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Frequency of vibration has not been widely used as a parameter for encoding speech-derived information
on the skin. Where it has been used, the frequencies employed have not necessarily been compatible with
the capabilities of the tactile channel, and no determination was made of the information transmitted by
the frequency variable, as differentiated from other parameters used simuitaneously, such as duration,
amplitude, and location. However, several investigators have shown that difference limens for vibration
frequency may be small enough to make stimulus frequency useful in encoding a speech-derived parameter
such as the fundamental frequency of voiced speech. In the studies reported here, measurements have
been made of the frequency discrimination ability of the volar forearm, using both sinusoidal and pulse
waveforms. Stimulus configurations included the constant-frequency vibrations used by other laboratories
as well as frequency-modulated (warbled) stimulus patterns. The frequency of a warbled stimulus was
designed to have temporal variations analogous to those found in speech. The results suggest that it may
be profitable to display the fundamental frequency of voiced speech on the skin as vibratory frequency,
though it might be desirable to recode fundamental frequency into a frequency range more closely

matched to the skin’s capability.

PACS numbers: 43.70.Yg, 43.70.Dn, 43.66.Wv

INTRODUCTION

The concept of using the skin as a surrogate sensory
‘input for the ears or eyes is not new. Recorded efforts
to do so date from the sixteenth century, when Gaspara
Tagliacozzi devised a tactile communication system
(Gnudi and Webster, 1950), Rousseau in 1762 suggested
that the skin could be used to supplement sight and sub-
stitute for hearing (Geldard, 1960), The Braille sys-
tem is perhaps the most familiar example of sensory sub-
stitution in language processing,

Formal efforts to develop a tactile speech encoder
date from the attempts of Gault (1924, 1926) and Gault
and Crane (1928), who first impressed upon the skin the
vibratory outputs of speech signals via a microphone,
amplifier, and a single vibrator, Following these early
efforts, numerous attempts have been made to encode
speech signals into vibratory stimuli in order to help the
profoundly deaf to communicate. These attempts range
from minimally processed microphone signals presented
directly to a single vibrator (Gault, 1924, 1926; Gault
and Crane, 1928; and, in some more recent examples,
Boothroyd, 1970; Erber and Cramer, 1974; Schulte,
1970) to complex vocoder or feature extraction systems
employing a spatio-temporal vibratory code (Engelman
and Rosov, 1975; Goldstein and Stark, 1976; Guelke and
Huyssen, 1959; Keidel, 1974; Kirman, 1974; Kringle- .
botn, 1968, Miller, Engebretson, and De Filippo, 1974;
Pickett, 1963; Pickett and Pickett, 1963; Willemain and
Lee, 1972; for a comprehensive review, see Kirman,
1973).

In all such attempts to date, either the frequency of
the stimulus has not been used for encoding information
or it has been used in conjunction with amplitude or loca-
tion on the skin, so that the contribution of the frequency
parameter was not made clear. The lack of attention to
frequency as an information-bearing parameter is due
in part to the limited frequency range of the skin when
compared to the ear. The skin has a usable bandwidth
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of about 700 Hz compared to the 2—3 kHz in which
most speech information is encoded. In addition, the
skin is a relatively poor frequency analyzer compared
to the ear,

On close examination, the perception of frequency
emerges as a rather complex function, . This is due to"
the interaction of frequency and amplitude in pitch dis-
criminations. As amplitude of vibration increases, the
pitch (subjective vibrotactile frequency) of the signal de-
creases dramatically, especially at high frequencies
(von Békésy, 1957, 1959), Furthermore, pitch as a
function of frequency changes with the neural density
over different parts of the body (von Békésy, 1962).

For regions of high neural density (fingers), pitch rises
more sharply with frequency than for regions of low
neural density (arm). Geldard (1960) has cautioned that
frequency must be used with great discretion as a stimu-
lus variable in a tactile communication system,

In the absence, however, of any better estimate of
what might be the “natural” encoding parameters for a
vibrotactile stimulus at one body site, it is reasonable
to examine first the stimulus parameters of frequency,
amplitude, and waveform. We emphasize the role of
frequency in these investigations because of the impor-
tance of frequency information in the speech signal,
Where the possibility exists, converting frequency in-
formation to a frequency variable might facilitate the
integration of tactile sensations with information from
any residual hearing, or reduce the relearning task of
a prelingually deaf person who has some hearing re-
stored later in life, For the postlingually deaf, learn-
ing to interpret an analogous tactile sensation might be
easier than learning to interpret a nonanalogous sensa-
tion such as amplitude or movement, Using a stimulus
which is “natural” may also be important in motivating
an infant in the initial language learning years, Of
course, the use of a frequency variable for encoding a
specific speech parameter does not preclude the simul-
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gross spectral structure variations, such as the differ-
ences between harmonic-rich vowels and harmonic-poor
sonorant consonants could be encoded into this dimen-
sion,

D. Frequency discrimination

The ability of subjects to make frequency discrimina-
tions with vibrotactile stimuli was investigated using
two types of experiments. In the first type, subsequent-
1y referred to as the constant-frequency method, the
subject was asked to compare two vibratory bursts of
different frequencies., The frequency was held constant
during each burst. In the second type, subsequently
referred to as the warble-tone method, the subject com-
pared a burst of constant frequency with one of time-
varying or “warbled” frequency. For each experiment,
measurements were made using both sinusoids and 1-
msec-wide Gaussian pulses.

1. Constant - frequency method

Using the constant-frequency stimuli, subjects were
presented with a 1-sec sample of a standard frequency
followed by a 1-sec sample of a test frequency, and
asked to judge whether the frequency of the test stimulus
was higher or lower than that of the standard, using a
forced-choice procedure, Measurements were made on
the forearm with both sinusoids and pulse trains, using
five subjects for each waveform., Only one subject was
common to both groups, so that a total of nine subjects
were tested, Pulses were Gaussian shaped and 1.1
msec wide, as measured at the half-power points.
These pulses are hereafter referred to as 1-msec
pulses. The amplitudes were normalized for equal sub-
jective magnitude at 14 dB SL. As is customary, the
difference limen (DL) was considered to be one-half the
difference between the frequency which was called
“greater” than the standard 75% of the time, and that
which was called “smaller” 75% of the time, when the
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data was fit with a normal distribution function., For
each standard frequency, each subject was tested 15
times at each of six values of the test frequency, three
higher than the standard and three lower, The test fre-
quencies were spaced evenly on a log scale, with the
spacing from the highest to the lowest chosen from the
results of preliminary experiments to be about five or
six times the difference limen of an average subject at
that standard.

Since the difference limen tends to vary directly with
frequency, the results (Fig, 5) are plotted as the Weber
fraction Af/f, that is, the difference limen divided by
the reference frequency. Our results are represented
by the solid lines in Fig. 5. As would be expected, the
sine results and pulse results tend to merge at high fre-
quencies where the pulses tend to merge into a sinusoid.
At low frequencies the pulse trains seem to be more dis-
criminable in frequency by a factor of about 2. Inter-
subject variability was generally within about +20% of
the median, except for sinusoids at 150 and 200 Hz,
where the deviations from the median increased to about
40%, with two subjects registering a difference limen
just under 5% of the reference frequency at 150 Hz and
one of those two subjects reaching 3.2% of the reference
frequency at 200 Hz, The increased variability at these
frequencies may have been due to the small number of
subjects used, but also may be related to the changing
nature of the sensation above about 100 Hz, as discussed
below.

In comparing our results to the other frequency DL’s
reported in the literature, as shown in Fig. 5, we find
a somewhat better frequency discrimination than Goff
(1967), especially considering that Goff measured on the
fingers while we used the less sensitive forearm, The
even better discrimination reported by Mowbray and
Gebhard (1957) for pulses applied to a rod held between
the fingertips could be at least partially explained by
their method of double stimulation and the use of a meth-
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