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Video Transmission of American Sign Language and
Finger Spelling: Present and Projected
Bandwidth Requirements

GEORGE SPERLING

Abstract—The bandwidth for communicating ASL sentences,
isolated lists of ASL nouns, and finger-spelled names by a television
type of raster scan was measured for a heterogeneous deaf population.
Video sequences of a signer were shown to subjects at 60 frames/s
(without interlace) with a raster composed of from 9 to 79 lines/frame
corresponding to a bandwidth of from 1.1 to 86 kHz. Most subjects
could interpret ASL sentences with little loss at a bandwidth of 21
kHz; the most expert ASL users received sentences at 40-50 percent
correct at a bandwidth of 4.4 kHz. Even with the present nonoptimal

raster, expert signers require a bandwidth for ASL communication

that is just four times greater than the bandwidth required by
experienced speakers for equivalent performance with auditory
speech. With a more judicious choice of raster parameters, with
better display conditions, and with better camera position, it seems
quite probable that the present raster-bandwidth requirement could
be lowered. Transmission at ordinary (3 kHz) telephone bandwidths
will require more sophisticated picture coding, perhaps with different
codes for ASL, finger spelling, and speechreading.

INTRODUCTION

BOUT two million Americans are severely deaf—to the

point of being unable to understand speech even with a
hearing aid [30]. Of these, about 200 000 were born deaf or
became deaf before they learned a spoken language, about
410 000 became deaf before the age of 19 years, and most of
the remainder became deaf in later life as an all-too-common
concomitant of aging.

Throughout history, the deaf have evolved manual sign
languages to communicate with each other. Perhaps because
no widely accepted written form of any sign language has
evolved,! these languages have not developed quite the range
of vocabulary and sophistication of the most advanced spoken
languages (see [32]). Nevertheless, the fact remains that
American Sign Language (ASL, Ameslan)—the sign language
now in common use in the U.S.A. and Canada—is perfectly
adequate to enable deaf persons to communicate with each
other on everyday, nontechnical subjects at about the same
speed as hearing persons communicate in ordinary speech [2],
[19]. ASL is in no sense a copy of English—it has its own dis-
tinctive grammar and modes of expression [3], [22], [34].

Words such as proper names or technical terms for which
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1 Notational systems for sign language have been proposed by
Stokoe, Casterline, and Croneberg [35] and by Cohen, Namir, and
Schlesinger [5], but these have not been widely adopted.

no sign yet exists in ASL can be expressed by means of finger
spelling—a letter-bydetter rendition of the word by means of
a stylized set of finger positions. The rate of finger spelling
normally is several letters/s with skilled users approaching a
rate of 10 letters/s. Nevertheless, finger spelling is much slower
than either spoken language or ASL [4].

Sign languages enable the deaf to communicate among
each other with great facility, in contrast to the difficulty with
which the deaf communicate with the hearing community by
means of reading lips and facial expressions, and by means of
written messages. Perhaps for this reason, sign languages such
as ASL have been perceived by the hearing community as con-
tributing to the isolation of the deaf, and have frequently
been ridiculed or even proscribed by educators of the deaf
who favor an oral (speechreading) approach to communica-
tion. The author does not wish to enter here the oral-versus-

_manual controversy, but to note that—because it can be easily

learned and greatly speeds communication—ASL is known to
the majofity of congenitally deaf adults regardless of their
educational background [21,p. 187].

The aim of the present research is to solve the problem of
putting the transmission facilities that already have been
established for voice communication by telephone at the serv-
ice of the deaf community. It is ironic that the telephone,
which was invented by Alexander Graham Bell who also con-
ducted extensive research on hearing aids for the deaf [11],
has served almost exclusively the hearing community and has
actually increased the isolation of the deaf community. For
telecommunications involving the deaf, there are basically
two kinds of devices under consideration; these are exempli-
fied by teletypewriters [1] and video telephones (e.g., the
American Picturephone and the English Viewphone) [6], [7],
[13],[15], [25].

Teletypewriters are devices that enable a sender to transmit
a typewritten message to a receiver who sees the characters
displayed on a screen or produced on a teletypewriter. The
teletypewriter is ideal for communication between deaf and
hearing people—perhaps in conjunction with a voice channel
for those deaf who retain intelligible speech. The main prac-
tical disadvantage of communication by teletypewriter is that
typewriting is slow and effortful compared to voice or ASL
communication. Nevertheless, in the absence of an alternative
deaf/hearing telecommunication device, the development and
deployment of reliable, low-ost teletypewriters is a critical
necessity.

The video telephone station transmits a picture of the
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sender to the receiver by means of a television type of raster
scan. The video telephone is an ideal medium for communica-
tion of ASL or finger-spelling [26] ; the quality of the image in
Picturephone and Viewphone is adequate even for speech-
reading. The main disadvantage of Picturephone and View-
phone is that they require a communication bandwidth of
about 1 000 000 Hz—compared to about 3000 Hz for a tele-
phone voice-communication channel [36] . (Ordinary American
television requires 4 000 000 Hz.) The enormous bandwidth
requirement for Picturephone and Viewphone—one video
telephone communication channel could carry more than 300
voice telephone channels—not only makes current video tele-
phones prohibitively expensive, it makes it impossible for
these video telephones to use existing voice telephone trans-
mission and switching facilities.

The present paper is concerned with the problem posed by
Sperling [32]: what are the bandwidth requirements for ASL
communication by video felephone, ie., by a video telephone
with lower bandwidth and consequently poorer picture quality
than current video telephones? To what extent could such a
video telephone use existing telephone channels to communi-
cate ASL and finger spelling, and to what extent would new
facilities be needed??

PROCEDURE

Overview of the Procedure: To measure the bandwidth
necessary for communication, we make a television recording
of a signer producing sentences and other messages using
ASL and finger spelling, and we test how accurately these
méssages can be transcribed by deaf subjects as a function of
the bandwidth allocated for message transmission. This is a
conservative method that overestimates bandwidth require-
ments because it is not interactive; the signer does not adjust
his communication to compensate for a sign or word that the
subject may have failed to understand, nor does the signer
adjust his performance to emphasize or to compensate for
aspects of ASL that may be poorly transmitted. On the
other hand, it is an extremely convenient method because
many persons can take exactly the same test and because
scoring is relatively unambiguous. This objective determination
(of the image’s utility for communication) is much preferable
to the subjective judgment of image quality that is traditionally
used to evaluate processed images.

A reduced-bandwidih channel can be simulated by a re-
duced area of a full television picture. Television cassette
recordings are produced that correspond to the different band-
width channels; the appearance of ASL that has been degraded
by passing through the various bandwidth channels can be
demonstrated by simply inserting the appropriate cassette
into a calibrated playback recorder and viewing the picture.

Bandwidth, Raster Scans: Television, Picturephone, and
Viewphone use a raster scan. That is, a picture is represented
as a series of lines called a raster. Each line is drawn from left
to right so that the intensity at each point along the line repre-
sents the picture intensity at that.point, and the lines are filled
in from top to bottom to produce a complete picture. The
American television picture-raster consists of 525 lines, and

2 A preliminary account of these experiments is given by Sperling
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there are 30 entirely new pictures (called full frames) pro-
duced each second. (In fact, commercial television is slightly
more complicated; a full frame is composed of two half-
frames, the first of which contains only the odd-number raster
lines (counting from the top) and the second of which con-
tains the even-numbered raster lines (interlace). In American
television there are actually 60 half-frames, equivalent to 30
full frames, per second.)

Bandwidth of a channel refers to the maximum number of
cycles per second (hertz, Hz) that a channel can transmit.
Other things equal, the amount of information a channel can
transmit is proportional to its bandwidth. What makes the
bandwidth of television so high is the large number of lines
that must be represented each second (15 750) and the large
number of discrete intensities that can be represented along
each line.

Could a low-bandwidth picture with a raster composed of
fewer, shorter lines, perhaps repeated less often each second,
still serve adequately to communicate ASL? In principle, this
question could be investigated by constructing video commu-
nication devices that operate on such rasters. In practice, this
approach is expensive and technically difficult. There is an
expedient alternative: to use a restricted, small area of a tele-
vision screen (which obviously does contain fewer, shorter
lines than the whole frame) to represent a reduced-bandwidth
channel. By measuring the bandwidth of the whole tele-
vision picture and measuring the fraction of the total area to

.which ASL transmission is restricted, one can determine pre-

cisely the bandwidth being allocated for ASL transmission.

The remainder of this Procedure section deals with the
television recording procedure, the actual measurement of
bandwidth (i.., the calibration procedure), the construction
of stimulus materials, the procurement of subjects, the vision-
testing procedure, written instructions and questionnaires
for the subjects, and the testing procedure.

Television Recording: Edgar Bloom, a deaf, retired chemist,
served as signer. He stood behind a large black screen in which
a 30.5 cm (12 in) wide by 45.7 cm (18 in) high rectangular
aperture had been cut out to reveal his head and part of his
shoulders (Fig. 1). Preliminary experiments without an aper-
ture had shown that this size of aperture would be adequate.
The signer succeeded--with one or two accidental exceptions—
in compressing ASL signs that normally occupied an area
extending to his waist, into the aperture area. He wore a dark
shirt and jacket, and on his right hand, a dark cotton glove
with white fingers, a glove that had been shown in the pre-
liminary experiments to increase slightly the legibility of his
signing at low bandwidths. Lights were arranged so that his
hands appeared lighter than his face. '

From the subject’s point of view, the trial sequence was as
follows. The signer was always visible on the television screen.
At the beginning of a trial, a placard indicating the type of
trial (sentence, noun, finger spelling) and the trial number was
displayed on the screen for 5s. The signer then rendered the
stimulus item(s), after which he remained quiet for a suitable
interval to allow subjects to transcribe their response. The
transcription interval, chosen on the basis of preliminary ex-
periments, was 15 s for noun triplets, 25 s for sentences, and
12 s for finger spelling. '
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Fig. 1. The recording setup. The signer is fimed through 12 X 18 in
(30.5 X 45.7 cm) aperture (4) in a 4 X 7 foot(1.24 X 2.13 m) screen
with a television camera (V) located at an aperture to lens dis-
tance (D). Lamps L 1-L4 are arranged to emphasize the hands.

In the biggest picture (highest bandwidth) condition, the
entire set of stimulus miaterials was filmed with an 8 mm lens
at a lens-tosubject distance of 2 m. Successively smaller
images (lower bandwidths) were produced as follows: 8 mm
lens at 4 m; 4 mm lens at 4 m; 4 mm lens at 8 m. Lighting and
other aspects of the recording remained the same, independent
of the camera distance. A recording was made on a separate
cassette for each bandwidth condition. The four conditions
were then copied onto a single cassette that was used to run
the subjects. (The extra cassettecopying operation was omitted
in the calibration procedure; thus, the bandwidths given below
are slight overestimates.)

Bandwidth Calibration: The television recording/playback
system consisted of a Panasonic WV204P TV camera with an
Apollo 4 mm (or 8 mm) lens, a Sony VO-2800 TV-cassette
recorder (3/4 in), and a Conrac QQA 17/N monitor with a
17 in cathode ray tube, Calibration recordings were made of a
test pattern—a 100 percent modulated, vertical square-wave
grating at various distances from the camera (i.e., the test
pattern consisted of alternating black and white bars). These
recordings of the test pattern produced gratings with a dif-
ferent number of cycles/cm on the viewing screen, depending
on the distance from camera to test pattern. The modulation
depth (i.e., the contrast between dark and light bars) on the
screen of the various size patterns was measured with a micro-
photometer. Coarse gratings were reproduced without any
loss of modulation depth. A very sharp decrease in modulation
depth occurred for gratings whose component lines on the
screen were spaced at distances that corresponded to a trans-
mission frequency of 2 X 10° Hz. The grating for which
modulation depth dropped to 50 percent of the modulation of
very coarse gratings—the half amplitude point—was 2.0 £ 0.1
MHz. Tests without the cassette recorder showed that the
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recorder, itself was, by far, the limiting component; the re-
mainder of the system easily passed 4 MHz. Measurements of
various partially reflecting gray papers showed good linearity
in gray-scale reproduction.

“The television camera did not have the mternal synchroni-
zation mechanism required to make interlaced half-frames.
The net effect is simply equivalent to 60 frames/s; each
frame has half the number of raster lines of American televi-
sion (which has 30 frames/s). The absence of interlace in the
display left dark spaces between the raster lines. These regu-
larly alternating dark lines produce a horizontal grating with a
high spatial frequency superimposed on the picture—an
operation that is known to produce masking and to interfere
with resolution of details [14], [24].

The actual sizes of the various picture conditions on the
viewing screen and their nominal bandwidths are given in
Table 1. Photographs of the three highest bandwidth condi-
tions are shown in Fig. 2. Because of the difficulties of static
representation of dynamic television displays, and because of
the problems inherent in photographic reproduction, the
photographs in Fig. 2 appear to be of lower quality than do
the corresponding dynamic displays.

Stimulus Materials: There were three kinds of stimulus
materials: 1) short sentences rendered in idiomatic ASL, 2)
common nouns in sequences of three) rendered in ASL, and
3) last names of persons and city names rendered by finger
spelling. The sentences and nouns were adapted from materials
in a popular ASL textbook [23].

Sentences varied slightly in length from four to six signs.
English transcriptions of some typical sentences were: “Please
summarize last paragraph,” “Rat runs across street,” “Careless
driving causes many accidents,” “Modern art irritates many
people,” “You can’t play football before Friday,” etc.

Typical noun triplets were: “machine, battle, sweetheart,”
“science, brother, experience,” “mirror, life, college,” etc.

Last names for finger spelling had six or seven letters, and
city names had mostly six to eight letters. The first set of ten
items for finger spelling was: “Jensen,” “Untamo,” “Isacson;”
“Yoshida,” “Preston,” “Albany,” “Burbank,” “Madison,”
“Norfolk,” “San Diego.”

Four matched sets of stimulus items were constructed for
use in the four bandwidth conditions to be tested. In order to
avoid possible experimenter bias in assigning items to sets,
all the stimulus items were ordered by length (within each
category), and they were then assigned to the four sets, four
at a time, by a random procedure.

A full set of stimuli for each bandwidth condition con-
sisted of, in order, ten noun triplets, ten sentences (the first
five were signed once and each sentence in the second five was
repeated immediately after its first production), five finger-
spelled person names, and lastly, five finger-spelled city names.

The precise ASL rendition of the nouns and sentences was
worked out in advance by the signer, and one or two stimulus
items that the signer felt he could not produce unambiguously
were eliminated. The signer used “total communication,”
that is, he not only used ASL signs made with the hands but
he enunciated each word to provide face movements that
could be used for speech reading. Signing was somewhat slower
than normal, with careful emphasis—in the style of a news-
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TABLE I
PICTURE DIMENSIONS OF THE VARIOUS BANDWIDTH STIMULI
Actual Picture Size Number of
Width X Height Fraction of Full BW Horizontal Raster
(cm) Picture Area (Hz) Raster Lines Spacing (cm)®
full
picture 39.7 X 29.82 1.0 2 000 000 262

A 5.78 x 8.07 0.0357 86 300 79 0.58
B 2.86 X 4.28 0.00870 21000 38 1.20
C 1.31 x 1.96 0.00182 4390 17 261
D 0.65 X 0.98 0.000455 1098 9 5.22

a [ncludes 12.6 percent of picture which is off the display screen.

b The distance between raster lines at the signer’s aperture.

(a)

(b)

(c)

Fig. 2. Photographs of picture displays at three bandwidth conditions: (a) 86 300 Hz; (b) 21 000 Hz, (c) 4390 Hz. Ex-
posure: 1/10 s, /5.6, Polaroid ASA 3000 sheet film. The actual sizes of the three displays were 5.8 by 8.1 c¢m, 2.9 by
4.3 cm, and 1.31 by 1,96 cm. Because of quality losses in photography and in reproduction, the subjective quality of
these photographs corresponds more nearly to the three lowest bandwidth conditions.

caster making a significant announcement. Sounds were not
recorded. Noun triplets were signed at the rate of one noun/s.
The average sentence rendition took about 5 s. Finger spelling
was done at about 3-4 characters/s for the two highest band-
width conditions and about 2-3 characters/s at the lower

bandwidth conditions.
Subjects: In an attempt to obtain a representative sample

of deaf persons, subjects were obtained through several sources.
Two subjects were clerical employees at Bell Labs, two subjects
were employees and one a graduate student at the NYU
Deafness Research and Training Center, and 17 subjects were
obtained through a call for subjects at a New York social club
for deaf persons and through individual solicitations by several
of the members of their friends. Because the tests were con-
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ducted during normal working hours, this last group of sub-
jects contained six housewives, five retired persons, 4 para-
professional teacher, a clerk, a machine operator, a printer, an
unemployed printer, and a disabled printer. It was not per-
mitted to pay the Bell Labs subjects; the NYU subjééts each
received $4.00 for their participation. The remaining subjects
received $7.00 as an incentive to participate and to compen-
sate them for the time spent traveling.

Testing Procedures

Questionnaire: Subjects were asked to fill out a question-
naire that inquired about their age, occupation, education,
severity of hearing loss, and usage of sign language.

Eye Test: Subjects were asked to copy one line of the
smallest print they could read from an eye test chart (American
Optical 1490) that contained samples of text ranging in size
upward from 0.05 in (vertical height of capital letters). This
was to ensure that their visual acuity did not limit their per-
formance in looking at the smaller pictures.

Instructions: Subjects were seated at a table facing a
television set at eye level. They could comfortably vary their
viewing distance from about 30 cm (1 ft) to about 100 cm
(3 ft). The room was dimly illuminated; there was a small
directional lamp on the table to enable them to read instruc-
tions and write responses. They were given written instruc-
tions that outlined what they would see and instructed them
to transcribe it in English—not necessarily good English—on a
prepared answer sheet. They were specifically instructed to
write down part of a sentence when they could not see it all,
part of a finger-spelled word if they did not see all the letters,
etc. With many subjects, it was necessary to repeat this instruc-
tion several times during the tests. .

For most subjects, testing was terminated when they indi-
cated—by writing nothing for several trials in a row—that they
could not interpret the videotape.

Scoring: Responses were scored for the number of items
correct. In the case of noun triplets, each noun counted as
one item. Occasionally, half-credit was given as, for example,
when a subject wrote “grandmother” instead of “mother.”
Sentences were scored as if they simply were composed of
four, five, or six items. For finger spelling, the number of cor-
rectly written letters was counted, subject to the constraint
that their order match the stimulus order. The score for each
condition is given as a fraction of the total possible score.

There was very little guessing and relatively few incorrect
responses. Subjects tended to leave blanks rather than guess.
Even when subjects understood most of a sentence or most of
the letters in a word, they often wrote nothing. It took re-
peated urging by the experimenter to persuade subjects to
write the fraction of the message they had received. For ex-
ample, in a finger spelling condition, one subject did not write
even a single letter for six consecutive words and then wrote
the next four words with only one minor spelling error. Thus,
scores are underestimates of the utilizability of a channel.,

Subsequently, it was discovered that two ASL signs (“tele-
gram,” “cards”) had been made in a way that was unfamiliar
to the subject population; these and a sentence partially out
of the field of view were eliminated from the scoring. Two
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signs (in the biggest bandwidth condition) were ambiguous;
subjects were given credit for either interpretation.

RESULTS AND DISCUSSION

The fraction of items correctly transcribed by each subject
in each condition is shown in Fig. 3. The subjects are grouped
into several graphs because of the difficulty of displaying data
ové“r;"éiih result is obvious: as bandwidth decreases, accuracy
decreases. This is true for all subjects and stimulus materials.

= Beyond the obvious result, matters are more complex.

Control Condition: For ASL signs, the 86 kHz picture can
be regarded as completely intelligible, and a subject’s score
can be regarded as a close approximation to a noninteractive
face-to-face conversation. Thus, a bandwidth of 86 kHz
approximates infinite bandwidth for the present stimuli.
Typically, when subjects could not transcribe a sign in the
86 kHz condition, they would imitate it perfectly and ask the
experimenter what it meant.”> By contrast, in low bandwidth
conditions, when subjects failed to transcribe, they usually
indicated that they were unable to see what was being signed—
it was “too small” or “too blurred.” The 86 kHz condition
thus serves as a control condition for the other bandwidth
conditions. Errors were due primarily to unfamiliarity with the
particular ASL signs used, memory lapses (in the transcription
of three nouns or a four to six item sentence) or lapses of
attention—subjects were looking away when the stimulus
occurred. These kinds of errors are more or less equally likely
to occur in all conditions—higher as well as lower bandwidths—
and therefore 86 kHz is a suitable reference condition.

In finger spelling, errors in the 86 kHz condition occurred
primarily because the signer signed “too fast” (about 3-4
characters/s). This was an invariable complaint to the experi-
menter by subjects. Had the finger spelling been slower, there
is little doubt that even these subjects could have transcribed
it correctly, and future tests will contain finger spelling exer-
cises produced at fast and at slow rates. But, since finger
spelling usually is moderately fast, it is legitimate to ask
whether performance of the weaker subjects in the highest
bandwidth might have been improved by still more bandwidth.
This question cannot be answered on the basis of the present
data. The author’s guess is that bandwidth beyond 86 kHz
would have improved finger spelling performance slightly for
the weaker subjects. Fast finger spelling was not tested because
many subjects could not have transcribed it; on the other
hand, fast finger speliing undoubtedly would benefit from
more bandwidth.

Performance at Reduced Bandwidths: Fig. 4 shows the per-
formance of each subject relative to his/her performance in
the 86 kHz control condition. (The two subjects who were
not proficient in ASL are omitted from these and subsequent
graphs.) The median performances of the top quartile, middle
50 percent, and lowest quartile of the subjects are shown.
Most subjects transcribe ASL sentences and nouns at 21 kHz
with about 90 percent * 10 percent of their accuracy in the

3 The ability to “shadow” a signer may be a better test of intel-
ligibility than the ability to transcribe a message. But it is inconvenient
to administer and to score a shadowing test.
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FINGER SPELLING

ASL SENTENCES . ASL NOUN TRIPLETS -

PROPORTION TRANSCRIBED -CORRECTLY
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Fig. 3. Absolute proportions of correctly transcribed items as a func-
tion of picture bandwidth for American Sign Language sentences,
noun triplets, and for finger-spelled names. Each point represents
the score for one subject; where no point is indicated, the subject
did not compleéte- the task, Scores for each md1v1dual subject in
each task are connected by lines. Each subject is represented by
similarly coded points in one row of graphs. The most accurate
ASL-transcribing subjects are represented in the top row of graphs;
the two subjects who had a very incomplete knowledge of ASL are
represented on the bottom row.

control condition. Below.21 kHz, performance drops precipi-
tously, although the top quartlle maintain around 40-45 per-
cent of control accuracy out to 4.4 kHz. One third of the sub-
jects are unable to transcribe anything from stimuli at 4.4 kHz
bandwidth or less.

With finger spelling, the results for the top quartile are
much the same. The top quartile maintains 90 percent of con-
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Fig. 4. Relative proportions: the proportions of correctly transcribed

items as a function of picture bandwidth relative to the control
condition (86 kHz) for ASL sentences, noun triplets, and finger-
spelled names. Each point represents one subject’s performance in
one task condition. Poitits that would be superimposed are spaced
apart horizontally to facilitate the display. The middle line in each
graph indicates the median for all subjects; the upper line represents
the median of the top quartile (87.5 percent), the lower line repre-
sents the median of the lowest quartile (12.5 percent); i.e., 75 per-
cent of subjects fall between the upper and lower lines.

trol accuracy at 21 kHz and about 40 percent at 4.4 kHz. The
median subject suffers more from bandwidth reduction with
finger spelling than ASL, and performance is down to 70 per-
cent of control at 21 kHz. The lowest quartile is even more
affected, slipping to about 45 percent of control performance
at 21 kHz. From the parallelism and separation of the cuives
of Fig. 4, we observe that the top quaitile subjects can main-
tain their performance to about one half the bandwidth of
the bottom quartile subjects.

Comparison of the Different Stimulus Materials: Fig. 5
shows the average performance for nouns, sentences signed
once, sentences signed twice, finger-spelled famﬂy names, and
finger-spelled city names. Sentencés signed twice are reported
about 3 percent more accurately than sentences signed once—
a very slight improvement. This indicates that simply repeating
a misunderstood ASL sentence in a low bandwidth channel
would probably not enable a receiver to better understand it
(i.e., the “noise” is correlated). Overcoming low bandwidth
requires paraphrasing, slower signing, emphasis, or some other
alteration of the message.

Finger-spelled city names are transcribed with 15—20 per-
cent greater accuracy than family names. This probably re-
flects a familiarity/redundancy factor in transcribing finger
spelling—a classical word-frequency effect [16]. Presumably,
even though the subjects had difficulty in reporting partial
information—component letters of names not fully under-
stood—they occasionally were able to use this partial informa-
tion to generate intelligent guessés [28], [29]. There is no
evidence whatever that the component letters were pro-
duced any differently by the signer in family than in city
names.

Vision Test: Four of 22 subjects were unable to read the
smallest type on the vision test but were able to read larger
type; these four ranged in age from 49 to 68. Two of these
subjects also happened to be the two who were least proficient
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Fig. 5. Mean proportions of correctly transcribed items shown sep-

arately for all materials and conditions tested as a function of pic-
ture bandwidth, Means are taken over the 20 subjects who knew
both American Sign Language and finger spelling. The ordinate in
(a) is the (absolute) proportion correct; in (b) it is the proportion
correct relative to 86 kHz control condition. §1 = ASL sentences
signed once; S2 = ASL sentences signed twice; N = ASL noun trip-
lets; F' = finger-spelled family names; C = finger-spelled city names.
Lines are drawn through the overall sentences means and [except
in (a)] through the overall finger spelling means.

in ASL, including the only subject in the study who could not
read finger spelling. These data are shown in Fig. 3(j), (k), and
(1). It is interesting to note in Fig. 3 that the slightly below
average vision of these two subjects did not impair their ability
to interpret ASL in the smaller pictures (relative to other sub-
jects) since these two subjects showed no decrement in ASL
performance in the 21 kHz condition relative to the 86 kHz
condition. Except for their lower accuracy, the ASL data of
these two subjects are not different in any obvious way from
. the data of subjects with better vision. There is an unusually
large decline in finger spelling performance at 21 kHz for the
subject who was able to read finger spelling. This is probably
not simply due to impaired vision because the two proficient
vision-impaired subjects showed perfectly normal declines in
finger spelling and normal ASL data. In all, we must conclude
that slight visual impairments do not impair the ability of sub-
jects to interpret these pictures. We account for this simply
by assuming that all the low bandwidth pictures are much
worse—i.e.,even more blurred—than the subjects’ vision.

The Enormous Range of ASL Proficiency: Compared to
spoken English, the range of individual variation in the ability
to communicate in ASL is larger, ie., in terms of vocabulary
size and rate of communication. Furthermore, there seems
to be a larger range than in spoken English of regional dialect
differences, so that some signs commonly in use in New York
might be misunderstood in New Jersey. In part, such differ-
ences may arise because there is no widely accepted written
form of sign language; in part, because most of the subjects
in this experiment were trained in the oral tradition, and they
never received any formal training in ASL.

The range of individual variation in finger-spelling profi-
ciency also is large, perhaps because of differences in the
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amount of formal training. Schools in the oral tradition rely
heavily on finger spelling to supplement lip reading:

The differences in individual proficiency are not fully
expressed in the control condition (86 kHz) scores because of
a ceiling effect. The materials were designed to be widely
understood under good viewing conditions and this was the
case. The full range of individual ASL proficiencies becomes
manifest when the picture is degraded. For example, with
sentences at 21 kHz, the best ASL subjects show no decrement
from their near perfect performance at 86 kHz and they still
transcribe about 40 percent correctly even at 4.4 kHz. Most
other subjects show some decrement at 21 kHz; about one
third of the subjects give up completely and do not transcribe
anything at 4.4 kHz.

The most proficient subjects in ASL are not always the
most proficient subjects in finger spelling. The correlation
across subjects between ASL and finger spelling scores is
¥ = 0615 (¥10 = -0.17, + 0.12) for 21 kHz and r = 0.113
(¥0.23) for 86 kHz. The reduced correlation for 86 kHz is
due to the ceiling on scores. Differences in educational back-
ground would tend to negatively correlate ASL and finger
spelling proficiency (different schools emphasize different
skills). General language ability and level of education would
positively correlate ASL and finger speiling proficiency.

In spoken language, the relation of language skill to the
ability to communicate over noisy channels becomes manifest
when people attempt to use second languages on telephones
or in listening to noisy radio broadcasts. Language deficits
that do not impair face-toface communication can become
incapacitating under these less than optimal conditions. For
the deaf subjects, the ability to interpret ASL and finger
spelling under low bandwidth conditions is itself a quick test
of proficiency in these language forms.

Implications for Low-Bandwidth Video Telecommunication

Comparison of Bandwidth Requirements for Visual and
Auditory Communication: It is interesting to compare the 4 4
kHz bandwidth required for 40-50 percent intelligibility of
visual ASL communication with the bandwidth of about 1.4
kHz that is needed to achieve a comparable intelligibility level
with auditory speech communication [12]. Thus, even with
the present nonoptimal raster parameters, expert signers
require just four times more bandwidth for raster-encoded
visual ASL communication than experienced speakers do for
pressure-waveform encoded ‘auditory speech communication.
The performance of the deaf subjects as a whole at 21 kHz
with the present raster is roughly equivalent to the perform-
ance of normal hearing subjects with a 3 kHz, ordinary tele-
phone line.

The Present Raster Parameters Are Nonoptimal: The pres-
ent method of simulating low-bandwidth channels by using a
restricted area of a television picture gives an overestimate of
the required bandwidth because it does not optimize the
parameters of the low-bandwidth channel. Except for the ab-
sence of interlace, the parameters are those of American tele-
vision; thus, the picture code was a raster-scan with 60 frames/s.
The extent to which intelligibility could be improved by
changing these parameters is a question for further research.
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For example, could a slower frame rate with a finer raster (or
with a double or triple interlaced raster) give better results?
Certainly, because the loss of resolution of finger position was
the main problem at low bandwidths. Is there a choice of a
vertical or horizontal scan direction and of the number and the
spacing of scan lines that would improve intelligibility? Prob-
ably. These questions themselves assume a uniform raster scan.
Perhaps there ought to be a higher density of raster lines in
some parts of the picture.

To return to the practical problem of ASL transmission:
the simple expedient of moving the camera to within about
75 cm (30 in) of the signer (so that when he makes signs in
front of the body, the fingers are closer to the lens and hence
produce larger images) would do much to improve finger reso-
lution—the main limiting factor at low bandwidths with a
raster scan.

Specialized Picture Codes: Because the required bandwidth
is so low, somewhat more complex picture codes than raster
scans could be implemented in real time. The advent of low-
cost microprocessors makes these alternatives economically
feasible.

A specialized picture code for ASL would incorporate con-
straints such as that the head and shoulders move relatively
slowly and predictably and do not need to be resolved very
accurately. The hands and fingers move quickly and require
fine resolution—although it usually is only one primary hand
that requires resolution. :

Finger spelling requires resolution just of the fingers of one
hand. Because finger spelling proceeds much faster than ASL,
a picture code specialized for finger spelling might use more
frames/s than a code for ASL.

Speechreading (“lipreading”) requires resolution of the
mouth, primarily, and of the lower part of the face [17] in-
cluding the cheeks [31]. The ability to resolve the shape of
the lips and to see the teeth and the tongue through the lips
is important to speechreaders. Thus, a specialized picture code
for speechreading requires better contrast resolution but less
spatial resolution than do codes for ASL and finger spelling.
It has been shown experimentally [9] that a degraded audi-
tory voice channel and a degraded visual channel (of the face)—
each of which individually are insufficient—together can pro-
duce intelligible 'speech communication. Since speechreading
is particularly helpful to persons who retain some residual
hearing and who have good speech (predominantly older per-
sons), it would be desirable to combine acoustic channels for
voice communication with visual channels for speechreading
to meet the needs of this hearing-impaired group.

For communication between congenitally deaf and hearing
persons, as well as among the deaf, a serial, character trans-
mitting device, such as a teletypewriter (TTY), has proved
extremely useful (see the Introduction). When a TTY is used
for dynamic interpersonal interaction, the character rate is
so low that TTY transmission could be made available as a
background mode added onto any of the video transmission
schemes considered above. For example, persons communi-
cating by TTY could simultaneously have available dynamic
head-and-shoulders views of each other. Alternatively, a pure
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TTY system could be designed to utilize available bandwidth
effectively, for example, by using a local memory to accumu-
late longer character strings and thereby confining utiliza-
tion of the transmission channel to brief high-speed bursts of
accumulated strings.

The optimal degree of specialization of specialized picture
codes is itself something that still needs to be worked out.
Should finger spelling, ASL, and speechreading information
be transmitted by the same or by different codes? If by
different codes, how different? At one extreme of specialized
codes, all that varies from code to code is parameters. For
example, raster scan codes can trade spatial resolution for
temporal resolution simply by trading off the number of
raster lines in a frame against the number of new frames/s.
Though somewhat specialized, such codes are general-purpose
in the sense that they can transmit a wide range of pictorial

material.
At the other extreme of specialization, there are codes that

incorporate almost completely the constraints of the material
being transmitted. For example, Erber demonstrated useful
communication of information essential to speechreading by
reconstructing outline lips based on a few parameters ex-
tracted from an actual speaker’s lips [8] or from the acoustical
voice signal [10]. Similarly, Montgomery’s [20] subjects
were able to lipread computer-reconstructed outlines of an
actual speaker’s lips. An analogous code for ASL or finger
spelling would involve reconstructing an image of a hand
based on transmitted information about only a few points on
the hand. An interesting variant of this procedure based on
Johannson’s paradigm [18] was recently carried out by
Poizner, Bellugi, and Lutes-Driscoll [27] and by Tartter and
Knowlton [36]. All the viewer sees is a dozen spots on the
fingers and wrist of each hand; the reconstruction of the actual
hand and finger movements takes place in the viewer’s mind.

Multiple Specialized Codes: Obviously, the development of
specialized picture codes for speechreading and for manual
sign languages is a fascinating problem for research. With the
advent of low-cost microcomputers, video communication
need not be restricted to just one picture code or even one
class of codes. It would be quite reasonable for each of the
connected parties to have several picture coding algorithms
available, and to use the initial transmission to agree upon the
codes to use for subsequent communication. Such modes of -
video communication might have applicability beyond the
hearing-impaired, especially if an appropriate set of agreed-
upon coding algorithms were available. As a trivial example,
text or pictorial matter could be sent at high resolution at a
very slow frame rate, dynamic head-and-shoulder portraits
at medium resolution with medium frame rates, and finger
spelling at high frame rates.

Relation to the Telephone: The present upper-bound esti-
mate of required bandwidth (21 kHz) is too high for telephone
circuits. But with minor improvements—a more judicious
choice of raster parameters (interlace, slower frame rate),
better display conditions (no blank space between raster lines
in display, larger display-picture size), and better camera
position—it seems quite probable that image quality comparable
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to the 21 kHz raster that served ASL quite satisfactorily in
the present tests could be achieved at lower bandwidths. The
most facile subjects, those who achieved 40-50 percent in-
telligibility scores at 4.4 kHz under the present conditions,
could almost certainly use a 10 kHz video channel for satis-
factory communication even with present nonoptimal raster-
parameters. However, to permit generally useful ASL commu-
nications at telephone bandwidths of 3 kHz requires approxi-
mately a sevenfold compression of information, and that de-
gree of compression requires major improvements in image
coding. '

In the Future: Beyond fulfilling an immediate telecommu-
nication need for the deaf and the partially deaf, video commu-
nication would also provide an impetus for acquiring greater
skills in ASL and in three visual modes of English: finger spell-
ing, speechreading, and teletypewritten communication.
Video communication among the congenitally deaf would
provide a strong impetus for development and standardiza-
tion of the ASL language. These incentives for the further
development of visual languages on one hand, and for the in-
creased acquisition of language skills by the users on the other,
might in the long term become the most significant benefit
of video telecommunication for the deaf.

SUMMARY AND CONCLUSIONS

A heterogeneous group of congenitally deaf subjects was
tested for the ability to transcribe American Sign Language
and finger spelling from reduced television displays at band-
widths of 86 kHz, 21 kHz, 4.4 kHz, and 1.1 kHz.

For the median subject, ASL sentence intelligibility drops
to 90 percent at 21 kHz and to 10 percent at 4.4 kHz.

The top quartile of subjects shows 100 percent ASL intelli-
gibility at 21 kHz and about 45 percent intelligibility at 4.4
kHz.

Finger spelling is more sensitive than ASL to bandwidth
reduction; median intelligibility drops to 70 percent at 21
kHz.

Modest vision impairments do not affect performance.

Repeating sentences twice produces only a negligible in-
crease in intelligibility compared with sentences produced
once.

With the present choice of television parameters for the
raster scan, 21 kHz is satisfactory for communication by ASL
and it is marginally adequate for finger spelling.

Minor improvements, such as shortening the signer-to-
camera distance, optimizing the raster parameters, and improv-
ing the display conditions, would probably enable the same
performance as 21 kHz at somewhat lower bandwidths.

Transmission at telephone bandwidths will require more
sophisticated picture coding, perhaps with different codes for
ASL, finger spelling, and speech reading.
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