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The goal of this study was to reconcile the differences between measures of loudness obtained with

continuous, unbounded scaling procedures, such as magnitude estimation and production, and those

obtained using a limited number of discrete categories, such as categorical loudness scaling (CLS).

The former procedures yield data with ratio properties, but some listeners find it difficult to gener-

ate numbers proportional to loudness and the numbers cannot be compared across listeners to

explore individual differences. CLS, where listeners rate loudness on a verbal scale, is an easier

task, but the numerical values or categorical units (CUs) assigned to the points on the scale are not

proportional to loudness. Sufficient CLS data are now available to assign values in sones, a scale

proportional to loudness, to the loudness categories. As a demonstration of this approach, data from

Heeren, Hohmann, Appell, and Verhey [J. Acoust. Soc. Am. 133, EL314–EL319 (2013)] were used

to develop a CUsone metric, whose values were then substituted for the original CU values in reanal-

ysis of a large set of CLS data obtained by Rasetshwane, Trevino, Gombert, Liebig-Trehearn,

Kopun, Jesteadt, Neely, and Gorga [J. Acoust. Soc. Am. 137, 1899–1913 (2015)]. The resulting

data are well fitted by power functions and are in general agreement with previously published

results obtained with magnitude estimation, magnitude production, and cross modality matching.
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I. INTRODUCTION

Loudness has been defined as “that attribute of auditory

sensation in terms of which sounds can be ordered on a scale

extending from soft to loud” (ANSI, 2013, p. 58). Loudness

is primarily a perceptual correlate of the physical strength of

any given sound and has been quantified using a variety of

measurement methods. In a recent review of measurement

issues, Marks and Florentine (2011) note that scaling proce-

dures can be described in terms of whether the scale is

bounded or unbounded and whether it is discrete or continu-

ous. Categorical scaling (CS) procedures are bounded and

discrete, while procedures such as magnitude estimation are

usually unbounded and continuous. Because scales devel-

oped with unbounded, continuous procedures are thought to

have ratio properties (Stevens, 1972), making it possible to

say that sound X is twice as loud as sound Y, we will refer

to them as ratio-scale (RS) procedures. In the following para-

graphs, we review the basics of CS and RS procedures, pro-

cedures for analysis of CS and RS data, and modification of

a specific CS procedure to give it RS properties, making it

possible to use the procedure to measure loudness in sones.

CS procedures have been widely used in the measure-

ment of loudness, and several different procedures have

been proposed for clinical use (Cox, 1989; Allen et al.,
1990; Kollmeier and Hohmann, 1995; Launer, 1995).

Elberling (1999) noted the variable results obtained within

and across similar CS procedures in listeners with normal

hearing (NH). More recently, a version of the CS procedure

described by Brand and Hohmann (2002) has been adopted

as an ISO standard (ISO, 2006) and has been used in a num-

ber of studies, including studies of reliability (e.g., Al-Salim

et al., 2010; Heeren et al., 2013; Rasetshwane et al., 2015).

Measures of reliability obtained with this procedure are gen-

erally better than the summary by Elberling (1999) would

suggest. Only the categorical loudness scaling (CLS) proce-

dure described in ISO (2006) will be discussed here,

although the approach presented here could be used with all

of the other CS procedures in the loudness scaling literature.

The ISO standard cites Brand and Hohmann (2002) as

an example of a reference method for CLS. They used an

11-category scale, from not heard to extremely loud, which

had been used in several of the earlier studies. Brand and

Hohmann (2002) used initial trials to determine the lower

and upper bounds of the range of stimulus intensities in a

way that allowed them to include those trials in the final

determination of the loudness function. The data were ana-

lyzed by assigning 11 numerical values, or categorical units

(CUs), in steps of 5 from 0 to 50, to the 11 categories.

Functions were then fitted to the data describing loudness in

CU as a function of stimulus level. The data are not well fit-

ted by a single straight line, and Brand and Hohmann (2002)

proposed a two-line fit with a steeper function at higher lev-

els and a smooth Bezier-fit transition between the two lines.

Alternative functions and fitting procedures are described by

Brand (2000), Oetting et al. (2014), and Trevino et al.
(2016). None of them are straightforward.

CLS has been used recently to explore the effects

of stimulus duration (Valente et al., 2011), bandwidth
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(Hots et al., 2014), and the combination of the two (Verhey

and Kollmeier, 2002; Anweiler and Verhey, 2006), as well

as to obtain equal-loudness contours (Heeren et al., 2013;

Rasetshwane et al., 2015) and measures of binaural loudness

summation (Oetting et al., 2016). A study to assess the test-

retest reliability of CLS data found that the slopes of

straight-line functions fitted to the whole range of data were

correlated across sessions with r¼ 0.94 at 2000 Hz and 0.80

at 1000 Hz (Al-Salim et al., 2010) when listeners with NH

and sensorineural hearing loss (SNHL) were included in

the analysis. Rasetshwane et al. (2015) also addressed

reliability, but reported different metrics than those used by

Al-Salim et al. (2010). A reanalysis of their data using com-

parable measures found r values of 0.84 at 2000 Hz and 0.82

at 1000 Hz.

The early efforts to arrive at a numerical scale of loud-

ness with ratio properties were based either directly or indi-

rectly on procedures where subjects were asked to adjust

stimulus levels to double or halve loudness (Richardson and

Ross, 1930; Churcher, 1935). Fletcher and Munson (1933)

assumed that loudness would be doubled when the stimuli

were presented binaurally rather than monaurally or when

two equally loud tones widely separated in frequency were

presented simultaneously. Stevens (1936) combined the

available data to propose a sone scale of loudness, where 1

sone was the loudness of a 1000 Hz tone presented binau-

rally in a free field at 40 dB sensation level (SL). Stevens

(1955) later combined many sets of data, including the earli-

est magnitude-estimation data, to propose that loudness at

1000 Hz could be described as a power law with an expo-

nent1 of 0.3.

Magnitude estimation of loudness, a procedure in which

subjects are presented with tones or narrowband noises

differing in intensity and are asked to assign numbers pro-

portional to loudness (Stevens, 1956), and magnitude pro-

duction, where the subjects are given numbers and asked

to adjust the intensity of a sound (Stevens, 1957), have been

used in combination in later studies (e.g., Hellman and

Zwislocki, 1961, 1963). These two procedures are some-

times combined with cross-modality matching (CMM;

Stevens, 1959) in which subjects adjust the magnitude of

another quantity, such as line length, to be proportional to

loudness (Teghtsoonian and Teghtsoonian, 1983). Hellman

(1999) summarizes results of all three of these procedures

obtained in her classic studies of the growth of loudness in

listeners with SNHL.

Hellman (1999) reported data obtained with magnitude-

estimation and magnitude-production measures of loudness

and CMM to line length for 83 listeners with NH and 128

with long-duration SNHL (see also Hellman and Meiselman,

1990; Hellman and Meiselman, 1993). The auditory stimuli

consisted of 1-s tone bursts in the frequency range from 500

to 4000 Hz. Only one frequency was tested per listener and

the data were not sorted by test frequency, presumably under

the assumption that the slope of the loudness function is rela-

tively uniform over that range. Test-retest reliability was

assessed by retesting 36 listeners. The data were summarized

in terms of exponents for the linear portion of the power

function relating loudness to signal level. For listeners with

SNHL, the range of the linear portion began at 4 dB above

threshold and never extended beyond 30 dB above threshold.

Hellman (1999) reported mean slopes for average SNHL of

0, 45, 55, 65, and 75 dB HL. The data show steeper functions

with greater SNHL, as would be predicted from results

obtained in loudness matching studies (e.g., Miskolczy-

Fodor, 1960; Hellman and Zwislocki, 1964; Moore and

Glasberg, 1996).

The data from CLS and RS procedures are not plotted in

the same coordinates and cannot be interpreted in the same

framework. CLS data are analyzed and plotted by assigning

arbitrary numerical values from 0 to 50, referred to as cate-

gorical units or CUs, to the 11 categories. The data points

are the average (typically median) levels assigned to a given

category, so the variability in measurement occurs on the x
axis rather than on the y axis. The best fitting lines, with

slopes described in terms of dB/CU, are typically obtained

by minimizing squared deviations on y. Oetting et al. (2014)

have noted that it would be preferable to minimize squared

deviations on x when using CLS for hearing aid fitting

because the goal is to minimize error in predicting the gain

required for a given loudness category. The resulting func-

tions are typically summarized in terms of the low slope, the

high slope, and the level associated with the breakpoint

between the two functions. CLS functions are generally

based on data obtained in 20–40 trials. A number of

approaches have been described to reduce the impact of out-

liers and otherwise reduce the variability in the resulting

parameter estimates. Oetting et al. (2014) proposed incorpo-

rating information regarding quiet thresholds and assuming a

fixed slope for the upper portion of the function if there were

too few trials to obtain a slope estimate. Rasetshwane et al.
(2015) computed a median level for all presentations with

the same CU rating, and then excluded trials more than

12 dB from the median before recomputing the median.

Like CLS, RS procedures typically use small numbers

of trials. Because the magnitude estimates are assumed to

have RS properties and variability is assumed to be propor-

tional to overall loudness, the data are analyzed by comput-

ing geometric means across loudness estimates at each level,

then fitting a linear function in log sones. Subjects some-

times have to be re-instructed to use numbers proportional to

loudness rather than a more limited range, but outliers

are rarely a problem. Conversion of RS data to a sone scale

is straightforward. Since the loudness of a 40-phon2 tone

(presented binaurally in a free field) is 1 sone, the numbers

assigned to tones presented at a series of levels can be

divided by the number assigned to a tone presented at 40

phons obtained from the best fitting power-law function.

This changes the intercept of the function, but not the slope.

The use of a linear function is now understood to be an

approximation (Florentine and Epstein, 2006). The function

at 1000 Hz becomes steeper below 40 dB sound pressure

level (SPL; see Jesteadt and Leibold, 2011) and above

100 dB SPL (Viemeister and Bacon, 1988) in listeners with

NH. Hellman and Meiselman (1990, 1993) showed functions

for SNHL listeners that were steeper than normal at low lev-

els, but curved down at high levels as the growth of loudness
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with level becomes more like that of NH listeners. An exam-

ple is shown in Fig. 1.

Category rating tasks are easier to explain to subjects

than RS tasks and they do not require subjects to work with

numbers. The primary drawback of CLS is that the resulting

data do not provide measures of loudness growth that can be

related to loudness models or to loudness data obtained with

other procedures. Differences in the results obtained with

CLS and RS tasks are sometimes attributed to fundamental

limitations in category rating procedures. Marks and

Florentine (2011) provide an excellent summary. They note

that successive categories are typically assigned successive

(or equally spaced) integer numbers for purposes of analysis,

as if the categories represented an interval scale. The use of

categories is heavily influenced by the range and distribution

of the stimuli to be rated (Parducci, 1965). Stevens and

Galanter (1957) summarized many comparisons showing a

curvilinear relation between category and ratio scales and

noted that category scales were more sensitive to stimulus

spacing (Stevens, 1958). More recent attempts to compare

CLS and RS results in the same subjects have found that

exposure to the CLS task greatly alters behavior in a RS

task, but that the reverse is not true (Blum et al., 2000;

Jesteadt and Joshi, 2013).

Heeren et al. (2013) obtained CLS data from 31 listen-

ers with NH for third-octave bands of noise at 9 center

frequencies between 250 and 8000 Hz and fitted functions to

the data at each frequency as described by Brand and

Hohmann (2002). They then obtained the levels correspond-

ing to given loudness values in CUs from the individual

functions and used the median level for each CU value,

across the 31 subjects, to obtain a median loudness function.

Equal-loudness contours were constructed by plotting the

median values as a function of frequency. Heeren et al.
(2013) developed a transform from sones to CUs, as

described below, to be used to convert the output of loudness

models from sones to CUs for comparison to CLS data.

Rasetshwane et al. (2015) used similar procedures, con-

sistent with the ISO standard, to obtain CLS data for pure

tones at multiple frequencies in a large group of subjects (61

with NH and 87 with SNHL). In the present paper, we have

used the conversion from sones to CUs developed by Heeren

et al. (2013) to develop the opposite conversion, from CUs

to sones, and have applied that conversion to the data

obtained by Rasetshwane et al. (2015). Our reanalysis of the

data suggests that substituting values in sones for the current

arbitrary CUs would have many advantages for using CLS

as a tool for the measurement of loudness.

II. METHODS

Loudness scaling data reported by Rasetshwane et al.
(2015) have been used for all analyses conducted in the

current study. Procedures used to obtain the data are

reviewed here. Additional detail and rationale regarding

stimuli, instrumentation, and data collection measurement

procedures can be found in Rasetshwane et al. (2015).

A. Participants

The data were collected from 148 listeners. Sixty-one

listeners with NH ranged in age from 11 to 53 yr with a

mean age of 28.9 yr, standard deviation (SD)¼ 10.7, had

thresholds equal to or better than 15 dB Hearing Level (HL)

at audiometric frequencies. Eighty-seven listeners with

SNHL ranged in age from 13 to 75 yr with a mean age of

55 yr, SD¼ 17.6, had mild to profound SNHL for at least

one audiometric frequency. All participants had normal tym-

panometric middle ear compliance (>0.2 mmho), and had

no air bone gaps greater than 10 dB. To assess test-retest reli-

ability, 22 participants repeated the study.

B. Measurement and stimuli

Loudness data were obtained using an adaptive CLS

procedure that determined the level of pure tones corre-

sponding to different loudness categories (Brand and

Hohmann, 2002; ISO, 2006). The pure-tone stimuli were

1000 ms long with rise/fall times of 20 ms. Data were col-

lected monaurally and separately for each audiometric fre-

quency. Octave and inter-octave audiometric frequencies

between 250 and 8000 Hz were tested for listeners with NH.

Listeners with SNHL judged loudness at all octave audio-

metric frequencies, and at inter-octave frequencies between

two adjacent octave frequencies with threshold difference

of 20 dB or more. Only octave frequencies were analyzed in

the current study. Each listener completed 3 blocks of at

least 11 stimulus presentations per frequency, following a

practice run at 1250 Hz. The starting presentation level was

60 dB SPL for NH listeners, and varied for listeners with

HL, depending on their degree of SNHL.

FIG. 1. Example replotted from Hellman and Meiselman (1990) showing

curvature of the loudness function at high levels for listeners with cochlear

impairment, and their estimation of a power-law exponent by fitting a

straight line to the lower portion of the curve. The power-law exponent for

the solid straight line is 0.64.
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III. RESULTS

A. Conversion to sones

Heeren et al. (2013) provide a five-parameter formula

for conversion from sones to CUs, replotted in Fig. 2. Their

underlying assumptions were that the median levels in dB

SPL for the 11 CLS categories at 1000 Hz could be inter-

preted as loudness levels in phons and that the phons could

be converted to sones using a function describing the growth

of loudness at 1000 Hz. There are many alternative functions

available in the literature (reviewed by Jesteadt and Leibold,

2011 and Marozeau, 2011). The loudness function used by

Heeren et al. (2013) from the ANSI (2007) standard, based

on the Moore et al. (1997) loudness model, predicts that

loudness is a power law of intensity with an exponent of

0.31, for levels from 40 to 100 dB SPL. The Heeren et al.
(2013) formula is a 5-parameter polynomial that cannot be

inverted to provide estimates of sones from CUs, but it is a

simple matter to determine the sone values that correspond

to CU values from 5 to 50 in steps of 5. A simple linear

search, as implemented by the Goal Seek function in Excel,

was used to obtain the values shown in Table I. No other

values are necessary for the reanalysis of CLS data.

Note the absence of the CU of 0 (i.e., “cannot hear”).

Sounds at or even just below threshold may have loudness (e.g.,

Moore et al., 1997; Buus et al., 1998), but sounds in this cate-

gory are below threshold by an unknown amount. Similarly, in

our analyses we chose to exclude CU of 50 (i.e., “too loud” or

“extremely loud”) and the corresponding CUSone value due to

the relatively broad range of that loudness category.

After simply substituting the CUSone values in Table I

for the original CU values, the CLS data at 1000 Hz were

analyzed using two approaches. The first approach followed

the procedures described in Rasetshwane et al. (2015) except

for the final stage where they fitted CUs with two linear

functions. Specifically, outliers were removed and median

SPL for each CU was calculated. At the first stage of the

analysis, for each CU the data that deviated more than 12 dB

from the median SPL were removed, and the remaining

scores were used to calculate new median SPL for a given

CU. At the second stage of the analysis, any non-monotonic

median SPL values (i.e., values smaller than þ1 dB between

adjacent increasing CU categories) were removed, to make

the resulting CLS functions monotonic, as an increase in

intensity should result in increase in loudness. The remaining

median SPL values and corresponding loudness CUsone val-

ues were then fitted with a power-law function, minimizing

squared deviations in log CUsone values.

The second approach involved no data manipulation, as raw

trial-by-trial data were used for all analyses. In this approach,

individual trials were recorded as the level of the tone in dB SPL

and the corresponding loudness judgment using CUsone values.

The data for all trials for a given frequency and subject were

then fitted with a power-law function, minimizing squared devia-

tions in log CUsone values. This analysis was modeled on proce-

dures used in fitting magnitude estimation data. Because plots of

loudness in log sones vs level in dB SPL typically show curva-

ture below 40 dB SPL at 1000 Hz, the power-law fits obtained

with both approaches were tested for curvature by evaluating the

pattern of deviations from the best fitting line and omitting the

lowest CU category and refitting the data. Neither test showed

evidence of curvature. The same tests were used to evaluate cur-

vature at high levels in listeners with SNHL, as illustrated in Fig.

3. Again, neither test showed evidence of curvature.

These two approaches yielded comparable results at

1000 Hz, with a correlation between the two sets of slopes of

r¼ 0.96. The data at frequencies other than 1000 Hz were

therefore analyzed using only the second approach (viz., using

raw trial-by-trial data). The slopes of loudness growth were

obtained for all listeners and all octave frequencies tested by

Rasetshwane et al. (2015), a total of 888 loudness functions.

B. Slope as function of hearing loss

Use of the ANSI (2007) standard, or any similar func-

tion, to convert from phons to sones ensures that the growth

FIG. 2. CU to CUsone transform. The five-parameter polynomial function

from Heeren et al. (2013), plotted as a dashed line, is given

by CU¼ 2.6253 log10(soneþ 0.0887)3þ 0.7799 log10(soneþ 0.0887)2

þ8.0856 log10(sone þ 0.0887) þ 13.4493. The filled symbols mark the CUs.

Vertical lines from those points specify the corresponding CUsone values (see

Table I).

TABLE I. CLS category labels, CU values, and corresponding transformed

CUsone values.

Label CU CUsone

Too loud 50 81.06

Very loud 45 59.71

40 42.35

Loud 35 28.54

30 17.87

Medium 25 9.99

20 4.58

Soft 15 1.45

10 0.29

Very soft 5 0.04

Cannot hear 0 N/A
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of loudness at 1000 Hz in listeners with NH will be described

by a power law with an exponent of �0.3, because that is

assumed in the standard. The best test of the value of this

modification of the CLS procedure is to apply it

to conditions not constrained by the assumed loudness func-

tion and to compare the results to those obtained with RS

methods. The data from 87 listeners with SNHL obtained by

Rasetshwane et al. (2015) therefore provide an interesting

test. Recruitment functions based on the first approach

described above, using median SPL values for each CLS cat-

egory, are shown in Fig. 3. The mean data show little of the

curvature at high levels shown in Fig. 1, but some curvature

is apparent in the lower and middle hearing loss categories.

The transformation from CU to CUsone metric makes it

possible to determine the geometric mean value of CUsone at

every SPL represented in the raw data. Mean recruitment

functions obtained that way are shown in Fig. 4.

The raw CLS data for 61 individual listeners with NH

and 87 individual listeners with SNHL obtained by

Rasetshwane et al. (2015) were analyzed using the second

approach described above, by computing the geometric mean

value in sones for each individual level in dB SPL presented

to the listener (as shown for mean data in Fig. 4) and fitting a

power function that minimized deviations on the y axis.

Geometric mean exponents were then computed for all data

points, including those omitted from Fig. 4, for each hearing

loss group to allow a comparison to data for 128 listeners

with NH and cochlear impairment summarized by Hellman

(1999). The results are shown in Fig. 5. The data point at

90 dB HL represents results for one listener.

The power-law slopes obtained at 1000 Hz by reanalysis

of CLS data grow less rapidly with hearing loss than the

slopes reported by Hellman (1999), but part of the difference

is no doubt due to the curvature shown in Fig. 1. The slopes

reported by Hellman (1999) would have been shallower if

FIG. 3. Mean data for growth of loudness as a function of level for each of

six HL groups. Each data point is the mean across all listeners in a given

group of the final median SPL values associated with each CLS category.

FIG. 4. Geometric means and standard errors for growth of loudness as a

function of level for each of six SNHL groups based on the raw data. The

figure shows 110 mean values. An additional 60 non-monotonic mean val-

ues (representing 17% of the trials) were not included in the figure. Most,

but not all, removed data points were based on a low number of trials and

were at either extreme of the loudness growth functions.

FIG. 5. Slopes of power-law fits to the transformed raw data obtained by

Rasetshwane et al. (2015) at 1000 Hz compared to summary provided by

Hellman (1999) in Fig. 8 of that paper. She showed data from Hellman and

Meiselman (1990), filled circles with black line, for a group of listeners with

NH and four groups with average SNHL. of 45, 55, 65, and 75 dB. The test

frequency in her data varied from 500 to 4000 Hz. The Hellman slope values

have been reduced by a factor of two to show them in power rather than

pressure. The straight line plotted by Hellman has a slope of 0.0225 per dB

of hearing loss. She drew a curved line from the point at 0 dB HL to the

point at 45 dB HL, but lacked data over that range.
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more points had been included in the power-law fit and, like-

wise, slopes obtained in the reanalysis of CLS data would

have been steeper if some data points had been excluded.

Other factors could be that the CLS scale is restricted at the

high end or that listeners with SNHL do not interpret the ver-

bal labels in the same way as listeners with NH. Etiology

might also play a role. All of Hellman’s listeners reported a

history of noise exposure, whereas only six of Rasetshwane’s

listeners reported noise exposure and the etiology in most

cases was unknown. Both sets of data show an orderly

increase in recruitment as a function of increasing SNHL.

C. Results at other frequencies

The analysis of raw data at other frequencies yielded

results comparable to those at 1000 Hz. Figure 6 shows

slopes of power-law fits to the transformed raw data obtained

by Rasetshwane et al. (2015) for octave frequencies between

250 and 8000 Hz juxtaposed with summary data for frequen-

cies in the range of 500–4000 Hz from Hellman (1999). At

thresholds between 40 and 80 dB HL, the slopes of power-

law fits for 500 and 8000 Hz most closely approximate those

from Hellman (1999). At 250 and 2000 Hz they become

shallower. Frequencies of 1000 Hz, and particularly

4000 Hz, show the shallowest pattern of slope growth with

increasing threshold for data from Rasetshwane et al. (2015)

relative to Hellman (1999). As mentioned above, the dis-

crepancy between the slopes we derived from Rasetshwane

et al. (2015) and the data reported by Hellman (1999) stems

from limited number of points included in the power-law fit

in the latter study, as well as our decision to not exclude any

data points obtained in the former study. At all frequencies,

both sets of data have a systematic increase in recruitment as

a function of increasing hearing threshold.

D. Reliability

Hellman (1999) reported a correlation with r¼ 0.83

between CMM slope values from the test and retest for 36

listeners with HL. Recent CLS studies show similar reliabil-

ity, but the differences in fitting procedures and additional

parameters in the CLS studies preclude a direct comparison.

Data from 22 listeners who returned for a second testing ses-

sion in the study by Rasetshwane et al. (2015) were used to

assess the repeatability of loudness growth measures and,

more specifically, the slopes of the loudness function derived

from raw data obtained using the CLS procedure. Reliability

for CUsone data at audiometric octave frequencies between

250 and 8000 Hz were analyzed across two testing sessions.

For direct comparison with findings from Hellman (1999),

Pearson product moment correlation coefficients (r) were

computed for test and retest slope data, as shown in Fig. 7.

In comparing the values in Fig. 7 to those reported by

Hellman (1999), it should be noted that her CMM data were

obtained in a relatively short session, comparable to the time

required for CLS, but her subjects were also tested in

FIG. 6. Slopes of power-law fits to the transformed raw data obtained by Rasetshwane et al. (2015) at octave frequencies between 250 and 1000 Hz compared

to summary provided by Hellman (1999) in Fig. 8 of that paper. The test frequency in her data varied from 500 to 4000 Hz.
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magnitude estimation and production in an effort to demon-

strate the validity of the CMM measure. We are not aware of

data demonstrating the reliability of CMM in isolation for

listeners with SNHL.

IV. DISCUSSION

A. Limitations of the CUsone transform

Because Heeren et al. (2013) had fitted a function to

their data, it was most straightforward to apply their function

to the independent data set that we had available, but their

data set was relatively small. It would be feasible to fit their

function to larger sets of CLS data and arrive at a more valid

set of CUsone values. A comparison of the Heeren et al.
(2013) and Rasetshwane et al. (2015) data in Fig. 6 of

Rasetshwane et al. (2015) shows that the average SPL values

were lower in the latter study for lower CLS categories. This

would result in shallower loudness growth functions when

the Heeren et al. (2013) results were used to translate the

Rasetshwane et al. (2015) data to CUsone values. Although

the CUsone values in Table I could be considered prelimi-

nary, they are less arbitrary and more highly correlated with

loudness than the original CU scale.

The assignment of CUsone values to CLS categories will

not eliminate the problems associated with categorical pro-

cedures, such as the tendency to use categories equally often

(Parducci, 1965), the sequential effects associated with

categorical judgments (Trevino et al., 2016), or the effects of

stimulus spacing on categorical judgments (Stevens, 1958).

Stevens (1956) found that magnitude estimates were not

affected by the spacing of the stimuli. It should be noted,

however, that a number of other context effects also occur in

both CS and RS data (Arieh and Marks, 2011; Petzschner

et al., 2015).

Transformation of the CLS data from CU to CUsone made

it possible to fit power-law functions to the data for individual

listeners, but the resulting functions did not show the expected

curvature below 40 dB SPL or the expected curvature in the

loudness functions for listeners with SNHL as they approached

the functions for listeners with NH at high presentation levels.

The 11-point CLS scale, reduced to 9 points in the current

analyses, may have limited the resolution of data.

Finally, it is clear that use of a CUsone scale will not

provide new, independent information about the growth of

loudness with intensity in listeners with NH. The scale

assumes the current ANSI standard. There is still debate

concerning the loudness function at 1000 Hz (Florentine

and Epstein, 2006) and the normative value of the expo-

nent for power-law fits above 1000 Hz. Many recent papers

have reported exponents lower than 0.3 (Baird et al., 1980;

Viemeister and Bacon, 1988; Epstein and Florentine, 2005,

2006; Marozeau and Florentine, 2009). Marozeau et al.
(2006) and Silva and Epstein (2010) describe corrections

to low exponents obtained using CMM to string length

under the assumption that the normative exponent is 0.3

and that low values lead to underestimates of the ratio of

FIG. 7. Scatter plots showing the reliability of loudness function slopes derived by fitting power-law functions to the CUsone data for 22 listeners tested in 2

sessions by Rasetshwane et al. (2015). Hearing threshold (db HL) range is plotted as a parameter.
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binaural to monaural loudness. The corrections are equiva-

lent to relying on the current ANSI standard.

B. Advantages of the CUsone transform

Incorporation of CUsone values and power-law fits into

adaptive CLS procedures such as ACALOS (Brand and

Hohmann, 2002) would improve the distribution of stimulus

levels over the dynamic range because the choice of levels

would be based on a simpler, more accurate approximation to

the loudness function. This would result in a more even use

of the category labels. We have demonstrated that it is feasi-

ble to process the raw data without the need to determine the

median level for each CLS category. Because there is no

need for multiple occurrences of each category to arrive at a

median, it is feasible to modify the procedure to increase the

number of categories. It would be possible, for example, to

instruct subjects to click on a position that was higher on a

given category bar if they found the stimulus to be at the

upper end of a given category and to treat position on the

series of bars as a continuous scale. This would increase

the number of effective categories, thereby reducing the dif-

ferences between CLS and RS results (Stevens and Galanter,

1957; Marks and Florentine, 2011) although normative data

would have to be obtained with any modified procedure.

While there are advantages for future data collection,

the real benefits would occur in data analysis and in interpre-

tation of the results. The substitution of CUsone values in

place of the values discussed in the ISO (2006) standard

would bring CLS data in line with RS data in the auditory

research literature, allowing the CLS data to be summarized

by a single number describing the power-law exponent or by

two numbers specifying the slope and intercept of the best-

fitting function. This would facilitate comparison of CLS

data with loudness models. The correspondence between RS

data and CLS data transformed to the CUsone metric is

roughly equivalent to demonstrating that CUsone values meet

the requirements of RS data and simplifies the analysis of

CLS data. The step of obtaining medians is unnecessary and

the data can be fitted by minimizing errors on the loudness

axis rather than on input level. Because the assignment of

numerical values to the CLS categories occurs after data col-

lection, the conversion to CUsone values can be applied to

existing data.

Because Rasetshwane et al. (2015) presented stimuli

monaurally, we would expect the resulting power-law func-

tions at 1000 Hz for listeners with NH to have values of 0.5

sone at 40 dB SPL. That can be tested by fitting a power-law

function to the leftmost set of data in Fig. 4, summarizing

results for 89 listeners with thresholds �15 dB HL at

1000 Hz. The function has an exponent of 0.31 and the esti-

mated loudness at 40 dB SPL is 0.53 sone. This is another

demonstration that the proposed conversion brings CLS data

in line with the RS literature. This is an area, however, where

current loudness standards are being reevaluated. Loudness

models have been revised to reflect the fact that binaural

loudness summation is not perfect under all conditions

(Moore and Glasberg, 2007; Epstein and Florentine, 2012;

ISO, 2017). The preliminary values in Table I could be

revised to adjust for a difference in binaural loudness sum-

mation, resulting in a change in the intercept but not the

slope of the loudness function.

The use of CUsone values facilitates development of loud-

ness recruitment functions in listeners with SNHL. Loudness

recruitment is often demonstrated by showing loudness

matches over a range of levels for ears with NH and those

with SNHL (e.g., Miskolczy-Fodor, 1960; Moore and

Glasberg, 1997). This has also been done in studies using CS

by plotting the levels associated with specific categories for

ears with NH and those with SNHL (e.g., Allen et al., 1990;

Rasetshwane et al., 2015). Hellman and Meiselman (1990)

note that there are advantages to plotting the actual loudness

functions of listeners with SNHL, as in Fig. 4, but that this

has rarely been done outside of Hellman’s own work. A num-

ber of studies have shown recruitment functions with level on

the abscissa and CUs on the ordinate (e.g., Garnier et al., 2000;

Brand and Hohmann, 2002; Rasetshwane et al., 2015; Kostek

et al., 2016; Oetting et al., 2016), but those functions are all

distorted by the transform between CUs and loudness. Use of

CUsone values provides functions closer in form to those shown

by Hellman and Meiselman (1990, 1993).3 Although the

recruitment functions for individual listeners lack curvature at

high levels, use of more categories, or a continuous rating

scale, which would be facilitated by use of CUsone values,

might result in functions even closer to the example in Fig. 1.

It should be noted that RS methods such as magnitude

estimation are well suited to studies of growth of loudness as

a function of level, but do not lend themselves to compari-

sons across individuals, whereas CS methods using verbal

labels such as “very loud” can be used to explore individual

differences (Marks et al., 1983). This is one reason that CS

methods are widely used in clinical studies. Use of CUsone

values preserves the meaning of the verbal labels while

assigning values with ratio properties.

An examination of the CUsone values provides informa-

tion about the values assigned to the verbal labels. A com-

parison of the values in Table I suggests that the label very

loud is assigned to sounds that are twice as loud as those

labeled “loud.” The labels “medium” and loud are separated

by a factor of about 3, while “soft” and medium are sepa-

rated by a factor of 7, and “very soft” and soft are separated

by a factor of 36. A comparison of the differences in sones

rather than the ratios would show the opposite pattern, with

about 1.4 sones separating soft and very soft, but 31 sones

separating very loud and loud. The category labels are not

evenly spaced in either sense. These relations should remain

the same in the presence of loudness recruitment.

The unequal spacing of the category labels means that

averaging CU values across multiple categories, as is some-

times done in reporting mean data, has the potential to distort

the results. Studies of monaural and binaural loudness sum-

mation or loudness additivity would benefit from use of a

measure where the raw data were proportional to loudness.

C. Generalization to other applications of CS

The basic idea underlying the proposed conversion is

that sufficient information is available to assign meaningful
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values to loudness categories rather than relying on arbitrary

values or on values determined by confusions between cate-

gories (i.e., Braida and Durlach, 1972). This is true only

because extensive information on the growth of loudness as

a function of intensity has been obtained with other measure-

ment paradigms. This approach could be used, therefore,

with other applications of CS to loudness (e.g., Allen et al.,
1990; Cox et al., 1997), but not for applications of CS in

general. There may be other continua, however, where

extensive scaling data are available and category-rating pro-

cedures are desirable because of their ease of use. In those

cases, it would be possible to use existing knowledge of the

scale to assign meaningful numerical values to the

categories.

Another approach to assigning numerical values to ver-

bal category labels has been developed by Borg and col-

leagues (Marks et al., 1983; Borg and Borg, 2001). They

have used CMM to exertion and other techniques to assign

perceptual intensities to verbal labels that were then used to

develop “category-ratio” scales such that the verbal labels

have ratio rather than linear properties. This way of assign-

ing numerical values to verbal labels is more general and

would represent an interesting converging operation if

applied to the widely used CLS categories.

V. CONCLUSIONS

The CU-to-sone transform creates a set of CUsone values

proportional to loudness, which helps overcome the arbitrari-

ness of CUs and brings loudness functions obtained using

the CLS procedure in line with those obtained with RS pro-

cedures such as magnitude estimation. The use of CUsone

values would lead to greater flexibility in the design of data

collection procedures, but could be used in the reanalysis of

existing CLS data. For the data obtained by Rasetshwane

et al. (2015), the resulting loudness functions are consistent

with the recruitment pattern observed with increasing audio-

metric thresholds. The power-law exponents of the loudness

functions closely approximate those obtained by Hellman

(1999), who used more time-consuming methods, and show

similar increase with increasing audiometric thresholds at all

audiometric octave frequencies, although CUsone values for

individual listeners do not show the expected curvature

below 40 dB SPL and vary in the expected curvature in the

loudness functions across frequencies for listeners with

SNHL as they approach the functions for listeners with NH

at high presentation levels. Procedures designed to “clean

up” data prior to analysis are not necessary while using this

quick and straightforward conversion, as raw data yields

accurate and repeatable results. The high reliability of indi-

vidual power-law exponents derived via CUsone values vali-

dates the use of this approach. Earlier work by Borg and

colleagues provides an alternative way to arrive at category

scales with ratio properties.
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