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Abstract

The goal of the present study was to estimate the accuracygasftmuous assessment method
used for sounds of long duration. Such sounds were createnXiyg stationary low-frequency
random noise and twelve events of shorter duration (1 s to).1Tlsese events were obtained
from three stationary unpleasant sounds, the amplitudehadhnbeing varied in four different
ways. Long duration sounds were presented to listeners \@batdn continuously assess their
unpleasantness by moving a cursor sliding along a fivedesedle (from 'not at all unpleasant’
to 'extremely unpleasant’). A second experiment, using ieegdacomparison procedure, gave a
reference of the unpleasantness of the three sounds anddkgrbund noise used to synthesize
the whole stimuli. The comparison of the results of both expents allowed to confirm the
validity of the continuous assessment, though its resuttewlightly dependent on the duration

of the events.

*e-mail:emilie.geissner@Iva.insa-lyon
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1 Introduction

Over the past forty years, most of listening test experisianed for the evaluation of sound qual-
ity had dealt with sounds of short duration (typically lekatt15 s.). However, real sounds in
everyday life are usually long and unstationary (railwagl emad traffic, inside car noise, speech,
music. ..). Some specific rating methods were thereforeqsegp to evaluate the instantaneous
perception of such long and unstationary sounds. One of tisetime continuous assessment
method, which consists in continuously evaluating a pdt=dgparameter, such as loudness or
brightness, while listening to the sound sequence. Moslieguabout continuous assessment
were related to loudness evaluation and used rating schlesious types (categorical, analog
and analog-categorical). First of all, Kuwano and Nambal @seategorical scale to evaluate the
loudness of traffic noise [11, 13], inside car noise [15],sedirom aircrafts [17] and other real
sources [18]. The subject had to push one of several comiepeithat were attributed labels from
'very soft’ to ‘very loud’; this task had to be repeated asrsas the subject noticed any variation
of his/her sensation while listening to the sound. Kuwartbldamba emphasized the fact that this
task was rather easy for the listeners and could be realizédwt any specific training. However,
the main drawback of that procedure appeared to be that tkgazées were not sensitive enough
to accommodate small variations in hearing sensation. &cowe this drawback, Kuwano and
Namba [14] also used an analog scale, as well as Fastl e] al.§tudies comparing railway and
road traffic noise loudness. In that case, the subject hadjistahe length of a line on a screen
so that it represented his/her perception of the instantan®udness. Using this method, Kato et
al. [12] proved that the limitation of subjects’ motor atyilcould prevent them from relating rapid
variation of loudness (as those from a hammering sound fonele). Another device, developed
by Weber [29], combined the two previous scales: the listaissessed the loudness of traffic
noise by sliding a cursor along an analog scale graduatddfivé categories. This device was
also used in studies from Hellbriick et al. [10] (loudnessoafd and railway noises, a procedural

difference being that the scale was divided in seven catgoeach of them being sub-divided
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in ten levels) and Susini et al. [23, 25] (loudness of puresoof varying amplitudes). The latter
authors also used a cross-modal matching device with feedbiack [24]: the listener had to ad-
just a muscular force sensation to the perceived loudnesdah environment noises and interior
car sounds. Continuous evaluation of more complex sounithiatts have been conducted less
frequently: examples can be given about speech quality][hrghtness of various sounds [9]
or pleasantness of sound in a driving bus [20]. Research aicrperception has also used that
technique: Namba et al. [19] asked listeners to evaluaterakdescriptors while listening to a
symphonic music excerpt. Other studies continuously efatlitwo dimensions (arousal and va-

lence) that can explain the emotional situation of a list¢he, 22].

These last examples suggested that continuous evaludfiteasantness could be realized by
subjects. Yet, some questions about the accuracy of thisadetould be raised. In the case of
loudness evaluation, by using 1kHz pure tones with timgingrievels and different rates of level
variations (for example, the level could be linearly inae@dbetween 60 and 80 dB SPLin 2, 5, 10
or 20 seconds), Susini et al. [25] made clear that the comtimevaluation varied with the increase
rate: the longer the ramp, the greater the loudness estimafior sounds made of an increasing
and decreasing ramp, it also appeared that the evaluatitthre &nd of the signal was different
from the one at its beginning, though the physical levelsvidentical. Part of these effects could
be related to loudness perception, as other authors shdwaebbtidness estimation of plateau at
the end of increasing or decreasing sweeps could vary dongotd the sweep rate [2, 3]. But
they could also be due (at least partly) to some motor limtabf the subjects: while detecting
very slow loudness variations, listeners might not be ablerécisely describe these variations.
In the study from Parizet et al. [20], another effect wasasatiabout impulsive sounds (as door
closure sounds): the evolution of the subject’'s answer wigekgr when the sound appeared than
when it stopped. In the case of two successive impulsivedsuhis effect could lead to a higher

evaluation of the second one. All these points questioned/#fidity of the analog categorical
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continuous assessment: if the rate of the evolution of acdewere a too important bias, the use
of this method for the detection of most unpleasant eventddvoe of few accuracy. So the aim

of the present study was to evaluate the accuracy of thatadetimen used for unpleasantness
assessment; for that purpose, the unpleasantness of tlhuregssof different timbres were assessed
using the analog categorical continuous procedure andgaired-comparison experiment, used

as areference.

2 Experiment

2.1  Stimuli

2.1.1 Sounds

According to Terhardt and Stoll [26], Aures [1] or Zwickerl]]3 roughness and sharpness are
two elementary auditory attributes of sound that reducagaletness and sound quality. With this
in mind, three typical sounds were synthesized, each atatmpling rate of 44.1 kHz. Two of
these were amplitude modulated pure tones, with a roughactear the first one a 1 kHz tone
modulated at 70 Hz and the second one a 4 kHz tone modulate@l lr .5 In both cases, the
modulation factor was 1. The third sound was a 8 kHz pure toeea very sharp sound. Each
of these principal sounds was mixed with a low frequency oamaoise (white noise band-pass
filtered between 20 and 200 Hz), of the same loudness levhkasignal itself. In the following,
the three mixed signals will be labeled as S1, S2 and S3. lardmdreduce the influence of
loudness to unpleasantness, these three sounds weresddjoissimilar loudness values. The
loudness was evaluated according to ISO 532B standard theng TS Sound Quality software
(version 3.7) from the recordings realized with a dummy h@gwel & Kjaer type 4100), the
headphones used for sound presentation (Sennheiser HDéd@) placed on it. The values of
loudness, roughness and sharpness of the three signalseasnied in Table 1. It should be

noted that the roughness value of S1, 1.88 asper, and S& 8spér, seem high, but roughness
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increases with loudness [32].

2.1.2 Temporal envelopes

The high-frequency content of a selected signal, i.e. itscgral sound, was multiplied by a
particular temporal envelope, which provided an 'eventl@fsecond duration. Three different
'single event’ envelopes were employed each being a sequeinb distinct intervals: 1) zero
value, 2) linear increase to unity, 3) unity, 4) linear deseto zero and 5) zero. The following
values were used for different intervals (see table 2). ELEB were inspired by real events
(for example, E1 by the closing of a door and E3 by the arrifa eehicle); E2 represented an
intermediate between these two extreme cases. Yet oneoprydt4, named as 'double event’
was used: this envelope corresponded to two single evevetopes separated only by a 2 second

interval of zero value.

2.1.3 Long sound sequence generation

By using three sounds and four envelopes, twelve eventsl dmilobtained. For each subject,
these events were added together in a random order, whigldpdoa 204 s long sequence. Due
to the differences in the envelopes intervals, the shaitastbetween two consecutive events was
~ 6 s (in the case of two successive long single events) sohhbdtstener had enough time to

complete his/her evaluation of an event before the next ooerced.

2.2 Listening tests protocol

Each subject had to realize two listening tests. Half of timg gtarted with the paired comparison
test and the other half with the continuous assessment @ha sequence. The two procedures

are presented in the following sections.
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2.2.1 Paired comparison test

Three seconds long excerpts of the stationary sounds Sind3aand the background noise
alone (with the same duration) were used as stimuli. Souieds played over a set of headphones
(Sennheiser HD600) in a listening room isolated from oetsigirst of all, the four sounds were
presented to the subject; then the 6 pairs correspondifgtatimber of sounds (which represents
half of the matrix without the diagonal) were built using asRaeries [4]. Before building the
series, the order of sounds was randomly rearranged, im twadiminate any order effect in the
pair series. Also, the last pair of the series was presergaih at its beginning as a training one.
After listening to each pair, the subject had to answer thestjon 'Which is the most unpleasant
sound?’ (translation of 'Quel est le son le plus désade®ap using an analog categorical scale
with five labels ('A is much more unpleasant than B’, 'A is manepleasant than B’, 'A and B

are equally unpleasant’ and so on).

2.2.2 Continuous assessment method

The analog continuous scale method presented by Weber g9tetained with the same device
as the one used by Parizet et al. [20]. The listener held a hibxarcursor sliding along a scale
divided into five categories, selected according to catéom Fields et al. [6]: 'Not at all unpleas-
ant’, 'Slightly unpleasant’, 'Moderately unpleasant’,ely unpleasant’, 'Extremely unpleasant’.
The cursor controlled a potentiometer which made it poggibimodify the amplitude of a 1 kHz
sinusoidal signal produced by an external generator. Bhenler's task was to adjust the position
of the cursor so that his/her sensation could be represégtéte semantic scale. The signal thus
controlled was sampled and recorded by the audio sound ¢axdP€ (at the sampling rate of
8 kHz). At the same time, the audio sequence was played ogdndhdphones in the listening
room. At the end of the assessment, the envelope of the sigmalitude was calculated using
Hilbert transform and down-sampled at 50 Hz. This envelgpeasented the instantaneous posi-

tion of the cursor.
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The continuous evaluation session was split up into fivesstepst, the task to be performed
was explained to the listener. Then the whole sound sequeaseresented to the subject so
that he/she could become familiar with it before the actisgleasment. Thirdly, he/she made
a first evaluation while listening again to the sequence. nTieshe was asked to evaluate the
difficulty and the duration of that task, by answering to thve tguestions: 'how difficult was
that task?’ (the possible answers being ‘very difficultiffidult’, 'nor easy nor difficult’, 'easy’,
'very easy’) and 'how long did you feel it was?’ (the possibleswers being very short’, 'short’,
'nor short no long’, 'long’, 'very long’). The goal of quesiiing the subject about the perceived
duration of the task was to have an idea about its acceptalfinally, the sound sequence had
to be continuously evaluated once more. This last contiswwaluation had two purposes: first,
having two continuous assessment answers, correlatidficdeet could be computed and could
be used to verify the test repeatability. Secondly, the dissessment was considered as a training
period for the listener. It was then assumed that during éeersd assessment, the listener was

familiar with the evaluation method and so that his answes mvare reliable.

2.2.3 Listeners

A total of 37 people, 30 men and 7 women, aged from 18 to 57 égeer26) participated in the

experiment. They did not report any hearing problem.

3 Results

3.1 Feasibility of the continuous assessment

The feasibility of the task and the reliability of the liseenwere evaluated from answers to the
short questionnaire and the correlation coefficients cdatpbetween the two continuous assess-

ments. As shown on figure 1, the continuous evaluation wasitdes as a rather easy task (1a),
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the duration of which being acceptable (1b). By looking &t ittdividual unpleasantness evalu-
ations, it appeared that five listeners did not achieve thle t&ither they did not understand the
instructions, or they could not use the sliding cursor asiired. It was decided to remove those
listeners from the jury. The correlation coefficient betweke first and the second answer was
then calculated for each remaining subject. Figure 2 pteshe distribution of correlation coef-
ficient values; all listeners had a correlation coefficignore than 0.6, which indicated a strong
relation between their two evaluations and was similar tatwiad been observed in a previous
study [20]. In the following results, only answers to them®t assessment were used, because,

as previously mentioned, they were assumed to be moreleeliab

3.2 Various ways of continuously assessing

As Weber showed about loudness evaluations [29], the wayiahweach listener interpreted the
task he/she had to carry out and the way he/she used the arahygprical scale varied from
one subject to an other. The majority of subjects translgttedoudness level experienced as
immediately as possible into a movement of the responseicuisen three of them altered the
position of the cursor on the scale less frequently and redgmb by integrating. In the present
study, this second way of answering was not identified, but figpes of answers were identified
from the global trend of the answers. Figure 3 presents foamgles of typical answers. For five
listeners, the background unpleasantness level was zbus. @merging peaks only corresponded
to the occurrence of emerging events (see figure 3a). Theddgpe (nine listeners, figure 3b)
consisted in fixing the reference level of the backgroundaait a constant level over the entire
sequence. The first two groups of listeners probably unoleilghat the background noise was the
same at all time and thus rated its unpleasantness as amoveaiize. They might have focused

their attention to the events assessment only.

The third type was defined from six listeners who gave an anaivieh pointed to a global up-
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ward trend: the background noise seemed to be perceived r@samd more unpleasant, thought
the unpleasantness level of the background noise remaimestant between two events (fig-
ure 3c). For such subjects, the increase of unpleasanthéss @me of an event may be more
relevant than the maximum value obtained at the plateaueoé¥lnt. It could be noted that the
inverse trend was not identified, i.e. no listeners evatutie background noise as less and less
unpleasant during the sequence. Regarding the last typeswfess, no particular trend appeared:
those twelve listeners might have taken the backgroune nwipleasantness into account but they

did not seem to pay attention in retrieving a precise levtelrafach isolated event (figure 3d).

Various attempts to classify such answers were conductederous hierarchical cluster anal-
ysis were performed, based on listeners answers or cordsptemporal spectra but none of

them lead to a satisfactory classification.

3.3 Unpleasantness scores

After this overall inspection of the continuous assessma@stvers, the post-processing was fo-
cused more precisely on the twelve events. Thus, for eatdnéiss answer, five specific data
were collected for every event: the maximum of the listenariswer to the event, the assessment
of the background noise (i.e. the evaluations of the zersegintervals 1 and 5 in table 2), the
precise time at which the listener began to react to the &sereamp of the envelope (i.e. interval
2) and the precise time at which he/she finished to react tdeéheease ramp of the envelope (i.e.

interval 4).

Overall unpleasantness of each sound type (S1, S2, S3 and/&=Jerivated from the con-
tinuous evaluations by averaging the maxima of individuesveers for the corresponding events
(i.e., for each listener, four data were taken into accoursults are plotted in bright gray bars

on figure 4 (mean scores within their 95% confidence intervlje sharp sound S3 was rated
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as the most unpleasant one, followed by the two rough soubhds & S2, the background noise
being the least unpleasant. Such scores were also compatedtfe results of the paired com-
parison experiment. A mean preference matrix was calailayeaveraging individual matrices.
Then scores were computed using a Thurstone model (caseBY2T12; these values and their
95% confidence intervals (obtained from a bootstrap methmsshown on figure 4 in dark gray
bars. The Thurstonian model was chosen because it providag to build an interval scale from
paired comparisons, which was similar to results obtaimedhfthe continuous assessment. As
shown on igure 4, the same classification arose from the twerarents, which proved that the

continuous evaluation provided a reliable evaluation efuhpleasantness of sounds.

Some predictive models were used, as sensory pleasanthe82]] unbiased annoyance
(UBA) [32] or psychoacoustic annoyance (PA) [30] but onlysarial consonance model pro-
posed by Terhardt and Stoll [26] could predict the subjectivaluation. This is not surprising as
loudness (which was similar between the three sounds oéxperiment) is not an input parame-
ter of that model, while it is of major importance in the otheodels. Sensorial consonance takes
into account roughness, sharpness and tonality. It is dkfigeits opposite, the disagreement

(W-):

W= = /82 +0.25.R2 + 0.1. (T~)? L

where R is the roughness, S the sharpness, T- the non-ypnait the complementary value of
the tonality T. Values of the Terhardt and Stoll disagreenaee presented on table 3. In the ex-
periment related in [26], tonality of sounds was fixed at 1 ba8ed upon an arbitrary estimation
made by the authors. Here it was estimated at 1 for S1, S2 arah&® for the background

noise. The agreement between unpleasantness scores &addTand Stoll model values was
good (R=0.9) since roughness and sharpness were promimémg three unpleasant sounds of

the experiment.
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3.4 Influence of the temporal envelope on the unpleasantnelevel

The next part of the analysis was devoted to the influencerpeéeal envelopes on listeners’
evaluations. First of all, for single events only, the imtpace of the increase ramp duration of
the envelope (corresponding to interval 2 in table 2) waskd The set of unpleasantness val-
ues extracted from individual answers was examined thra@mghnalysis of variance (repeated
measures) in order to evaluate the relative influence ofdabadtype and the temporal envelope
on unpleasantness. It appeared that for single eventsyfthernce of the temporal evolution was
significant ¢'(2,29) = 24.635,p < 0.001) but was smaller than the one of the type of sound
(F'(2,29) = 72.041,p < 0.001). That effect can be seen on figure 5: the longer the increfase o
signal level, the greater the increase of unpleasantnélse ataximum level of the signal. Listen-
ers probably tried to follow the increasing curve of the @vuastead of really representing their
perceived unpleasantness. The same phenomenon was rmti€eini et al. [25] in their study
of the continuous loudness estimation of 1kHz pure tones:mhaximum values of continuous
judgments increased with the duration of the linear leveipdor an identical dynamic range.
The influence of the increase time on the unpleasantneskdeukl be due to some loudness
changes; as demonstrated by Canévet et al. [3] or Schi2dghtie longer the ramp, the greater
the loudness increase. Nevertheless, from results frorav@aet al., it appeared that, in the case
of 1 kHz or 4 kHz pure tones with level increasing from 45 to Bodliring 1.8, 10 or 50 s, this
effect was not significant (while it was for sounds decregsirlevel). Therefore the results of the
present study cannot be explained by such loudness effestsan be seen in figure 5, there was

no significant interaction between these two influent fac{sound type and temporal envelope).

The second point concerns the two-peaks events (E4). Wsglezess values obtained for
the second peak were slightly higher than for the first pdad;difference, though it was slight
(approximately one tenth of a category of the scale), wasfgignt (F'(1,25) = 6.2;p < 0.05).

This difference is more important than the one observed énctiise of inside bus noise [20]

11
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(approximately one sixth of a category) though, in that jones study, the two impulsive events

(opening and closing of doors) were separated by a longerititarval (10 seconds).

3.5 Complementary results

The data collected from individual answers were used to edenfwo values that characterized
the listener's answer to an event. The first one wagdhetion time defined as the time elapsed
between the beginning of an event and a modification of theniés’s evaluation (figure 6a). Sim-
ilarly, the relaxation timewas defined as the time elapsed between the end of the eveitteand
moment when the listener’s answer reached a stable valtresponding to the evaluation of the

background noise only after the event (figure 6b).

Reaction times were calculated only for events with E1 andeB#poral envelopes since the
precise time a listener began to react to the increasing rg2 and E3 events was hardly de-
tectable. Attention was then paid on the difference betvikertwo peaks of the double event E4.
The jury was made up of 25 listeners who detected the begjnoiilboth peaks. Results of the
ANOVA proved a statistically significant differencé’(2,22) = 41.101, p < 0.001) between the
reaction times of the two peaks: the averaged value is 1.fof the first event and 0.89 s. for the
second one, the influence of the type of sound being neglectaisteners were less surprised by

the occurrence of the second event than they were for thefiest

Relaxation times were very difficult to determine for foustéiners; the analysis was then
based on the data obtained from 28 listeners. In the casegiéstvents, the temporal envelope
appeared to be the only influential parametg(2, 25) = 5.098, p < 0.01), though its influence
could not be characterized: for the S3 sound type, a cleaargptvend was observed (the longer
the increasing ramp duration, the greater the relaxatime)ti but this did not hold for S1 and

S2. In the case of E4 (double short event), the relaxatior tirmas smaller for the second event

12
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than for the first onef(1,24) = 12.217,p < 0.01), as it had been noted for reaction times. A
less significant interaction between the two factors, iaing type and temporal envelope, also

appearedf(2,24) = 3.802,p < 0.05).

4 Conclusion

The main goal of the study was to know if the most unpleasaattsvof a long sound sequence
could be identified using the continuous evaluation methBrevious studies have shown that
this method can be used to loudness estimation, as a stromation was found between aver-
aged answers and classical sound measures as A-weighttdi&wicker’s loudness. As such
standard estimations do not exist for unpleasantness résemt study used a paired comparison
test as a reference in order to estimate the accuracy ofasgitness evaluations by a continu-
ous assessment. For the three sounds used in the experimplgasantness could be correctly
measured from a continuous evaluation using an analogadtal scale, in spite of the bias due
to the temporal evolution of the signals (between the shberd the longest ramp duration, the
difference of unpleasantness had the order of magnitudeeo€ategory of the scale). The reason
for that bias is not yet clearly understood: it seems to bartgartant to be related to a loudness
increase (which, as shown in the literature, is very smalsfech ramp durations). It might be
possible that listeners, beside achieving the task, hasensciously tried to follow the increasing
ramp of the envelope. For real long sound sequences, thil gbges an idea of the accuracy that

can be expected from that evaluation method.
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Sound label Loudness (ISO 532B) Sharpness Roughness

(soneGF) (acum) (asper)
S1 52 0.631 1.880
S2 49.6 0.837 0.945
S3 50.1 1.191 0.241
BG 40.7 0.538 0.271

Table 1. Sound quality metrics computed with the MTS Soundl@usoftware for the 1 kHz tone
modulated at 70 Hz (S1), 4 kHz tone modulated at 50 Hz (S2), 8 kiite tone (S3) and the back-
ground noise (BG). Roughness and sharpness are based ourtee[A] works.

envelope name of the event interval 1 interval 2 interval 3terval 4 interval 5

E1l short single event 79s 0.1s 1ls 0.1s 79s
E2 medium single event 5s 5s 1ls 0.1s 59s
E3 long single event 3s 10s 1ls 0.1s 29s

Table 2: Composition of each ’'single event’ based on a sexpief5 intervals: interval 1 corresponds

to a period of zero value of the sound, interval 2 to a linearaase to the unity, interval 3 to unity,
interval 4 to a linear decrease to zero and interval 5 to zero.

Sound type Disagreemenif{(")

S1 1.13
S2 0.96
S3 1.19
BG 0.63

Table 3: Unpleasantness of the four sounds of the presemtriexgnt, predicted according to the
model proposed by Terhardt and Stoll [26]. S1 is the 1 kHz tooedulated at 70 Hz, S2 the 4 kHz
tone modulated at 50 Hz, S3 the 8 kHz pure tone and BG the bawkdmoise.
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