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Car designers are interested in understanding what attributes of naturally occur-
ring, generated and modified sounds make them more or less desirable to end-
users. In this research, we investigated millennials' perception of proposed
next-generation car sounds and other product sounds. An auditory perceptional
test was conducted to determine sound preferences in which people were pre-
sented with a current sound, a very different sound and something in between
the two. Intentional sounds and consequential sounds were considered in six con-
texts. Because of the focus on next-generation cars, responses from millennials are
of particular interest. The very different sounds were inspired by the musical prefer-
ences of themillennial generation. The influence of visual information and perceived
functionality on the sound preferences was also examined. Forty university students
and staff volunteered to participate in the test. The results showed that millennials
preferred traditional sounds in most contexts and their sound preferences aligned
with certain sound evaluations and verbal descriptions. Participants' verbal descrip-
tions of the sounds provided interesting insights into the relationship between the
sound evaluations and participants' perception of the sounds. In several cases, the
order in which the pictorial and textual cues of context were presented impacted
how people rated the sounds. These results may shed light on how to integrate mil-
lennials' preferences into the design of future product sounds. © 2017 Institute of
Noise Control Engineering.
Primary subject classification: 63.7; Secondary subject classification: 79.2
1 INTRODUCTION

Customers utilize information from various sources to
evaluate products, including the product sounds1. Interior
and exterior car sounds have been found to influence cus-
tomers' holistic evaluation of vehicles such as whether a
car is luxurious or cheap, sporty or economical, etc. For ex-
ample, Filippou et al.2 found that, if the car door sound is
tinny, the impression is that the whole vehicle is cheap
and not solid. In contrast, a full saturated sound when clos-
ing a car door gives the impression of luxury. Parizet et al.3

noticed that, while hearing the noise coming from a car's
door closure, two timbre parameters of the sound, the fre-
quency balance and its cleanness, are of the greatest
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importance to listeners' evaluation of the quality of the
car. Hyeonho et al.4 found that that the quieter and less
sharp the sound, the more luxurious the quality. Pick
et al.5 stated that consumers' initial reactions to a new tech-
nology like replacing a conventional transmission with a
continuously variable transmission (CVT) may be nega-
tive. One reason for this is that the discrepancy between
initial engine rpm and vehicle speed is not consistent with
people's prior experience with conventional transmissions.
These studies show that product sounds can influence how
customers evaluate products and new technologies.

To improve the quality of the sounds produced in cars,
automotive companies are interested in understanding
what attributes of naturally occurring, generated, and mod-
ified sounds make them more or less desirable to drivers
and passengers. This study was conducted to investigate
how millennials would evaluate artificially created sounds
of cars and other products. The results from this study are a
first step in developing an understanding of millennials'
preferences for product sounds.

Among the purchasers of next-generation cars, mil-
lennials (born in 1980s to around 2000) have massive
spending power. According to a 2016 survey on the
millennial generation's spending habits from Gallup6,
Published by INCE/USA in conjunction with KSNVE



40% of the millennials and 35% of the other generations
said they spent more on gasoline than 1 year ago; 29% of
the millennials and 26% of the other generations said they
spent more on automotive expenses (not including gas)
than 1 year ago. Nelson7 commented: “The millennials
or Gen Y – will spend more than $200 billion annually
starting in 2017, and $10 trillion in their lifetimes.” Con-
sidering this trend of spending power, automotive compa-
nies wish to understand the characteristics of millennials
and create cars (and the sounds they make) that are attrac-
tive to the next-generation car owners.

Compared to the Baby Boomers (born in the 1940s to
1950s) and Generation X (born in the 1960s to 1970s),
millennials are very concerned about what others think
of them8, and have a higher level of self-esteem and
self-expectations for the future9. Millennials are more fas-
cinated by new technologies and adapt faster to computer
and internet services10,11. Millennials enjoy interactive full
motion multimedia, colorful images, and audio, and they
prefer personalization and customization11. They are also
more risk prone than members of Generation X according
to Reisenwitz and Iyer12. All of these observations
make it necessary to explore how we can integrate mil-
lennials' musical/sound preferences into the design of
next-generation product sounds. Thus, in this research,
we are primarily concerned with: (i) how millennials
would choose between traditional sounds and those mod-
ified, innovative sounds in the given contexts and (ii) how
millennials would evaluate these sounds.

Sound evaluation is a complex process and influenced
by information from multiple sensory channels13. Many
researchers have found that visual information can influ-
ence people's auditory perception. For example, Viollon
et al.14 studied the influence of visual settings on sound
ratings, and found that, usually, the more urban the visual
setting, the more negative the sound ratings. This result is
also dependent on the type of sounds being considered.
Menzel et al.15 found that exposure to some colors can in-
crease or decrease loudness judgements. Colors like red or
pink seem to cause an increase in loudness, while grey or
pale green was observed to decrease loudness. Yoshida
et al.16 presented luxury and sporty vehicle images to
German and Japanese frequent drivers, while asking them
to listen to the acceleration sounds. They found that Ger-
man drivers tended to rate loudness lower and luxury
higher when the sounds were presented with images of
Fig. 1—A schematic diagram of the created sound
current or traditional product sounds.
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luxury cars rather than with images of sporty vehicles.
Sportiness was rated higher when an image of a sporty ve-
hicle was presented. From these studies, it is clear that the
perception of an event in one modality is influenced by in-
formation presented in another modality17. Therefore, in
this research, we were also interested in: (iii) how different
visual cues of the given contexts (pictures or texts) would
impact the millennial subjects' sound perception?

To answer these questions, an auditory perceptional test
(hereinafter referred to as subjective test) was conducted to
determine sound preferences when people were presented
with the current sound, a very different sound and some-
thing in between the two. Intentional sounds (e.g., turn
signal) and consequential sounds (e.g., car door closing)
were considered in four car contexts and two other contexts.
We also examined the influence of pictorial and textual in-
formation on those sound preferences and evaluations.
This research may provide insights on how to integrate
the generational differences of end-users into the design
of future product sounds. In the remainder of this paper,
the subjective test is described in Sec. 2, the test results
are presented in Sec. 3, and the discussion and conclusions
are provided in Sec. 4 and 5, respectively.

2 DESCRIPTION OF TEST

In this section, the creation of the test sounds, the overall
structure of the test, the recruited human subjects and the
test procedures are described.

2.1 Sound Stimuli

In this test, we developed a set of sound samples for
the next-generation cars and other products. The basic idea
was to create sounds with different “distances” from the
current or traditional product sounds as shown in Fig. 1.
Participants were presented with these three sounds and
were asked to compare and evaluate them in the given
context. Table 1 is a description of the 18 sounds created
for the test, in which Contexts 1, 2, 5 and 6 are directly
related to automobiles. Within each of the six contexts,
three sounds were created: a “traditional” sound, a “very
different” sound and a sound “between” them. Traditional
sounds are recordings provided by automotive companies
or other sources. Very different sounds are created by
modifying the traditional sounds through use of signal
processing techniques, including changing the frequency
samples with different distances from the

245Published by INCE/USA in conjunction with KSNVE



Table 1—A description of the sounds created for the test.

Context Sound Sound description

1 Car door closing 1_1 “traditional”
1_2 “between”: add an ending beep
1_3 “very different”: replace with a musical tone

2 Turn signal 2_1 “traditional”
2_2 “between”: traditional sound high-pass filtered
2_3 “very different”: replace with piano tones

3 Put phone down 3_1 “traditional”
3_2 “between”: high pass filtered
3_3 “very different”: replace with pizzicato tones

4 Camera click 4_1 “traditional”
4_2 “between”: reversed signal
4_3 “very different”: replace with simple sine waves

5 Car horn 5_1 “traditional”
5_2 “between”: use different instrument tones
5_3 “very different”: use different instrument tones & rhythms

6 Windshieldwipers 6_1 “traditional”
6_2 “between”: enveloped random noise
6_3 “very different”: replace with musical instrument tones

Fig. 2—The overall structure of the test.
or damping of components obtained from a Prony analy-
sis of the signal, or by using musical tones and simulating
the rhythm of the original signal. We chose to keep the
duration of the three types of sounds almost the same
and to preserve the major structural elements of the sounds.
Themusical toneswere picked by considering themusic or
film preferences of millennials18,19. This method of creat-
ing “traditional,” “very different” and “between” sounds
represents one approach to create new sounds. We hope
this study will inspire more innovative thinking in de-
signing new product sounds beyond the method pre-
sented here.

For example, Sound 1_1 is a traditional car door closing
sound (from a mass-produced sedan). Sound 1_2 is cre-
ated by adding an ending beep (swept sine waves from
600 to 50 Hz) to Sound 1_1. Sound 1_3 is created by
replacing the frequency components in the signal with a
decaying musical tone (E1 = 41.2 Hz). The Prony analysis
was first performed on Sound 1_1 and the frequencies of
damped sine waves were altered. Similarly, Sound 2_1 is
a traditional car turn signal, whereas Sound 2_3 comprises
two piano tones from Adele's “Set Fire to the Rain” to im-
itate the “tick-tock” rhythm of the traditional turn signal.
Sound 2_2 is a high-pass filtered version of Sound 2_1. Pi-
lot tests showed that the “between” sounds (e.g., 1_2, 2_2,
etc.) were considered to be close to the traditional sounds
(e.g., 1_1, 2_1, etc.), while the “very different” sounds
(e.g., 1_3, 2_3, etc.) were considered to be further away
from the traditional sounds. The time histories and ampli-
tude density spectrum of all 18 sounds are provided in
246 Noise Control Engr. J. 65 (3), May-June 2017
Appendix. All sounds within a context were normalized
to have, approximately, the same level.
2.2 Overall Structure of the Test

The subjective test consisted of five parts, as illus-
trated in Fig. 2. In the first part, participants just listened
to the 18 sounds without rating them. In Parts 2 and 3
subjects compared, rated and described sounds. In both
of these parts, they listened to sounds presented in six
different contexts (three sounds were used for each con-
text). Half the subjects did Part 2 (where images of the
context were presented with no descriptive text) fol-
lowed by Part 3 (where context was described in words
with no images) and half the subjects did Part 3 fol-
lowed by Part 2. Details of these parts are given below.
Published by INCE/USA in conjunction with KSNVE



To avoid the impact of colors, monochromatic pictures
were used in Part 2. In Part 4, subjects rated how much
they liked the 18 sounds presented without contextual
cues. At the end of the test, subjects were asked to write
comments on the test.

In Part 2, participants first did two practice evaluations
which consisted of choosing one of two sounds (compar-
ison question) and then doing an evaluation of a sound.
These two practice evaluations contained sounds and
Fig. 3—The screenshots of the test program: (a) C
(developed with Microsoft Visual C++ 20
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contexts that were not used after the practice session. Sub-
jects then proceeded to do 18 comparisons, 3 per context
(both AB and BA presentations were used to account for
ordering effects, but individual subjects were only pre-
sented with one of the pairs). The 18 context-sound pair
groupings were presented in a different random order for
each subject. Subjects were asked to respond to: “If you
had a choice, which sound would you prefer to hear in
the following situation?”. Figure 3(a) is an illustration of
omparison question; (b) Evaluation questions
10).

247Published by INCE/USA in conjunction with KSNVE



the interface that the subjects would see. On completion of
the comparisons, they answered a set of three evaluation
questions for each of the 18 sounds. Again, contextual in-
formation was provided as shown in Fig. 3(b). Subjects
were asked to: (a) describe the sound by using up to 5
adjectives, (b) indicate how appropriate is this sound in
the given context, and (c) indicate how pleasant they found
the sound? The appropriateness question provides five
options to the participants, varying from “quite inappropri-
ate,” “neutral” to “quite appropriate”. Similarly, participants
could choose from five options for the pleasantness ques-
tion, varying from “quite unpleasant,” “neutral” to
“quite pleasant”.

Part 3 is basically the same as Part 2, except that text is
used to describe the contexts instead of providing pictures.
For example, instead of seeing a picture of the “car horn”
context, participants saw a sentence: “You are sounding
the horn of your car,” when answering the comparison and
evaluation questions in this context. Therefore, participants
did each comparison and sound evaluation twice: oncewith
pictorial cues of contexts and once with textual cues.

In Part 4, participants heard all sounds again and were
asked how they liked them. Four options were provided,
“I really dislike it,” “I dislike it,” “I like it” and “I really like
it.” They clicked on a button to input their answers. Again,
all sounds were played in a different random order for each
subject and without any pictorial or textual contextual
cues. As noted above, Part 2 and Part 3 were switched
for half of the participants; thus, we have 2 main groups
and 4 subgroups of participants. In group 1, participants
saw pictorial cues of contexts first (subgroup “P1: Pic_
First”) and then textual cues (subgroup “T2: Text_Second”),
whereas, in group 2, participants saw textual cues of con-
texts first (subgroup “T1: Text_First”) and then pictorial
cues (subgroup “P2: Pic_Second”).

In Fig. 4, shown is a schematic diagram of the range
of the appropriateness ratings and overall liking ratings.
Five options were given in the appropriateness and
pleasantness questions, so these two ratings range from
�2 to 2. We intentionally provide four options for the
overall liking questions, to push participants to express
their general opinions on the sounds. To keep a consis-
tent difference between two consecutive options, the over-
all liking ratings range from �1.5 to 1.5.
Fig. 4—A schematic diagram of the range of
the appropriateness ratings and
overall liking ratings.
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2.3 Test Procedures

Forty university students and staff participated in the
test voluntarily. Thirty-five participants were younger than
36 years old, i.e., they belong to the millennial generation.
These millennials include 17 females and 18 males rang-
ing in age from 18 to 32 years. Their median age was
22 years (mean = 23.3 years, SD = 3.9 years). Subjects'
awareness of sound quality and noise control ranged
from nothing to moderate and none had taken acoustics
or noise control courses. Six subjects had worked in noisy
industries (airport, engine testing or concerts), or regularly
used firearms; five subjects had previously been involved
in sound quality tests or vibration/noise control studies;
eleven subjects had studied music and/or had been in-
volved in musical events or activities.

The test was conducted in a double walled sound booth
in the Ray W. Herrick Laboratories. The playback system
consisted of a LynxOne sound card, Tucker-Davis HB7
amplifier and Etymotic Research ER-2 tube earphones.
Prior to subject arrival, the left and right channels were cal-
ibrated using 85 dB and 1 kHz calibration tones with the
same calibration factor as the signals used in the test.
The maximum A-weighted sound pressure level of each
signal for each channel was recorded to check the calibra-
tion of the signals and to ensure that the sounds were pre-
sented to the subjects at a safe listening level.

The subject first read and signed a consent form and
filled out a questionnaire on his/her background. Then,
the subject was given a hearing screening, to ensure that
the subject's hearing thresholds were 20 dB or lower in
all octave bands from 125 Hz to 8 kHz. The subject was
then given the test instructions and a set of earphones
and instructed on how to insert the earphones. The test
then started. After completing the test, the subject was
given a second hearing screening and compensated $10
for participating in the test. The whole process took about
1 hour on average.

3 RESULTS

Thirty-five of the 40 participants were millennials, and
in this paper, we only present the test results from the mil-
lennial participants. In this section, results of the paired
comparisons and sounds evaluations (Appropriateness,
Pleasantness and Overall Liking) are presented. The se-
mantic analysis of the sound descriptions and the relationships
between sound preferences, evaluations and descriptions
are provided. The influence of the visual contextual cues
on the sound evaluations is also given.

3.1 Paired Comparisons

Within each context, participants performed three paired
comparisons in order to select the sound that better matched
Published by INCE/USA in conjunction with KSNVE



the context. The Bradley–Terry Logit (BTL) model was
used to determine the relative strength of preference for
the paired comparisons20. This model states that the prob-
ability that option “i” is chosen over option “j” (P(i >j)) can
be modeled by Eqn. (1), where pi is a positive real-valued
score assigned to option “i.” pi may represent the strength
of preference of the option “i.”

P i>jð Þ ¼ pi
pi þ pj

¼ ebi

ebi þ ebj
¼ 1

1þ e bj�bið Þ : ð1Þ

If the probabilities can be estimated, then the strength of
each item can be estimated by using Eqn. (1). Hunter's
MM algorithm21 was used to fit the Bradley–Terry Logit
model and calculate the BTL preference values (bi,bj).
The estimated BTL preference values for the 18 sounds
when combining the comparisons across all 4 subgroups
are shown in Table 2. The additional constraint used to de-
termine the BTL preference values is that the BTL prefer-
ence value of the traditional sound, in each context, is set to
0 (p1 = 1); all other BTL preference values are either
greater than or less than 0. A soundwith a larger BTL pref-
erence value is more likely to be chosen as being more
preferable in paired comparisons within the given context.
As shown in Table 2, in Contexts 1, 2, 4 and 5, participants
were less likely to choose modified and novel sounds,
whereas, in Context 6, they were more likely to choose
them. In Context 3, participants seem to prefer the “be-
tween” sounds more than the “traditional” and “very differ-
ent” sounds. In all of the six contexts, participants showed
higher preferences for Sound 2 (“between”) than for Sound
3 (“very different”), and in Contexts 2 and 4, this preference
is stronger.

3.2 Sound Evaluations

Participants' evaluations (appropriateness, pleasantness
and overall liking) of the sounds when combining the data
Table 2—The BTL preference values of the 18 sounds
in 6 contexts, estimated from the subjects'
selections of sounds based on which they
would prefer to hear in a context.

No. Context Sound 1
“traditional”

Sound 2
“between”

Sound 3
“very

different”

1 Car door closing 0.00 �1.08 �1.27
2 Turn signal 0.00 �0.22 �1.50
3 Put phone down 0.00 0.76 �1.19
4 Camera click 0.00 �0.97 �2.62
5 Car horn 0.00 �0.98 �1.81
6 Windshield wipers 0.00 1.21 1.15
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across all 4 subgroups and the relationships between the
evaluations are presented in this subsection.

3.2.1 Appropriateness ratings

Figure 5 shows the average of the appropriateness rat-
ings (Appropriateness) of each sound for each of the 6 con-
texts. The error bars show the standard error of the average
estimates. The appropriateness rating values range from
�2 (quite inappropriate) to +2 (quite appropriate) and 0
means neutral.

Generally, participants considered “traditional” sounds
(#_1) to be more appropriate in Contexts 1, 2, 4 and 5,
and the “very different” sounds (#_3) to be inappropriate
in all contexts. The “between” sounds (#_2) were generally
rated to be more appropriate than the “very different”
sounds and less appropriate than the “traditional” sounds,
except in Contexts 3 and 6 where the “between” sounds
were considered to be more appropriate than others.

3.2.2 Pleasantness ratings

In Fig. 6, shown is the average of the pleasantness rat-
ings (Pleasantness) along with the standard error. Again,
results combining all 4 subgroups within 6 contexts are
shown. The pleasantness ratings range from�2 (quite un-
pleasant) to +2 (quite pleasant) and 0 means neutral. In
general, people gave positive pleasantness ratings to the
sounds in Contexts 1, 2 and 4, but negative ratings in
Fig. 5—The average of the appropriateness
ratings of each sound. Bars indicate
the � standard error. Results
for original (Sound #_1), modified
(Sound #_2) and novel sounds
(Sound #_3) are in blue, red and
green, respectively.

249Published by INCE/USA in conjunction with KSNVE



Fig. 6—The average of the pleasantness
ratings of each sound. Bars indicate
the � standard error. Results
for original (Sound #_1), modified
(Sound #_2) and novel sounds
(Sound #_3) are in blue, red and
green, respectively.

Fig. 7—The average of the overall liking
ratings of each sound. Bars indicate
the � standard error. Results
for original (Sound #_1), modified
(Sound #_2) and novel sounds
(Sound #_3) are in blue, red and
green, respectively.
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Contexts 5 and 6. Notice that participants gave the Sound
2_3 the highest pleasantness rating (this sound consists of
two piano tones); however, it received a very low rating on
its appropriateness (see Fig. 5).

3.2.3 Overall Liking ratings

In Fig. 7, the average overall liking ratings are shown
along with standard error bars for all the sounds presented
within 6 contexts. The overall liking evaluations range
from �1.5 (I really dislike it) to +1.5 (I really like it).
The overall liking results are consistent with the pleasant-
ness results presented above. Again, Sound 2_3 (the musi-
cal turn signal) received the highest Overall Liking rating
in the group of all “very different” sounds (green bars), al-
though its BTL preference value and average appropriate-
ness rating are very low (see Table 2 and Fig. 5).

3.2.4 Correlations between sound evaluations
and preferences

In Fig. 8, the average Appropriateness and BTL prefer-
ence values of each sound are plotted against each other.
Note that, here, the BTL preference values of all “tradi-
tional” sounds (i.e., Sound #_1, # is the context number)
were set to their appropriateness values and the BTL
Fig. 8—Relationship between BTL preference
value and average Appropriateness of
each sound (R2 = 0.551, excluding the
signals with their BTL preference
values set to their corresponding
appropriateness values). Red, green,
blue, yellow, pink and black represent
sounds in Contexts 1 (car door closing),
2 (turn signal), 3 (put phone down), 4
(camera click), 5 (car horn) and 6
(windshield wipers), respectively. Note
here that the BTL preference values for
#_1 sounds are set to the average
appropriateness ratings.
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preference values of other sounds were adjusted accord-
ingly. This means that R2 values will likely be higher if
subjects had rated preference within a context on a rating
scale rather than in a paired comparison test, because the
traditional sounds here are made equal on the BTL prefer-
ence and appropriateness scales. Statistics show that aver-
age Appropriateness and BTL preference values are
significantly correlated (R2 = 0.551, p < 0.001, excluding
the signals with their BTL preference values set to their
corresponding appropriateness values). It is interesting to
observe that Sound 6_3 was deemed not appropriate but
was preferred in this context. This may be because Sound
6_1 is an example of poorly functioning windshield wiper
and the picture may also have given an impression of this
being a “good” car, thus creating a mismatch between vi-
sual and acoustic information. Correlations between Pleas-
antness andBTLpreferencevalues and correlations between
Liking and BTL preference values were not significant
(see Fig. 9). It is concluded that participants were more
likely to choose the sounds that they thought to be ap-
propriate in the given contexts even when the sounds were
not pleasant to them or they disliked them.

In Fig. 10, the average Pleasantness and average
Overall Liking of each sound are plotted against each
other. Statistics show that average Pleasantness and av-
erageOverall Liking are significantly correlated (R2=0.872,
p < 0.001). This result illustrates the strong connection
of participants' evaluation in pleasantness and overall
liking of sounds. Correlations between Appropriateness
and Pleasantness values, and correlations between Ap-
propriateness and Overall Liking values are insignifi-
cant. These results are similar to those in Fig. 9. From
these results, it is concluded that appropriateness may
Fig. 9—Relationship between BTL preference valu
liking rating for each sound: (a) Pleasantn
BTL, R2 = 0.108. Red, green, blue, yellow,
(car door closing), 2 (turn signal), 3 (put
and 6 (windshield wipers), respectively. No
sounds are set to the average appropriate
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not be necessarily related to the pleasantness or liking of
a sound.

3.3 The Sound Descriptions

In the subjective test, participants' verbal descriptions
of each sound were collected. As shown in Table 3, we
classified these descriptions into nine categories. The first
seven categories were each split into two subcategories,
which represent opposites of one another. For example,
the “loudness” category is split into “loud” and “soft.”
For each sound and each participant, we calculated
how many times each participant's descriptions (words
or groups of words) fell into any of the 16 subcategories.
Then for each subcategory, a positive or negative num-
ber was assigned for one occurrence of that description.
For example, 1 point was assigned if one's descriptions
belong to the subcategory “loud,” while �1 point was
assigned if one's descriptions fall into the subcategory
“soft.” These numbers were then summed for each
sound. In this way, a numerical value for each sound in
that category was obtained. For example, a sound with
a positive loudness value means that this sound received
more descriptions of “loud” than “soft,” i.e., participants
generally considered this sound to be loud. Similarly,
sounds with higher values in the “emotion,” “duration,”
“spectral balance” and “novelty” categories were consid-
ered to be more pleasant, longer, sharper and more futur-
istic by participants, respectively. Table 4 is a summary of
the calculated values for each sound and each category
based on participants' verbal descriptions of the sounds.

In Fig. 11, the normalized category values for each
sound based on Table 4 are plotted (seven important
e and average pleasantness rating and overall
ess vs. BTL, R2 =0.030; (b) Overall Liking vs.
pink and black represent sounds in Contexts 1
phone down), 4 (camera click), 5 (car horn)
te here that the BTL preference values for #_1
ness ratings.
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Fig. 10—Relationship between average
Pleasantness and average Overall
Liking of each sound, R2 =0.872.
Red, green, blue, yellow, pink and
black represent sounds in Contexts 1
(car door closing), 2 (turn signal),
3 (put phone down), 4 (camera click),
5 (car horn) and 6 (windshield
wipers), respectively.
pairs of categories are shown). Note that the musical
category scores for Sound 2_3 and Sound 5_3 are
higher than for other sounds because these innovative
“very different” sounds were for the most part, inten-
tionally musical. These sounds were deemed more pleas-
ant (by word category score) than other sounds, but the
word scores in the suitability category are low. Sound
6_1 was considered to be unpleasant and inappropriate,
which received more descriptions in the categories of
Table 3—Categories and coding of the sound descripti

Category Subcategory

Loudness Loud (+1)
Soft (�1)

Emotion Pleasant (+1)
Annoying (�1)

Duration Long (+1)
Quick (�1)

Spectrum balance Sharp (+1)
Dull (�1)

Novelty Futuristic (+1)
Normal (�1)

Suitability Appropriate (+1)
Inappropriate (�1)

Simplicity Simple (+1)
Changing (�1)
Grab-attention
Musical
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“sharp,” “loud” and “annoying” than the modified and
novel sounds. This is consistent with the results of the
Appropriateness and Pleasantness ratings discussed in
Sec. 3.2.4.

In Table 5, the significant correlations of the cate-
gory values derived from participants' sound descrip-
tions (data in Table 4) and the results from the paired
comparisons and the ratings tests are given. We observe
that the “suitability” category values are positively cor-
related with the BTL preference values and appropriate-
ness ratings. Sounds with higher “emotion” category
values are, on-average, rated with higher Pleasantness
and Overall Liking by participants. This indicates that
participants' sound descriptions are consistent with their
sound evaluations. Also, we found that the sounds with
more descriptions in the category “novelty” tend to re-
ceive lower ratings in Appropriateness and lower BTL
preference within context values. Participants did not
like the sounds that were too loud and sharp, which is
not unexpected given what is generally known about
how these attributes affect annoyance (see, for example,
Zwicker and Fastl's Psychoacoustic Annoyance model22).

Appropriateness ¼ � 0:769
� 0:040 emotion
� 0:028 duration
þ 0:080 suitability; ð2Þ

Pleasantness ¼ 0:522 � 0:007 loudness
þ 0:027 emotion
þ 0:018 suitability
�0:046 simplicity; ð3Þ
ons.

Examples

Loud, heavy, strong, hard, forceful
Soft, light, quiet, calm, smooth, calming
Pleasant, happy, pleasing, exciting, comforting
Annoying, irritating, unpleasant, unhappy, noisy
Echo, long, repetitive, slow, lingering
Quick, short, fast, brief, rapid, swift
Sharp, high-pitched, harsh, rough, scratching
Dull, deep, low, muffled
Modern, artificial, new, unusual, alien, techo
Normal, general, ok, medium, neutral, common
Appropriate, good, nice, satisfying, accurate
Inappropriate, weird, odd, wrong, ridiculous
Simple, clean, concise, monotone, thin
Changing, rich, sophisticated,
Grab-attention, noticeable, alerting, warning, distinct
Musical, toned, melodic, rhythmic, orchestral
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Table 4—Category values for each sound based on sound descriptions, where spec. bal. is spectrum
balance, suit. is suitability, and grab. is grab-attention.

Context Sound Loudness Emotion Duration Spec.
bal.

Novelty Suit. Simplicity Grab. Musical

Car door closing 1_1 19 �5 �26 �8 �24 21 4 2 0
1_2 �3 3 �25 �6 38 �5 5 2 1
1_3 �29 3 �38 �13 28 �3 8 2 1

Turn signal 2_1 �13 �12 �2 �9 �19 15 7 10 2
2_2 �8 �16 �13 25 �10 8 8 6 2
2_3 �8 6 �1 5 �8 7 7 3 45

Put phone down 3_1 27 �12 �17 �4 �13 10 5 2 2
3_2 �29 �4 �35 4 �18 2 9 2 2
3_3 �16 �11 �27 �4 14 �11 1 4 3

Camera click 4_1 �11 11 �15 7 �22 29 9 8 2
4_2 �19 4 �21 18 �11 19 6 0 2
4_3 �13 �2 �17 11 38 2 3 4 1

Car horn 5_1 49 �43 �12 16 �14 0 3 10 8
5_2 15 �26 �3 30 8 2 5 10 23
5_3 �1 6 2 2 5 8 12 5 29

Windshield wipers 6_1 34 �45 �2 27 �2 �17 2 4 0
6_2 28 �26 5 0 �6 �4 2 1 1
6_3 �8 �9 �1 �12 22 �7 4 1 20
Overall Liking ¼ � 0:042 þ 0:016 emotion
� 0:010 duration
þ 0:014 suitability: ð4Þ

Equations (2) to (4) are the estimated regression
models to predict Appropriateness, Pleasantness and
Fig. 11—Normalized category values for each sou
original (Sound #_1), modified (Sound #
red and green, respectively. The closer a
descriptions this sound received in the co
vice versa.
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Overall Liking using the categories values given in
Table 4.

TheR2
adjusted of these models is 0.896, 0.952 and 0.770,

respectively, and all coefficients in the regression models
are significant at the 95% confidence level. Since this
is an exploratory study, it is of importance to note that
nd based on sound descriptions. Results for
_2) and novel sounds (Sound #_3) are in blue,
data point is to the right hand side, the more
rresponding category (e.g., “loud”), and
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Table 5—Significant correlations between scores derived from sound descriptions and sound evaluations.
BTL preference values are a measure of preference within a particular context.

Correlations Corr. p-Value

Positive BTL vs. suitability 0.544 0.020
Appropriateness vs. suitability 0.734 0.001
Pleasantness vs. emotion 0.945 <0.001
Liking vs. emotion 0.825 <0.001

Negative BTL vs. novelty �0.616 0.006
Appropriateness vs. novelty �0.742 <0.001
Pleasantness vs. loudness �0.739 <0.001
Pleasantness vs. spectrum balance �0.475 0.046
Liking vs. loudness �0.677 0.002
Liking vs. duration �0.500 0.035
these regression models need to be validated by col-
lecting participants' response to additional proposed
sounds in future. These models provide some insight
into creation of new product sounds. For example,
suitability and emotion both play important roles in
the Appropriateness, Pleasantness and Overall Liking
ratings in our test.
3.4 The Impact of Pictorial versus Textual
Context Cues on Sound Evaluations

In the subjective test, the participants were divided into
2 main groups and 4 subgroups. Group 1 saw the pictorial
contextual cues first when answering the sound compari-
son questions and evaluation questions, and then saw the
textual cues when answering these questions, the second
time. Group 2 saw textual cues first and then pictorial cues.
Thus, as mentioned earlier, we have four subgroups of par-
ticipants for answering the sound comparison and evalua-
tion questions: “P1: Pic_First,” “T2: Text_Second,” “T1:
Text_First” and “P2: Pic_ Second.” One-way ANOVA
Table 6—Summary of the significant group differences in
listed, the average ratings for each subgroup (N
1_ #, 3_# and 5_# belong to the Contexts 1 (car
respectively. Subgroup ratings with a differen
from each other in the Tukey test, i.e., the avera
is significantly different from the rating in a sub

Sound P1 T2

Selected times in
paired comparisons

5_1 1.77 (0.14) 1.82 (0.1
5_3 0.30 (0.11) 0.12 (0.0

Appropriateness 5_1 1.82 (0.10)** 1.77 (0.1
Pleasantness 1_1 0.77 (0.18) 1.00 (0.1

5_2 �0.94 (0.19)** �0.77 (0.2
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and a Tukey test with a 95% confidence level were used
to detect the differences of these sound evaluations be-
tween different subgroups. In most cases, we did not find
statistically significant differences and significant group
rating differences are given in Table 6. Under each sub-
group, the mean rating value and the corresponding
standard error are given. Subgroups that yield average
ratings that are significantly different from the average
ratings for the other subgroups are denoted by a differ-
ent number of asterisks (*), i.e., the average rating in a
subgroup denoted by one asterisk (*) is significantly dif-
ferent from the rating in a subgroup denoted by two
asterisks (**). The average ratings in two subgroups
denoted by one asterisk (*) or without asterisks are not
significantly different from each other. For example,
the average Appropriateness ratings of sound 5_1 is 1.82
with a standard error of 0.10 in subgroup P1 “Pic_First,”
while in subgroup P2 “Pic_Second,” it is 1.06 with a
standard error of 0.22. This difference is statistically sig-
nificant (F(3, 71) = 4.49, p = 0.006), which suggests that
P1 participants who saw the pictorial cues before textual
sound comparisons and evaluations. For each sound
= 20) and the standard error are reported. Sounds
door closing), 3 (put phone down) and 5 (car horn)
t number of asterisks (*) are significantly different
ge rating in a subgroup denoted by one asterisk (*)
group denoted by two asterisks (**).

T1 P2 F-value p-Value

3)** 1.61 (0.16) 1.17 (0.20)* 3.40 0.023
8)** 0.50 (0.19) 0.83 (0.22)* 3.61 0.018
1) 1.28 (0.23) 1.06 (0.22)* 4.49 0.006
5)** 0.44 (0.19)* 0.28 (0.19)* 3.24 0.027
6) �0.06 (0.29)* �0.44 (0.29) 2.73 0.051
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cues tended to consider Sound 5_1 to be more appropriate
in the context than the P2 participants who saw the picto-
rial cues second.

The Overall Liking questions were answered by partici-
pants without seeing any contextual cues while the sounds
were being played, although they had seen context cues in
earlier parts of the test. One-way ANOVA and Tukey test
were used to detect the differences of Overall Liking rat-
ings between Group 1 and Group 2 and no significant dif-
ferences were found.

In Fig. 12, shown are the relationships between Pleas-
antness and Overall Liking ratings for the four subgroups.
The R2 for the relationships in subgroups “P1: Pic_First,”
“T2: Text_Second,” “T1: Text_First” and “P2: Pic_Second”
is 0.941, 0.876, 0.651 and 0.731, respectively. In Fig. 13,
shown are the same relationships for the two main groups,
Group 1 (P1 and T2) and Group 2 (T1 and P2). The R2

for the relationships in Group 1 and Group 2 are 0.929
and 0.714, respectively. The positive correlations between
these two ratings for Group 1 are much higher than for
Fig. 12—The relationships between pleasantness a
(a) Subgroup “P1: Pic_First,” R2 = 0.94
R2 = 0.876; (c) Subgroup “T1: Text_First
R2 = 0.731. Red, green, blue, yellow, pink a
closing), 2 (turn signal), 3 (put phone dow
6 (windshield wipers), respectively.
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Group 2 when all Group 1 results are combined and all
Group 2 results are combined. This reveals that the order
of showing picture and text contextual cues could impact
the consistency of participants' evaluations of sounds.
4 DISCUSSION

In most cases, millennial participants tended to choose
more traditional sounds in the given contexts. Even when
choosing the “between” sounds and the “very different”
sounds, they still preferred the sounds closer to the tradi-
tional ones. One exception is the traditional Sound 6_1
in Context 6 (windshield wipers). It appears that the high
frequency part of the original sound made participants feel
uncomfortable, and probably made them think that the
mechanical parts of the wipers may not work very well.
Some participants commented on this sound as a signal
of a pair of “broken wipers,” though the picture of a pair
of well-performing wipers was shown in the test. In con-
trast, the modified sounds (Sound 6_2 and Sound 6_3)
nd overall liking ratings in 4 subgroups:
1; (b) Subgroup “T2: Text_Second,”
,” R2 = 0.651; (d) Subgroup “P2: Pic_Second,”
nd black represent sounds in Context 1 (car door
n), 4 (camera click), 5 (car horn) and
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Fig. 13—The relationships between pleasantness and overall liking ratings in 2 main groups:
(a) Group 1, R2 = 0.929; (b) Group 2, R2 = 0.714. Red, green, blue, yellow, pink and
black represent sounds in Context 1 (car door closing), 2 (turn signal), 3 (put phone
down), 4 (camera click), 5 (car horn) and 6 (windshield wipers), respectively.
did not have very much high frequency content due to the
low-pass filtering of the sound and the frequencies cho-
sen in the creation of the innovative sound. Participants
described these sounds as gentler and smoother, which
could explain why participants chose them instead of the
traditional sound.

Sound evaluations provide more insight into how parti-
cipants perceive and judge these sounds. Generally, partici-
pants considered “traditional” sounds to bemore appropriate
in Contexts 1, 2, 4 and 5, and the “very different” sounds to
be inappropriate in all 6 contexts. This result is consistent
with their choices in the paired comparisons and their sound
descriptions. The average Appropriateness and the BTL
preference values of each sound are positively correlated
(see Fig. 8). Additionally, we did not find significant corre-
lation between Appropriateness and Pleasantness values,
between Pleasantness and BTL preference values, nor be-
tween Overall Liking and BTL preference values.

Participants were more likely to choose the sounds that
they thought better matched the given contexts, even though
these sounds were not pleasant to them. For example, in
Context 5 (car horn), some participants stated “this sound
doesn't have to be too pleasant because the horn sound is
mainly to grab others' attention.” Another example is the
Sound 2_3 which consists of two piano tones from a pop-
ular song clip. This sound had the highest Overall Liking
rating; however, its Appropriateness and BTL preference
values are quite low. From this discussion, we may con-
clude that the priority in the design of product sounds is to
convey the correct signal/function/meaning of the context
to listeners. If the sound fails to convey such information
or the sound conveys incorrect information (e.g., Sound
6_1 with the “broken wipers”), people will likely not find
them appropriate in that context.
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Participants' verbal descriptions of the sounds are con-
sistent with their evaluation ratings and also provide sub-
tler feelings and judgments of the sounds. We observe
that participants considered the simple and appropriate
sounds to be more pleasant to them, while the loud and
sharp sounds had the reverse effect. The regression models
to predict the average Appropriateness and Pleasantness
ratings using the frequency of occurrence of the sound
descriptors within a category provide sound designers
with insights that may help them modify and improve the
created sounds. More importantly, the 16 categories of the
sound descriptions can be used as the basis for semantic dif-
ferential test scales in the future, or can be used to help
gather more consistent feedback from customers who dis-
like certain car sounds.

One particular goal of this study is to investigate how
different types of contextual cues (picture or text) and their
presenting order would influence participants' perception
and evaluation of the sounds. However, for most cases in
this test, this influence is insignificant, for only a very
few sounds is this significant. One explanation could be
that, in this test, the more innovative sounds attract much
more attention than the contextual cues. Participants may
have focused on the quality and attributes of the sounds
and did not pay much attention to the differences in con-
textual cues. But still, we found for a few sounds, on aver-
age, participants seeing different types of contextual cues
had significantly different ratings of the sound's Appropri-
ateness or Pleasantness. Thus, visual contextual cues
sometimes may play an important role in people's sound
perceptions, which is worthy of consideration when sound
designers present different sounds to customers. The group
that saw the picture cues first and text cues second pro-
duced more consistent results across parts of the test.
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5 CONCLUSIONS

In summary, millennials are more likely to accept the
traditional sounds in the given contexts. Modified or inno-
vative soundsmight be interesting or evenmore pleasant to
them; however, when they found these sounds to be inap-
propriate in the contexts, they did not prefer them. The ex-
ception to this finding was when the original sound
represented a poor quality version of the product and
the picture shown was of a more luxurious car; in this
case, people preferred the in-between sound and the inno-
vative sound was also preferred over the original sound.
Participants' sound preferences were found to correlate
with their Appropriateness ratings positively, and their
Pleasantness ratings correlate with their Overall Liking
positively. Participants' verbal descriptions of the sounds
are aligned with their sound evaluations as well as provide
information for construction of semantic scales in future
research. The pictorial and textual cues of context and their
presentation order can impact how people perceive sounds
in some cases. In general, subjects' responses were more
consistent across all the tests when shown pictorial cues
first; this emphasizes the need to be careful in how context
cues are presented in subjective tests. The results of this
study are useful for designers of future product sounds
who wish to consider end users' sound preferences in the
product sound design.

A limitation of this study is the lack of consideration of
how millennials might learn or adapt to new sounds. If
they hear the “very different” sounds for a certain amount
Fig. A1—The time histories and amplitude density
door closing). Subplots (a)–(c) are time
“very different” sounds, respectively. Su
density spectra.
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of time, we do not know if they would still mostly hold
negative opinions on the acceptability of those sounds in
particular contexts. Future research opportunities include
collectingmore sound samples in a particular context (e.g.,
car door closing) and investigating how the signal compo-
nents (spectral balance, loudness, etc.), visual representa-
tion of contexts (pictures, videos, virtual reality simulation,
and physical contact), and participants' background (age,
gender, driving experience, etc.) influence people's prefer-
ences of these sounds. Contextual information should be
considered carefully as people may not desire to hear too
pleasant sounds under certain circumstances (e.g., car horn).
While results from the 36 subjects who were millennials
were presented in this paper, it would be interesting to test
a larger group of older subjects to compare their responses
to the millennial group.
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7 APPENDIX

In this appendix are plots of the time histories of the
sounds and the associated amplitude density spectra
spectrum of the sounds in Context 1 (car
histories of the “traditional,” “between” and
bplots (d)–(f) are the associated amplitude
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Fig. A2—The time histories and amplitude density spectrum of the sounds in Context 2
(turn signal). Subplots (a)–(c) are time histories of the “traditional,” “between”
and “very different” sounds, respectively. Subplots (d)–(f) are the associated
amplitude density spectra.

Fig. A3—The time histories and amplitude density spectrum of the sounds in Context 3 (put
phone down). Subplots (a)–(c) are time histories of the “traditional,” “between”
and “very different” sounds, respectively. Subplots (d)–(f) are the associated
amplitude density spectra.
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Fig. A4—The time histories and amplitude density spectrum of the sounds in Context 4
(camera click). Subplots (a)–(c) are time histories of the “traditional,” “between”
and “very different” sounds, respectively. Subplots (d)–(f) are the associated
amplitude density spectra.

Fig. A5—The time histories and amplitude density spectrum of the sounds in Context 5 (car horn).
Subplots (a)–(c) are time histories of the “traditional,” “between” and “very different”
sounds, respectively. Subplots (d)–(f) are the associated amplitude density spectra.
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Fig. A6—The time histories and amplitude density spectrum of the sounds in Context 6
(windshield wipers). Subplots (a)–(c) are time histories of the “traditional,” “between”
and “very different” sounds, respectively. Subplots (d)–(f) are the associated amplitude
density spectra.
estimated by using the discrete Fourier transform of the
sampled time history scaled by the sampling interval (|X
(f)| ≈ Δ � Xk). The discrete Fourier transform was calcu-
lated by using the fft function in MATLAB.
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