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PREFACE

This report is part of a Rand study of “Voice Data Processing Capabilities

Applied to Defense Requirements.” The project is designed to augment the current
speech understanding 1 esearch (SUR) of other Defense Advanced Research Projects
Agency contractors by investigating applications of this research to military sys-
tems. Among the various comporents of the project are:

Analysis cof the nature of speech as a man-<omputer comrnunication channel.
ldentification of military man-computer interfaces where the use of speech
would be operationally attractive.

Study of the acoustic signal processing aspects of speech understanding sys-
tems.

Study of natural language and linguistic aspects of speech understanding sys-
tems.

This report focuses on the nature of speech as a man-computer communication

channel. It discusses various intrinsic characteristics of speech that may be attrac-
tive, or cause problems, in man-computer communication.

The material in this report should be of use to planners, decigners, and imple-

raenters of man<computer interfaces, and to researchers in speech recognition and
understanding. The Information Processing Technology branch of ARPA, in par-
ticular, sheuld find this report useful in their larger study of speech understanding
by comguter.
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SUMMARY

This report investigates the intrinsic characteristics and the associated attrac-
tive features and problem areas of speech as a man-computer co,nmunication chan-
nel. Among the attractive features of speech and auditory channels are their in-
dependence of visual and manual channels, the omnidirectional nature of speech
propagation, the ability to communicate simultanecusly with men and machines,
and 'he potential for using a telephone instruinent as a complete computer terminal.

The problem areas include incomplete knowledge of linguistic and semantic
aspects of speech processing, lack of effective techniques of acoustic signal process-
ing, and the need for large amounts of digital processing. It is expected, however,
that t'.e results of the current large speech understanding research projects and the
advances in digital technology should, in a few years, permit economically attractive
iraplementation of speech-based man-computer interfaces.
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I. INTRODUCTION

Many contemporary computer applications require continuous interaction be-
tween men and computers. Typically, mei: commuaicate to cormputers new materia!
in the form of programs and data, requests for processing or retrieval of previnsly
stored or data entered from external sources, and other information required
for processes performed by the computer In turu, compute ‘s communicate to men
the requested information, results of completed processes, and any other informa-
tion they are programmed to produce.

The principal man-computer communication channels are manual, visual, and
audio channels. In this report, the manual channel is considered to include all
mechanically operzted computer-input devices, not just those operated by hand. The
visual channel includes displays and signals for visuzl sensing by man and electro-
ofpticai sensing by computers. The audio channels include computer equipment and
systems for recognizing spoken utterances and ¢quipment for producing synthetic
speech.

Mo<. of the present interactive computer applications eniploy manual chann~ls
for -, ..n-to-cL muter and visual channels for computer-to-man communication. “he
use of the speech channel for these purposes 1s st.'! in its infancy. However, recent
advances in designing speech synthesis equipment nd the current research efiorts
in the design of techniques for computer recognition of speech are likely to raake
speech communications between man and computer technically and economically
feasible in a few vears.

The chcice of man-computer communication channelz depenas on nu:rzrous
operational, human, and economic factors. Most important ameng these are ‘ne ease
of use in the context of the tasks performed, the ‘nteraction language used, and the
operational environment; the ability to maintain required interaction rates; the
implications on processing speed and memory capacity; and the cost-benefit advar-
tages sver other. competing channels.

For manual and visual channels these factors have been thoroughly znalyzed
ond are widely available in the literature {1]. In the case of the speech “hannel,
however. this information is scarcer [2,3]. The purpose of this report is t: provide
cdditional design information by identifying the attractive features and pro™'em
areas associated with the use of speech as a man-computer communization channel.
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II. SPEECH AS A MAN-TO-COMPUTER
COMMUNICATION CHANNEL

It is a natural activity for a person to mentally encode his requests, observa-
tivns, and idews intc senterces of a natural language—one that he uses in his daily
communication with other persons-—-and express these in spoken form. Natural
languages have evoived over long periods of time ard, churacteristically, pern.it
grea’ flexibility in expression and enormous variety in shades of meaning. That is.
thr. mapping of mental images into natura! language expressions is 8 many-to-many
wrocess. The resolution of the uncertainty inherent in naturai language statements
is done by the receiver on the basis of the context—the receiver’s knowledge of the
speaker's characteristics, the circumstances assnziated with the communication,
and so on. Oiten the uncertaiaty cannof b~ resolved at all and the receiver must
request additional information.

The expression of a given natiral language statement in speech is another
many-to-many transformation—the generated acoustic signals differ from speaker
to speaker as functions of their voice tract physiology, sex, accent, dialect, physical
condition, and emotional state. Further, all natural languages contain homonyms,
which can be resolved only in context.

The understanding of spoken natural language expressions is a complex process
that must draw upon a great dea! of the receiver’s accumulated experience and
krowiedze and may require further ciarifying communications with the speaker.
Attempting to understand a spoken utterance without the use of context and previ-
ous knowledge is similar to the problem of understanding a spoken exvressisn in a
foreign language by looking up each wor”. in the dictionary. First one would have
to hypothesize the spelling and handle t!.e homonym possibilities, and then resolve
the multiple meanings.

The use of unconstrained natural languaze uiterances for speech communica-
tion with computers is beget with the difficulties outlined above. Since it is not
practical to provide a computer with all the contextual information required to
resolve the ambiguities inherenc in unconstrained natural langusge, some restrict-
ed form of the langrage must be used. For exampie, the vocabulary may be limited
to a few hundred words that are used with unique meanings, and rigid synrtactical
riules may be imposed. Further, contraints may be placed on the speakers it may
be required that isolated-word speech, rather than cortmuous speech, be used-—each
word would be uttered separately with a pause after each word). Despite the loss in
expressicnal power and flexibility that such restrictions entail, there are situations
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where speech may be attractive for iman-to-computer comrnunication even if severe-
ly constrained languages must be used.

The following sections discuss the intrinsic characteristics and the aszociated
attractive features and problem areas of the use of speech as a man-tocomyuter
communication channel. A part of this discussion is based on material! that has
previously appuared in the literature [2-5].

For ease of reference, tha following code system is used to designate each char-
acteristic, attractive feature, and prohlem area: the letter C indicates a characteris-
tic, the letter A an attractive feature, and the letter P a probler: area. For example,
the first characteristic is designated by C-1, its first attractive feature by A-1.1, and
its first problem area by I-1.1.

MESSAGE GENERATION AND ENCODING

The constant use of speech has made humans very skillful in communicatior
with others through this channel. Speech cau be produced effortlessly, spontaneons-
ly, at a high rate, and under almost all envircnmental conditions. Speech is the
principal way humarns communicate with each otuer. Hence, the following charac-
teristics of speech can be identified:

C.1  Speech is man’s natural and primary communication channel.
The first attractive feature of this characteristic is:

A-1.1  The use of speech is familiar and convenient when the language
issimilar to the speaker’s native tongue and is easy to pronounce.

The speech channel loses its uttractiveness as the language departs more and
more {rom natural language, i.e., when words are artificially composed and are
difficult to pronounce, requiring character by character spelling; when the syntax
is rigid; and when abbreviations, numeric data, special symbols, and punctuation
marks must be included. Military \ravel orders are representative of a language that
is unattractive to 12ad aloud. Although any person can be trained to become fluent
1 some special language, departures from familiarity certainly diminish the attrac-
tiveness of speech.

A-1.2  Speech is highly suitable .2nd the preferred chanuel for spontane-
ous generation of messages.

Among such channels may be emergency messages and orders to change some
action. It has been ciaimed that under normal circumstances speech generation has
lower reaction time than moving a hand or even a finger to operate a pushbutton.
Situations requiring emergency inputs into a computer may arise in connection with
human monitoring of computer controlled processes or equipment and computer
monitoring of human performance (for example, when the human controller of some
processes or equipment bxcoines physically incapacitated). One would expect, hov-
ever, that such emergency commands would be items of a very limited vocabulary
(such as “Stop” and "Heip” and would involve only a few worrs.

war ex




A-13  Speech is potentially the highest capacity versatile communica-
tion channel for man-to-computer input.

Data ubout the communication rates possible by using speech and the various
manual channels are summarized in Table 1. These data show that speech is a high
capacity communication channel naturally available to all humans (whe would be
likely to be interacting with computers) without the need for additiona! training.

Con-iderably higher data input rates are possible with special keyboards where
a complex statement can be entered by operating a single pushbutton reserved
specifically for the statement. Although this arrangement is {aster than typing or
speaking, such a pushbutton arrangement i< not very flexible and ‘t requires train-
ing; similar speed advantages are also possible in the speech channel by using codes.

Table 1

DATA RATES FIR MAN-TO-COMPUTER COMMUNICATION

Communication Rate
Mode (Woris/sec.) Remarks

Oral reading [9]

Random words 2.1 - 2.8 Selected fromw 5000 word
dictionary
Rrudom words 3.0 - 3.8 Selected from 2500 most
familiar monosyllable
words
Nontechnical prose 3.9 - 4.8
Repeating the same 8.0 One syilable
word 4.0 . Two syllables
Silent reedirg 2.5 - 9.8
Spontaneous speaking 2.0 - 3.6
Handwriting [4] .38 - (42
Handprinting [4]) W22 - .53
Typing [10}
Skilled 1.6 - 2.5 Text (100 wpm -~ 150 wpm)
Inexrerienced 2 - 4

Stenctype (chord type-
writer) (11} 3.3 ~5 Typically 1/3 of the stroke.
of the typewriter

Operating touch-tone

telephone [4} 1.2 - 1.5 10 buttons
Operating thumb-wheel
Input device 1.8 digits/seec. Sequence of 10 digits 712}
Rotary dialing 1.54 digits/sec-i Sequence of 1C digits [12]
F
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A-14  Using speecn, simultanecus comniunication with both men and
computers is possible.

This advantage over conventional man-computer communication devices can be
used in the design of systems where computers monitor and assist in decision pro-
cesses and planning. With the help of expecied 1uture developmernis in linguistic
processing, decision theory, heuristic search, and other topics of artificial intelli-
gence, data bases and programs could be developed for analyzing human conversa-
tions and statements for logical consistenicy and factual content, point out over-
looked implications, and th~ like. Such systems are not likely before the 1990s, but
they offer intrigaing possikilities [13].

INTERACTICON WITH OTHER CHANNELS

The nexc characteristic pertains to the interactions of the speech channel vith
other communication chanuels available to humuns:

C.2  The speech chanrel is independent of the visual channel or hu-
man voluntary motor activities iother than those required for
speech production).

The only muscles reguired for speech produciion are those that operiite the
vocal cavity, tongue, jaw, and lips and that control breathing. Other muscles and
other bodily activities interfere cnly insofar as they affect breathing or require
condicting mental activities

A-2.1  Communication using speech can take place siinultaneously with
other visual or rmranual tasks, when the speaker is walking, and
in total darkness.

This is a very important feature of the speech channel. In numerous situations,
especially in military systems, communication with computers is not the only task.
A standard example is piloting an aircraft while interacting with other aquipment
through a computer.

Other situations where th:e user’s eyes and kands are occupied but informaticn
must be entered into the computer include the following:

« Computer-aided troubleshooting of equipment, performing experinents, medi-
cal diagnosis.

» Ssurce data input in taking inventory. in making field chservations, in tracking
tasks.

+ Operating computer-graphics equipment—graphic input tablet and stylus, ex-
amining reconnaissance phetographs.

« Monitoring of computer control of processes and equipment.

« Control of telecperator systems.

« Data fusion, as in intelligence work.




Most of these applications invowve well-defined tusks where z speech interface
would resjuire only a small vocabuiary, and isolated-word speech recognition would
be adequate. For example, & propozed voice-operated radio channel selector [14] has
a vocabulary of 12 words to be spotted in continuous speech.

SPEAKER CHARACTERISTICS

{he acoustic characteristics of the geueruted speech signals depend on the
structure of the speaker’s vocal tract (a function of the speaker’s sex and age) and
its dynamics. The latter is a finction of the native langua~e of the speaker (if not
knglish. a forelm accent) or his gecgraphic background (2 egiona! accent). Infec-
tions end other pathological conditinns in the vecal tract or nasal cavity also affect
the .peech quality. Articulation and timing are influenced by fatigue. Unusual
amotioral conditions c.n change the normal speech characteristics (change the
pitch, cause tenseness, changé breathing rates.

C.3  Speeck contains a great daal of information about the speaker:
his physiological characteristics; physical ceruition; emoti 1al
state; and geographic, national, and cultural background.

This leads to two attractive features and two problem areas in the application
of speech for man-to-computer communication.

A-3.1  The useufss-~chinput allows checking the speaker’s identity for
access control purpoces.

There is considerable interast in using spe <h differences as a means for autven-
ticaticy 2 person’s identity. Carefully choss:: speech ¢ ~rnples can be analy zed and
a set of speeci. parameters computed and stored. To authenticate his identity the
person speaks a predeterinined senzence. The speech parameters determirnd from
this sample are con,>ared with stored parameters. Considerable work is beiny done
on this topic {15, 16]. Hence, using speech asan input channel allows checking of the
»ser's identi’y as a by-product.

A-32  The speech communication channel has the potentia! for r-ni-
toring the physical and e:notional state of the user.

The capability stems from tue effects on speech of fatigue, illness, and emotions,
as mentioned above [17). For tasks requiring an operator’s full attention and sourd
judgment, the speech channza| may allow checking his coudition.

A problem arez associated with characteristic C.3—the person-to-persen varia-
bility of speech signal and its dependence on physical and emational condition—
coniplicates the speech processing task and requires knowledge of the speaker’s
characteristics. These can be obtained beforehand or “learning ses. ‘~ns” must be
arrange”, for the new speaker Lefore he can operate the interface.

P-3.1  The variations ¢ speech signals with individual characteristice
and conditions can greatly increase the process ng and storage




space requirements {r speech understanding or recognition and
mcrease recognitivn arror rate.

Ancther sivbiem related to this “; the vanation in pronunciation and speaking
habi*~  -peakers from different geographic, national, or cultural origins.

P-32  An acceptable rccognition rate wi b 8 particular speaker re-
quires .he determinatisn 2rd storage f his speech characteris-
tics. Hence, spontaneous 1ep:lacement of one operator with anoth-
er may be dificult and a training session may be required.

Elu-ts are unde rway to miniinize the tuning required. In some applications where
the speakers a e uacvoperative (as in monitoring of voice cornmunications for intelli-
gence purposes) this is a considerabie problem.

Eoth of the above problems can be expected to arise in systems where the
speakers are likely to have heterogeneous backgrounds. Operators could be specifi-
cally chosen from a more cr less bomogeneous group. but the possibility for easy
replacezaent with a speaker not in the group becomes more difficult.

SPEECH PROPAGATION

Speech propagates in the atmosphere in the form of pressure waves. It also
propagates through liquid and s~'id media, but these inircduce attenuation and
distortion. Pressure waves are reflected from and arourd objects. They can be easily
changed into electrical form and back again.

C4  Speech propagation ic omnidirectional. No free line of sight s
re uired.

This leads to the following attractive feature of speech for use as a inan-to-computer
communication channel:

A-4.1  For speech input, the speaker can be in an arbitrary orientation
relative to the microphone, at considerrble distance from the
microphone, or behind a barrier.

Micrephonias with various “fielde-of-view" and sensiiivities can be constructed.
The user may move around relative to thc microphone in performing a task. The
computer input console need not be user-centered, but may be "stretched out” to
allow optimal placing of various output devices ard displays side by side. The user
can walk back and forth while inputting i1.formation.

There is aleo a problem area here—interference by the ambient acoustical
neise:

P4.1  The omnidirectional nature of sp>ech propagation allows inter-
ference by other acoustical signals genereued in the same room or
in the general environment.




J.aterfer 2nce may be due to users of another speech interface 1,1 the same room
or t, uperational noise of the computer system or other equipment, or from outside.
The "10ise problem will be discussed in more detail in & subsequernt section. It s
mentioned here to show that the nature of speech signal propagation creates the
interfer~nce potential.

C-5  Speech is easy to convert into electrical form for long distance
transmission. Trarsduzers are inexpensive and sinall and can
provide high fidelity.

Consequently, the attractive features for man-tocomputer communication are:

£-51  Speech communication with computers is compatible with exist-
ing voice communication networks and systems. This allows
remote input {rom locations where no speciai computer-related
equipment is availa.le.

A-52  The use of lightweight, portable microphones or microphones
built into other equipment allows considerable freedom of move-
ment hy the user.

These two features also show that the existing voice communication system can be
used for speech input to a computer if it meets certain minimum quality standards.

The following is a problem area in implemeniation of speech interfares with
computers:

P-51  The electrical form of speech input is subject to <le~trical noise
and distortion in the telephore system or in radio communica-
tions.

Certain speech scunds (such as fricatives) resemble white noise, which also
occurs in telephone and radio transmissions and, thus, confuse the recognition
system. Other common types of noise and distortion are burst noise, echo, crosstalk,
frequency tianslation, and clizping. All of these can increase understanding recogni-
tion error r. .es [18,19]

Finally, ther. is on¢ more problem ares eoused by the nature of speech propaga-
tion:

P42  Speech communications can be overheard directly by others in
the vicinity, or by using acoustic pickup devices. Hence, another
dimension has been added to the security problem in man-com-
puter communications.

This acoustic emanation problem is added to the existing elect-omagnetic ema-
nation problem, and to all the other data securiiy threats that exist independently
cf the mode of the man-to-computer communication interface [20].

A speact ignal progpagating through the atmosphere is a transitory phencme-
non. A speech input into the computer, likewise, does not leave an easy-to-perceive
hard copy. An acousti. *ape recording car. be made, but this is troublesome to
consult.

C€  Speech propagation is transitory and volatile.
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The associated problem area is

P-6.1 o hard copy is produced of speech input as a natural by-product.
A magnetic recording can be nade but is inconvenient to use.

ENVIRONMENTAL INFLUENCES

Speech generation and speech propagation are both affected by eirvirenmental
conditicns. Certain of these (such as temperature, humidity. or cramped condition
of the speaker affect speech generation or propagation only indirectly (for example,
through accelerating the onset of fatigue and emotional conditions); others have
more direct effects (such as mechanical forces cn the speaker, composition of atmos-
phere, need to wear special equipment).

C-7  Speech production is affected by inechanical i6.2es on the speak-
er.

The mechanical forces may be in the form of vibrations, acceleration forces, cr
other steady state or random forces caused by motion. Th= same forces also »ffect
operation of manual input devices and, in some cases, the effect is more pronounced.
In the case of speech, mechanical forces mainly affect breathing and controlling of
the jaw. the organ with the greatest mass in the speech production system.

In comparison with th> use of conventional man-compu.er interfaces, speech
has the following attractive features when subjected to varicus environmental con-
ditions.

A-7.1  Speech is unaflected by weightlessness

".here is no evide: ce that speech is affected by weightlessness {at least as far as
short duratior. space nights are conce.ned) and artificial gravity. Although the
movement of hands and fingers is also not appreciably impaired under these condi-
tions, the cperator may have to be strapped to a conventional input termiual.

Regarding susceptibility of speech to other mechanical forces, speech genera-
tion and veice characteristics may be affected by body resonances and sudden jolts:

P-7.7  Speech generation is affected by vibrations, high levels of acceler-
ations, and other mechanical forces.

However, these effectz are not very substantial. For example, a set of experiments
in a centrifuge {21,22) showed that the speech recognition accuracy of a specific
1solated-word recognition system was changed about 5 percent when vertical
sinusoidal vibration was increased a ncminal .05 to .3 g. Sustained acceleration
reduced the recognition accuracy by 10 percent when the subject received 4 g.
acceleration. The main problems here were diflicultv in maintaining normal breath-
inZ, increased breathing noise, and straining of 1acial mus:les.

The eflect. of vibration on tactile input devices decreases the input rate and
increases errors. For example, an experiment involving operating pushbu!tons,
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rotary dials, and thumbewheels. |23} showed almost negligible change in performance
at .3 g. vibration, but about 10 percent degradation at 8 g.

Changes in the atmospheric pressure and composition also affect speech genera-
tion and voice characteristics:

C-8  Speech production and propagation are affected by the composi-
tion of the atinosphere and the ambient pressure.

There are no attractive features associated with this spzech characteristic.
The e are seme problems, howaver.

P-£.1  Speech intelligibility ar.d the natural voice characteristics of th.
speaker are affected v, atmospheri: composition and pressure.

This causes problems i submarine systems, especially in veice commun:cation
from divers [24.25), as well as in other manned systems. Elevar=d pressure, tikewise,
affects speech intelligibility {26]. Another problem arises in the use of breathing
equipment by pilots and astronauts:

P-8.2  Special breathing equioment, such as an orygen mask, produces
breathing noises that affect speech recognizability.

The noise spectra of inhaling and exhaling are broadly spread and mask many of
the important speech sound frequencies [22].

AMBIENT NOISE

In almost every environment there are ambient acoustic signals due to people,
equipment in operation, or natural phenomena that potentially interfere with
speech inputs:

C-89 A propagating speech signal is subject to interference by any
other acoustic signal.

There seera to be no strong attractive features of the speech channel due to this ¥
characteristic, although certain information about the speaker’s environment may ’
be extracted from the interfering ambient noise. For example, if the background
noise represents operation of some equipment being monitored by the speaker. a
change in the background noise spectrum may e a signal of approaching malfunc-
tioning of the equipment. In some other situation, the speaker himsel{ may be at a
location that is subject to intrusion or danger. The intrusion noises here wnay alert
the central ~ontrol and permit yuick dispatching of assistance. Thus, a weak attrac-
tive featurs might be claimed:

A-9.1  Interference of speech signals by other ambient acoustic signals
permits extraction of information about unusual activities at the
speaking location.

The problem area is an ¢bvious cne:
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P-9.1  Interference of the speech signal by ambient noise can greatly
reduce speech recognizability.

Depending on the nature of the ambient notise (its frequency spectrum. intensity.
frequency of occurrence), the reliability of the speech channel may be sporadic. In
certain applications, use of speech as a computer input may be entirely ruled out
because of the ambient noise. Indeed. even inan-to-mau speech communication is
inpossible in many high noise environments.

The ambient noise problem may be quite icute in environments ccntainiag
equipmert in operatinn (aircraft engines, teletype terminals, ind so on) or other
speckers [27). Among the techniques available for alleviating this problem are
nois=-cancelling microphones, special vocabulary designs, and signal processing
techniques [28].

IMPLEMENTATION OF SPEECH INTERFACES

Implementation of the speech communication channel for the man-to-computer
interface requires considerable equipment and processing: a microphone for speech-
to-electrical signal conversion, analog equipment for sgeech fcature extraction and
for analog-to-digital conversion, and a digital computer for the recognition and
understanding of the utterance (5,6,29,30]. However, only the microphone nced be
in the same location as the speaker; the rest of the equipment is usually at the site
of the computer, and the necessary processing may he performed by the same
computer.

C-10 A microphcne is the only speech interface equipment that must
be in the same enclosure as the speaker.

The consequent attractive feature is:

A-10.1  The speech interface can be implemented without using any
space an a terminal or console panel.

This has important connotations in systems where many aisplays and controls are
packed on a terminas or contiol console panel.
Another characteristic of he speech interface pertains to speech processing:

C-11 A digital computer is an essential e’einent in thie implementation
of a speech interface for computer input.

Compared with the manual channel, the speech interface involves more proc-
essing and equipment. Indeed, it is unlikely that the speech interface can ever
compete with keyboard, pushu-1ttons, and the like on a strict equipment and process-
ing cost basis. This produces the problem area:

P-11.1  The speech interface requires special analog equipment and digi-
tal processing. The latter depends on the constraints placed on the
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interacticn language (vocabulary size, the amount of pausing be-
tween words, syntactic rules) and on the nature of the tasks in-
volved.

Althouvh all types of speech interface implementations require equipment for
initial processing of the accustic speech signal {29], the requirenierits for linguistic
processing [30,31] depend on the various characteristics of the interface. For exam-
vle, very modest amounts of linguistic processing may be required in isolated-word,
svntactically constrained, small vocabulary speech recognition systems. However,
the linguistic processir g required for unconstrained natural language understand-
ing and recognition systems is still beynnd the capabilities of contemporary comput-
er science.

The isolated-word speech interface systems have already become a reality {32],
but move work is required to develop sufficiently capable continuous speech under-
standing systems [33]. The nresent research efforts in this area are expected to lead
tn practical, continuous speech man-to-computer interfaces in the late 1970s [4].
YHowever, these systems will continue to place restrictions on the syntax and vocabu-
lary size.




IIi. S’EECH IN COMPUTER-TO-MAN COMMUNICATICN

Unlike the use of speech for computer input, automatic eynthkesis of spoken
messages by computers is now practical. This is indiczted by a recent survey ¢” thie
state of the art {34] and by the number of firms producing voice response and speech
answer-back equigzment [35,36]. Hence, only a L.ief discussion of the attractive
features and problem areas of the use of speech for computer-to-man comn:unica-
tions is presented to complement the more extensive dis.:ussion above of its use for
man-to-computer communications.

ATTRACTIVE FEATURES AND PROBLEM AREAS

The following attractive features of s, ~ch as a computer-to-man comniunica-
tion medium euste directiy from the general characteristirs of speech discussed in
Section IL. The coding systein is continued heie:

A-15  Speech is the natural way for humans to receive conumunications
from others. It is compatible with the use of speech as the comput-
er input channel.

Humans car mainiain a high level of vigilance for acoustic signals and are capable
of detecting the expected verbal messages despite higl: levels of ambient noise. It
may be possible to listen to more than one spoken message at a time; special alerting
and emergency messages can get immediate attention:

A-16  Several spoken messagescould be received and u.\derstood simul-
taneously.

A problem area here is the speed of spoken computer-to-man communication
compared with that of the visual channel; the visual channel is necrmally many
times faster:

P-1.3  The rate of receiving spoken messages is mucli slower than the
rate of receiving messages through the visual channel.

Just as in the case of speech generaticn, the human auditory input channel is
independent of the visual channel and of most of the human motor activities. How-
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ever, there is considerable interaction between the auditory channel and speech
yeneration.

A-22  Spoken messages can be received without interrupting the use of
the visual channel or any motor activities and in tetal darkness.

As pointed out ir. Section If, human speech contains a great deal of information
about the speaker, as well as 1:9-verbal clues (prosodic features), which may be used
by the speaker to augment the verbal message. These are analyzed by the listener
and used to resolve ambiguities (for example, the finai inflection can change a
senterce from a statement io a question, or the lack of it can change a statement
phrased as a question intu an exclamationi. Although the presen. state of the art
ufspeech synthesis is not yet sufficiently advanced, the ability to synthesize prosodic
features may .nake speech output from computers more effective than visual mes-
sages.

A-3.3  Speech output has the potential for highly effective computer-to-
man communication.

The omnidirectional nature of speech propagation in the atmosphere has sever-
al attraciive features for the use of synthesized speech for computer-to-man com-
munication:

A42  In computer-to-man communication through speech, the human
listener can be in arbitrary orientation, some distance from the
computer, or behind a barrier, and he may be in motion.

A43  Any numberoflisteners can receive the spoken message from the
computer simultaneously.

The attractive features A-5.1 and A-5.2 regarding the compatibility of speech
with existing voize consmunication systems also apply to computer-produced spoken
messages. Indeed, given a computer system with both speech input and speech
response capability, the ordinary telephone instrument becomes a computer termi-
nal.

Speech is a transient and volatile phenomenon and requires special efforts for
converting into reedily accessible hard copy form, making problem P-6.1 equally
applicable to computer-to-man communication.

Of the environmental factors, only an.bient noise has effects on the human
ability tc receive spoken computer messages when these are sent in a broadcast
manner. However, even when spoken messages are broadeast in moderately noisy
environments, the human auditory system has the ability to concentrate on a spe-
cific message and ignore other messages or naise (this is the so-called "cocktail party
situation”). Individual headsets can be used even in extremely noisy environments.

A-72  F-eech reception by humans is not appreciably affected by
weightlessness, vibration, or mechanical forces.

Fiually, regarding the implementation of the speech output interface from a
computer, the listener needs no other equipment than a speaker or headsets. The
attractive feature A-10.] also holds here; the speech output equipment does not
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compl’cate the terminal equipment or require additional panel space {except for a
simpl2 volume control).

APPLICATIONS

The present applications of speech as the computer-to-man communication
channel are mainly in banking and in credit checking industries, where simple,
well-formatted responses can be used [34]. However, there is a great deal of interest
in achisving general capabilities for converting text into synthesized speech [37].
Construction of 1eading machines for the blind is a research area of special interest
[38].

- A —— -~




IV. INTERFACE ANALYFIS FOR SPEECH APPLICATIONS

The design of an effective yet economical man-computer interface is a complex
process that must take into account the nature of the tasks being implemerted at
the interface; the human roles, capabilities, and shortcomings in task performance;
and the environmeat in which the interface is used. These are discu.=ed below in
terms »f the speech channel characteristics and their associated attractive features
and problem areas, which are summarized in Table 2 at the end of this section.

ROLES OF HUMAN OPERATORS

The most demanding role for a human operator in 2 man-computer system,
military command-control systems in particular, iz that of the decision maker. The
role of the computer in rhis situation is to provide tne necessary information and
assistance for decision making support and {o be irstrumenta! in the dissemination
of the gecizinn. There are several dimensions that characterize military decision
making {39} and place demands on the man-computer interface:

o Urdicality of tie consequences aild outcomes. The interface must be reliable
and perinit unambiguous and secure communications. It must help the hnman
operator to interact dependably under high levels of psychological stress.

o Diversity of the population of decisions to be made. The interface must be flexi-
ble.

e Ienomic neture of the decisions. Most of the decisions remain valid only for
shor* periods and must be frequently niodified. The interface must be natural,
lexible, and easy to usc.

+  Diversity of decision makers. In the military. the operators come fromn heterc-
geneous populations and have different cultural backgrounds, knowledge of tte
interface capabilities, and decision making strategies. The interface must i
simple to operate, flexi®le, and helpful.

o Effectiveness criteiia for decisions are varied and intricate and depend on the
operational context.

Man-computer communication through speech can contribute to the design of
interfaces that are flexible and natural {0 use (characteristics C-1 and C-5). However,
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speech communication is not necessarily suitable in all sitnations. For example, it
is more natural to identify graphically presented information items by puinting at
an item than by speaking the item’s name or the coordinates of its location. The use
of speech channel also places additional requirements on the reliabilityof tne inter-
face (P-3.1, P-3.2, P-3.1, and P-11.1). On the other hand, it also provides capabilities
not readily achievable by using other man-computer communication channels (A-
3.1, A-32, and A9.1),

Among the other roles of human operators in man--omputer systems are the
following:

o Sensor oritransducer: t'ie human task is to input information into the comput-
er system’s data base. He may actually acquire the data directly (such as
through surveillance o:'some activities of interest) or act merely as a transducer
(such as converting printed text into computer readable form®. This is essentially
an open-loop operetion, although feedback may be provided to assure the correct
input of tlie data. A speech interface enhances this roie through characteristics
C-4, C-5, and C-10. .

o Retriever or inquirer: the human task is to request information from the data
basa. The process is a simple questior: .- © nswer operation within some well-
defined task area (such as literature search or ohtaining factual statements
about force status). The naturalness and flexibility of the speech communicatior
channel (characteristic C-1) can increase the operator’s effectiveness ir this role.

e Controller: the task is to order discrete state changes in the state of' equipment
or processes (such as using the computer to go through a checkout process one
step at a time). The independence of the speech channel on the inanual and
visual channels (characteristic C-2), the propagaticn characteristics 1C-4), envi-
ronmental effects (C-7, C-8, and C-9), ard interface implementation aspects (C-10
and C-11) influence the effectiveness of the speech interface.

o Monitor: thie monitor observes an automated contro! operation perforined by
conputer, where the human role is to oversee the process and intercede if
necessary. The role here is to provide a”ditional reliability as well as flexibility
in handling unusual situations. Monitoring is a vigilance task, which often
involves long periods of passive ohservation of data displays. The speech channe!
can both provide alerting information ‘rom the system and allow rapid re-
sponses by the operator to emers ency situations (A-1.2, C-2),

o Problem solver: the problem: sclver is a participant in 2 computer-assisted
task, where the computer contri:ute s evaluations and data allowing the human
partner to proceed. Examples here are computer-aided tracking of objects, diag-
nosis of malfu :tions, and pattern recognition. Here the man-computer inler-
face provides tight coupling and a great deal of feedback. Annther form of
problem-solving activity is performed by a trainee in a computer-assisted in-
structional system. Qnce again, speech characteristics C-1, C-2, C-4, and C-11 are
applicable.

In all of the above rcles of human operators in man-computer systems, speech
communications wit. computers promise operational advantages. The principal
drawbacks are the increased demands on interface reliability and the need for
additional processing for the speech interface. The implementation of the speech
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interface as an isolated-word (rather than continuous-speech) recognition system
reduces the reliability problems, but it alsc reduces the attractiveness of speech
communications frem the point of view of naturalness und Jexibility (characteristic
C-1.

APPLICATION CRITERIA

I each of the above roles, the hurnan operator performs a task or a set of tasks.
The followiug characteristics of these tasks provide a checklist Jor applicability of
the speech interface for their performance:

1. Nature of the task (routine, critical, time urgent).

2. Time characteristics of the task (continuous, periodic, sporadic).

3. Variability of the task.

4. Intensity level uf task performance (high level interaction, vigilance task,
routine interaction, monitoring).

5. Response requirement for task performance (time-critical, leisucely?.

6. Input icading of task performer (the number of information sources and
the need for their correlation for task performance).

7. Output loading of the tas!’ performer (the number of different responses
that he may need to generite, different input mechanisms he may n.~ed to
operate). &

8  Dperator's physical state when performing his task (sitting, standing,
moving, prone).

9. Operator’s physical safely and cther stress conditions when performing
task.

10. Systemn’s state when operator performs ta k ({'xed stationary, continuous
motion, erratic motion}.

11. Operator’s level of isolation in performing task (alone, part of a group,
members of other group=<) at the station.

12.  Environmental condition (clirnatic, acoustic, mechanical, p1essure, atmos-
pheric).

13. Training and skiil level requirements of the uperaior.

14. Nature of the interaction language and formats.

15.  Requiremnents for security.

The speech understanding and recognition systems used to implement a speech
interface are also characterized hy a series of design features that must be taken into
account when considering the use of speech for a given man-computer task perform-
ance. These are discussed in detail in [2] and need not be repeated here.

Answers 1o the above checklist provide information for the implementaticn of
a speech interface in a particular man-computer task performance application and
allow determination of the expected operational benefits. Fyually important are the
questions on the costs of implementing the speech interface: required processing
power and memory capacity. Depending on the specifics of the proposed application,
conditioning of the communication links and the volume, weight, and power con-
cumnption of the speech interface equipment may also be imnortant.
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AN EXAMPLE

As an example of the analysis of a man-compu‘er interface for potential use of
the speech communication channel, consider the computer-aidec contro! of avisnics
functions and equipment in fighter aircraft: communications, flight control of the
aircraft, navigation, fire control, electronic countermeasures, and test and fault
lecation systems. At present, these systems tond to be autonomeus ana p:asess their
own independont controls, processors, and displays. In the future, however, they will
be: parts of en integrated avionics information system [40].

The emphasis in this applicatioi 1s on the reduction of the pilot’s present manu-
al workload bv using the speech channel (A-2.1). The commands to the avionics
control system to change commurication channel frequencies, present displays, or
repcrt equipment status can use the vocabulary and syntactical structure of the
requests tiie pilot would issue to iiis copilot foi- the same purpose. Hence the interac-
tion wouid be natural and rapid 1A-1.1, A-1.3).

The interaction takes place in a limited context. A relatively small vocabulary
{50-100 words) and a constrained syntax can be used without greatly affecting the
interacticn. The simnplicity of the transducer and its panel equipment (C-5 and C-16)
allows the pilot to enter commands without the need to concentrate on the manipu-
latior: of the intcr.iace devices.

The major pioblems arize irom the environmenta! effects. The aircraft engine,
the equipmerit in the cockpit, 2nd the nilot’s oxygen mask produce acoustical noise,
which may interfere with the operatic 1 of the speech interface (P4.1, P-8.2, P-9.11.
Ele~trical interference and crosstalk also afiect the speech interface (P-5.1). Special
microphones, filtering equipment, or digital processing may be required for ade-
quate reductior: of the noise problems.

The principal effect of noise interference is the reduction of speech recognition
accuracy. in most of the avionics contro) tasks, the pilot cannat be expected to offer
a comma:id more than twice. The need to repeat a command should arise only &
smail number of times. Any need to engage in a longer dialog to recognize a con.-
mand will defeat the advantages of the speach interface. Hence, reliability is an
important design criterion. All other interface design factors (4] can be used for
achieving high reliability: The vocabuiary and syntax can be selected and structured
to minimize recognition ambiguity, considcrable system tuning may be permitted,
and user training may be made a part of the genera! flight training program.

Finally. the speech interface equipment—anslog and dig:.tal processors and
associated memory units—must be added to the aircraft’s equipment load at the
expense of space, weighit, power consumption, and, possibly, other operational tea-
tures that could have been incorporated in lieu cf the speech interface. Whether
these costs arc acceptable in view of the benefits gained—relieving the pilot of
manual control tasks that interfere with the performance of his primary missions—
depends on the specifics of the situation.
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Table 2

SPEECH INTERFACE CHARACTERI1STICS

Characteristic Acttractive Feature Problem Area
C-1 Speech is man's ratural and | A-L.i Use of speech {s famfliar P-1.1 Artificiasl ayntax, re-
primary communicaticn and convenient when the stricted vocabulary, etc.
rhannel language is similar to na- tend to mitigate the na-
tural language turalnesa of sreech
A-1.2 Speech is highly suitable P-1.2 The use of feedback for
and the preferr.d channel clarification may reduce
for spontaneous messages ! the chanuel capacity of
apeech to a considerable
extent
A-1.3 Sp.ech is potentially the P-1.3 TFor man, the rate of re-
h'.ghest capacity, most ver- ceiving spoken messages 18
satile man-computer compuni- nuch slower than riceliving
catioar channel measages through the visual
channel
{ A-1.4 Using speech, simultaneous
comminication with both men
and machines is possidle
1 A-1.5 Speech 15 a natural way for
men to receive communica-
tiona from others. It is
ccmpatible with the use of
speech as a computer input
channel
A~1.6 Several spoker messages :Gan
be similtsnously receive!l and
understood by man
C-2 The speech charnel fe inde- | A-2.,1 Computer input using sjy:ech
pendent of the visual chan- can Lare j-lace sizultaneoun'y
nel and of human motor with cther visual or tactiie
as ivities tasks, or wien the speaker ls‘
walking |
A-2.1 Spoken messagea can be ze-
ceived by man without inter-
rupting the usze of the visual
channel or any wotor activi-
ties, and in total davknesa
C-3 Speech cntains {nformation | A-3.1 Speech interface allows P-5.1 Diffcreaces of individual
about the speaker checking the sjeaker's fdea- | chara ~2rigtics incresse
tity for a:r»se znntrol pur- imple: sntation costs
posee
A~3,2 The speech communication !Y—).? Spontanecus replacement orf
channel allows monlitoring ] speakers cannot be made--
vhe phyeicel and emotional a training s=aajon 1s re-
atate ol the apezker quired to tune the recogni-
Lioi, programs
A-3.3 Speech output by r.ap.- -~
hae the potential for highly
affective computer-to-man
communicat fon
4 3
P - a2 .h_ ) - — - A" - s
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Table 2 (Joitinucd)

Charazteristiz Attractive Fezture Problem Area
C-4 Speech propagation is ommi- | A~4.1 For apeech inpui, the P-4.1 The omnidirectional nat«:re
directional. No freu line speaker can be in an arbi- of speech propagation allows
of sight 1s needed trary orientation, some dis- interference by other acous-
tance from the =i rophone, tical signals
or behind a baz.ier
A-4,2 The human receiver of spoken |{P-4.2 Speech communications can be
messagea can e in any arbi- overheard by anyone in the
trary orientation, som: dis- vicinity r by using eaves-
tance from the terminal, br- dropping dcvices, thus provid-
hind a barrier, or in mot’on ing additional security threats
;A-A.J Any number of liste.ers can
receive apoken messages
simultaneously
C-5 Speech 13 simple to convert | A-5.1 Speech communication with P-5.1 The electrical fnrm of speech
into electrical form computers is compatible with is subject to electrical noise
exisiing voice communication and distortion
networks and allows input
from remote sites
A-5.2 Use of sir le, lightweight
microphone allows freedom
of movemer t
C-6 Speech 1is transitory aad P-6.1 No hard copv 1is produced as
volatile s byproduct of oprration of
the speech irterface
C-7 Speech generation is af- A-7.1 Speech generation is not P-7.1 Speech generation is adversely
fected by mechanical appreciably affected by affected by vibration, g-loads,
frrces cn the speaker, weightleszness and other mechanical forces on
but less than the manua) 1 the speaker
charnel
A-7.2 Speech reception by man is
not appreciably affected by
waightlessness, vitrations,
or mechanical forcea on the
listener
C-8 Sneech geuneration and pro- P-8.1 Speuvch intellipibility and na-
pagation sre affect.d by turzl voice chsracteristics are
composition and ambient adversely affected
pressure of the atmosphere
P-8.2 Breathing equipment produccs
roise iaterference
C-9 A propagating apesch aignal 4-9.1 Interference permits extrac- [P-3.1 Interference by other acoustic
is subject to interfereuce tion of information about aignals greatly raduces speech
by other scoustic eignals eventa at the speaker’s intelligibility
locatton
C-10 A microphone ia the only A-1J.1 The speech interface does
transducer required at the not complicate the terminal
speaker's location equipment. It is simpler
than for any mamial channel
©-11 A digital computer is an P-11.1 Special equipment and processing

easentisl e=lement in speach
input processing

is reauired. This increases the
cost or limits the intersction
lang age

- = ——— — o o B
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V. CONCLUDING REMARKS

The use of speech as a man<oinputer communication medium offers several
attrac:ive features over the conventional manual and visual char.nels. The most
impo.tant among these are independence of the speech and auditory channels,
which permits the performance of other manual or visual tasks while communicat-
ing with the computer; the omnidirectional nature of speech propagation, which
perinits the operator to communicate with the computer while he is in motion or
remote {rom the input/output transducers; the ability to communicate simultane-
ously with both ccmputers and humans; and the potential for using a telephone
instrument as a complete computer terminal.

The current problem areas in implementing continuous speech input systems
are theoretical, technical, and economic. Theoretical problems have to do with the
present incomplete knowledge of linguistics and semantics and lack of efficient
algorithms for automatic understanding of natural language utterances. Technical
problems deal mainly with the acoustic signal processing of continuous speech
utterances-——word boundaries, basic speech elements, prosodic features, speaker-
independent processing techniques, and the like. Economic problems stem from the
need for special signal processing equipment and general purpose digital processing
beyond the requirements of the current manual or visual interfaces.

None of these problems appear to be insurmountable in applications where
constraints or vocabulary, syntax, and speakers are acceptable. The current ARPA
speech understanding research (SUR) projects {4) and the research pruizcts spon-
sored by other government agencies and private industry [34] are aiming to produce
substantial continuous speech undeistanding capabilities in a few years I[solated-
word recognition systems are already being tested in “real life” applications and
environments [14,21}.

Despite the attractive characteristics of speech and auditory channels described
in this report, their inplementation in a perticular man-coniputer task situation
makes se'. < only when their use is naturalfor performing the task and compatible
with the environment. The nature of information ‘avolved in a man-computer task
must be thoroughly analyzed before committing to the use of a speech interface.
Together with other modes of mencomputer communication, the speech-based in-
terfaces can help an operator concentrate on the task he is performing rather than
on operating the interface.

‘A:ti—* A - Seemcadisemndy T
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