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Abstract. The dependency of the perceived intensity of a short stim-
ulus on its duration is well established in vision and audition. No such
phenomenon has been reported for the tactile modality. In this study
naive observers were presented with pink noise vibrations enveloped in a
Gabor wavelet. Characteristic durations ranging between 100 and 700 ms
and intensities ranging from 0.3 and 3.0 1073 m/s2 were presented to the
fingertip. Using a two alternative forced choice staircase procedure, the
points of subjective equivalence were estimated for the 400 ms long ref-
erence stimulus. Similarly to vision and audition, lower intensities were
consistently reported for shorter stimuli. The observed relationship could
be interpreted as reflecting a mechanism of haptic constancy with respect
to exploration speed.
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1 Introduction

For many sensory modalities, the perceived intensity of a stimulus tends to de-
pend on the time of exposure to the stimulus. In audition, the perceived intensity,
termed loudness, grows approximately as a power function of the duration of a
stimulus shorter than 150 msec [8, 13]. Similarly, the sensation of pain evoked by
electrical stimulation of teeth [12] is more intense if the stimulation is presented
for a longer time. In vision, a positive and approximate power law relationship is
also seen between the perceived brightness of a light source and the exposure time
[2,4]. This law holds for different aspects of our visual perception [7] suggesting
that it reflects the overall response dynamics of the photoreceptors responsible
for vision. These findings question whether the approximately proportional re-
lationship between the duration of the stimuli and its perceived intensity could
represent a general law of perception, a property that was dear to the Gestalt
psychologists, like the laws of motion perception or the laws of perceptual group-
ing. Such a relationship can be expected to be found in the tactile modality.

A few studies investigate tactile intensity perception, but the literature is
dominated by studies regarding detection thresholds and, on the other hand of
the scale, by the effect of strong, unpleasant and potentially noxious vibrations,
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e.g. [6]. Verrillo showed that for a vibrotactile signal below 350 Hz, the frequency
obeys a Steven’s power law function with respect to the perceived intensity [14].
To the best of our knowledge, there has been no work on the dependency of
perceived intensity of a tactile stimulus on its duration. Human tactile frequency
discrimination being so limited [5], duration has the potential to yield a more
pertinent relationship.

Because the somatosensory system has longer integration time constants than
the auditory system, transients presented to the skin must last 5 to 10 times
longer than those presented to the ear to obtain comparable effects [3]. On
the other hand, von Békésy also found that the growth of sensation intensity
on the finger tip is much like the growth of loudness in hearing. Therefore,
a power law relationship should also hold for the tactile modality. We expect,
however, the relation to be less steep than for audition since the auditory system
is considerably more sensitive at amplitude discrimination for a given time than
the somatosensory system.

We report here the results of a study on equal perceived intensity tests using
a two alternative, forced choice staircase procedure. Ten observers were asked to
compare the intensity of two consequently presented pink noise Gabor wavelets,
varied in amplitude and duration. Pink noise was used to keep consistent with
studies in other sensory modalities [1,9]. It reduced the discomfort experienced
with monochromatic stimuli [11], since ‘ecological’ tactile stimuli are naturally
broadband and tend to conserve the same signal energy per frequency band [17].
Additionally, pink noise has no strict spectral localisation and thus can be as-
sumed to be stimulating all the somatosensory sub-modalities.

2 Methods

Apparatus. The setup comprised of a generic laptop computer with an audio
channel linked to an audio amplifier which drove a motor (Haptuator, Tactile
Labs, Saint-Bruno, Quebec, Canada). The motor was bonded to a 3 mm alu-
minium plate, under which four hard rubber cylinders were placed perpendicu-
larly to the vibrotactile transducer to allow free vibration-induced movements
(see Fig. 1la). Thus, the plate could vibrate freely, impeded only by minimal
rolling friction. The lightness of the plate and the strength of the motor allowed
for a vivid sensation of vibration when the finger was placed on the plate.

Stimuli. Pink noise signal was generated in Matlab (R2011a, Mathworks) at a
44100 Hz sampling frequency. It was generated by applying an inverse Fourier
transformation to amplitude coefficients proportional to the frequency and to
random phase coefficients. In order to fit the bandwidth of the amplifier to that
of the motor, the signal was subsequently filtered using a high-pass Butterworth
filter with a 70 Hz cut-off frequency. The filter served to compensate for the nat-
ural frequency of the transducer, flattening the response in the low frequencies.
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2
Yarlt) = Aexp (‘”(;5;”) 1), 1)

was the product of a Gabor envelope of characteristic time, dt, with a pink noise
signal, I(t) of amplitude, A. The system was calibrated using an accelerometer
bonded onto the plate and oriented in the direction of the vibrotactile motion.
Test were made in the presence of the finger for several stimuli with different
durations and amplitudes.
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Fig.1. (a) Apparatus. The right index was placed on an aluminium plate supported
by four rubber cylinders, controlled by a vibrotactile transducer. (b) Example of the
signal in one test : two consecutive pink noise Gabor enveloppes.

Observers. Ten right-handed volunteers (two female and eight male), 22 to 36
years old, with no history of neurological disorders or manual sensorimotor func-
tion disorders, participated in the study. The observers were naive to the aims of
the study. They all gave their informed consent for the experimental procedure,
in line with the Ile de France ethics committee.

Protocol. The observers sat in a chair, wore noise-cancelling headphones and a
blindfold. They put their hands on the table, with the right elbow on the table
top, and gently placed the right index finger on the plate. The left hand was on
the computer keyboard.

They were presented with a sequence of two stimuli, one of them being the
reference and the other one being a comparison. The order of the stimuli was
random; the interstimulus pause was also random ranging between 300 and 800
ms. They were asked to report which of the two consequent stimuli felt stronger
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by pressing one of two keyboard keys denoting the first and the second stimulus
respectively. The reference signal had an amplitude A = 1.5 1072 m/s? and a
duration ¢ = 400 ms. The comparison stimuli had amplitudes ranging between
0.3 and 3.0 102 m/s? and &t could be 100, 200, 300, 500, 600 or 700 ms.
Examples of stimuli are presented in Fig. 1b.

The experiment was organised into six sub-sessions corresponding to dif-
ferent durations &t of the comparison stimuli. The order of sub-sessions was
balanced among observers. Within each sub-session the amplitude of the com-
parison stimulus was selected using two interleaving staircases, one starting at
2.0 of the reference amplitude and the other starting at 0.2 of the reference
amplitude. The order in which the two staircases were presented was always
random. The staircase step size was fixed at 0.2. Each trial started with the
stimulus presentation and ended with the observer pressing the key reporting
the subjectively stronger stimulus. The duration of each trial never exceeded 5
seconds; the overall experiment took about 20 minutes.

Data analysis. The responses of each observer for two staircases were pooled
together and a single psychometric curve was determined by fitting it with the
cumulative normal distribution function. The point of subjective equivalence,
1, between the reference and comparison stimuli is the amplitude at which the
psychometric curve crosses a probability of 0.5. Psychometric curves were dis-
carded if left boundary values exceeded 0.1 or if right boundary values were
smaller than 0.9. The p values determined from the retained curves were then
used for further analysis. The regression coefficient between stimulus duration
and the perceived equivalence amplitude was computed. It was justified using
non-parametric Durbin test (‘durbin.test’ function, ‘agricolae’ package, R sta-
tistical software) with observers as judges and the duration dt as treatment. In
order to have a balanced experimental design, the data of the observers who
had at least one discarded psychometric curve were excluded from the statistical
analysis.

3 Results

For each observer two staircases, one rising and the other descending, usually
converged to values close to the bias, justifying the pooling of their data (see
example in Fig. 2a). The observers’ responses could usually be fitted rather well
with a psychometric curve (see example in Fig. 2b). In some cases, however, the
slope of the curve was too shallow, suggesting a low quality estimate of the point
of subjective equivalence. Overall, five psychometric curves in four observers,
which corresponds to less than 10%, have been discarded on this basis. The
discarded curves mostly corresponded to the shortest stimulus duration (100 ms;
three curves). The staircases for higher d¢ values usually had points of subjective
equivalence closer to zero (see Fig. 2¢), suggesting an inverse relationship between
the stimulus exposure time and its perceived intensity. This trend, visible from
the average data in Fig. 3, was also confirmed by the Durbin test: the effect of
the duration on perceived intensity is highly significant (p < .001).
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Fig. 2. (a) Staircase for one participants at t = 0.5 s. The test converges to the ampli-
tude at which the two signals feel identical, called the point of subjective equivalence.
Here, p ~ 1.1. (b) Psychometric curve fitted to the points for the same test. u is found
at proportion stronger = 0.5. (¢) General trend of the psychometric curves with time:
psychometric curves for §t = 0.7, 0.6, 0.5, 0.3, 0.2 and 0.1 s.
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Fig. 3. The amplitude of subjective equivalence p as a function of the stimulus exposure
time Jt, showing a negative power law relationship with a regression coefficient of -0.23.
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4 Discussion

The current study explored the relationship between the duration of a tactile
stimulus and its perceived intensity. Such a relationship is well known in audi-
tion [8,13], vision [2,4] and pain [12] perception, but, to the best of our knowl-
edge, has never been reported for the tactile modality. Our results show that in
the case of a windowed vibratory skin stimulation, the perceived intensity is neg-
atively correlated with the temporal dimension of the window. In this sense, the
tactile modality is similar to the other modalities, and this negative correlation
might be viewed as a non modal-specific law of perception.

The temporal dependency could be related to the biotribology of the skin.
Indeed, the characteristic time of the skin deformation could prevent the vi-
brations from propagating within the given time window. We could for example
think that at short times, it is the lack of skin response, not the stimulus duration
perception, that creates the necessity for an increase in amplitude. However, the
characteristic time of the skin and of the bulk fingerpad skin is just of the order
of a few milliseconds [15,10,16] and thus would unlikely cause any noticeable
difference in perception.

One could surmise the existence of a mechanism to ensure the constancy
of tactile perception when a finger swipes over an asperity. One perceives an
asperity by and large in the same way independently of the velocity at which one
explores it. This could be explained by an adustement mechanism in the brain.
When one swipes an asperity more rapidly, the skin oscillations are stronger
and hence yield a more intense sensory stimulus. However, the intensity of the
received sensations are felt less strongly to match the expected spatial dimension
of the asperity, and hence the temporal window of the vibrations it creates.
With such a mechanism, a temporally longer stimuli would need to have a lower
amplitude than a temporally shorter simuli for the same spatially asperity to be
felt with the same coarseness.

The pink noise stimuli used here can be seen as the input of a finger sliding
over an uneven surface. In this case, the duration of the stimuli corresponds
to the spatial extent of the asperity or to the velocity of the finger motion.
The inverse relationship between the intensity of the perceived stimulus and its
temporal duration, may thus correspond to the same constancy. This suggests
that, unlike the auditory system, the tactile system might not be tuned to the
discrimination of duration.

Since the majority of the skin receptors are sensitive to both the skin defor-
mation and its temporal derivative, it can be assumed that the same asperity
explored at a different speed creates the same deformation, but at different ve-
locity. Thus, for the same surface asperity, instantaneous output of the skin
receptors will be stronger if the exploration speed is higher.

Pink noise being a broadband signal, all the submodalities of mechanore-
ceptors (slowly and rapidly adapting) are likely to be excited. For the tactile
modality, it takes time for the sensation magnitude to develop to its full power,
about one second according to von Békésy [3]. In our study, the signals (0.1
to 0.7 s) and the interstimulus pause (0.4 s) do not allow the stimulus to fully
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develop into a conscious percept. However, we did not observe a steepening
of the regression at smaller stimuli times, where we would have expected an
overcompensation. This could suggest that the rapidly adapting afferents are
predominantly recruted instead of the slowly adapting ones. It could also imply
that the slowly adapting afferents are also recruted but that the coding of the
incoming stimulus is much faster than previously reported and that it is the
decay of the signal which takes time.

Acknowledgments. This study was funded by the FP7 Marie Curie Initial
Training Network PROTOTOUCH, grant agreement No. 317100. It was also sup-
ported by the European Research Council (FP7) ERC Advanced Grant (patch)
to V.H. (No. 247300).The authors would like to thank Stephen Sinclair for help-
ful discussions, as well as Amir Berrezag and Ramakanth Singal for excellent
technical assistance.

References

1. M. Abe and S. Ando. Computational auditory scene analysis based on loud-
ness/pitch/timbre decomposition. In Proceedings of the IJCAI Workshop on Com-
putational Auditory Scene Analysis (CASA97), pages 2646-2649, 1997.

2. E. Baumgardt and B. Hillmann. Duration and size as determinants of peripheral
retinal response. J. Opt. Soc. Am., 51(3):340-344, Mar 1961.

3. G. V. Bekesy. Similarities between hearing and skin sensations. Psychological
Review, 66(1):1-22, 1959.

4. G. Ekman. Temporal integration of brightness. Vision Res., 6(12):683-688, Dec
1966.

5. E. Gamzu and E. Ahissar. Importance of temporal cues for tactile spatial-frequency
discrimination. J. Neurosci., 21(18):7416-7427, 2001.

6. J. Giacomin, M. Shayaa, E. Dormegnie, and L. Richard. Frequency weighting for
the evaluation of steering wheel rotational vibration. Int’l J. Industrial Ergonomics,
33(6):527-541, 2004.

7. D. Kahneman and J. Norman. The time-intensity relation in visual perception as
a function of observer’s task. J. Exp. Psychol., 68(3):215-220, Sep 1964.

8. K. D. Kryter and K. S. Pearsons. Some effects of spectral content and duration
on perceived noise level. J. Acoust. Soc. Am., 35(6):866-884, 1963.

9. B. C. J. Moore, B. R. Glasberg, and T. Baer. A model for the prediction of
thresholds, loudness, and partial loudness. J. Audio Eng. Soc., 45(4):224-240,
1997.

10. D. T. V. Pawluk and R. D. Howe. Dynamic lumped element response of the human
fingerpad. J. Biomech. Eng., 121(2):178-183, 1999.

11. G. H. Recanzone and M. L. Sutter. The biological basis of audition. Annu. Rev.
Psychol., 59:119-142, 2008.

12. T. Shimizu. Tooth pre-pain sensation elicited by electrical stimulation. J. Dent.
Res., 43:467-475, 1964.

13. J. C. Stevens and J. W. Hall. Brightness and loudness as functions of stimulus
duration. Percept. Psychophys., 1(9):319-327, 1966.

14. R. T. Verrillo, anthony J. Fraioli, and R. L. Smith. Sensation magnitude of vibro-
tactile stimuli. Percept. Psychophys., 6(6):366-372, 1969.



Draft. Final version in
Haptics: Neuroscience, Devices, Modeling, and Applications, Part-1, Auvray, M. and Duriez, C. (Eds). pp. 93-100

8 Bochereau et al.

15. Q. Wang and V. Hayward. In vivo biomechanics of the fingerpad skin under local
tangential traction. J. Biomech., 40(4):851-860, 2007.

16. M. Wiertlewski and V. Hayward. Mechanical behavior of the fingertip in the range
of frequencies and displacements relevant to touch. J. Biomech., 45(11):1869-1874,
2012.

17. M. Wiertlewski, J. Lozada, and V. Hayward. The spatial spectrum of tangential
skin displacement can encode tactual texture. IEFEE Transactions on Robotics,
27(3):461-472, 2011.





