEQ-S>
<5 ' (.t TtO; :5, C"T E:),l <21 ;.%Y PAPEk*S- `SS-ED :5 , 41T 'E',PL IOD>-

<$n c5uT-3QJS-. CiTE) By c5T'wSFS PE;6>

<$45is. <.CJH '. 0 �Ci .Ul 1.F PAPEk.
-S*IS> C100..M I2~l

s , ''" .. :; .

S-SIS- <STOPIC( • . M S *co,::, ;. ,, ,,,j.f ,,,,;
. T(,';-.:, . C, < -- '. . 0 COMA-AiONAL LI1NGLI.STCS>

< !T. IT ; . :-.'' (,, :.', <Ž s: ' ,4TH c ,0 _;-';,A
S• •AT TAnOI OPICl

K% 
S., 

;A%-T. T',"

='Y<SWI4 " A W -.", , .v..E0SINC; <TSTE)

S<•',V:.($\ NI- • IANN, ..;.. :•-.-'",5 , '.N . W ,-K.21-Ei> -$ASUUT TQPI,>

I: ~<$WA 4 AsOut,•. rj,p. 7,G .

II { •'>5•'uiP AI,•L -- -S'•"G -- :A *'I5 Ci- .$ur.T C



AIX15

$WHAT AX',E THE KEY PtQASES
,r$WHAT A¼E' IHI IR AFl ii IATIONS
<SVHAT HAS> SALTHORP/, 'Sw,4ITTEN'PUILISHEO, <SLATELY>

. ,W HAT IS> <5'if -1!l1q> Ar FILIAT ION

<$WHAT IS> KNOWN A,'OuT E." RV ARTICLE
<SWHAT IS> THF -SANI'PA-{..O'TUTl3PI.)O ATEITITLE, OF 0QUANT ;TY>

SWHAT IS> THF ANDIOIAUTHOHOATE'IIE, OF <ST.E PAPER>
<$WHAT IS> THE -SAi)';,PALjTriOkflATETITLE) OF TI-%T PIECE
<SWHAT IS> THE SIZE OF THU CAA BANK
<5.• WH1N' SAS> ,SHIIIjAN PRO•ILI 1"W Vs G ,I, <SWPITTENPUBLISHED>
".$,WI.LNWASý. Sfilt. PAPER, :,SWITV TEN'PIA3LISHED>
c5W\ E',' WAS> <STOPICS' skifl '
<SWHtN WAS - ',I <$'Vk'ITFN'.llHLISH-EOD>
,SWI. N WAS> THi LAST ijiPV. 4,YAUTHOP> ,SWPITTEN:PUBliSHEO,
$\WI0A41 -; :[,TO)PICS-, <$:41 N'101C10
-W\fdICfiAIJTHORSq WOkK ,T DSf.OPLAC(, OR AT .SWEO0PLACE>

<5'I4I'1CH AiJI;OP. \WO': AT S•VS", XPLAC.> OR Al <%WOPKPLACE>
(s$,VICIIAIITFIORS W• O WI h, <SWOIKPLACE> OR AT <SGEOPLACE>

<$sWIlICfiO[ 1 l .,. , ýjAI•)U1, ;,';iC> <SAI.O MfINtIOX( OPIC.
<S/jIjCE OF 1 ) li .H5- >SAii011 TOPI(:, <SM-NTION TOPIC>
<SWHi)C0-IOI L:-Ii SI "' >¶,,U TOPIC,. •.WERE> SWkITTEN'PLIBLISHME. <LATELY>
<SWIICfrO I ll :I:.II SK- 0> .tDY - AUTHOR>
<SWH4ICII OF 1Hi Si > IY ,AUTi',ORý 4ARE> REFERENCED
<cWiHIC0i Q( 'l - '

,,i . OICi- I, A\> -STHF PAPER, ,SFIYALJTHOR>
c5WIHICi-iOF 1 HI S% t,$C,(OX'T/, N; D> -STOPiCS>

c5WVHICHi OJF l -li Si ; MHITION TOPIC,
<SWHICH OF i l 5 , 4M1 SlONE I T OPIC--
.SW\HICH OM 1 ii ¶0 , 4WLk' c(,lY .UTHOR>

SWillciC l-i i >1 •,',I> - 0iV AUW HOP> SINCE LAST YEAR
<SWiiICH 0)iii 5: - .fHF- c.\11i [TEN'Pi HIL!SHES>:, AT cSWORKPLACE> OR AT <SWORKPLACE>

SW\HICH;Oi" THi S! AP'EARt ", :S ATL'LY, IN ,;THE JOURNAL>
<sWHiC')EI i ii •I (:IES :Tr;0S7
cSWHICFi O TNV Si MEfl'CS >?,PICS>
c,$\V H iC 0- T -il ) R ,iF - '0 T;'LS '

,$SWICIC Oi 1 I-. \VAI <'SBý AIO rOR,

CAN, I HAV\ <•i•,•5FFi'W.11S- kiSTEL)

CAN YOU HI t I' ME
CHOOSE A!,4ONC .;JOL0Rq:At., -F Eu[;RE <5PATE>,
DURING Wi'AT MON:THS..Eif THtY ,c$SWRITTEN'PJ3BL.ISHED>
GENE RAT,." A COPY OF Wl-C^SE
HAS <AUJTHCR 'S• .,••.i;TE :PIj ' hiSTH.> SANV, APEIASý ,THISVEAR>

HAS c$AUT.!OR",'; •V- ,"RII TEIN ;",J. !SHE')> ANYTHIG .<$,ATE LV>
HAS $AUTi-T", :S.. pRp) pII 11,W Ih .rSA.Y -APES:I
HACNT ,.5A P'R c•OIT TO:C,, EIEFN I S
HASI.T >STO,1I(CS-. .liE. (:ON I,-U,[ i :) iN <,J'OP;RNAL>
HAVE SA10A\' PAF: i6,. 0•7 I-.;TO,GQ' APPIAARFO

iAVC <SANY PAi, i;-.AP!FAYf 0 0•.A86T TO;PI(C,
HAVE <SAUl ,OP ;• .4W Wi TIE ,"iBLiSSEO, ,51THIS YEAR>
HA'CNI Vl f r Ni~i i0
HS IB
HOW 'HID{ IS [HI I)/,A .,.-ASI

HO1W CAN I ULE. ', t -V i1t iC;CLNTLV
HtOW i Ol(; - 5F5 i I AKI--

I') L IKE TO KNOW Til <SA.NUOR:AUTiOR:0ATE;TTuE, OF <$THE PAPER,
LIST .5O•AY. I>V LJN;DPiL
LIST OrW iW( i .N0,Al,,1 TY- AN-,) <SQUANTITVY OF THEM
LIST Toi $PAPEPIv ,,,iYAULIiT0P,
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"AIX 15

NO M(PE Pi LAS(.
NO ThAN•Kb
OK

Pt I ASE i;Li 1 P t
PL ASC LiST .STtil AIb ;ORS-

PLIJISE MAKL M4 A FILE OF TmOSE

PRINT cS•UA'•.'ITV>
PRODUCE A COPV OF <$QUANTVY,> <SPAPERS>

SEL ( CI rpOM '.PAPEHS 4A3OUT TOPiC>

SHOWI' M[' <SQUAN"ITY>
SHOW Mi !IS ;)''AUR)ATET;TLb

-SUBSEJ4 Fk0:•M ý.TOPICS>

SURE TrANt•,.,
TELL h4 •'NViiAi TODO>
TELL M{" fIH - PAL O0 ATETTLL> OF ýSQUAN;ITY>
THAK VOuJ .5J',V'ti .- T.ONETPAN•SM} { , ý()!.AM. ]-TV>

WHAT ,SAtiOul TOPIC'
WHAT <SCAN 110> 1O S1 D(10 vAOUP
WHAT <DO I HA'. TO 00>
WHAT <SIS- iiS 4Ai'. A;TD TATE TITtI.

WHAT .-S(,10'AA V '-. 1iP!,I; S•ý,AT C> AIN, 40 AT> • NT10T IONTOPIC>
WHAT I tPAPr H$ M! Ii;;;TCP:C>

o W HAT tESOP7 OC} i R'.. U AVA .

WHAT /tDDP! !;; ,, \iv TC;4 -•Tr J;TO
W HAT At K " " (i? ol

WHAT CAN • TuigVSTEM 00'
WHAT CONW I dl ,CI WAS AT <SVJ£ldKPLACt) OR AT .SGEOPLACE>

WHAT (0;"O I 10.,1 WAS A" SV•',KPLACi. OP AT S)WO•KPLACE>

WHAT FACI , $IO>I :'
WHAT KiV \YVO,ýO P h APES TO . STOP.CS,
WHAT KI V \*/OPi..> ShOUL D L-Si -'OR ST-OPCS>
WIIAT KIND 0i MI !.JS SA~i I Ht I•:
W14AI P'KF OR 0 ,iF i C IS It; STO, ED
WH4AT MUST ; A!,11
WHAT .SnOti [ I) I ASK

WHAT .- OL. 0 i SV

W.HAT Sii3j! CT [:A%, . i .. i
WHAT TOPIC i,4 '%:J CAt,I..."

WHAT TOPC'.S , SAPI R:I,..,

WHAT TYPES OF .- q[ R :'--VA-A
WHi' N \VIL YO 0 ,,1 TrE E :. .. S

W'.' 1ii1 -1 V V.1;:c".
Wlit i T. DID "- s 'A0'i .

WHICH ,SAi Tt ;i-. SCONi;N:. ) -S:Oo;CS,
WHiCH ALT7O1S , 1TC< TDPIC>
WHICH CONF[i !:,CI S W(;H. A:. OLACE> O AT S,--GdLACE(
WHICH IS SQUA:'T';Y>

W4;CH TIOUiS SAJOuL TOP:C . ALSO M[ h7:0N TOPIC>
WHICH ONiV
WHiCH SORT OF K$FTRIEVA I E• CAN I SEEN

"WHICH ITJE$.MFHITTOPICý

WHICH WAS THE iAST ARTICL;.. SBYALITrHOP,

"*,., H.• (.S,,, AROUL TOPIC>
WHO WAS OUOTED IN 4THE PAPCP>



AIX 15

WHO WAS THE ALJTHO
W140 W[Wi J!Hi[ AbjT~iNý 0i ..Sh PAP~k>
W[40 WWO(F ,:PA~kS-., 4,AbLOUT TOPIC> 4ýTt.S VEARP
WliO WROTE IT
WfiY IS THI SYSTEM .STH!SSi.OW>,
WOULD YOU LIST :.OUAN1ITV>
WRITE A FILE OF THOSE
YES PLEASE
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AIX15

<S'rTRIEVALCANIWfARQAYD 0C-. <$RrIP VALC,^.NItiARSAY> DO
.. )OV' IT TA;ZE> .OEDO IT TAKE
<SDATESJOF THE (:ONFFW I hýC[, DATES OF cTHE CONfE:i•CL'/S>
...WHAT TO DO> - W14AT TO DO
-<CAN I Oi , CAN I DO
<S1I IF S;YST LM [00, THE SYSTEM4 DO
<(.O I HAVE TO DO> - DO I HAVE .O DO
<STHEALJTHIORS> - THE AUTHORS

ANY AUTHORS

<$KILL- - CCEASF P~iNTING>
PLLArE <CEASE PRINTING>
<CEASE PRINTING> PLEASE

-. CEASE PRINTING? - <CEASE> <PP.INTiNG3

SCEASEý - CEASE
STOP
TERM}NATE
FINISH

OUIT
KILL THE

<PR~INTING> -PPINIING
LISTiNG
TRANSMITTINJG
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AIXI5

<SHOWMANY> • HOW MA'tNY

<SHOW MfI\'Y PAPErS, - HOW MANY tjPAPERS:,
HOW MANY OF THESE

<$ARE THEIfi, <AREVJERE> THERE

<t.DO'DID, YOU HAVE

<SDODID> YOU HAPPEN TO HAVE

<ARE'WERE, <SARE>
: <$ WE WE.

<cSWERE> - WERE
WEREN'T
WEREL NOT

-<4O:DIOD> - DO

DON'T
'DID
DIDN'T

<DOES10)0ESN'T> DOES

"0DOESN'T

<SGCT ME > - GET-(WIVE > ME
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OVrý?AA;C BINDI)NG
O\'NAMIC CLUSTEWINGi
DYNAMIC PPOCRALMf.iNG

;A I f'ON)C CIRCUITS
E, I (Ji"ONIC'S

EVA1IAT ION rujrCTION'S
E)(,"f-k SVH LtEms
EXPLAINATiON CA,-A8ILITa[S
FA[W I S. ORP VA:4Q TALES
Fji ULIF IW:VLI4 SVST~k4S

F FIRS' OQ,)R LOG.IC
FORMAL SMIAN1ICS

F~JQTH'LORV
f AMi 5

7 U12Y OWILVIOGE
Fl J77Y PPRO I M SkOLVjt.G
GAN"4 OF PM~K W

UL~idAL PU);HOSE MOIXES
GE 10 AI MN OF NAT URAL LANGUAGE
GLOMt TV!(I: MODEJ LINGO
GO OR -mu
GOAL SECINFfG C'"APONNflS
Gý AiN OF COMPOWij~ON

G?'AMA:.Ii4iCtd1 !KFLUWlNCE

rGRAPH MCM
iýAPSAY

HFTi~)STA-!C THEORV
KhPIiPS1IC ;lQ~flA'.I.CNG

m;LHIiSfIC T[LchNQt2ES

NiiCI?.4RNii

Wi :0A VA &OutJ- O ASLqN

I' MPOItI AC ~OF NAA%[TIES

I:.- V N1 JOVION

INTPPEI SEAII



AIXI5

INTONAT ION

INVAPIANCE FOR PROBLEI.A SOLVING

INVARIANCES IN Ili[ PERCEPTION OF FACES
INVLS1•Mt N AtA','SIS

ITEWAIjON
KNOWLED)GE RASIO SYSTEMS
KNOWLEGU, E SYSTEMS
LAMIBDA CAt CULUS
LANGUAGE CO IM 11[ i'-, i E NS I ON

LANGUAGE DESIGN

LANC'GIAGE PAPAPHRASE
LA.I'GCLA(;F PASCAL
LAN3UAGP P I.4M T iVFS

LANMLGUAGE UNDAPSTANDING
LAPGi DATA BASE S

•. L- n RNI.'3

LINEAR Lf XICOMI I V

LOW OPER' Of fILCOGtNlIiON P[RFOLMAN)CE
MAC•iN! ININLi IENCE IN M|)1;C.I DIAGNOSIS

M4MiCPO P;X:- 'H!N,",; FOR AN 0,N-, lNE NEWS( ETTEW
MANA; NOf N i IP0 ORMAiiOwN SYSTEMS

Mi Onk'3 IOR COMt'iPAC MOVi[S
MEi)I(:IAi (.O .,i TATION
MiNiifAt SPAN'INZ FORI STS Ok IREES

MOf(IUN INSCi Ni DESCRIPTION

NEOPAL NJrT(;I:K ;
NJ 141A I Itk W[ 611(,;TEQS£

NOIN)ETLt.SINISTIC PRC, RAGAMING

Oilj[ Ci LO(:AT1ON• AND MOVI-,M0NS IN NATUQAL IMAGES

(41J1 CI MAA0'1PRL AI:NK, POBOIS

OPLKAI i'V0, PF'LAONING
OPTIMAL PPOULi fA ScLV;iG, SEhRCH
OPT IM;i) (D:COI FOP T-t TRANS{WfW OF COM NITS
PAPi QS R.W EILL WOODS
PARALt I I-1A i!I .I PiaLLM SYLVING

PARTIAL EVAALUAION

PATT.WIJ .)RTI C tL) FUNCT!GN INVOCATION

"PAI Ti PN ;Pf :OG[•MTON

PiOmTOGWAMAWt 1 wý Y
PICTUJ1P RECOC;N I ION
PLANIJER Ll!'E LAI,GJAGES

PIi Ni :I-L St MnNT 1CS

.L• ~Pi~fl:SI ic' ;OR]A[

PPGC,)i31 .AL oV N:,IS

PI.•C0,..CTiLON 5SvIi• 45

PfQODUCTI'/ITY ti CtIOOGY
PPL(;-AM Vi kWi ICATION

PsqY':iOL OcO

Ri(rS P, AL-Wt, .Pi J t)KWLEtJGE IN R[LATIONAL PRODUCTION SVSTEMS

WV[U-WCE Linti~iE PWOCLSSt5
PI 1I ILVAL

POBO1 CS COOP:ATION
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AIX I5

WRh! A(:Q•QLi;TiON CAPA3ILiTIES
SCfNE SETGME NTATION
SEMAfNTIC Nf-[S
A Sý MANI IC NE 1WOWK
SEMANTIC EiTWOWKS
SENTENCE MK AN!h(G IN CONTEXT
SENIENCE ME ANII.G IN CONTEXT

SERIAl PAIl;i•k ACQUISITION
SEVk NA;, (OA1S
SwiAWE GRAMM4ARS
SHAPE TOPCLOGY
SIMit TANEOUS ACT IONS

SNARING DOA(,ONS
SOFTWARE I3fTRPLLJPTS
SPE lCH UNDERSIANIJING
STATE DESCRIPTION ,AODULS
STOCHASTIC MOELING
SIOPAGi REDUCTION
STRUCTURED PATTERN RECOGNITION
SYMBOL V tPnING IN BASEBALL
"SVYCHROk ,ZATION OF CONCURREENT PROCESSES
SYNIACT.Z: METHODS
SYNTAX
SYNTHESIS OF LIN'E GRAWINGS
TE" 1 (0 OGICAL Pi.ASO;NGI
TEMIP1PAI SCENE ANAL'SiS
TEXTLI•rE ANALV!iS
THI. ARI ICLI BY ALLEN NEWELL
T1it RAY ATREA (:lUC' E

THE RE ?KI i I V )lHA I C
T)E COMPIIJI• WS ANO) "oKUGt-T AWARD
THE DAITK OF T.,i W06L4, COMPUTER CHESS CONFEREN.E
TIlE Di •DuCT VF PAI HVF ItNE
THE' DWI W O~S OL 6Ai k

-- -- 7 Hi. ENVIPI• N I h, 1

TH.I 1EAL jUDICIAL SYSTEM
THE GAMf Of POKEW
THE HISTOQV Of Al
.HE HUNGRY VOJKiV
THE IN'AN" ,-r ,',T- I
THE LANL;UAGL PASCAL
THE LOCATION OF OJ0i (CiS IN .4AGAZIIES
THE LOGICAL REDUCTIC0,N OF LISP DATA BASES
THE KiFTA-SYMkOI IC SIMULATiON OF MULT iPROCESS SOFTWARE
THE h4FTAMATH:N,4AfjCS OF kiLISP OR NqISP2
THE ,Ol)AINAIiON OF NOMINEES BY A NATIONAL NOMINAT:4G COM41TTEE
THE ONTOCENY OF NCI,-INDEPEýO[IdT SUBPROBLEMS
THE' PA••Y SIMULATION OF P/)kANOIA
THE PEQFGR.A!hC[ OF PAI TEWN MATCHING RULES
THE SIX SLVt N l iGhT NINE GAMe
THE STOCK M/T4,ET
THE STRUCUP[ or ANY VARIETY OF COMPUTER TERMINAL
,HE TECH-Ii CHESS PROCPAI
TH_ WEAK LOGIC OF PROGRAMS
THPFE DOINi-hSIONAL MODELS

TiMF COMP!I kT
-- TIF O SPACE BOUNDS
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--- •' UN[)E$?!• T A d)NI"G

UNIOV PPm Ppoor ;)pOC(0U;

"USING S-t-GWAP'iS
VISUAL CO.1MOaNCATiON
VISUAL PLANES I, THE PECO{GNiTi,.* OF PO1 YVXWQA



Appendix 1Il-C-3. Al Retrieval Language Grammar: AIX05

< <S NT- .[ SS> )
<SS> - ANY ABSIPACTS RPF.C(ING TO d$TOPICS,

ARE .$AUTItOP/S> CITED BY ANY OF THOSE
ARE -SAUTHOPIS- CITED IN ANN' RECENT PAPERS
ARE 'STOPICS- DISCUSSEO IN' RECENT JOURNALS

APE 4(OPICSý N.:-NTIONED ANYWHENE
A~iý ý$TOPICS> MENTIONED IN AN ABSTRACT

ARE ANN ARTICtS A(4OjT <STOPICS
AIiE ANY ARTICLE.S BY ,SAUTHOR/S.
ARE ANY N-.SAUTihOPJ/S,
ARE ANY NEW HOOKS BY <SAUTHOR/S>
ARE ANY OF KE PAPFRS ON STOPICS> ALSO ABOUT <$TOPICS.
AIE A1lY Or THESE BY $SALUTH0RjS>
ARE ANY OF THESE FROM AN ACM SESSION
ARE ANY OF THESE FROM THE Il iP SESSIONS IN THE MONTH OF JUNE
ARE ANY PAPERS AIBOUT <STOPICS'
ARE ANY REiENT ISSUES ABOUT STOPICSý BU7T NOT <&TOPICS>

ARE NOT SOME OF ThSE FQOM COMIPI.PTIhG SURVEYS

APE IHrRF AINY A0SiTPCTS WHIICH PRFf.R TO <STOPICSx
ARE 4•PE.t ANY 1,3STPACTS WhICH PC-E1 TO PAPERS BY <SAUTHOR(S•
APE THPEM ANY ARTIC( FS APOU:T <STOPICS>
ARE lHilPE ANY ISSUES AROUT <,'OPICS-ý

APE IWE [i ANY NEW ISSUES CONCERNING <$IOPICS,
API{ 1H[iPl ANY N.W PAIN, S uN ý.TOPICSI

ARE ILHFPI ANV PAPERS' IAT MN (ION 4IOPICS>
API; IHEP,[ AN' IWCENT ANWT PC. S -N CACM
ARE FNirpi At;Y WI CFhT T900; AHiOUT <$TOPICS>
APL I:.)E TSO.•.i PAPi W, .N S$TOP;CS>
ARt: YOu AtWAYS THIS SLOW

AR{ YO(u Pi (;JI fAl V THiS SLOW
APE; I YOI L0!;IA; L' SO Si OW
AP N'T HlII ;0! Ar," ABSTýAC)l$ SINCE NINETELN SEVEN.V FIVE

CAN I riA',( ftlti AU1STo4ACI'.; LiSTLO
CAN YOU (i i 0 ML
CEASE PRINTING
CHOOSE A1,()KC; \'OI 11.1 , . _EF(uPE N:NETElN SIXTlt

COUL. YOU Pi ;i4Pj.Vf SOMI lh:,.\; FROM <INFFRMATION.AND.CONTROL> DISCUSSING <$TOPICS>
()1) -)VUT; PP;'( NA; Ax PA',PR AT IJCAI

1) tAUT7POP,1S.> PI ;I ',1 A It-PA P Al THE IFIP MEETINGS IN SEPTEMBER

DID +SAUTILO7RSo. PPRLSI h, PAPERS AT !rIP
DID SAUT;OP/,- P PSE ET PA,"'-S AT IJCA;
D10 /i'JTh~OR.-. PBLIS,i A PAPIP

CIO ýSAUI10IRý/- WRI)E A HOOK
DID r$AUT il/S:. WPITE A BCOK PECENWLY
DID WAUOfS ý \ Fe A PAD&P im,!S YE •P
nliD A',N' - ", i.jP- R'. AL. PAir ; S CiTE < jAUTriOP/S ,
D i ANY AC., f.3.•1kS CIIE L:uh3P/S-
DID ANY IEE CO:;VfNI CS PLL13 i PROCLHIINGS

iDiD ANNY OF THOSW PAPER'; CiTE <KAUTHO/S<
DiD AN'O',,. PUBLISH AROIfT .TOPICS- IN COMMUNiCATIONS OF THE ACM
DID ThE SI;ARI NEWSLETTEW PuqLISH ANYTHING IN OCTODER OR NOVEMBER
DIDN'T THA, PAPLP I(iui;OTE .Sfvý,TrOR/S,
DO AkL OLEP;S T,tK, ulS LONG
DO ANY ART ;CJ S ON ýSi-;C.S ;;S ADDITIUN CONSIDER $TOPICES
00 ANY ARTiCLiS ON .STOP.CS- MiNTIION JTOPICS.
OU ANY A;T iCLE' iER 70 ý. STOP;CS-

II



AIX05

90 ANY fWT HoP'. DI•S P IJ , PIC
.DO ANY N'LW APT;Clt 1, MFNlC.N .%:TOPICS'
DO ANY o; TH, AHi) jc(:)s; MI !il1ON STOPiCS,

DO ANNY OF T,41 1ýi At SO DISCIJOSý ;TOPICS,
DO ANN' (•i Tifif¶i A&l O Mf N',.l; <STOPICS,
DO ANN' OF fI ýSi CITI <SAU!,.R/Sq>
DO ANN'OF 0W7S1 'lENT ION t TOPICS,
DO ANY 05 THOSF PAP(RIWk EN i:(N S$TOPICS,
DO ANY PAPi R1, AIiOii $TOi'iCS. AiSO CONSIDER ,STOPICS>

DO ANY PAPi Cq ( I E .SAdTFiOP/S.

DO ANN' P4P01; r:I3C0rS C $.o:cs-
DO ANY PAl0 P DISCUSS j$TOPICS> BUT NOT <$TOPICS>

DO ANY P0P( P5 ON TOPIC5'. EXIST
DO AN'Y PAP0;4 4i ; IS Y! AR CITU: <SAbTHRO/S-
DO ANY fC:'iT A.',M CONFEW ICi S CONSIDER STOPICS>
IO ANY RFEE;ýNT OOKS CITE .AuTHO/S>
DO ANN' PiC.-NT PC0',i ,,(NTIOt ,STOPICS>
DO A.NY Rp C tENT 0tjRNAL.; DIfISCUSS <STOPICS,
DO AN'V Qi (:FN T ý:JLMkAPII S D'SCUSS <STOPICS.

SDO MANY A[USTkACTS DiSCU'SS <•AUThOR/S,

DO MANY AtiSTkACIS i'-"CUS ',OPICS.

DO RISIO1NS!5; EV'E, R (:Ot4[ CASTEýR-
DO THEYV VO(;RK AI THi[ GM EEE.! 2Ch LABS

DO YOU HA[PPT! ;,) iDAV[ ANY SE O- N7 PAPERS ON <$TOPICS>
DO YOU HAVt At.' ,'RI ICt i ;. S10,TOPiCS-

DO YOU HAI.S, ANY N"VW PACrSi'N ON 4TOPICS'
GO YOU hA',VE ANY 1(t'(NT Pr-,'lERN ON c$TOPICS>

DO YOU HAVE ANY SUMMARIES AOUT .STOPICSN
DO YOU HAV[ NEW PAMi-6 ON S7TOPICS,

GOES S•-1 C-5; (4f T DiSCC.SF; AffYWHERE
DOES -$TOPICS. -E T MFiNTIDNLJ ANYWHERE
L DOES HE WOPI. AT CM0
iDE•S IT ALWAYS lAtf (HIT LtOS TO ANSWER ME
DOES SHE WOR)K AT ItiE ,.S7t mt FOP SEMANTIC AND COGNITIVE STUDIES
DOE S THA /,RT !CI- Mi ? r:,t% <STOP7CS>
DOESN'T (iWiS PA(mi U PHf I :,Ic AN "-1M '"RANSACTION
DON' GCLI Mt AN,; AR. IC(tC, ,,Ci MENTION <STOPICS>
DUU:NG WVHAl ?/O'.TRS WI I I•-Y Pb'LISHED
F I]NIS! 41 T 1 INTM1
C•f NFPA! i A COPV OF 'H41.S
Itl Mi AtN' YOAlo ,Wk, I SuIT:rY :AUTOR/S>

GOF! MF FVI 4y it": ON'O2X>•

5\.'FV(- M'Nr ANY A!13TAC MTIONI-G ,TOPICS> BUT NOT <$TOPICS>
GIVE Mi AfW A;ýCi:LLf AIOLJI 4 1STOPX,
GIV ( M[ AN'' ("T4;L;S O^N 4T-ICSS FqOM AINE TILL AUGUST

iOi . Mi Otl. M(,A PLI A5 :.
GIVE Mi . ''IN!; . N C,., , S'7OPICS,
SGIVE Mi. T-(HL D>,. OF T-i Ai Ad T';k C'

GIVE 'IfHe AL''Q O' A L, uAi- 0; LACAH
HA3 skiAUTrt-RIQ > PE, L P;U I ',-, i 1,i) IS ANV OF THOSE

HAS f.AUTiQ/SN PUGU;.S H 1) A,,Y PAPEWS THIS YEAR
HA SAUTt;GRS-. PULj3LISHFr I, 'RING RECE:NTLY
HASN'T 4(OPIC5S. NE-i I OONmiD. P) IN COMPUT1IN1G REVIEWS
HAS'IY A CU(UCI'2 SfiO2T ON 4700105" NEEN RELASED

HA''E S$A0TiiOQ//S PJi3 'Sm- :) *iS YFAR

IAVE A!,NY AmTIC .. S A{'Pi ,R- ) VilC" MENTIITO <STOPICS>
HAVE ANN'" NI W C/Cf RP BY SAbTr,OP/S> APPEARED

HAVE W1,NTI f iNO!NISHLD
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AIXMi

HELI'
HOW BIG IS THE DATA BASE
HOW CAN I USE THE SYSTEM EFFICIENTLY
HOW tONG DOES IT TAKE
HOW MANY ABSTQACTS AEif THEFTS O STOPICS,
HOW MANY A'RST.ACTS REFER TO <STOPICS-.
HOW MANY ARTICLE q DISCUSS <STOPICS>
HOW MANY APTICLE.S ON 4STOPICS., ARE THERE
HOW MANY ARTICL(..S WERF \/WiTTEN BY <$AUTHOR/S> AN) NOT <$AUTHOR/S•
HOW MANY BOOKS DISCUSS <.TOPICS>
""HOW MANY BOOK ', WI WL PRODUCED FROM MARCH TO DECEMBER
HOW MANY ROOKS WLRI WkI (TEN DY <$AUITýIOR/S,
"HOW MANY OF TlIF!;.I ALSO DISCUSS <STOPICS>
HOW MANY PAPE.k; ANT AQ01 )li ,STOPICS>
•OW MANY PAPEP.g CONSIDER ,,TOPICS> SIMULTANEOUSLY
HOW MANN' PAPERL. DISCUSS .STOPICS>
HOW MANY PAPLi., FROM APRIL THROUGH AUGUST CONCERNEO cSTOPICS1,.
HOW M ANY PAPLW!; NAYL <SAUT7OR/S> WRITTEN SINCE JANUARY
HOW MANY PAPIERS RF I:W (0 <STOPICS>
HOW MANY PAPikS' THIS YEAR DISCUSS <tTOPICS>
HOW MANY PAPU(I; WLRiF WRIFTEN BY <SAUTHOR/S>
HOW MANV RECENT ISSUES CONCERN <$TOPICS>
HOW MANY RI!FFILCIIS ARE GIVEN
HOW MANY SUMMARIES DISCUSS <STOPICS,
I AM INTE04STLI) IN KSTOPICS,

I AiM ONI V INT,0 11". ED iN PAPERS ON <$TOPICS>
"I DEMAND ANOTUiiR AWTICAL Af TER AUGUST NINETEEN THIRTEEN
I'D L IKE TO KNOW TIHE PUBLISHERS OF THAT STORY
I'D LIKE TO SIFE UiE M•NUS
13 <$AUTHOP/S> BUT NOT <SAUT;iOR/S> CTED IN SOME OF THOSE ARTICLES
IS ýSAUTHOR/S> CITED BY THOSE ABSTRACTS
IS ,SAUTHOR/S- CITED IN ANY Or THESE
IS <STOPICS-. DISCUSSED) ANYWHEI WE
IS <$TOPICS, DISCUSSED IN A RECENT SUMMARY
IS 4$TOPICS. MI NTIONED
IS &5TOPICS. M N fIONED ANYWHERE
I' -STOPICS- MthN hI .ED WN AN ABSTRACT
IS ,:TOPICS. RFFI U1I4 D TO
IS S`IOPICS- RE-I E II'D TO ANYWHIERE
IS THAT AUOUJT -•TOP.CS-
IS THEPE A RECENT ARTICLE ABOUT 4,TOPICS>
IS THEWF A •FCEF:T PAPER AIIOUT <$TOPICS:,
IS THEPE A RECENT PAPER MEN.1TIONtNG 4STOP!CS>
IS TFHEWPI At, AR) IC'( AItOUT <,OPICS.
IS THEREP AN IfP CONV-NfION ISSUE FROM MAY OR JUNE
IS THE•E ANYTHIING NIEW ý[IGAUDING ýSTOPICS.
ISN4'T •rOPICS. ME Ed[IONE[ IN AN AISTRACT
ISINT iIlErN AN ARTICEI- A(OfT (<TOPICS>
KILL 1HW LISTING
LI ME I IMIT ?YSEIl TO 7 i0EPORTS ISSUED SINCE NINETEEN FIFTEEN
LUT I'S CONFINE OLIR!;Iv 'IS (0 j.OiRNALS AFTER FEBRUARY NINETEEN FIFTY
LE I'S LFSTPIC:T ODU' ATTENIG(;.' TO PAPERS SINCE NINETEEN SEVENTY FOUR
LIST flE WfI N TWI iVi AND IWEI NY OF THEM
LIST Tbi" ABIYIA( <,DAUbtOA/S>
LIST THI. NiXT FOUkIL[N IHJNDRED
NO MORE PLEASE

NO THANKS
OK
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AIX05

PLEASt Hri P [ME
P' [AS[ LIST TH. AUTHOPS
PLLASC MA!HI Mi. A FILE OF THOSE
PLLASE TERMINI/JE TRANýSMHilNG
PRINT THE NEXT ONE
PRODUCE A COPY OF THE NEWEST EIGHTY ARTiCLES
QUIT LISIiG PLIASE
-Si [('I TIOM AN1ICLtS ON <jTOPICS>
SHOW M4F I!! PUBLISHER
SHOW ME THE LATEST EiFVEN
STOF T.ANS.MI IT 14G Pi iA I

SUBSELI(: FROM -SOPICS,
SURE THAN(KS
TELL K4 THE TITLES OF THE EARLIEST TEN
TELL ME WHAT TTO DO
THANK( YOU IM4 DONE
T HF ARfA I Al.1 ;N ,i. R1S'L IN iS <STOPICS>
THE Akt A I'M *I.4 fERSTEi) IN IS <STOPICS,
THE FIRST TVo
THE. lAT(ST SIXTEEN PLtAGE
TRAISM) I Till 1%; KT EIGHT iN.

TiY TO GEI SLj;<V. VS PqINTLE 04 TDit LAST EIGHTY MONTHS
WAS <SAD'/HOP/S- CITED IRY AV'.' rFPORiTS ISSUED IN THE LAST NINETY YEARS
WAS SALIfiK)R/S- CITED IN THAT SUMMARY
WAS <;TOPICS' L-i Ii(DNEl SOMI W'HIkRF IN RECENT TIMES
WAS <$TOPIC'- WRil TI N UP WfCdI•TLV
WAS 0' PuI3i S14 D IIY <STHi.ASz,9OCIATIONFOR.COMPUTATIONAL.LINGUISTICS>
WAS IT P;IUEL S1 ) DIV Tti ,I iUAI OF THE ACM
WAS TI I PI A G.Otf.l d11fC1 IN THIL USSR
WASNt .I MWOPi1S-. MID ION1, RIIC.NTLY
WAS N'I 0 P 'PICS,. QIIkIi ý 10 SOM W I AWK
W ' DESIRE A PROCElII;G 0" Iri ACM MEETING REEl HI NCED BY $AUTHOR/S>

WE WANT 5~tl4, RLVIEWS CONCE•NING ,•STOPICS,
W(. WISH TO GL) THE L.AT.ST iOR1Y ARTICLES ON <STOPiCS>
WL'I L1I'1E 10 51.iE TITLES tR1)M PR2OCEEDINGS OF THE ACM CONFERENCE
WE'l? Ili FIST Loi, - sTooics-.
W['Pi IN(TLR tTLD IN APT CLS PUALISHED IN THE LAST THIRTY YEARS
WE VE HEEC! IjlT . SI.i) Ih TOPICS.

WE RF AN\ (H Ttih .i: A•I iCL ES WR; [TEN BY <SAUTihOA/S>
WEll A10 (} TH I - PtjILISHf7I) '.N THE SUNStINE STATE OR IN THE US
WL ,4I- At,' OF Ttt ",I ,PI [ • ? .Y cSAUTHfOP/S>
WE Nf. ANY Pdi h3hi A, (.N;%[ NNhTEEN SIXTY FIVE

WI (4.f [Hri ANY ARTIC (S AI')LIT STOPICý'
W[ iN YT (r.lfi A-'., Cl . h ISHE 0 ON <STOPiCS>

WHAF AfOICI -5li OR/$-.
WhAT lkEI0GHt STOPICS-

W IHAI A J',, ' . , C;VE IF O T ,E AUITHORS

WHAT I ý,,D,[ "I.d : Afl i,!\'fNh FOP THE AuTHORS

WHAT hIT SOGM OF THI A4iAS OF <STOPICS-
WHAT ARET l•[ HEY PHRASES

WHAT /IfL Ii ii Ti Gi TLiE3 PECENT APPA SURNOTES

WHAT AIlM I-E I• Af ;L iTN

WhAT FlH'I, ',,T C, <STOPICFS
WHAT CAt, I iTO i0 SPTED YOU IP

%VHA', CAr; THE >i,'YST EM D0
WHAT CONFI Hil 1,C( WAS AT PJTS[fi OR AT S~i
WHAT CONFf i;(.C(. WAS AT WATSON RESEARCH OR AT ILLINOIS

WHAf DO i HAVY TO DO
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WHAT FACI, AfPt STORI D
WHAT HAS SALJT0OR/S!- WRITTEN LATELY

WHAT HAS .$AUTHORFjS> WRITTEN RECENTLY
WHAT HAVE SAUTHOR/S> WRITTEN LATELV
WHAT IS HER Al ILIATION
W14AT IS HIS ArrILIAT:ON
WHAT IS KNOWN AOUT EVEWY ARTICLE
WHAT IS TlH SIZE OF THE DATA BANK
WhAT IS TH1E TITLE OF THAT PAPER
WHAT IS IlL TITLE OF THE EARL IEST ONE
WHAT IS TllE TITLE OF THE MOST RECENT ONE
WHAT ISSUES DUPING JANUARY AND JULY CONCERN <$TOPICS2.
WHAT KLV WOkI) RI'l rTS TO <STOPICS>
WHAT KI v WORIHS SHOULD I USE FOR ,STOPICS>
WHAT KIN) Of MIIJS ARE THERE
WHAT KINDS OF SL'JI'CT3 ARE STORED
WHAT MUST I ASH
WHAT PAPERS ON 4STOPICS. ARE THERE
WHAT SHOL11LD I ASK

WHAT SHOLI4D I SAY
WH4AI SORT OF SUMMARY IS AVAILABLE
WHAT SORTS OF S5 [OPICSý ARE WRI TEN UP
WHAT SUBJL:T C:AN I RE.OUESI
WHAT TOPIC MHi-oj CAN I CHOOSE
WHAT TOPICS Aki RELATED TO <STOPICS-
WHAT TYPES OF <SRETRIEVALCAN.HEARSAY> DO
WHAT WAS ITS TITLE
WHA'S THE PUWLISHER Of THAT PIECE
WHj N WAS S$HIJMAN.PRO8,LhI,4-JLVihG> WRITTEN
WHi N WAS <$TOPICS. LAST MFNfIONED
WHL N WAS <$TOPiCS' LAST REcI11RED TO
WHLN WAS IT PUBLISHE-l,
WHEN WAS THAT BOOK WkITTE,
WHEN WAS Tt-AT PAPER PUBLISHED
WHEN WAS THE LAST PAPER BV <SAUTHORjS, PUBLISHED
WHEN WERý-. -TOPICS>. LAST REFERFED TO
WHFN WILL VOU HAVE THE ANSWER
WHERi AR- <$TOPICSs REFFRIED TO
WHIFRl DID THAT ARTICLE APPEAR
WHE[- DJO TH'Y WOPK
W+HE RI OES HE WORK
WHJRl 1!.; ,$i'OPICS, Mf Nt IGNED
WHICH '$AI.1 LX r> CONTAINED <STOPICS>
WHICH ýSCOGNITIVM.P)SVCHOLOGY- CONTAINED <STOPICS>
WHIC~H S(.OGNITIVF.PSVCil0LOGY. CONTAINS <$TOPICS>
WHICH AHSTWA(:l'S CONCERN ,.TOPICS>
WHICH AI4%1) AC(IS Rrrl it 10 -STOPICS-
WlI)CH ARI) IC IS CONCERN .. ,TOPICS,
WHICH AR) ICL[LS HAVE CONCERNED <$TOPICS>
WHICH ARI ]Cit (1 ON ,TOPICS., AtSO CONCERN .tTOP!CS)
WhjCHl ART IJCE RLT I R 10 THESE
WHICH AU"TIIORS WORK AT HAIAHIJkG OR AT FDINBURGH
WHICH AU itHOQS W(;OýK AT NIH OR AT STANFORD
W0ICH AU}THORS WORK WITH SUMi.X OR AT SUSSEX
WHICH 13OCKS ON STOPICS WERE PUBLISHED RECENTLY
WH;CH BOOKS WI RIt WRI I TEN BY <SAUTHOR/S, SINCE LAST YEAR
WHiiCH COMPUTI•tG SURVEY ART:CLLS RELATE T0 <$TOPiCS>
WHICH COMPUITING SURVEYS CONTAINED THE ARTICLE BY <SAUT-OR/Sý,
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WHICH COIi.Li !hCf S Wtkl. Al MASSACiUSlTTS OR AT ROCHESTER
WHICH 15 THE OLDEST
WHICH NOTES ON ýSTOPICS> A ,5O DISCUSS <2ToPICS>
W)CHc OF fi-, I)ISCUSSS SITOPiCS>
WHICH OF (MI SI. APPLARVI) RhECNTLY IN THE IELE IkANSACTIONS
WIHICti OF (HLSI ARI- ByV<$AUTHOR/S)
WHICH OF {H'S[ CITES <SAUTENOR/S>

WHICH OF fHESE[ WAS WRITTkN OY ctAUTHOR/S$
WHICH OF HMSE WI-E WkI I TEN BY <$AUTHOR/S>
WHICH ONLS
WHICII PAPEI MENTIONS <STOPICS>
WHICH PAPIERS ARE ON ýSTOP!CS.•

WHICH PAPFRS SY tAUTHOR/S.- ARE REFERENCED
WHICH PAPI-.W CITE ,SAUTI.IOR/S>
WIfCH PAPFiP,; DISCUSS <4TOPIC1;-
WH)ICH PAPi 4S HfkVE MFNI]ONED S$TOPICSý
WH)CHj PAP•) 4 ON ,,TOPICS' Ai SO CONCERN CSTOPICS>
WHICH PAPFIW, ON ý$TOPICS, Ai SO DISCUSS 4TOPICS>
WHICH PAPiP,; ON <STOPICSý ARE ANOUT <STOPICS>
WHICH PAPF PS WI Id WRITTEN AT NRL OR AT SMC
WHICHi PAPFP44 Wi itF Wkif TEN13 BYAUTlr'OQ/S>
WHICH RECENt JOUiRNALS REFER 10 <sTOPICS-
WHICH SORT OF S PFTRIEVALKE[S> CAN I SEEK
WHICH STORIES '&N THL SIART NEV/SLETIER HAV BiEN DISCUSSING <$TOPICS>
WHICH SUMMII(TES O0 STOPICS> CONSIDER 4STOPICS- IN ADDITION
WHICH TECHNICAL PAPENHS WI ý- WR4ITTEN BY <$AUTHOR/S,
WHICH .ITt ES CONIAIN THE PtiHASE <STOPICS>
WHICH WAS TH- LAST ARTICi- BY ,SAUTHOR/S>
WHO
WHO HAS WR]TTEN A[30,T cSfOPICS.
WHiO WAS QUOTED IN THAI ARTICLE
WHO WAS 7H, AUiTfiOR
WhO W'ii 1H[ AUIHORS OF TrtAT BOOK
WHO WROTE ii
WhO WROTE PAPi P4S ON <$TOPiCS, THIS YEAR
WHY IS Tli SVk 4';O Si OW
WOUtLD YO1 LiST UP 0 Si.Vi l,;ELN

WRflE A f-iLE O THOrE
SYES PL IASC
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i<NFORMATION-AND.CONTROL> - INFORMATION AND CONTROL
<SCOGNITIVf.PSVCHOLOGY> - COGNrIVE PSYCHOLOGY
4<THF.WORLD.COmI'Tj1EW.CHESS4CONFEi EHCE .:- THE WORLD COMPUTER CHESS CONFERENCE
<SAi.JOUR,•AL;, - AT JOURNAL
<SAI.TEXT> - Al TEXT
<STHF.AS!GCIATION-FOR.COMPUITATIONAL.LINGUISTICS> - THE ASSOCIATION FOR COMPUTATIONAL LINGUISTICS
cSRrTRItVAi .CAN.H1ARSAY> - RETRIEVAL CAN H.ARSAY
<$HIJMANPRO8L[I4.SOi VING, - HUMAN PROBLEM SOLVING
<$RFTRIEVAL.KEVS . RETRIEVAL KEYS
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-<AUTHOR/S:' - <AUTHOR>
-AUTHOR> -ANDOOR 1> <AUTHOR>

<ANDtOR I> - AND
OR

cAUTHOR> - ALI.N COLLINS

ALLEL1 NEWELL
ANN PAEIN
ANT)PONY MARTELLI
A.RIEL ROSENFEL{)

EBERNARDI MILl ZER

BERT RAPHAEL

BILL WOODS
BONNIE NASII-WEBBER
BRUCE BUCHANANI

CARL HEWITT

CHRISTOPHER PIESBECK

CHUCK RIEER

DANNY ROBROW
rDAVE RUMi-I HART

DAVID MAPR
DAVID MICHIC
DICK SI TZER
DONALD NOkMAN

D[OUG 0A NAT
DREW •,•D.)RM0flT

DREVFbl'
EARL HUNT
EARL SACM-PI)O1I
ED F[iGI;NiAJUM

ED RISEMAN

ELI01 .TOLOWAY
ERIK SANf)LWALt

EUGENE CHARNIAK
F, IGE WALiM

FELDMAN

GAPY H1L1DDIX
GCOPGE ERNST

G!PS
HA*, BCRi INt W

HARRY HARDOW
HLRI. SIMON

HLN!ERT BLOCK
HILARY PUTNAM
HOLLAN'D

HUGH NAGEL

IRV SOREr.
ISSAC ASIMiýV
JACK MiNKER
JACK MOSTOw'

.AIiiSi SLAG L
JEAN SAMh{ I
JFFIIJL" P JLy IkMAN
JERRYFi IMMAN
JOHN GASCHNIG

JOHN HOLLAN•D
jOPIN MCCAIT HY

.jMN NEWCG'%iE;
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JOSEPI W! i/EN1JAUM

2'.DEA Pt AP(
:• ~KAP, PINIL l

KLITH P-ICE
KEN COLOY
KEN RALSTON'
KING SUiNG FU

LAURENT SIKLOSSY

LEE l-RMAN
L EONAIhI) L1-4W

LEL EARNEST
LINDA MV),iNTLR
MADELINE BATES

¢ INMARV'IN MINSKY

MARY NEW{HORN
MeARY SOiV';

MICHAEL ARHii
MIKE P /(:HFNER

NMI1CHFLL hEWEY

NEW( L L

NILS NILSSON
NILSSON-•. NOPI SIJTi;el

PAMtI fI MCCO•OiXCKK
PAT WINSTON

PLfRq'V I Hi)RNDVKi
PETEW KL{GEL

RAJ QF)i)V
;; •QA%•Al% S'ANLNjl

PAYM(Th'D SPROLJLL!} PHI)DY

SICii FIKL
pI(c• SMITH

RICHARI MICHALSKI

RHIChAQr VA. DINGER

Z]C.K likYi- RO)TH
"OGO L; i P-L'. 1f

POG[ W SCHA'NK

PON Oil AD!IER
POS;FN ELI)
ýCO',T T 1\1,: IA;,,

SEYMOUR PAPLPT
' ~S! MON

STE vi COH .

STEVi RECl)
STLVE /UCK[

TED SHO1TL FFi
TE "PP \/P'OGfAD

T-THOMAS MAQS•; 'D
THOMAS SYIKLS

UHR
VIC LESSiI

WA. LV RHOMHELR
WOODS
WOODY Rt EI•SDE
V.,);IK Wl. 1'.S

ZOHAR MANNA
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<STOPICS> .ANi~v'JQTOPIrS,
W INOGRAD'S ARTHCLE

<ANOtOR'TOPICS> - .TOPIC>
<TOPIC, ,ANDOR 2> <TOPIC>

<ANI)•OR 2.- - AND
OR

,cTOPtC -. A CAI MONITOP
A COMMON S.ENSE ALGORITHM
A GA!,4 MODEL
A LOING MOVE

A MIRTIL[VEt URGANIZATION

A PAC:KEZ BASED) APPROACH 10 NETWORK CO),•IiNICATION

A PARTIAL EVALUATOR
A PROGRAM SVN, HLSIZER FOR NLTWOQ9. ;,ROTOCOLS

A PRO;PA'4AMINC. APPRENTIC.
A PROO CIiiECKER FOR PROTOCOL TERMINATION EXPRESSIONS
A RADIO INTERVIEW ON SCJICE Fik1TION
A REGION ANALVd;S SUBSYSTEM

A STEREO PAIR OF VIEWS
A TASK OPIENTED DIALOGUE

A TIAUMAIURGIST
A THEOREM PROVER PLANNING FOR PROGRESS

A TIh.W I)OKArliN ANALV-ER

A TUTOR OR !LITORING ON TV
A TV REPCITER

ARST RACT ICN

ACQUISITION O; KNOWLEDGE

ACTIVE KNOWLLI}GE
ACYCLIC ISOMrFS
ADAPTATION

ADAPTIVE PRODUCTION SYSTEMS

ADVISING PHYSICIANS

A!
Al LECTUPE(;
ALGEl•RAIC R[OUCT ION

AL ý;Ol
Ai GORITI-IMIC PC S.iHE, ICS
ALL.OR NONF. SOLUTIONS

Af'ý ADAPTIVE NATURAL LANGUAGE SYSTEM

AN AS';( 1IlII.V Y OROT
AN A'X)C,,k4kTIC Sý VSTEM
ANALOGY IN PRGILI IA SOLVING

ANALVSIS OF CONTEXT
ANAL V'IS Di SENTENCES
ARTIFICIAL INTELLIGENCE

ASdIAMILATION Of NEW INFORMATiON
AS.OCIATIVt MAFMOPIES
ASSOCIATIVi MEMOPY
AUGMt N[U IANS ITION NETWORKS

ALTOMAT[L) DL,)i;CTION
ALUTOMATIC CODIK"G

"A"T OhMAT IC COMUJ IAT ION
AUTOMATIC .lidl,"IA GENERATION

AUTOMATIC PQDý;CAM SYNTHESIS F1OM EXAMPLE PROBLEMS

AUTOMAT;C PROURAM WRITING

AUTOMATIC PROGRAMMING

AUTOMATIC PCOF OF CORRECTNESS
A uM TC,;, , 01Ev. P!T•OV!N•H• G
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AAUTOMATION
AXIOMATIC SEMAt'TICS

AWIOMS FOR GO
BACKGAMMON
BELIEF S\'STEMS
BINDINGS•':] B IOMFf)ICYh'F

"•RAIN THEORY
BUSINESS PROBLEM SOLVING
CARTOGRAPHV

CA-',[ SYSTEM,-
CAUSAL REASONING
CELl ASAMLIUVLV THEORY
CHIECKiNG PROCF-.
CHESS
CH[qS; PLAY ING PROGnAMk4S
CIRCU'IT AI;ALVSiS

COGNITION

COGNITIV'f ROOBOTIC SVSTEMS
COGNITIVC SCIENCE
COMMON ,SI NSE
COMMON Sl USE THl ODV FORMATION
COMPLI x WAVLORJ.4S
COMPUTATIONAL INGUISTICS

COMPUTER ART
COMPUjTER BASED CONSULTANT
COMuUIER BASE) CONSULTATIONS
COMPUTER CONTROLLED MANIPULATORS

COMPUTER GRAP1I4CS
COMPIJTER MUSIC
COMPUTER NETWORKS
COMPUTER VISION
CONCEPTUAL DESCRIPTIONS
CON•CEPTUAL N-i.RICE
rCNCEPTUAL OVERLAYS

CONSTRAiNT SAT ISFACTICN
CONS TRUCT ING PROGRAMS FROM EXAMPLES

CONSTPUCTION OF PROGRAMS
CONTEXT
CONTINLUOUS PROCESSES
CONTkOL
COOFEIlA1 1,G SOd;ICES OF KNOWLELVGE
CO'VIR'C LIST STRWCTURES
CURVEI) OP i( CI:

CV OEHNE TICS
CYCLIC
.ATA RA.ES
DATA BASFS FU•, ;NTERACTIVE DESIGN
DATA STRUCTURFS

"DECISION THORY
DEDUCTION
DEDUCTIVE •ET•RIEVAL

DENOTATIONAL Si 64ANTICS
DEPTH PERCEPTION
DERIVATION PLAN\S

S~ DLSIGN
S........ DLSi{.,N Atj'(OMAI IUN

DESIGN IN TH' AQ7S
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ODEICT]ON OF LIGHT SOURCES
DISPLA'Y TERM}NALS

DRA(i'li
DRIVING A CAR
DYNAMIC BINDING
OVNAMIC CLUSTiWING
DYNAMIC PROGRAMMING
ELECIRONIC CIRCUITS
ELECIPONICS
ENGLISM
EVALUATIONI FUNCITONS
EXPER3 SYSTE M
EXPLANATION CAPABILITIES
FABLES OR FAIRY TALES
VFATULW. DPIVEN SVSTEMS
FIRST ORDER .OGIC
"FORkMAL SAN; ICS
FRAME THtEORV

FRAMES Ad,") IHV EfNVIROGMEN
FU.ZV KNOWL[{l5E
FLZzy PFWO[LI 1,4 SOLVING
GAMI OF POKI N

GAME PKAY'IPNG
(,CNERAN L PuRPOSE MODELS

f E PA h. OF W ATLJ7AL LANGUAGE
_EOM& hiC : MODEL]ING
GO OR GO-MO)U
"GOAL SI (.f:IN( COMPONENTS
GPAAIN OF CO)k4PjBAl iON
SGRAM•.•IICAI INFERIIC
GPAPH IN'TfLPi[TABLL GAMES
GWAPH M•ACHWIG
HI ARSAV
FAHLIEWDSTATIC Tfr ORY
HLIPISTIC PROZ.RAMMING
Pi.tP RISTC TECHNIOQUS
hill CLII48ANG
HUMAN Ki-AViOR
HUMAN MFM(.QV
-NUMA4 Vt-'IOtN
HVPOIH[SIS FO•4 'ATION
] l:i•i N'T NSITY UNDERSTANDIN5
1 1 j P. •, v)%5 opc;,RAMS

_•.• - IK LIC •'- •-ASýE(! . IONS

.\,•uSTPIAI APPL :CATION

.X.INE .CT WPPESENTATION

S~INF EI4KtC&S
. hrI- k; ,•- !.' !L ;Z~wi cT 10:4 ANSV~qt,,Ur

INiOimATON PPOCESSIr4G UNAVERýýA.S
INIIHERITANCE OF PPOPER1IES
INTELLICENT MACHINES

•~I NTE •u IONS

IN'iý'ACT;VE DESIGN
INTE•iACTIVE KNCWLIDGE SYSTEMS
INTEPACTIVE 'QOGRAM 'SVNTHESIS

INTERPRETiVE SEMANTICS
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INVA1IA?,'CE rop PI)QoLrM SOLVING
!N;VARIANCES IN THL PERCEPTION OF FACiS
INV( .YM'r N f ANALYSIS
ITLWAIION
KN(OWLI DGO BAS.A) SVSTEMkS

KNOWA[ I GE SYSTEMS
LAMMa)A CALCULUS
LANGUAGE COMPNRIENSION
LANGUA(;E DESIGN
LANGUAGE PARAPHIHASE

LANGUAGE PASCAL
LAN'GUAG( PRIMITIVF1,
LANGUAGE UNDERSTANOING
LARGE DATA BASES

LEARNING
LINEAR LEXICOMI.TWV
LOW ORDERS OF RECOGNITION PERFORMANCE
MACtIuNE :NTELI IGENCE IN MFOICAL OIACNOSIS
MACRO PROC[.LS;NG FOR AN ON-LINE LEWSITTER
MAhNAGEMC iNt,'OrRMATION SVSTEMS
Mi AfN3 FOR COMPUTER MOVIES
MFO)ICAL CONlSULTATION
MINP.AL SPA;NNING FORESTS OR TREES
MOTION iN SCENE DESCRIPTION
NEURAL NEIWORKS

NEWSL [Il kEPGkRTFPS
.P"ONDETERMIN!S7.;C PROGRAMMING
OBJ.ICT LOCATIONS AND MOVEMENTS IN NATURAL IMAGES
OBJECT MAN.IPULATING ROBOTS
OPEPATIONAL RfASONING
OPTIMAL PROBL EMi SOLVING SEARCH
OPT IMIZEiD (CODE FOR THE TRANSFEk Of COMMENTS
PAPERS BY RILL v/OODS

PARALIrE I."!( IN PRORLEIM SOLVING
PARTIAL EVALUATOR

PAT T( i kt Dik[C( ,.D FUNCTION INVOCATIOh
PATTIRN MATCHING
PAT TEkN RI CO(;NIiT;ON
PERCEPTROlv.;
PnOTOORAMM k ;4V
PICTURf;" <FCOf,,',!TION
PLAr%.\LII. 1i:C I LA:,GUAGeS
PW1*)ICAif CAt C'LUS
PRri FIu:kIAIL .EM4ANTICS

SPkOiJLI IA SOLVI-tC
PPOCL!)UkAL EVi NTS
PPODLUCTION SVSTEMS
PRODUCTIVIUY TL.HPOLOGY
PPOGRAM Vf W)i iCATION
PSYCiK)LOGV
RECOGNITION DEVICES
RFPRESEh'TIIG PFAL-WORLIU KNOWLEDGE IN PELATIONAL PPODUCTIOD SYSTEMS
RESOLUTION THEOREM PROVIING
PESOULCE LIMITED PROCESSES
RETRIVAL

ROBOTICS COOPERATION
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S~PH'1• ACIOuS1'VtN CAPA2~tI}[S

.- + ~~SC:.."• Sf G(',tf ;,,!Ai IO)N
•.+ SftUANH C )ir1s

AS S.ANT IC I.F WOOK.

SEUINC£ MI AN•I'G IN CONTEXT
S[NIENCE Mf A!?I,,3 IN CONIEXT

SEPnIA( PAIT• TN ACQUISITION

SEVf UAL (OAIS
SHAPE[GA~•;

-• S'IAPF !OP(fl OGW

Slioit', AIV CrLj A,":T i0,6
SINARMG DA.o,,s

. ~Sr -T WAWI ! NfEkkJ(PIS

?} SP[I:IcH rN•[R'At AN.I~i NC

STAl .i)(Cki';,N 1 .ODILS
STuKCItASTIC M0-r" hk5
STO.A(;@ PEDUC.X ION

STktj(CTLuFO) PATTLIN ki,21U.NMON
SV).(41Xl.MAPP ;.; iN GASE(IAL.

..- SVh'i'4O.llNI0A; OW'- CONCURIkR T PROC.SSLS

SVNI AX
SVN:•i .; OF LiM l AWINGS

! !L (}{{)' C R•i A SONIN'G

TE.IU)PAI SCENV ANALYSIS
T X T LIRF ,\N, V'q.,•.:S

Thi A l )CL I 1 ,Y ALLill i NEWE .LL

hfil RAY fAV f A Ci:4:'. i
Tii R ý.ILKE{ V j)LbjA l

THL .AT( . !-i!: W.)PI• COMP,.TER CrESS CONFE4LI'NCE

"T rL :'. VrhS LD if

TH! FNV\!'P .. 11,4 '
T. FFt;RA .,!)•:;IAL SVSTEM

T.:: GAI.A! Or PDKULf
T1,1 ,-i57O•,V CF Al

S.k U? , .- . V

THE ISA,'t .';S C

TF. L I-)?, Or ORJiS ;W. DA CIS

T Tt LOGGiCI. 1 i c'IIIGN CF LISP DATA BAS FS

Trii KAF 1A SV' I C . H• I , t',h; f-, 0 % 0- M' T IP OC ESS SOi-WAR E

Tr,, Y t.'. 0.1•% iKUk TMICS tJ MI ;Y' OP ;€I ISP2

"!THj &0,.i '.4AT ,; ()0. f %ýM).jI,•& bV J, A NA-IO,%Al ,.1O.4 INI NG COMMIIIEE

Tti O.0 ,V (U', tO-l Y[I SUBPROPLLMS

T hit PA-', !M.,: AT ION OF FAItANOIA
-- • ~~~~Tthi 01R {M,,t•C iPT L;Z•iATCtiIM, PLULS

,:iF S.'× SLVt !, i IlC;T N',:, GAMI

: hi 'OC> IiMAQK
".1 S JCTUj•[ cr AN\' VA•IElY OF COMPLtji. TEQMIN.AL
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UN'FO•M F-;COor POCI)UPES
LJS}INI.' 5- L -GP/%f4,("

V;SUAL CO)AMIE•ATIOh

VISUAL PLA\i.S PN THE RECOGNITION OF POLVHLDQA



IV. COLLECTED PAPERS

A l-c';ectfort Of papers, alt of which app-ared in' the Proceedings of the IEEE
1riler-'at~onal Col-tlerence on Acoustics, Speech, and Signal Processing, Hartford,
Cýonrvcticut, lc',dy 9- 11, 1977, with the exception of the last paper, "A halting condition
anti3 related pruning heuristic for combinatorial search", which is an unpublished
wo~ktng paper.

A FUNCTIONAL DESCRIPTION OF THE
HEARSAY-11 SPEECH UNDERSTAND0ING SYSTEM

Lee 0 Ermnan

xorrntor Cornput..r Sc~ence1

Carnregle-tivlcon 'Jn'verst/,. Pittsborgh, Pa. t,5213

ASSTA Tstandcaro deviatiorn at iris ileasure is very high (about 51).
since some words can oe toilowed by many others (up to 300

Aoescr'ption of t~he Seofe-eher, 1,976, version of the 'n several cases) For 'he sentences used for performance
i-varray-Il system is given a: tsle know iedge -soijrce aevel, iestng. the average iengtn is seven words and the average
indicatin~g the act~ans of eacn knowi(edge -source and their number of woros fhat ca-i lciow anty irnitiai portion ofthire
-n e ractions sentence is thlirt!y -fiuur

Týe Septe-,ber, ý976, confligurat-on of the system
recog~naze about do' of its test utierances (run blindi word-
for -wa-c correctly, with atiout 902 of ins u'terances, ucrig
inferporetec sermaiticaily correct.

Tile hearsa9 .ti sysiei rias oeen oescr~bed elsewhere in
tensl, at is srstev org anizaton, nr~uong the Trode

t w"ich has itilAru:cNPARALSETCP Exl'PACTi01xt
drvent that design rLeks75, Eriviu7S, FelPaSjl Aiso, the S(V' tiL.,adtARE..LINC
-ndividuoa' Knowiecdge sou.rces (K<Sst have been separately
reported on -n aetaii. ini this paper, a estcr-pt-ofl of the An inpAt utterance is sipasen into a -ned'umr--ova-ty
Septen>rwr, :Si'G, vers!.nr of the s,stem~ is yven sn terms o! Etectro-Voce RE-5i cIose-spearcirng headset microphone in a
tne tunctions anzi interactions oi th S. Thi do@s 'sot ixrynoiy environmlent ("65 d~bt. 'Tne audio signal I isow-
.riciude a descrvwion of how this configural~on is realized passed tIlered and 9-bit Sampled at tCO 64z. All subseiquent
within the general Hearsay model arnd Hearsay-Il system, nor processinG, a,. we.! as coniroli ng the AID corverter, -s digLilal
does it indluce many details of the inner workings ot the KSa, and -s done on a tine-shared PDP-t0 computer Four
or cZOmPO1!;ons of Hearsay-ti with any ther systems par anete r. (ca~led -ZAPCASH-h ate derived by s.-pto

aaonithms operating ci.rcctiy on the samipied signal (CoZa7fl
The ta-r. fOr the systemr is to answer questionts about These oaranieter: are extractedi in real-timte And are initially

and rottier- dJocumenrts from a Coiection at computer science used t0ondtect the beg-nning and end of the utterance
ausiracts lin thuI area of irtificiat intelilgence). Example
sentences air,. ie ZAPCASH paranieters ate next used by tri SEC

"Whtcn aoctraz!s refer to theory of computation'- Inowlecige -source as Ire oasis for an Acoustic sevnt-nta:on
"L~sf those artidies- And classification of the utterance This :emittotis
'Wriat ha: ki nsa>' 'wr-iten s-nce nineteen seventy-tour7- accomr~ltisheo by an iterative refinement technique: First,

The vacabu~ary contlAins (0.. wareas (In which eacn extended s once s5 separated from no-iec;non, the non-siience is
t~rr, or a root, e.g the piuraj of a nounr, is counted separately, brorne, down *nfo the sonorar! and fon-sonorant regrons. etic.

it apocar:,). T.'e grammar ,;hichn ocrinos f~re letal sentences E.'ontuaiiy, I-ic ciasses 0f ser~mants a-s produced: sieridS.
incontext free anti incudes r-ecursion. The style of the senoýr acit peak. soriorant non-peak, fricative, ano flap

gra..riiar is s,.ch that therm a'si many mrore non-terminals than A~ssocajlc with macn, classiled segment is its duration.
in convent~anali syiitactic Crarrmars. tne informatialon contained ainoiute ar~p:I.lvcO. inc a,,etu0de relative to its neighboring
in the greater nu-mber of noocis provides semantic and segmer's L~e. ocal peak, 'ocai vaiue, or plateau) The
pil.r~atnac constra;-t within the grarrmaica) structure. For Segrn-ts are contiguous and nonl-oven iapping, with one c6acs
example, in pajce otf heuir' *n a :O0nventibnif grammar. this diesignation for each.
grammar inctlvies sw.cts non-termntia-s as 'Topic;, 'Author'. 'Year'.

ubimer', et:y :'ai1 -te SEE KS does a finer labeiling at each
,egment. 'Tite Iaoeis a'e ailophonic-fike, tinre~ are cu-rert; 98

Tile 8 ra-mnar a,..os cxc.'nrO on the average, to boe 0! themn Eacn of the 98 iaoeis -s del-neac a> a -ector at auto-
Po-nby . e'iereen otre' .o':s of the vocatuiary The Corlrolation c-efi~c-ents '!'.V75, These teMp1laes '

____________generated from tsoeaker-dapendent tranring data that have
w05 '-at supporlec U, the Defensne Advanced been nanon- abeiird 'tie resuit of the tabeililig process. ancli

0... l nuc irt ie iF34S2C-73-C-007.t and is matcrcs tihe ceriral Porltion of eacn segment Against each 0'

-0On toned t,/ 'me Air Force Ctt.ce of Sic erttic Research. Ihe ¶e'oit~es us~ng nre italura n-Oirc. is a ventlwr v! 98
2 i-ncct!ntfr. a' aeeuot~ons are ..ncerstood to aoply to the n..inoes, t;'s .tMl nue'ier .s ar. est-mate ot the (negativeiog'.

Seolem~ncr. j976, sý vmm svoinoitil that li-c seg~enf 'coreseris an occurrence of lnhe
tinh a:'onhone n' ne ace. set.

Reprinted from 1977 IEEE ConE. ASSP, 799-802.
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•,v~O SP'.TT:%'.TpP- END PROC•b SIN'G

-hp -^. a ;e-era: cr5 A*•O'i'. oOttO•'-.p, •

accar•n,,sneo by A tI-ce--stle wL: sC-nr-s 
1
-=-. Gh-'---a:.cn

, • :,sn 'a-eabec. w te-•'-•is ,'.,lut. a Tne s'OSEQ e>.op source `-eSe77] has the ,OD of

.inOw'l?, P e ct-icc W 
7  

- 'e, nypOtheC5C for ;,.e-y re verati., rOt, tne Cro r;/o ,lheses' &@e-ateo botto "-up, a

sqiiao;e c:assr. th-s is co-e i,- ,rst nse(hn-ng Syilat;e sn1,11 set (bout tfrr:e c: 'en) ot wCrad seiueire hypotheses
iucie, and *he- "paro ng. out-waIrd frOM a3•n nuc es The Each oa these sequerccs, C' .sands. can be used as the bas

syiiab;e-class pa'ý:ng -s or;yen n, oraObao,hstc -grammar- Of fcr eisDa-ison Into :ar-. :tiands. hopeft.y c.ulmnating .n an

"-syiiabl '-(:a5s -. se ent- prfOduC_!O",s the rules and tt:r n ,co 'es t It -: SaD , 'I' ertIre u!tefanCe hiluiti-word stand .

orobaoiilt as ar' er-esd by an a.'.,e prorfam nrich s I'- ssed rairo, lan ýs-,e-word sajrds because Of the
•raineo or -.ar,u-acp-ied tt:erances (.re c-r',nt tra-irig, re.a! e.. :OCor -e,.io *. c' rat- ng of "r•e words as we), as

,"n-rp, P.searcs-ceoer!. vs n 0' C -'ceas :ontainind the ir-CJ syrtzct,c c.rO°•,t Xupp.,CC Dy Singe wOrds

adout 363 wOro taens.) For each nrclei:; posit:o,, severa t

competing ,'hiao;e-class hypotheses are generateo -- typicai'y WOCSEQ ises two ,:nds D' knowieoge to grenerate multi-
three to eight Word s~anJs.

ITne sy;.4Is c asses are usec to hyoat.esze words A latoe der ecl trom the grammar indicates fco

Eacn o tiPe '0. 1 words ,r !he vOcaývia-y s seat:hied by a e-"ie-. Ore,, co Da r Of waros in t'e vsocabuary (G01 1
prOnunciation oesce'r,,iocr Fc' Aord nryothesi:ation purpOSeS, 101 1) whrer tfrat pair car DCiu' ;n that Order in
an -n~ertad far-i cif !tr dictionary -1 reot, etifiin nee -a S 50cc serterce at the defined -ang-usge Tn;S binari

asSOCtOeO, wiith eac:i sv'ab.e-cass a-' '!- ,OrOS -ni ha-,P tAnle I,.h:h contai¶ about 1 7? V-'s) thus defines
some uroroun.at Oa corta•in.•- a.t; s, doc-c ass tC '.C KS lanKua6 e ao~acency9

S"Ws')6 ocicrs o ea-s r",aot1e-s 7co s,,'aoDe r and Accust,: ',--c ernKc,.e.flge, eciooed s' the

generates oro :zano,•aes trOi amor.n those .o :f-',-a,.ting j•iiTh. KS is apt 2,j to pairs of wor. nMvpotheses ano

that s-ii-abiciass For each .-wO'd ýra, a t -i's , 0t 3 • 0 cc to oec.e *t :hat par r-V't ce cons oered0 o Ce
s. rc--ees - ore zf the prorunciat.Or.s mu•t mahc " a,'-,e a t-- C-ai.-'Cc t: n t1r.e utterancP LCZT .ses the

r -es roi d o,0:ai e. S0 wo!o:..-f trie .0Oi -acern -ocabuavc-! arr,, c-sn at.i's jid li -eis'- t'r at

ate gani ateni ;; ear' svi-aoie n fse.:: c, c--. 4 nt-F.s-: -waii - gIts dcs

ca;-, ire ge-eratea woro cacoadales a'e rzeo and -.-. EQ aeas !" c hi,.rest-ratcd slýg;e words and

Ihe - begn- ano end-lihes ao;.Sieo by the wgj..O g.'eraltes -u;:,t -cro eQ.ences Cy exoand;ng tiem *.2h Other

enowl•o .ge saxcc [t.•Wo73771 Far each wOra n the o, c cs. ,,e :: d ors ti-at are both t!re- anO langu.age-

.. ccac-,a',. W:ARC nas a -etw,'s %i ch oesc-.bes thte act'ce-' Tr. , Peoar• -• .s contros:-o oa heu';st-cs based cr

DOsibib pronutrcsatOns Th:s -at.-; s ca:cliatecd b,: fr-nr,: :te c :r - e v rano .;s t con'oDeting word hypoth-eses The

Ine oath th.'Ough the networ, wtsicý Dest matches .fe aje eC oc- tf these wor";s seqaeirces (which Occas:Onaily intc des

seg'nents, LSln the c-stances assoc ated w'th eac" abel for s,-~le .orOsi ace ",ypolteslzeo

eachl eLreert. the rating - 1her, zr: cc! or. !he d "F-ence

DetweL1ri '. i best pa;lt and '.e s -•I;'' a-ce 71 Tv.:- top-c-id c':cess 'g -s sta:tea by the c-eat:-.n oa

....t.e..,. '.o1c-ScOuserce '-,cl,.eses. Sabsequer•lty, WOSEQ -'ay

Tne resu;t of ie wotc p'ocess n; so far .%, selt Of gne'-te aacitcna. -. potheses :t t-e recoe-!rOn process

Ords F.ach v.o'd .rc;ues a cc;--- , ane end- A--', sr- a t-e-es• z, :0 o be -a.n7r.; erOress oacod on those a?'eanh

fl'iocnco= ra!n; & A Po,-C) S. &- id .nRD-CT. ":olf es ied tne;c adcot ,na. hypotheses msay ndcluce
control;'. seec!s a su :tet ul these -.3'0s, sic cc -in' ccr '-C, s ;rorte-. cýrcrposeJ ter-aons of some oat the orinal ones

and 't s, t. gs a, e rvc(t" r l; eC, I -s these cc- ctl."e ' o
hyrpocinsees teAt to'-- riuc'; 3• toe base 'or tie "top-e-'o

eea~ess-ng teA' roL ceir -s Z P. c-. these s e:ectod WarC c

i-ct~~C t' ce aZ- F A s at-ts ;;C.e

01. Lco ec " •c-.i ..; t' -- e ' - -, t n eac' co -c-U Cit a ,e t h.e s- "ui' c canstra!nts sed in the '"' 'on
,yeothes-s ha-: a a*'-& 5- '' r t Ora the a-- -age :,ott t !rc C-rt -•e,,.c-cO ire z',i; par--wtse, a sequence .0-ger

inree . as ca--rarez t0 t"e 1-,e :o twen .ty-f-.e 3' so t n t o-c- wO s -ay -at De syrtaCt;ceiiy accepaoile A

rjpr-Woneses w.-'. con-cete ý-. .' a e r 0' .Lnm•itanti/ - -ac-e.'n 3! tr- S tw'" 'a'y" faLii 5 er,'ueOge Saurfe
oi-.C!iap Ici--a- 'a- i-r-se c ec arreoS A-lt retA-ns nl pac c e-reo -ie' esnu.r~g lire tel:

.nlerna.!y by .C .C-CTL to- pOsSi. C :a e " h pOotheS-za!,O n g.orstra .: , i P by !-e ;ariage Trs pars.ng do es not

teouire- ta!t :te wOro seouence fo-nr a so,-p-cle non-teremnat
*. :he ,•r .- ,i-5r Ior tV-A' :-;! sequence ce see'tence-.nitai or
- -'e- C, '"a . on1,' t-'I :te wi3rris OcK r cOr.! aOu'iy

w , &c s-jo Sentence 0-' Ire a'cl-age It a secience
,.oel rc :ca"te, "-a h,,ci "es.: r. i-arled as

"cc &e'; - :.wi:e. a pirase n'.. z :lI es.s .s c'eate i

sc at-t * th Ce pr,'aoe nyc,.:tess.s iS w.0, 3 seq-ence O
t

'"-:'. -t s ::m ie-o Ps ae,. as %.lorrat.on about !he way ýcr

50cc- - t.2II 5sse-i ,a-c. 5 IeI I '-as Ire

a "' 0' a *55-c atn'. an Or-e reltwor' L-. A-



Wo'd PreJ.ritor.S !rarn Pra.s 6arantaec tat, the t1r; s.cn com"piele Spannnlg hypOtriesis

-.: t:-.A ;L i. - r a-!^4 OF' ail pass nle sparringn
Anot;e' ca--ponent or ime SAýSS -'row- ecge sisrte cAn. tL'Cn-pt or:,ees thýat gnt "- toý;d it tne search, -ere

tor a,. ph, . L ".ypCtAess. generate prcdctdons 0f al worcls 0.o r. I con'i-...e, so I-e system cloes not just stop w'th :he

.n,cti can n•-.-• -.,te. prerece awt a. Crn-, can ;"--eate, .C- t c- - A:-1 -- -, . Fr. t:-c ci.. , rt.;s at such an

to0iow the .;i ase in tiC language ; d•Ging the cor-outation tO p i'"Y,',t, re •'P ;ir ;rie nC o'm fi:trcr cansoerat.Oin ail Or

--enerate t-e c th S !ses the oA' nnr zar'i- oecause Vr trr lOw atinslS. are

irforriAtOn aitecea to the p•nrase hy;3Cthes-s by the pars-nt , el oe ewtenca>creinto spanning hypotheses wih

comoone',". 'at1--5 ii;e.rr, nan 'n."e oest a:ready-i-oscovered spa.in-'•g

senle,"e. Tins eurist,: pruning proceaure is based on the
'Orn' at I-ne rat ". 5n finc.o" 0oe.. how tine rating - the phrase

War-r Verf.c-c-at .• er-• - c rorn :- cotst,t;ent ordii. Tie prurnin proceoure

con-'cers each ;artlai phrase arc uSSe the ratings of other

;An a!,,er;: ,s racpe to .ve' "y 'ie e. tenco a' o, reject o'-3 n,r.ot'!iele ;n !h e !-.",e area, not covered oy the phrase

each s-jCh prc.. -ted word, ,n The context Of its predicting '0 Oe!err.re I' the ptr.-ass reht oe extendaole to a pctrase

pnr~se If vertec, a conf'aer'ce ratirg for tr.e wOrd Ltist also ,laea rh-er than tht. soanng n hypothesis, if not, the partial

be generated. Fi-ast :f the ward has been hypotfesized p,-rase s ).ured Ti:,- p-ue-ng process and tine rating and

orcv•ousiy and 0.easese the test for tiuie-aaiacency tby the hating Dc-ces a-e dCs•-s:ed in HaPo771-

JJ•lCT KS). T ;s careon as ".er..ed ano ,ne word flvpO!heSiS s

associa ,ed Ith !me are-Odr:on ttcle ralt a single wOrd, may i-e recay.-tr ,ra'Cssf:n tinady raits in one of t-wo

;hus t'c,- e assocalte" wt'h se-e-al .erert ;'hrasesi says: Fc',. there may )e no more pat,at hypotheses left to

-e.OnJ. a tea' ,S, -,co ot f !r.2. nte-'-A icte at AC7-C-TL ,o *a 'O-ar.o !or o-ed~t'-2 and ewtenc-nr; Because of the

-ee . t car'tn.na•le .,an oe jdchez -. a p'?aus gi,•erateO car-n.natc'c; c0 i -re ;rar',-ar ala trhe i.ehnCod of finding

cant:,a!e wn;c-' nao oat tee' n;,,pztesizec A~a;n. _UtiCT so' prc-u:ct," t-at 's rated a: eat: acrove tfe aoso~ule

mr•akes a ,cagent accut t:-''-aotce ri ' #inae., W!ZlARZ re.:' •A,- hrs.. C t.:. 1O-- of terrm rat.C-, happens ,ren the

"cor-pa:rs is woro-por.,nC at.O" -e:t.orK to the pe•-erts p, pun urq ocs'c #,zt rcrn eftecti,,e and nas eliminated ali

an al!etr'pt t verty, t"e PreO'c:'On cOmpet.tor; Sezrcc.. ire enoendt.l.-e Ot a precetinec am-o;.nt

' O"'.oi.tgh'. n"ci as rii::e or space) aso halts the

For e 01 e'e ii'ole-'! - -ts of vel fIra;:A ti- •t.nt,.. "'?-' V' c..a' t''c'In--r-.nids ý"t¶ P-e etl

!o tIe '5 t;l-.:.1et:) a '3?he pn'ase aS ta-i,,. to be t-e end-t;ee .r.artences ,P -x , I -e Z get' Itngih and over the same

ioegn-t;rnel a' ire ',--ase 'sre e'a-t- ie ýOer,.1-'t e! of Fre -.oc alJ ,a' aid ;',ni art

pr cattedI woar s rW ot ,, ,,~wni.fl *ý 0corea-reqjrnemelt
"e .,,r t,cation step as to gernera;e an approximate end-ti,'ne 0,e re - c, -3;'.t:,oin process s "ated, a seection at

tte(in-timal tar the verified wardr In gene-a-, several one Or -"ore ph:ase t;,at;heies is ,roce to represent the

oafierent "versaons- a! the wore may be gene-ated which %s t It a': .'' one spa.n.ng sentence hypothesis was

d ?'cr pr'.,nar:iy n t'.ere end-t.n'cs, s "nce no ca"tet to the !?;.-e. a hcs:-' 0 ej -ch rnypotr.es-s 's chosena otherise,

- .gh! teft) o! Ire :recictec Aora s gie', severa a fferent a se ic' a, ' o e sec ra of the gin,'es!-rated Oa the p-rt:ai

estimates of the enO 'oegr,:ng; c W ! -ra a,'e pOaaSiote ai:rr-. to¢,treses s -7e., Ž: ' ZSn the sector to the Or.gect

oaseo soieiy onr tne se"gr-erta n•O'.i; oin S 'u *1 .,p in ei the C.,-

For each eir-co word arc .:s.ci-ng nphrase, a rew "7-.e - 'c::,g oetas ir,.,;e (a) %n't.-

t'd *onger Co;rase m"a), re ;.erate 'T- s c;rOcess, "s..'c -,""e'a{ o". t', 0,0O seque:lcn partirý, (c0 wOrd

-.0I-; i-l Or ;,. -"mpaoent o SAS s -'-ar :3a 're Wo'o- Oat : "---Orý :'aseS. tZ) -a.rO ve'.,fca:,On. and (eF w°'c-

Sequence -eco% ,:ot Ao r cr'o-3 - 't-v . e, - ÷ par- -', 'he -C'aCs r , -, ," t'cs-, t.; c. a- (t'- are 'he -'o-

3: !h CfiA. nr aur'c-T i-;e -ns-. -e''l w~ri --. ~- -.- it-i- 'L: a 1 '.C- 0,t'tr--

"ne ettenddj anrasa s t-en n 500tsee.O ana -c-jOe; a A- t"-- C," e,'3.'',- r- ; at -.Ots p. aces in the

rating na.sed on rc ratingS o' Srm -Orc; tha! :co-os." 7;te-.; e : ,! -" ! aI p w•'. n ine .oi-tS r
5  

nt

%icrict 0! tresc act or' : t perfoai -s a prou:em Of co .-nnalor.c

co-'O',, $ -ýý t!-i. evec .t on o each Ac: on -ill, n general,
Cattl Cetc"•-es i '"'n ,.w: •- ?A geere "ate -crc -- ' azt; :-s !o te dlone

Two un cae %-Ord- h-aotnesec a-e ge'ea'e helo'oe -"3 An-vt a ;-, p- a•rc en., !he t-earsay-i! system has a

rhe t 'S: and at"r !he :ast seg',e-t a' !te titterance t3 deino-i -a:,s:ca- r a,,? ýccccu-er ,kaFO77) wmct' caicuiates a

ne',- eld end i lc'e-ance. CosCect-,e / 'cese sa-e ,cs'" p Or.'ar C ear' act; ,n a i. s1 5 's, at each t-"e. tne wa.tng

i r.-:riuJed -, "'e srt: a:' c se('t ca;tOn at :he .r . and act( or w 'w rc ,ngr'" or " -!y. T're or:O''y ca;c ;ation

as t-e o• 've'y c rr cle a'We-.r-'-- t0 e-:r,:e tre i- sef.-'-ess of 're a3-ou -n. ':f' N,

sen-e-ce. 'i s. any. .er5 -rcc arase '-at -,ca.o 'iens as -t tre oaC'" 5-a ?,S- -z a Oa r rccO•,riZ n,& ;he ,tterance The

t.!-e-e !ost 'e•e,- s a :--o et.e ¶ec*e.:e a. cars Ine ce z j V c' s -sreoO. '-'Orntation soec ! eo when the ac' 5"

en-re -utte' Atc S-sc a ser-'e":e cecz'rres a car.-:ate lor V v c - ' a-:c c. Psi s- n"r for is trilgereO

- e;eca.or as -',e sviste"'s reco: ':," tn•u wcrc- ' - ae D'r _ea , a Oh-.ase "ap ',- h De

n'c-.-tat-c" ;a,.ec to- "-a c-'cc, 2r -n Q-zer to -eip caic.'ate

. o F ne-a, :1e co3"to ^ -0 r . % - st-ale, n" 00 rot !e, pr.or t l c ":; nt-a"' at;,Cn a' the or-tier .*.ciudes such



lih MngS aS t" e tie and raing Of 1-te oreopCtnm, O"rise and the

nuituer 1t words pred-ted :r. a3c, on to ,re action-specitic •U,
7 7

1 F. G-a/eh-Poth, . G.L, aisu Z) I Lstow, "DiscOurse

.,"orrna!O-, li•e scneau:er Eeeps tracK of lfte ovel .1l state of Analys•s ano TeSk Per'ormance in the Hear-iay-Il Speech

:ie sy•lem .n !e "is 01 lhe K,,no anc Gif!'y o0 hypotheses in L'sdertaruing S/stemn, in jCmSp77Z.

eacn !,re a'ea
[HaFo77] F. Hayes-Poth and V. Q. Lesser, "recus of Attention

in the i.-ar•ay-i' Speech Understanodng System'. Tech

ijT[RPPp TATi0:, ;-(j RESPi7.,'• report, Comnputer Scoemce Department. Carne.me-e-Mellon

University, Pitlsour-gn

-he SEMANT Knowtenge-source (HaD,771 accepts the

word sequenceis) rosuit of the recO,,hal:On process and [k4aP0717] F Hayes-Roth, V. R Lesser, 0. J. kW"tOw, and

&enerates an ,n!erprc:at,on in an inamoGuous fcrenat tor L D. Er"amn, "Po.c;es for Rating Hypotheses, Halting, and

-,lerclt:on wIr. time Oaa base :nat ria e speaxer is querying Selecting a Soihon in Hearsay-;;i, in [CmSp77.

icor egampir,. the sp'O~en sentence

"VWnal has "nrKY *'ritten snce O97N" •HaUn77) F Hyel-Rotn, 0 J UOsto-,, ad M. Fe,

is represented in this format as Understanding speech in the Hearsay-1i system. In

Type: £REQ...ST L Scic (Ed.), Na.utwi L&~u•,age Comnha'n.-zation Wfth

SLuhlype: SQUCPY!AUTH'ZR'•,A
T

E Computers. Berlin: Springer-Varlta, 1977 (in press).

:10te. 31974, A;nor: -Mi.iSKY'i []tM.75J F. !takura, 4,snimum Prediction Residual Principle

" he .nerretation ,s constri,.¢ei ioy actions associated App,,cd 0o Spcech Recognition', IEEE rraJ. ASSP-23., 67-

"-..h -a l,cai., ,erostrng ,'o"-ternrais in tire parse 7?

1,eets) of the recognized seqiuence $is) P rec- nmthOn resuils it
,O Or !io3re parian: sequenices, c..AT constrjcts a •LeHs75) V I Lesser, R 0. Fennell, L. D. Erman, and

cons,ý:ent interpretation based on ail of tre part-ai .ertlences, C. R Reedy. "OrGan,aton of the Hearsay-li Speech

tan•g -n:O account for each part!,, sentence its rating, UndersIandrng System", IEE. Tro. on Acusu.s, Speech..

temporal pOSi,,on, ano cOr.s~enmcy (or compettikeness) as ond Sigis Process.rig, ASSP-.3, no. 1. 1 1-23, Feb, i975.

com-ipred to tiWe other par:8 sienwces. fLeSe77, V R Lesser. r Hayes-Roth, U 8,,noaum, arnO

7ne u.C'3:0 knc'wtecl -sour'. n 77] accepts the P. CrOnK, "Se~ect:on of Word Islands in the -earsa-/-II

fernialted rn:e-,rDeation of SEl!4.ANtT anc produces a response Speech .nr.1rstanding System", Proc. 1977 IEEE Inter.

!,I tre spo,.,. T'Ts response .s ollen ,'he d,s?;ay of a Cois. on Ac_;,ajtsc, Spech and 5g.'go.l PrFccsiiig.

sezected por; on ot ihe pter:cd Cata oa-c rn craer to retain a Hart lord. Ct.

conerer.! rierprCathon across ser.tences, MiSCO nas a ftnite-
state 'nodel ot t'.e dscourse wch 's updated with each ILOHa76j B LOaucrre, "The kA•PY Speech Riecomntio,
,nte r acd o. .system", PuroF. Thes~s, Comp. SC. L)ept., Caregie-k4ei~on

Univ. Piltsourgri.

PRE[PE'C(.5 (rkk Wo77] D k ,cteo.,ir, "Word Verit,cation i, the HEARSAY
1i S.eecri Cnc.ers:a.rong Systera", Proc. 1977 IEEE Iruer.

LCSp771 :m&,, '-onp. Sci Zcpt Speecri Grop, Spech Con. on Aco,,,rscs, Speech and S=gnai Proce~scng

6nde rsrv n ,.ng Systerniu: Surrnip r y of R esejtz of te F. ue- Hil't1'O , C!.

"Year Resea'ci E[vlr. Como Sc, •,t. Carnege-feion

.i.ver t.fy, ?tHsbvl , i977 LSrnWo?76 A. R 'i-,,:r. ,Word i'ipotncs.za!,on in the '4ear.ay-

Hl Speecr. •=i,.ic's;anc.ri Sys;em'. Proc. of IEEE Int. Coat

'LErM175' L D. Erman and V R. eSV. -A M.,!t,-Level on :SSP, Phiiaocipria,. Pa

Crgaan2at!On for Frobi.'m So5-- Using Man%,. L- verse,

Coooeratri-& S•oýrces of (noa.,e.:-e". P'roc. 4th !n:er joi'.r

C orf. en Ar.,vfs,, Inte.jeice, .70-S. CO-&ga, LSSP.

Sept. 1975, 433-490.

ýFePa72 Q. C. Fenne;; and V R Lesser. "Para!iellsm -n Al

Probiern Sol;,ng- A Case S.icy of I-EcarEay-1i, IE

.'riA.. on Comfour.'-j, Fee, ,17

'G oZa77' R Goldberg, R Reccy. ard 1. Gi, "The ZAPOASH
P?-.aretel., Feature E!-act-On, Sog,'entaton, aid

Labe:.r', for Soeecv, rcce s! anuc:ni Sysler•S-, n
(C-i5o77]

""aSy '7) -i 'Aes-Pri'., Z3 E--ar. m For,, and

'j.VJostow, -S',tachc ý"Ocess.ig :.I Hearsay-i1', :n

:-aSe-72 ; aijes-:ct!, aA. Roe. r c ... and D) - itcstow.

sand Dracrat-c: !tt' earsay- I peech
L, ccrstanci.mg S,sien" .n '~i
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SELECTION OF kQ 0 :SLAiC'S
IN

THE HEARSAv-Ii SPEEC•r UN, ERSTAc,,,INC SYSTEM

Vxctor Lejjer. Frodertelx H ayea-Rocf -, M ark B ir8 i .'r , Roben Cronk

SDeoa.rmenc of coimn.*tr Sciance
Ce.rxege4-MdUos fJVuenx'siy, Pawairffh, Pa. 15213

grammar about which direction has fewer extensions (see
A;3STRACT Hlayes-ROh and Les.er 1976. Paxton and Roo,nson 19•5,

and Woods 19"6 for a discussion of technmues !or choos:,g
In He~arcay-I[, a word recOuzer hypot'esize, wos the next hypothesis to estend: tlh:s strategy allows tne

bottor.-up from acoustic data Usua'fy many coroet.'ig phrasal hypotnesis to te concatenated wth existing partial
words are hypothes-zea for each t,me rierval of speecn, phrases to construct new, enarged ntypotheses.
with the correct ",Ord rarely too-rin•leo. Due to the
unrelable ralnes of words and the .reted syntact,
constraint supp:,Id Oy sing~e word;, tre use of s:ngle-word The advantaZes of the left-to-rht strategy over the
islands would cause the reconittion system to explore many more soonislca.eo S:and-driven strae•ey are mainly in the
blind alleys before abado'ng, an ,nmcorrect :sland. In area of etfcierncy (1) !he comPttiabonaily expensive word-
addition, the multiphicty of worOs r-a,,es the parsirg of oil SpOtr',g pnase ,s osciassed and (2) the app!hcation of
possiblo word sequences extlem;y t!reo-consumnrg The grar-.-narca knowtec:e anid tho Overhead for controhrng the
• earsay-II island spiection strategy uses (1) ýnow~ecge of searcs s muc, less e•oerai'e. The majOr advantage of
wlat word aalacenies are ailowedl by the grammar, (2) te ;ert-to-r-ght scheme ,s that the beginning of the
analysis O Of acoustic data at the ,unct.res be:•ween word tterarce may lot contain very good acoustic data and thus
hypotheses, and (3) heuristics based on the nmumoer of teao to nhtial word preacictons that are very "oor; in this
CompetinG word hypotheses, tO !oron muit,-0ora :siands Case, it rmay be very ".-fficuit Or impossible li the cOrrecO
which the syntax-levei Kno.-leoae sourCe first cfeCS for word was not hypothesized) to recognize the utterance.
grammatically and then attempts !o euteno to form a T'is rna;or adventatge of island-odtven strategy is its
complete reccgniton robustness, there may De hypothesized more than one

COrrect inital isiand, and thus there exists more than ore
seouence of seps !o scn:ove the correct recsgn~t,on in

INTROCUCT!0N aciditdon. the isand-oriven strategy would seem tO have a
hiher prooao,!ty of slarfen the search with an ,n,t,il tian&

Conventional s:rate'les for controInC the sear:h in a trat is vai.O oecause of its wOrd-spOtting haise howiever,
continuous speech undersral.ing System fal into tl.o moaor th-s word-spottrg sea'ch may not in Pract:ce produce
categor,es: ieft-tO- f,•n :-PY jlo-crre, I9,76), '-earsay-] resaits as vainO as would be escec'ed because words are
(Peddy, 19731k ano s;ar.-dr,vrn (S:Z; LPa.ton, 1975, prdicteCd based on;y on acoustl cornstrann nmatre;
SPCIIl5 [WoOOds, 1 9751, rearsay-:i [Lesser. 197"5)) grammatc nor CO-A t.cjtalon constraints are used ecr-.tf at
strategies. In the ieft-to-r=aht stratesy, as tWe name the begnnn•g and end of the u!!erance. Another ao~a.ftage
implte, the sear:n a-'ways oeg;ns a: the start ot the Of ',he ,sl3,d-d'-,en strategy is That it can use vara ,ons in
utterance and cor•tnues tO extend .mi a ,etf-to-,g'!t -aner Zre branching factor of the grammar at dlferent poens *n

each partially hypo'heizd onrase that ao;ears p.aA.s,o!c. the ut!erance to reduce the space needed to be searc.ned
In contrast, the s',ard-oret. straey. bclo'e oeg"• r"g :"e
process of phrase nypOthes:zat On and extens.cn, . ist The maser disadvantage of both Of these search
perfornis a scan o! the entlre Vera^ce in an ar:e-of to strategies is that they are particularly sensitive !C Iajor
spot hkely words (Sr,,th 1976, K';o'slad 19761. "-e cest rating "er'ors- on ifg e words--cases where a vajd word
words found in trs phase are c.oser. as 'e ,ria; o-arisai s rated iowcr than an invalid word in the same Time area. If
hypotheses 'or the second pha-e Of 1he searcni.n !his the correct word in the starting area -s very poorly rated, a

second phase, a parhai Dnrase :nosen for fu;rt-e, extensions best-hrst search from the hgher-ea:ed alternathes will
can be extended by prediCtOn of 6ra'a!.ca!y legal word ceveioo a very ;arge search Space. ari bacstrac•ing all the
extensions on either !?e ;ell or • r"t or ,n toth ctiOns, way t• the initial ncor'oct de•CisOn will be very expensive
depr d:ng. for instance. on the constra:nts g..en by the and unlkely

___Two means of overcoming this shortcoming ex!st.

First. in the limfted-roaosh-frst search, thie N tcp raled
This worK was sueiorted in cart h'- -he v.ords in An area are SeC TO 0egln searches, and as 'Org as
Defense Advanced Resear ch •;:ercts A.enc,." one ot th$'se -s correct, rccointhon s ýot precludeo ano
J4h620-73-C--0T4; ar ls mo.s-red sy cr-e zecono aternate -s to d"tlty rru.-wOrd $equeCes at
Air Force 0ffsce o' Scienf-f.sc Fesearcs word irypotheses that are most pno6aioly correc" as The

Peprintr-d from 1977 iEEF Conf. ASSP. 79i-7j-,
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Startng -stands in en island-drvern sl'ate•ty In compipson articutation ConstllrJe'ls, they are toad to boe `tie-aslacent.

with single-word isiaros or teli-tO-i ght s-naie-lod Starris "a .wOrd-sciquer.c~e .hyotetis-s alw~ajs corisit's CA cord

hypotheses. muilt-wOrd seqC,'.cis a-e more rciabie for tw0 hy7po:hcsirs • hich are pair-&ise languae-adjacent arid

reasons: under certan genr a:y ajoricaue condit;ons the time-adjacent.

Credlfbi:.ty Of a sectuence hypOth-es.s erceeos tIa[ ot a singlie
word hypothe's and, secono.y, the reiaoty' cf a validity Conscie. a pair of word hypotheses that are

rating for a sequence s greaer than that of a single word ltnguage- and t'me-adacent Ift te'e is a tn,rd hypothesis

hypothesis, that is lanrgua-e- arid te-aajaceni, either to the itl of the
first word of the pair or to the rint c6 the second, ,t can be

To substantiate this conlecture. cons:oaer the following concatenated onto the pair to !or, a three word hypothesis

average rank order statistics for ilal islanids based Oný the This action of evlelndng coud be repealed tlet:ward and
three dillerent approacries. "hese data L.ere c•l oc'ed Over rightward) until 'here were no more possible estens otis !f

34 training utterances, with each island generation strategy there were -%any aiternative extensons at each cint, this
applied to all, utterances The average senten-e length was prOcess would resutt .in the creation of a igaer numiper of
5.5 words Tne ieit-to-rignt and !te sige--oro island- partially sime;ar word sequences 1-ie-. it is Clear t

t
at a

driven strategies have the sa-ia rarnt order statis•i -arich is Sequence of more than two words may mot oe grai.maticai,
2.6 (j.e, there are an the Averag'e 1.6 s.ancm with ratings sinC !anguage-adiacency sis Oefdea ordy between
better than the correct one). !t is interesting to note that in successive two word pairs 

T
he determination of the

none of the 34 utterances die the ix"e-to-r1;ht strategy not grammaticatity of a seque•:e by the syntaa-;evex knowleoge
hypothesize the ,orrect word in the rntiai utterance sOurce is a relatively expensive Ooeration (between .1 and I
position; "he average nur-oer of words ywolthes:zea for the secundiss on a POP-10 KA10, thus, there is a bias aga-nst
initial position was eleven words. -the overage rana ceder creating word seoaenCOces whtich have a high probability of

statistic for thre rr.uIti-orr is ana strategy, if iie u;;terance bc;ng i,'correct.

ais eliminated in wh;,ch the -irnk Oreer i, 30, is 2.0; tre
average length of the best correct multi-word -sland is 2.3 The factors which are of 'ntnrest in de.idng whether
words, where the average nurroer 0' correct words a wOrd serauerle is good are the Me--!'. ,; :PL.: seue'irr. tre
hypothesized bottom-up is 3.0; ratings of its invivid'ai cord hvonohcsas, and the AuM.L:fl at

other word hycotheses competing (otrrrlaopinrg in tti,) with

each of their. Pie best starting island is the longest one
A KA.TI-LLCVEL I5LAtMV•>I)P','[t1 SIPATEGY which has a very hih OrOa•bilty Of being correct, with

correctness taarn; precedence over tergth correctness is a

The strategy found to be most effectv;e ri. the function of both inivcuSl word vidhy rating and the lack
Hearsay-Il system ias appold to a iOC-worc vocaoalary Ot sniiar a;ternative sequences. Th.ese considerations !ea
with an average word faniout of 33) is to select mu!ti-word to the folowin-g elogoritwrin for seq.uence creaiorr-
sequences of word hypotheses as slarting isands for
syntax-level processin, rhi-. strategy intrOcuces a new (1) The 30 hghest-raled wOrd hypotheses anywhere
level of hyacthesis, the word seoLence, between the in the utterance are ciosen as initiall on word seoences.

conventional lexical and Dnrase le.els. A word-se-quene Thise with ratings :ess than seine cutoff are disrarded
hypothesis is a roncatenatjon or One or mrre wcid4 unless o,n, so5 wcuid leave less than five, in whaCh case the
hypotheses. In contrast with a phrasal hyptithesis, a word- five to., - Jt's a'e kept

sequence hypothesis is created betore the synita-ievel

kniOwledge source begins its work, and may nOt be (2) acth intal sequence is assigned a competing
grammatical (ie, it may represent a sequence of words seoJence count (CSC) of 1.

which does not appear in any sentence in the language

defined by the grammar). (3) For ec.ch current sequence, the sets of all word
hypotheses left-i(rnnt) lanruage. and time-Idlacent to the

The decision to create word-seqsence napeotheses beginning (ening.) wOrds of (he seap.ence are found :f t-e

arose from the realization that :he coao,nateria; ,pace of all current sequence has CSc-:'. and P ,-ght-adlaent words
possOIcle sequences of wore hyaotheses. ogeneraTed as a are foun',d, then a r:gnt extension *ouoid have CSC-i;.R-
result of the word-sootting scan, c.;n oe teoucecd snacDly by

applying a cOmputatonaily inewcnsive f,:'er to tee data- (4) Only those extensions wfOse average word ratings
This filter is based On sinple inds of gtamniat-cal aro CO- exceed 9 cutoff Pfo'tional to the scUa's rOOt Oi %Liz are

articulation knowledge about wnich word pairs a-e possibie. formed. The directon Chosen for extension is a functon of
The grammal~ca: constraints are (pecif-ed Lrougr a square CSC count for the direction and the vali•lty of thj. h.oplest
bit matrix, whose Order is the size at the Occaouiary; each sord that remains to be extended in the apecific dliecthor.
entry (i,;) in the natra indicates 'etlhe? , ora r can follow

cword i in the grammar If two wGrds can fellow eacn other. ý5) Steps 3 and 4 ae repeated in a recursive manner
they are cal

:
eo "loanguage-adlacent' The co-articuiation until n3 more extensions can be fOrmed.

constraints are saecitied tihro••gh another square matris,

whose order is the size of the number a: phonemes. Each All sequenes tha: re &era eneted as a result of ths
ei mt c h t oprocess which are subsequences of another sequence areS~entry (i,i) in !L-, ma'.rig• toica,•es what ,!yCC Of" acoustic ClScarc.•d.

segments are alowed .n the luecture Oelteen two "wds. add
the first word enonm g with the phoneme , and thye se-coda
word beginmnmi with phonetve I. The aoiendx, Contains A This alaorithm products a large nunor of patent.31

more detaicd oescrohor, of hOw tf'e co-atict.;'iafo word %eciuences. usuaily between 10 and 10G. The cost of

constraints are ,nmpeeented. it two words pass hese co- validating them all for gramiaticaiity is eonqsilve. tiiis,
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another level f fttermg Is erforec. tar-ro , a rating

attached to .eh '-o'd seouence. The ra-?,- Of a sequence --

is an' *ncras'nG furnction of these cuantites (I) the The -ulh-word seqt.-,e generano e
durat.orn-wut ,ted auerage wOrd ra' ATF. omouted le/ nhe n orcen t procedure is a
by surn_, )& e proouct(o r/rflowlete sOrces ,r 0he arsav-it By eupotr:;n the

it cOnt ,ns) over at wors i,. tne sequence and :?.en avid na . -'Una,¢y Of the anquaE to ,en!fy O ra
by tr• ninber Of sylinb'es - the seuence: t2) 're Ua!,on Q sequencefs an'con - crtan the o'otab, tv that a
DUb , computed of sl s 12) 

t
iofl. : island hypothesis witl Of more hprhey rated

a'r. ained -r 'he sequence; (3) the ofmuer of words in the .,am an lncorrect One, this Source Of Knirwiedge proves
very reliable and useful knowtedge to dlrect the Overall

ecience. NWCORS The rating tunct~on is search. In our OOmftiOn, this knowiedge source is a

RATE - AVGRATE - 0.1 * N'WCi9,OS * AVGRATE - 0.5 * OUR paradýgmatic exampie of tne effective use of reaundancy

a-Lid statt.lical samping, to achieve a ted•uton of u,.certa.nty

The highest rated word seouence Plus word in problems characterizeo by fuzzy and partal intormat;on.

sequences whOse rating S soma eps;iOn away tram the
highest are chosen as candhoates !tr further evaluakot:n. n PEFEtE&;';'
addition, another criteria is emroioyed to c`-tse seciuences
for further evaiuatiOn: if at all postic. there s,'ruld be at Computer Science Speech C•nup (1976) Woark,ing Papers in

least one word sequenice for ears area at utterance; the Speech Pec-cn&ton t I - The •earsay-Il System," Tech
time areas not iroered 'y Irte highest rated word- Peport. Dept Of Computer Science, Carnegie-Moiiian Univ,
sequences are the area: that are atte"oted to oe covered Pt!tsburgh, PA 15213
by lesser rated word-seoueces Word seq-uences not
chosen by this ftiter;ng are rot :z.,card•o but rather are F. Hayes-Roth and V P. Lesser (1976). 'Focus of Attention
held in abeyance until ether processing later on stagrates, ,n a Cistributed-Log-,. Speech Ln~crstanein System," Proc.
or an exIsting word se,.;ence caraidato nas teon fousd to EBB ;n!. Co-'. on 15-" Phitao,;pn.,n. PA.
be ungrammatical or cannot be s"Ccecstfuy ertenced; in
those cases, these odOrer-rated seouences are J. W. Klovstad -i976., Probablihstc Lexical Pe:r:cva;
hypothesized for consideration oy the rest a' the system. Component wJth Embedded Phonoioglcal Word Soui;arv

This process of word sequence generatcin o, the 34 Pu-cc," E'- .n. 00+1 On , rOb,'itc S ar.,_ na
utterances results in an average at 8.1 rnitial cardioates, ProCets:r,, 

0
itace~pnr;a. 57

with an average of 6.6 more candicates Piling generateo

during the run V. R. Lesser. R. 0. Fennellt L. 0 Err,,an, and 0 R. Peddy
(1975) Cr aMization ot the Fearsa./-I1 Seecn

The basic result of th;. aigorthnr is the identification Understandr•i System," Trans "_f No. 1, 11-23
"of sequences of triie -ad;ace nt arnid ian re-(1. ,76)en wo Hrd s

whose credii:,-ty is hgSh. A~thougrn a arfge prooortion at a Lo'erre (1978) -Trw FY S.-ech eco<-ttion
these sequences may not be groa-itcaK, very !e,., hghest- Systm."' Ltctotal C:serlato-., Co.piter Scerc-e cept.
rated sequences are ever incorrect Nniess no success-ve Carnege-ke!:tzn Uii.ers:ty, Pitsourch. PA.

correct wore pairs are hvcotnesazeal. F'.hTermore, tne
computation of CSC b~ases aga~not forf-,rng : secu.ences WV H. PAston arid A E. ;obsnor "SE) ys`-- integration
""ecept where tre chance occ,'rence of a '3ni.;a;e-adja,.ent and Control :n a Soeern L-iLcrstansig S•stei,* k L -.Center.
pair is sr.al;; thus, in only ten .ercent O! 'tteances does a Tech. %.,ote 1 1, S;r, ieno Pa,k, CA

highly-rated incorrect sedujenre cor.:ain a correct
subsequence oa len.gth greater trian O-c wh~c- toes not C. Re•nyd, L. 1) Er-an and P 8 '%eeiv (1973) "'A
occur in a tonser correct sec:uence. in such a case. it the a3,o a Sys:em ,Or t.h;ne Feco-,.:t On of Seeecn" _._

gramnaticalfy of the incor•ccl cOt. seqo."cc s re.ected oy T_'" k a a~ d -•ctra s ca l (3). 229-23S

the synitax knowteage source, a oecortoc;s t!on at tne
Sequence into two rna.,-a. ccqurrts cc:cts. trese A . S.|ts (i9t- . -oroa h-notheszct on-.n the ne-rsav

decorpos:tions will be hyLzctnes zed s- e,-.e-" ,' i rated Soech ri," ,7 - .l-rrt." €jrI -' a_

sufficiently n.gh This s a toI. of bac,,t-acý;ng and, j*c 4 i _r _ , Fih:,ace psa, 549-:o.

therefore, is subtect to the sare .easriesses as olher

backt-ackng searc- atlgOth-,. ns !thin case, ho'over, the 6V Z Woods (1974 t. LkAhotpn ana Overview oa FEN
prabablity. of a lase init -ýaric --is bees ,-a eouceci.1 An Eioerime-xa P':tctyoe for boree:'

As a result, the chance of a totaniy trutiess search is Lnoerstanc-ig -iesear:t.i P-occ .' -.. c-,- .-..

correspondingly reduced Recotor Carnegi,e- tlon Unversy!', PtIsOur&Pn, 1.*
tO.

"he effectiveness, n ter-s of both total syt~em error

rate and am-ount of searcn oeric.-ea. oa t-S t umti-word W A Wcooa et al(1976). "Speech U-.erslancng S.-s'ne's-
tsiand approach Over both the ell-!o-rc:r,t a'o s-re-word Cuarter:y Technical Prcress :eoc': t-o S 85' norl

island-driven :trateg•es : -c cilez b, tc roo• lis'tis:. 3333. 5olt. crasex and 'ewmman, Ca-oroge. Vass.
the overall error rate to' t e tnrce Strategs e- s 67-., 4-7%

and 54?, Fes;eCtively, in t.e ten ser•ences that we,e
recooanoed correcty by a ' three slrate7 en. rs e average

niumber of pnrases hvpodtneszed are 27, 68 and 68.
i respeevefy



APP(N1X seogmrental Olpscr,oiin of the sýpaen utterance is oesassned

fin t~ne con-te,t 0' tf-e e-6- &i6 betr-trftr'eicmes 64 th'e woýd
This appeinc'x descr'ies the wora pa:r aclacency a(cep!ance pair to detprmine iI a;y d.saliowed se;nrents are pfesent in
procedure (J&,CT) deveocoea lot lwarsa,-it. the ;-tge the tu"cturr if such se-gments are found, the word pair 's
it uses, and the Current resu~js Such a Orocedure must 6e reji(cte)e Only when a wiord pair passes all rue tests wh-ch
comnPutatio mally inoepensive. makirg decisions on huJcrecl, aobuy in the segmenta, context 04 its jtuiture * it accepted
o pair s of hy)pothesized wores It musl rely upOn as a "'ja!d seq•uene.
krirowledge of word junctf-'jlgt ,c upo.n the infornialion
contained in the segmental transc',plton of 

t
he spoken Examples of allowable phorame overlaps are the tollowing:

utterhnce. Arn it must reject i, many *orrecl| pairs (word (It Allow words to share a flab-like segment it ;r9 of the
pairs not actually spoken) is possiile, withovl re;ecting anly juture ptionenres is a Stop (2) Alca- nasal-tat sagrieni
of the correct overlaps in n ,-a-•:Op phoneme rutctuwres (3) In a

As input, AM'L:T recfies a pair of word hypotheses It it fricat-ue-stOp phone-c luisture. Allow thjrii ot

determines. •i•ed upon% !he times associated with the aspirations, triaftives, s lere$, ead ftap-tills sements
hypOriese., '-pcrcu•!urs rJ~eS cz-3'.tired 'i. the proteoure,and the segmental descrDtOs O1 nee scnaimen ttetr;,e, that Examptes of non-allowed segments in a juncture are thethe words are adtacent. the pa"b is accepted as a valhd tfcowing: (t) Do no• aiow a vowel segment in any ,unctureth e otherwise it is repedted (overlap o' separa. &), unless it is a vowel-vowel phoe•m•
sequence; juncture. (2) Do not alow a fricative segment tnm any nonl-

The word j1anctures upon which AJICT must make its fricative juncture.

decisions tall within three distnct coes: (I) Tirne-contigueus Current Prsuits
hypotheses; Words which are time coni.guous a'e

immediately accep
t
ed by J1a;CT as a possible sewence; no

further tests for ae;acency are pe-fo,',ed (2? tCre' i-o.ng S0and-aone picrwordasce evaluation ruoms wer 00e made over
hypotheses: When tO -orr.s ove-!ao in !:..e, r;ncture rules 60 utterances usirg woros generatd trm 

1~es prooLrnd by
are applied in the context of 'he segmehlai irle-rpreta!;0n ofat hearsay-II wcO hypothatiter. Syntactily arilacent

the utterance to ceter!ne '1 s•"•c• juncture is alOwable pairs of words whose ratings were 40 and aoove (on a scale

for the word pair (3) Separatec "ypotheses: Wnen the fronm 0 to l00) and tLhose t;' fiell-word end time and

words are separated by soaLp in'teva: ci tirne. ruIcs a e rGit-wo'd begin time) were within a 210 millisecond

applied, as in tIre overtap case, .. eetern irelihvr the inter,'at were considered Ait vi the words used for testing

pair can be accepted as a vatd seeie•rce in the utterance the procedure wre rypothesiZea botlcitiniP 4s lM y-i
no grammvrsatically based predict-ion uere used in the

The juncture rules used by JrUiCT are of two types: (I? evaiuation runs Table t summarizes the cer'orfrialrte of the

allowable overlaps of word emd- arJ •i•erinphonemes. JrO ._tCT procedure.

(2) tests for asallowed segments wttnin !ge word 1unct•r•e. It is expected that, as lowef-4evel sources ot anofwce-ý,s
A bit mat'ix ot aliowable o-leriaps- p'ecor'r•, 1

LO -* tie provide 'more accurate times tor word hypotheses, the rIes
procedur., anda is indewed by trie end- anid betin-pome•an•s for acceptahce of vajrd word piirs may be hgn!ered. iurthei
Of the waa" )air Any over0ao ;ur-cture mnvo4vtng proneres increasing the speto and perrorme of i-ealsayoIL
which are no! allowed to share segments is re;eC:ed b ip
JUNCT In tI-e separation case, as in altowed overlaps, the

L-R•'-. INZNCO•RRCT

WO.RD "i. 25 •;CRD ?AR5 TOTAL

,C ' CE5.4 2IS-O 3079 \5 i.2;)

-LJECTED 5 (2.51) 4224 (59, c.233 (58;1

TOTAL 19" 7 7312

Table 1. .l.NT perform'an:e 50 utterancest

• • m ,



Word Vc',b;otion in the •EARSAY II Speech Understanding System

David PA M•Keown. Jr.

Department of Computcr Science

Carnegie-Mellon ULniersity, Pittcbgrti, PaL 15213

ABSTRACT
A key problem or speech urdrrrt.!rct•g systems is eesides this acceptlace criteria, it is also necessary

the veriftcahoi of word hypotheses 1 erreated by ,arious for thL verifier to re)ect absoiutely a lage tercenlaje of
knowled sources in the 'ystemw in. this paper we wti the hypothosozed words, without rejectin g significant
djscutýs the general problem of wtord vwerificaisn in speech numnnbers of correct words, in order to constrain the
understanding systemns A descriphon of nur matching combinatoric explosion at hypotheses at higher levels.
algorithm for word verhicat;On wrih i, n.'Aed on that used
in the NARPY system,, a ee,'a; connected spee, THE HEARSAY ENVIRONLUEN
recognition system (Loa.crc. 1976). ,s y.-en An exampie of Word veriticahtn is performed within HEARSAY i: in
the verification of a wcrd riypothtis-s "n t Ins aigorithm is the following er.,rontrent. Word card.dates may be
presented. Problemsi w.,hich arose in epr•ig 11,is techni-,ue supplied from a oottam-up word hypothesiter ,PCL4,WI
to verificalion of ,ndividua; words n a connected soeech based on a-cosfic iIrar C•- frý,oz a too-d-,wn syiitaa
understanding system and their soMluicns are a~scu:sed. A asid semantics knowtedge scurce (SA•S) based On syntactic
performiance analysis of the verifier .n terns of accuracy rnfornation and constraints prOwced by the grammar
and speed is given and direchonS !or future work are POMAvV (Sm;th 1976) rwov:ces word hypoitheseis wo,ch have
indicated. reasonaei!e underlyin; acoustic support over a oe ,,i-•

portion of the utter. 5e. The times suppiLed are ur-ea to
INTRODUCTION guide veritication but do rot Preclude change. SASS

Word verficathon is tIhe va;iuAtion at word (Hayes-Rotth 1977) p Ovdoes word . which , a, behypotheses in speecn vud.jsrst.nun, •r reconItion systems. crfaracteriae1 as being syntactically plausible in a purt-cuiar

"The atitm tnrs evaluation s '0 aect ý,r. -.I hypot-MCseS VrI time area of the utterance. No Druninm is ;.,eromed
worthy of further prfcescr; ao other -arts of the svster_ accorcing to the credibility of the Lnderlying acoustic
This evaltuatron is aerteral!y poriorrii ¼' r. -- e.--uf tng hctw oiormalOn. Sin' tu•ess" wo-ds ;',c a-wys nyootr-csized
Closely a given word matches its pr.ci..r recresentat!ioa. based on a previouisli verited word Or from the bouncaries
'The rcp•esriation and the match of h'- scot'l sgraf may at the utterance, on,y one time is krnOwn This reQu.res rial

be performed at various representat:>=.s! lC -Is suc as the the veriftier must not Only rate the hypothesis, but must also
parametric, phonetic a"i Syllabic Sirce errors are prodict the m sS,in tire. In adaoito, sinca woids ,ay be
introd•uced and propagaled as nloreri,:ion is encoded from predicted to the left or right of a ver;fied word, the verifier

the parametric to the syilabic le?-i rccurate matchmrr must have the abilty to match worf1s in both d:rectonsSbecomos ir~feasingly difficult at each success-ve level af H-ARSAY operates undcter the nypotnesze-ani-test
abstraction Hlowever the computation :.:-? fCr matChin; paradiom to pro<duce many codcer-n hypotheses hich
dec-eases sice there are fewer mat-h eiemants eacih overlap in htine. E•.h wOrd hypoihesCs5 must be enrt.ed and
coni•ainp more ntori,,tir assigned a rating be•fre it ran he used by other sources of

Words may be hypothesized fron -nary diverse kinowleige Each of these verified hvpottieses cAn in turn

Gources of knowledgte not so'ey oased uoori acavstic be useo as seeds to generate new sets at ;yntacticay
evicence. if 5z to a? of the vOcabulary s hýi OOthesized for plausible words A measure of 'he Ian-aot f-om eacr word
each we'd position in the utterarce the cuirent ,jARSAY is the effective hran(cnng factor of the IEA."S.%Y It grammar
bottom-uo performance). the ve'r c- prtt di•triuish (Goeodman 1976) -'crn is is oelween 5 and 15 Thus
between 50 0o $0 co'nehnhrg Ordl C••d .!teS in a ICCO regarclless ot the scoring performiance, a vertIfer musl be
wOrd vocaburary Even •ith s_,nam.t•t imnprovements in Lomnuitatonal!y efficent in order to be useful in thia typo of

word hypot.es-zaton tie. Ct.r e ar;rg :.e etlect ve system.
vocabulary htaotties$Zed to .57 ocr orCo postohn), as we
move to systel-" with large -'c~abu arei-c ( iO.-O ods VERV1CATI[ON 1M0011.
see Smith 197tB the number of poen!tai verif:aole words W(Z,AD can be decom-osed into three •i•ar parts
remains quite lae word netos, a senr-entaltfn at thfe utferanc!,. and a

The ventrir, rnir.t assgSn a likewhood score which is control Structure wItCi5 irxplem-ýnts te ria'ching alror thrm
commensurate with the iiitch between ti"e uncerlymig First, each wOrd in the lexicon is reoresenle3 by a siilcaily
acoustic data and the pnor'eh.t cescrDl-or Of !-e wrid T.-te cetfinec network wih :i emooos;s adie-nale oronurivataons oa
goodness of a score m'fy be only 'e-o ,'3 s gnfi.:nf so the word Each -mOe *n the wo'd nelwOrk represents a

the SCOres should ranm crce, the c retl,ve wo0rds n any phone and arcs :n-,cate successor /rrececessor relataanshlps

time area such that the co!recl tord ,s rNr. ;n the Ordering. between phones.

This wC-k wAs cu.ooorleo by the Defense Ad.ance Research Proects Agency under

contract F4G6Z3.73-C-O0?7 *wch is monitored by the Air Force Ofti* of Sc:er.titc

Reprinted from '977 TKEL Conf. ASS?, 795-79S.
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FiVure I gives an eva,0-i of the ietwo-Kk tor i.* star!,.. ri Ad CJ.iii DOrit AOaru the given ijOmnti. W'ctzrs
"word ABSTRACT. These hell-'ks, ale storec as a static preddcted lOp-a)ýwr away- ha.: a m.,issi•, b-*. a-d
data structure *n a oa; hed or-nat !he ur-,'orm proced-Jres it, , chiis, these tirms nIcurate-y "ad Io t'
representation of words by a tr.;'e netwOrk whtcri devtloped Prot 1:-, in the ce"P'a',, of end ant tie- .
embodies- all speech ocoenctert knr.-.ietde g.,vse several times Of words s.'¶.i share vO.ri ' C.tlen cau,- -amct Z0d

advarnagos Ove, othr aoproac.".s Fi,,t. the generaton of par, to be Cret:edj by higer le•et nowied-e sour•s•

proper network ues-oriotar,: can be handled On a case O• The cOnirti3 ot ifiternal iA!th scores to -i APS-AY

case basis without the need of a general tIeory for alt Th•s I ratlings w-h;in mantaming cos,Slercy Ot th-e rathie s
also elihmnales the reed for soecai case solutions when the proved tO be a ma or COncern wr'e ,t was noticed teat 1-c

general theory fa,l-, cr is found rncootiete. Tools are us%0 a.erar.e internai rat-rigs tor wors varied Cc.s-eraai/

evabi.ýbe to genrate word descriptions and tune the depending On where in the utterarne the words Occurrel

eCOUSihc-phonelic templates (Lo-scrre. 1497S The notion Of ron. Order of the word with respect to -is
The acoustic information is a segmentation of the competitOrs rather than absolute score proeved to ce

u-ltersn-ce where each segiment is rryaresentle as a vettor of unrmlDemenitatae ins practice. Whtie uselJ in static tests
phone prObabilities WIZAR-D ber•ets trom the use of hte Otjlýjsdo Of thle ,ysc-- &- a measurc ot peffC-'mar:e. a rans,

serne fatemie and sem~i a s~ t tr'e prt-oRr t system order sche-c -h _'i ass,,mco all cOwcsetitors irs a paitCrjý
(Lowerr¢, 1976). As in. i-.PPY the prone prooloitre, ere N" area were a.aie riedo at the some fi-c. or

distance -eitu'ei ttiawein -a:h emnian 0-ri remnernered at soý 7 aie, tir-e, Crotd itrilactabL-
phonetic templates in the ohOhets c.: :cQ y. Tts v-:,,e is It has been roat,ced uy Other 'esearcli•frs that short
a scaler.to, IO lkehhood meassire sirc.e the prooabU•es do lunct on wori s Stio as OA, te.h, Qf. to. in. tend to be
not slu.i to 1) and is used direclty f coftputiT the wOrd hyputhes:zed at -- any places in the ulLerarce, with &god

match score Over the given seg"etls. WIZ APO uses ratings a-•o are n~ost ctlen Ifalse &[arms Our experre•ce was
spprournatety 90 teiniates tO ctver a, Onmet'c variations muc;l thle same aio we chose to aliremot to tsance this
in its 1024 word vocabulary. proL;era directly rather than peas It an to the higher level

The last cano-nent -s the ct-mar-c matchling air!Sritt'-n ktiodwledlao sources.
Although there is no stieech dcepemoent LrOwwlctle eitiooiled

in this module, several heuristics a'e em'oied to fund SOLUTACI`tJS
optimal starting points arn to choose the best finai sPteZ'ni.t. Several mocis Of verification are suPo:rted within
These heuri;tics are oiscussed *n the following section on WIZ'.l . Enh rc-.rserts a piartlia s.tIluion tO one or more
iumplementation issues of the prob'e".. our'ed.e PJcn-oad moine ,ses no heur'-t:cs

Figure 3 Itustrates the matchbirg of the word to ceter. irc the bcuna:tr-es of the match, Thte p0edicteO

ABSTQACT to ten segments at an ultterarce. The match lie9gn!en, thmes are iravved 'iAci,, i!no their rescech.e
score for any phorneI i n the Tih seg-ent can be calculated scitL'r-s and vc'-t.cttion 5s ertOrflo tl ci,-).s t!ose

-0frzo..i, fOllowmi: r•ii.--_n!s. It ta-',Cs Ao•.z it-,, b) ;i'-C~t'¶ r. CPu
&w

t
' T - ~ it * Ptr tiMe on a prV-.> Irn a!crrri-i is'-d

Where MLjT_; Is !t'e best "'iatcr. score in the PVeviOg Pae mcte -as addcied tI ,ano~rp lite e•lrctier thAf
,egment twpo teJ wet * butIon,-up lurees li-., be incorrec ThIis r-. - is r.-tlv

j - o or used to -c-rify al boettrs,-vp tyi'Othi-s-t r Chs "o;de tr•e
J precedes tin th• re;,eerk bCVnfend tihes are rapped 'tO %fr'-:,. ,i; ,n -cn--sad

"and PI. iS the acoustic maitn score of phone 1 in mode. Then a or' -::,i.st cr:;-"- . ',

""semient T the matching. 7-"s ,f 8 is the ner n.or mut £ s, -eio

"Figt--e 2 gwi•v the ohihre Dro0,tD.Ilt-es to, - ,: - phe-e setrr.t SC3t, e t ;- 5• -'I are a•0,- ee st;.t'r. Don'

in the network in. each wt te eegiients, over -,srhn :he fct thc match a-it - _.... E-1 ar- f. al:o.aaoe en'-

match is performed pcints The tnie ze.ahs be!t.en tlh.e hoi rhary seg~ier a-e

Those scores rf cCue 3 marked with it I.i.tO i 3- 'C: b)y ma-o-tying Ire oxuoaary coroiiort

best path through the t.rpping The - ie.n •ire .. each 91h matdtuog; As a WIZARD

augment is given, aoirp with the segmet number, On !r (;D; oaktrack c ram each oa l.i tfia ien ;C;r-2fL ti order tO

of the figuro. Tie telt slze is l•aLeied .*,h each ;ior, e ,n tild tye -ct t!- .&i seS-ent assCcal!ed with It'- :at&h

the network. Entries -n the table ot a• ,ndicate that a pnz-e Tiiis is necessary xc .3: the ýegin ti're C! t'le segmient cas

mapping to that segmen: i s s 3!•la-cd. The tinal -;-;,,nc be returree as ti e con oim.? of t.te -or a--c to -:eei,--1

is given at the otton t a t the I eI-ia malt, scc,e tio path !Ofith tr.--c rr C! on•es :, he p;cn' for sco--';

of 40 as the score at the best Dp~rie riC-: trjrstirs rito i-5n r_- tarfer at-O!OCtrlsecenrid :6 CAfihrý cs line
the tirol state ] D1,s the arou•stc match prCuaL)ii l a' J5 .-L ,it $ coo.! 35 tines fa•!er tran erpior,.., each

whiCh is defhied to be zero Ti-s reDrtresrs ! th:,e 0te Pre pal's ,5 fi-,o rioe

the best path throuh the en.ework .- is sct-e O3uaci be As we have -Tio"iQ eG Oe'OrC .1 is necessary to

normnalized (by the n.;flCfi 0t se;-e-r-s -Z?&OeO -, -- n, cro -" cr.l.cat-' i - e-! ant. Ore at thte word t:-es is
would receive a ;-ECTAQ:y score or 90 at, o a pcsý -c. xC *-cwin iw Ole-:: - cI. acerie rredi
Other paths can be found oy tracr.c, bars from ltne other on"e whcre the eroý -i ,s -:r.r.ni ,:-n1 and the 0htc"

tour possibto ending lihones - (43). - t~ii.:X (66). andc - gn-cý a "-! r, 1-- a C tim lei .s in pcad mode a 3-c
(46). segr-c'nt window -s .- auated a'o-and the given st--:-r9

segmrent Then cai - -- w tese se;-rrt is Tatcheo anl :?e
IMPLEMENTATIO0N ISSUES Matfch sor, -: tnciul,,, 4 -tI. the mrs- wicr cenon "tha

Initially severat 1roto!emis aroses ,he ,integratin thvs sreinnt The stoics are Ordereo a'wd 'ie score for rei

knowledge source into kii&RStY ;1 The o10awipg :s a test ialh is reuii-.es .a.-. ith tl-m -. :s h tte S,:,.e-ea-

discussion of the OrObiers acoressed during re ioc

implemoitation of th=e <ertier Firs%, s -<c we were sea--'g acitia iv :OOie at a, :oSs -'e c ici'ales Th-s iS !he i-1u

with single words and atternpt-r. to - r:i-. iic as it a•f camDc;fatonaity elcwnl we at re it' e ca:on *oce¶ ta.T

eaijteo in isolation, many of [he constrai,nts crOa0'- 'v abo:t I. O im"!,seccr-J. per verihacacot on a PCP-CA]O

word juncture rules and synta:::C kinowiente wee process$,

unav&a!abie for u-s! In Iignt at :fe Ooaer t ýhat tse Several expeo -- eits se'e eerlno-re to r'eta- .'

constrants give to s,-0:!ar systems :Lowerre 1976) .oud best .-As to o-t3., 'he -a*':n 5crvs ",,e !ets- .

verification be trj( laoie' en-WoyccI -as tCo r ',. ŽOt^:ite :,%o blo

Words coulo be hypuit"e zecd bottom-us wnh word hyco,he 1es i.-c .. " C ' '*o-,' .-e !he -*:tes

incorrect hines Th;s meant It'at rocecures had a a!end ca ..iz.te the a-ect.ge 3rv O'aeer o! !re co¢rte ýOwcs

employed to search !te segiienta.on for ti-" tocai best Th-,e ranx OrCter 5ves lhe •rnotmr Of -r.crrct wOrds "rib

'i



were raleo a'i hfh jS. Or -rtrr than, the (DrieCI Ood- Seve-ea Orci.bens with tI c-virent word veer",:aotn

This Oedvrng a, , ra-uc -xr fo. many w-clds per a dor System can not be scried withhn (no nInSs-rg lraie..or&
pOsitIOn n,-0itf he considered t)V 'ItC top level eriowler'ge Future wor, is rcoz.,ed ,n Ire fo:iowng areas ;.,ec
source, in orpIr to rave conidnrKe that the corrert .c-rd is sctuemes for J-iai ,4tAton Of sCo'e-. P.a.-e been prucosede to

presenta.:un'.mE :t his beren ?iyeOiheszed tjil ýaltrzi 1  improve Il-e pc-ro' -a~c I[( 5n entat~ce's ha.ir& &an,
the scores by the 'inc djra'ton of nee word ampl'eu the very siko~tl tr 'ri,;rn-ents -ý.' sr-'•'lrs in .cnetrai
"problem of fuftioh wfrts rece(v-'•, r•,jsually good scores. have puJr ra•tngs and often degracn- the comoOsite word
More cornmpl-s normalnalhnlts cased on non-linear time score.

"scaling were als.o rejecled Se, r-enlal nOrniai'i)tjtin5 Although we felt that the matching algori•hm was
memployaing e ta!ies tor "7aOoQ-l lII- same hO1one i•to -any corr•l.taioaity elfhc,en when firt inpie-enlad. aiS syslen

successive segrrenfs oroved to be too time cOnSumtii in strategies evolved it wa-s tloui Itha a signi:cant po0trn 01

litght of tthe benefit arrived Currit:y. prCdict mo-de scores recognition time was being spent in vcrafcatirOi A s-zabti,

are noriemli/ed by tft- number of sermenis ^ the match increase in speed can be dobarOed by coding ceetain of -he

path N w.tle the other modes Are ncrrta,,zed by N-1. ":hets inner oops iin assembly language O1her oth ieer entatoi

"normalizations art? cOmpulaotdravy sirop,u- and oriented Opt•.miz•tnS iajv be nee::td

embolhshnierts tried to date have not performed A most uefu; addition to Vdi' would be the a,-lty

significantly bettor to verify seci-ences ot -Ords by O,'namiC generatiOn Of
The convers•on Ot rnternal WIZARD sccoes to multiple word nhtwor s Thete rnet.fu-Ss -ou;O emboo•i 'te

HEARSAY 11 hyc.Dothesis ra:rigs was accomplished by appropriate word Juctir! ru'es arc .Owao a;;ow WI•rCI to

cmiOduCtllig a statisticall "lsys-. of correct/incorrectI word rate phrasal hypolhNe-.es directly rather than l-avrig ot".er
ratings ovcr approximately 50C00 vzrtrcalior. By ' arig knowledge sources calculate a cor-ooste score iTo' he

the distrituton ot correct and incorrect words over each of individual wcrd scores Along these lines, perhaps as a first

the inle,nnl score va$ues (dynamic range at 64). a step, it is rie-essary !o handle word juncture prooieis

corresponding distribution of M(AiSAY scores was which cannot be statically ncroded in the sngle w•ord

r calcuclted The 4•EAPSAY sc,(.re c.triistion alioas for the networi'+s themselves These juncture proitlems are a major
absolute rejection Of verified wo'+d This threstsoa ia set cause of incorrect tries on -c'd hycGheses
so as- to reject no correct words Scores ab.:ovo that It writ be necess-ary to augrmori this word ver-ficatron

thres!told were odstributed se, as to caordt,,zed on the System with a cor•.orrent to pcr'loin rOr'e direct signal

distributions of the correct words Several trad•fOts are matching. The ouripte of this Oidition is to di•sab-.ruate
possibto here If cne :ecu-ies fhat no potential correct Competing words -a.rr+¢h have ao0c WIZA;D scOres 'n tIre

words be rerected then WiZACD) ws abie to reject 12, tO same time areaV We propose to eat act word tempiates at

117 of the incorrect words n-pothtesrzeo On the other the parametric level and cettorm "iafcchrng using tjanura'a
hanrd if It w-cre pos fobe tar the system to perform with a method lltaKura, 19-5) The plUlocprhy r",re is kc store

sniall nuniber of the correct woais being rejected, a h rKer lemptiates for a s-aA n4umiber of pctentially d4ftc•ut w-#0O0

percentage of [,correct words cou'd ce .- 'e " ted. -e iow-ng a rather than 5yntlrrsize the temolafes by a ru;e-oased

62 reject••n rate of corrrct words aoPr.i:-ateq 5?- ,t :he system. This time cosu-ing malching? o.ioal be pertorm•c

incorrect words can be eLmarraleta from corsictration by the when indlicated Oy 'Fer sources 01 u•tOevitee

higher level knowtedge sources.

To aid in comnencating for the apparent tempOral ACKNOVWLEDG:LAET5

diffcrenCe in woed scores, the acoi.stic match prooacrities The Or:••na; Oea to implement a -ord verfier u:n• a

generated by the semer-ter were rormaried such Tri-t the network ;eprese'ale on as tha t al ofc?, ea.y -io m'"e

score of the best phone in a er.men nO0 the absolutue test contcnufng su•7estlons for reieii'.!5 to the On•,c
match score This allevlted the problem and improve'd 'he aigOr-thm and for ,rio'rve.rntS to 1s prforance P_ < ce

reliabiity of the norirraied match score whie leaving the Lowerre ceteerfil,:"y svýarec his a ct:orary an -"-tOtI

rank order statistics unchanged. generaton evoerltie Lee Erman a--J Rcnard Sethn a'oed in

integrating W -!APO,0 into EARSAY and provided tie impelts
RIESULTS for many Of its interes-tng teatujre&

The results surnarized ,n Figure 4 ,re for ti-ve dala

sets, containing 100 utterarnces, in whrcn 332 correct .- ras REFERENCES

wore hypothesized bottom-uo bv PC'A'DW In addition, B. Lowcrre i197bl "7he tARPY Speech Pecor•..tiOn S-Vste.'

1m053 incorrect wo~rs -were gerraled Tte v:,-caoiary ,octora; Ci:;ertaton. Cor-,'le, Science Cpel.

So.zp for rPG1". Aid WiZAhi wes aoneomately 550 words Carneg-e-t•lCn erro'ivers.ty. P.tth &'h. PA

WIZADO rated each of the words asi,; p..a t-iode A. . Smith (j)77) 3 ,octora, Dissertalion (in prienarafront

verificahior For each rating threstrolo (15,10) the ru-oer Computer Science Cecil. Carnegie-Mon Lnrversity.

of correct aed incorrect weods lhat acre acceot!es or PrttsburSr, PA 1I77
reje<ted ;s tabulated From this. ca~a tI: nutier of words A. "t Smith (1976) V"oed hypOthes : ation in the -earsa, I1

hypOtr'esized Der word pO,, on. and !he percent St the speech System- in Proteed.ngs c 1;76 .IEEE

vocabulary per "worrd postfron. ran se cacuated These Interr-rinia•i _.Cql-ence on Acaozr.cs. ,oeea cla

mnumbers give a vocabulary ,r-rooendenl measure of SrignalProTs,nf. 'PkLua+etphe.4 Pre.SJ;-S2

performane. aVO',-ani cOmpar Orns De!-ren various system F. a-,yes-Qoth, 0 1 'Atsjow. "A S. Fox li9
7

). %Syntaa and

configurations A-n ave~rage ran.. order of tne correct word it Sorrantics in 'h.e s-eA'QAY "i SIacech Unuersiaaorftg
provided which measures, at eacr triretnold. the nvmmie, of System o to Appear in -?.Aurat Larigua.e Corr-'unltcahom

words in each word pos.t-on that must be examined in order wih Computers-. Eaotec, by Leornard 60oe. Sprrnier-

to in•lude the correct word. The range Ot ranK orders Verlag, eertn. L977

between the data sets 120 utterancesiselt) s also nOted R. G. Godmin (1976; "Analysis of Lanmi-ages for Kan-

DICUSIN acninýe uc-,wn satom-. P'-. 3 T les.,, Ctaiiloro
T DISCUS atr d University, flai, 1976 Repr•ifed as Carree-k,,iOn
/ The m)Or direction ot rI•,s "e•Crk is the aoi!CaliOn of Computer Science Department Tec-inical ,•e>Ort, Sept

thr HANPY net-work r'oresentatidt to ine I ver f.cicon of 1976

single words in a connected szeec' understiandng sysIet- = . ~r Itakura < .1975) "ks.•,mun Preo,ct-om Pes~dma+ Pr:P=cie

This inclides the ,od.lIca!.ons to a-,o- the varCut 'T

verification modes d;ctated t'v te i4ARSAY :1 s.stem Appr:ed so S'c' necognO.". in nEE Ti'seijac''j-
strategies. We feel that wt:T;D ".ales an ,riO"tant or- e o,.rt•$. Le-ca.ý- sf4 Ssgisaa Proe-Faai ,g. ASSP+23,

contribution to tt>. ovc-,alt ceriorrance of fqSAY ii and No j, Pp.67-"t, Iec 1975,

torts a grounricor. upon which mrne sopt-shicated .ert- ers

ca e o 'rvlopsri
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Tte d' .'.O-do Of Sigria Ce'ection APz-ed to Sseýech Serwerunatuonm

Her• y GQ Gokcortrg

>epadtrent of Computer Science
Carr,.a-g~e Meoton University, P:lttst,.$-, Ps. 15b

Abs!traict TPhe stat.shcJ! "ea-4ue, a', lfc' Sgnmal ia ,~es ot- -eor i rm theory at n-gni
"Cetectano Theory, fSweC,'f has beer smon to pwartr-rze zeýleo-, o. fasCstis v, Taneor. Swets. ano Green.

the -deleclab.Si ,' of signal OvO'roe a wiler variety Ot 7a n64. .s6 is p,. pp to de:tirion 1,.a;; *nrct-

perceptua, stuations its usetunress is evtee'aed to the ra) "e co .sdetrc t-- 10 the seg-vmtat~on ptsces; A
problem of QOuihnfymn" error 'ate; ':', sec•rertation c" CeOeclion tr,,: cv-es'erts a st;Muln ahetl ray be cotrpos-ed

continuous sottch. it has ofte-n acen irnpossWC IC Of oisSE 0? 0 (I n;eC anda cýn? kr~own s'g~aJ e reqiares
accurately compzre dilietent -iachfe 4 ecrnwQtje$ %;€ .rrso'. :t L..de abt); Inhe p"esenice ot th&e sq••ii thls

segmentation since efrors or-cur is ethrv miswig w1 ra-a is r! un'4Pt the -a,: son pr::cess reLst-Une in !-,e

stgme•t• D .vrs da., s .w 50se raies jae reiateo b y, p'!''l u a:,em -! tor a ;e ,'rrr , bo..ra;-d j o le .o u"on -rail

decision thresholds The oa-c d* rodel *s 5 tyr.,( ifCli,¶¾f Csri-j ! Su '%l 1at te a piror [At aa-ic,"s
a-ccurately (>951 canf~dente) r.itsceibe tn !!,g 5:.S 3":? coVss a'vw. erares fire Lnon. to a, decisdio
extra s~eienent trade-iott to-und 'n at teast One, 0v-!ntrviaI, 0roces .. hc, ser,:es . d v-tot rattsloriir-h lrtu

sp$eech segmentafom progra .. cit, 5)i.5nto 11 , ar SO -r1 'nJ, Sf.ar p•; e before ! -relds a jecs.c- .

0-"1 "C • -sse",e 01 l-,• -.-- ai Thie Oeetodts .. qs•ry Z-cta

n:i-onu.!on The lASt fe. ).&: 0. coral'sea* i.iti i- cjlab cuo oasrýL - . ::j~r Spflýý tIlcis~or oalameý-r An c~ot~inia one. atccozdrig 'oo ec-sotn
recoCrll.an researfl-; hj-e produc~ed, amon•g ct-er lb-,i;;, a ftl.eory, ..; tn4 rt.; oI tfe probatýsu.es at two ltisqpahns

nurnocr of lechraques fo, irie)sie se;mentalon ofiti ' - - tha he input $t-mif'if -a' stgnai Cohs naosa or that It
speechnal aio phoret:c ar ao, ust-:,.) uits. jeg ,

Oak 75. CoiS l ilc-e .- e neta;~a. a nloie rnr-e a6 -. iv½ -leshold o-n thas singl
- l•p,ar-Ct•.v: t-ij ce piaced to 4,Dt n,-ze I:ne e.lDeCfe• COf io

c-rrmprarnmi; the peelorma-'.e el sei;mneA:'s see-, 0 poccan .n er-a1 cc pooced Ia m--ce tr.e Ci pecle cat
two areat. First. one must acZu~re a e7.n~tiar C: 'i-r ~ 4nap~ :N rOScsso msstaenn r
correct Seements for comt ia,'e -ei *f cat; T.-, -s Fgrn I repeese-'ts S+,ch a npOtrt',elrcaJ ntlefr-a' rccisc,

iusii;y oone by hand. altroougn sonme Aulorat.c tecr7t,-es paramter. L

"ae a ; ab;e it Si e the ;,rC!dut.os t "cO-'ct
seg'-enla'-ors amO ther camar,;c-ilr, n c:vse

seg•.entatlors (eg. What aoir of ar s-a&rizmert etc-

lsrijl'I ore allow') involve a number aý nja:;!-c as we ' esd
re osn orliO ,yster.--specd-, $sues, -e .. o C.€t Cd: :,.'!'er_

w0,e these problems Wn.

vl-ICwvele seca-'d r000ein iS !-a' ~ o

eraora OcCur in two t)pes: r--Ce ,-O,:mar-es trts No.se
a'-r r--ira i~ounoa-es TsgeI r-efe s ,e; -:- a trvce-
oil bct-.Cen th-ese two I¼oons a, or..... tiv? -C ýa? -at
""uinrerstooc it we!I enOugh r. a c;-lta e asef-se o /

Cmb? d-!tfcrr' .ecnzeint' ;C, --- it ttO Sire ~'5
se__'enter "tu-.eOC t0 a d.ffe'c-t p3- t C. : he L,1r trae- i

citO Wria: -as neeCoezi en a r,'c,'- j' tr. :rade-at' r..- /

,eloed a sng!e, c-Parab.e mcasue of segm"ete.', - h.es.;dl \
et!'Cacy tcr any sel Co data ,ah crrc;-s maried essing or

extra S.c:h a mod ; ,s pro0e-.ec a! n Zcte(t.ni.o
#,-e or y N ie -1~iti tre !inis'P rile .e-
.in th-e results af a etf ý' semrn!at~on teasr rý. to g- >na lelnLdi

eppiore Ii' L/jc terade-etl

'ye- 'ep, aa he cite- asun a s-'g e

" he ih .r iy sOCOt' 0ca ntf-a"r sysler , Loa' ,o :a' e cecs &-an .ar '- t L-.' rna4 1n art, serlsu'
fD'-' "a• O'r•. w~•$l•'s 'sD;e a .e, •;- i• mr-at-U'~ or? ore *.+' r" so• C ,Sila1uthO'- ot & "Sc:l..e> i-l

fa''cs-d to,-_tors fr, - C es A ,est t-re ?, fib C f . a- t, "Y

'0 0 0M SCOUSIts an-ar~tga P'Cwt-e tonr l '.n !--,ncs af - oa s-mace ac a,-c- oe ,

sc-ia Wien a e;"f.re 'as !,t i ante a,.era[e-C. oa-t nC

se.--teerýs .1-e Cee, z -Ze norrere prcoacfhen c0 -jhaflsti-C "d -san ae ;2 W -. l-n
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alarn" P" acceptisignail and Pt acceptlnoisej m5 intervals). at. rnout. Speech is separated Iro,.i isence

a- ;espec -a • :ient to .letermine tI least Mi' for and from nea-.,ence, and flaps are d-itected by the r
which art p e' process can dl.tPay :no obserued anD tude contours T'hen Ihe measures of change are
rate he nt an') f al* :crrm rates are ploa!ed ,',vpecfed to, s.gritcant peaks (possible boundaries) The
.fgaim. one ar.olhe- for a number o! sets of tVias where union ot all such detections is pricessed by a correction
Inthe delecto" acceptance threshold has been altered, a routine to merge muiliple boundar:es caused by the sene
-.esponse Op a alor characteristic -• 'C) curve is odtained underlying prsonet.c change. The program has two
-(cn igure Z). advantages for this study- First, the input parametric

representation is ea•ily Changed, and second, the internal,
segment detection process is easiiy tuned &ion& the 4/lE
tr adoeof

-- 10 _

Pesuits from this programn were compared with a

"correclea' bahn segmentation. That is, trie machine
segmentation was compared to a phernemic-eiovel human
segmentation for discovering missing segments, and to a
hncr f-gr ifl,,d phonetic-level segimentation for discovering

I signipti 5'j / extra segment errors

Resjlts The tirst experiment validates the Signal
Detection nwode; ssuriptGin of two (nearlyl rormai
drstributiOns in a signa. hypothetical decision variable A

set of 40 sentences ,.ih 1093 phonemes and 15410 iplionet~c segments. wpr cegented seven 1,mn ]nterniai
*I tiireshoizs were via -i'C tO produ:e sege€ntations

0 r ~acep I nose 1 0 perorrvir•g over a -coe range of the A/E trade-oof. The
resuitant error rates are p!cltea on a normal-normal grid

in ;;gure 3 A leastt- quares regression fit a hne with
F:p_.urp 2 Typical POC Plot siope- 100 (Noise staii,,ard deviation / Signal standard

deviat,on), and x-.nlercept-225 (d -- the separation Of
The theory states that tre cur,-e is 1ctal!y the means of tI two c:strbutions).

oept-eiired by X' Whser the axes c. the ROC curve are
tin sforiedo ty the •inerse furc! n of tee Mrmal

dst'sl ;t,on lundt-on, the curve is approimately a straight
;..e with ;ifle-sianiatnosel/sigma(signsil and X- P' 'accept I noise)

02 07 31 5

Ths theo, y ':as been most offt2n aor;;ed to detection go
tr ais to provide estimates of the deteclab it of th"e 5.nal I
as !I appears i a n.rman perceiver's ,,ternal sensory
s Rna; space. The -st "ate of o' provded by Irte s gnai 93

oetection m•acel may !I en be c5mpa-ed w;ti weLl •.rQn
proverties O0 -i,Sal or auditory sienals to 'ovida a bound Pr jaccepi
on :he efficacy of ;he oefcer.er ' transd.ctan process -- i 2.25
tDe s,ens.Ory channrel Whfa !`-e moan tnrust Ot its .

a:;n:•. alon 's nOi 'ele-.ant nere. the s eral detect:on model i

dno the dimenrs,onless reasure o" can be used as a -- 7 100
nor r alzed measurn of segment bounoa'-, detection itnal s i
'.rei.ve,y unaffected br ad;ustr'-orts i, the p'oportion of
missing . or ,s-s extra segment ercror• Iurthermore, tIe * S -

va!ue, s:e estr-aled. may be used to Predict tre entire
response-ooerator cnaracterstic Figure 3 U £ Tradr-off

.5E;;z,"e :'n The resu;t: reporled here are, for the The lre is thm eC of Inc segmer.ter with this
-s.t pad, obltaiied from a seg-rreniation program wr:tter part:cula, ol-arartrc representation, 'rorrectl sekment

10' 7 .tii,'por n study of pa-aM!rF . represental ors dJefinitiors, etc for aii M/E trade-off tuning.
fCol'S) ana used 'or a wi;te a, the ,i' s;,ara'-tO-syrbOl
stage of the hea'say ti speec, understanding system. A seco, r, -%en!, run with dilfe-ent input
[Fr-i741 A snort descr!.ton of Ihe s.,;merter is trerefore parameters , ..i r'a Sure of confoence ,r the a*
camc' f~r est~mates When '-e - sentence were dvideo rito :0

groupr,, and esirates o! o" mane ftr each Crouo, the 95-:
The S.p,-,a! anD; tjd.r. ano meas,.res of sa-zgn' r•0 of coi.r,delce nie~vi 1- J was fOund to be -0 1 i.e. :h!

ar.cuticte c~nsrr. ,each nea'i-ed o.'er bot-, ;10 anrd 35 estmate !roa- ' setencr- its the -' computeo from a;t 40
wtnlin the -' nlf Iec- '-tevra:). S.nce this inervAi s
corsidera;',., smai:rr a• t:e d t'ererces, found rew(eenftS.g,,l change .c ".D ;ti a p.lle'n re:ro '.!'n "atcn Ž -r itr '" ;'... 0' be'veen -0 pa'a-et',c

score

1/ r



representalhion vr 
t
eetl such cdniar.sons are meanng.&t

usrng •j' For e-anrple, four rc;re.et,iahon of the sgral

.ore Itested (Go 'o. ,CelO:g d , aiues from I 2q to 2.38
Furthermore, s::rci reswils o1 t^o Otrier seg"enters

[fBa,75, Di5l at O.lcd es',mates of ti. to "c mace of 226
anci 273 The orner:n& of a.: these segmenatiOn runs

agrees very well with our nt•htOns aoott the programs, as
well a: with tr.e (somewhat sparse) results of speech
recognition use of them

Conclusions We beeve f.iat S0e model proviced by
S:tnal Detecton Theory, and pa'tcu~a',y the d' parameter

of that model, offer a 'iRlty sjdable and attractive
mea.ure of .egrrmertafior etficac', and a means Of better
underslanc':(I the k/E Irade-off Different segmenter:.
contor.nuii to needs Of different speech iecogrrion
Systefmi,_ can be quanttatively Compared, and their
Dertormaince untder otferet tunimngý of the M/E trace--oil

can be predicted.
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-.N APPLICATN;N or CONNCCTEo SPEECH
TO THE CAR TOGRAPHY TASK

Gary Ccodnsa. Don Scotia and Sriaw Seek'if

Docan maca of Cornipaler Science
Catrrsgsa-5#otuon Unveri-y. Partbssrg¼ Pa.. 15213

~'RADC/WRAP Ciriffiu APE, N.Y. 13440

ABSTACT In o-der to combine voic and graphical input in a
practical system, one needs 1) a speech recognition system

This paper sum .arizes ,i elop-emnt of a system capale of recognizing utterances from a language as
for visual and ".erbai data aco.,siton in the car!Ography complex as required by the task, 2) a graphic system

task. Visual input and output s• prOecded by a grapsics sulficiently flexible to aI:ow graphical input and visual

tablet in confuncthon with a grapr.c o:a.; ;ay term nal Verbal feedrback as necessary tor the task, and 3) some nethod of

ipout cons.i's c! sequences of commands and map feature interfacing them so the system behaves in a way whic,

oescriptoos wn-ch are recognized by the Harpy speecn appears as. natural as possible to the user. Two systems

riecogn.tion system An important and ;ntere•ting aspect of designea at Carnegie-Mellon University provide the

this research rivolves ',e design and analysis ot necessary tools. The Hlarpy speech recognition system
vocabularies and grammars tor tasks ot this nature. [Lowerre, 1976 and 1977] recoglmOes live voice input with

the ability to aoply gremmatical constraints. The SPACS

graphic system (Greer, 19-,6j. originally built as a stand

.alone interactive grapncs editor, uses a tablet input device

in conrunctOn with a graphics display terminal Its

caoabilt-es include free-hand line drawing and the ability to

Z. _._P=_CU4.N create tables, flow charts, logic diagrams, and other

schematic ciagrams The interfacoi• probiem is solved by

The cartography, task. *s as inlte-eshng; application in tha use at a lass module in the Narpy system.
nian-mach;ne corii.in:¢catOm.- cOrn, se.erl fornris ot

input. It i5 a practical task, used C.". ,y map minaers. ad Other systenms to peech input are available. The

has a wcli defined protocol. in Iris tacK features are isoiated word recog."nt=on system developed by Threshoid

scected and traced from a n-o and further described oy a TecnnolOgy [Ma~ts,%, 1975) and the Bell Labs connected

sequence of descriptor phrases The grapncal input is speech system [Sas•thl"r and Pabiner, 1976] are accurate

Obta-ned using an '-y coordinate rinout Cev:Ce, sucn as a syste,ns, Obit at present lack the desired fleuibrilty in

braphics !ablet in crrently usco ca!iOg'aohy syste,rs. the structuring the gaammar Gther successful systems, such as

lletluSi cles-ptions are entered vii ..euiard This pae, t-lea-ray-It [Erman el al. 1976 and Lesser etal, 19751 HW1KM

dcscr L','s the VICS system, a car:ograsny system in wich [Wooos, 19761, and the iBM system (Je•inek. et.al., 1975 and

correccted Speec', input replaces -nypoard input. VI'C; Burii, et a;. 19761. hate much more evaborate control

stands 'cr Vo.cc input Ca'tog'aony System strUCiLrO- andC were des.gneo for iariger tasks. The

overhead in.voved in these systems is considered

_tnis :roloc' -as jnhde,taker. because ,t reoresented a uinaceCDtarle to- asks.s scn as this one.

practical a.nfi a•l'pication or Spee(c rpUt Of suitc5ert

s to be interesting. .Jit c-a encun ao oe fease:)ia An

i,,Oortant aspect of the researcnf s 'he ursjuit of a Tt.[ -iE.APV C t SPFE.C.,,RCPCGN"YEG7H
lnci)hodoio,.y for l.V'gua ;e aes'-- !', r-a-n,-rcire ro,ce

conrnunicaticin 1te3cal On wi-h :Ie ser is sui'c ent,y I" the "a-ay svstc"i the recognl~ato process cons,sts

flexible to allow the "nvcs|ta. cn of several o0flerot a' searchfin. a' the a,.i path through a PrecrOrloed

methods Of :anguage s.ruc!ur, lr ýn .t:he Or no .onstraut to network., given tire acuvs!c ev~dence present ir. the

h,qhty constiane sesvý entes £urihcrr "-. -i a sn-aothiy ulte'?ie. T-e seai:ch s.treme uses heur 5itcs to reduce the

"interact!ng systs-•I .- aoeq.,ate rsOuOn-C wOcl nave nunheor of oaths zcnsicr'ed. resu~ting in 0,sly a few obes-t

,mmeed ate aoppahOr,. :ere is great ao;t-ntfa; IC', sudly Of paihr Oeing seaciled in pa'alie The recognized utterance

the many problers assocfaterd with rman-machine systems.

The authors , s! ao ackro.iedge ca, gieddy Ifc

h. _'. w A'S ca.!pprtl Ca'? -it, 'm fense assisting in !re a,-,a' a es~gn Ot '?re sestem. Bruce

A :.-ýsees P-.;ear T-. :r0 ec:s Acencr *FCl4oZO-73-C- _OwCr'C to' ('ea¶'& -,crcorares and design.r !Ph

i074;, aid ,s -onilareo uy rF .. ý r; r .c'il,c• OC t0. mocdue -tc'tafA. P'-d 'en C'ee iCr maKing the

Sr ;yntii.c %~ mia-:" cl.ir a i !re Seraprics iuti

-cpi-nted from 1977 IEEE :o1f. ASS?, 811-8k



I, thiln turned c.Ort to a task nodule, a prOgram who<e

purpose *s to respond to the user ;n a way appropriate to
the tacVt The s.nipl.es task moduie would simply type the* "

recognized uitterance en some Outlut device such a' a CRT. t
In more coanpiicakd cases, such as the At abstract retrieval

task, ;te lack moIutaI would extract the intent (meaning) of
the utterance, consuit its data base, and supply an

apprprite rspose, g"There are 17 articlers on that
topic"

The recognition process in Harpy uses a precompiled

netwOrk which integrates synitactic lexical, and word
tuncture knowiedge. Syntactic knowledge is specified by a
context-tree gramnmar defining tne input ianguage Lexical
inorniation is embcdied in a symbolic phonetic dictionary i.

containing pronunciations end alternate pronunciations tor
each word in the task language. Word juncture p'senrorene

are character-zed by a set of a rroors junclure ruies giving
alternate pronunciations ot word oeginnings and endings
based on the contest of adjacent words All tlese sources Figur I e at graph:cs asplay interacting

of knowe(ilge serve as riputs to a prorram which cOmpiles a with the VICS system.

network represent;ng a;l poss060e pronunciations of all

possible irput litler ances.

The acoustic evidence used to cetermwne the best
path in the rnetwork ., obtained b; seg'ienting tfe input and

e.tract-ng LFC paraeters for each segment These LPC
paramel--e s are malched ith prone tempiates to produce a

metric oetween tie sef_.ments a-u the symiOis l(phonest
,assOc;ted '.ith netlork states Th;s ,-tr i is in the torm of
the prOý)alt): ty trat t'o se-ement .- .n ,nstance of t1-e
s f•-ol' Probabithes are learneo fromn eaenio;ars taken as

training data.

Creating a new task for kHa-,p-y consistS Of dei•ring the

language, training the pnone tenmrlates, and specifying te

task modulu. TO define the language one first spee'tee the
v/ ciirnOar tathe input language anc the'W oblains froam t a F gu0; 2 Zr aphcs Ci:play after tracing
I St 0o all the wordcs used in the language. For each oa !tese an intle',Itent stream

words a oescription of 'Is al;owco pronunciations is enteed
into the dictiona'y. These desc' plions are in terms of a

stactdard set of phones /

TI-F VjCS SYSTE-y
Streani

The tar- mOdile ccord;nates voa. and glaorhcai DuleLne
nolp a-rd controls aiSt•.ise -wih !1,0 user. Fgure IsSnows me

a ijser at Ihe graphics cisp:ay nlerazt!ng with the VCS
',;cr. Vcoi "'nut " a sequence ot words , D"ýraspes

-,h rl may be C0r-'3Mnds fol the task mocdie or Oescr•phos

of Ie nap feattire Gaph; inpUt -s via a .rairics taolct a-

y e,'sor There a'e two graphic .rpu: -_-aces pOnt mode
arc !race w-oade The user en

t
e-, pOnit •moe by saying

"pOi-l" Or -point mDce ;i.' th s r-oce the riser defines One
pasýhion on the nPap carrespcnm;ig to Ire location 01 an

leatire such as a -ell. ponO. Or -a:e- :an. For raore Figur-" 3 Grap" cs display after verbaly

con'plicalcd ano lrorer ieatures, sucii as lakes, islanos, aescrong !-e ;nte-mittent stream.

shoro;:,es, a"d ha-burs. trace Oce s e-terco in this macde
the .- v sensor rast-Ian is cOnrtnusy monrtorec & ii3 a
gruoDnca•t ,vcriiOr- co-Sistng. Oi a sc' at nes n 0oa'h dsp

t
y alter ,-erbal aescriOing the strea, is shown in

I odes the praphicaý cdsc-:o!ion s o sJ ,yeo c,, a CRT for hgue 3- F,F.go-e 41 shows Ite display a'rer another t'acc-
-' ve- ,,-e alhon. F-Gu'e 2 sisows hon trie ;aoriis dsi;$ay desc''oe cycle ceac'-b-g• an adsacent pond. Afler the

appear, atte' the ,;ser has lracto a, rnter-ittent a;reai. desc-pton 'c .amrpele hra user may recot or accept -t
At It. -. Do nt Ine ,se, des-.',e5 ire 'ea:te veroa;dy ',-.ý.g vo-cc co•-rard! :I accepted, the aesc-p!ion is stored
ac.rDang to the :anc.izlary and gr;roir-a-cai. structure 

T
he tc"wu use
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C. he Land .Natural Feiures,

Stream' 'i
Inter &ne'r. I
Doubla Line Tes, . •

Pond -- sic
Natural7 t*'--. -

Figure 4 G ,ph!cs display alter description. .
of both stream and pond -C--.

Figure 5. Examples from cartography feeture charts.

The vo(ab,:Iary for the VICS system cons-sts of task 1,11 iar) :A112,14K) [-.ini),-. Fi, ll' V
rrodule comnijanmd and wOrds or phrraces for describing the QCCE-11 i-,S) AE- .. S Ec M.i.,a)..l iEai

E|0 '['YL.O1 ll: E~, (EY I-,111, .5
map feature. These phrases ase tan.hiiar content phrases IOS i(L.O-, E,- (0,0) . l,.I 0.4)

used by map maKers and are contarned in a document eI - l(c, i (;2.,:t) 0 O.
prodwuied jointly by the Department of Commerce ard the so: i-i-l.I.S (i, (-at-,-l IG..)
Department of Defen.,e [U.S. CDpt. of Commerce, 19751 CAb1aL ii.-.gl.-) 11 t111 RE EL

,nnir examples "roe, this document are shown in figure 5. COAstiAL . .Si.-I r Cu' $ - 1 (Pt2.a) EL

We have CiiOSCr, in cO0era:on w ith RAC .CQ 691 phrases CUCLE 1i.6i.- C JUt CL t i-.g)-,) EL !e0058LE l-i..6t,-i II Al I.-l-.Si.-i lREat CL!
from thli documýnt. A 77 prirase suosel, us in the aulla Do.- ) (ES1(5.5) M.0 (EY14,11) i
descr-pion of features in tire ciass d'iatma.e, has aeen
chosen for test Durpcces The first few lines of the tasi Figure 6. Example showing d'ctiaaary format for the
dictionary are showin in figure 6 cartography task.

The choice of gra•iimar i; dictated both by the nature

of the tack, ec. the description Of map features, ano by the
desired user interactions, eg, user commands. A factor Roads
reatiri, to user satisfacion ;s gramni-atical constraint A Populated Places
g•'a.niar with hign constraint impies, in general, fewer Railroads
recovnition errors and :teeeotroe greater satistacton Care Cultu.re
Smust be takeln, howe-"or, to not constrain the granmmar so Boundaries

'u"ld that riteraction cecomes urnatura, for the user. Reliet
Drainaige

There are several ways of mceosing grammatical Coastaijýliydo
StruC:u'O on tl'e ohrases wricn make up the verbal Vecelafion
aescr-plton. We are cur-entiy experenling with two Nevigalonat Aids
mieitrOds, w'nich rcpreseM' the extremes of constraint. Thr Ports/karbors
'ircJ.t felhod .5 uns!ruCtureo where any phrase may be Marinec Dangers
'Cloiowcd oý 3ny phrse. ie. not conslra,nt This gives the
uJser complete f-eedom to desca:ie the map feature in the Figure 7. First i•enu presented to the user after
',ost natural wa y  Since there are other methods wh:ch tracing map feature-
auaow the naturalness but a.so rave some constraint, this
r-ode is used to, the niest,&aiton &! what accur.icies are

ttlainabl. ir. the .*or:t case. If accuracy is adequate in this
casc. then it w,;! be more than aoequale in situations with 7 This menu describes the Major ClasSifiCatlOr1 Of the
greater constraint. The second mrethOd is complete feature being describeo Each menu contains 'restart" and

constraint, or Iree-like, wi.,cre each descripton is -backup' as possible ve-bal commands. Restart means go
represented by a walh from he -oot c! a tree to the one of back to the root node of the grammar tree and start the
ifs lca.ec. In this method mterues reprosenl.ng all DossiDie cu''ent iescropton again. Backup means move back to the
choices at a nooe of the tree are shown to the user. After previous node of the tree Tns command be used when a
ore of these co.csb!e utterances s sPoKen and recogrized. error was ernounterea As the description ls entered
th.e system uses the recognized phrase to move to the verbally, the recogrized phrases are placed on the display,

approariate new node a-d presents the next meau near the grapnical de-cc pton. for verification The final

according to the cholices at Ire new i cde. The first menu menu contanhs "ok ', -accept', "backuo', and "resart' as

(top o' root nocie presenteo to ;re ser -s snown in liurn pos.,., ,n.2;
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t itrter of these metnod, for grammat.cai structure is R. • •ozdman (1976), *Analysis of Languages tar kMn-

viewea as beng enhiely appropriate to Inr task. Anotrher M-a.chne V^o-.c Cormun cation," Technial Report, Computer
mt.Ihoo wh,cn Ce rlena to investigate is ahf unoroeted tree- Science Department, Carnegie-Mtllon University, Pittsburgh,
like scheme wvl'ee ealh desc-(plion is a path thru a tree PA
structure, but phrases can be entered .n any order and the
user need sapp~y only enough ot the path to maii.e ,t rngque. K. Greer (1976), 'SPACS - Graphics Editor,' Techaicai
A varation allows features to have certain default Report, Computer Science Department, Carnegie-Meilon
attributes, eg "r'ver" .rmpes 'natural'. The oefauit would University, Pittsburgh, PA.
be used to construct tlri unique description unless some
other counteracting croice. such as *man-made" were F. JetlneK, L a Bahi, and R. L Idercer (1975). Design of a
mentioned. hliguistic statistical decoder for the raecognit.si of

Continuous speech, IEEE Trans Inform Theory Vol. IT-21,
The VICS syster.i was !,rst oernonslrated in Seplember pp 250-256, May 1975

"1976 after less than a man-.orith of effort. Recent
emphasis has been on imvesh&at'cn of various ;anguage V P. Lesser, P. 0. Fennell, L. D. Erman, and 0. R. Reddy
studies. Whiie no extensive accuracy studies have been (1975), 'Organization ot the Hearsay-li Speech
made, it appears tha! 982 accuracies are attainablo with Undorstand.?n System, IEEE Tran SP-.3. No. 1, 11-23.
moderate grammatical constraint.

6. Lowerre (1976), "The HAPPY Spe•ch Recognition System."
Technical Report, Computer Science Depariment, Carnegie-

DIuCL.$SICN U'e!lon Univerzity, Prttsburgh, PA.

The research reported reoresents initial progress E. Lowerre (1977), 'vreamic Speaker Adaptation in the
toward the doveopment Of a system combining visua; and sd Harpy Speech Recogn,t,on System-, to appear in j§u Cont.
kcrbji data acquisition for the cartography task. We have on Acoustics,. Speech aýnd 3Lnat Prscessin. ay 1977.
shown that a Pew ta,,. can be constricted :n a relatively

ishort tine. The system is sti:l in its infancy a#•d many T. S. Martin (1975f. Applications of Limited Vocabulary
interesting research prýoblems remain in vocabulary anaiisis Recognition Systems, Speech ecognit-on (Ed. G R. Reddy),
a.idi design. language a.aiysis anrd uesgin LGooGman, 1976; Academic Press, pp 55-71
effects of language slructure and user discourse, :leract:ve
techn'aes, and the investigation of recognition M. R Sembur and L. P Qa•uier (1976i, -Statisticai decision
ccharacterstics unoer various vocaabvlary and grammatical approach to the recogn.tion of connected digits., for
complcteiies We iocA forward to pursuing these areas of cu!ntract see J Ac.-ist Soc. Am Vol. 60, Suppl. No. 1, Fait
research. 1976.

PIEFEQ%,CES W A Woods el al (1976), "Speech Udcrstanomeg Systems.'
Quarter-y Technical Progress Rteporl No. 6. BSN Report

L R. Bahl, J K Baker, P. S. Cohen, N R. aD•on, F. je•inex, R. 3303, Bo!t, Beranek and !\,ewman, Cambrioge, Mass

L Mrcer. arni K F, Silverman (19"6), E'roarnierts in
(ontinuous speech recognt.ion,- P,-t:. ;EEE lnt Cnt.f U. S. Department of Commerce (1975), Chart No. 1, United

Acousgtic, Speech. ad Sea Poocessnrl Ph;iaoeiphia, PA, States ot America. Nautical Chart Synmbois and
April 1976. Abbrevia.ons, Sixth Edition, U. S. Department of Commerce,

National C.ceanic and Atmospheric Amrinistration, National
L 0. Erman, et. at 41976). "Work.ng, Papers in Speech Ocean Sur.ey
Recognition iV - Trie -earsay-it System., Technicai Report,
Computer Si.;ence Depart ecrct. Carnege-l•llon ULiver•ty,
P.ttsburgr, PA i5213
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Dynamic Speaker Adaptation in the Harpy Speech Recognition System

Bruce T. Lowerre

Departrnent of Computer Science
Carnegie-MelIon University, Pittsburgh, Pa. 15213

ABSTRACT semantic knowiedge about the task im decoding the

utterance. However, there are several other sowces of

The Karpy speech recognition system work. optinratly when knowledge in the system such as syntactic, lexical, word

it "knows- the speaker, i.e. when it has learned the s.eaer juncture phenomera, sneaker characteristics, and intrinsic

dependent characteristics (speaker dependent parameters) phoneme durations (see Lowerre, 1976 for complete details)
oa the speaker. There are three methods of learrnng these
parameters. One way is to generate trem from a tet of In the Harpy system, the syntactc. lexical, and word
trairing data which covers all the allophones that occur In juncture knowledge are combined together into one integra;
the t54sk language- A second method is to use "speaker network representation semelar to that of the Dragon system
independent' parameters with a resulting reduction in (Baker, 1975) The syntactic knowledge 's specified by a
accuracy performance. Since it is inconvenient for a 'new" context free set of production rules for the task langua•e.

speaker to say a set of training data before using the A dictionary is used to represent the lexical knowledge.

systemn arid the low accuracy with speaker indepentdent The d;ctronaty contains symbolic pholne speltings and
paran-eters is unacceptable, a thiro method has been specifies alternate pronunciations of the words in the task
devised to allow' the system to dynamically Learn the iatigu.•ge Word Juncture rules are also included ir the
speaker dependent parameters while using the system. The network to account for inter-word phoretic phenomena.

rew speaker starts with a set of speaker independent The ietwork consists of a set of states and tnler-state

parameters These parameters are then altered alter Pointers Eac.h state has assoc;ated with it phonetic, lewical,
correct recognit!on (wh:ch can be to-ced if necessary) to and duration riformation. The pointers indicate what states
match the spoken utterance. may follow any given state. Two specal sltaes in the

network., tne .nilal state and the final state noicate the
startirhg point and ending point for ail ;tteraraes
respectively The network is, therefore, a complete (and

pre-compiicd) represer.taion of all possble pronunciations
of ail possible t'erances in the task language This

INTPOCUCi tION network is used to guide the recognition process.

This paper presents a method by which the H-larpy is able to The recognition process of the H-arpy system is based on
adapt to non-famliar speakers ThIe irst section gives a the Locr.us model of search. The Locus model rejects ail out
,hort description of !he Harpy sjistenr, its data structures, anro emo ah rudtems izypt hog
ano its curert perlormance. The toivowing sections Oscuss th-e network These "best" paths are searched in paralle!

the speaker variability issue and several approaches that with one pass through the speech data and there'ore ooes
have been taken tow,-rds I)s sOlution. These approaches net require backtracking
include speaker cDeci•ic tuning, speaxe•e- independent lurig.,
and dynamic speaker adaplatli"or The last section oiscusses Tne follOwng IiS a sh')i-i descriptil" of the recognition
heaw these averaging techniques can aiso Do used in isolated process: The utterance is digitized at 10 KHlU. Tnis

word recognition systems. contin..ous signal is seger~ted into consecutive acoustica!ly
simlar •ound unrts (based on distance meas,!res of tIne daa)
arid au!ocorrelatlion values and linear predoclOr coding [PC)

Ti-iE H-.ARPY SYS
t EA coefftc;ents are extracted for each segment The segments

a-e then mapped to the network states based on the

T.he iHarpy sys'ein is the rirst vsyse- to be demo-,strated prnbaboi-ty of mratch (ocitance rratcl') o1 the LcPC data arid
wth a vccabuiary of Over LoGO .co s The system wes the expected phoines of each state. Tee matching of the

oerronstraled at the conieolcin of the live year Advanced LPC's a'd the networ, states is accomrpl~sheo by oie a'

Research Projects Agency (AROA) speech research pro;acc ohone templates. The °emp!ales contain the idealized

in Septemner, 1976 it had a sentence accurac-y, across t~e pa-a-eters for each Psone tiiat occurs in tIe ne!work
speake-s •i; t ntaic and •emaei, of 9 ?. an ran *n about 30 aces and they tray be either speaker speclic Or speaker

K&IPSS (a M• 05ý 5 n Lihons of m-achine ins!ructions executed independent. The "nelic uLsed t1r th:S matching is ttaKura's

per second oi seaech) Since that fse. ;Morovements have minimum prediction res dua; er-Or lsee Itekura, 1975)

been made n the speed of te system The current sslem
S-.,ns . less than 7 M IPSS Tie- s Ste ", IS a recogr..tio,

system rather thAn an uroerstarc;ri system s rice ;t "es no

Aeorinted from :977 iEEE Coni. ASSP, 788-790.
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The mapoing scheme used is a modified graph search n~ a" the unique pmonef'r sm.Uris that 0ccuir M f taefesk
which heuristic& are used to reduce the number of paths lamguage. Since the lexicon co•e•fas s.nrrbolic spellings
that are checked The result is that only a few "best' paths which are speaker indeoendqxrt and there is a one to one

are searched in parallel during the recognition processes mapping of the templates to the phones, the acoustic
thus greatly reducing the tomputational overhead. "oeaker variability can be hlf-r.." effectively by us.ing a

unique set of templates for each speaker. The templates
Pe:ults The current system achievs a sentence accuracy of model speaker dependent Vocal charactr'iStcs. For
90.02 and a word accuracy of 9437. on a 1011 word task example, '.he dictionary spelling for 'CONCERN' is I- (-0,0-)
anid runs ir. 6.8 MIPss (K,0) (1147,ltHj) N S ER (N,OX)" Optional pefth are enclosed

%within parenthesis and are separated by commis (the *0"
represents the null option). The spelling is interpreted as

SPEAKER AOAPTATI[N IN THE RARPY Sr'STEI, either a voice bar ('--) followed by an optional silence ("-')
or just a silence, followed by an op

t
ioual "'k, followed by

Speaker ,aabdit Speaker vari.blty generally occurs in either a "H"' or "H3', tollowed by an W, foilowed by a
three forms, dialectic. contextual, and acoustic. Dalectic S. to'lowed by an ER, followed by either an N or *0X.ivariability involves changes in the Dronurication of words See f*Keown, 1977. for an exampte network-
among speakers. Contextuai variability involves changes in
word promunc~at on do to the context of the words. Averaging of template .. rse, trs The success of the
Acoustic variability results from vocal tract changes amo" speaker dependent phonetic temptates depends of the
speakers. Eithei or a;: types c: ýariaplity can occur when ability tc average many exemplars of each phone together
changing speakers. The Harpy system attempts to recognize to generate each template. This averaging enables the
these different variabilities and to separate the effects automatic carcelation of errors (provided they are smoll).
,imade by each. Dialectic variability is an effect across a Since the template is an average, there is no need to find
broad group of speakers and the variaotil, is encoded into the single "ioeal' exemplar that best fits all occurrences ot
the lexicon. Wany dialects can be encode.. mto the lexKon the phone. The averaged template wIl usual!y match all
Or different lexicons can be used for oafferen t dialects- The exemplars of the phone in the training data to a high degree
current Harpy system uses the "mid-western American* of accura:y. If a match Ot an exemplar ,n the training data
dialect of English_ The contextual variability IS handled in is too far from the average template, then this indicates a
the word uncture phenomena rules and, to a lesser extent, missrig phone.
in the lexicon itself. The acoustic variability ,s a speaker
dependent phenomenon arnd can be separated from the The metric used by the Harpy system is Itakura's mmnimum
other types of variability prediction residual error of the LPC data A method was

needed to average sariDies !ogether that could be us"e for
"Approach to sneaker variability lvlay proposals and generating the templates for this metric. The method we
attempt$ have been made, from such groups as SOC, OBN use is to sum the autoico' relation data ot the samples that
Lincoln Labs, etc., as to how to hardie the speaker are used in generating the template. The justif;calion of this
variability problem These proposals nclude such ideas as is that the LPC's are :ndependent of the number of
vOwel fcrmant normalizations as an attempt to determine autocorrelation samples that are used to generate them.
speaker independent characteristics of the speech signal. The obvious danger *s that nor-simlar sounds may be
The Harpy system hanoies speaker variability by the use of averaged resulting is a poor spectrum This is a real
phone templates to capture the vocal tract characteristics, problem and is handled by a semi-automatic procedure for
We achieve this by identifying all the unique sounds that generation of the prhnes, templates, lexicon, and word
occur in the task language (called phones' It is impOrtant to juncture rules described below.
realize that these phones may or may not bear a
resembiance to wnat may be usually thought of as a Speaker specific Tne phones, templates, leicon, a: c

pnonelic sOumi in the English lar-uage For example, there word tuncture rules are generated from a set of trai•ing
are usually sŽýeral occurrences of One vowel (allopsonesl) in data that cOntains occur-onces (and hopefully all contexts)
our set of pione. each ol which has a unique name. Also, of all the words in tine ex.con. A sem-aiutomatic iterative
there could be a single phone which represerts what is procedure is used to generate (or more precisely, update)
usually thought of as a combination of phones ýe.g the these knowledge sources. There is a "chtcken-eg" proo'em
phone VWHW represents the characieristics of the aspiration wth this iterat;ve proceJure in that the data sources must
sound when pair 'K W" that occures together as in the word already exitit in Order to update them. The generation of"queen") Each of the phomes used in the farpy system the initial knowleuge sources is a ted;roi tmanual toot-
represents one unique ohon-tc :-nd.• strapping procedu-e. The training data must be carefully

hand labeled (botr at the word level alnd the pnoro levei)
Phonetic knowledoe in the H syxýem The Harpy system end inttial guesses are made about what phones, word
uses a phonetc dictionary Ca ong w;th word juncture ruies) spellings, juncture rules, etc are needed. This manuat effort
i0 'epresent the lexicon of the task language. The spellings is the main bottle-neck tor developing larget vocabulary
In the dictionary are strings of phones (along with a special systenm Automatc methods must be developed beore
syntaxi which are used to represent primary and alternate larger systems can be attempted
pronunciatons of the words in the lexconr The phonetic

dirct:onary is a reoresentation of the actual realizations of "'he following is the ser.-automatic p-ocedure useo to

the task language words rather than a pronunc:Vaiom update the data sources: 
T

he Harpy system is run - a

oct~onary. A set of speaker cdependent phone tempiales forced recogrtion mode with a previousiy generated set of

(One per phone) is used to match tie sy-rDohlC leg,con to Ire templates (which can be from some other speaker) .0
actual acoustic signal The phones of Ite lex,con represent proouce a parserg of the prones to the acoustc eata. Th.s

15i



forced recognition can be doe either by using a unique utterance aganri with the hope that it wil; be recognized
network for each utterance (whc:h rep-esents Only the one correctly the second time or the system cm be rerun On the

utterance) or by considering only paths in a large netw..ork same utterance and tarced tO recognie the utterance. To
that represent each single utterance. The parsings force a recognition, the appropriate switch 's set and the

generated from the forced recognition runs are used to correct uifterancet is typed to the system. The system wltl
locale the autocorrelation data for the averaging of the then only consider paths in its network whini represent the
templates. After the averaging is completed, a new Sal of spoken utterance.

teriplatee is generated and used to again run the training
cycle. This cycle is run several time- until the templates The error rate when first starting is, ot course, 7% but
converge. If the templates do not converge, then this quickly drops oft towards the 2Z error rate of the Speaker
indicates an error in either the texicon of 'Word 1uncture deperndent tenspiatesk The time needed for the updating of
rules or a missing phone which muat be manually analyzed the templates is zero during the actual retogrAtonis but

and corrected, requires up to one times real tins, after recogmtion

depending on Mle number of templatea that are updated.

Speaker 'dependent tuninz The speaker dependent Therefore, the overhead ef doing the dynamic speaker

templates are an averaging of many phone exemplars for adaptation is minimal.

each template. Since there is a unique set of templates for

each speaker, they capture the onividual vocal tract
characteristics. This idea of capturing vocal tract DISCUSSION

characteristics by the use of templates can be extended to
mulliple speakers. Wien a nuumber of these speaker Summary !n this paper we have considered several sources
deoendent sets of templates are generated, another set of of varability in the connected speech signal, iA. dialectic,

templates can be generatec from all of them by a s;milar contextual, and speaker dependent variability, and described

averaging technique. This set of tem-plates, snice they a.re how the Harpy system attempts to cope with al these

an averaging of several speakers, will be splaker sources of var~abiltty The dialectic and contextual

,nde;p•endent. The perforr•arce with speaker indep.enden' variability are encoded into the lexicon and wOrd juncture

templates will of course oe ower than with the speaker rules. The speaker dependent sorces of variability are
cderpedent templates For example, one experiment done hancded by averaging phone parameters (i-e., the
wlih connected dig;ts gove !he tollowing result: Ten autocorrelalion coeffcients, not the LPC's) from among
speakers (ircli.ring males and females) were used to several exemplars Mi a given phone by the same speaker
produce ten speaker aepernden' sets ot templates. The (for speaker specific tem!plates) or from many speakers (for
average word accuracy for all ten speakers (when tested on speaker iriotpendent lemplates). In the case of dynamic

the speaier dependent templates .,.th a total of 1000 three adaptation, a set of socaker independent templates are used
word utterances) was 98t1 Trese ten teepiate sets were intially and the system auorsatically alters the templates

them i-sed to gernerate a set of speaker indelpendent during use to adapt to the specific speaker.

templates. These same ten speakers Dius ten flew speakers
were then tested with the system, The word accuracy for It appears straight forward to adopt tne above techn,oues

'alt 20 speakers (on 1200 utter .ces) 4as 931 An for isolated word recogntion systems also. Given several

Interesting observation is that there ýas no significant tra-ing samples of the same word, one can align the speech

difference between the accuracies of the ten speakers signal by dynamic programming techrqueLs and average the
whose temp:ates were used to generate the speaker autocorrelat~on coefticients as in the connected speech case
independent set and the ten new speasers. Since this averaging woiio be independent of word

representation used, i.e. wit'her one uses segmentation and

Gnam.. . speae.r tadapation The high error rate (72) with phone !emp
t
ates to represent words or the conventional

the speaker independent templates mass this ýlternahi.e to brute lorce wOrd terplates. one can st'l use the above
the handling of acoustic varaopi ty unacceptable. Further, aeraging technique to generate better templates

the training cyc:e mentoned earlier to generate the speaker

dependent tempiates *s inconvenient do to the large amount
ot training data needec and is computationatly expensive A PEFERENCES
third scheme .as Odvised which a::ows a new user the
immediate use of the sy1stem but also a:lows tor the speaker B.aker, J K (1975). "S!oc:,asthc Modeing as a L.wans of
oependent vocal cha'jaCt-:stjCs This is the dynamic tuning Autonma•ic Soeeh Recs&ntion, (Ph.D. Th-e.s, Carneg.e-

cl the speaker temp!ales. A new speaker to the systen, kaellon Univ %, Tech. Rep. Camp Sci. Cept., Can.eg|e-Wtficr

starts with the set of spear.er independent templates. The University, Pgh. Pa

system wil, upon all correct recogiations, autoinatically

.verage the autocorrelalion data with the cor-esoonding itrLsra, : f1975), k'" ,mum Prediction Pesi•.ai Pr-cicie

templates. and update the terpiate pa'ameters The firs: Arpped 'o Speect, Recog-ton., ;EEE Trans. t$SP, 23 67-

occurrence of a phone spoken by the speaker will re;lace 72.

the speaker independent template. u;rther occrrc'res 0!
the san'e phone will add to !he average of ih. teripate. Low'crre, 8 T (1976. -The Harpy Speech Pecogn.t-cn

Th;s will esu;t in the prone template being altered quck
t

. Syste-'. (PhO. Osesertaton. Dep o0 Cemo Sc), Carnege-

for the first occrrrences Of a pnose aid a gaada. i,'e Melion Un~vers-ty. P;-tturgh, 
2
'a

tun,,ig of the template by aod,:doraL occurrences cf Tne
phone. In th;s method, the system quicky adapts t[%ear !t kMc~own. 0 (1q77), "Word Verificaton n thc l-earsa, :t

the speaker's aCOuS~rc charactei;stics t the system -alkes Sceecn 1UncerstanOnsm Sstern', 1977 iEEE inte~nottinnal
an error in recognition, one can ether speak tnt same Conference on Acoustcs. Speech aid Si•gal Processnha

Halattord Ct.
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USE OF SEGMENTATION AND LABELING IN ANALYSIS-SYNTHESIS OF SPEECH

Raj Reddy and Robert Watkins

Department of Comptter Science
Carnegie-Mellon Universdity Pittsburgh, Pa. 15213

ABSTRACT Analysis earameters in autocorrelafton based linear

We have been attempting to produce further ored.chon systems consist of ptch period, a

bandwidth reducti.on in LPC based analysis-sylthesis voiced/unv)iced decision. amplitude informeriO., erind parcor

techniclues by uising the segmentatoon and labeling COetfic;ents- These parameters are generally encoded into a

aleorithms used in the Harpy and lslersay-li systems. miwnimal bit represer.tation iand traniamitted at a constlnt

Preliminary results oiiLrale that a factor of 3 to 5 further frame rate- The system on which our comparisonso are

reduction in bandwidth might be possible using selmentation based uses a frame rato of 100 frames/sac. where each

and labeling in conjunction with LPC voco.ers, frame consists of 200 speech samples- A total of 64 bits

are allocated to the 14 parcor patameters, wi'Ch are

qua.ntized as described in andark_' and Grey. 1974' Pitch

period and the voiCed/unrvosced decision are ercoided

together in 6 bits, and the ampithude is coded into 5 bits-

INT ROOLCaCT IOJ
An impOrtant applicration of speech analysis-synthesis SEGIN1T-COOIR

is digital voice transmission. Real-lime transmissiord lo 1w Classically, in-ormahon concerrnng the vocal tract

bandwidths can oGny be ach•heved lhroi-h efticient ana!ysis shape is transmitted in the form of parcor oarameters once

and enco•d.•g techniques. Whle present arnalysss r,-0hods, per analysis frame. Speech, however, ca' be segmented

based on sigral processing techriques, nave been used into events, or the duration of iih~ch. vocai 'rct shape may

successfully to obtain banowiCith redctions of ove, an be considered apprOximately constant, Cases wherme his is

order of mzinituoe. further iniprovement is possibie if mot true, such as glides "d diphtnorsgs, may be

higher level properties Of Speech are aiso taren into approximated oy a seties of shortlr segments- Therefore, it

accounrt. tin tris paper, vC demonstrate ho'.w segmentatlion should be poossiole. whliout signiticant degradation in

anrd labeling. two techniques commonly" used in connected synthetic speech quality, to transwit parCiO parameters once

speech re-cogntlion, can be ajaPlied to vocoder systems as a per segment, rather Ilarn once per frame. Since segment

means of improv~n; :odirv efficiency, duration is relailvety or.& coOmparetd with al'itysis frane

In the rerar!ng sections, we dcsc-ýo seg-.ert.'.on enighl, a savings in tle numoer of bits needed to euncode fle

and iabelinS lechrques, and tineir use in vOcOdif sys:ems. analysis parameters should result. A vocoder simuialton

Results from three different vocoder simulat ons based on based on this hypothesis wzs developed

these techniques are peser,.ed si•d a.va'valeci We then Segmentation iS DretCrmed Using algoi~tt-.ms Oeveioped

consider sor-e of the practical aspects of real-timer s;eech for the H-a~say speech recognition sysltiii.Go-oberg ano

tramsmission .ising these melhoes. Finally, the advantages Rleddy, 19761 Three stages are invoi.ed in the overall

arnd diseapvanltages Of high level speech processing as process: DaraietrizateOn, segmentation, arid c!assificaton.

appliedl to voccders are discussed- The first step in parametrization is to generate smOothed

and difterenced wavefor,.,s from the sampled speecri Nell.

APPROACH pealt to peak amplitudes and zero crossing counts ate

Our goal in th, s study was to eva:uste the useiu;niss extracted fron each waveform once per rent.se.-cnd of

of segmenfltaioro r'o aoeling as techniques tor improving soeech. Seimenlat!on is Oased on these parameters.

"vocoder coding efticiency. To accorrish this, two vocoder Segment boundlar:es are determined by swccessive

Simulations using each 0o these techniques separateiy, ani a subdivision of :he wavelorm. Firs', siler.:es and unvoiced

"voc"odor simulatior which comlbir.nd the techi-qu-s, were frica.,ves are deideetc' by a tttroshoihmig techn.qe. ';ext,

run, The resuils were compared with those obtained us'ng the remaining s•.•e.!.nts are divided silsere sgtmhcant dois in

conventional para-eter encodini methods, and evaluated in the smoothed peal& to peak parameter occur A regaon

terms of bandwiIth reductjon and quality of syrtiletirc rowinS tecr.niq~e is then appijed to !urther sutid,'ice Inc

speech. segments. Fnairy, the resuilin; uegnments may cpni,:y be

Of the Severa: techniques ftr speecm analysis that classified in terms Of manner of arlt~uiat*am- iecsiso *uies

exist, this paper consider5s cnly 'hose based on the based on the averaged pa•amtler valu•es for eact, segment

autocorrelation melthd Of irnar pfedclilorn A camniele are used for iFs p••pOse.

vocoder s,mu!ation oased On this tecnri,ou has already teen Operation of the vocode is rslati'e'y stra.gt"forward.

developed by MAa-'%el anr Gravyl.iar,,cl &no G.a'y, i?7dJ. Speet'i is segnerited as it entefs tP-e svstem When a

Sinre a detaied O:SCussIoa can be tou.d im this reference. segment boundary Occurs, parcor para'reters for that

we •orsdr onbi those asoects reievant to the banoiw.•oh segment are calcuJated 6y det:nilOi, a.- frames &lfhMf a

problem here. segment shiu- nave Saiar Ipec•irli pro!eaii*S, i4,o.i 4

Reprinted from 1977 IEEE Cont . ASSP, 28-32.



'igure 1. Spectral mismatch resulting from interpolation of parcor coefficients at segmhet boursdarieis

this is rnot lways the ca.;. Near segment boundaries. the but parcor coefficients are transtaitted Only once Per

vocal tract is charging, and cannot be assumed to have segmenL Another parameter, the s*mRent duration, aiust

constant resonarnes. To elinunate possible errors duo to also be transmitted with each segment. Allocation ot A bits

these changes. the parcor coeffcients are computed at the for this parameter alfOws for seenrt lengths Lm to 16
segment rn.dont. Once caIcuatea. theS4 coei!fcents. aoang centiseconds. Segments exceedIsg thi length are rarely

with the segment duration, are transr•lse itc th and encountered, and can easily be split rno multti4e segirrents.

&mplitude are then extracted from each fram. in the On average, the segmentatton algorithm produces 15
segment, e*'coded, and transrmtted. Thus, with this scheme. segments per second of speech. Thus, the total 6.1 rate

pitch and amplit.de are stil trasnsmatted a! Ire constant rate needed for this scheme is (6+5)je0O.4.6
4
1x15-ZlZO

of once per frame, but parcor coefticters are transmitted ot bils/sec. This represents imcrovenrert by a factor of about

the rate of once per segm.ent, which is not necessafily 3.5 over the conventional method.

constant. Reductions of thus order have been obtained en
Except at its boundaries, the same set of pa-cor cOnventrieonl vi-coders by using reou=ced frame rate- Rathe-

coefficients is used to synithesize speech for each frame than transmitting one frame Per contirs5ct", these vOciders

within a segment. Near boundaries variation in the parcor might transmit one frame every 3 centisacor•ds,
coefficients due to vocal tract chances must be taker, into indiscrimin.ately ignoring data between frames. This has a

account. Good results have been oblanmed using simple smoothing eftect which results in the loss of short events

linear inter; -lataon. For most segrents it is acequate to that may be perceptualiy srgni•.ican. Thus, the Overall

Interpolate over 5 cer-.tseconds. from 2 cer tiseconds before quality of the synthetic speech should be lower than that

the so•g"mt boundary, to 2 cantiseconas after. For shorter Ootaured with the segmentation schama.

segments, indicating rapid changes in the spectral structure,

interpolation is dion- firt- *I- sergr-nt- mnsipnl. LAETEL-COCIR
"The effects of parcor coefficent interpolation are A second technique makes use of an assumption that

illustrated in Figure 1. This figure shows the spectral all speech, regardless of its complexrty, can be formed by

menvo0opes for a transition from one se.rrent to tfhe next. combinations of a small rwjnber ot basic sourds. The

The darker curve represents the conventional synthetic VOP.TRAX speech synthesizer is an example of one such

speech, the hiChter represents the speech synthesized from system based on this assumption. Assoc-ited with each

interpolated parcor coefficients. -Note that although the sound is unique formation of !he vocal tract, and associated

peak amplitude and shape differ slightly, the peak poeatOros with each vocal trat fOrmation s 3 set of percor

are nea~ly identical. coefficients. If speech it each analysis frame cans be

Figure 3 shows a digital spectrogram for the identified and classified as one of these sounds, then it

utteranre 'The area I'm ,ntercsted in is understancdinq," woud Orly 6 neces;,:i to trarnsnml a abel identifying the

synthesiZed with the Sevent--coder. For comparison soundl, rather that the entire sat of parcor parsameers.
purposes, a digital spectrogram of the utterance synthesized Since the number of sounds is smalt, s4gmficantly fewer that

with conventional methods s srsown in Figure 2- As can be 64 bits are needed to encoe the label, "d ar improvement

seers, the spactrogra"s resemble each other closely In in coding efticierncy would result.

"inform4l listening tests. t"s syrthetic speech gerierated with Prior to the development of a vocooer sunisia!on, the

parc.r parameters transmitted only once per segneit was properties of each sound mi.st be determrnd and
nearly indsti.guishaole from that generated with pa'cor represented in a format usable by the system A wcaedis'e

parameters transmitted every frame, to accoePt-,.h this was developed for use with the Harpy

The degree of improvement in codrng efficiency will system(Lowerre, 1976. Segments from severai utteran.es.

very, From systemr to sysctem, depending on frame rateri spoken by a particular speaker, are identified and groiped
the precision to which each of the parirefert lre encoded. accorcldng to their sound class. Auto-corelation cOetfc-ents

For the system descri•ed earil-r. a total of of each segment are compited and averaged over alt

(6-5.64),:lO0-7500 bits/sec are rej,pred to encode the sermersts in the sa-ne ctass.ý For eec &-? aceaed
analysis parameters. Us-ng segmentation,. pch period and autocorretation sequence, hereafter reterred to as a

amplitude information are still transmilled for each frame, template, linear prediction coellffients parcor coeffucents,

154
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Figure 2- Digital spectrogrsmi of synritetic spae<li for Ithe utttrfince *Tha arem rm ifiterested in is
urider,? arlcing," &etVefted 'lSira Comwent~oenu s..gnal en.iridg techiraqueu

,P,

Figure 3. Spectrograrn ot the syn~thetic speech generated by the Segment-codel'.

ji

$ .:

Figure 5. Spectrograrn ot the $ývethetie speech generatoo by the Se.etLabel-coldo t

1L A



Figu~rel & Spectral MvSatreCh reasultirg from repiacini; parcoir coefficients by & singis phon~e labetl

and b-coefficionts(ltaliura. 1975] are coeprt~ed. This frames within a sipeenl were found to be labeled with the
information is made available to bioth the transmitter and saee' label. Those that -ere nol, Nero labeled with ant
receiver portions of the vocoder acou.stically s.. lr label, Oncr aS&&rs a vftoftr SIMu3tato

The task of fthe vocoftr, then, *.% to determaris, for to test the hypoltth,%s -. " developed-
each onallysis frame. wiects template best matches the The separate use of segm~entation and labeling has
speech signal. The LPC msatch~rs technique cteve-loped by already be-en ~srws~ed. Tim% system zs merely a
Itakuira([takure, 1975] !tas been used for this purpose. A como,"lsoinr of the two prvi~ous cites. After segmeitation.
distance mettr.c is applied between each freesý and all the labelring algor~thi is applied ot the misd"Mrs of each
templtegts. The best template, min terms of nwnitw~aa dntaric, segment. Ih, label whih bet character'zir fln spectral
is iselected. A laoei ýdentfiy~ng It-,$ ternpate, along with properties of that sgegment, and the &nwreeti duration are
pitch an~d aaiplitude information is travssm-tted- At the encoded for travss-isslori Of cOWse, pitch ard amplitude
receiver, a simple table lookup. using the label as an. index, information are stilt transmitted for every frame- Received
is prefoirmed to dettermine the parcor parameters of each labels are first used dleterr'ne the parcor paramieters
faame. From this poinlt ont, synthes~s proCeads normally- assoc~ated with ea.n. segment. wrwit) in turn are ursed to

Figure 6 shosws the spectral mismatch between syn'~sesize speech to, all frames wdhiri that segiment.
original spectra and tIe labels assigned to themy. The darker Interpolation at tegmen' boundaries is carried out as
curve corresponios to the orI'gnal speech., the t-gfter to previ.ously de~crihed
speech synthes~ed wtth the tabeling method. The curves The spectrogram for speech synthesized by this
illustrate typical zpectral errors trial occuir with the labelinig system is shown n Figure 5. Phole its iiesilarty to the
metIhod. spetct. og~arr to, sloeecl) synthesized by tfhe labeling system.

Oisplayed it. Figure 4 is a dig.'al spectrolfain of the This s to be expoected, since it was aireadry oteremined that
test utterance. synfitetized witn the Laoer-ccder. This may seerriervtahorn ca,.ies nso sig.iificant deg&radation. T-he
be co~mpiared -~th the spactrogram ot the coisevnt-onai d~terences between th-s and the otr'er spoct-olrarrns are
5siflthctic speech in Faigre 2. Although the synthetic speech due to degradation inlroui~ed by label-ng
was intetligible. there was consoberable di~ctofti. We Again, we caicuiate coding efficreipcy by Co-par;Son
believe that this Cari be emi.-inated by changes in the with the convent-onal system. iMtfh this elczd-ns sthe'-e. a
template generation arid matching algorithms, total of 6 bits for p~tch. a" 5 bits for aasctluee are

Agains, the bandwidtln reouctiosr afforded by this transmilted every frame An aiditionai 4 bits for se;r'ient
ttehrnopue depends on how accurately the paraimeters aee duration, and 7 bits to identity the teirpiate are t'airsm0!rd
Quantiled, but in 1tPis case it is indeoendent of framei rate, for each sormeen'. Us-ng a tram.& rate of 100 framts/sec,
As before. we ba-se Our consparzSon on the system des~nbed and an a,.erare of 15 segments per second of speeh,1 a
sa'tier. For this system a total of 6.5-64-75 bitts/frame data rate ait (4$5.5hiC.j4.7;.[5-i?65 bt1sjsecorsd is
ore needed !o enc:Ce tIe soceci. For the sysleir with obtisned. This is socrotn-ately 5.9 ti-es sinaller than Ir-A
labeling, a label, along with the encoded pitch and anspi~tude, 7500 bits/sec of tre conventional system.
is ransn,.fed f-~ ea_.' rs. To uniquely cenitrhy each of
theo 96 templates used in this sti utition, 7 bits were OISCIJSStON
allocated for the label Thus, with teemeonly 6-5-7in18 We have shoýi' that sog-entalion and tactelnig canr,
bits are needed to encode each frame This represenit& a i.sed as a means af reducing; bri~dwi~lth -n speecn aýiays'.-
bandwidth reduction by a fotac torf 4 synthesis system, Srince !nhe primary aoqieatlo- a* sx-i

systems is secore vojcý coriinunicatioi'i. dit 5 prO~ipr~at t3
SEQA.NT -LABEL -CCCE - mention somec of the practical aspects of a voc5-Oct ciased Onl

Clearty, if only one set of parcon coelficierils is these tochrrsques
necessary to encode fthe spectra; -tructvre of each- seiment, A problem ar~pes wrion the vbooer ts conraer~ed to
arnd if each spectral structure ca-n be identified by a label. real-t-9m operation. S,rce anelysrt parameters lor eacri
then it should be possible tO trans-i oni 0,,e eaor: per segmient ape niot tra's-Oted trhi thýe enti'S segment rias
segment. Examaot~on of 'the analyst& parametelrS from the been spoken, it -A ;Ossib:-. for the Syr~trit5ze, ICcO'L-.ele
labeling system reveals that Ithia is inosed the case. Vost synthesis of on. seg-e~l befora it rece..es paarameters iop
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th~e ",ti t4 lIar haei & 6^4e , tesysm~e .'t~ps t~CC *!Citctio.te- s- .tng frc= 2 to 4 can tt,
will Oc-cur To vo~d th•rs paintý-s it is nacessary on!-re a exIpoc'rd from oah tiýtr.coid_ Vuirerioa'e, i.prorlor.es by
m351.:tviwm cog-ion? Guu-nid delay !'e synthevti by this a factor of 5 owe can' be Pbaltfld *' the tactnirm4aes arv
xsaiaount We ia-.-e ai~eady ;nc~catio tnta l6 cer~aecorlls is tniii.
a reasonable cmao:Q tot "zaintunr so;" ert o'atal'Z- It the .te-!sgsra'u'caused no noticeable deguadaf.on
synthesizer lags ?)'e tr'r~t by tNS amounjet, Zius Jr- in fthe Si"'0 ici sprec'q-Zy Mth iaceiing. corngder able
aditional 2 crr.listecords to alto- for d.-let)CiatO% d;radatton Otcrucd, iio.,etV 11 it tell :?at ,Ili can bt
Ct.bnttflUagI iyrthc &so+eecn can CO (uailarivtt In practice, eliminated with better ltepnactv.
•_= - not a serious fip-tact C44yt st tc-s, megrmtgise eo S•nme oa tie pricicel aspecls (A viooe,
secondary in .n atu•r to those norrDA'' on:cosei*ed In lI'Wo:e- tJtirfl ba-rd on these lecmiqucS. aling with the
sate! ite bared lrervsc- ycns*ovMta~es .04 d.Sact-spnates to Inas 61sr of apec-ailized

From the dsuss-" .n'1. labe;mg it shul+d be ctear that kno-wk.•;e, we-re dcrcsset On the hars of argwuiirtv

both tran.es.Pr in, an* receiver , ,ust access to, uhs set reserl+ t briee that speech asi+s-,-sy"tlec.s
oti ter plates. thce i te-otalles vary Irate saeaker to t;1s4l Seisgenitet,cr arnd laicroling is ao-othy of fw-thor
speaker, it is impractical to -,,liv tcrr J u meriet's part 0z ruseeeCh.
the scslesvi. Rather. at the begii-nsrhw ot a conivensat-ori,
tollsa•ites for each seeker could t ltowed into the

c.rs~dn rn'ilr and transmintted to tMe contnectling REVEREKES
receive-. ALnlher possrh :ly o0to10 &e to se a jipgri set Of
tOmp¾StiiL -fi-ch has bee % a-eaid 4Ore? many speaseri R & Goldberg end Pt P-,!idyi19761, 'Tealtiao extraction,
However, lower qualijty synjth.esis ca" ne expected -vitfr this Sctlementot02, ard tat-el.rg tr. ft's Harpy and Hawrsay-Li
metIhod. systeml;. JASA, 60). 511

In odditpon to tha obviou% red-,cl.tn un Oil rate, the's
ere other advantages l0 tWe uase ot Therlhr.icues. At F. itatctr;,t97S). 5-Wng--urir predatlon residua cuinciLoe,
firsit, the addit;cnai prea:ss~ing neededf to gslen' end epiplit to 5p-Olh recogri* toiIEEE Trenj. ASSP, 23 67-72.
classify s'ev-cn would sein to resj-t in sic'.er troccde,
ape Oatiors, hcwe-er this -s iot It& case. Once the segmeits B. Lowerre(!976), 'The l-lpy SCefch Recotpi0on SvStevg

erp kno*en, the time consuimtng aooreaonanailysis 'werd Ph.. dsserlatic~ri. con-rlutr Science Diept, Carno-gge-Ltellrinm
..O aet.•-ied on!y On-ce ;er ser--rie. Th.s, O vea4t1! ,,ccer Univer-rty. Ptstzr+t-, Pa.

operation is acluaty fister. Furthe-reare. sir.se gross
ser~menl ctasst~fcattoms v.o inbtained ouring tIe"~mntl -Li 0- &trr-kel and A. K- G~s ylI9l, *A 1-wvar Preditmron
process, spec#aLzed processirn. ceperd,i or the segeei. Vocoder S;nL1rtaloin Pasea ,,roin the Asriorreiatois ht
class cars te yrfOrmed For example, silenc can be IEEE Ta-as ASSP, 22, 124-134
dismissed with no pr-cessni, aqo !.w coeftficient LPC
enalysis tani be prefoired for frrative& This should result
in a more accurate syrsttesit.

The eftshn Quint shO~jid be C~eal: li~rroitn Ihe use Of"spalized Vr--w.-d•e of th'e nature Of speech- and Ngher

level srg0*I-(o-syfli"o translofnmaten tech--otms,
incremeatly better vocoders ca-m be cibtared. We have

demonstrated twn ,teps in tit prCgression. Te tirst "vis
the f trastion tret' systers baseo so:eiy on s%:z.traf

analys4s, to a system that cosbiried inowLe-0e of ser!ants
with spiectrai analysis. The next step wasi the use Of
soriplng in adfditro' to s-ngme-tataon to vt-oe even turt'ner

bar.d•,•idh rcd..IcftL As s neecn : +,'.sster-s eit ",-e,

better and better eceo-m.gs w.M became of-- ict vicl
Eventually, it srhold be , *: transit syllab't %:ed

Finasly, improa-errient ii, codin elf tc~ency is obtained

at the expense cVt gemera:ctY As r-.)re soec~aized
ky-owleitas of -prec' ard 'arjuijC -K used, tNe var -!t Of
soinds tP1at cam be transm;,ea -; eou-ed. At trio.• iO sl
level is the S. stem that transmnits sa.,r;ob speitc drectly.
With ii hs system. arbitrar r so',ia Cdr be repre.ented
accurately. The steo to c.nveteora. vOcO,oers I-Mtt% those
sounds which ca" be ar-,sitte" to speech- Greater

restriction% Occur as the vocoder acomoes more ard 'sore
language craeMred.

We have presented two teh:.u•i.is based on
algorithms de•vetoved OF !tt ni'esay and n,'r- speech
recognition systems, vi' .-e &sati-cte about SC-ecn
phenomena, to yzeld reouclonzs ;t vrcOc<er oa-sotox1tii
the degree of -m*rOvemet var-es from s&ste' to system,
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ABSTRACT

Many combinatorial search problems can be vuetLre within the "'Chinese restaurant
4 menu selection paradigm' of "choose one frý,m Cozumn A, one from Column B, .... * A solution to

zuchn A problem cnsists of a set of selectcon3 wi-.ien awe mutlually consistent according to some
sel of consta'.nts. The o,,eraii value of a solution Is a cQmposite function of the value of each

Individual select'on. The gnal of the search is to find the cest (highest-rated) solution.

Examples of such search problems occur In the domains o; spsech understinding, visto,., and

0io al Catosia.

Th!s pacei descrbes a search-prunirg neuristic and a halting condition which are

-:nnsetrvative in that tht.y will not mt.s the best solution Ujy pruning it out of the sear,-h or by
termilnatlng the search b-fore !' I, feound. The metnod exploits information about already-
found so,'iLons 'n order to prune ihe see;,:,i a-'d decide when to terminate It. An

l-np!iernentalion of rh' 1-.alilng condli'on and pruning heuristic w'thin thi- Heatsay-ll speech
under!;tanfltng system is descr:bed and cvaiuated, and the conditions governing is

applic,:atlity and performan-e are discussed.

INTOPLUCTION: SOME EXAMPL?,.

A frequert!,y-ocuirhlng problem In Al !'vnolves 'Inding the best cmbination of
-holces ,or a s't of Interdependent mi2itlpie-choice dec:slons. The possible combinations form a
cnmbioa.orial search space Edch de-disiot cc'rrespcndsý to .3 data ecement which can be labelled

(explained, !nteruorted\ In se*jerai alternawl'e ways, some of which may be preicrablie, to (more

appropriate than) o1hers. Legal ,clutions (combinations of Isbels) must satisfy certain dom.ln-
spt-siic consistency constraints gc,,'rr.ing 'he hlnerdependencles botwen the various element-
to be labelled

One example or comrbinaiciia! search occurs ia the domain of speech understanding.

A spoken utlegan.-e can be vlewe•d -4s a siet of contiguous pcints In tlme The combinatorial
ae.rch task or a speecil understandIng cy.t!em Is to label each tim- Interval with the word

appcretliy spoken dur~n& '.hat in~eral Several labels may appear plausible due to the
uncertainty of the speech -Ignal and the w,,rd recognition proess t7]. A solution
consists of a tra.iscriplior t f ihe utterane, 1.e., a secuence of word labels, which Is

syntactlcai' and semanttc..liy C-slrsten'. The -edibil,ty (prrbalilllty of correctness) of su...h

a solution depenus or. t1e overall rooiress of fit be'ween the labels ' id their time, intervals

Another ehample comes from 'he doma!n of vision. The -.ontour detection

I This work was supported In part by lhe Def-rnse Advanced Researc:- Projects Agency under
contract no. F44620-73-C-0074 and '-.nitored by tre Air Force Office of Scientific
Research. In addition, the author was parlalily suppori-d by a National Science Foundation

Graduate Teliowshlp.
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A

problem can be described as follows: given a scene represented by an array of pixel gray
levels, label each pixel with a vector corresponding to the apparent intensity gradient at that
point in the Image r9J. A consistent Interpretation of the scene assigns parallel gradients to
contiguous pixels on a contour and null gradients to pixels in the Interior of a region. The
accuracy of an interpretation depends on the overall degree to which the labels match the
visual data they attempt to :escribe.

A third example can be found In the domain of medical diagnosis. Here the data
eiements to be explained are the patient's symptoms. A diagnos's provides conslitent
explani•tons for ali the symptoms. The plausibll!ty of a diagnosis depends on the overall
plausiblity with which the Individual symptoms are accounted for [1].

PROPERTIES OF COMBINATORIAL SEAJ1CH

Let us now examine these search problems In order to discover common properties
w.hic, can be exploited In designing halting conditions and pruning heuristics. In each
exampie, the set of data elementa (points In time, pixels, symptoms) to be explained or labelled
Is kno*Mn at the beginning of the search. (Actually, this assumption does not hold for systems
like MYCOI. which collect data during the course of the search. However, as we shall see, it is
sufficient for the set of elements to be determined anytime before the first solution is
"fou nid.)

A partial solu'ion consists of consistent explanations for a subset of the elements.
C:-rmbln,atorliIi search algorithms typically extend and combine such partial solutions. In
fact, each step in the search can be characierli-ed as examining a collection of partial
.solutions I, .-. , lk, avd then possibly creating a new partial solution I'. We can use rating
Iniolrtnation ab,;ut partial solutions in order to decide when to halt the search once some
solutlon has been found. For example, suppose we examine the ratings of all existing partial
solutions and conclude that none of them can be extended Into a complete solution rated
higher than the best one founa so far. Under this condition, It Is safe to halt the search; the
best sojution found Is the best one possibie. This condition Is the desired conservative
hailing con•ditlon.

A similar technique can be used to prune the search. If a partial solution cannot
p,. slbi~ be ex'rapolated I.itc a complete solution superior to the best existing one, it can be
rej•,cted -- I.e., all efforts to extend It or combine It with other partial solutions can safely be
abandoned. This pruning nouristlc is conservative but also rather weak. A more powerful
heuristic depends on certain properties of the function used for rating solutions. Let us
consider this functoin In more detail.

THE RATING F(bJCT1').V

A cornlete soiutior con.•iitently explain.s all the elementsI and Is rated according
to ho A. well each element Is explalr.e. I.e , if the ratl:ýg function R(I,S) measures how well
the interpretation I expla!ns the eler,:nts of the set S, then PilS) = f(t(I,e) I e in S). where
R(l,e) measuies how %,Yell I explairs t1:e element e. R(1,S) Is assumed to be an increasing
function of the terrs R(I,e ). Thie Interpretation I Is a set of labels for the elements of S, I.e,
for ali e in S I:e -) Y(e). The iating V(I,e) may be context-senslttve, i.e , depend on how other
. lerments bcsidcs e .-;e lahelleJ (e.g , its neighbors, if e is a pixel). A considerable

1 This ccndtlon could be ,ela),ed Ly .. ilo,:i-ng omplete solutions to label some elements
"-[6•NOSED - The ra:ing fun -:ion would then have tU- reflect the relative significance of
explaining or Ignoring a #1,,'n elernrn,, so as to allow meaningful comparison between
solutions accountli.-i for rlrferent suhsets cf the element set.



s;mplification is possible If R(I,e) Is context-free, i.e, R(l,e) R(i 1 (e),e), where I1 (e) is the

"label assigned by I to e, and R(I,e) measures the goodness of fit between the label I and the

element e. In this case, R(IS) -f{R(li(e),e) I e in S). If I Is a simple averag!ng function,

then R(lS) - Average {R(ll(e),e) I e in S).

The best solution I maximizes R(I,5) subject to the consistency constraints. Note

that the function R may produce higher values if applied to inconsistent interpretations

(non-solutions). For example, the interpretation Imax:e -) Imax(e), where Imax(e) is the

highest-rated label for e. will In general maximize R(I,S) but is not in general ccnslstent.

A HALTING CONDITION AND PRUNING HEURISTIC

"We can now precisely define our halting condition and pruning heuristic In

terms of the rattn;. unction R. Let S' be a subset of the element set S, and let I be a partial

solution which explains S'. Let I be the highest-rated solution found so far during the

search.

I' can be ext.-ided Into a complete (not necessarily consistent!) Interpretation I"

by assigning Imax(e) to every e In S-S'. I" is the highest-rated possible complete extrapolation

or I. Thus :r R(l",S) i< R(I,S), I' cannot be extended Into a solution better than I, and It Is safe
to reject I' and all Its potential extensions Unfortunately, this condition Is too strong

"and Is not often satisfied. A more powerful (but still conservative) pruning heuristic is

made possible by assuming that R is context-free in the sense defined earlier.

A MORE POWERFUL PRUNING HEURISTIC

Suppose that R Is context-free and that a solution I has been found. if a better

solution Is possible, there must exist a partial soiution I' which Is locally superior to I V is

locally superior to I over domain S' If R(I',S') > R(I.S'). Intuitively, I' explains some subset S5

tetter than I does. If no such I' exists, then I Is the best solution, and It Is safe to halt the

sea r• h

This reasoning requires some Justification. We consider all Individual element

labels to be one-element partial solutions, and assume that they are available to the search
algorithm as such. If some potential complete solution I" Is better than I, then there must exist

at least one element e In S such that R(l",e) - R(ll,,(e),e) ) Rtll(e'),e) R(,e). (Otherwise

. (I",S) <_ F(IS).) This one-element partial solution can be extended step by step Into I" so that

the partial solution I' at each step Is locally superior to I. We assume that such a sequence of

partial solutions can be found by the search algorithm. This is a strong assumption. Many

"sequences of partial solutions may lead by 5tepwlse extension and combination to the same

solution, but not all will maintain local superiority at each step, and not all may be realizable

by the search algorithm being used

"With this caveat, we now observe a happy property of context-free rating

functions: once a solution has been found, only partial solutions which are locally

superior to It need be considered. All others may be deactivated, I e., Ignored except for

combination with active partial solutlons.

We can now express a powerful conservative pruning condition: A proposed search

operation based on partial solutions I, , Ik may safely be cancelled if

(I) Any of the It has been rejected, or

(2) All of the II have been deactivated.
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The halting condition is trivial: halt when all pending search operations have been
cancelled.

UNDERLYING ASSUMPTIONs

Let us now re-examine some of the assumptions on which this method Is based, and
the Motivations for making them.

(I) The rating funct!on Is context-free. Otherwise the local superiority criterion Is
not valid.

(2) The labels Imax(e) are known at the beginning or the search, and exist as
one-point partial solutions- Otherwise correct but low-rated partial solutions might be
erroneously rejected. Actually, In order to avoid erroneous re,,'ctton, It is only ilecessary to
know an upper bound function Rmax(e) _ R(l,e) for all e In S. The tighter this upper bound,
"the more partial solutions can be rejected. The Rmax funct'on used by the HWIM speech
understanding system Is defined by the score of the best phonet!c label for each segment (8).
Since this score Is based on the best possible word match for each segment rather than on the
best actual word match, It provides a poor (over-optimistic) upper bound on the actual word
ratings. and produces mediocre results The Rmax function used in Hearsay-li Is definee by the
score of the highest-rated hypothesized word at each point In the utterance, and produces good
results.

(3) !f a potential solution I" is better than an existing solution I, the search
algorlthm must be capable of building I" In such a way that each partial solution V in the
derivation sequence is locally superior to I. Otherwise the derivation of I" might require
operating on a set of deactivated partial solutions and be tlocked by the deactivation pruning
heuristic.

EXAMPLE FROM HEARSAY-]]

The Hearsay-Il speech undrsvanding system [P) segments a spoken utterance into
syllable-length time Intervals. These are the elements. The labels for each element are taken
from a 1.000-word vocabulary. A complete solution Is a grammatical transcription spanning
the utterance- A partiai solution Is a grammatical phrase spannng part of the utterance.
The rating function is a simple average of label fit goodness. A (partial) solution I covers a
time Interval [first'syl lasi'syl]. Its rating is Its average word rating weighted by the number of
syllables In each word. I.e., R(i[first'syl:last'syi]) = Average ( R(Wl(syl) ! A(syl))) ), where
flrst'syl < syl S last'syl, A(syl) represents the acoustic data In the Interval syl, Wl(syl) Is the
word label assigned by I to syl, and R(W I A) measures how closeiy the word W matches the
acoustic data A. R(W I A) Is computed by the word verifier [6].

In Hearsay-il, partlai solutions are explicitly represented as hypotheses or. a global
data structure called a blackboard. Search operations are proposed by various knowledge
sources which monitor the data or. the blackboard The operations relevant to the discussion at
hand are [5]

(1) Recognition: given a sequence of words, parse It and record It as a partial
solution if It is grammatical.

(2) Prediction: given a recognized phrase, propose words which can
irdr1181Iali~aiiy fe- r folov ;. it. c -.v-hch ac ataed ab ine ptcdfled threshc!d by
the word-verifier are recorded on the blackboard as one-word hypotheses. Thus prediction
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dynamically assigns extra labels to elements, and could potentially violate our earlier
assumption that Rmax(e) is known before the rejection pruning heuristic is applied. This is

not a problem In practice, however, since most label assignment (word recognition) Is done
at the heginning of the search or before the ftr.st complete solution Is found, and predicted

words are seldom rated higher than the best pre ,tou 'y•-recognized words.

(3) Concatenation: given two temporally adjacent phrases (or a phrase and a
word predicted next to It and subsequently verified), concatenate them and record the
result as a partial solution If it Is grammatical.

These search operations are performed in order of their priorities. wbich are
as.signed by a central focus-of-attention module (3]. The focus module tries to order the

search in a best-first manner, and succeeds about 50% of the time on the corpus tested for
this paper. This figure seems to increase as the constraints on grammatical consistency are

Increased, i.e., as the branching factor of the language is reduced. For a best-first search, the
best halting policy Is to terminate the search as soon as a solution is found. Note that the

rejection and deactivation pruning heuristics are Inapplicable If this politcy is used, since
these heuristics do not become applicable until some solution is found.

EVALUATION

The deactivation and rejection heuristics were evaluated on a corpus of 34 utterances

drawn from a 262-word vocabulary- Utterance length ranges from 3 to 9 words, with en
average of 6- The fanout (number of grammatical word successors in each word position)

averages 27 for the corpus.

Each utterance was processed In 5 modes. Mode N uses neither heuristic; mode R
uses rejection; mode D uses deactivation; and mode B uses both. in mode F, the system accepts

the first solution It finds and Immediately halts. The results of the experiment are shown In

Table I-

The simple accept-!he-flrst-solution policy used In mode F is fastest, but at a
considerable cost in accuracy, since it fails for those runs (about 50%) In which the highest-
rated solution Is not the first one found. A more conse;vatlve policy finds these solutions at

the cost of extia search in those runs where the best solution Is found first. The correct

choice of policy (simple versus conservative) depends on a tr3deoff between efficiency and

accuracy. Since accuracy Is very Important In speech understanding, the conservative
policy is preferred despite Its extra cost.

The heuristics can be evalu•.ted according to two criteria. First, how fast Is the best

solution found once the first solution is found? As Table I shows, deactivation 13 about twice as
powerful as rejection In speeding up this phase of the search. The combination of heuristics is
only slightly more effective than using deactivation alone.
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"Mode! N R D B F

Average number of search operations (Hearsay'-Il knowledge source and plecondition

executions) to find first solution:
1

151, 157 145 152 152

Average number of (percent) extra search operations to ;ind the beat solution once

the first solution has been found:

71 58 30 26 0

"46%. 37% 21% 17% 0%

Speedup in this phase of the search relative to mode N:

1 1.2 2.4 2.7 Infinity

Average total number of search operations to find best solution:

223 215 175 178 152

Averaxe number of (percent) extra search operations to satisfy halting condition
2

once the best solution has been round (excluding runs ir which time or space Is exhausted):3

241 153 89 52 0

-1'8% 71% 51% 29%/ 0%

Average total number of search operations until halting condition Is satisfied:

286 282 253 226 162

Number 'percent) of utterances In which halting condition is satisfied before system

exceeds predefined limits on time (800 search operations) or space (193K):

4 17 32 32 34

12%. 50% 94% g 4% 100%

Table 1. Results of experimental evaluation of pruning heuristics.

1 Ideally these numbers should be equal, since the heuristics are not applied until the first

solution Is found. The variation In these figures Is caused by some randomness in the

Hearsay-li scheouler In choosing between equally promising search operations.

2 The halting condition Is sat:sfied when no more search cperations are pending, or when all
the pending operations are considered unpromising by the system.

"3 Speedup ratios between different modes are not meaningful here since the set of excluded

utterances varies from mode to mode.
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Second, how fast is the halting condition sattsfied once the best solution is found"
An ideal policy would hait as soon as the best solution was found. The deviation or an actual

policy from this ideal can be measured by Its "halting overhead," L.e., the-amount of extra search

performed after the best solution Is found. When neither heuristic Is used, the halting condition

Is satisfied In only 12%/ of the runs (time or space bounds are exceeded In the others) and the

halting overhead In those runs Is 108%. The rejection heuristic succeeds in satisfying the

halting condition In 50% of the runs, with an overhead of 71%. Deactivation lead, to halting In

94% of the runs, with 51% overhead. The combination of both heu.istlcs also causes halting in

94% of the runs, but reduces overhead to only 29%/..

These results can be summarized as follows:

(I) Deactivation is about twice as powerful as rejection In accelerating the search

for the best solution once the first solution has been found. This difference in empirical

performance substantiates the Intuitive notion that the conditions for deactivating a partial

solution are substantially easier to satisfy than the conditions for rejecting It. The combined

heuristics speed up this phase of the search by a significant factor (2.7).

(2) The combined heuristics succeed most (94%.) of the time In satisfying the halting
condition, at a reasonable cost (29%) compared to the time It takes to find the best solution. The

large variance in this cost and the failure to satisfy the halting condition In the other 6% of the

runs suggest that other techniques are needed to further streamline the search without

elminating the best solution.

DISCUSSION OF APPLICABILITY

What properties of Hearsay-il make this method applicable?

(1) Most of the word labelling is performed before the first solution Is found and
the heuristics are applied. Seldom is a new word subsequently hypothesized with a rating

higher than all the other words In Its time interval Thus the necessary Information (the

tRmax function) Is determined before the heuristics are applied. Exceptions do not automatically

cause erroneous rejection, since the Rmax function generally provides a safety margin by

overestimating the rating of the best possible solution.

(2) A solution Must account for the whole time Interval of the utterance, I e., for

every element (syllable). This facilitates the comparison of extrapolated potential solutions

with already-found solutions.

(3) The rating function for evaluating solutions Is context-free. This

facilitates the local comparison of partial solutions with complete solutions.

The context-free property !s somewhat counter-Intuitive since the consistency

criteria are in general context -scnsl'ie, i.e.. the admissibility of a label depends on the

labels assigned to other elements. The rating function might be expected to rate

solutions (consistent interpretations) higher than Inconsistent explanations, but a

context-free rating function does not have this Intuitively satisfying trait- Our

approach separates two properties of a solution-

(1) satisfaction of consistency constraints.

(2) goodness of fit between labels and data.
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Consistency is considered to be an all-or-none property and Is guaranteed by the
form of the search. Relative goodness of fit i1 assumed to be iocal, rather then
context-sensitive. When this assumption approximates the truth, It becomes possibie to apply
the powerful deactivation heuristic.

CONCLUSIONS

Conservative pruning heuristics for combinatorial search have been
p.esented. They operate by eliminating branches or the search which cannot lead to

solutions better than those found already. In this respect, they can be thought of as

alpha-beta pruning heuristics in a one-player game. The pruning heuristics and associated
haiting condition have been implemented In Hearsay-il and shown to be effective in the real-
world problem domain of speech understanding.

When the object of a search is to find the best solution (not just any solution),

there Is an important tradeoff b~eween speed and accuracy. The s5!mplest halting policy
accepts the first solution found. This policy Is correct ir the search is always best-first; the
closer the search Is to oest-first, the more attractive such a simple policy becomes. More
sephisticated policies increase accuracy at the expense of prolonging the search so as to

guarantee that the bent solution is not missed.

In a nearly-b est-rirst search, the discovery of a solution changes the purpose of
the search from one of finding the best possible solution to one of ver!fying that there is no
better solution than the one found. This change of purpose should be reflected in the search-
guiding policies.

The approach described exploits certain assumptions about the search.

(1) The search space can be represented by a set of elements (data) each of which
can be labelled in several ways. A solution labels all the elements and satisfies specified
consistency constraints.

(2) A rating function evaluates how well a given label fits a given element. Ar
upper bound on the best label rating for each element should be determined by the time the
firs% solution is found. The tighter the bound, the better the performance of the pruning

heuristics.

(3) The rating of a solution should be a function of the ratings of its individual
labels. It should be possile to compute in upper bourvi on the rating of the best possible
extral~olation or a •iven partial solution. The iigt.,er the bound, the better the performance.

(4) The better the round solution relative to the best (generally Inconsistent)
Interpretlation Imax 'which assigns each element Its highest-tanled label), the more pruning
can be done The, stronger the consistency constraints, thi lower a solution will tend to be
rated compared to Imav, and the wors.- the performance.

Many search problems (eg-, speech and Image understanding, medical diagnosis)
appear to fit the paradigm or "choose one from Column A. one from Column B," I.e., given
alternative choices for a set of decision points, find the best-rated consistent set of choices
WVJhen efficient best-first search a!gorithrns are Infeasible, some mechanism is needed for

deciding when to halt !he search and accept the best solution found so far. Such a m-°chanism
should t-erminate the seaie.h as .v,:.n as p.sslb!- w"thcu' ignorlng bMetlt-r s-,-lutions. This Paper
has shown how such a mechanism can exploit information about already-found

solutions to accelerate the search conservatively, L.e., without ignoring better solutions.
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Stanford University)

Gd76Co Goodman, G., Lowerre, B., Reddy, D_ P and Scelza, D. Coniected digit
recognition using symboiic representation of pronunciatior variability. 92ntd
MeetLng Acous. Sac. Amer., San Diego, CA, Nov., 1976. Also appeared in

K47 7 Su. For abstract, see JASA, Vol 60, Suppl. No. 1, S 11.
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