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The Pacinian system has been found to mediate the
tactile perception of high-frequency vibrations (Bolan-
owski, Gescheider, Verrillo, & Checkosky, 1988; Horch,
1991; Hyvärinen, Sakata, Talbot, & Mountcastle, 1968;
Mountcastle, Talbot, Darian-Smith, & Kornhuber, 1967;
Mountcastle, Talbot, Sakata, & Hyvärinen, 1969; Ochoa
& Torebjörk, 1983; Talbot, Darian-Smith, Kornhuber, &
Mountcastle, 1968; Verrillo, 1966). However, despite the
abundance of studies on this sensory channel, few have
investigated its ability to convey information about non-
sinusoidal waveforms (see Bensmaïa & Hollins, 2000;
Formby, Morgan, Forrest, & Raney, 1992; Horch, 1991;
Lamoré, Muijser, & Keemink, 1986; Morley, Archer,
Ferrington, Rowe, & Turman, 1990; Weisenberger, 1986).
In a previous study (Bensmaïa & Hollins, 2000), we found
that subjects could not use Pacinian signals to discriminate
between diharmonic stimuli that differed only in the phase
angle of the high-frequency component with respect to
the low-frequency component. The fact that phase rela-
tions among frequency components are ignored suggests
that spectral composition, rather than waveform per se,
plays a primary role in shaping the Pacinian representa-
tion of a complex wave. Beyond that, the degree to which

the Pacinian system can convey information about com-
plex vibratory stimuli is as yet unspecified.

Even with regard to the discriminability of sinusoidal
waveforms within the Pacinian range, the literature is in-
conclusive. An early study by Goff (1967) showed fre-
quency discrimination to be rather poor and to grow worse
(i.e., Weber fractions increased) as the standard frequency
increased; once vibrotactile channel specificity had been
established (Verrillo, 1968), Goff’s results seemed to sug-
gest that the Pacinian channel, when isolated, was capable
of mediating only rudimentary frequency discrimination.
In later work, using improved stimulus control, the Weber
fraction was found to remain roughly constant across the
high-frequency portion of the spectrum (Mountcastle,
Steinmetz, & Romo, 1990; Mountcastle et al., 1969). Per-
haps the most remarkable report of frequency discrimina-
tion was that of Franzén and Nordmark (1975), who found
Weber fractions as low as 0.03 at frequencies up to 384 Hz;
but their stimuli were brief, half-wave rectified blips, rather
than sinusoids. 

In the present study, we measured subjects’ ability to
distinguish between pairs of high-frequency simple and
polyharmonic stimuli. The objective was to infer, from
the pattern of confusions, the degree to which the Pacin-
ian system could convey temporal and intensive infor-
mation about the stimuli. We wished to ascertain whether
the discriminability of a pair of stimuli could be fully ex-
plained in terms of the intensity of these stimuli, as pre-
vious f indings might suggest (Makous, Friedman, &
Vierck, 1995), or whether temporal factors also play a
role in shaping the vibratory percept. We first imple-
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The objective of the study was to characterize the Pacinian representation of stimulus waveform.
Subjects were presented with pairs of high-frequency vibrotactile stimuli that varied in intensity and/or
frequency content and made same–different judgments under conditions of low-frequency adaptation
designed to minimize the contribution of the RA system. We wished to infer the nature of the informa-
tion conveyed by the Pacinian system about the stimuli from measured sensitivity (d′) to stimulus dif-
ferences. We first tested the hypothesis that the Pacinian system conveys only intensive information
about vibratory stimuli and found that intensive cues could not account for much of the variance in the
discrimination data. We then proposed a model characterizing the Pacinian-mediated representation
of an arbitrary stimulus as a pattern of activation in a set of frequency-tuned minichannels. The model
was shown to predict the discriminability of the stimulus pairs presented in the psychophysical ex-
periments. Furthermore, the model parameters, optimized to fit the discrimination data, were com-
patible with analogous values obtained in other experimental contexts. One of the assumptions un-
derlying the model is that information about individual spectral components is conveyed in parallel and
quasi-independently. By simulating the response of a population of Pacinian afferents to a polyharmonic
stimulus, we demonstrated that such a population can simultaneously convey information about mul-
tiple frequency components, despite having a homogeneous spectral profile.
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mented a psychophysical model—that is, a model relat-
ing a stimulus to its sensory representation—in an at-
tempt to account for the discrimination data solely in
terms of spectral power. We concluded that subjects’ per-
formance could not be predicted on the basis of intensity
cues alone. Accordingly, we sought to develop a frame-
work describing how temporal and intensive cues com-
bine to yield the observed pattern of confusions.

The Pacinian system has been likened to a critical
band filter, drawing an analogy with the auditory system
(Makous et al., 1995; Marks, 1979). This analogy is apt,
given the similarity of the relevant energies in the two
sensory modalities. Taking the auditory analogy one step
further, we wished to assess the extent to which vibro-
tactile representations are functionally analogous to their
auditory counterparts. To that end, we drew from theo-
ries describing the representation of pure tones in the au-
ditory system (Moore & Patterson, 1986) and from the-
ories describing the representation of contrast gratings
in the visual system (DeValois & DeValois, 1988) to de-
velop a model that describes the informational content of
the Pacinian representations of simple and complex vi-
brotactile stimuli. The model proposes that stimuli differ-
ing in their temporal and intensive characteristics produce
different patterns of activation in a set of frequency-tuned
minichannels—analogous to spatial frequency channels
described for the visual system (DeValois & DeValois,
1988)—and that the perceived dissimilarity of pairs of
stimuli is a function of differences in the patterns of ac-
tivation they elicit in these hypothetical channels. The
model incorporates assumptions that (1) the Weber frac-
tion for frequency discrimination is constant across fre-
quencies, (2) the subjective intensity of a given spectral
component is a power function of its Pacinian-weighted
power, and (3) individual components of polyharmonic
stimuli are represented quasi-independently within the
Pacinian system.

Since there is no evidence to suggest that individual
Pacinian neurons in the somatosensory cortex are nar-
rowly tuned to stimulus frequency (Ferrington & Rowe,
1980; Mountcastle et al., 1969), we remain noncommit-
tal as to the neural substrates underlying the representa-
tion of stimulus frequency and amplitude. However, by
simulating the response of a population of Pacinian re-
ceptors to a polyharmonic stimulus, we explore the pos-
sibility that such a population can convey information
about multiple frequency components simultaneously,
despite having a uniform spectral profile. 

METHOD

Subjects
The subjects were 4 male and 2 female students from the Uni-

versity of North Carolina, ranging in age from 22 to 31 years. Four
of the 6 participated in both sets of discriminations making up the
study. A 5th subject discontinued his participation after completing
the first set of discriminations and was replaced by one of the au-
thors (J.Y.) for the second set. Except for J.Y., all the subjects were
paid for their participation and were naive as to the purposes of the
experiments. J.Y.’s data closely resembled those of the other subjects.

Apparatus and Stimuli
Vibrotactile stimuli were delivered through a vibrator (Minishaker

4810, Brüel & Kjær), mounted on an adjustable platform under the
experimental table. A circular Delrin contactor with a 1-cm diam-
eter was fixed to the vibrator and passed through a hole in the table.
The hole was fitted with a Plexiglas annulus with an inner diame-
ter of 1.2 cm, which left a 1-mm gap between contactor and sur-
round. The vibrator was driven by an arbitrary waveform generator
(PCIP-AWFG, Keithley) via a power amplifier (Type 2706, Brüel
& Kjær). Stimulus waveform and intensity were monitored via an
accelerometer (Type 4371, Brüel & Kjær), whose signal was ampli-
fied (charge amplifier, Type 2635, Brüel & Kjær) and was sampled
at 50 kHz by an analog-to-digital converter (CIO-DAS1602/16,
ComputerBoards).

Two sets of stimuli were devised to develop and test the models.
The data obtained from the first, larger stimulus set were used to de-
rive model parameters and provided a first test of the model’s abil-
ity to predict the discriminability of the stimuli. The data from the
second stimulus set were used as an additional test of the model’s
predictive power. The second stimulus set included triharmonic
stimuli, which offered more opportunities for intercomponent in-
terference and, thus, further challenged one of the model’s central
assumptions—namely, that multiple frequency components are rep-
resented quasi-independently of one another.

The first set of stimuli consisted of sinusoidal and diharmonic
mechanical vibrations that varied in their frequency content and in-
tensity. The frequencies of the simple sinusoids were 100, 150, 200,
and 300 Hz; the diharmonic stimuli were superimposed sinusoids
with frequencies 100Hz�200Hz, 100Hz�300Hz, and 150Hz�
300Hz. The frequencies were chosen so that the stimuli vigorously
stimulated the Pacinian system while eliciting little response in the
RA system (Bensmaïa & Hollins, 2000), which terminates in
Meissner corpuscles at the sensory periphery. Stimulus intensities
were determined with respect to the subjects’ psychophysical
thresholds, which were measured using a standard two-alternative
forced choice paradigm in preliminary experiments. Simple (i.e.,
one-component) stimuli were set to three intensity levels: 17, 20,
and 23 dBs above threshold (SL) at their respective frequencies. Di-
harmonic stimuli were adjusted so that (1) the two frequency com-
ponents of each stimulus were of equal amplitude and (2) the over-
all Pacinian-weighted power of each stimulus was equal to that of
simple sinusoids at each of the three chosen sensation levels. Follow-
ing Makous et al. (1995), the ability of each spectral component to ex-
cite the Pacinian system was expressed as a function of its spectral
power (A2f 2) divided by threshold power (T2f 2) at that frequency. Ac-
cording to Makous et al., this quantity, summed across all frequencies,
constitutes a measure of the ability of a stimulus to excite the Pacin-
ian system. Accordingly, the amplitudes of the spectral components of
each diharmonic stimulus were set using the following equation:

(1)

where As is the amplitude (set at 17, 20, or 23 db SL) of a simple si-
nusoid at frequency fs, and Ac is the amplitude of the components
of a diharmonic stimulus at frequencies f1 and f2. The frequency
terms are left in Equation 1 for illustrative purposes but are omit-
ted in other equations for clarity, since they systematically cancel
out. The left side of the equation reduces to 50, 100, or 200 for As’s
at 17, 20, and 23 dB SL, respectively. Solving for Ac, 

(2)

The first stimulus set consisted of 21 different stimuli, 12 simple
and 9 diharmonic stimuli; 50-msec samples of the diharmonic
waveforms are shown at the bottom right of Figure 1.
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The second stimulus set comprised complex stimuli consisting of
two or three superimposed sinusoids. The frequency pairs/triplets
employed were 200Hz�400Hz, 100Hz�200Hz�400Hz, 100Hz�
300Hz�400Hz, and 200Hz�300Hz�400Hz. The component am-
plitudes for each complex waveform were again computed by a
two-step process: First, the Pacinian-weighted power of the overall
waveform was (as before) equated with that of a simple sinusoid at
17, 20, or 23 dB SL; second, the frequency components of each

waveform were matched in Pacinian-weighted power, rather than
(as in the first series) in amplitude. In other words, the total power
of the waveform was divided by the number of spectral compo-
nents, and the amplitude of each component was set so that its
power was equal to that of the other component(s) in a given stim-
ulus. We equated the components in power, rather than in ampli-
tude, in order to ensure that the perception of polyharmonic stimuli
was not dominated by one frequency component, a genuine possi-

Figure 1. Distribution of d ′s for the first data set. Top right panel shows the overall distribution;
the other histograms show subsets of the data. Vertical line denotes the mean of each distribution.
Bottom right panel shows 50-msec segments of the complex stimuli included in Set 1. PS denotes
Pacinian-weighted power.
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bility given the steep transfer function of the Pacinian system be-
tween 100 and 300 Hz (see Bensmaïa & Hollins, 2000). The am-
plitude of each component was given by

(3)

where Afi
and Tfi

are the amplitude of the spectral component and
threshold at frequency fi, respectively, n is the number of frequency
components in the waveform (two or three), A2

s/T 2
s is the Pacinian-

weighted power of a simple sinusoid (with As at 17, 20, or 23 dB
SL). The second stimulus set, then, comprised 12 different stimuli
(3 with two frequency components and 9 with three); 50-msec sam-
ples of the stimulus waveforms used in Set 2 are shown at the bot-
tom of Figure 2.

Procedure
The subject, seated at the experimental table, rested his/her domi-

nant hand on its surface so that the index fingertip covered the hole in
the Plexiglas annulus. The contactor was then raised slowly by the ex-
perimenter 500 μm beyond the point at which the subject reported

barely sensing it. Earphones playing pink noise sufficiently loud to
mask the sounds produced by the vibrator were then placed on the sub-
ject, and the vibrator was calibrated at all the relevant frequencies.

The calibration routine was followed by a period of vibrotactile
adaptation that lasted 300 sec. Extended vibratory stimulation
(adaptation) at a given frequency has been shown to reduce the sen-
sitivity of the channel(s) that mediates the perception of that vibra-
tory stimulus (Gescheider & Verrillo, 1979; Gescheider & Wright,
1968, 1969; Hollins, Goble, Whitsel, & Tommerdahl, 1990; Ver-
rillo & Gescheider, 1977). The adapting stimulus was a 10-Hz me-
chanical sinusoid at 30 dB SL, which was shown in a previous study
(Bensmaïa & Hollins, 2000) to raise subjects’ (RA-mediated) low-
frequency thresholds by at least 10 dB while minimally affecting
sensitivity in the high-frequency (Pacinian-mediated) range. The
adapting stimulus was included in order to minimize the contribu-
tion of the RA system in the discrimination of the vibratory stimuli
(see Bensmaïa & Hollins, 2000).1

At the offset of the adapting stimulus, a 2-sec white LED switched
on to signal the beginning of a discrimination trial. On each trial,
the subjects were presented with a pair of waveforms (from one of
the two stimulus sets) for 1 sec each, separated by a 1-sec inter-
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Figure 2. Distribution of d ′s for the second data set. Bottom panels show 50-msec
segments of the complex stimuli contained in Set 2.
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stimulus interval. The presentation of each vibrotactile stimulus
was signaled by a colored LED. A fourth LED came on immedi-
ately after the offset of the second stimulus to prompt the subject for
a response. The subjects were to press one button if they felt that the
two waveforms had been identical and another if they felt that the
two waveforms differed in any way. The subjects were told that on
some trials, the two stimuli would be identical, whereas on others,
they would be different. They were instructed to respond as rapidly
as possible after the onset of the fourth LED. When the subject had
responded, a 10-sec intertrial period began, the first 8 sec of which
contained a 10-Hz, 30-dB SL adapting stimulus to maintain the
subjects’ level of RA adaptation (see Bensmaïa & Hollins, 2000).
The order of presentation of the stimuli within each pair was ran-
domized, as was that of the stimulus pairs within a run.

Each run with the first stimulus set consisted of the presentation
of each of 140 pairs, including 119 different and 21 same pairs. Not
all possible combinations of different pairs were presented (see
Table 1). Each of six experimental sessions consisted of 2 runs; the
subjects were allowed a 15-min break between runs. The first 2 runs
were for practice and were not included in the analysis. Upon com-
pletion of 12 runs on the first stimulus set, the subjects followed the
same procedure with the second stimulus set, which comprised 12
runs with 66 different and 24 same pairs (each same pair was pre-
sented twice to reduce bias towards different judgments). We thus
obtained 10 same–different judgments from each subject for each
stimulus pair from each set (except for the same pairs in the second
set, for which 20 judgments were obtained).

Analysis
The raw data consisted of the proportion of trials on which each

pair of stimuli was judged as different. Our objective was to derive,
from these proportions, the subjects’ sensitivity to differences in
the frequency content and intensity of the paired stimuli. We used
same–different d′s, assuming a differencing rule (Sorkin, 1962), as
our measure of sensitivity (cf. Bensmaïa & Hollins, 2000). Of the
two d′ measures associated with the same–different paradigm, the
one assuming a differencing rule is generally preferred over the one
assuming independent observations (Noreen, 1981) when more
than two stimuli are compared in a given run (Dai, Versfeld, &
Green, 1996; Macmillan & Creelman, 1991). The hit rate for each
different pair, then, was the proportion of times that the pair was
correctly judged by each subject as different. The false alarm rate
was the proportion of trials on which the subjects judged the two
corresponding same pairs as different. The data for all the subjects
were qualitatively similar and were, therefore, pooled. We referred
to the tables in the appendix in Macmillan and Creelman (1991) to
derive values of d′ for each different pair.

RESULTS

Tables 1 and 2 show the discrimination data obtained
from Stimulus Sets 1 and 2, respectively. Figures 1 and
2 show the distribution of d′s obtained from the two data
sets. Discriminability of stimulus pairs varied over a
wide range: d′ ranged from 1.1 to 5.2 for Stimulus Set 1
and from 1.1 to 4.9 for Stimulus Set 2. The simple sinu-
soids in Data Set 1 tended to be most discriminable from
one another, whereas complex stimuli were least dis-
criminable (see Figure 1), but these differences were not
great (mean d′s were 3.2 and 2.6 for simple/simple and
complex/complex pairs, respectively). For both sets, the
discriminability of vibratory stimuli tended to increase
as the difference in their Pacinian-weighted power in-
creased (compare panels 3, 5, and 7 in Figure 1).

However, pairs of stimuli equated for Pacinian-weighted
power were often reliably discriminable; d′s for pairs of
stimuli equated in intensity (using Equations 1–3) ranged
from 1.2 to 4.4 for Stimulus Set 1 (see Figure 1) and from
1.3 to 3.4 for Stimulus Set 2. The critical-band hypothesis
of Pacinian coding (see Makous et al., 1995) would pre-
sumably predict that high-frequency stimuli are discrim-
inable to the extent that they differ in Pacinian-weighted
power. That the stimuli equated on this property were,
nonetheless, discriminable suggests that the Pacinian
system conveys more than just intensive information
about the stimulus.

The possibility remains that the stimuli were not equated
for subjective intensity with sufficient precision. Two
possible sources of error inhere in our attempts to equate
subjective intensity. First, threshold estimates were liable
to error, and estimates of Pacinian-weighted power may
thus have been inaccurate. Error in threshold measure-
ments would be compounded by the fact that the threshold
term is squared in the expression for Pacinian-weighted
power (Equations 1–3). Second, Pacinian-weighted power
may be an approximation of the efficacy with which a
stimulus excites the Pacinian system but may not be
suited to the requirements of the same–different para-
digm, in which small differences in subjective intensity
may result in a sizable increment in discriminability.

Intensive Model
In order to assess the extent to which intensity cues

could account for subjects’ performance on the discrim-
ination task, we implemented a general model describing
the Pacinian representation of stimulus waveform exclu-
sively in terms of spectral power. The model assumed
(1) that the subjective intensity of a vibratory stimulus
follows Stevens’s power law (see Franzén, 1969; Marks,
1979; Stevens, 1968; Verrillo, Fraioli, & Smith, 1969)
and (2) that individual spectral components contribute
independently to the overall subjective intensity of the
stimulus. Note that Assumption 2 also underlies the model
proposed by Makous et al. (1995). The predicted sub-
jective intensity of Stimulus S, ΨS, was given by

(4)

where Ai and fi are the amplitude and frequency of spectral
component i, respectively, and kfi

, bfi
are free parameters

that were allowed to vary from frequency to frequency. The
predicted discriminability, ΔS1S2

, of two stimuli was pro-
portional to the difference in their subjective intensity nor-
malized by their average intensity (following Ekman’s
law2; Ekman, 1956):

(5)

The model thus comprised eight free parameters: four
proportionality constants (kfi

), one at each frequency,
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and four exponents (bfi
), one at each frequency. Two ad-

ditional parameters—one for slope, one for intercept—
were included to scale the numerical output of the model
to the d′ values but were not otherwise meaningful. Pa-
rameters were adjusted using the nonlinear curve-fitting
algorithm of MATLAB (Version 7.0, The MathWorks).

Figure 3 shows that the intensive model was able to
predict the discrimination data to a degree. The model
accounted for 52% of the variance in the data obtained
from Stimulus Set 1 and 60% of the variance in the data
obtained from Stimulus Set 2. Furthermore, when the
model was f it to data obtained from Stimulus Set 2,
using the values of the parameters k100Hz, k 200Hz, k 300Hz,
b100Hz, b200Hz, and b300Hz derived using data from Stim-
ulus Set 1 and allowing only k 400Hz and b400Hz to vary,
56% of the variance in the data obtained from Stimulus
Set 2 was accounted for by the model. Thus, not only did
the intensive model account for a sizable proportion of
the variance in the discrimination data, but the param-
eters obtained from one data set transferred to the other
data set.

Spectral Model
Intensity information, then, was found to contribute to

a substantial extent to the subjects’ ability to discrimi-
nate high-frequency vibratory stimuli. However, a large
proportion of the variance in the discrimination data re-
mained unaccounted for by ΔS1S2

. Furthermore, the model
included many degrees of freedom, which may have ar-
tificially enhanced its ability to fit the psychophysical
data. We thus sought to determine whether a model that
included frequency terms as arguments would be a bet-
ter predictor of discriminability than one that based its
prediction solely on spectral power. In order to develop
such a model, we drew on extant psychophysical and
neurophysiological findings. Specifically, two assump-
tions played a key role in determining the form of the
model.

1. Δf/f is constant across frequencies. There is dis-
agreement as to the form of the psychometric function
relating frequency difference limens (DL) to frequency
of the standard. In developing the model, we assumed
that the Weber fraction was constant across frequencies
(see Franzén & Nordmark, 1975; Horch, 1991; Mount-
castle et al., 1990; Mountcastle et al., 1969; Rothenberg,
Verrillo, Zahorian, Brachman, & Bolanowski, 1977). The
possibility that Δf /f increases with frequency, as has been
found to be the case by Goff (1967), is explored below.

2. The subjective intensity of a vibrotactile stimulus is
a power function of its objective intensity. There is a gen-
eral consensus in the literature that this is the case for in-
tensities above 10 dB SL. The consensus exponent is
around 1 with amplitude (Verrillo et al., 1969) or, equiv-
alently, around .5 with power (Marks, 1979), although it
has been found to decrease with frequency up to around
250 Hz (Franzén, 1969; Stevens, 1968).

Furthermore, we hypothesized, as we did in develop-
ing the intensive model, that the Pacinian representation
of a stimulus waveform could be characterized in such a
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way that each of its spectral components was represented
independently of the others. This allowed us to use the
power spectrum of each wave as a starting point for the
analysis (see Makous et al., 1995). In addition, the ac-
tivity elicited within a given minichannel by each com-
ponent of a polyharmonic stimulus was additive. Our ex-
perimental results, along with results from simulations
discussed below, validate this approximation.

Following the strategy used in developing the inten-
sive model, we first devised a model characterizing the
information—in this case, both intensive and temporal—
conveyed by the Pacinian system about each stimulus
presented in the psychophysical experiment. We then de-
rived a measure of the difference between the Pacinian
representations of the two waves in each stimulus pair.
We wished to assess whether this difference measure was
a better predictor of the empirically determined discrim-

inability (d′ ) than that derived from the intensive model.
A good match between model predictions and data would
lend support to the structure of the model and to its under-
lying assumptions and hypotheses.

The Pacinian representation of each stimulus, then,
was modeled as a pattern of activation in a population of
frequency-tuned minichannels. The overall degree of ac-
tivation in the population signaled stimulus intensity,
whereas the relative activation of the individual minichan-
nels signaled frequency content.

First, the power of each component was weighted ac-
cording to the frequency sensitivity of the Pacinian system
(see Bensmaïa & Hollins, 2003; Makous et al., 1995). The
Pacinian-weighted power of the spectral component with
frequency f and amplitude Af in Stimulus S, PS( f ), was
computed as follows:

(6)

where Tf is the threshold amplitude at f.
Makous et al. (1995) used PS( f ) summed across fre-

quencies as an estimate of the ability of S to excite the
Pacinian system. This approximation—which we in-
voked to set the component amplitudes of polyharmonic
stimuli (see Equations 1–3)—assumes that, after ac-
counting for threshold differences, stimuli at different
frequencies stimulate the Pacinian system equally effi-
ciently. However, exponents relating subjective to objec-
tive intensity have been found to decrease as stimulus
frequency increases up to about 250 Hz (Franzén, 1969;
Stevens, 1968), suggesting that the efficiency with which
a stimulus activates the Pacinian system is a function of
its frequency; taking into account changes in threshold
with stimulus frequency is insufficient to capture this
phenomenon.

Accordingly, the activation produced in the hypothet-
ical minichannels by each spectral component—that is,
its effective intensity—was expressed as a power func-
tion of the component’s Pacinian-weighted power, the
exponent of which, af , was a free parameter that was al-
lowed to vary from frequency to frequency. The effec-
tive intensity IS( f )of the frequency component at fre-
quency f in Stimulus S was given by

(7)

We predicted, on the basis of the literature, that the value
of af would decrease with f in the range of stimulus fre-
quencies used in the present experiments.

The frequency response of each of 100 minichannels3

was characterized by Gaussian filters with center fre-
quency fc and standard deviation α · fc (center frequen-
cies were spaced in equal logarithmic increments be-
tween 1 and 1000 Hz, see the top of Figure 4). Gaussian
filters were used to describe frequency tuning, since they
comprise few parameters and are symmetric about a
maximum, thus lending themselves well to modeling this
phenomenon. The increase in filter width with fc consti-

I f P f
a f

S S( ) ( ) .= ⎡⎣ ⎤⎦

P f
A

T

f

f
S ( ) ,=

2

2

Figure 3. Discriminability (d ′) vs. ΔS1S2
, calculated from the gen-

eral intensive model, is shown for the first (top) and the second
(bottom) data sets. Model parameters are shown in Table 3. The
general intensive model accounted for 52% of the variance in the
first data set and 60% of the variance in the second data set.
There were 119 data points in the first set, but only 65 in the sec-
ond set (one pair was omitted since its corresponding d ′ was un-
defined; (see Table 2); the model comprised 10 free parameters.
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tuted an implementation of the assumption that Δf /f is
constant across f (see below). The activation elicited in
each minichannel by multiple frequency components
was additive:

(8)

where ZS( fc) denotes the activation of the minichannel
with central frequency fc by Stimulus S.

In order to assess how well our model captured the in-
formational content of the Pacinian-mediated represen-
tation of simple and complex waveforms, we evaluated
the extent to which differences in ZS( fc) summed across
fc could predict our measured d′s. To that end, we used
the absolute difference in ZS( fc) across central frequen-
cies, normalized following Ekman’s (1956) law by the
mean activity elicited by the two stimuli, as a measure of
the spectral dissimilarity, DS1S2

, of Stimuli S1 and S2:

(9)

DS1S2
was optimized by searching for values of the pa-

rameters [α, af1
, af2

, af3
, af4

] that yielded the highest cor-
relation between DS1S2

and the d ′s obtained from the first

stimulus set. Since the frequencies used in the first set
were 100, 150, 200, and 300 Hz, no exponent was ob-
tained at 400 Hz from the initial fit. Since 400 Hz was
one of the frequencies used in the second stimulus set,
the exponent a400Hz was the only parameter allowed to
vary to fit the model to these data, with the other param-
eters set to the values derived from the first data set. Fig-
ure 4 shows the patterns of activation, ZS( fc), elicited in
the hypothetical population of minichannels by two tri-
harmonic stimuli differing in their frequency content
(but equated for Pacinian-weighted power) as a function
of fc; also shown is the absolute difference between the
two patterns.

The model allowed us to estimate (1) the uncertainty
in the temporal information conveyed by the Pacinian
system as indexed by α (and thus, the Weber fraction for
frequency DLs) and (2) the exponents relating effective
intensity to Pacinian-weighted power at 100, 150, 200,
300, and 400 Hz. We could then compare the optimal
values of these parameters with analogous measures ob-
tained in other experimental contexts.

When the model was fit to the data obtained from the
first stimulus set, the best-fitting values for parameters
[α, a100Hz, a150Hz, a200Hz, a300Hz] were [0.43, 0.65, 0.60,
0.51, 0.52] yielding a correlation between DS1S2

and d ′
of ρ � .89. Figure 5 shows the extent to which the model
fit is affected by changes in the parameter values; note
that the plots are rather sharply peaked at the optimal
values. Furthermore, at high values of α, the model re-

D
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Figure 4. Examples of patterns of activation in the hypothetical population of
frequency-tuned minichannels, according to the spectral model. The patterns shown
by the squares and circles, respectively, were elicited by triharmonic stimuli (S1 and
S2) from Set 2: S1 consists of superimposed sinusoids at 100, 200, and 400 Hz; S2 con-
sists of superimposed sinusoids at 100, 300, and 400 Hz. The absolute differences be-
tween the two activation levels of each minichannel are represented by the triangles.
The inset at the top shows the spectral sensitivity profiles of a subset of minichannels.
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duces to an intensive model, since the minichannels ex-
hibit uniform frequency selectivity.

When the model was fit to the data obtained from the
second stimulus set by varying only a400Hz (using the val-
ues for [α, a100Hz, a200Hz, a300Hz] obtained from the first
set), the best-f itting value of the free parameter was
found to be 0.35, yielding a correlation between DS1S2
and d′ of ρ � .88. A plot of d′ versus DS1S2

for each data
set is shown in Figure 6.

In order to derive a statistical measure of fit, we used
a Monte Carlo approach to generate a sampling distrib-
ution for ρ when the model was fit to d′s sampled with-
out replacement from the set of all d′s. For each set of
sampled d′s, we searched for values of the five param-
eters that yielded the highest ρ. We sampled 500 opti-
mized correlation coefficients, using d′s from each data
set, yielding two sampling distributions, which we found
to be approximately normal. We then estimated that the
probability of obtaining, by chance, a correlation coeffi-
cient of .89 was 7.7�10�26, given the model and the
stimuli in Set 1, and that of obtaining a correlation of .88
was 7.1�10�13, given the model and the stimuli in Set 2.4
In other words, the high degree of fit between model pre-
dictions and data is very unlikely to be the result of chance.
Furthermore, the variance in the discriminability data
accounted for by the spectral model was significantly
greater than that accounted for by the intensive model
(ΔR2 � .27 and .17, F � 178.3 and 67.7 for Stimulus Sets
1 and 2, respectively, p � .001).

Discussion
The major finding of this study is that precise tempo-

ral information about high-frequency vibrotactile stim-
uli, which has been known since the work of Talbot et al.
(1968) to be carried by Pacinian afferents, plays a role in
perception. In other words, we have shown that discrim-
ination of high-frequency vibrotactile stimuli, the per-
ception of which is mediated by the Pacinian system, is
too rich and precise to be based on intensive information
alone.

There has been some earlier evidence of utilization of
temporal cues at high frequencies (Franzén & Nord-
mark, 1975), but other work has seemed to indicate the
opposite. Specifically, Goff ’s (1967) finding that the
Weber fraction of vibrotactile frequency discrimination
increases with the frequency of the standard seems to
suggest that frequency discrimination might require the
participation of non-Pacinian channels, and Makous
et al.’s (1995) discovery that, with regard to masking, the
Pacinian channel acts like a critical band gives no hint of
frequency-specific effects. However, Goff ’s results may
reflect an incomplete following of the vibrotactile wave-
form by the skin, given the low pressure of the contactor
in her study; and the fact that the Pacinian channel masks
as a unit (Makous et al., 1995) does not mean that tem-
poral information is not used for other purposes.

The present study shows that intensive cues contribute
importantly to the discriminability of high-frequency
stimuli (both simple and complex) but that such cues by

Figure 5. Model fit as a function of model parameters. The top left panel shows the correlation
between model and data as a function of α when the exponents are set to their optimal values. The
other three panels show the effects of varying a100Hz and one of the other three parameters on model
fit, with the other parameters set to their optimal values.
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themselves are not sufficient. Temporal information
must also be taken into account to explain the discrimi-
nation performance that we have observed. It is not sim-
ply the keenness of discrimination that is probative, but
the patterns of discrimination across pairs of stimuli, for
these patterns are well captured by a psychophysical
model that combines, in a novel but plausible way, es-
tablished principles, such as Ekman’s law and Stevens’
law, with the idea of frequency-specific processing mod-
ules (minichannels) that collectively capture temporal
information.

Model Parameters
An important test of the model is whether its param-

eters have values that are reasonable, given what has
been learned about the Pacinian system from earlier
studies. Consider, for example, the width of the Gauss-
ian filters characterizing the frequency tuning of the
minichannels, which is specified by the parameter α.
This parameter is a measure of the uncertainty in the fre-

quency information conveyed by the Pacinian system:
As α increases, frequency information becomes less de-
fined, because the amount of overlap in the minichannels’
frequency tuning increases. Because α is a multiplicative
factor, the model assumes that temporal uncertainty in-
creases linearly with stimulus frequency. In fact, the model
predicts that the Weber fraction for frequency discrimina-
tion remains constant across frequencies. To estimate the
Weber fraction predicted by the model, we presented the
model (with α fixed at 0.43) with pairs of simple sinu-
soids, which were initially set to the same frequency. The
frequency of the second sinusoid was incremented until
DS1S2

assumed a value of 1.35 (which corresponds to a
traditional threshold d′). This process was repeated using
different standard frequencies. The Weber fraction pre-
dicted by the model was found to be constant at 0.22 and
matched almost exactly that measured by Mountcastle
et al. (1969) and Rothenberg et al. (1977) for sinusoidal
stimuli.

The optimal values of the exponents characterizing
the efficiency of components at different frequencies to
activate the Pacinian system are also compatible with
measured values of exponents relating subjective to objec-
tive intensity. For frequencies between 100 and 400 Hz,
measured exponents range from 0.29 to 0.5 with power
as the intensity measure (Franzén, 1969; Stevens, 1968;
Verrillo et al., 1969), whereas the values derived from
the model range from 0.35 to 0.65. Furthermore, the de-
rived exponents tend to decrease with frequency from a
high of 0.65 at 100 Hz to a low of 0.35 at 400 Hz, paral-
leling the decrease in exponents reported by Stevens
(1968) and Franzén (1969) for psychophysical magni-
tude functions measured with sinusoids on the fingertip.
When the model parameters were set to values interpo-
lated from those measured by Franzén,5 the correlations
between DS1S2

and d′ were .75 and .76 for Stimulus Sets
1 and 2, respectively, further indicative of the match be-
tween the derived exponents and exponents measured in
other psychophysical contexts. 

Figure 6. d′ versus DS1S2
obtained from the first (top) and sec-

ond (bottom) stimulus sets with α � 0.43, a100Hz � 0.65, a150Hz �
0.60, a200Hz � 0.51, a300Hz � 0.52, and a400Hz � 0.34. The proba-
bilities of obtaining correlation coefficients of .89 and .88, given
scrambled sets, are 7.7�10�26 and 7.1�10�13 for Stimulus Sets 1
and 2, respectively.

Table 3
Intensive Model Parameters

Set 1 Set 1 Set 2 Set 2 (1)

k100Hz 1.52 –0.15 1.52
k150Hz 0.77 – –
k200Hz 0.11 –3.74 0.11
k300Hz 2.78 –0.56 2.78
k400Hz – –0.00 0.07
b100Hz 0.92 –1.08 0.92
b150Hz 0.77 – –
b200Hz 0.96 –0.98 0.96
b300Hz 0.17 –1.03 0.17
b400Hz – –1.19 0.95

Note—The first set of parameters was obtained when the model was fit-
ted to the data from Stimulus Set 1; the second set of parameters was ob-
tained when the model was fitted to the data from Stimulus Set 2. The
third set of parameters was obtained by setting k100Hz, k200Hz, k300Hz,
b100Hz, b200Hz, and b300Hz to values obtained from the first stimulus set
and allowing k400Hz and b400Hz to vary.
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Model Assumptions
One of the central assumptions underlying the model

is that Δf /f is constant across frequencies (Franzén &
Nordmark, 1975; Horch, 1991; Mountcastle et al., 1969;
Rothenberg et al., 1977). The only other plausible as-
sumption would be that Weber fractions increase with
frequency, as has been found to be the case by Goff (1967).
We tested this possibility by implementing a model that
produces Weber fractions that increase linearly with fre-
quency (by setting the standard deviation of the Gaussians
to α f 2). This alternate model, which was otherwise iden-
tical to the original, was once again optimized by search-
ing for values of [α, af1

, af2
, af3

, af4
] that yielded the high-

est correlation between DS1S2
and d′. The fit achieved

using this alternate model was inferior to that obtained
with the original (ρ � .80 and .65 for Stimulus Sets 1
and 2, respectively), which lends support to the hypoth-
esis that the Weber fraction for frequency DLs is con-
stant across frequencies.6

Another significant assumption underlying the pro-
posed model is that each frequency component is repre-
sented approximately independently of others since
(1) the same model and parameter values are used to pre-
dict the discriminability of simple and complex stimuli
and (2) the activity elicited in the minichannels by mul-
tiple components is additive (Equation 8). Two results of
the modeling effort support this assumption. First, the fit
between model and data is equivalent for pairs of simple
sinusoids, pairs containing at least one diharmonic stim-
ulus, and pairs containing two polyharmonic stimuli
(ρ � .90, .88, and .87, respectively). Thus, the same set
of parameters applies about equally well to simple sine
waves and polyharmonic stimuli. Second, the optimal
values of the parameters are comparable to values mea-
sured using simple sinusoids as stimuli. The value of the
Weber fraction for frequency discrimination predicted
by the model, 0.22, was compatible with previously mea-
sured values. The optimal exponents are also similar to
analogous values obtained in previous studies. If the rep-
resentations of individual components interfered with
one another, one might predict that the Weber fraction
predicted on the basis of experiments with complex wave-
forms would be higher and the predicted exponents lower
than values derived from experiments with simple sinu-
soids; component frequencies and amplitudes would be
less discriminable in polyharmonic than in simple stimuli.

The question remains, then, how Pacinian afferents
convey information about multiple frequency compo-
nents simultaneously. There is no evidence to suggest
that there are systematic differences in the frequency re-
sponse curves of Pacinian corpuscles (Bolanowski &
Zwislocki, 1984; Talbot et al., 1968) such that stimuli at
different frequencies might engage different (albeit over-
lapping) populations of receptors (as is the case, for ex-
ample, in the cochlea). Another possibility, however, is
that Pacinian corpuscles that are differentially sensitive
to the stimulus, due either to intrinsic differences in sen-
sitivity or to differences in their locations with respect to

the locus of stimulation, might become entrained with
different frequency components. In other words, a re-
ceptor near the vibrator may respond to one subset of fre-
quency components, whereas one further away may re-
spond to another.

To test this hypothesis, we simulated a set of Pacinian
afferents and examined the frequency content of their re-
sponses to a triharmonic stimulus consisting of super-
imposed sinusoids at 100, 200, and 500 Hz. Individual
afferents were simulated using a simple integrate-and-
fire receptor model similar to that described by Bensmaïa
(2002) for the Meissner corpuscle, itself inspired by a
model developed by Freeman and Johnson (1982a, 1982b;
Slavík & Bell, 1995). Briefly, the Pacinian afferent model
consisted of two components: a transduction site and a
spike initiation site. Stimulus acceleration was integrated
at the transduction site, modeled as a leaky membrane.
When the receptor potential reached a critical level, an
action potential was produced at the spike initiation site,
and the receptor potential was reset to 0. Acceleration
was used as the critical stimulus quantity, on the basis of
the finding that, when responding to nonrepeating noise
sequences, Pacinian afferents tend to fire when the stim-
ulus acceleration is high (Looft, 1996).

Each afferent’s response, then, was characterized as
follows.

1. The receptor potential, initialized at 0, becomes de-
polarized as a function of stimulus acceleration, so that

(10)

where Pt and at are the membrane potential and stimulus
acceleration at time t, respectively, γ is the gain, and τ is
the membrane time constant (set to 3.4 msec; see Free-
man & Johnson, 1982a). Receptors half-wave rectify the
stimuli so that they are sensitive only to positive values
of at (if at � 0, at → 0; see Bensmaïa, 2002). The time
increment was 10 μsec.

2. If Pt reaches or exceeds threshold (set at 1), the af-
ferent produces an action potential, the time t is recorded,
Pt is reset to 0, and the receptor becomes absolutely re-
fractory for 1 msec (Bensmaïa, 2002; Freeman & John-
son, 1982b; Slavík & Bell, 1995).

We simulated the responses of a population of afferents
that differed systematically in their sensitivity to the stim-
ulus (designated by the parameter γ). Again, differences in
γ represent either intrinsic differences in receptor sensi-
tivity or differences in receptor position, relative to the
locus of stimulation. We found that different afferents be-
came entrained with different stimulus components or
combinations of components (see Figure 7). The least sen-
sitive afferents tended to be entrained exclusively with
low-frequency components and afferents of intermediate
sensitivity responded, instead, to intermediate- and high-
frequency components, whereas the most sensitive affer-
ents responded to combinations of frequency components.

The significant result, then, is that different frequency
components can be represented simultaneously in a pop-
ulation of afferents having identical spectral profiles.

P P a Pt t t t= + −−1 γ τ/ ,
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The particulars of the afferent model played little role
in obtaining this result. For instance, whether Pacinian
corpuscles are sensitive to acceleration or jerk (see
Johnson, 2001) changes only the relative sensitivity of
the receptor to the various frequency components of the
stimulus (amplitude is weighted by f 2 for acceleration
and by f 3 for jerk). A model that assumes jerk to be the
relevant stimulus parameter would yield a greater pre-
ponderance of fibers firing at the high frequencies than
would one based on acceleration. Other aspects of the
model, such as the specific value of the time constant or
the duration (or indeed, inclusion) of the refractory pe-
riod, are equally irrelevant.

In summary, a model that characterizes the Pacinian rep-
resentation of an arbitrary vibratory stimulus as a pattern
of activity in a population of frequency-tuned minichan-
nels has been shown to be an excellent predictor of the dis-
criminability of high-frequency stimuli. The model does
not capture every known property of the vibratory sense.
For instance, frequency DLs have been shown to decrease
as stimulus amplitude increases (Goff, 1967; LaMotte &
Mountcastle, 1975), a phenomenon not predicted by the
model. However, the model can be easily modified to ex-
hibit this characteristic (for instance, by including a term in
the standard deviation of the Gaussians that causes the tun-
ing curves to become narrower as stimulus intensity in-
creases). Furthermore, we expect that the representation of
certain stimuli, such as stimuli containing beats, will not be
accurately captured by the present model (see Morley
et al., 1990). However, we hope that the present study will

constitute a foundation leading toward a better under-
standing of how the Pacinian system—and more broadly,
the vibrotactile system—simultaneously conveys tempo-
ral and intensive information.
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NOTES

1. Given that (1) RA threshold at 100 Hz is equivalent to that at 10 Hz
(cf. Bolanowski et al., 1988), (2) a 10-Hz, 30-dB SL adapting stimulus
increases RA thresholds by at least 10 dB (Bensmaïa and Hollins, 2000),
and (3) unadapted thresholds at 10 Hz were found in the present study to
be more than 13 dB higher than their counterparts at 100 Hz, it can be
concluded that adapted RA thresholds were at least 23 dB above PC
threshold at 100 Hz. Furthermore, this difference presumably increased
at higher frequencies, since RA thresholds tend to increase with fre-
quency beyond 100 Hz, whereas PC thresholds drop dramatically (see
Bolanowski et al., 1988); the RA system therefore contributed little to
the perception of even the most intense stimuli. We thus feel confident
that the perception of the vibratory stimuli was mediated predominantly
if not exclusively, by the PC system.

2. Both this and the following (spectral) model were also tested with-
out incorporating Ekman’s (1956) law. In both cases, the fit was sub-
stantially better when the difference in sensation magnitude was nor-
malized by mean sensation magnitude (or by its counterpart in the
spectral model). Furthermore, invoking Ekman’s law is sensible, since
a small difference in the pattern of activation elicited in the population
of minichannels by two stimuli is going to be less salient if the overall
activation produced by the stimuli is high than if it is low.

3. The number of minichannels did not affect our results. A model
with as few as 20 minichannels yielded an equivalent fit.

4. This latter probability is an overestimate, given that the model was
fit to the scrambled data obtained from Stimulus Set 2 by adjusting all
five parameters, rather than taking the parameter values optimized from
Stimulus Set 1 and only varying a400Hz, as we did to obtain the test value
ρ � .88.

5. In order to interpolate from Franzén’s (1969) values, a logarithmic
function was fit to his exponent estimates.

6. Following the suggestion of an anonymous reviewer, another, re-
lated model was implemented that set the standard deviation of the
Gaussians to α f � β f 2, where both α and β were free parameters (along
with the exponents af ). In this alternate model, the (linear) function re-
lating the Weber fraction to the standard frequency was free to have a
nonzero intercept. The model performed equivalently as the constant
Weber fraction model (ρ � .89 for both Data Sets 1 and 2), despite the
fact that it had an additional degree of freedom. The outcome of this
modeling effort thus favors the simpler model and lends support to its
underlying assumption about the shape of the function relating fre-
quency DL to standard frequency.
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