Effects of noise on detection of amplitude increments of sinusoidal
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Vibrotactile thresholds for detecting a 300-Hz signal in the presence of both a 300-Hz
sinusoidal pedestal and a background noise were measured as a function of the amplitudes of
the pedestal and noise. Threshold increased monotonically as a function of the amplitude of
the noise, but was a nonmonotonic function of the amplitude of the sinusoidal pedestal.
Negative masking, in which the pedestal facilitated detection of the test stimulus, was observed
in the absence of background noise and in the presence of subthreshold background noise when
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the pedestal was near or below threshold. Negative masking disappeared when the experiment
was conducted in the presence of moderately intense to intense background noise. The results
are consistent with a peripheral high-energy threshold for taction.

PACS numbers: 43.66. Wv [WAY]

INTRODUCTION

Research on vibrotactile masking has determined how

parameters of a masking stimulus influence the threshold for
detecting a signal. Various studies have examined the effects
of spatial and temporal relationships between masking stim-
ulus and signal (Gescheider er al., 1989; Gilson, 1969a;
Sherrick, 1964), the number of masking stimuli (Gilson,
1969b), the effect of masking on spatial summation (Craig,
1976), the psychophysical method of measurement (Ges-
cheider et al., 1970; Snyder, 1973; Gilson, 1974), and the
relation between masking and intensity discrimination
(Gescheider ez al. 1990). Studies of the effects of the fre-
quency of the masking and test stimuli have provided strong
experimental evidence for the existence of separate vibrotac-
tile information-processing channels (Bolanowski e al.,
1988; Ferrington et al., 1977; Gescheider et al., 1982; Ges-
cheider et al., 1983a; Gescheider et al., 1985; Hamer, 1979;
Hamer et al., 1983; Labs et al., 1978; Martin et al., 1985).
The observer is thought to have available a bank of several
parallel channels, each operating over a limited range of vi-
bration frequencies. Detection is mediated by the channel
most sensitive to the signal (e.g., Gescheider er al., 1982)
and maskers are thought to be effective only to the extent
that they stimulate the channel used to detect the signal.
Recent work provides evidence for the existence of four such
channels, sensitive to overlapping frequency bands (Bolan-
owski et al., 1988). The frequency characteristic of each of
these channels is thought to be determined by the response
properties of a specific mechanoreceptor type (Bolanowski
etal., 1988).

In the present study, we used 300-Hz stimuli to isolate
the channel mediated by Pacinian corpuscles (P channel).
Vibrotactile intensity discrimination was studied within the
P channel using the method of simultaneous masking. The
observer was asked to detect a 300-Hz signal in the presence
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of a 300-Hz masker (pedestal) of the same phase. Vibrotac-
tile thresholds were measured for detecting a 300-ms, 300-
Hzsignal presented in the presence of both a 730-ms pedestal
of the same frequency and a continuous background noise
vibration consisting of narrow-band noise, whose spectrum
was centered on 300 Hz.

Hamer (1979), Hamer et al. (1983), and Verrillo et al.
(1983) also measured thresholds for the detection of a sinu-
soidal signal in the presence of a sinusoidal masker of the
same frequency and phase. They found positive masking
(i.e., the pedestal caused an elevation in the threshold for
detecting the signal) at high masker intensities, and negative
masking (i.e., the pedestal caused a reduction in the thresh-
old for detecting the test stimulus) when the intensity of the
pedestal was subthreshold or at very low amplitudes.

Negative masking is not unique to vibrotaction, and has
been extensively studied in hearing (Green, 1960, 1966;
Hanna et al., 1986; Legge and Viemeister, 1988; Leshowitz
and Raab, 1967; Pfafflin and Mathews, 1962; Raab et al.,
1963a, b; Tanner, 1961; Viemeister and Bacon, 1988; Vog-
ten, 1978) and in vision (Cohn ez al., 1974; Foley and Legge,
1981; Legge et al., 1987; Legge and Foley, 1980; Legge and
Viemeister, 1988; Nachmias and Kocher, 1970; Nachmias
and Sansbury, 1974; Pelli, 1985). In hearing, negative mask-

ing has been attributed to how the stimulus is defined rather
than to an energy threshold. For example, Raab et al.
(1963a, b), Green (1966) and Vogten (1978) all have
claimed that negative masking in hearing can be abolished
by redefining the signal intensity in terms of increment ener-
gy rather than amplitude. When the increment energy re-
sulting from adding the just-detectable signal to the pedestal
is compared to the energy in a just-detectable signal present-
ed alone, negative masking disappears. On the other hand,
Hamer (1979) has shown that tactile negative masking re-
mains when the intensity of a sinusoidal signal presented in
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phase with a pedestal of the same frequency is expressed as
increment energy.

Hamer et al. (1983) have concluded that the demon-
stration that negative masking in vibrotaction is not, as it is
in hearing, an artifact of the definition of the stimulus can be
explained by an energy threshold assumed to exist in the
periphery of the tactile nervous system. According to this
hypothesis, detection cannot occur unless the total energy of
the stimulus exceeds an absolute threshold. Thus it was rea-
soned that a masker acted as a pedestal, decreasing the ener-
gy of the signal necessary to reach the detection threshold.
An analytical detection model, that includes such a thresh-
old, was developed to account for negative masking (Hamer,
1979; Hamer et al., 1983). A related model for vision incor-
porating a “nonlinear transducer function” has been pro-
posed. to account for negative masking in the detection of
sine-wave gratings presented with masking backgrounds
(Foley and Legge, 1981; Legge and Foley, 1980; Nachmias
and Sansburg, 1974). Laming (1986) has also accounted for
negative masking by assuming such nonlinear transforma-
tions of stimulus intensity by the sensory system. For exam-
ple, he has proposed that the response of the auditory or
tactile systems, near the psychophysical threshold, is pro-
portional to the square of stimulus amplitude, whereas the
response of the visual system is proportional to the fourth
power of the amplitude of luminance modulation. The com-
mon feature of these proposed nonlinear input-output func-
tions, including Hamer’s, in which the response of the sys-
tem is greater than zero only when stimulus intensity
exceeds a threshold value, is that, near the psychophysical
threshold, changes in the input produce greater changes in
the output when pedestal amplitude corresponds to a rapidly
changing segment of the function rather than when the ped-
estal amplitude is lower. Consequently, to be detected, the
signal must be stronger when presented in the absence of a
pedestal or in the presence of a very weak pedestal than when
presented with a stronger pedestal whose intensity corre-
sponds to the rapidly changing part of the function.

The purpose of the present study was to examine the
effects of background noise of variable amplitude on the ob-
server’s ability to detect increments in the amplitude of a
sinusoidal pedestal presented at various intensity levels
ranging from subthreshold to substantially above threshold.
In this way, it was possible to observe the effects of noise on
both negative and positive masking and to test the energy
threshold hypothesis that vibrotactile negative masking is
due to an energy threshold. If negative masking is due to
subthreshold maskers acting as pedestals for elevating test
stimuli to suprathreshold levels, then the phenomenon
should disappear when examined in the presence of supra-
threshold noise. It was thought that the masking effect of the
background noise should increase the measured detection
thresholds for sinusoidal stimuli to a level sufficiently above
that of the energy threshold to eliminate negative masking. If
negative masking is due to weak sinusoidal masking stimuli
acting as pedestals to boost the test stimulus above the ener-
gy threshold, then negative masking should not be observed
where the test stimulus, by virtue of the background noise,
must be presented well above the theoretical energy thresh-
old.

349 J. Acoust. Soc. Am., Vol. 91, No. 1, January 1992

. METHODS

Three males (35, 47, and 57 years old) and one female
(23 years old) served as observers in the experiment. All had
previous experience as observers in experiments in vibrotac-
tile sensitivity, including experiments on masking.

The sinusoidal test signal and pedestal were digitally
synthesized by an LSI-11/23 computer via 12 bit digital-to-
analog converters (2-kHz clock rate) and attenuated by
computer-controlled attenuators. Narrow-band noise was
produced by limiting white noise to a bandwidth of 250-350
Hz (at half-peak power). Signal, pedestal, and noise were
electronically summed and delivered to an electromagnetic
vibrator located within a sound-proofed booth in which the
observer sat.

The vibrator was positioned upon an adjustable plat-
form beneath a rigid surface. The 2.9-cm? circular contactor,
mounted on the vibrator, protruded through a hole in the
rigid surface. The observer comfortably rested his or her
right hand, palm down, on the rigid surface so that the ob-
server’s thenar eminence lay upon the contactor. The con-
tactor was a concave disk, following the contour of the skin.
The gap between the perimeter of the contactor and the sur-
rounding rigid surface was 1.0 mm. At the start of each ses-
sion, the height of the vibrator was adjusted so that the con-
tactor indented the skin 0.5 mm beyond minimal contact.

Two-interval, forced-choice tracking (Zwislocki et al.,
1958) was used to measure all masked and unmasked
thresholds. The observer was required to indicate, by press-
ing one of two buttons, in which time interval the signal
occurred. The next trial did not begin until a response had
been made to the previous trial. The signal appeared at ran-
dom in only one of the two intervals. The amplitude of the
signal was increased by 1 dB after each incorrect response
and reduced by 1 dB after every third correct response (ig-
noring incorrect responses). The signal amplitude was re-
corded on a chart recorder. The run continued until the
range of signal intensities for the preceding 2 min (about 30
trials) was less than 4 dB. The final threshold estimate was
the center of that range, determined visually from the record
of the chart recorder. This procedure (2 IFC tracking) pro-
vides an estimate of the intensity at which the probability of
correct response is 75% correct.

At the start of each session, a threshold for detecting the
300-Hz pedestal was measured. If background noise was em-
ployed, a threshold for the detection of the noise was also
measured. For the remainder of the session, masked and un-
masked thresholds for the detection of the 300-Hz signal
were measured. The sinusoidal stimuli aiways commenced
at a zero crossing of the sinusoid.

Figure 1 shows the timing of a typical trial. The pedestal
had a duration of 730 ms with a 25-ms rise/fall time. The
signals were 300 ms in duration, centered within the pedestal
time, and they also had a 25-ms rise/fall time. All durations
were measured at the half-power points. The noise (not
shown), when present, was on continuously. The two 730-
ms intervals were separated by 1000 ms. Each new trial com-
menced immediately after the observer’s response to the pre-
vious trial.

The observer always had to choose which of two obser-
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FIG. 1. Envelope of the stimuli during a typical 2AFC trial. In this illustra-
tion the first interval happens to contain the signal, but the signal may ap-
pear in either the first or second interval. All times are with respect to half
power points. Each new trial begins immediately after the observer’s re-
sponse to the previous trial.

vation intervals contained the signal. The pedestal and noise,
if present, were present in both intervals. The two observa-
tion intervals were indicated to the observer by lights that
were synchronized to the onset of the pedestal. Thresholds
for detecting the signal in the presence of and in the absence
of a pedestal were measured at each of the noise levels rang-
ing from — 16 dB to 40 dB SL. The sensation level of the
pedestal was held constant within the session and the sensa-
tion level of the background noise was varied. At each noise
level, data were taken only after a period of time when adap-
tation to the noise was complete as indicated by the stability
of threshold measurements. Observers were usually tested
for only one 45-min session per day, but were occasionally
tested twice in one day separated by a time interval of several
hours. A total of three thresholds for each observer were
measured under every condition of the experiments.

Threshold for detecting the noise was measured by the
method of limits, using two ascending and two descending
series with 2-dB steps. Threshold for detecting the pedestal
was measured by 2IFC tracking at the beginning of each
session. Since we determined that thresholds for detecting
the same stimulus by the two methods did not systematically
differ and because the noise channel of our apparatus was
not equiped for 2IFC tracking, we measured all noise thresh-
olds by the method of limits.

Il. RESULTS AND DISCUSSION

Observers did not differ substantially in their thresholds
for detecting the signal presented alone as indicated by a
standard deviation 0f 2.09 dB for the four observers. Because
the absolute sensitivities of the observers were similar, we
elected to present averaged data. The mean threshold is plot-
ted as a function of noise level in Fig. 2. All thresholds were
expressed in dB re: 1.0 micrometer peak displacement.
There is a separate set of points for each sensation level of the
pedestal. Thus the sensation level of the pedestal and noise
are expressed in dB relative to the threshold for each type of
stimulus presented alone. In the absence of a pedestal,

350 J. Acoust. Soc. Am., Vol. 91, No. 1, January 1992

threshold for detecting the signal was unaffected by the
background noise until the noise was intense enough to be
detected, after which thresholds increase with further in-
creases in its intensity and, as also reported by Hamer ez al.
(1983), no negative masking attributable to the presentation
of noise is evident. Negative masking is seen when weak ped-
estals are presented in the absence of noise or in the presence
of weak noise, and positive masking results from the presen-
tation of more intense pedestals. It is clear that the function
describing the change in threshold as noise intensity changes
is greatly influenced by the intensity of the pedestal. For
suprathreshold pedestals, at low noise levels, threshold is
greatly influenced by changes in the intensity of the pedestal,
but little affected by changes in noise level. On the other
hand, when the noise level is high, threshold is greatly in-
fluenced by changes in noise level, but little affected by
changes in the intensity of the pedestal.

Subjectively, the task changes as the intensity of the
noise increases: At low noise intensities, the signal is detect-
ed as an increment upon the pedestal amplitude, at high
noise intensities, the signal is detected only when it is suffi-
ciently intense to emerge from the background noise.

Figure 3 presents another view of the data in Fig. 2.
Threshold is now plotted as a function of the sensation level
of the pedestal. In the absence of external noise (closed cir-
cles), a nonmonotonic masking function is seen with maxi-
mal negative masking when the pedestal is at 0 dB SL. This
finding is in close agreement with the results of Gescheider et
al. (1990), Hamer et al. (1983), and Verrillo ez al. (1983)
who also reported negative masking when the signal was
presented in phase with a near threshold pedestal. The slope
of the masking functions for conditions in which the noise
was absent or very weak are slightly less than 1.0, illustrating
the near miss to Weber’s law (McGill and Goldberg, 1968)
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FIG. 2. Threshold as a function of the background noise level, at various
levels of the sinusoidal pedestal.
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FIG. 3. Threshold as a function of the sensation level of the pedestal at
various levels of the background noise.

previously reported for vibrotaction by Gescheider et al.
(1990).

The phenomenon can also clearly be seen when the data
are plotted as increment detection difference thresholds
(Fig. 4) in which the relative DL is expressed as the decibel
difference (20log [(4 + AA4)/A]) between the amplitude
of the signal A4 plus pedestal 4 and the pedestal. Computed
in this way the relative difference threshold drops from
about 3.5 to 2.0 dB as the pedestal is increased from 10 to 30
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Sensation Level of the Pedestal in dB

FIG. 4. Relative difference thresholds indB (20 log [ (4 + AA) /A)]) where
A is pedestal amplitudes and A4 is signal amplitude plotted as a function of
sensation level of the pedestal with no background noise and with various
background noise levels. Data obtained from Gescheider er al. (1990) are
also plotted for comparison.
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dB SL. DLs obtained by Gescheider ez al. (1990) using a
comparable method in which observers also reported which
of two bursts of vibration contained an amplitude increment
(two-burst continuous pedestal method) are also plotted in
Fig. 4. Over the range of 10 to 30 dB SL, the data obtained in
the absence of background noise in these two studies are in
very close agreement. The effects of negative masking, in the
present study, when the pedestal was 0 dB SL, was manifest-
ed in a sharp drop in the DL at this sensation level. At a
slightly higher sensation level, the DL increases, but with
further increases in pedestal amplitude the DL gradually
decreases in accordance with the near miss to Weber’s law. It
should be pointed out that intensity discrimination is superi-
or when measured by either a gated-pedestal method or a
continuous-pedestal method (Gescheider et al., 1990), but
the near miss is seen with both methods. As was true in
Craig’s (1974) study of vibrotactile intensity discrimina-
tion, masking stimuli elevate the DL, particularly for weak
pedestals, resulting in an extreme deviation from Weber’s
law.

The negative masking shown in Fig. 3 is consistent with
a peripheral energy threshold for vibration (Hamer, 1979;
Hamer et al., 1983). In fact, the form of the negative mask-
ing function has been successfully predicted from an energy
threshold model (Hamer, 1979; Hamer et al., 1983). At very
weak noise levels, we obtained similar results, but higher
noise levels abolished the negative masking.

In Hamer’s model, displacement of the mechanorecep-
tive membrane resulting from stimulation, is converted to a
variable that is proportional to stimulus energy, a threshold
level of which must be exceeded in order to generate action
potentials (Hamer, 1979). It is because of the general lack of
spontaneous activity in rapidly adapting tactile fibers that
this threshold becomes significant in the psychophysical de-
tection situation (Valbo and Johansson, 1976). According
to the model, negative masking occurs because a weak pedes-
tal adds to the signal, raising the total energy to a level above
the threshold. The same signal alone would have failed to
exceed threshold. At higher levels of neural activity, such as
those produced by the application of external noise, thresh-
old level becomes inconsequential, negative masking disap-
pears and detectability is determined by the neural signal-to-
noise ratio.

In contrast to vibrotaction, lack of “true” negative
masking in hearing implies the absence of an energy thresh-
old. The apparent absence of an energy threshold in hearing
could be the result of the relatively high levels of spontane-
ous activity found in peripheral-auditory-nerve fibers. Such
high levels of ongoing activity could eliminate the possibility
of threshold effects in a psychophysical experiment.

It is significant that in visual contrast discrimination,
noise backgrounds presented at various levels do not elimi-
nate negative masking (Pelli, 1981, 1990). This result sug-
gests that the process of detection is similar with and without
the noise masker and therefore cannot be due to a peripheral
energy thresholds as it appears to be in vibration.

In addition to negative masking there is other evidence
that supports the energy-threshold hypothesis for tactile
stimulus detection. Eijkman and Vendrik (1963) and Ven-
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drik and Eijkman (1968), for example, found that the prob-
ability of detecting tactile or electrocutaneous stimuli was
constant until a critical value of stimulus intensity was ex-
ceeded. In addition, the results of a series of studies of vibro-
tactile signal detection also support the energy threshold
concept (Gescheider er al., 1968, 1969; Gescheider and
Wright, 1971; Gescheider et al., 1971a,b). These investi-
gators found that d ' was zero and reaction time was constant
until a critical value of vibration amplitude was exceeded
after which d' increased and reaction time decreased with
further increases in amplitude. The stimulus amplitude at
which the measures of response first became stimulus depen-
dent was the same for both response measures and was found
to be independent of the a priori probability of signal presen-
tation.

Recordings from rapidly adapting mechanoreceptor af-
ferents in cat (Sato, 1961; Gray and Mathews, 1951; Scott,
1951; Loewenstein, 1958; Hunt, 1960), monkey (Lindblom,
1965; Lindblom and Lund, 1966; Talbot et al., 1968; Mount-
castle er al., 1972), and man (Hagbarth and Vallbo, 1968;
Vallbo and Hagbarth, 1968; Knibestol, 1973; Vallbo and Jo-
hansson, 1976) indicate the existence of energy thresholds at
the level of the receptors. These units showed no activity in
the absence of stimulation and exhibited nerve impulses only
when a liminal stimulus was applied. Furthermore, Valibo
and Johannson (1976) have demonstrated that, under some
conditions, human observers could detect single nerve im-
pulses initiated from stimulation of cutaneous mechanore-
ceptive nerve fibers. Although a single nerve impulse was
necessary for a detection response, it did not always result in
one, suggesting the existence of central limiting factors such
as internal noise or inadequate attention. This finding is con-
sistent with Hamer’s (1979) model which includes both a
peripheral energy threshold and central neural noise.
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