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Abstract: Response scales are widely used to assess the personal experience of sensation and perception
in built environments, and have a great impact on the quality of the responses. The purpose of
this study was to investigate the effects of response scales on human sensation and perception in
moderate indoor environments. Four different response scales were compared under three room
temperatures (19.0 °C, 24.5 °C, and 30.0 °C) and five acoustic stimuli (ambient noise, 42 and 61 dBA X
water sounds and traffic noise): a bipolar seven-point scale according to ISO 10551:1995, a unipolar
11-point scale according to ISO/TS 15666:2003, these two scales combined for each sensory comfort
assessment, and a bipolar visual analogue scale. The degree of relative differentiation based on indoor
physical factors made no significant difference across the four response scales. Therefore, the effects
of physical factors on human response could be assessed by using any of the four scales tested in this
study, with a statistical significance at p < 0.05 in moderate environments. The choice of response
scale would depend not only on the type of physical stimulus but also on the question of sensation or
perception. The reliability of each response scale was different according to the subjective attributes.
The bipolar visual analogue scale was subjectively preferred by the respondents.

Keywords: response scales; visual analogue scale; seven-point scale; 11-point scale; respondent
preference; thermal comfort; acoustic comfort; indoor environmental comfort; sensation; perception

1. Introduction

1.1. Background and Objectives

It is common in indoor environmental quality research to collect data using subjective
questionnaires. Capturing true responses regarding occupants’ comfort in and acceptance of an indoor
environment is crucial when evaluating a building’s performance. The impact of the questionnaire
design characteristics on the quality of the responses should be minimized to achieve true responses [1].
Determining the characteristics of the response scale is often the most important decision in ensuring
good measurement properties [2-4]. DeCastellarnau [1], in her latest review article, classified 23 different
characteristics of response scales and provided their effects on data quality. Ten characteristics out of
the 23 have been found to affect data quality: the scales’ evaluative dimensions, the types of scales,
scale length, verbal labels, number of fixed reference points, order of numerical labels, correspondence
between numerical and verbal labels, scale illustrative format, scale layout display, and the label
visual separation.

The study of response scales is considered fundamental research in every discipline. With regards
to indoor environmental perception, the effects of response scales used for combined thermal and
acoustic conditions have not been studied yet. In fact, indoor environmental factors such as thermal
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comfort, indoor air quality (IAQ), lighting, and acoustics have been studied independently. Therefore,
subjective response scales also have been developed for discipline-specific purposes. However,
in combined thermal and acoustic conditions, which are more realistic indoor environmental setups,
will each discipline-specific response scale still be the optimal response scale? This study focuses on
the effects of subjective response scales for combined thermal and acoustic conditions rather than the
combined effects of thermal and acoustic conditions to answer this fundamental research question.

In the present study, our objective is to investigate effects of response scales for young adults with
regard to indoor environmental sensation and perception in combined thermal and acoustic conditions.
Four different response scales were compared in this study: a bipolar seven-point scale according to
ISO 10551:1995 [5], a unipolar 11-point scale according to ISO/TS 15666:2003, [6] combined scale with
seven-point and 11-point scales for each environment, and a bipolar visual analogue scale. Similarities
and differences among the four response scales will be discussed for combined thermal and acoustic
conditions in moderate indoor environments. The performances of and preference for the response
scales were also investigated in this study.

1.2. Literature Review on Response Scales in Indoor Environmental Perception

To investigate effects of response scales on indoor environmental sensation and perception in
combined thermal and acoustic conditions, the response scales used in previous studies have been
reviewed. Response scales for thermal comfort and for noise perception have been independently
developed and standardized in each area of research.

For thermal comfort assessments, a bipolar seven-point scale (Figure 1) has been used according to
ISO 10551:1995 [5] based on Fanger’s model [7]. Because of the nature of neutrality in thermal sensation
and perception, a bipolar scale was adopted to evaluate subjective responses in thermal conditions.
By contrast, either a unipolar five-point verbal scale or a unipolar 11-point numeric scale has been
used for subjective acoustic assessments according to ISO/TS 15666:2003 [6]. As acoustic assessment
was developed with noise, which is a negative sound to be controlled, a unipolar scale was introduced.
However, to date, there has been no explicit academic consensus on response scales for assessing
human sensation and perception in combined thermal and acoustic conditions. EN 15251 [8] specifies
indoor environmental input parameters for the design and assessment of the energy performance of
buildings. These parameters address the indoor air quality (IAQ), thermal environment, lighting, and
acoustics. It adopted the seven-point thermal sensation scale and the acceptable percentage of votes
for thermal environment and air quality classification, but no direct subjective assessment methods for
acoustics and lighting were recommended.

In previous studies regarding the combined effects of indoor environmental sensation and
perception in thermal and acoustic environments, visual analogue scales (VAS) were often used to
assess thermal and acoustic sensation and perception [9-15]. Visual analogue scales are known to
present better metrical features than category scales [16] because they allow participants to make free
subjective assessments [17]. Thus, VAS can have many observational points. Yang and Moon [18] used
a unipolar 11-point scale instead of a bipolar VAS for subjective assessments in combined thermal,
acoustic, and lighting conditions. Most of these assessments used identical scales for both thermal and
acoustic assessments. In indoor environmental quality field studies dealing with thermal, acoustic, and
illuminous conditions and indoor air quality at a same time, various types of scales have been used for
subjective assessment. Interval scales of 4-7 points [19-35] have been frequently used for combined
environmental assessments. Dichotomous scales [21,22,36-38], 11-point scales [39], 13-point scales [39],
and VASs [20,36] were also used for indoor environmental assessments. Most of them used identical
scales throughout the assessment regardless of the type of environment [23-35,37,38], but some used
different scales for each environmental factor [19-22,36,39]. Table 1 summarizes the response scales used
for subjective assessment in previous studies dealing with combined environmental factors. Response
scales were used as research methods in these previous studies, even though the appropriateness of
the response scales for use in the studies was not fully investigated.
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Table 1. Response scales in combined environmental research.

3 0f26

Study Population Sample Size Scale Survey Tool
(Category) Type Polarity Length
Effects of indoor environmental sensation and perception in thermal and acoustic conditions
Nagano & Horikoshi 2001 [9]  Lab Age 19-37 29 men VAS Unipolar 0 to 100 Paper
Pellerin & Candas 2004 [10] Lab Mean age 23.1 to 24.1 18 (W9/M9) VAS
(Sensation, Preference) Bipolar 0 to 100 Not identified
(Comfort) Unipolar -50 to 50
Witterseh et al. 2004 [11] Lab Age 18-29 30 (W14/M16) VAS Bipolar 0to 100 Not identified
Nagano & Horikoshi 2005 [12] ~ Lab Age 19-26 22 men VAS Unipolar 0to 100 Paper
Tiller et al. 2010 [13] Lab 30 (W16/M14) VAS Unipolar 0to 100 Computer
Yang et al. 2017 [14] Lab Mean age 25.5 to 25.8 26 (W13/M13) VAS Bipolar -5.0t0 5.0 Paper
Yang and Moon 2018 [15] Lab Age 19-27 24 (W12/M12) VAS Bipolar -5.0t0 5.0 Paper
Yang and Moon 2019 [18] Lab Mean age 21.3 to 23.3 60 (W30/M30) 13\/}1?2:}2‘:}2‘;25?;2?& Unipolar 0to10 Tablet
Indoor environmental quality
Humphreys 2005 [19] Field Gffegifi;ift?lié:?g‘i;:;:rich 4655 responses Not identified
(TH, AV, H, L N) 5-point verbal scale Bipolar 0Oto2
(IAQ) 7-point verbal scale Bipolar Oto2
(Overall comfort) 6-point verbal scale Bipolar 0to5
Wong et al. 2008 [36] Field  Typical AC offices, Hong Kong 293
(Thermal/TAQ) Dichotomous scale Acacceitl;a:)algzot Yes (1), No (0)
(Visual/Acoustic) VAS
Andersen et al. 2009 [20] Field Dwellings, Denmark 92; 65;1\:::;? Paper via mail
(L, TAQ) VAS Bipolar 0 to 100
(A) VAS Bipolar —-50 to 50
(TH) 7-point interval scale Bipolar -3to3
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Table 1. Cont.
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i Scale
Study Population Sample Size Survey Tool
(Category) Type Polarity Length
Indoor environmental quality
Lietal. 2013 [21] Fielq ~ [raditional Chinese buildings 139 Tulou Not identified
vs. rural buildings 97 normal rural
(Satisfaction/Dissatisfaction) Dichotomous scale Unipolar 1to0,0to -1
(Sensation TH) 7-point numerical scale Bipolar -3to3
(Sensation V, L) 5-point numerical scale Bipolar —2to2
(Sensation IAQ, A) 5-point numerical scale Unipolar Oto4
Ricciardi and Buratti 2018 [39]  Field 7 university classrooms, Italy Not identified
(TH) 331 13-point scale Bipolar -3to3
(L, A) 597 11-point numerical scale Unipolar 0to 10
Mui et al. 2018 [22] Field Small residential units, 52 Dichotomous scale Acceptable Not identified
Hong Kong /unacceptable
(TH) 7-point numerical-verbal Bipolar “3t03
scale
(IAQ) 5-point verbal scale Bipolar
(A, L) Point award 0 to 100
1 green building, 40 ereen
Paul and Taylor 2008 [23] Field 1 conventional building, greet 7-point numerical scale Bipolar 1to7 Paper
. 53 conventional
Australia
Lai et al. 2009 [37] Field o2 residential apartments, 125 (W82/M43) Dichotomous scale Acceptable/not Yes (1), No (0) Interview
Hong Kong acceptable
59 office buildings,
Bl tal 2011[24]  Field ~ Cermany Switzerland, Italy, 5732 7-point scal Bipol lto7 Paper via mail
uyssen et al. ie Finland, Denmark, Portugal, point scale ipolar 0 aper via mai
The Netherlands, UK
Huang et al. 2012 [38] Lab Mean age 22, Chana 120 (W60/M60) Dichotomous scale Unipolar _Ola?\r::ldlo Not identified
. CBE POE data . .
Frontczak et al. 2012 [25] Field 351 office buildings, USA 52980 7-point ordered scale Bipolar -3to3 Web-based
Hwang and Kim 2013 [26] Field 1 office building, Korea 2744 (5 times) 7-point Bipolar -3t03 Web-based
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i Scale
Study Population Sample Size Survey Tool
(Category) Type Polarity Length
Indoor environmental quality
Fassio et al. 2014 [27] Field 1 university classroom, Italy 17 4-point verbal scale Bipolar Oto3 Paper
3 green buildings, 134 ereen
Liang et al. 2014 [28] Field 2 conventional buildings, gree 7-point verbal scale Unipolar 0to 100 Paper
. 99 conventional
Taiwan
Woo 2014 [29] Field 4 green buildings, Korea 114 5-point verbal scale Bipolar 1to5

Pei et al. 2015 [30] Field 10 green buildings, China +1000 6-point scale Unipolar z)lairlldlo Paper

Ravindu et al. 2015 [31] Field L LEED c.ertlfled factory, 70 5-point scale Unipolar 1to5 Not identified
Sri Lanka
Martellotta et al. 2016 [32] Field 1 hypermarket, Italy 120 7-point verbal scale Unipolar 1to7 Not identified
Xue et al. 2016 [33] Field 5 40-story residential buildings, 482 5-point verbal scale Unipolar 1to5 Paper via mail
Hong Kong
) . 34 all-air buildings 2247 all-air . . .
Karmann et al. 2017 [34] Field 26 radiant buildings, USA 1645 radiant 7-point verbal scale Unipolar Verbal analysis Web-based
3-point: negative,
Choi and Moon 2017 [35] Field 9 university buildings, 411 7-point numerical scale Bipolar neutral, positive Paper

5 commercial buildings, USA

2-point: negative,
positive

Note: A (Acoustics), AC (Air conditioned), AV (Air movement), H{Humidity), IAQ (Indoor Air Quality), L (Lighting), N (Noise), TH (Thermal condition), V(Ventilation).
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The limited information on response scales for combined environmental assessments is a challenge
to the success of subjective building performance. To the best of the authors” knowledge, no studies
on an optimized response format for combined environmental assessments have been reported to
date, although the choice of response format should be an explicit step in the process of constructing
a questionnaire, and different response formats may be appropriate for different constructs [40].
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Figure 1. Examples of the response scales: (a) Bipolar seven-point scale, (b) bipolar VAS, (c) unipolar
11-point numeric scale, and (d) unipolar five-point verbal scale.

2. Methods

2.1. Respondents

Fifty university students (23 men and 27 women) participated in three experimental sessions
each and received compensation for their participation. Informed consent was obtained from each
participant. No noise hearing tests were performed, but potential participants who had hearing
impairments were excluded. Participants were asked to wear a clothing ensemble of nearly 0.75 clo
according to ASHRAE Standard 55-2004 [41]. The clothing ensemble consisted of a thick pair of straight
trousers (0.24 clo), a long-sleeved flannel shirt (0.34 clo), a pair of socks (0.02 clo), underwear (0.04 clo),
a T-shirt (0.08 clo), and slippers (0.03 clo). Table 2 lists the respondents’ physical characteristics.

Table 2. Physical characteristics of respondents.

Gender Age (years) Height (cm) Weight (kg)  BMI (kg/m?)
Women Mean (S.D.) 21.8(1.9) 163.0 (6.0) 56.2 (5.6) 21.2 (2.0)
Men Mean (S.D.) 23.2 (1.9) 173.7 (6.7) 69.4 (9.1) 23.0 (2.2)

Feedback on indoor environmental sensitivity was requested for temperature, humidity, indoor
air quality, lighting, and acoustics using a bipolar seven-point scale in an additional survey after
completion of the all sessions.

2.2. Test Laboratory and Experimental Conditions

The experiment was conducted in a test laboratory (4.0 m x 5.0 m X 2.4 m) furnished as a small
classroom. The test laboratory in this study was built for indoor environmental research. The air
temperature and humidity of the indoor environmental chamber were controlled using variable
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refrigerant flow systems, humidifiers, dehumidifiers, and ventilation systems located in the indoor
and outdoor chambers. The ventilation system was in operation during the experiment. The local air
velocity was measured to be less than 0.1 m/s.

The mean illuminance levels along the desk surface during the experiments were 995.0 X (Konica
Minolta T-10A: Tokyo, Japan). The color temperature of the lamp was 6500 K according to the
specification sheets provided by the manufacturer. A loudspeaker system (Turbosound Milan M10:
Patridge Green, UK) was used as a sound source and was located on the rear side to minimize the
spatial sensitivity of the sound sources. The reverberant time of the test laboratory was measured as
0.3 s at 500 Hz for octave bands (01dB dB4: Lyon, France). The ambient noise level in the laboratory
was 38 dBA (01dB Solo: Lyon, France) when the thermal systems were operated.

Three room-temperature levels (19.0 °C, 24.5 °C, and 30.0 °C), corresponding to cool, neutral, and
warm sensations, were chosen [41]. For each room air temperature, a constant relative humidity of
40% was set. Thermal data, measured using a digital thermometer (Autonics THD-W: Busan, Korea)
installed on the wall inside the chamber, were validated through comparisons with data obtained
using digital thermometers (SATO SK-L200THIIx: Tokyo, Japan) placed at the positions of the four
participants. The target conditions for the air temperature and relative humidity are listed in Table 3.
The variations are within the range of the just noticeable difference (JND) of temperature and relative
humidity [42,43].

Table 3. Thermal conditions and variations.

Target Temperature = Measured Temp Mean = Measure RH Mean Sensation ASHRAE

Relative Humidity (S.D.) (8.D)) 55-2013
19.0 °C, 40% 19.5°C (0.4) 43.3% (2.0) Cool
24.5°C, 40% 24.7°C(0.3) 40.8% (1.4) Neutral
30.0 °C, 40% 29.8°C(0.2) 38.9% (1.2) Warm

Four different sounds (traffic and water X 42 and 61 dBA) were played through a loudspeaker,
considering measured daytime median noise exposure levels [44]. Water sounds were acquired from
an open website [45], and traffic noises were recorded in the living room of a residential building.
The levels of the sound sources were adjusted with an audio controller. Sound level differences across
the participants’ positions were measured at + 0.3 dBA. Figure 2 shows the octave band frequency
spectra of the sound sources, including ambient noise in the chamber.

70

——Ambient -& -WS42 -—»-T42 -o- WS61 —<T61

63 125 250 500 1000 2000 4000 8000
Frequency (Hz)

Figure 2. Frequency spectra of sound sources.
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2.3. Response Scales and Semantic Adjectives

Four different response scales were compared in this study: bipolar seven-point scale, unipolar
11-point scale, combined scale with seven-point and 11-point scales for each environment, and
a visual analogue scale. The 10 semantic adjectives used throughout the tests were soft vs. loud,
acoustically uncomfortable vs. comfortable, cold vs. loud, thermally uncomfortable vs. comfortable,
and uncomfortable vs. comfortable (overall indoor environment). All subjective assessments were
conducted using a web-based tablet interface with a finger touch.

A bipolar seven-point numerical scale (bipolar7) with end-only labels was introduced based on
ISO 10551:1995 [5], which was developed for thermal sensation assessment. Radio buttons were used
to create discrete rating scales from —3 to 3. Respondents immediately saw the response options that
were available and could choose between them when the radio buttons were used for the survey [46].

A unipolar 11-point numerical scale (unipolarll) with end- and midpoint labels was adopted
based on ISO/TS 15666:2003, [6] which was developed for socioacoustic surveys. It is assumed that
a 0-to-10 scale would be more readily understood and manipulated than shorter ones. Most people
are familiar with base-10 numeric systems through currency and other familiar counted materials.
Radio buttons were also used to create 11 discrete scales from 0 to 10. Three verbal labels of “Not
at All,” “Neutral,” and “Extremely” were placed at the top of “0,” “5,” and “10.” The number of
questions doubled over the bipolar scales because the unipolar scale could only evaluate to a degree of
one attribute.

A combined scale (combined) with both the bipolar seven-point and the unipolar 11-point scales
was also introduced. The bipolar seven-point scale was used for thermal attributes and overall comfort
assessment, and the 11-point scale was used for acoustic assessment. The default marker was always
placed at the very left end of the interval scale.

A bipolar visual analogue scale (bipolar VAS) was introduced in the study. The questionnaire
contents were identical to those of the bipolar seven-point scale except for the response format. VAS is
acknowledged in the medical sector because a measurement with continuous scales is sensitive [47].
VAS consists of a plain, mostly horizontal line, and mostly verbal end labels. Respondents give a rating
by placing a mark on the line. The length of the line is 100 mm, which corresponds to a VAS score
between 0 and 100. In this study, a numerical value of —5.0 to 5.0 was assigned to the responses for the
statistical analyses. A slider was placed at the left end in the default setting as an indicator of the rating
mark. However, respondents were required not to drag but to click the slider to avoid the potential
technical problems caused by dragging the slider with fingers.

2.4. Experimental Design and Procedure

A factorial within-subject design with repeated measures was employed with three independent
variables: response scale (bipolar VAS, bipolar7, unipolarll, and combined), room temperature (19.0 °C,
24.5 °C, and 30.0 °C), and noise (ambient, WS42, T42, WS61, and T61).

The questionnaire consisted of ten semantic differential adjectives to survey acoustic sensation
(soft vs. loud), perception (uncomfortable vs. comfortable), thermal sensation (cold vs. hot), perception
(uncomfortable vs. comfortable), and overall indoor environmental perception (uncomfortable vs.
comfortable). The semantic attribute “comfortable” was placed at the right end, and the semantic
attribute “uncomfortable” was positioned at the left end for bipolar scales. For the unipolar scale
questionnaire, the sematic attributes at the right and left ends for the bipolar scale questionnaire were
asked one by one.

Participants were required to attend all three sessions performed in the test laboratory. During
each session, a quick demonstration regarding how to use the tablet was provided to the participants,
but the experimental conditions were not mentioned to avoid potential experimental bias. A maximum
of six participants simultaneously assessed the combined environmental conditions. The response
data provided by the participants were automatically saved on a server.
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All sessions were initially conducted at a room temperature of 19.0 °C, followed by 30 °C, and
thereafter at 24.5 °C. To ensure an equivalent room air temperature and mean radiant temperature,
each thermal condition was set at least 15 h prior to the test. The clothing insulation of each subject was
visually inspected as it should not significantly deviate from the 0.75-clo requirement prior to testing.

In each 60-min-long session, a 20-min adaptation period was implemented at the beginning of
the session for thermal adaptation, as shown in Figure 3. The participants were sedentary during the
adaptation period. Each sound stimulus was presented for 50 s, and a response time was provided until
all participants in the test group submitted their responses. The ambient sounds for the four different
response scales were assessed at the beginning and at the end. The four sound sources combined with
the four response scales were randomly presented in each test session, and their replicas were also
presented in random order to validate the reliability of the response scales.

1st evaluation 2nd evaluation
y |

v y
l 1 { |
I | T |

0 min 20 min 40 min 60min

Thermal Adaptation

Figure 3. Experimental procedure for each session.

After completion of the three different thermal sessions, respondents’ preferences for the scales
were measured by a quick survey. Respondents’ feedback with regard to indoor environmental
sensitivity was also obtained for temperature, humidity, indoor air quality, lighting, and acoustics.
The current standards of the rating scales for each condition were not mentioned to avoid potential
experimental bias.

2.5. Statistics

The statistical analyses were performed using two different approaches: original and normalized
data analyses. The original data from the respondents were used to analyze the correlation performance
for reliability. Fisher’s Z transformation was applied to compare the correlation coefficients of repeated
measures on each response scale. The original data were also applied to a factorial analysis of variance
(ANOVA) to validate sensitivity to differentiate the effects of temperature and sound on each response
scale. ANOVA is a powerful statistical test and was used in this case, although normality cannot be
guaranteed for subjective ratings [48,49].

A repeated-measures ANOVA was also used to test the scale factor for the two repeated measures
to confirm the effects of the repeated measures and response scales at the same time. The original
data were converted to unipolar 0.0-to-10.0 scales to perform an ANOVA on the four response scales
having different numerical ranges. If a response value was greater than 0, it was treated as a right-end
semantic attribute, and if a response value was less than 0, it was treated as a left-end semantic attribute.
Then, the weighting factors were applied to normalize the response values from 0.0 to 10.0. Three
corrections (Greenhouse-Geisser, Huynh-Feldt, and lower-bound) for violations of sphericity were
used to test the sphericity. The Mauchly sphericity test needs more than three repeated measures, but
only two measures were performed in this study. An epsilon (¢) value of 1 was found for the three
corrections across all subjective attributes, which indicates that the condition of sphericity was exactly
met. A Bonferroni post hoc test was applied.
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3. Results

3.1. Response Times

The response time for the questionnaire was observed based on the submission time as listed in
Table 4. The bipolar seven-point scale had the shortest response time, followed by the bipolar and
combined scales. However, the response times for the bipolar7 and bipolar VAS were not significantly
difference. The unipolar 11-point scale had the longest response time among the four scales tested in
this study because the number of questions with the same content was twice that of the bipolar scales.

Table 4. Means and Bonferroni’s post hoc test results for response time by response scale (means with
different letters are significantly different. p < 0.05; A > B > C in each row).

Bipolar VAS Bipolar7 Unipolarll Combined

1st (s) 45.2 C 444 C 644 A 57.9 B
2nd (s) 40.2 B 38.7 B 56.9 A 54.6 A
Average (s) 42.7 41.5 61.1 55.7

3.2. Correlation Coefficients for Repeated Measures

Correlations were assessed for the pair of first and second measures on each response scale.
The bipolar VAS had higher correlation strength than the bipolar seven-point scale using Fisher’s
Z transformation (p < 0.05) with regard to the loudness sensation, thermal sensation, and thermal
comfort attributes in Table 5. The unipolar 11-point scale was better than the bipolar seven-point
scale with regard to acoustic attributes. The reliabilities of softness for both the unipolar 11-point and
combined scales were lower than those of loudness.

Table 5. Pearson’s correlation coefficients between repeated measures (p < 0.0005) and Fisher’s Z
transformation (p < 0.05) results (coefficients that do not share a letter are significantly different; A > B
> C > D in each column).

Sensation Acoustic Thermal I ndoor
Environmental
N . . .
Discomfort Discomfort Discomfort
Soft (L)-Loud (R)  Cold (L)-Hot (R) (L)—Comfort (R) (L)—Comfort (R) (L)—Comfort (R)
Bipolar VAS 750 0.860 B 0.870 A 0.775 A 0.813 A 0.772 B
Bipolar7 750 0.820 C 0.843 B 0.764 AB 0.771 B 0.775 B
Unipolarll L 750 0.766 D 0.866 A 0.757 AB 0.727 C 0.747 B
P R 750 0.877 AB 0.845 B 0.750 AB 0.734 C 0.692 C
. L 750 0.778 D 0.735 B
Combined R 750 0.895 A 0.850 AB 0.780 A 0.746 BC 0.922 A

Spearman’s correlation coefficients were calculated between each pair of response scales, and are
listed in Tables 6 and 7. The correlation coefficients between bipolar7 and the combined scales, and
between unipolarll and the combined scales, which have identical response scales, were the highest
for each sensation attribute. The combined scale consisted of the unipolar11 scale for acoustics and
the bipolar? scale for thermal conditions. Contrastingly, for the comfort attributes, the correlation
coefficients between the bipolar7 and bipolar VAS scales were the greatest. In general, for all response
scales, the correlation coefficients for the comfort attributes were relatively higher and more stable
than those for the sensation attributes.

Figures 4 and 5 show scatter plots for the response scales. The mean values of the two repeated
measures were used for the analyses. For the unipolar scales, the right-end semantic attributes, which
were “loud,” “hot,” and “comfortable,” were used to draw the scatter plots.
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Table 6. Spearman’s correlation coefficients between response scales for acoustic and thermal sensations (p < 0.0005).
Acoustic Sensation Thermal Sensation
Bipolar Bipolar Unipolar . Bipolar Bipolar Unipolar
VAS 7 11 Combined VAS 11
Soft-Loud Soft-Loud Soft Loud Soft Cold-Hot Cold-Hot  Cold Hot
Bipolar7 Soft-Loud 0.905 Cold-Hot 0.913
Unipolarl1 Soft —0.813 —-0.826 Cold —-0.793 -0.777
P Loud 0.883 0.869 —-0.765 Hot 0.785 0.773 —0.480
. Soft —-0.784 -0.797 0.891 -0.715
Combined Loud 0.875 0.869 0744 0932 —0727 Cold-Hot 0.907 0.927 -0.782  0.779

Table 7. Spearman’s correlation coefficients between response scale for acoustic, thermal, and indoor environmental comfort (p < 0.0005, D: discomfort, C: comfort).

Acoustic Comfort

Thermal Comfort

Indoor Environmental Comfort

Bipolar Bipolar Unipolar Combined Bipolar Bipolar Unipolar Bipolar Bipolar Unipolar
VAS 7 1 ombine VAS 7 1 VAS 7 1
D-C D-C D C D D-C D-C D C D-C D-C D C
Bipolar7 D-C 0.882 D-C 0.893 D-C 0.892
Unipolarl1 D -0.785 -0.804 D —0.808 -0.797 D -0.785 -0.767
C 0.841 0.845 -0.801 C 0.865 0.846 -0.836 C 0.840 0.810 -0.797
. D -0.800 -0.779 0.868  —0.768
Combined C 0.833 0.838 0758 0877 —0.800 D-C 0.883 0.886 -0.785  0.834 D-C 0.853 0.876 -0.758  0.802
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Figure 5. Scatter plots for (a) acoustic comfort, (b) thermal comfort, and (c) indoor environmental
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3.3. Effects of Repeat and Response Scales

Table 8 lists the significance levels and effect sizes of the repeated-measures ANOVA results for
normalized subjective responses. The effects of the response scales were found for softness, coldness,
hotness, acoustic comfort, thermal discomfort, and indoor environmental comfort. This is shown in
Figure 6. The Bonferroni post hoc test results for the scale effect are listed in Table 9. In general, the
mean values from the bipolar VAS and unipolarll were greater than the mean values from bipolar?.

Table 8. Results of significance level (p < 0.05) and effect size (n2) of repeated-measures ANOVA using
normalized data (D: discomfort, C: comfort).

Acoustic Thermal . Indoor
. . Acoustic Thermal .
Sensation Sensation Environmental
Soft Loud Cold Hot D C D C D C
Repeat p 0307 0872 0000 0008 0390 0081 0000 0024 0000  0.083
Within n2 0000 0000 0007 0004 0000 0001 0012 0003 0017  0.000
Subjects Repeat x p 0304 0139 0092 0819 0013 0508 0849 0029 0333 0868
Scale n2 0002 0003 0003 0001 0005 0001 0000 0005 0002  0.000
Scale p 0000 0927 0003 0000 0830 0003 0010 0811 0076  0.000
n? 0013 0000 0007 0017 0000 0006 0007 0001 0004 0018
Sound p 0000 0000 0295 0574 0000 0000 0095 0554 0000  0.000
2 0096 0374 0003 0002 0265 0172 0005 0002 0166  0.086
Between p 0666 0199 0000 0000 0102 0000 0000 0000 0000  0.000
Subjects ~ [eMPerature o, 000 0002 0446 0292 0002 0011 0133 0071 0034 0035
n

Sound x p 0182 008 0997 0930 0413 0654 093 0980 0101  0.530
Scale n2 0007 0009 0001 0003 0006 0004 0003 0002 0010  0.006
Temp. x p 0943 0986 0000 0000 0802 0433 0000 0001 0000  0.054
Scale n2 0001 0000 0018 0015 0001 0003 0017 0013 0015  0.007

0]

m bipolarVAS
m bipolar7

m unipolar11
m combined

\8] w = a [02] ~J
1 I I 1 I I

Subjective judgment (a.u. 0-10)

—
Il

0 .
Soft Cold Hot AC D IEC

Figure 6. Normalized mean subjective judgment with 95% confidence intervals according to response
scale (black: bipolar VAS; red: bipolar; blue: unipolarll; purple: combined).

The effects of repeats were found only in thermal-related attributes, as listed in Tables 8 and 10.
Coldness, thermal discomfort, and indoor environmental discomfort were greater at the second
measurement than at the first measurement. For thermal sensation, the second sensation was lower
than the first sensation for all response scales except for hotness when the unipolar 11-point scale
was used. For thermal comfort, the bipolar seven-point scale and the combined scale, which were
identical scales, did not differentiate between the first and second measurements. With the bipolar
VAS and unipolar 11-point scales, thermal comfort was rated poorer in the second measurement. For
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indoor environmental comfort, the mean discomfort using the unipolar 11-point scale was greater in
the second measurement.

Table 9. Results of Bonferroni’s post hoc test for normalized mean subjective judgment according to
response scale (means that do not share a letter are significantly different; A > B > C in a column).

Soft Cold Hot AC TD 1IEC

P n? p n? p n? p n? p n? p n

0.000 0.036 0.003 0.007 0.003 0.008 0.003 0.006 0.010 0.007 0.000 0.018

bipolar VAS 6.38 A 3.64 A 2.28 B 4.64 A 4.95 A 3.99 A
bipolar7 5.14 B 2.83 B 2.03 B 4.07 B 4.35 A 3.72 B
unipolarll 4.37 C 3.39 AB 2.92 A 4.81 A 4.07 AB 4.51 A
combined 4.35 C 2.96 AB 1.66 B 4.76 A 4.26 B 3.76 B
unipolarll bipolar7 bipolar? unipolarll bipolar? bipolar?

2

Table 10. Results of Bonferroni’s post hoc test for repeated measures using original data (means that
do not share a letter are significantly different; A > B in a row).

Repeat
Scale p
1st 2nd
BipolarVAS 0.321 -0.843 A -0669 A
Soft-Loud
Bipolar7 0.874 -0248 A -0231 A
Acoustic Soft Unipolarll  0.506 4315 A 4429 A
sensation Loud Unipolarl1l 0.907 4008 A 3987 A
Soft Combined 0.645 4.389 A 4311 A
Loud Combined 0.340 3.845 A 4.019 A
BipolarVAS 0.017 -0403 A -0698 B
Cold-Hot
Bipolar7 0.002 -0209 A -0456 B
Thermal
Hot Unipolarll 0.051 3.064 A 2.768 A
Cold-Hot  Combined 0.018 -0223 A -0421 B
BipolarVAS 0.976 0.406 A 0.402 A
D-C
Bipolar7 0.187 0.099 A -0029 A
Acoustic D Unipolarll  0.805 3877 A 3917 A
comfort C Unipolarll ~ 0.973 4813 A 4808 A
D Combined 0.303 3.727 A 3.893 A
C Combined 0.713 4.787 A 4.729 A
BipolarVAS 0.005 0.408 A -0.021 B
D-C
Bipolar7 0.170 0.068 A -0065 A
Thermal
comfort D Unipolarll  0.002 3820 B 4316 A
C Unipolarll 0.010 4.779 A 4.359 B
D-C Combined 0.058 0.076 A  -0109 A
BipolarVAS 0.100 0.148 A  -0079 A
D-C
Indoor Bipolar7 0.379 -0.132 A -0211 A
Environmental D Unipolarll 0035 4328 B 4641 A
Comfort
C Unipolarll 0.131 4.623 A 4.401 A
D-C Combined 0.246 -0.065 A -0168 A




Sustainability 2019, 11, 3975 16 of 26

3.4. Effects of Temperature and Sound

The effects of sound and temperature on acoustic, thermal, and indoor environmental comfort/
discomfort are compared in Figure 7 using the normalized data. Although the relative values for
each observational point were different with statistical significance, the overall trends according to
temperature or sound type and level were similar.

The statistical comparisons using the original data were also analyzed in Table 11. No specific
response scale with a high degree of differentiation for temperature or sound type and level was
found for comfort/discomfort. The effects of temperature on thermal attributes, the effects of sound
on acoustic attributes, and the cross-modal effects of temperature and sound on comfort attributes
according to the four response scales used in this study were identical with statistical significance
(p < 0.0005). Even though the acoustic comfort and discomfort of 42 dBA traffic noise were clearly
distinguished from that of ambient noise by the four response scales, the loudness of the 42-dBA traffic
noise was not differentiated from that of the ambient noise by any response scales. The softness of the
42 dBA traffic noise was distinguished from that of ambient noise by the unipolar 11-point scale only.

For the effects of temperature on thermal attributes, all response scales were able to differentiate
thermal perception at each temperature. All of the response scales could also distinguish the difference
in acoustic perception between 19.0 °C and 24.5 °C or 19.0 °C and 30.0 °C for the effects of temperature
on acoustic attributes. For the effects of sound on acoustic attributes, all of the response scales could
differentiate ambient sound, any sounds of 41 dBA, water sound of 61 dBA, and traffic noise of 61 dBA.
For the effects of sound on thermal attributes, the thermal perception of 61 dBA traffic noise was
different from the thermal perception of ambient noise for all response scales.

The effects of sound on indoor environmental attributes were the same for all response scales. The
effects of temperature on indoor environmental attributes were the same for the bipolar seven-point, the
unipolar 11-point, and the combined scales. The bipolar VAS did not differentiate indoor environmental
comfort between 24.5 °C and 30.0 °C.

There was no statistically significant difference between water sounds and 42 dBA traffic noise
in acoustic comfort and indoor environmental comfort. However, at 61 dBA, water sounds always
showed positive aspects compared to traffic noise in acoustic comfort and indoor environmental
comfort perception. Between 19.0 °C, 24.5 °C, and 30.0 °C, 19 °C was the least preferable temperature
for all subjective attributes.

3.5. Respondents” Survey

For acoustic conditions, 68% of respondents preferred the bipolar VAS, and for thermal conditions,
52% of respondents preferred the bipolar VAS. For combined conditions, 48% of respondents voted the
bipolar VAS as the preferred scale, and the combined scale was ranked as the second preference of the
respondents, as shown in Figure 8. Figure 9 shows reasons why a particular rating scale was voted for.
Most respondents stated that the bipolar VAS allowed them to express their feelings adequately.

The mean indoor environmental sensitivities that were subjectively voted for were 1 + 0.5, which
means the respondents were slightly sensitive to acoustics, lighting, temperature, humidity, and indoor
air quality. The respondents in this study were not particularly demanding with regards to thermal or
acoustic conditions (Figure 10).
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Figure 7. Normalized mean subjective judgment according to sound and temperature (black: bipolar vas; red: bipolar7; blue: unipolarll; and purple: combined).
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Table 11. Results of Bonferroni’s post hoc test for the original mean subjective judgment according to sound and temperature (means that do not share a letter are

significantly different in a cell. A > B > C > D in a column; cross-modal effects are shown in bold).
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Figure 8. Respondents’ preferred response scales.
(a) Acoustics (b) Thermal condition (c) Combined condition
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Figure 9. Reasons why a scale was voted for 1: “allowed you to express your feeling adequately”;
2: “ease of use”; 3: “allowed you to rate in detail”; 4: etc. (The number in the bars is the frequency).
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Figure 10. Sensitivity votes for indoor environmental factors (—3: very insensitive; —2: somewhat
insensitive; —1: slightly insensitive; 0: neither insensitive nor sensitive; 1: slightly sensitive; 2: somewhat

sensitive; and 3: very sensitive).

4. Discussion

4.1. Reliability (Duplicate Sample Analysis)

Reliability, defined as the ability of the measuring instrument to give the same value over repeated
measurements, has long been a criterion in any quantitative sensory method. The most reliable
response scale was the unipolar 11-point scale for loudness as listed in Table 5. For thermal sensation,
the unipolar 11-point scale was also reliable, as was the bipolar VAS. For acoustic comfort attributes,
both the bipolar VAS and the unipolar 11-point scale ranked in a top reliability group. The most reliable
response scale for thermal comfort was the bipolar VAS. For indoor environmental comfort attributes,
the combined scale, which is the bipolar seven-point scale, was the most reliable scale. However, the
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correlation coefficients of the bipolar seven-point scale and the combined scale, which are identical
scales, were significantly different for indoor environmental comfort attributes. Thus, the bipolar
seven-point scale may not be a reliable measure to assess overall indoor environmental comfort.

The bipolar VAS seemed relatively reliable over repeated measures for all subjective attributes
tested in this study, even though it did not always have the highest reliability. Rausch and
Zehetleitner [47] also reported that Cronbach’s alphas for internal consistency were larger for the VAS
than for the discrete scale at four out of six levels of coherence in their conscious experience of motion.
However, no clear evidence that the bipolar VAS has the highest reliability has been found yet.

In previous studies in other disciplines, no statistical reliability difference was observed. Lawless
et al. [50] found, in a study on food quality, that the labeled magnitude scale, nine-point, and 11-point
scales had no obvious advantage in reliability over another when using Fisher’s Z transformation
with p < 0.05. The reliability coefficients of the seven-point, 11-point, and VAS reported by Lewis and
Erdinc [51] exceeded 0.8. The researchers also reported that the reliability coefficients of the full and
discretized VAS and discrete scale were greater than 0.8.

A prerequisite for the reliability is to maintain homogeneous physical (thermal and acoustical)
conditions in the test laboratory during all the test sessions. The actual room air temperature varied
by 0.2-0.4 °C depending on the target temperature as listed in Table 3, owing to the systematic
characteristics of the variable refrigerant flow systems. However, the temperature variations could
not explain the lowered thermal sensation values, because the temperature variations have been
continuously repeated to maintain the target temperature automatically. Changes in thermal sensation
might result from a thermal adaptation time or its sensitive characteristics. Furthermore, 20 min may
not be sufficient for thermal adaptation. Even though it was sufficient for thermal adaption, thermal
sensation might not be constant for 60 minutes.

4.2. Sensitivity (Degree of Differentiation by Indoor Physical Factors)

The sensitivity of a measurement was defined by Scott and Huskisson [52] as the number of units
of change for a given force applied. The degree of differentiation for the indoor physical factors was not
statistically different for any response scales as listed in Table 11. Thus, the sensitivity of the response
scales used in this study exhibited no statistical difference. Any response scale can be used to test
the combined effects of thermal and acoustic conditions on indoor environmental human perception
relatively. This is consistent with previous studies in various research fields [47,50,51,53-57].

Bolognese et al. [53] found that 100-mm VAS and five-point Likert responses were highly correlated
and yielded similar precision for discriminating treatments in osteoarthritis patients. Couper et al. [54]
compared a VAS with variations of 20-point scales for a web-based social survey, and found no
evidence for the differences between the VAS and alternative approaches. Van Schaik and Ling [55]
found in a web-based rating scale comparison study that the VAS and seven-point Likert scale resulted
in essentially the same psychometric properties of scales. Davey et al. [56] suggested that either
a five-point Likert response scale or a 100-mm VAS could adequately measure anxiety. Lawless
et al. [50] compared a labeled affective magnitude scale, an 11-point category scale, and a nine-point
category scale for assessing food likes and dislikes in a survey. They found that all three scales
performed equally well, with no one scale showing a consistent superiority over another.

Lee et al. [57] reported conclusive results in their thermal sensation assessment, which compared
nine-point categorical scales and VAS. The researchers could not assert that this is an optimal scale for
the measurement of perceived thermal sensation at this time. Rausch and Zehetleitner [47] reported
that both VAS and discrete scales were reliable measures of the subjective perception of the global
motion experience. Lewis and Erdinc [51] concluded in the context of subjective usability research that
they could not find any particular measurement advantage associated with the use of bipolar VAS,
bipolar seven-point, unipolar 11-point, or combined scales.

Thus far, the sensitivities of the response scales in combined thermal and acoustic conditions was
discussed that sensitivity of all response scales is not statistically different. However, sensitivity in
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thermal comfort differentiation seems to differ in the response scales. Since the changes in thermal
sensation due to repeated measures occurred with all the response scales in Table 10, we could assume
that the changes in thermal sensation were true. If changes in thermal sensation can cause changes in
thermal comfort, no changes in thermal comfort using the bipolar seven-point scales including the
combined scale imply lower sensitivity of bipolar seven-point scales in thermal comfort differentiation
according to thermal sensation. The lack of a seven-point thermal sensation scale has been reported
in many cases [58-61]. A 13-value thermal comfort scale provided a more accurate evaluation of
thermal sensation. [62] A recent study has reported that sensitivity in subjective acoustic differentiation
using the unipolar 11-point numerical scale was greater than that obtained using the bipolar VAS [43].
However, they did not verify what caused the difference between the two scales. For acoustics sensation
and comfort, no obvious advantage of one response scale over another was found in this study.

4.3. Validity in Use for Indoor Environmental Sensation and Perception Assessment

To the best of our knowledge, this is the first study to compare the visual analogue scale, bipolar
seven-point scale, and unipolar 11-point scale to assess indoor environmental sensation and perception
in combined thermal and acoustic conditions.

For the sensation level, no cross-modal effects were observed for any response scales. At the
perception level, effects of sound sources on thermal comfort and the effects of temperature on acoustic
comfort were found for all response scales used in this study. The cross-modal effects of thermal and
acoustic conditions on subjective judgment depended on the level of environmental sensation and
perception. This is consistent with Yang and Moon [15] in their recent study using a bipolar visual
analogue scale.

For the sensation level, the existing standard response scales [5,6] for each environmental factor
were highly correlated, as listed in Table 6. The highest correlation was shown with the unipolar
11-point scale and the combined scale for softness and loudness. For coldness and hotness, the bipolar
seven-point scale and the combined scale were highly correlated. They were basically the same scale,
so the results were expected. However, at the perception level, the highest correlation was observed
for the visual analogue scale and the bipolar seven-point scale for all comfort/discomfort attributes as
listed in Table 7. No differences in response scales existed for thermal and acoustic comfort.

Sensation is a mental process resulting from the immediate external stimulation of a sense organ,
and perception is the awareness of elements of the environment through physical sensation [63].
Each sensation may need a unique evaluation method based on the sensory organs. However, at the
perception level, characteristics of sensory organs might be neutralized through a more complicated
mental process. Schweiker et al. [64] commented that a seven-point thermal sensation scale is suitable
for describing a one-dimensional relationship between the physical parameters of indoor environments
and subjective thermal sensation; however, human thermal comfort is not merely physiological; it is
also a psychological multidimensional conceptualization. We have not found studies regarding the
impact of scale on sensation and perception. Thus, more research is required to confirm its relevance.

4.4. Unipolar and Bipolar

ISO 10551:1995 [5] notes that a bipolar scale is useful for taking thermal perception into account
and is more sensitive than the unipolar scale in the region of thermal conditions near thermal neutrality.
By contrast, ISO/TS 15666:2003 [6] recommends a unipolar scale for socioacoustic surveys because
reactions to noise are overwhelmingly either negative or neutral. Furthermore, acoustic intensity
sensation has no neutrality between softness and loudness. If the nonexistence of cold or heat sensation
is thermal neutral, the nonexistence of soft and loud sensation is the nonexistence of an acoustic
stimulus. This is a critical difference between thermal and acoustic environments, which affects the
selection of scale polarity in subjective assessments. However, comfort attributes do not have polarity
differences according to sensory characteristics.
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In the present study, both bipolar and unipolar scales were used to assess subjective thermal
and acoustic attributes, although this was not a direct polarity comparison with an identical scale
type and length. The unipolar scale had the highest reliability for soft and loud sensations, and the
bipolar scale had the highest reliability for cold and hot sensations. The unipolar scale had the lowest
reliabilities in the thermal sensation assessment. Furthermore, the unipolar values for the bipolar left
end, which were soft and uncomfortable attributes, had relatively lower reliabilities than any other
paired comparisons. Thus, subjective attributes for unipolar scales should be carefully chosen.

On the other hand, bipolar scales have a disadvantage in that their reliability is somewhat lower
on bipolar scales than unipolar scales. [65] The impact of scale polarity on data quality has not been
fully investigated yet.

4.5. Respondent Preferences

The visual analogue scale was preferred in acoustic, thermal, and combined conditions in this
study with young collegians because it allowed the study participants to express their feelings
adequately. Research information about the respondents’ preferences with regard to rating scales
for combined environmental conditions is scant. In medicine or psychology, respondent preference
has been investigated for reasons specific to the field of research For pain scale studies in medicine,
socioeconomic educational factors were important in choosing a scale, and in this respect, VAS was
found not to be a priority of scale preference [66—68]. Preston and Colman [69] reported respondent
preference results in depth. Longer scales tended to receive more favorable ratings on “allowed you to
express your feelings adequately.” For “ease of use,” scales with six, seven, and 10 response categories
were the most preferred, and scales with 11 and 101 response categories were rated as least easy to use.

Respondent preference could be a factor determining the selection of a rating scale, considering
a positive association between the users’ performance and their subjectively expressed preferences
was obvious in the meta-analysis [70]. However, more research needs to be done on how respondent
preference factors apply to selecting rating scales.

4.6. Limitations

First, the sample was non-random, comprising only young, educated participants. However,
the non-randomized sample was justified by the study purpose. Second, the present findings can be
attributed to indoor environmental configurations. As the observational points of the thermal and
acoustic physical factors increase, the performance and preference of the response scales might change.

5. Conclusions

Four response scales were compared to assess subjective indoor environmental sensation and
perception in combined thermal and acoustic conditions with university students in their early twenties.
The results revealed that the bipolar visual analogue scale was subjectively preferred in all conditions.
On the other hand, the performances of the response scales were not significantly different for young
university students.

The four response scales exhibited no significant differences in sensitivity, the degree of relative
differentiation based on indoor physical factors. Thus, the effects of physical factors on human response
could be assessed using any of the four scales tested in this study with a statistical significance at
p < 0.05 in moderate environments. However, the normalized means were dependent on the response
scales for each subjective attribute. Furthermore, the reliability of each response scale was different
according to the subjective attributes. The existing standard scales (bipolar seven-point scale for
thermal assessment and unipolar 11-point scale for acoustic assessment) were the most reliable for the
sensation assessment of each stimulus. For comfort attributes including acoustic, thermal, and overall
comfort, the bipolar VAS and the bipolar seven-point scale had the highest correlation coefficients. The
bipolar seven-point scale was not sensitive for thermal comfort differentiation, even though it was the
most reliable for thermal sensation assessment. A choice of response scale could depend not only on
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the type of physical stimulus but also on the question of sensation or perception, which is the process
of sensing or interpreting.
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