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The Tadoma method is a means of speech reception based on tactile monitoring of the
articulatory process. A “synthetic” Tadoma system, involving an artificial face with six facial
actions, has been developed as a first-order approximation to the natural Tadoma system.
Experiments were conducted to explore the information-transmission characteristics of the
synthetic Tadoma system in terms of the four facial movements it incorporates: upper lip in—
out, lower lip in—out, lower lip up~down, and jaw up-down movements. Discrimination
experiments showed that the just-noticeable difference associated with each movement is about
9% of the reference displacement. One-dimensional (1-D) absolute identification experiments
produced, on the average, 1.6 bits of information transfer. Four-dimensional (4-D)
identification experiments produced information transfers in the range of 34 bits. Of the four
dimensions considered, performance on the lower lip up—-down movement was most affected,
and performance on the jaw up—down movement was least affected, by simultaneous roving
movements on the other dimensions. As a result of the interaction among the movement
channels, the sum of the 1-D information transfers exceeds the 4-D information transfer.
However, the sum of the 1-D information transfers obtained from tests with roving parameters
is approximately equal to the 4-D information transfer (possibly exemplifying a *‘generalized
information-transfer additivity law”). In general, both the discrimination and identification
results appear unexceptional and, hence, the reception of facial movement information by itself
does not appear to account for the extraordinary success of the Tadoma method.

PACS numbers: 43.66.Wv, 43.66.Ts [WAY]

INTRODUCTION

The study of tactile communication of speech serves
several purposes. First, for those who are both blind and
deaf, such study will help make possible the use of another
sense modality for speech communication. Second, the
study will lead to more insight into how the tactile sense
works. Finally, the study will improve our basic understand-
ing of speech communication.

Recent work has demonstrated that well-trained deaf-
blind people can perceive speech through tactile monitoring
of the articulatory process at nearly normal rates (see Nor-
tonetal., 1977; Reed et al., 1982b; Reed et al., 1985). In this
method, referred to as Tadoma, the person receiving speech
places his or her hand on the face and neck of the talker and,
in the absence of auditory and visual input, monitors actions
associated with the speech-production process to under-
stand speech. In the typical hand position, the thumb rests
across the middle of the lips and the fingers fan out across the
face and neck.

The Tadoma method is superior to any artificial tactile
display of speech that has been studied to date. Some charac-
teristics of Tadoma that might be responsible for its excep-
tionally good performance are: -

(1) A face is a “rich” multidimensional tactile display;

(2) the display directly represents the articulatory pro-
cess;
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(3) the hand is an exceptionally sensitive body part for
tactile perception; and

(4) its users were taught the method intensively over
several years.

The synthetic Tadoma system (see Reed et al., 1985, for
details), a first-order approximation to the natural Tadoma
system, was built to facilitate the study of cues used by Ta-
doma readers. The display portion of the synthetic Tadoma
system (the artificial face) is a plastic anatomical model
with six facial actions that can be computer controlled. The
specific actions included are:

(1) upper lip in—out movement (UIO);

(2) lower lip in—out movement (LIO);

(3) lower lip up—down movement (LUD);

(4) jaw up—down movement (JUD);

(5) laryngeal vibration; and

(6) oral airflow.

Each of these actions can be controlled independently.
The four facial movements (UIO, LIO, LUD, and JUD) are
effected by position-controlled servomoter systems. The
LIPS' are rubber tubes that are driven by flexible metal cables
attached to the middle of the two L1pS. The JAW movement
relative to the skull is effected via a rotational joint con-
structed in the vicinity of the condylar process.

Leotta (1985) and Leotta et al. (1988) evaluated the
synthetic Tadoma system (with all six actions) by compar-
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ing speech-segment discrimination performance on the syn-
thetic system to results obtained from natural Tadoma. Al-
though some deficiencies in the synthetic system were
revealed, results with the synthetic system and those with
natural Tadoma were generally similar, supporting the idea
that the essential features of a real talking face have been
realized in the synthetic system (Leotta et al., 1988).

Our present study begins to examine the extent to which
the face is, in fact, a “rich” multidimensional tactile display.
More specifically, we evaluate performance using the four
movement channels: UIO, LIO, LUD, and JUD. All of these
dimensions were studied separately and jointly with respect
to information transmission using elementary, static, non-
speech stimuli. In subsequent research, we intend not only to
include vibration and airflow, but also to examine rates of
-nformation transmission using dynamic, nonspeech stimu-
A,

Assessment of information transmission was carried out
in two steps. First, discrimination experiments were con-
ducted to investigate the basic resolution of the human tac-
tile sense with respect to the four movements UIO, LIO,
1LUD, and JUD. Identification experiments were then per-
formed to determine how much information could be re-
ceived through the movement systems. According to studies
by Pollack, Garner, and others (Garner, 1962; Miller, 1956;
Pollack, 1973a,b; Pollack ez al., 1954), information transfer
for unidimensional stimuli is limited to roughly 2 bits. How-
ever, by employing several dimensions (as in Tadoma), in-
formation transfer can be greatly increased. In general, the
amount of information transfer depends not only on the
rumber of dimensions, but on how the different dimensions
interact. '

I. EXPERIMENTS

Three subjects, HT (the first author), JT, and TH were
used in the study. All are hearing and sighted graduate stu-
dents, and none had previous exposure to the Tadoma meth-
od. In all experiments, the subject sat with his/her elbow
resting on the table which supported the FACE, and placed a
hand on the FACE with the thumb reSting (vertically) across
the middle of the LIPS and the fingers fanning out across the
CHEEK (the typical hand position of Tadoma users). In tests
with two intervals per trial, the hand was kept on the FACE
during the interstimulus intervals (except in the preliminary
discrimination tests). The subject was positioned to look
away from the FACE so that the movements could not be
sensed visually. Also, the subject wore earmuffs (and ear
p-ugs when necessary) to eliminate possible auditory cues
from the FACE.

The artificial face was normally set in a reference or
neutral position. This position is defined such that the Jaw
and the lower LIP are fully up (MOUTH closed), and the
upper and lower LIPS are fully in (no protrusions). All
movements began and ended in this state and were under
computer control. The maximum displacements were 6-7
mm for UIO, LIO, and LUD, and 24 mm for JUD.2

The waveforms used to drive the FACE were computer-
generated displacement steps composed of a 300-ms con-
stant portion and 150-ms (Hanning) transition portions at
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the beginning and the end of the waveforms. The 600-ms
waveform was then scaled in amplitude to produce desired
displacements. All waveforms differed only in their scaled
amplitudes.

All experimental runs started with an informal training
period. The subjects could start the experimental run when
they felt ready. Each run consisted of 100 trials, Trial-by-
trial feedback was always provided.

The four FACIAL movements will be referred to as “dis-
placements,” “movements,” “parameters,” “channels,” or
“dimensions” interchangeably. The terms “target” and
“background” shall be used to clarify the different roles the
four movements play in an experiment.

A. Discrimination experiments

All discrimination experiments used the symmetric 2I-
2AFC (two-interval, two-alternative forced choice) para-
digm. For each reference displacement D, three incremental
displacements AD were used. Each subject completed two
runs for each (D, AD) pair. Thus each subject completed six
runs (600 trials) for each reference. The order in which
these six runs were performed was randomized individually
for each subject. Performance was characterized for each of
the three (D, AD) pairs by forming the appropriate 2 %2
matrix (pooled from two runs) and estimating the sensitiv-
ity index d’ and response bias 3. The response bias /8 was
found to be sufficiently small to be ignored (less than 10% of
the corresponding d’). As found in many other studies of
sensory discrimination (e.g., Durlach et al., 1989), the de-
pendence of d’ on the increment AD for a fixed reference
displacement D could be well described by a straight line
through the origin. Thus the performance for a fixed D can
be summarized by the slope 8’ = d '/AD of the straight line
(i.e., the sensitivity per mm). The & was estimated by aver-
aging the three d'/AD ratios obtained above. The just-no-
ticeable difference (jnd), defined by the performance crite-
rion d’ = 1, is given by jnd = 1/8'. All the results for the
discrimination experiments are presented in the form of the
Weber fraction jnd/D.

1. Preliminary discrimination experiments

It was not clear at first whether a subject should keep
his/her hand on the FACE throughout the whole experimen-
tal run (simulating what the Tadoma users do) or only
touch the FACE briefly when the facial feature was in the
desired position. The purpose of the preliminary study was
to compare these two methods. Only subject HT participat-
ed in this study.

As mentioned in the Introduction, the study of static
stimuli is the focus of this paper. However, when a subject
kept his/her hand on the FACE during a complete movement
(from neutral position to desired position, then back to neu-
tral position ), he/she was presented not only the static am-
plitude cue from the steady portion of the stimulus but also a
dynamic velocity cue from the transition (i.e., since the tran-
sition duration was constant, the movement velocity to and
from the steady-state displacement varied in proportion to
the steady-state displacement). This potential velocity cue
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could be eliminated by not allowing contact with the FACE
during movement transitions.

Three kinds of stimuli were designed to reveal the possi-
ble effect of velocity cues. In scheme 1 (which was ultimately
selected for the main experiments), the transition time was
held at 150 ms, and the total duration of the waveform was
held at 600 ms. The subject kept her hand on the FACE dur-
ing the whole stimulus; both velocity and amplitude cues
were available to her in this scheme.

In scheme 2, the transition time remained at 150 ms, but
the total duration of the waveform was increased to 1100 ms.
The subject was instructed to rest her four fingertips on the
CHEEK BONE of the FACE and hold her thumb vertically in
front of the FACE. With this position, the palm did not touch
the yAwW and no part of the subject’s hand could sense any of
the four movements. Following the end of the rising portion
of the waveform, the word “ON” appeared on the terminal
screen, followed by the word “OFF” 300 ms later. The sub-
ject was told to place her thumb on the LIPS when she saw the
word ON and take it away from the LIPS when she saw OFF.
The additional 500 ms was sufficient to allow the subject to
remove her thumb from the Lips without feeling the transi-
tion portion at the end of the waveform. ( Also, the transition
portion at the beginning of the waveform could never be
felt.) In this scheme, the subject’s thumb touched the LIPS
for roughly 300 ms and only the steady-state amplitude cue
was available to her.

In scheme 3, the steady-state portion of the displace-
ment was kept at 300 ms (as in scheme 1), but the transition
time for the two stimuli was adjusted such that the maxi-
mum slopes of the rising and falling portions were equal for
both displacements. The subject kept her thumb on the Lips
during the whole stimulus presentation. Here, a possible du-
ration cue (duration of the constant portion of the wave-
form), as well as an amplitude cue, was available to the sub-
ject.

All three of these schemes were tested for JUD discrimi-
nation with D = 6.9 mm and AD = 0.8 mm. Results of these
tests show that all three schemes produce essentially the
same value of d' (the results were d’' = 1.41, 1.41, and 1.44
for schemes 1, 2, and 3, respectively ). This equivalence indi-
cates that transition velocity is not a major cue for this task.
Since the three schemes yielded similar results, we elected to
use scheme 1 for all subsequent experiments.

2. Main discrimination experiments

Two types of discrimination experiments were per-
formed. In the first, we applied movements Dand D 4+ AD to
one channel (the target) and kept the other three channels
(the background) at their neutral positions. In the second,
the same target displacements were applied, but random dis-
placements were applied independently to the three back-
ground channels. These two types of tests are referred to as
discrimination with “fixed”” and “roved” backgrounds, re-
spectively.

a. Discrimination with fixed backgrounds. The results
for the discrimination experiments with fixed backgrounds
are summarized in Table I. The results for each channel and
each reference displacement D are given in terms of the We-
ber fraction jnd/D in percent. Since JUD has a much bigger
displacement range than the other three channels, more val-
ues of D were used.

The intersubject differences are generally small. The
Weber fractions averaged across references within each
channel vary between 8.3% and 10.6% and average 9.3%.
Roughly speaking, the Weber fractions are independent of
reference displacements, movement channels, and subjects.
This strikingly simple result is important to the design of
subsequent experiments and will be referred to later in this
paper.

b. Discrimination with roved backgrounds. The displace-
ment on each of the three background channels was chosen
independently from four possible levels that included 0 mm
and three values that were equally spaced on a logarithmic
scale and spanned the whole movement range for the chan-
nel (6 mm for UIO, 7 mm for LIO and LUD, and 23 mm for
JUD). Before each experiment, the subject was informed of
the target channel and told to ignore the three background
channels as much as possible. Furthermore, they were in-
structed to maintain their hand position even though better
performance might conceivably be achieved by altering
hand position (e.g., when UIO is one of the background
channels, lowering the thumb level to that of the LOWER LIP
would conceivably eliminate UIO influence and thus im-
prove one’s performance on discriminating displacements
on the target channel). Maintaining a constant hand posi-
tion is obviously important for comparisons across experi-
mental conditions.

TABLEI. Results of discrimination with fixed backgrounds. Entries in the table give Weber fractions jnd/D in percent; D is reference displacement in mm.

Target channel

UlO LIO LUD JUD
D (mm) D (mm) D (mm) D (mm)
Subject 1.7 5.1 Average 03 32 60 Average 0.1 3.1 6.1 Average 04 1.2 15 33 69 141 213 Average
HT 95 99 9.7 82 94 94 9.0 74 115 93 9.4 9.0 1.3 102 84 11.0 80 73 9.3

JT 9.6 11.6 10.6 6.0 100 112 9.1 72 106 9.6 9.1 90 98 94 87 62 82 68 8.3

TH 64 11.1 8.8 101 55 99 8.5 9.7 100 104 10.0 11.5 100 11.6 115 89 68 8.3 9.8

AVE 85 109 9.7 8.1 83 102 8.9 81 10.7 9.8 9.5 9.8 104 104 95 87 7.7 15 9.1
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TABLEII. Results of discrimination tests comparing fixed and roved back-
grounds. Entries for “roved” and “fixed” are the Weber fractions jnd/D in
percent, and entries for “ratio” give the values of roved/fixed.

Target channel and D (mm)

[8) (0] LIO LUD JUD

Subject Background 1.1 25 23 6.9
HT roved 25.7 33.8 e 13.1
fixed 6.4 6.5 7.0 5.9

ratio 4.0 52 e 2.2

JT roved 20.3 47.6 e 15.1
fixed 6.5 7.7 6.9 10.5

ratio 3.1 6.2 e 1.4

TH roved 27.5 56.8 e 17.0
fixed 8.5 9.4 9.3 10.7

ratio 32 6.0 e 1.6

Average roved 24.5 46.1 e 15.1
fixed 7.1 79 7.7 9.0

ratio 34 5.8 e 1.7

In order to control for possible training effects, we re-
peated discrimination experiments with fixed backgrounds
at the same time that we performed the discrimination ex-
periments with roved backgrounds. For each reference dis-
placement, each subject first completed six runs with roved
backgrounds and then six runs with fixed backgrounds. All
12 runs were always completed on the same day.

Only one reference displacement was chosen for each of
the four movement channels. The jnd’s associated with this
reference for both roved and fixed backgrounds show that
roving the background substantially degrades resolution
(see Table I1). The roved/fixed ratios range from 1.4 t0 6.2
and average 3.6. This ratio is absent in the table for LUD,
because none of the subjects could perform the LUD dis-
crimination task for the roved condition even when the LUD
increment was as large as the reference displacement. As can
be seen by comparing results in Tables I and II, the fixed-
background results show some training effects. For example,
subject HT’s average jnd/D scores in Table I are 9.7% for
UIO, 9.0% for LIO, 9.4% for LUD, and 9.3% for JUD,
whereas the corresponding scores in Table II are 6.4%,
6.5%, 7.0%, and 5.9%. On the other hand, TH showed very
little improvement in performance, and both JT and TH ex-
hibited degraded scores for JUD. Finally, while the average
Jnd/D in Table I is largest for UIO and second smallest for
JUD, the corresponding average jnd;,. /D in Table II is
smallest for UIO and largest for JUD. Thus the improve-
ment in performance is greatest for UIO and least for JUD.

Although the roved/fixed ratios vary across the three
subjects, the relative dependence of the ratios on target chan-
nel is the same for all of them. The jnd for LUD was most
affected by roved displacements, followed by LIO, then
UIO, and finally JUD. This ordering appears reasonable in
the light of the following observations. LUD displacement
can only be felt by sensing the position of the lower LIP on the
thumb; however, LIO as well as JUD displacement changes
the lower LIP position. When these three displacements oc-
cur in a single presentation, subjects are unable to separate
out the LUD component. LIO displacement is felt by sens-
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ing the lower L1p protrusion. When LUD and JUD displace-
ments are present, the lower LIP touches the subject’s thumb
at different locations, causing the protrusion to be felt differ-
ently. Perception of UIO displacement is relatively well sep-
arated from LUD and JUD displacements. However, it is
substantially influenced by LIO displacement (e.g., when
LIO displacement is substantially greater than that of UIO,
the subject’s thumb loses contact with the upper LiP on the
FACE and performance degrades). Finally, perception of
JUD displacement is least affected by the other three displa-
cements because it can be felt by the subject’s palm as well as
thumb.

B. ldentification experiments

One-dimensional (1-D) and four-dimensional (4-D)
information-transfer characteristics of the FACE for the four
movement channels were examined. All identification ex-
periments employed a one-interval absolute identification
procedure with trial-by-trial feedback. For each identifica-
tion test, subjects were informed of the number of alterna-
tives in the stimulus set and received brief training in asso-
ciating the alternatives with a set of integers in a natural
order. Upon receiving a stimulus, the subject was required to
respond with the corresponding integer. A stimulus—re-
sponse confusion matrix was obtained and information
transfer (IT) was computed.’

1. 1-D identification with fixed backgrounds

In this experiment, we examined IT for 1-D stimuli with
fixed backgrounds. Three channels were examined: LIO,
LUD, and JUD. Preliminary results showed that the UIO
channel yielded results similar to those of the LIO channel.
To save time, data on UIO were not completed.

Sixteen stimuli were used for the JUD channel and 14
stimuli for each of the LIO and LUD channels. The displace-
ments of the stimuli included 0 mm and steps that were

TABLE III. Results of 1-D identification tests comparing fixed and roved
backgrounds. Entries for “fixed” and “roved” give the information transfer
(in bits). Ratio = fixed/roved. The ratio scores for UTO used fixed data
from LIO, consistent with the preliminary results (see text).

Target channel and
number of stimuli

Back- UIO LIO LUD JUD
Subject  ground 14 14 14 16 Average
HT fixed e 1.8 1.7 2.0 1.8
roved 1.4 0.9 0.5 1.4
ratio 1.3 2.1 3.7 1.4
JT fixed 1.8 1.7 1.8 1.8
roved 1.1 0.9 0.6 1.4
ratio 1.7 2.0 3.1 1.3
TH fixed 1.3 1.3 14 1.3
roved 0.4 0.4 0.2 1.2
ratio 3.0 35 7.1 1.2
Average fixed e 1.6 1.6 1.7 1.6
roved 1.0 0.7 0.4 1.3
ratio 2.0 25 4.6 1.3
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equally spaced on a logarithmic scale (consistent with
Weber’s law). The maximum displacements were 24 mm for
JUD and 7 mm for the LIO and LUD channels. Each subject
completed between 1200 and 1500 trials for each channel.
The results of this experiment are summarized in Table III
(the rows labeled “fixed”).

The ITg,.q values vary between 1.3 and 2.0 bits and
average 1.6 bits. Note that subject TH’s values are consis-
tently lower (by roughly 0.5 bits) than those of the other two
subjects. For each subject, the ITs are highest for JUD, fol-
lowed by LIO and LUD. According to the study by Braida
and Durlach (1972) in the domain of auditory intensity per-
ception, IT increases as the number of jnd’s increases when
the range of stimuli includes less than 50 jnd’s. The JUD
channel has the biggest displacement range among all the
movement channels and includes approximately 50 jnd’s in
its stimulus set. On the other hand, the LIO and LUD chan-
nels include only 3040 jnd’s. Thus the relatively high IT for
JUD is not surprising.

2. 1-D identification with roved backgrounds

This study parallels the 1-D discrimination study with
roved backgrounds. The stimulus set used for the target
channel was the same as that used in the 1-D identification
experiments with fixed backgrounds. Simultaneous roved
displacements were applied to the three background chan-
nels. The displacement for each of the background channels
was chosen independently from four possible levels, which
were the same as those used in the 1-D discrimination experi-
ments with roved backgrounds. Before each experimental
session, subjects were informed of the target channel. They
were again instructed to ignore the roved movements as
much as possible but not to change their usual hand position
on the FACE. Each subject completed 1000 or more trials for
each of the four target channels. The results of this experi-
ment are summarized in Table III (the rows labeled
“roved”).

Subject TH’s scores are again consistently lower (by an
average of 0.5 bits) than those of the other two subjects.
More dramatically, his ratio scores are about twice as big as
those of the other two subjects (except for the JUD chan-
nel), indicating that his performance on the UIO, LIO, and
LUD channels is greatly affected by roved displacements on
other channels. The average IT,,,.4 for the LUD channel is
0.4 bits, indicating that the subjects were not able to identify
even two stimulus categories in this channel. Referring back
to Table I1, one notes that performance on the LUD channel
in the discrimination task was also substantially degraded by
simultaneous roved displacements in other channels. By
comparing the order of the ratio scores in Table I1I with that
of the ratio scores in Table II, the results are seen to be con-
sistent in that the LUD channel is most affected, followed by
LIO, UIO, and then JUD, by simultaneous displacements in
other channels.

3. 4-D identification

In this experiment, the subject was asked to identify si-
multaneous displacements in all four movement channels.
The number of alternatives used for each channel was four.
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(Since the IT from a single channel in the roved 1-D tests
never exceeded 1.5 bits, four alternatives on each channel
were thought to be sufficient.) Thus the total number of
alternatives was 256. The four displacement values for each
channel were the same as those used for background chan-
nels in 1-D discrimination and identification experiments
with roved backgrounds. On each trial, the displacement for
each channel was chosen independently and with equal
probability from its four possible alternatives. Upon receiv-
ing the stimulus, the subject responded with an integer
between 1 and 4 for each of the four movement channels in
the following order: UIO, LIO, LUD, and JUD. The choice
of the response order was arbitrary but was kept constant for
all the 4-D tests. As usual, trial-to-trial feedback was given.
Each subject received about 1 h of training in associating the
integers 1-4 with each of the four movements on each of the
four channels. A total of 5000 trials was collected for each
subject. No obvious improvement from-session to session (in
terms of IT estimated from each session) was observed.

Three measures of IT were computed from the 4-D data
(as in the experiments by Rabinowitz et al., 1987):

(1) The measure IT,, for the whole, unreduced,
256X 256 confusion matrix;

(2) the sum, over all four dimensions, of the “pooled
projections” IT .4, Where, for each dimension, IT .4 is
computed from the 4 X 4 matrix obtained by pooling results
across all complementary variables;

(3) the sum, over all four dimensions, of the “condition-
ed projections” IT,, .4, where, for each dimension, IT_, is
computed by averaging the I'Ts obtained from the sixty-four
4 %X 4 matrices conditioned on the combinations of the indi-
vidual values of the complementary variables.

As discussed in Rabinowitz ez al. (1987), the extent to
which IT.,.q exceeds IT .4 for a particular channel re-
flects the degree to which the perception of displacement in
the given channel depends on the displacements in the other

channels.
The results of the 4-D identification experiment, togeth-

er with the sums 2 IT;, .4 and 2 IT,,,., obtained by sum-
ming the values of ITg,., and IT,,,., obtained in the 1-D
identification experiments (Table III), are shown in Table
.

As has often been observed in the past with other types
of stimuli, IT,y, is considerably smaller than 3 ITj,., (e.g.,
see Egeth and Pachella, 1969; Garner, 1962; Rabinowitz et
al., 1987). Note, however, that this is not the case for

TABLE IV. Comparison of 4-D and 1-D identification results. Entries are
information transfer (in bits). IT,;, denotes the bias-corrected 4-D ITs. See
text for details.

4-D 1-D

Subject IT,p 2T eotea 2 ITona. EMThed 21T g0

HT 4.0 3.0 3.6 7.2 4.1
JT 3.0 22 2.8 7.0 3.9
TH 29 1.7 22 5.3 22
Average 33 23 29 6.5 34
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2 IT,o,cq: Averaged over subjects IT,p, ~ 2 IT,,..y. In other
words, although the IT in the 4-D experiment falls far short
of the sum of the ITs obtained in the fixed 1-D experiments,
itis roughly equal to the sum of the ITs obtained in the roved
1-D experiments. This result is discussed further in Sec. II.

Note also that, for each subject, IT,, is greater than
2 IT o, Which, in turn, is greater than 3 IT, 4. Aver-
aged over subjects, the differences are 0.4 and 0.6 bits, re-
spectively. These differences, like those between the 1-D
fixed and 1-D roved tests (in discrimination as well as identi-
fication), indicate the existence of substantial dependencies
among the various channels.

In order to examine these dependencies further, we ex-
amined the effect of a given displacement in one channel on
the IT obtained through each of the other channels.® Over-
all, we found a tendency for the IT in the other channels to
decrease as the displacement in the given channel increased.
The most notable example of this tendency occurred when
JUD was chosen as the conditioning channel: On the aver-
age, the ITs obtained from the other channels decreased by
0.5 bits as the displacement on JUD increased from zero to
maximum. In other words, large JAW opening substantially
reduced the accuracy in judging the positions of the other
channels. These findings indicate that the displacement on
one channel can influence not only the bias on the other
channel, but also the resolution on that channel.

Il. CONCLUDING REMARKS
A. Intersubject differences

According to the results shown in Table I, the three
subjects’ scores from the initial fixed-background discrimi-
nation tests are roughly comparable. Data in Table 11, how-
ever, show worse performance on the fixed-background test
for TH. Apparently, whereas HT and JT tended to improve
with practice on these tests, TH did not. The data in Table II
also show that the effect of roved backgrounds on discrimi-
nation is roughly similar for the three subjects. According to
the results shown in Table III, 1-D identification perfor-
mance is roughly the same for HT and JT, but considerably
worse for TH. These results tend to hold for all entries, both
fixed and roved, with two exceptions: the substantial superi-
ority of HT over JT for UIO with roved backgrounds and the
relatively good performance of TH for JUD with roved
backgrounds. Note also that, with the exception of the JUD
tests, the effect of roving was considerably worse for subject
TH. Finally, according to the results in Table IV, we note
that, on the 4-D identification tests, the performance of HT
is substantially better than that of JT, which is roughly com-
parable to that of TH.

Overall, and using the performance of HT as a refer-
ence, the most idiosyncratic result for TH is the remarkably
poor performance in the 1-D identification tests with roved
backgrounds for the three Lip variables UIO, LIO, and LUD
(but not the AW variable JUD). Averaged over these three
variables, the IT for TH is only 0.33, whereas it is 0.89 for
HT and 0.84 for JT. Note also that this idiosyncratic effect of
roving in the 1-D identification tests is much reduced in the
discrimination tests; in the discrimination tests, the effect of
roving for TH is not much greater than for HT or JT. The
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most surprising result for JT, on the other hand, is his poor
performance in the 4-D identification tests. Whereas the IT
in the 4-D tests is much lower for JT than for HT (3 bits
compared to 4 bits), the effect of roving in both the discrimi-
nation and 1-D identification tests is roughly comparable for
the two subjects.

In general, although some of these intersubject differ-
ences are substantial, they are by no means exceptional
(compare them, for example, to the intersubject differences
in Optacon reading discussed by Craig, 1977). Moreover,
they do not seriously interfere with the general conclusions
of our study. In fact, to the extent that the relations concern-
ing the different tests hold for all the subjects, intersubject
variation (e.g., in overall performance) strengthens the con-
clusions, not weakens them.

Finally, we note that previous work suggests that the
performance of experienced Tadoma users would probably
not be noticeably better on these tasks than that of normal
subjects. According to available data, the remarkable perfor-
mance of Tadoma users on tests of continuous-speech com-
prehension is not due to remarkable tactile sensitivity: The
performance of the two classes of subjects is roughly the
same for resolution of isolated speech segments (Reed et al.,
1978 and Reed et al., 1982a).

B. Comparison to other displays

Our results, although limited, suggest that the perfor-
mance that can be achieved with the movement systems in-
corporated into the synthetic Tadoma system is not excep-
tional. The measured ITs, both in the 1-D cases and the 4-D
case, are relatively unimpressive (e.g., see, for comparison
purposes, the tactual ITs reported by Rabinowitz et al.,
1987, and Sherrick, 1985). Also, the Weber fraction appears
to be relatively large (or at least not small) compared to
other Weber fractions in the tactual sense (e.g., see Durlach
et al., 1989; Sherrick and Cholewiak, 1986).

It is likely, of course, that, when the movement systems
are supplemented by airflow and laryngeal vibration, the I'T
will increase substantially (perhaps even double). It is also
possible that the synthetic Tadoma system has exceptional
virtues with respect to certain dynamic properties (such as
temporal-order discrimination ), so that the information rate
for this system is a large multiple of the static IT (e.g., rough-
ly ten times larger). Nevertheless, to date we have not dem-
onstrated any remarkable superiority for this display. If
further study fails to reveal such superiority, we will be
forced to conclude either that (1) the synthetic system does
not capture the essentials of natural Tadoma (despite the
preliminary results discussed in Leotta et al., 1988) or (2)
the unusually good performance observed with natural Ta-
doma is not explainable primarily in terms of the “exception-
al richness” of the display. As discussed in the Introduction,
and quite apart from the established relative superiority of
the hand as a tactual receiver (many other tactual communi-
cation systems have also used the hand), it is possible that
the superior performance evidenced by users of natural Ta-
doma is due to the direct representation of the articulatory
process in'the Tadoma method and/or the intensive long-
term training received by the Tadoma users. Recent results
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demonstrating the abilities of well-trained users of tactual
signing and tactual fingerspelling (Reed e al., 1987) suggest
to us that the latter of these two factors is probably the most
important. Perhaps any tactual system that provides an in-
formation-transfer rate that exceeds some minimum value X
can be used for speech communication if intensive training at
an early age is provided. Unfortunately, serious study of this
issue requires not only improved methods for estimating X
(both the values of X required for different proficiency levels
of speech reception and the values provided by the various
tactual methods and displays), but also complex and long-
term research on training effects.

C. A generalized information-transfer additivity law?

The usual IT additivity law states that multidimensional
IT is the sum of the component 1-D ITs when the component
variables are independent (precise statements of this law can
be found in Ashby and Townsend, 1986). However, in this
law, it is assumed that the 1-D ITs are obtained from 1-D
experiments in which the complementary parameters are
held fixed. The results of our experiments are consistent (at
least roughly) with the idea that additivity always holds,
provided only that in the 1-D experiments the complemen-
tary variables are roved over the appropriate ranges (i.e., the
same ranges that are covered in the multidimensional experi-
ment). In other words, the deficit in the multidimensional
IT (relative to 2 IT,.4 ) caused by interaction of the vari-
ables is adequately reflected in the difference between
2 IT,qeq and = ITg, 4. Further discussions of this idea can
be found in Durlach er al. (1989).

To the extent that further research confirms this pro-
posed generalization, the following implications should be
noted. First, according to this law, the potential reduction in
IT associated with the more complex response coding in the
multidimensional case (e.g., in our experiments, the need to
respond with a four-integer vector in the 4-D case) is negligi-
ble. The reduced IT in the multidimensional case is due pri-
marily to the characteristics of the stimulus set. Second,
since it takes many fewer trials to obtain reliable estimates of
the component 1-D roved ITs than of the multidimensional
IT, the law can be used to save experimental research time.
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'We shall use SMALL CAPS to refer to the corresponding parts on the syn-
thetic Tadoma system throughout the paper.

*For computer manipulation, the displacements were specified in terms of
counts (i.e., steps on the optical encoder of each movement channel servo-
moter). For each of the four movements, a calibration measurement of the
displacement (D) in mm as a function of counts (C) was approximated by
D = k(C - C,), with C>C,. The slopes (k) were 0.016, 0.014,0.015, and
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0.036 and the intercepts (C,) were 130, 20, 46, and 8 for UIO, LIO, LUD,
and JUD, respectively. (The nonzero intercepts were the result of back-
lash in the cable-drive linkages.) In this paper, we specify positions in
terms of mm of displacement, as derived from these straight-line fits.

*These computations included corrections for the bias that occurs in esti-
mates of IT from limited experimental data (Houtsma, 1983; Tan er a/.,
1989). For a detailed description of the corrections, see Tan (1988).

“The entries in Table IV that have the most uncertainty (because of the
large number of confusion-matrix cells relative to the number of trials) are
those for IT,,, the bias-corrected 4-D IT. It should be noted, however,
that the true value of the 4-D IT is bounded from below by 2 IT s and
from above by the uncorrected value of the 4-D IT computed directly from
each subject’s confusion matrix based on 5000 trials. Averaged over sub-
Jects, these bounds are 2.3 and 3.9 bits and the bias-corrected IT,p is 3.3
bits. Although the range of these bounds is rather large, we are unaware of
any method of reducing this uncertainty short of collecting many thou-
sands of additional trials per subject.

*For instance, we examined the effect of a JUD displacement on the IT
obtained through the UIO channel by computing the IT for the 4 X 4 UIO
matrix, which pools data from all UIO 4 X 4 matrices conditioned on the
displacement of JUD.
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