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Summary

A large number of studies performed by S. S. Stevens, 1. C. Stevens and their collaborators have estimated the intensity
of one sensory modality by way of another one related to the proprioceptive sensation of muscular force and limb
position. As such, using a cross-modal matching procedure, it should be possible to associate a proprioceptive sensation
with an auditory sensation (e.g. loudness, brightness, roughness) having an equivalent strength. A new proprioceptive
estimation device for the continuous unidimensional judgment of nonstationary sounds has been developed, and in this
paper we establish an individual calibration method and the loudness scale of stationary, 1-kHz pure tones by a cross-
modal matching paradigm using the new device. The loudness scale and the proprioceplive scale related to muscular
force applied to a unidimensional joystick with force feedback were cvaluated independently by direct estimation
techniques: ratio and magnitude production, absolute magnitude estimation. The proprioceptive function obtained is
characterized by a power function with an exponent of 1.77. The results obtained with ratio scaling and cross-modal
techniques are similar. However, the set of results obtained with the cross-modal technique appear more stable and less
dependent on experimental conditions. Finally, these results allow us to envisage the use of this device for different

auditory assessment applications.

PACS no. 43.66.Cb, 43.66.Ym

1. Imntroduction

For sounds lasting a few seconds or considered stationary, tra-
ditional procedures of subjective evaluation {1, 2] and mea-
surement {3] have been used. They yield reliable and robust
results. For example, several experiments [4, 5, 6, 7, §, 9]
have been performed to evaluate the loudness of 1-kHz pure
tones based on techniques intrcduced by S. S. Stevens in
the 1950s. The most well-known are the magnitude estima-
tion and production techniques. With these, S. S. Stevens
produced the sone scale corresponding to a measure of
perceived acoustic intensity. Several experiments performed
with these direct evaluation techniques have given the power
law relating physical to perceptual magnitudes proposed by
S. S. Stevens [10]:

T = ko, (1)

where W corresponds to subjective intensity, ® corresponds
to physical intensity, k is an arbitrary constant to adjust the
scale, and a is the exponent that depends on the sensory
modality and conditions of stimulation. For example, the
psychophysical function obtaincd that expresses the sensa-
tion of acoustic intensity as a function of physical intensity
of a 3-kHz pure tone, corresponds to a power {unction with
an exponent of 0.67. Experiments performed by S. S. Stcvens
in different sensory domains have given exponents varying
from 0.33 (visual brightness) to 3.5 (electric shock). The

Reccived 6 April 1998,
accepted 7 June 2000.

power law scems to be applicable without exteption to any
physical continuum involving a variation in sensory intensity,
at least for values not too close to threshold where certain
adjustments are often necessary (cf. [11] for loudness). The
construction of direct scales can thus be reduced to determin-
ing the exponent of the power function. However, the problem
with direct scaling resides in the ability of the subject to de-
tect and transmit the right ratios corresponding to his or her
sensations. A review of the psychophysical literature con-
cerning ratio-scaling techniques {11, 12, 13, 14, 15] reveals a
variability of the results in the subjects’ judgments according
to the type of technique, the level or the value of the reference
sound, the presence or absence of a reference sound, and the
range of stimuli presented, among other factors. S. S. Stevens
[16] proposed a cross-modal matching (CMM) method for
confirming the power law relation which docs not require
the subject to make numerical judgments. The task consists
in matching two sensations coming from different sensory
modalities, one of which has been calibrated beforehand by
a direct estimation method [16, 17, 18].

The use of this CMM method with an adcquate force-
feedback proprioceptive! device has three main advantages.
Firstly, as S. S. Stevens emphasized, on the basis of knowl-
edge concerning the function for a sensory modality, it is

! "Proprioception” literally means “perception of one’s self" and
is used in experimental psychology and sensory neuroscience to
refer to the perception by an organism of stimuli relating to its own
position, posture, equilibrium, or internal condition. We use it here
to refer to a combination of muscular, articulatory, and positional
cues deriving from an action on a resistive external device.
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possible to determine the psychophysical functions of other
sensory modalities by cross-modal matching. For example,
the psychophysical functions of different auditory attributes
(loudness, roughness, sharpness) can be obtained by way of
the proprioceptive function corresponding to the assessment
device. Secondly, the data in the literature reveal variabil-
ity, between and within methods [11, 12, 13, 14, 15] and
among subjects, that can be reduced by determining for each
subject an individual matching function. It is necessary with
this aim in mind that the assessment device be individually
calibratable as a function of different factors such as indi-
vidual sensitivity that varies with the stimulus range and the
individual process of associating the two sensory modalities.
Thirdly, the intuitive and implicit nature of this assessment
procedure in comparison with other methods of numerical
estimation or ratio estimation suggests its possible useful-
ness in procedures where rapid assessment is necessary. For
example, in the case of continuous judgment of nonstation-
ary signals, it is important to use a method that transcribes
rapidly, casily, and continuously the subjects’ estimates. Fur-
ther, it is interesting that this method can provide subjects
with continuous information concerning their ratings by pro-
viding force feedback.

The aim of the present article is to test the psychophys-
ical reliability of CMM with a new proprioceptive device
developed for that purpose. We limit this study to determin-
ing the loudness function of 1-kHz stationary pure tones, in
order to compare our results with those of the literature and
to validate our device with the cross-modal matching tech-
nique. In a future article [19], this technique will be applied
to time-varying sounds and compared with other techniques.
The proprioceptive evaluation device developed for this work
is presented in section 2. In the first series of experiments
(section 3), wt determine the loudness scale with ratio and
magnitude production, as well as with magnitude estimation.
To obtain greater precision, we have used different methods
to examine the biases due to each one. Similarly, we have
repeated these tests with different levels and values for the
reference sound in order to observe their influence on the
evaluation. We then determine the psychophysical function
related 1o proprioceptive sensation with the ratio production
method, on the one hand, and with magnitude estimation,
on the other hand. These functions were determined for both
directions of manipulation of the device: forwards with in-
creasing force and backwards with decreasing force (section
4). The aim is to find a relation between proprioceptive sen-
sation and the physical magnitude of the force exerted on the
hand with a direct method using the proprioceptive device.
In other words, we sought to determine the ratio scale of
apparent force exerted by a subject on this device. Finally,
we compare the psychophysical functions for proprioceptive
and auditory modalities obtained with independent methods
to the function obtained directly by cross-modal matching
(section 5). The cross-modal function was also determined
for both directions of manipulation of the device.

2. Technical description of the proprioceptive device

2.1. Weight-related resistence: device schema

In order to evaluvate auditory sensation by a sensation of
muscular resistance, a proprioceptive system was developed.
This system acts on the seasitivity of muscles, bones, liga-
ments, and joints, and provides information concerning the
equilibrium and position of limbs of the body in space. The
transmitted information and sensitivity depend on the type of
effort and the movement provoked by the system. It is thus
important in the choice of the device to specify what type of
effort is involved in the subject’s task during the experiment.
In other words, the subject must know to which gestural cat-
egory corresponds the required muscular effort as a function
of the device. The representation of the effort to be made is
different according to the manipulated object, and to each
object is associated an appropriate scale of muscular effort.
For example, the scale will be different if one squeezes on
a water balloon or if one manipulates the handle of a pick-
axe. The schematic of the device we settled on is shown in
Figure 1.

With this system, the subject has information on the eval-
uation being made by force feedback and the position of arm
and shoulder. The lever exerts a resistance as a function of
the angle of displacement, the effect of which is to create
a proprioceptive scnsation. As such, the subject associates a
combination of muscular force and displacement with any in-
tensity variation perceived by moving the lever of a "joystick”
in the direction corresponding to the auditory sensation. For
example, to an auditory sensation for which the intensity is
perccived as being two times greater, the subject doubles the
proprioceptive sensation. In this way, the result related to
an intensity sensation does not depend on the ability of the
listener to estimate the nurnerical magnitude related to the
sensation, which involves a sensory-to-conceptual matching
process, but rather to match one sensory magnitude to an-
other. The data obtained allow us to establish a relation be-
tween the muscular force in Newtons and the sound pressure
level in dB SPL.

The displacement of the lzver is recorded with the help of a
10 k€2 potentiometer mounted in the axis of the lever motion.
Itis configured such that the output voltage is a linear function
of the lever angle. The electric voltage is transformed into
MIDI data and rcad by the computer program running the
experiment.

2.2. Equation of the systern

The variables in the system include the following: mass m,
distance [ of the mass from the axis of rotation oz, the dis-
tance a of the handle from the axis of rotation, and the angle «
between the shaft and the vertical axis z. For the experimen-
tal procedures presented in this article, the mass-shaft-subject
system effects a rotational raovement that is quasi-stationary
at cach instant t. The sum of the moments of force applied
to the system is thus zero. The modulus of the force as a
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function of the angle is given by:

mgl

l
||R1!:T‘sina — me.

“Rmaxn = (2)
Note that R is a force tangent to the movement applied by
the subject in the direction of displacement of the lever and
P is the force applied by the mass (P = mg).

3. Loudness scaling experiments

3.1. Subjets

A group of 10 subjects (8 men and 2 women) with ages be-
tween 25 and 30 years participated in all of the tests. Ten
additional subjects (5 men and 5 women, aged from 25 to
39 years) only participated in the magnitude estimation of
the proprioceptive sensation and the cross-modal matching
procedure. Two subjects were experienced in psychoacoustic
testing and the others had never participated in this kind of
test. Each subjcct had a training session to become famil-
iar with the experimental task. No subject reported having
hearing problems.

3.2, Apparatus and stimulus generation

In each experiment, the stimuli used were 1-kHz, stationary
sine tones sampled at 44.1 kHz with 16-bit resolution. They
were generated digitally on the IRCAM Musical Workstation
[20] comprising a NeXT computer, an ISPW digital signal
processing card, and MAX software. The sounds were then
converted by ProPort DACs with integrated anti-aliasing fil-
ters and amplified by a Canford stereo amplifier before being
presented diotically over AKG-1000 headphones. Subjects
were seated in a Soluna S1 double-walled sound isolation
booth. Sound levels at the earphones were measured with
a Briiel and Kjar 2209 sound-level meter. The experiment
was run using the PsiExp experiraental software environment
[21). For Experiments 1 and 2 (ratio and magnitude produc-
tion, respectively), two 1-s tones with 40-ms linear attack
and decay ramps were presented successively, initially with
the same intensity, and were separated by a silent interval of
1 5. Repeated successive presentations of the tone pair were
separated by a 2-s silence. The first tone was the reference
and the second was to be adjusted in level with a cursor on
the computer screen that was moved with a mouse. The ref-
erence and variable sounds were repeated until the subject
indicated satisfaction with the adjusted level. In Experiment
3 (magnitude estimation), stimulus presentation was similar
but the level of the second sound was different from that of
the reference and could not be modified.

3.3. Experiment 1: Ratio production

3.3.1. Procedure

Subjects were asked to modify the level of the second sound
of the repeating pair so that it would be twice as loud as the
reference sound. At the beginning of the experiment, the two
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Figure 1. Mechanical device in which angular displacement of the
lever from the initial position is accompanied by increasing force
exerted on the subject’s hand.
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Figure 2. Average loudness function obtained by the production of
ratios of two.

sounds had the same level: 40 dB SPL. The subject adjusted
the level of the second sound, the adjustment being performed
by moving a cursor on the computer screen with a mouse.
Satisfaction with the adjusted level was indicated by pressing
the "V" key on the computer keyboard. The reference sound
in the next trial was assigned the final adjusted level of the
current variable sound. This procedure was repeated until the
subject had performed six adjustments or the level exceeded
80 dB SPL. For each adjustment the corresponding physical
level was recorded.

3.3.2. Results

To construct the loudness scale, adjusted levels were con-
verted to sones with a value of 1 sone corresponding to the
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Figure 3. Average loudness function obtained by magnitude pro-
duction for different reference levels: (a) 50dB SPL, (b) 60dB
SPL, (c) 70dB SPL. Asterisks indicate means across subjects and
vertical bars represent 1 standard deviation. A modulus of 10
was associated with the reference level.

loudness of the |-kHz pure tone at 40dB SPL presented at
the beginning bf each series of adjustments. The sound ad-
justed to two times that loudness was assigned a value of 2
sones and so on. The individual data arec well fit by a straight
linc on log-log coordinates, with the slope varying between
0.40 and 0.70 over subjects. The mean function (Figure 2)
is a straight line which confirms that loudness is a power
function of acoustic pressure measured in uPa. The mean
slope calculated from subjects’ individual slopes is 0.55 with
a standard deviation of 0.10.

3.4, Experiment 2: Magnitude production
3.4.1. Procedure

At the beginning of the experiment the two sounds had the
same level, to which was assigned the value of 10. Then
the subject was required to adjust the level of the second
sound until it was proportional in loudness to a numerical
value presented on the computer screen. For example, if the
value was 5, the second sound should be adjusted to half
the loudness of the first. Numerical values of 5, 7.5, 20,
30, 35, and 40 were chosen. They were presented in random
order for each subject. The subject indicated satisfaction with
the adjusted level by pressing the "V" key on the computer
keyboard. The level of the two sounds was then reinitialized
to the reference level for the beginning of the next trial. The

levels and the corresponding numerical values were recorded
for each adjustment. In order to evaluate the influence of the
level of the reference sound on subjects’ responses, different
values were used: 50, 60, and 70 dB SPL. For each reference
level, the experimental procedure was repeated.

3.4.2. Results

A mean level was computed from the adjustments made by
the ten subjects for each numerical value presented. The
psychophysical function obtained corresponds to the target
numerical values as a function of the adjusted levels pro-
duced by the subjects. The results indicate that loudness
again evolves as a function of acoustic pressure according
to a power law, but with the exponent increasing with the
level of the reference sound (Figure 3). The data on log-log
coordinates are three straight-line functions corrcsponding
to each reference level. The slopes for the reference levels of
50, 60, and 70dB SPL are 0.43, 0.53, and 0.69, respectively.
The 95% confidence invertal on the slope of the regression
line was determined for each series. This interval contains
the slope proposed by Hellman and Zwislocki [7] only for
the 60 dB reference level. For none of the references levels
does it contain the slope proposed by Stevens [4]. However,
the mean of these values gives a slope of 0.55 (s.d. = 0.10),
which approaches the mean value of 0.54 derived from sev-
eral studies {7].
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3.5. Experiment 3: Magnitude cstimation
3.5.1. Procedure

Once again sounds were presented in pairs. The first was
the reference sound to which a numerical value of 10 was
attributed. The second was presented at a different level. The
levels included 30, 35, 45, 55, 65, 70, 80, 85, and 90 dB SPL.
The order of presentation was randomly chosen for each
subject. The subject entered on the keyboard a numerical
value corresponding to the loudness of the sccond sound,
such that the ratio of the numbers corresponded to the ratio of
the loudnesses, i.¢. if the second sound seemed twice as loud,
a value of 20 should be entered. Once the value was entered,
the next pair was presented, the reference level always being
the same. For each estimate, the level and corresponding
numerical value of the comparison sound were recorded. In
order to evaluate the influence of the level of the reference
sound on subjects’ responses, different reference levels werc
used: 50, 60, and 70dB SPL. For each reference level, the
experimental procedure was repzated.

3.5.2. Results

The results obtained with this method show once again that
loudness is a power function of acoustic pressure. The psy-
chophysical functions thus obtained are the means of the

magnitude estimations over the ten subjects as a function of
acoustic pressure expressed in dB (Figure 4). The functions
vary again with the reference level, giving slopes of (.35,
0.40 and 0.40 for 50, 60, and 70 dB SPL, respectively. The
mean slope is (.38 with a standard deviation of 0.03.

3.6. Discussion

The loudness functions obtained with the different methods
all respect a power-law relation. This result holds for both
global and individual data. However, a great deal of variabil-
ity exists between individuals and between methods. Produc-
tion of ratios of two and magnitude production give similar
results, the exponent being 0.55 for both. Comparatively,
the magnitude estimation method gives a shallower loudness
function with an exponent of 0.38. A review of the literature
reveals that results are variable according to the different op-
tions possible in the experimental procedure. S. S. Stevens
has demonstrated that various factors can modify the form
of the loudness function [6]. For example, the presence of
a reference sound reduces the slope. This effect varies with
the level of the reference and the number of stimuli pre-
sented around the reference value. Other research conducted
by Hellman and Zwislocki confirms this result [7, 8, 9, 11].
In addition, results obtained by magnitude estimation gener-
ally underestimate the slope of the loudness function, as we
found in the present study.
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Nevertheless, a stable loudness function has been obtained
from different methods: Robinson {S] and S. S. Stevens (6]
with estimation, Scharf and J. C. Stevens [22] with ratio pro-
duction and estimation, Feldtkeller, Zwicker and Port [23]
for ratio production, Hellman and Zwislocki [7] with estima-
tion and magnitude production. The mean of these data gives
a power function with exponent 0.54 for levels above 30 dB
SPL. This result is in agrcement with what we have found
for ratio and magnitude production. As such we will retain
this slope value for comparison with the rest of this study.

4. Force scaling

4.1. Experiment 4: Ratio production
4.1.1. Procedure

At the beginning of a trial, the lever of the proprioceptive de-
vice was positioned at 90° with respect to the horizontal plane
(Figure 3). The subject initiated the experiment by clicking
on a button on the computer screen and then displacing the
lever to position "A" corresponding to a reference propri-
oceptive sensation. The reference position was indicated to
the subject by a weak sound signal (40 dB, 400 Hz) that was
present when the lever was within an angle of 1.6° centered
on the reference. The subject’s task then consisted of displac-
ing the lever from this position until the force sensation was
doubled compared to the reference position. It was suggested
to subjects to return to position "A" and then back to position
"B" to verily the relation between the sensations, but to not
do this more than two times. Once the correct position "B"
was found the lever was Lo be held in that position until the
key "V" was pressed on the keyboard to record the angle.
Then the lever was returned to the resting position and an
obligatory rest period of 5 seconds was imposed to avoid the
effects of muscle fatigue. Position "B" then became position
"A" and the procedure was repeated iteratively until the sub-
ject attained the upper limit of the system, a 90° angle, which
was indicated by pressing the "L" key on the keyboard.

In order (o evaluate the influence of the reference posi-
tion on subjects’ responses, different angles were used: 16°,
40°, 5°, 28°, and again 16°. These reference positions cor-
responded to a pushing effort. To compare the sensation of
pushing to that of retaining the lever and reducing the an-
gle, two other reference positions were used: 86° and 67°.
Starting from these latter reference positions, the subject was
required to find a position for which the muscular effort was
half that of the reference position, and the procedure was
repeated iteratively until the Jower limit of the system was
reached at 0°. In ali cases, a valuc of apparent force of 1 was
assigned to the initial position, followed by values of 2, 4, 8,
etc. for pushing mode and 0.5, 0.25, 0.125, etc. for retaining
mode.

4.12. Results

A curve was obtained corresponding to the ratios of sensa-
tions as a function of the physical values recorded (angu-
lar displaccment or the corresponding force that is entirely

Reference force (position A) 1.6° tolerance

—{ Initial position
O

Doubling the apparent force
(position B)

90°

Figure 5. Schema of the experimental procedure for the evaluation
of apparent muscular force. Position A, signaled by a sound signal,
corresponds to the reference force. Position B corresponds to a mus-
cular force judged to be the double of that at position A. A sound
signal indicates to the subject that the lever is within an angle of 1.6°
centered on position A.

determined by the angle for a given mass and distance of
the mass from the origin). Presented on log-log coordinates,
seven linear functions corresponding to the different initial
positions were obtained, indicating that the data nicely fit a
power function. Individual differences between subjects, as
shown in Figure 6, suggest that different strategies were used.
Globally, the slopes are greater than 1, signifying that the pro-
prioceptive sensation is positively accelerated as a function
of the magnitude of physical force. This value increases for
some subjccts with an increase in the initial force. Further,
the mean slopes for the proprioceptive functions in pushing
and retaining modes are slightly different. The psychophysi-
cal function of proprioceptive sensation as a function of force
(in Newtons) derived from the mean slope across all subjects
corresponds to a power function with an exponent of 2.13
(s.d. = 0.7) for pushing and 1.50 (s.d. = 0.5) for retaining. In
both cases, the function is obtained by doubling and halving,
respectively, the evoked sensation with a different starting
angle. Each of the two methods has an experimental bias of
similar amplitude and opposite sign. In order to climinate this
bias, the mean of the two velues is taken. The proprioceptive
function obtained corresponds to a power function with an
exponent of 1.81.

4.2. Experiment 5: Absolute magnitude estimation
4.2.1. Procedure

Subjects were asked to rate the sensation evoked by a given
force on a numerical scale with a value proportional to the
strength of the proprioceptive sensation. No reference value
was given. Eight positions of the lever, each corresponding
to a different force, were indicated to subjects successively
by a weak sound signal. In a first part, ten subjects started
from the resting position at angle 0° and pushed the lever to
the target position. Then in a second part, the same subjects
started from the maximal angle 90° and pulled the lever back
to the target position. For each position and in both directions
of manipulation of the device, subjects entered a numerical
value corresponding to their rating on the computer keyboard.
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Figure 6. Proprioceptive psychophysical functions obtained for production of ratios of two —— and one-half - - ~- - for different initial
positions. All initial positions arc assigned an apparent force value of 1. Data are shown for four representative subjects: (a) subject 4 (pushing
force, mean @ = 1.59; retaining force, mean a = 1.68), (b) subject 5 (pushing force, mean @ = 3.23; retaining force, mean a = 1.11), (c)
subject 8 (pushing force, mean @ = 2.25; retaining force, mean a = 1.19), (d) subject 10 (pushing force, mean a = 3.34; retaining force,

mean a = 2.69).

For each subject, the predetermined positions were prescnted
in a random order. The ten other subjects performed the two
parts in reverse order.

4.2.2. Results

Figure 7 shows the mean ratings obtained for the set of 20 sub-
jects. Here again, the slope for the retaining function (1.67) is
lower than that for the pushing function (1.80). However, the
difference between the two is smaller than that obtained by
the ratio production method. Or the other hand, one should
note that there is a slight departure from linearity in log-
log coordinates for the pushing fonction. The proprioceptive
function determined by magnitude estimation corresponds to
a power function with a mean cxponent of 1.74. Note that
ten of these subjects had performed the ratio production task
(Experiment 4, section 4.1) 15 months earlier. Given the time
between the two experiments, they cannot be considered to
be influenced in the present tasx by their experience in the
carlier one.

4.3. Discussion

The predicted result, on the basis of work by S. S. Stevens,
J. C. Stevens and their collaborators [24, 25, 26], is a power
function with an exponent greater than 1. S. S. Stevens mea-
sured the apparent muscular force exerted by a subject on the
handle of a dynamometer using different methods of direct
judgment. The obtained function respected a power law with
an exponent of 1.7. In another experiment, a forcec was ap-
plied to the palm of the subject’s hand, yielding an exponent
of 1.1. Similarly, a task consisting of displacing weights of
different magnitudes produced a sensation that evolved ac-
cording to a power function with an exponent of 1.45. The
mean values of 1.74 and 1.81 determined with the new device
by magnitude estimation and ratio production, respectively,
are similar to that obtained by S. S. Stevens (1.7) with the
handgrip system. Finally, the mean value of the exponent of
the power function for proprioceptive sensation correspond-
ing to our device is 1.77.
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5. Experiment 6: Cross-modal matching

5.1. Individual calibration of the device

There are important differences between individuals that re-
quire a personalized calibration of the device: physiological
differences related to muscular strength and sensitivity and
differences in response strategy and auditory representation
of the stimuli. A simple calibration procedure consists in pre-
senting stationary sounds at various values (eight) along the
acoustic continuum to be studied, which cover the range of
stimuli used in the experiment. The principle is to adjust the
upper limit of variation of the device (maximum angle) to the
maximal stimulus magnitude. In other words, the device is
individually calibrated to avoid saturation of the judgments
for stimuli with high values. This procedure is repeated two
or three times for each subject for the same range of values
(40-85dB SPL). It takes no longer than five minutes. This
calibration also ensures full resolution of the response con-
tinuum for each individual. For our device, the individual
calibration is made possible by a modification of the incrtia
of the device, i.e. by adjusting the mass m and its distance
from the axis of rotation .

To calibrate the device individually, a series of matching
experiments was conducted, varying the position of the mass
on the lower shaft and its weight. The resistance created
by the device increases with both mass and distance from
the axis of rotation. Three individual calibrations were per-
formed, each with a different mass-distance pair that was
chosen individually for each subject. Three ranges of levels
were tested, each being realized with 11 levels. The ranges
included 65-85, 55-85, and 45-85dB SPL. Stimuli within
each range were presented in random order. Each subject per-
formed nine blocks of cross-modal matchings corresponding
to all combinations of three mass-distance pairs and three
level ranges.

As an illustration, the data for three male subjects 2, 8, and
10 are presented in Figure 8 for cach of the ranges of levels
considered. The continuous lines correspond to the situation
with the greatest resistance, whereas dash-dotted lines rep-
resent the least resistance and dotted lines an intermediate
resistance. In general, subjects were globally coherent, since
the three curves representing the variation in force as a func-
tion of level for each mass-distance pair are superimposed.
This representation allows us to verify, on the one hand, if
subjects do in fact make a correspondence between acoustic
level and intensity of proprioceptive sensation, and, on the
other hand, if the proprioceptive range is correctly calibrated
with respect to the range of stimulus variation perceived. For
example, for subject 2, the mass-distance pairs used were
2kg/27 cm, 2kg/20 cm, and 2kg/14 cm. This subject associ-
ated a high displacement angle with high levels, and all the
more so as the inertia of the system decreased. His judgments
were saturated for the highest levels when the resistance of
the system was low (I = 14 cm). In fact the dash-dotted line
corresponding to the mass-distance pair with the smallest
inertia presents a flattening at maximal displacement (90°)
starting at 80 dB SPL.
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Figure 7. Magnitude estimations of the proprioceptive sensation as
a function of the force intensity, obtained in pushing (circles) and
retaining (squares) modes. Vertical bars represent -1 standard de-
viation. The variables @ and k are from equation (1) and r is the
coefficient of regression of the data onto the straight line function.
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Figure 8. Device calibration curves for subjects 2, 8, and 10 for three
mass-distance pairs and three ranges of sound levels. The solid,
dotted and dash-dotted lines correspond to three different individual
calibrations with progressively decreasing inertia.

Examination of the curves in Figure 8 leads to the elimina-
tion of the 2 kg/14 cm pair and the selection of the 2 kg/20 cm
pair, which corresponds to & maximal variation with respect
to the range of levels tested. Even if this subject’s responses
are not all consistent, he has apparently performed a force
match to the level variation. Figure 8 also presents the results
obtained for two other representative subjects. As such, we
were able to reveal large differences between the three curves
for one subject (not shown), who seemed to recalibrate his
judgments with respect to the maximal range of displace-
ment; that is, he associated a given sound with two identical
positions of the lever having different resistive forces. His
strategy clearly consisted in matching angular displacement
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rather than muscular force to the perceived loudness. The
judgments obtained for another subject were saturated for
the highest levels when the global resistance of the system,
corresponding to one of the three mass-distance pairs, was
the weakest. Finally, for each subject, we recorded the most
appropriate mass-distance pair and uscd it in the main match-
ing task below.

5.2. Stimuli

Eight 1-kHz pure tones were used with levels of 40, 45, 55,
60, 65, 70, 80 and 85dB SPL. The duration of the sounds
was 1 s.

5.3. Procedure

The subject started the experiment by pressing a button. A
sound of constant level was presented once every two sec-
onds. First, from the rest position (angle 0°), the subject
displaced the lever of the device until the apparent force was
equivalent to the loudness of the sound and then, while hold-
ing the lever at that position, pressed the key "V" on the
keyboard to enter the response. The procedure was repeated
for each sound level. Then, in a second step, the experiment
was done again but with a starting point from the maximum
position (angle 90°). The level and the corresponding an-
gle of the lever were recorded for each trial. The different
levels were presented in random order. Each session lasted
approximately 3 minutes. Ten subjects performed first the
cxperiment by a pushing effort and then by a retaining cffort.
The order was reversed for the cther ten subjects.

5.4. Results

For each adjustment, the sound level ®; and lever force (or
angle) @ were determined. According to Stevens’ power
law

I

ar, lOg (I)I + k) (3)
aplog®p + K, (4)

log ¥y,

I

logTp

where L indicates parameters rclated to loudness and P ap-
parent (proprioceptive) force, k being a different constant for
each sensory dimension. Since the two have been matched
perceptually

Uy, =¥p. (5)
Consequently (ignoring the constants), we have

aplog®; = aplog ®F, (6)
and the ratio betwecn the exponents is derived from

a;, _ log®;

()

ap log®p’

The intensity of the resistive force is a monotonic function
of the displacement angle of the lever. In order to visualize
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Figure 9. Psychophysical function obtained by cross-modal match-
ing of apparent force to loudness. Pushing and retaining modes are
represented by circles and squares, respectively, and vertical bars
represent =1 standard deviation. The variables @ and k arc from
equation (1) and r is the coefficient of regression of the data onto
the straight line function.

directly the results as a function of the possible range of vari-
ation of the angle, the matching function obtained (Figure 9)
represents the force (in Newtons) as a function of level (in
dB SPL). In log-log coordinates, both functions obtained in
pushing and retaining modes are straight lines with slopes of
0.30 (s.d. = 0.08) and 0.28 (s.d. = 0.08), respectively. On the
average, this gives a power function with an exponent equal
0 0.29.

5.5. Discussion

Since the work of S. S. Stevens, most of the sensory modal-
ities have been characterized by power functions. Various
experiments have been performed in order to estimate the
intensity of one sensory modality by way of another one. For
example, J. C. Stevens, Mack and S. S. Stevens [17] con-
ducted an experiment in which the evolution of seven dif-
ferent sensory modalities (electric shock, white light, white
noise, 1-kHz pure tone, vibration on the fingertip, lifted
weight, pressure on palm) were measured by way of a muscu-
lar sensation (force exerted on the handle of a dynamometer).
Knowing (see section 4.3) that with this device the subjective
muscular force presents a power function with exponent 1.7,
from equation (7), the equivalent sensation function between
a given sensory modality and the muscular sensation should
have the following form:

F=17, (8)

where F' is force and I is stimulus intensity on the matched
dimension. The exponent n corresponds to the power func-
tion of the matched stimulus. The ratio 12/1.7 is the slope
of the line describing the relation on log-log coordinates be-
tween the physical data for each stimulus. Finally, the slopes
obtained by J. C. Stevens et al.’s handgrip experiments seem
to confirm the form and the exponents of the seven functions
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determined independently by ratio scaling methods based on
numerical estimation.

The results obtained in the present study confirm firstly that
loudness and the proprioceptive sensation being measured
can be described by power functions. They also confirm that
the slope (0.29) of the matching function obtained directly
by CMM using the new proprioceptive device is very close to
the slope that would be predicted from the power functions
obtained in the previous experiments for loudness and pro-
prioception independently (0.55/1.77 = 0.31). Note that the
linear regression coefficients for the individual cross-modal
matching functions vary between 0.90 and 0.99 in pushing
mode and between 0.87 and 0.99 in retaining mode.

6. General discussion

With the help of a questionnaire administered at the end
of each experimental session, we attempted to discern the
level of difficulty of each scaling method and the strategies
adopted by the subjects. At first, all methods seemed to baf-
fle subjects in general, especially the cross-modal matching
paradigm. However, after a few trials, they rapidly adapted
to this latter procedure and judged it to be easier to perform
compared to ratio and magnitude production and magnitude
cstimation. They all felt in the end that they responded in-
stinctively; that is, they no longer proceeded by a succession
of back-and-forth movements around a mean value, but made
their judgment with a single movement, a rapid and direct
positioning of the lever at the desired position with its corre-
sponding apparent force that was perceived to be equivalent
to the perceived loudness.

Globally, loudness varies as a power function of acoustic
pressure with an exponent of 0.55. The psychophysical func-
tion for the proprioceptive device corresponds to a power
function with an exponent of 1.77. The ratio of exponents for
loudness and proprioceptive psychophysical functions give a
predicted slope of the matching function of 0.31. The value
obtained directly by cross-modal matching was 0.29, which
we consider to validate both the device and the matching
method for evaluating loudness scaling. Indeed these results
show that it is possible to determine the loudness scale for a
1-kHz pure tone by a linear transformation, in log-log coor-
dinates, of the associated proprioceptive scale.

This device would appear to be useful for scaling sensa-
tions corresponding to a variety of auditory attributes, for
which it may not be practical to estimate the sensation nu-
merically. The transformation thus depends on the power
functions of each of the two sensory modalities. The pro-
prioceptive sensation function having been determined, it is
possible 10 deduce that of other auditory attributes using a
cross-modal matching task. For example, in a series of ex-
periments conducted by S. S. Stevens [18], loudness was
adjusted with respect to the perceived intensity of ten other
sensory dimensions. In all cases, the slopes corresponding to
functions of equivalent sensation were similar to those pre-
dicted by direct estimation techniques along each of the two
sensory dimensions.

It is important to note that the results obtained with the
cross-modal matching technique are less dependent on cx-
perimental conditions than those provided by direct estima-
tion techniques. For example, the loudness functions deter-
mined by magnitude estimation and production are clearly
dependent on the level of the reference sound. Note that a
cross-modal matching experiment performed by Bond and
S. S. Stevens [27] gives identical results for a group of five-
year-old children and a group of adults. This suggests that the
matching method does not depend on the ability to translate
sensations into numerical values. The cognitive load induced
by this method appears lower than that reported by our sub-
jects for direct estimation methods. Judgments are likely to
be the result of basic-level processing of sensory systems and
are less dependent on individual strategies. This last point ex-
plains without a doubt why this technique allows us to obtain
stable data in a short time after a limited period of familiariza-
tion, and further suggests that such a device would be reliable
for evaluation of time-varying sound events, a subject to be
addressed in a subsequent paper [19].
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