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Perceived magnitude of multiple
electrocutaneous pulses

R. M. SACHS, J. D. MILLER, and K. W. GRANT
Central Institute for the Deaf, St. Louis, Missouri 63110

The subjective magnitude of electrical stimulation
has been studied extensively. Usually, the function
relating the electrical stimulus {(current) to magnitude
estimates can be approximated by a straight line on log-
log coordinates, with a slope between 1.8 (Ekman,
Frankenhaeuser, Levander, & Mellis, 1964, 1966;
Sternbach & Tursky, 1964) and 3.5 (e.g., S. S. Stevens,
Carton, & Shickman, 1958). The dynamic range of
current that elicits sensations between threshold and
pain varies inversely with this slope: high slopes cor-
respond to small ranges (6 to 8 dB) and low slopes cor-
respond to larger dynamic ranges (up to 20 dB). This
inverse relation has been observed across many sensory
modalities (e.g., Poulton, 1968; Rosenblith, 1959;
Teghtsoonian, 1971, 1973), although there is disagree-
ment over whether the relation is due to arbitrary
choices of stimulus range or to true variations in stim-
ulus dynamic range which produce the same range of
sensation.

This study was motivated by the view that the con-
figuration of stimulus (e.g., the type of current wave-
form) might influence growth of perceived magnitude.
Sinusoidal and single-pulse waveforms have been
employed in other magnitude studies and have been
shown to produce pain with a small dynamic range.
Gibson (1968) and Saunders (1974) developed a
stimuius configuration for painless electrical stimula-
tion using multiple pulses of current. This stimulus is
‘“‘quantal.”’ The Saunders scheme consists of bursts
of alternating positive and negative pulses, each with
a duration, 1, of about 10 usec and a peak ampli-
tude, Ipeak, of 10 mA (cf. Figure 1). Average intensity
is changed by increasing or decreasing the number of
such pulses within each burst. We hoped such stimu-
lations would result in shallow loudness slopes and
wide dynamic range in order to facilitate coding
auditory information in the intensity dimension with
a cutaneous stimulator.

In the present study, we have employed the method
of cross-modality matching (CMM) to compare the
perceived magnitude of electrical stimulation on the
abdomen to that of a 500-Hz tone presented by ear-
phones. In this way, we could compare growth of
sensation magnitude for the two modalities, since our
ultimate goal is to substitute the skin for the ear as
a communication channel. We could also infer the
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growth of the skin sensation knowing that the slope
of the loudness/sound-pressure function for a 500-Hz
tone is about .6 (S. S. Stevens, 1966, 1968).

METHOD

Subjects

Three subjects, all with normal hearing, participated in this
experiment. They were: R.M.S., male, age 33; K.W.G., male,
age 23; and B.S.S., female, age 23. The first two alternated as
subject/experimenter.

Stimuli

Bipolar electrical pulses were delivered from a pulse generator
cirenif, originally designed by Saunders (1974), to the abdomen
of the subject through single concentric electrodes. The electrode
was located, depending on the subject, 8 to 12 cm to the right
of the midline, about 1.3 to 3.7 cm above the navel (just below
the rib cage). At the level of the electrode, waist circumferences
were 86, 72, and 56 cm for subjects R.M.S., K.W.G., and B.8.S,,
respectively. The electrode was sterling silver with a raised center
active area of 12 mm’ and a surrounding ground area of 260 mm?*.
The current waveform is shown in Figure 1. Current pulses
(10-mA peak) were delivered at a burst rate, R, of 30 Hz to
produce a sensation that was *‘flutter”-like. Perceived magnitude
was varied by changing N, the number of pulses per burst, and
1, the pulse duration. Each burst could contain from one to as
many as 150 bipolar pulse pairs. The width of each pulse, T,
was a parameter in the experiment, taking on values of 4.5 to
9 usec, depending on subject and condition. Under these condi-
tions, rms current ranged from .23 to 2.8 mA according to the
equation:

Lims = Vpeax -V 2NIR.

This equation is developed in Appendix 1.

A 500-Hz tone was presented over earphones to the right ear
of the subject. Intensity of this tone was under subject control
through the use of a 40-dB range attenuator callibrated in 1.5-dB
steps. Tonal intensity was also under experimenter control with an
additional attenuator in series so that the numbers on the subject’s
attenuator had no consistent reference.

Procedure

In the cross-modality matching procedure, the experimenter
controlled electrical stimulus and the subject adjusted the auditory
stimulus. During each trial, stimuli were repeated in a 5-sec cycle:
5-sec electrical stimulation, .5-sec rest, .S-sec tone, and 3.5-sec
rest. Thus, the successive .5-sec periods of electrocutaneous stimula-
tion were separated by 4.5 sec, which was found in a preliminary
experiment to be sufficiently long to prevent fading or adaptation
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Figure 1. Current waveform delivered to the bipolar electrode
indicating the variables 7 (pulse width in microseconds), N (pulses
per burst), and R (bursts per second).
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of the skin sensation from cycle to cycle. The task of the subject
was to adjust the intensity of the tone so that its perceived mag-
nitude matched that of the electrical stimulus.

On any given day, one subject was tested with the following
overall procedure. First, the skin area receiving the electrode was
cleaned with alcohol, then wetted with physiological saline before
the electrode was strapped on.' After the electrode wires were at-
tached to the current pulse generator, the subject was ‘‘warmed
up’’ with a mild level of current (typically .6 mA rms, corresponding
1o a tonal CMM of 20 to 40 dB SL), using the same 5-sec cycling
time as in the CMM experiment. This warm-up, lasting at least
S min, was followed by at least two or three practice trials using
the CMM procedure. Then thresholds for both the tone and the
electrocutaneous stimulation were obtained by an adjustment pro-
cedure. Tone levels were varied by the subject’s attenuator. Cur-
rent levels were adjusted by varving 1, the duration of the cur-
rent pulses, with a burst rate, R, of 30 Hz, and a pulse number,
N, of 3. Then, an average of 20 CMM adjustment trials were
presented, with N and sometimes T being varied from trial to trial
by the experimenter. Finallv, current and tone thresholds were
again obtained. Upon removal of the electrode, measurement of
the electrode location was taken relative to the navel to insure the
same stimulation site for a given subject.

RESULTS

Cross-Modality Matching

Data were taken with two pulse durations, 7, for
Subjects R.M.S. and K.W.G., and with one pulse
duration for Subject B.S.S. Figure 2 shows the raw
adjustments obtained with a burst rate, R, of 30 Hz.
The abscissa is N, the number of pulses per burst, on
a log scale, and the ordinate is sensation level of the
matched tone in decibels. Each graph in this figure,
representing one subject and pulse duration, contains
form 58 to 125 adjustments (mean =90) obtained
over 5 to 9 days. Each day is indicated by a different
symbol. The experience in this CMM task prior to
this data collection varied among subjects: R.M.S.
and K.W.G. each practiced 15 days, and B.S.S.
practiced 1 day. These differences in experience did
not seem to affect variability in the data. A line of
best fit is drawn through each set of data to minimize
the mean square deviations in the y direction. The
degree of correlation between rms current and tone
levels ranged from r=.40 to r=.91. Similarly, the
standard deviation about the best straight line ranged
from +14.1t06.7 dB.

By reanalyzing the data, it was seen that the rather
larger standard deviations in matched tonal level are
actually much smaller, taken one day at a time. We
noticed that, for any given subject and pulse duration,
the best straight line describing the CMM data on one
day was nearly parallel to those on other days. It was
as if sensitivity for this electrical stimulus changed
from day to day. By shifting a given day’s data hori-
zontally along the log N axis, it was possible to reduce
the standard deviations in the CMM data for each
subject and pulse duration. The method by which
these shifts were made is described in Appendix 2.
The results of this transformation are shown in Fig-

ure 3. Each graph represents a different subject and
pulse duration. The best straight lines shown in these
five graphs are essentially the same as those from the
corresponding unshifted data. The standard devia-
tions about these lines, which were originally 7 to
14 dB, are now 6 to 8 dB. The correlation coefficients,
originally, .40 to .91, are now .92 to .93. The unshifted
data yielding the smallest scatter and standard devia-
tions (for R.M.S. at T=6 usec) were not affected
greatly by the shifting process. But the most variable
unshifted data (for K.W.G. at 1=4.5 usec) show a
reduction in standard deviation by more than a fac-
tor of 2 when shifted. The correlation coefficients
and standard deviations for all conditions and for
both normal and shifted analyses are given in Table 1.

If daily shifts in CMM functions are due to changes
in sensitivity from day to day, then there ought to be
a covariation of the shifts along the log N axis used
to construct Figure 3 and daily measures of pulse
width at absolute threshold. However, the correla-
tion between these two variables across all subjects
and conditions is low (r=.4).*> One possible reason
for this low correlation is that perceived magnitude
may not depend strongly on what happens at threshold.
Another very likely reason is that adjusting t for
threshold may be inappropriate: if N had been adjusted
instead, the correlation might have been higher. This is
because threshold pulse width is practically independent
of pulse number, a finding described in the next section.

Another point of interest from Figures 2 and 3 con-
cerns dynamic range: It was possible to produce
electrocutaneous sensations that were matched to
acoustic intensities from threshold to more than
70 dB above threshold. The corresponding range of
rms current over which sensation grew was about
25 dB (due to changes in both T and N.) However, on
any given day the effective dynamic range for current
might be reduced. For example, one day the current
threshold might be elevated and, of course, the max-
imum pulse number (N = 150) could not be exceeded
(see Figure 2A, Day 5). Another day (especially for
=09 usec), current threshold might be so low that the
minimum pulse number (N=1) would produce a
suprathreshold sensation; yet sensations would also
plateau for pulse numbers exceeding some moderate
value (see Figure 2B, Day 3).

The primary quantity of interest in this study is the
slope of the CMM function, which was relatively
constant from day to day for a given subject and
pulse width. The slopes of the best straight lines from
Figure 3 are given in Table 2, column 3, as the ratio
log sound pressure/log N. These slopes have been
doubled to obtain another set of slopes in column 4
which relate sound pressure to rms current. The slope
for all data combined is 3.0+.1 (95% confined limits).
In the last column of this table are estimates of
electrocutaneous sensation-magnitude slope, which
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were obtained by multiplying the fourth-column
slopes by .6, the slope relating log (magnitude estimate)
to log (sound pressure) for a 500-Hz tone (S. S.
Stevens, 1966, 1968). The result is a mean slope of
1.8. In the discussion section, we compare this result
with the slopes obtained by other investigators using
electrocutaneous stimulation.
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Figure 2. Cross-modality equal-londness match of a 500-Hz tone
(in Db SL) for a given level of electrocutaneous stimulation
(N pulses per burst). Each panel represents a different subject
or pulse width, 7. Each data point represents a single adjustment,
its number indicating a different day in chronological order. Lines
represent linear fits that minimize variation in matched tone level.

Another interesting aspect of our results concerns
the relative contribution of pulse width, 1, and pulse
number per burst, N, to perceived magnitude. The
data show, in a preliminary way, that sensation mag-
nitude grows much faster with pulse width than
with pulse number. From Figures 3A, 3B (Subject
K.W.G.), 3D, and 3E (Subject R.M.S.), one can ob-
tain 2-point estimates of the slope relating log pressure
to log  at any N. This slope varies from 4 to 6.3 (8 to
12.6 in terms of rms current) for K.W.G., depending
on N. For R.M.S., the corresponding slope varies
from 2.4 to 5.6 (4.8 to 11.3). At an intermediate
value of N (16), the slope relating log pressure to log
current (by varying 1) is 9.5 for K.W.G. and 8.4 for
R.M.S. In contrast, the same slope when varying N is
about 2.2 for K.W.G. and 3.0 for R.M.S. when aver-
aged over the two values of t (see Table 2). Thus,
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electrocutaneous sensation magnitude appears to
grow three to four times faster with pulse width than
with number of pulses per burst.? This result is at
odds with the notion that the only aspect of the
stimulating waveform that contributes to sensation
magnitude is rms current. (Recall that, for our pulsed
stimulation, Iims = Ipeak - V 2NTR.) The notion that
because N and 1 contribute equally to rms current,
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Figure 3. Same as Figure 2, except that data points have been
shifted horizontally, an equal amount for a given day, so as
to further reduce the variation in matched tone level, according
to the method of Appendix 2.

they also contribute equally to loudness is not sup-
ported by our data.

Trading of r, N,and R

In a separate experiment, by examining directly the
tradability of 7, N, and R in producing signals that
are just detectable and signals that have equal sensa-
tion magnitude, we tested the hypothesis that loud-
ness is based only on rms current. Figure 4 shows
how 1, N, and R trade at threshold for two subjects.
Stimuli of .5 sec duration were presented every 5 sec.
When 7 is adjusted for threshold, there is little de-
pendence on N or R: a reduction in T of only 25% is
required for a 10-fold increase in either N or R (a
trade of 1:8).

Next, we measured the tradability of N and R at
fixed T for suprathreshold levels in a tactile loudness-
balance task. In this case, we presented .5-sec stimuli
every 3 sec, so that a standard tactile stimulus alter-
nated with one in which the subject could adjust N.



Table 1
Correlation Coefficients and Standard Deviations
in Matched Tone Levels for CMM Experiment
in Which Pulse Number is Varied

r SD**
Number
Subject * of Trials N S N S
K.W.G. 45 65 40 92 14.1 6.2
K.W.G. 9.0 77 63 92 12.4 6.3
B.S.S. 5.0 123 .88 93 10.4 7.9
R.M.S. 6.0 58 91 92 6.7 6.1
RM.S. 9.0 125 .81 93 12.6 7.9
Combined 448 64 .92 16.3 8.1

Note~N = normal; § = shifted.
*In microseconds.  **In decibels.

Table 2
Slopes of Cross-Modality Matching Functions (Shifted Data)
Relating Sound Pressure (P) to Pulse Number (N) and
Current (Iyyg) * 95% Confidence Limits (CL)

log P/log Iy

log P/ log ME/

Subject ™* log N Slope CL  log Ly
K.W.G. 4.5 91 1.82 .20 1.10
KW.G. 9.0 1.22 247 24 1.46
B.S.S. 5.0 2.07 4.14 29 2.48
R.M.S. 6.0 1.37 274 30 1.64
R.M.S. 9.0 1.60 3.26 .23 1.93
Combined 1.49 298 A2 1.79

Note—Slope of magnitude estimate (ME) vs. current is obtained
by multiplying P vs. Iy slope by .6. *In microseconds.

The standard and variable burst rates were also dif-
ferent, in general. Results for two subjects are shown
in Figure 5 in graphs of log N vs. Log R. The standard
R was fixed at 30 Hz. The standard N was either 16
or 64 pulses/burst. The data conform fairly well to a
slope of —1, implying a 1:1 trade between N and R.
This trade begins to break down for lower burst
rates, suggesting that loudness is based on individual
bursts of pulses if the bursts occur far enough apart
in time.

There is an important consequence to our observa-
tion of 1:1 trading between N and R. If one chooses
to change pitch only by varying R, one must simul-
taneously vary N to avoid changes in sensation
magnitude.

DISCUSSION

Exponent for Electrocutaneous Loudness

Our average estimate of the slope of the function
relating electrocutaneous magnitude to rms current
is about 1.8 when pulse number, N, is varied. This
slope, which estimates the power function exponent
for the magnitude of electrocutaneous sensation,
may seem very shallow compared with the classical
results of S. S, Stevens and his co-workers at the
Harvard Laboratory of Psychophysics (J. C. Stevens,
Mack, & S. S. Stevens, 1960; S. S. Stevens, 1959;
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S. S. Stevens et al., 1958). Using finger-cup electrodes
and 60-Hz sinusoidal current that varied in amplitude,
these researchers obtained slopes of about 3.5. Our
shallower slopes suggest a more practical scheme for
coding intensive information due to the resulting
wider dynamic range of current that can be employed.
However, we cannot necessarily attribute this slope
difference to the particular kind of current pulse
stimulation, body location, or electrode configura-
tion we used. Cross, Tursky, and Lodge (1975),
Sternbach and Tursky (1964), and others, using con-
centric electrodes on the dorsal forearm and sinusoidal
amplitude-varying current, obtained exponents of
1.8 to 2.3. This suggests that the use of sinusoidal
current is not the reason for large exponents. More
important, Sternbach and Tursky (1964) have repli-
cated the Harvard experiments in all respects (method,
location, electrode configuration, and type of stim-
ulation), with a resulting exponent averaging 1.9.
They suggest that the different outcome is due to dif-
ferences in subjects. Furthermore, varying pulse
number is not the only way to obtain shallow slopes
with pulsed stimulation. Babkoff (1978) obtained
magnitude estimation slopes for single, variable-
amplitude current pulses that ranged from 1.4 to .9
as pulse width changed from 100 to 6,400 usec.
Psychophysical method can also be an important
difference in comparing studies. Those experiments
in which cross-modality matching was used (e.g.,
Cross et al., 1975, and S. S. Stevens, 1959) were
counterbalanced in such a way as to minimize regres-
sion bias. Our investigation was not balanced, in that
subjects varied the stimulus only in the auditory
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Figure 4. Tradability of T, N, and R at threshold for two sub-
jects. Each data point represents a single adjustment of tau as a
function of either R (panel A) or N (panel B). Lines are drawn
through median values.
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Figure 5. Tradability of N and R for suprathreshold electro-
cutaneous loudness balance. Each data point represents one adjust-
ment of the variable N, for a given R, to match a standard
pulse train consisting of N, (16 or 64 pulses) and R, (30 bursts/
sec). Each panel is a different subject. Time course of alternating
stimuli is indicated in panel A top. Lines are drawn through
median values. Tau=6 usec for B.S.S. (N, =16,64) and R.M.S.
(N; =16). Tau =9 psec for R.M.S. (N, =64).

modality. The result is that our slopes are under-
estimated due to regression bias. Thus, it appears
possible that the use of pulse-number modulation
with concentric electrodes on the abdomen does not
produce sensation-magnitude functions any different
from those obtained with sinusoidal current or single-
pulse stimulation at other body sites or with other
electrode configurations. Claims of differences could
best be evaluated in a balanced experiment with

many types of stimulation using the same subjects
and method.

A statement should also be made about the num-
ber of subjects we have used in our cross-modality
matching experiment. Most studies of perceived mag-
nitude use a larger subject base, typically 10 or more,
to derive an estimate of the loudness exponent. Thus,
our combined cross-modality matching slope of 3.0
may have changed to some new value outside the
+.1 range (see Table 1) if more subjects had been
used. However, we chose in this study to emphasize
the within-subject variability one obtained in this
procedure. The characteristics of this variability must
be understood if one is to properly fit a sensory sub-
stitution device on individuals. Hence, we observe
that when large variability exists, it is predominantly
due to day-to-day changes in absolute current, yield-
ing a given tonal match rather than the rate of growth
of the tonal match as current increases.

Interaction of , N, and R

In our evaluation of tradability of t, N, and R,
we noted that increasing R above 30 Hz could be
offset by a proportional decrease in N to maintain
sensory magnitude. However, an increase in R or N
by a factor of 10 could be offset by only a very slight
decrease (25%) in pulse width, 1, at threshold. This
latter result is consistent with that of Saunders
(1974), who found that pulse width at threshold for
single-pulse bursts was essentially unchanged for
burst rates of 60 and 200 Hz. The relative inability
of pulse number to affect threshold has been docu-
mented by Gibson (1968) and Rollman (1974) for
pulse numbers exceeding 3 or 4. In these cases, the
trade was between pulse number and pulse ampli-
tude (rather than duration), but in Rollman’s experi-
ment pulse width was 100 usec, and, at this and
shorter durations, threshold is affected equally by
amplitude and duration (Rollman, 1974; Saunders,
1974). It is interesting that Rothenburg and Verrillo
(1976), using mechanical vibration, also concluded
that threshold displacement amplitude was little af-
fected by frequency if trains of single narrow pulses
were used instead of sine-wave stimulation. Our result
is similar to theirs if one considers current-pulse
amplitude analogous to vibration displacement.

Coding Intensity Information

Another important issue concerns the coding of
information by varying the intensity of electrocuta-
neous stimulation. The most direct way to evaluate
pulse-number coding of intensity is to use the method
of absolute identification with a set of ‘‘equally
spaced’’ and easily discriminable stimuli (Garner &
Hake, 1951). In a short experiment, we performed
this task using two subjects, presenting stimuli con-
taining random vaiues of N and using .5-sec-duration
30-Hz bursts repeated every 5 sec. Under the best of
conditions (given knowledge of the stimulus set, un-



limited time to respond, and trial-by-trial feedback),
both observers could identify three widely spaced
stimuli perfectly. When five or seven stimulus choices
were given, the observers did not improve their
information transfer significantly, even though the
alternatives could always be discriminated pairwise.
This result is consistent with other studies of tactile
information coding. Hawkes (1961) measured identi-
fication of electrical stimulation by varying the am-
plitude of a sinusoidal current using a fingertip elec-
trode. He found that subjects could absolutely iden-
tify (with no errors) only two steps throughout the
usable dynamic range of current. He stated that three
alternatives might yield 100% identification perfor-
mance with extensive practice. The only other study
of tactile information coding of intensity known to
us concerns vibratory, not electrical, stimulation.
Geldard (1957) chose to limit the number of abso-
lutely identifiable steps to three within the range of
20 to 400 p on the ventral thorax.

Intensity Coding in Tactile Aids for the Deaf

Electrocutaneous stimulation has been used by
several investigators as a sensory substitution for the
deaf. Both Saunders (1974) and Sparks, Kuhl,
Edmonds, and Gray (1978) used spectrally based
electrode arrays on the abdomen, and both used
pulsed stimulation. In Saunders’ scheme, the energy
in each band of audio frequencies is used to vary the
pulse number, N, delivered to a given electrode.
Thus, auditory intensity is mapped into tactile inten-
sity by varying N. Sparks chose to code intensity
spatially: Each frequency region is represented by a
column of eight electrodes; electrodes higher up in
the column are stimulated for greater auditory inten-
sity. In a nonspectral patterning scheme, Scott and
De Filippo (1977) used electrocutaneous stimulation
with up to three electrodes on the hand. Like
Saunders, Scott coded intensity with the N variable.
In all of the above schemes, the burst rate was held
constant (at either 100 or 160 Hz), thus avoiding the
problem of having both N and R affect sensory mag-
nitude. It is not clear which method of coding inten-
sity (spatially or with N) can provide more informa-
tion to the user, although the spatial method appears
to have the potential advantage, given enough dis-
tance between electrodes.

Summary and Conclusions

A scheme to code sensory magnitude with pulsed
electrocutaneous stimulation was used with a single
concentric electrode by changing the number of current
pulses per burst of pulses, as suggested by Saunders
(1974). Using a burst rate of 30 Hz to achieve a flutter-
like sensation, sensory magnitude was evaluated by
varying the magnitude of a 500-Hz tone to match the
perceived electrocutaneous magnitude. The inferred
relation for this kind of stimulation sensation is that
electrocutaneous magnitude grows as the 1.8 power of
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rms current. It was observed that much of the vari-
ability in the data for matched tonal level (as much as
+14 dB) could be accounted for by day-to-day varia-
tions in current sensitivity. When this variability is
removed through statistical manipulation of the data,
all standard deviations are reduced to about +7 dB
and correlations are in excess of .91. In spite of our
efforts, we were unable to discover a method to elim-
inate the variations as they actually occurred. While the
slope of the matching functions remained relatively
stable from day to day, the maximum match, the
minimum match, and the difference between the two
all varied over ranges of nearly 30 dB. These large
changes were apparent to the observer even before
the matching task was begun.

In a separate experiment, the tradability of pulse
width, 1, pulse number per burst, N, and burst rate,
R, was examined. As R was increased 10-fold,
threshold or suprathreshold sensations were held
constant by either a proportional 10-fold decrease in
N or only a slight (25%) decrease in 1.

It was observed that, like other forms of electro-
and vibrotactile stimulation, the use of pulse num-
ber, N, to code intensity would result in the use of
only three stimulus levels that could be absolutely
identified. The chief advantage of this coding scheme
is its ability to provide a wide range of sensations
without evoking pain.
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NOTES

1. The use of physiological saline foliows the recommendation
of Saunders (1974). In our experience, skin moisture is maintained
under the electrode throughout the experimental session, in agree-
ment with Saunders (1977). Thus, we would not expect current
sensitivity to change during a session due to a change in salt
concentration.

2. The correlation was between Xshift;, the ith day’s shifted dis-
tance along the log N axis, and log T, the log of the ith day’s
threshold width. Each 7, was first normalized for a given subject’s
mean threshold, so as to obtain a correlation independent of this
factor.

3. From Figure 3, one can also obtain a two-point estimate of
how 1 interacts with N to produce a constant cross-modality match.
The result is variable, but nevertheless illustrates how much more
sensitive one is to changes in 1. For example, at an intermediate
tone adjustment of 35 dB SL, a doubling of t for Subject K.W.G.
was offset by a decrease in N from 150 to 4 (37:1). For Sub-
ject R.M.S., a similar computation results in a reduction in N of
7:1 for an effective doubling of 7.

APPENDIX 1
Derivation of rms Current

The current waveform delivered to the bipolar electrode
is depicted in Figure 1. Biphasic current pulses have pulse
width T and repeat every .1 msec until a burst of N pulses
have occurred. The bursts are repeated every 1/R sec.
From the definition of root mean square,

—
lems = [

/ %)
- [R fo' Rll(t)dt]

v;
_ [R N7 Hhea dI] :

S IRIN T 11" = peak VIR

where T = waveform period. In our CMM experiments,
R =30H72 N =11015,7 = 45109 usec, and lpeax =
10 mA. Thus, l;q lies in the range from . 164 10 2.85 mA.

APPENDIX 2
Method of Data Shift

Data points in Figure 2 have been shifted horizontally
in such a way as to reduce the mean square deviations in
the vertical (v) direction. This shifting was accomplished in
the following manner:

(1) For the ith day’s set of data, a best linear fit is
obtained (minimizing the standard deviations about the
line in the y direction). This line is described by its slope
and average x and v values: slope;, X, Y;. Note Yj is ex-
pressed in dB SL, whereas X; is expressed in log N units.

(2) The median slope, slopep, is calculated from the n
individual slopes.

(3) An x-intercept, Xint;, is calculated for the ith line
using the median slope:

Y;
slopem

Xint; = X —

(4) Each line and its corresponding data points are shifted
by the difference between Xint; and the mean x-intercept-

> Xint
Xshift; = Xint — Xintj = =

- Xint;.

(5) A new best linear fit is calculated from the shifted
data. The procedure is illustrated in Figure Al.
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Figure Al. lllustration of method for shifting cross-modality
matching data horizontally so as to reduce standard deviation
in matched tone level. See Appendix 2 for details.
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