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ABSTRACT

People’s subjective response to any thermal environment is commonly investigated by using rating scales
describing the degree of thermal sensation, comfort, and acceptability. Subsequent analyses of results col-
lected in this way rely on the assumption that specific distances between verbal anchors placed on the
scale exist and that relationships between verbal anchors from different dimensions that are assessed (e.g.
thermal sensation and comfort) do not change. Another inherent assumption is that such scales are inde-
pendent of the context in which they are used (climate zone, season, etc.). Despite their use worldwide,
there is indication that contextual differences influence the way the scales are perceived and therefore
question the reliability of the scales’ interpretation. To address this issue, a large international collabo-
rative questionnaire study was conducted in 26 countries, using 21 different languages, which led to a
dataset of 8225 questionnaires. Results, analysed by means of robust statistical techniques, revealed that
only a subset of the responses are in accordance with the mentioned assumptions. Significant differences
appeared between groups of participants in their perception of the scales, both in relation to distances
of the anchors and relationships between scales. It was also found that respondents’ interpretations of
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scales changed with contextual factors, such as climate, season, and language. These findings highlight
the need to carefully consider context-dependent factors in interpreting and reporting results from ther-
mal comfort studies or post-occupancy evaluations, as well as to revisit the use of rating scales and the
analysis methods used in thermal comfort studies to improve their reliability.

© 2020 The Authors. Published by Elsevier B.V.

This is an open access article under the CC BY license. (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

The first part of the widely used and often cited definition of
thermal comfort states that “thermal comfort is the condition of
mind that expresses satisfaction with the thermal environment and
is assessed by subjective evaluation” [1]. Despite the apparent sim-
plicity and elegance of this definition, determining and providing
such conditions is a complex and partly unresolved task.

As stated in the second part of the definition, thermal comfort
“is assessed by subjective evaluation” [1]. Rating scales are widely
used to collect such subjective evaluations of thermal conditions in
built environments. Most commonly, thermal sensation is assessed
to determine whether a specific thermal condition can be consid-
ered comfortable or not [1,2]. The most prominent scale used for
the assessment of thermal sensation is the ASHRAE 7-point scale,
which consists of seven verbal anchors: “cold”, “cool”, “slightly
cool”, “neutral”, “slightly warm”, “warm”, and “hot”. Thereby, the
objective is to describe a one-dimensional relationship between
the physical parameters of the indoor environment such as air
temperature, mean radiant temperature, air velocity, relative hu-
midity, personal parameters such as activity level and clothing in-
sulation, and subjective thermal sensation [3]. At the same time,
ISO 10551 [4] suggests to use one or more dimensions for the as-
sessment of thermal perception depending on the subject of the
examination. Dimensions mentioned in ISO 10551 are thermal sen-
sation (from “cold” to “hot”), affective aspects (the level of dis-
comfort “comfortable” to “very uncomfortable”), thermal prefer-
ence (from “colder” to “warmer”), personal acceptance (“generally
acceptable”, “generally unacceptable”), and tolerance of the indoor
environment (5-points from “perfectly tolerable” to “intolerable”).
Regarding data analysis, ISO 10551 [4] gives guidance on both the
analysis of thermal sensation votes obtained on ordinal measure-
ment level as well as the determination of percentage of dissat-
isfied from thermal sensation votes obtained from relatively small
samples of respondents. These guidelines seem to be rarely applied
in practice.

Several explicit and implicit assumptions underlie the usage of
these rating scales. The following three of these assumptions rele-
vant for rating scales applied in the area of thermal comfort re-
search will be briefly introduced in the background section and
further explored in light of the results in the discussion section.
These are assumptions related to:

1) The distances between individual verbal anchors of a scale,

2) the relationship between verbal anchors from different dimen-
sions of rating scales, and

3) the independence of the scale interpretation of the context in
which the scale is used (climate zone, season, etc.).

This paper reports the results of a large-scale international col-
laborative questionnaire study, which had as its main objectives:

a) To review the validity of some of these assumptions related to
scales for subjective assessments of thermal environments and;

b) to investigate possible differences in the interpretation of such
scales due to the context (e.g. climate, or season).

Beyond the scope of this introduction and paper are discussions
related to the type of scales (ranging from binary outcome, verbal
description, multi-point scales, to visual analogue scales) or the
number of anchors used (see e.g. [5-8] for further discussions of
this topic).

1.1. Background

1.1.1. Assumptions related to distances between verbal anchors

The common approach for assessing thermal sensation indoors
assumes that the distances between individual verbal anchors are
equal. For example, the distance between “cold” and “cool” is as-
sumed to be equal to that between “cool” and “slightly cool”.
This assumption is underlying both approaches in thermal comfort
(heat balance and adaptive comfort model) presented in ASHRAE
55-2017 [1]. However, recent research has questioned this assump-
tion [6,9-12] and hence, the applicability of analyses widely ap-
plied (e.g. linear regression). For example, Fuchs et al. [12] anal-
ysed the equidistance assumption based on a data set from 63 par-
ticipants by latent class regression (LCR). Their analyses revealed
the existence of subgroups, whose responses vary in the magni-
tude/extent of equidistance. Likewise, Al-Khatri and Gadi [13] ap-
plied the successive categories method to investigate this assump-
tion of equidistance and the assumption of coincidence between
the middle category’s centre and the centre of the thermal con-
tinuum of translated versions of ASHRAE, Bedford, and Nicol scale;
three different scales often used in surveys. Their findings revealed
irregular widths of categories and shifts of central categories from
the centre of the thermal continuum.

The assumption of equidistance combined with the assumption
of coincidence between the centre of the middle category and the
centre of the thermal optimum on the thermal sensation scale im-
plies that a complete symmetry of the scale’s categories can exist.

Thermal comfort scales used so far have different representa-
tions: some are symmetrical, such as the thermal sensation scale
[14], while others are presented like an intensity scale, having only
one verbal anchor for the comfortable category, but more than one
verbal anchor for different extents of feeling uncomfortable [4]. Al-
though indicating an ordinal scale type, for which, based on its
general definition, the distance between naturally ordered cate-
gories is unknown, the thermal comfort scale is often interpreted
with equidistant verbal anchors.

Often used comfort acceptance scales are dichotomous: “gener-
ally (not) acceptable” [4]. In recent years also continuous scales
have been developed for thermal indoor environment acceptance
[15], comparable to the scales used for indoor air quality assess-
ment [16]. On such scales, the scale’s centre is “0” with the adja-
cent verbal anchors being “just (not) acceptable” equalling but not
being exactly O and the verbal anchors marking the scale’s ends
being “clearly (not) acceptable”.

1.1.2. Assumptions concerning the relationship between different
dimensions of rating scales

A classic assumption is that the middle three verbal anchors
of the widely applied ASHRAE-scale, i.e. “slightly cool”, “neutral”,
and “slightly warm”, represent thermally comfortable or acceptable


http://creativecommons.org/licenses/by/4.0/

4 M. Schweiker, M. André and F. Al-Atrash et al./Energy & Buildings 211 (2020) 109761

conditions, i.e. satisfaction. This assumption is the basis for the re-
lationship between predicted percentage dissatisfied (PPD) and the
predicted mean vote (PMV) [17] and was used to establish accep-
tance levels for the adaptive comfort model [18]. This assumption
appears to originate from a study by Gagge et al. [19] that found
that the subjective perception of “comfort” and “neutral” from one
male subject occurred at the same temperature, and that discom-
fort began to occur at “slightly cool” or “slightly warm”. Fanger
cites these findings in his formulation of the PPD index [17], which
is subsequently cited by de Dear and Brager [20] in the develop-
ment of the adaptive comfort model’s upper and lower acceptabil-
ity limits.

Several studies with far greater sample sizes have since then
shown individual and contextual differences that do not support
this assumption [6,10,21,22]. Back in 1998, based on a study with
100 German subjects voting on their thermal sensation and satis-
faction, Mayer [23] showed a PMV-PPD curve shifted to the right,
i.e. a value between neutral and slightly warm associated with the
lowest PPD and the lowest PPD being 15% instead of 5% as given by
Fanger [17]. The review by van Hoof [24] presents three more vari-
ations of the PMV-PPD relationship based on 1866, 40, and 1200
votes and assigns them to different ventilation types and sample
sizes in addition to a large variation in the contextual differences
in these studies (laboratory vs. field, Korean, Brazilian, German cli-
matic context). In a study with 140 participants, the difference
between comfort and neutrality was statistically proven [11]. In
this study, conducted in winter season with mostly English par-
ticipants, comfort was shown to equal a preference for warmer
conditions and neutrality did not represent the mid-point of the
thermal continuum. Likewise, such a differentiation between com-
fort and neutrality was also revealed in a recent study that in-
vestigated Eastern Arabs’ interpretation of ASHRAE thermal scale
phrases [9], in which thermal sensations on the cold side of the
scale were considered as comfortable. Using the ASHRAE Global
Thermal Comfort Database II, analyses with 5000 to 90,000 data
points showed that the PMV model predicted thermal sensation
correctly only in one out of three times and that the PPD was not
able to predict dissatisfaction rate, if PMV is used as input. Cheung
et al [22] showed the relationships between the observed thermal
sensation and the observed percentage of unacceptability depend
on climate, ventilation strategy, and building types. The percentage
of dissatisfied was usually between 15-25% in the neutral zone.

1.1.3. Assumptions related to contextual independence

A third aspect related to the use of any thermal perception
scale is related to differences in respondents’ perception or inter-
pretation of a scale either due to the background of the individual
(climatic or cultural) or due to the language and choice of words
for the verbal anchors [10,25]. While there are numerous studies
analysing contextual influences, such as the type of building or
outdoor conditions, on thermal perception, there is hardly any re-
search on the effect of the interpretation of scales.

Research has shown that translation and semantic aspects are
meaningful in the assessment of thermal comfort. For instance, a
sample of Eastern Arab students translated "cool" to an Arabic se-
mantic that literally means "moderate”, "mild", or "neither cool nor
warm", which indicates a shift of neutrality to the cool side of the
thermal scale [9]. Additionally, this study compared the translated
phrases used in some recent Arabic studies of thermal comfort and
results suggest that the literal translation, without consideration
of the climatic background, results in sensation votes perceived as
comfortable, but outside the three central categories.

The literature in the field of semantics of the words describing
thermal sensations confirmed the dependence of temperature sen-
sitivity on climate regions [25]. A total of 1141 university students
of two different climate regions, Bangladesh and Japan, were in-

vestigated using the ASHRAE 11-point scale. The survey reported
distinct preferences for levels of comfort and sensitivity to tem-
perature for the two groups, namely “neutral” and “cold” for the
first group from Bangladesh, and “cool” and “hot” temperature for
the second. The authors suggest that these differences reflect the
acclimatization effect in different climates. Although it was em-
phasized that words describing thermal sensations can be found in
each dictionary, their exact semantic meaning does not correspond
perfectly to the ASHRAE definitions. This linguistic aspect could
cause difficulties for non-English speaking researchers in thermal
comfort studies.

The importance of words and their definitions used in thermal
comfort studies was also indicated by Damiati et al. [26]. They de-
scribe a comfort survey conducted in four different Asian countries.
Related to semantics, they mention that in the ASHRAE Japanese
translation “cool” and “warm” have positive meanings. To avoid
mistakes in indicating discomfort conditions amongst Japanese re-
spondents they chose the 7-point scale based on SHASE (Society of
Heating, Air-conditioning and Sanitary Engineering of Japan) with
less affective associations.

1.2. Relevance and research questions

An increasing amount of evidence, partly explored above,
demonstrates that the traditional assumptions are likely not com-
prehensive or inadequately understood in the analysis of thermal
perception scale data. This is a critical issue because these assump-
tions are implicit in thermal comfort models, incorporated in in-
ternational Standards (e.g. ASHRAE Standard 55-2017 [1], CEN EN
15251-2007 [2] and CEN EN 16798-1 [27]) that are applied in de-
sign and operation of buildings worldwide. The design of passive
measures and building concepts to support adaptive actions [28] or
configurations of active HVAC systems rely on these standards and
they are important for decisions by designers or engineers whether
or not comfort criteria are achievable with different design alterna-
tives. With respect to the operation of buildings, there are trends
towards personification of climatic control in buildings [29] and
the development of personal comfort models [30-32]. New tech-
nologies allow collecting data on thermal perception from occu-
pants and utilize such data for control/optimization of HVAC [33].
In this context, it is important that thermal perception data are
collected using appropriate scales and analysed using appropriate
statistical methods. A study by Petersen and Pedersen [34] is one
example of a promising thermal sensation data polling station, in
which any assessment of thermal sensation is mixed with assess-
ment of comfort. The risk is that through the application of poten-
tially inappropriate standards, buildings are designed or operated
based on decisions that either do not meet the needs of the oc-
cupants or do not consider the potential for relaxing requirements
and therefore may have unintended consequences, e.g. excessive
energy consumption or impact on occupants’ health and wellbe-
ing.

The main research questions arising from the introduced as-
sumptions and research background are as follows:

1 Related to assumption 1: Are the distances between the verbal
anchors of thermal perception scales, i.e. the thermal sensation
scale, thermal comfort scale, and thermal acceptance scale, per-
ceived by subjects as equidistant or not?

2 Related to assumption 2: What is the relationship between ver-
bal anchors of the thermal sensation, the thermal comfort, and
thermal acceptance scale? In addition, is the traditional as-
sumption correct that the three middle votes of the thermal
sensation scale can be considered as comfortable?

3 Related to assumption 3: Is the relationship between verbal an-
chors of thermal sensation and thermal comfort scale indepen-
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dent of contextual factors, particularly of short-term climatic
context (e.g., season), long-term climatic context, and language?

2. Methods

The methods described below were developed within IEA EBC
Annex 69 through several discussion rounds between an inter-
national and interdisciplinary group of researchers from the field
of thermal comfort - the initial core group. In addition to face-
to-face discussions, an online survey amongst these experts was
conducted to speed up the communication. The details of these
discussions, including the steps described in brief below up to
Section 2.3.2, were submitted and registered to the Open Science
Framework as pre-analysis plan (PAP) [35]. The aforementioned
process resulted in the development of a detailed survey ques-
tionnaire focused on composition and interpretation of assessment
scales. At the time of submission of the PAP, one application of
the questionnaire had been conducted, but the resulting completed
questionnaires were securely stored and untouched until submis-
sion of the PAP.

2.1. Questionnaire and target group

The questionnaire consists of an introductory page, the main
part dealing with the scales (2 pages), and a fourth page address-
ing the respondents’ background and current thermal state (see
English version in supplementary materials and all language ver-
sions in the online repository).

The questionnaire was designed to investigate scales on ther-
mal sensation, thermal comfort, and thermal acceptance. In the
main part, instructions prompted respondents to position the ver-
bal anchors on a straight line with a verbal anchor fixed at ei-
ther end (free-positioning task). A first application of the free-
positioning task for the thermal sensation scale was presented by
Pitts [11]. The free-positioning task applied in this study is based
on previous work, which implemented and established the free-
positioning task within a structured interview [6,36]. During these
interviews, the free-positioning task was combined with a think-
aloud technique [37], which enabled a direct comparison of par-
ticipants drawings and verbalized explanations [38]. Further, Fuchs
et al. [36] showed the predictive capacity of results obtained by
the free-positioning task for participants’ voting behaviour under
experimental conditions.

Fig. 1 illustrates the five free-positioning tasks, of which three
were related to the distance between verbal anchors on the same
scale and two about the relationship between (1) thermal sensa-
tion and thermal comfort and (2) thermal sensation and thermal
acceptance. The questionnaire (see supplementary material) com-
prised written instructions with examples, unrelated to thermal
comfort, demonstrating how to deal with this task. Respondents
did not receive any further verbal instructions from the researchers
in order to minimize potential biases or differences between appli-
cations. Each drawing was followed by the question whether the
distances between verbal anchors were intended to be “all equal”,
“some equal / some not” or “none equal”. In addition, respondents
were asked to draw a circle representing the area they perceived as
comfortable on the straight line for thermal sensation and a circle
for the area perceived as acceptable on the line for thermal com-
fort.

On the fourth page, questions prompted respondents to state
their current thermal perception, sex, age group, country and city
of residence, previous residence, and origin together with the pe-
riod they have been residing in the current city of residence.

Additional information collected by the researchers during or
after distribution of the questionnaire were outdoor conditions ac-
quired from available data from close-by weather stations (either

owned by the researchers, available to researchers, or using wun-
derground.com) and optionally a record of the indoor conditions.

The initial core group developed the English version of the
questionnaire. Researchers from the core group using other lan-
guages than English translated the questionnaire and discussed the
translation among experts in the field. The initial English version
and the other language versions were piloted by seven indepen-
dent research groups in six countries (Australia, China, Germany,
Korea, Sweden, UK). Each of these language versions were tested
with at least seven individuals (laypersons and experts) to en-
sure that questions were perceived as intended. After these pi-
lot tests, the core group finalized the questionnaire. The group of
researchers was extended through a call within the Network for
Comfort and Energy Use in Buildings (NCEUB) and personal con-
tacts. In the following, individual research groups developed addi-
tional language versions following the same protocol as outlined
above.

In total, 21 language versions were developed. Verbal anchors of
the English version were chosen according to ISO 10551. In other
languages, verbal anchors were either taken from ISO 7730, na-
tional versions of ISO 10551, EN 15251, ASHRAE 55, already existing
language versions, or new translations (see supplementary mate-
rial for full list and descriptions). Table 1 shows the translations
of the verbal anchors used for the thermal sensation scale. Trans-
lations of verbal anchors for the thermal comfort and acceptance
scales are given in the supplementary materials.

The questionnaires were distributed as paper-pencil versions.
In each city, the questionnaire had to be distributed as a mini-
mum two times during two distinct seasons, depending on the lo-
cal climate. Data had to be collected from a minimum of 100 re-
spondents per city (minimum 50 per season in case when more
than two seasons were collected). Questionnaires were distributed
preferably at the end or, if necessary, during classes, when respon-
dents had been seated for at least 30 minutes.

Respondents were university students, because they have a
minimal variance in age/activity level, promoting the focus on cul-
tural differences, and because they are easy to access. In addi-
tion, students should not have been acquainted with the concept
of thermal comfort in their studies. Each respondent could only
participate once (between-subject sample).

Ethic approvals were acquired where institutional or national
requirements made it necessary.

2.2. Data preparation

The position of the verbal anchors drawn in the free positioning
tasks was quantified using a ruler and by measuring their distance
from the left end of each horizontal line. Researchers participating
in this study were advised to print the questionnaire in a way that
the actual length of the line was exactly 100 mm in length. How-
ever, there were several cases where the printouts were slightly
distorted, i.e. the lines were shorter or longer. Researchers reported
the actual length of the line in the printout together with the mea-
sured distances. In case a line was distorted, the measured values
were retrospectively adjusted for the ratio of the actual length of
the line in the printed version to the prescribed length of 100 mm.

Koppen-Geiger (KG) classification was derived for the place of
survey (provided by the researcher), and the places of residence,
previous residence, and origin (as stated by the respondents). To
get the KG class for each combination of city and country, the KG
world map (Version March 2017) provided for R [39] was used,
which represents a re-analysed KG map [40].

Translations of verbal anchors for thermal sensation differ in
ISO 10551 with respect to the number of adjectives for the verbal
anchors of the warm and cold side of the scale - the same applies
to the translations used for this study. Some languages, such as
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Q1. Thermal sensation Q4a. Thermal sensation on thermal comfort

A cool When | feel
en | feel...: fcilce
B slightly cool I I wthisis:
C neither warm nor cool | 7 1 A cold
D sliahtl B cool
slightly warm cold hot Cslightly cool I 1 I
E warm D neither warm nor cool
E slightly warm comfor- extremely
table uncom-
Q2. Thermal comfort Fwarm
G hot fortable
Aslightly uncomfortable I vy I
B uncomfortable _
cc::;flc;r ez:lrsgwnily Q4b. Thermal sensation on thermal acceptance
C very uncomfortable
y fortable When | feel...: «thisis:
A cold
B cool | |
Q3. Thermal acceptance | § | C slightly cool I o I
. l D neither warm nor cool
A just acceptable ! !
. clearly clearly E slightly warm acclizg}cl_ cL:iaarcI}/
B just unacceptable t- B Fwarm
accep unac able ceptable
able ceptable G hot

Fig. 1. The five free-positioning tasks of the questionnaire’s main part. Respondents were asked to position the verbal anchors shown to the left of each line on the line.
Note that lines are shortened here for illustrative purposes.

Table 1
Translation of verbal anchors for thermal sensation scale. Sensation types are explained in Section 2.2.

Language Verbal anchors of sensation scale sensation
Type
English Cold Cool Slightly cool Neutral Slightly warm Warm Hot 2
Arabic > 3k b ks (b Vg )l Y) Jtina Shls .31 il B 3h
Chinese & = R it B g B # 2
(simpl.)

Chinese (trad.) A R iR R TR iR =) 2
Danish Koldt Koligt Let kgligt Neutralt Let varmt Varmt Hedt 2
French Tres froid Froid Légérement froid Ni chaud ni froid Legcehr::;ent Chaud Tres chaud 1

German kalt kahl etwas kihl weder warm noch kalt etwas warm warm heil 2
. Spooep , . . , . . , .
Greek KpLO & Aiyo 6pooepd oubétepa Aiyo leotd {eota MoAU Leotd 3c
Indonesian Dingin Sejuk Agak sejuk Tidak hangat maupun sejuk Agak hangat Hangat Panas 2
Mol
Italian fre?j;cc)) Freddo Leggero freddo Né caldo, ne freddo Leggero caldo Caldo Molto caldo 1
Japanese ETHEL  EL PPREN ECEEC(B W PRE = ETHEL 1
Hst =<t
Korean #C} L oz wEo|C} OFzh mpsEBiCE r Bt 2
C C
. . e Neutral (tidak sejuk .
Malay sangat sejuk sejuk sedikit sejuk atau tidak panas) sedikit panas panas sangat panas 1
Persian - S Sl s 6305 5 55 oS oSt 3
Polish Zimno Chtodno Lekko chtodno Neutralnie Lekko ciepto Ciepto Goraco 2
Com muito Com Levemente com Levemente com Com Com muito
Portuguese . . . Neutro 1
frio frio frio calor calor calor
B8es a8
Sinhala = 2
Goe B88c o 88e e ) Oes comd cned odae
Spanish (Chile) Fria Fresca Ligeramente Neutral nger?mente Calida Calurosa 2
fresca calida
Spanish Muy frio Frio Ligeramente frio Ni caliente, ni frio nger:.;\mente Caliente  Muy caliente 1
(Ecuador) caliente
Spanish . . . " .
Fria Fresca Algo fresca Ni fresca ni calida Algo célida Calida Calurosa 2
(Espana)
Swedish Mycket kall Kall Nagot kall Varken varm eller kall Nagot varm Varm Mycket varm 1
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Table 2
Independent variables their scales of measure and levels.
Scale of Number of
Predictor name Description measurement levels Level descriptor (if applicable, reference levels in bold face)
KGP) Residence KG classification of respondents place of Nominal 20 Af, Am, As, Aw, BSh, BSk, BWh, BWK, Cfa, Cfb, Cfc, Csa, Csb,
residence Cwa, Cwb, Dfa, Dfb, Dfc, Dwa, ET
KG) Before Residence  KG classification of place where Nominal 22 Af, Am, As, Aw, BSh, BSk, BWh, BWk, Cfa, Cfb, Cfc, Csa, Csb,
respondents lived before current place of Cwa, Cwb, Dfa, Dfb, Dfc, Dsb, Dwa, Dwb, ET
residence
KG" Origin KG classification of place where Nominal 24 Af, Am, As, Aw, BSh, BSk, BWh, BWk, Cfa, Cfb, Cfc, Csa, Csb,
respondents grew up Cwa, Cwb, Dfa, Dfb, Dfc, Dsb, Dsc, Dwa, Dwb, Dwc, ET
Language Questionnaire language Nominal 21 ar, da, de, el, en, esc, ese, ess, fa, fr, id, it, ja, ko, ms, pl, pt, si,
sv, tw, zh
Language type group of language with respect to the Nominal 4 1: one adjective for cool and warm side each (e.g. slightly
number of adjectives used for the warm, warm, and very warm)
sensation scale 2: two adjectives for cool and warm side each (e.g. slightly
warm, warm, and hot)
3c: two adjectives on the cold side and one adjective on
warm side of sensation scale
3h: two adjectives on the warm side and one adjective on
the cold side of sensation scale
Native Is respondent native speaker of survey Binary 2 Yes, no
language
Season Season descriptor as classified by Nominal 9 autumn, dry, spring, summer, wet, winter
researcher

) all acronyms are language codes according to ISO 639-1 [42] except esc (Chilean Spanish), ese (Ecuadorian Spanish), ess (Spanish) - also note: pt is used here for

Brazilian Portuguese. See also Wikipedia [43] for a complete list.
b) KG: Képpen-Geiger

English, have in total four different adjectives, two on each side
alongside neutrality (“warm” and “hot”, “cool” and “cold”) - for
these language versions, the variable sensation type (SensType) has
the value 2. Other combinations and their values are explained in
Table 2.

Based on the comparison between the language of the ques-
tionnaire and the official languages in the country of origin, the
variable native was either “yes”, i.e. the questionnaire language
was (one of) the official language(s) in the country of origin, or
no”.

Independent variables, their scale of measurement, and levels
(if applicable) relevant for this article are presented in Table 2. For
nominal variables, the reference level is defined as the level having
the highest frequency in the data.

Individual research groups digitalized the data from their ques-
tionnaires and submitted the data to the project leader. The project
leader controlled the raw dataset using an automated R-script to-
gether with visual inspections and frequently demanded further
checks in case of inconsistent datasets. A detailed description of
all data quality checks can be found in Schweiker et al. [41].

“

2.3. Data analysis

Table 3 presents a detailed overview of applied statistical anal-
ysis methods aligned with the research questions stated in the in-
troduction.

2.3.1. Descriptive statistics

Descriptive statistics were used to summarize the univariate
data obtained with the free-positioning tasks. In order to present
the variability inherent in the data, a focus was placed on showing
means alongside medians and quartiles.

In order to assess the agreement between the responses in the
free-positioning tasks and the question, whether the drawing was
intended to be equidistant, each response (i.e. subject and ques-
tion) was classified as a) equidistant or b) non-equidistant. Based
on a similar assessment presented by Schweiker et al. [6], the fol-
lowing procedure was described in the PAP:

“If all positions of verbal anchors are within +2 standard devia-
tions (SD) from the theoretical equidistant position of the subset of
those answering all equal, the response is regarded as equidistant”

As the survey resulted in a dataset that was 100 times larger
than the one analysed in the reference study [7], the range of £2
SD was found to be too large to apply here; it would have resulted
in a tolerance of up to half of the line length. Therefore, 0.32 SD,
0.68 SD, and 1 SD were used here, leading to comparable absolute
tolerance levels in mm and referring to around 25%, 50%, and 68%
of responses.

2.3.2. Latent class regression analysis

Latent Class Regression (LCR) analyses were used in order to de-
fine groups of respondents, whose patterns in the free-positioning
tasks differ significantly from each other. The R-package flexmix
[44] and function initFlexmix were used, which automatically se-
lect a meaningful number of classes based on maximum likelihood
principles and the Integrated Completed Likelihood (ICL) criterion.

In contrast to other clustering methods, LCR analyses derive
clusters using a probabilistic model to describe the distribution of
the data. Because a statistical model is used, the probability that
certain cases are members of a certain latent class (it is assumed
that there is some process or latent structure underlying the data)
can be assessed as well as the goodness of fit, both not possible
with other clustering methods.

The regression model used in R with LCR was defined as

Position on line [mm]
~ poly(as.numeric(Name of verbal anchor),3,raw=T) (1)

which creates a third order polynomial model with the measured
position on the line as dependent variable and the ordered verbal
anchor names transferred to integers as independent variable [see
also 12]. Note that in the R language, the dependent variable is
written to the left of the ~ -sign and the independent variable(s)
to the right.

2.3.3. X>-tests

X>-tests comparing the first order with the second order poly-
nomial model of the observed mean positions for each scale
with the theoretical equidistant positions were used to assess the
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Table 3

Mapping of research questions, analysis methods, and corresponding section in methods and results.

Research question Analysis method

Details in section

1 Specific distance assumption between the
verbal anchors of thermal perception scales

Comparison between respondents’ drawings of positions of verbal
anchors on the thermal sensation scale, thermal comfort scale, and

Method: 2.3.1 Results: 4.1.1

thermal acceptance scale and equidistant positions for thermal sensation
and comfort, but specific position of verbal anchors for thermal

acceptance close to 0

Latent Class Regression analysis to reveal subgroups of respondent’

drawings
2 Relationship between the verbal anchors of
the thermal sensation scale and those of
the thermal comfort scale and thermal
acceptance scale

drawings
3 Contextual independence of relationship X>-tests
between thermal sensation and thermal
comfort scale (contextual factors see

Table 2)

Descriptive analysis of respondents’ drawings of positions of verbal
anchors of the thermal sensation scale on the thermal comfort and
thermal acceptance scale

Descriptive analysis of respondents circles and drawings

Latent Class Regression analysis to reveal subgroups of respondent’

Method: 2.3.2 Results: 4.1.2

Method: 2.3.1 Results: 4.2.1

Method: 2.3.2 Results: 4.2.2

Method: 2.3.3 Results: 4.3

Table 4
Indoor and outdoor conditions.

Variable N 1st Percentile - Median - 99th percentile = Mean =+ std. dev.
Tout survey | °C] 8189  -9.0 - 20.0 - 38.0 19.5 + 9.3

Tout pay [ °Cl 8189  -3.0 - 16.6 - 35.0 173 + 8.8

Tout week | °C] 8189  -1.9 - 15.9 - 35.0 16.7 + 8.9
RHout survey [%] 8189 5 - 63 - 100 61 + 24

RHout pay [%] 8189 8-71-96 66 + 20

RHout week [%] 8189 11 -69 - 92 65 +19

Tin [ °C] 5031 17.4 - 23.7 - 333 239 + 29

RHi, [%] 4371 18 - 49 - 82 49 + 14

Air velocity;, [m/s] 2101 0.0-0.1-0.7 0.16 £ 0.16

assumption of equidistance quantitatively. Further, X>-tests were
used to analyse whether observed frequencies of cluster sizes
for distinct contextual differences in season, climate of residence,
and language differed from expected frequencies. The R-function
chisq.test was used and individual contributions of cells to the X2-
statistic were analysed based on percentage of each cells’ residual
on the X>-statistic.

3. Data characteristics

The total number of questionnaires distributed was 9111 of
which 8225 were submitted to the analysis (mean response
rate 86%). The percentage of female/male respondents was
46.3 %/51.6 %. 0.3 % stated “Other” and 1.8 % either chose “I do not
wish to specify” or did not respond to the question.

The share of age groups was: <21: 45 %; 21-25: 43.9 %; 26-
30: 6.7 %; 31-35: 1.6 %; 36-40: 0.4 %; >40: 0.6 % and 1.8 % either
chose “I do not wish to specify” or did not respond to the question.

An overview of the geographic distribution of climates of res-
idence, previous residence, and origin is given in Fig. 2. Note: for
reasons of keeping respondents’ anonymity, respondents from cli-
mate zones with less than 5 respondents were placed in the group
“other”. 600 (7.3 %) of the respondents had been living less than
one year in their current location, 677 (8.2 %) between one year
and three years, and 6268 (76.2 %) longer than 3 years in the cli-
mate zone of residence.

The distributions of the current thermal state of the respon-
dents are presented in Fig. 3. Sensation votes were nearly normally
distributed with a tendency towards the cold side. The majority of
respondents felt comfortable, preferred no change, and perceived
conditions as just acceptable.

Indoor and outdoor conditions during and preceding the appli-
cation of each questionnaire are summarized in Table 4.

4. Results
4.1. Conceptual distances between verbal anchors (assumption 1)

4.1.1. Descriptive statistics of interpretation of distances

Fig. 4 summarises the results of the free positioning task for
the thermal sensation, comfort, and acceptance scales. It can be
seen from the figure that the positions assuming equidistance are
always placed within the interquartile range.

Visual interpretation of Fig. 4 suggests that (1) the thermal
sensation scale anchors are close to equidistance with a slight
shift towards the cold side, (2) thermal comfort scale anchors
are not equidistant and shifted towards extremely uncomfortable,
and (3) thermal acceptance scale anchors are close to equidis-
tance. Based on the X>-tests, distributions of the positioning of
the verbal anchors for thermal sensation and comfort (Fig. 4 a)
and b)) do not follow the assumption of equidistance (sensation:
X2 = 10.7, df = 1, p < .0001; comfort: X> = 50.9, df = 1, p
< .0001). The majority (56%) of respondents indicated that only
some verbal anchors of thermal sensation scale should be equidis-
tant (Table 5). From Fig. 4 b) it can be seen that the positioning
on the comfort scale has the largest variance. The distances be-
tween “comfortable”/”slightly uncomfortable” and “slightly uncom-
fortable”/"uncomfortable” appear rather similar and larger than the
distances towards “very uncomfortable” with different intentions
regarding equidistance documented in Table 5.

The distribution of the verbal anchors on thermal acceptance
scale is according to the equidistance assumption (X*> = 0.12,
df = 1, p = .63). This result stands in contrast to the com-
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Fig. 2. Bar charts for climatic background of respondents.
a) b)
2 4000+ 2 4000+
=} =}
8 3000 8 3000
'S 2000 'S 2000
— —
S 1000 S 1000
E .- E .- | Pe—
< cold cool sll neutral sI warm hot = comfortable uncomfortable very NIA
cool warm uncomfortable uncomfortable
Thermal sensation vote Thermal comfort vote
c) d)
2 4000+ 2 4000+
> >
g 3000+ g 3000+
'S 2000 'S 2000
@ @
o i = =
2 0+ . _ 2 0+ . '
cooler warmer much clearly JLIS'[ just un-  clearly un- NA
cooler change warmer warmer acceptable acceptable acceptable acceptable

Thermal preference vote

Thermal acceptance vote

Fig. 3. Distribution of current thermal sensation, preference, acceptance, and comfort votes at the time of the survey.
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Fig. 4. Summary of the positions resulting from the free positioning tasks. Grey shaded boxes denote 1st, 2nd, and 3rd quartiles, black dots show mean values. Dashed lines
show positions assuming equidistance, red coloured areas are composed of two boxes denoting the 1st and 3rd quartile of the lower and 1st and 3rd quartile of the higher
end of comfort / acceptance range drawn by respondents and are discussed in Section 4.2.1.

Table 5

Overview of answers related to perceived equidistance of verbal anchors.

Scale All

Thermal sensation
Thermal comfort
Thermal acceptance

1813 (22.0 %)
2063 (25.1 %)
2683 (32.6 %)

2601 (31.6 %)

Some None NA
4580 (55.7 %) 1701 (20.7 %) 131 (1.6 %)
3084 (37.5 %) 2929 (35.6 %) 149 (1.8 %)

2564 (31.2 %) 377 (4.6 %)

mon assumption of positioning the two verbal anchors around 0,
hence in the centre of the scale. One third of respondents each
stated “all”/”some”/"none” of the verbal anchors being equidistant
(Table 5).

4.1.2. Latent classes of perceived distances

While the previous section describes general trends, the results
of the LCR analysis provide a more detailed picture (Fig. 5). The
subgroups resulting from the LCR show distinct patterns suggest-
ing quite different interpretation of the scales. The number of sta-
tistically distinct clusters (subgroups) resulting from the LCR analy-
sis differs across the different scales used: 6 for thermal sensation,
and 8 each for comfort and acceptance.

For thermal sensation, subgroup 2 consists of the largest groups
of respondents (25.6%) and their pattern shows nearly equidis-
tance, but slightly shifted towards cold. Still, the majority of re-
spondents of this group - nearly 3 out of 4 - did not perceive the
thermal sensation scale as equidistant. Subgroup 1 perceived the
distances narrower on the cold side, while subgroup 5 perceived
them narrower on the warm side. Subgroup 4 perceived distances
between the middle votes narrower, while subgroup 6 places nar-
rower distances close to scale extremes. Subgroup 3 had the largest
variance and is not well definable.

The verbal anchors of the thermal comfort scale are perceived
by the largest group (subgroup 7) with the largest distance be-
tween “comfortable” and “slightly uncomfortable”. This tendency
is even more extreme in subgroup 3 (the second largest subgroup)
and subgroup 1, indicating a very large comfort range. In contrast,
subgroup 2 perceives the largest distance between “extremely” and
“very uncomfortable”. Positions of subgroups 6 and 8 appear nearly

equidistant. Subgroup 5 perceived “slightly uncomfortable” close
to “comfortable” and the other two verbal anchors closer to “ex-
tremely uncomfortable”. Subgroup 4 had the largest variance and
is not well definable.

For thermal acceptance anchors, the largest group (subgroup 4)
perceived the distances as equidistant, but its weight is far from
the majority. For most, the distance between the two middle verbal
anchors increased from subgroup 4 to subgroups 5 (with a slight
shift towards “unacceptable”) and 8 (with a shift to “acceptable”)
to subgroups 3 and 1 showing the largest distance between “just
acceptable” and “just unacceptable”. The distance between these
two verbal anchors is minimal for subgroup 2, which is close to
the assumption, that “just unacceptable” and “just acceptable” are
close to each other in the middle of the scale. Note that subgroup
2 was the second largest in the sample. Subgroup 6 perceived
the two verbal anchors closer to “unacceptable”, while subgroup
7 closer to “acceptable”.

4.2. Perceived relationship between dimensions of thermal perception
(assumption 2)

The questionnaire contained two different ways to assess the
perceived relationship between dimensions of thermal perception
as presented in the following.

4.2.1. Overall interpretation of relationship between dimensions

In addition to drawing the position of verbal anchors for ther-
mal sensation in Ql, respondents draw circles around the ver-
bal anchors, which they perceive as comfortable. As presented in
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Fig. 5. Response patterns (median positions and boxes from 1st to 3rd quartile) of
each subgroup resulting from the LCR for the sensation, comfort, and acceptance
scale.

Fig. 4a, overall the two boxes denoting the 1st and 3rd quar-
tile of the lower and 1st and 3rd quartile of the higher end of
comfort range as indicated by respondents comprised the central
three categories of thermal sensation: “slightly warm”, “neutral”,
and “slightly cool”. Fig. 6a shows that the majority of respondents
made their circle around no or one verbal anchors only, but at the

same time Fig. 6b confirms, that the middle three verbal anchors
are most often within the comfort range.

The two boxes representing the 1st and 3rd quartiles of the
acceptance range (Fig. 4b) cover two verbal anchors of the com-
fort scale: “comfortable” and “slightly uncomfortable”. This is again
confirmed by the analysis presented in Fig. 6d with these two
verbal anchors appearing most often inside the acceptance range.
Hence, for a large number of respondents, the perception of
slightly uncomfortable conditions is still acceptable.

Fig. 7 summarizes the drawings of the free positioning task
combining a) thermal sensation and comfort, and b) thermal sen-
sation and acceptance. The distribution of all data tends to be
steeper on the warm side, indicating that warmer sensations
would be perceived being less comfortable/acceptable compared
to cooler sensations. Interquartile ranges are lowest for “hot” sen-
sations followed by “slightly cool” sensations, but show a compa-
rable magnitude for “cold”, “cool”, “neutral”, “slightly warm”, and
“warm” sensations. The difference between positioning verbal an-
chors for thermal sensation on the comfort scale compared to the
acceptance scale appears to be rather small.

The perception of comfort (the area between “slightly uncom-
fortable” and “comfortable” in Fig. 7a) tends to occur for the range
between the 1st and 2nd quartile of “slightly cool” and “neutral”.
This result is in good agreement with Fig. 4a. The acceptance range
(the lowest half of Fig. 7b) covers also large parts of “cool” and to
a bit lesser degree “warm”, hence “slightly uncomfortable” condi-
tions. This tendency is in agreement with the results presented in
Fig. 6d.

4.2.2. Latent classes of relationships

As observed for individual scales (Section 4.1.2), the LCR analy-
sis shows distinct patterns indicating quite different interpretation
of the relationships between the verbal anchors of the scales.

The number of statistically distinct subgroups was 6 each for
sensation on comfort and for sensation on acceptance. In Fig. 8,
the differences between these subgroups are clearly visible:

e Subgroup 1 - “warm comfort” (the largest group): Comfort is
associated with verbal anchors on the warm side.

Subgroup 2 - “3 central category comfort”: Most symmetric
pattern that follows the classic assumption of the three central
verbal anchors of the thermal sensation scale being within the
comfort range.

Subgroup 3 - “wide comfort range”: “Cool” included in the
comfort range.

Subgroups 4 and 6 - “cold comfort” and “cool comfort”: Com-
fort was associated with verbal anchors on the cold side, with
subgroup 4 being more extreme than subgroup 6 in this regard.
Subgroup 5 - “linear”: Nearly equidistant relationship with cool
side in the comfort range, “neutral” placed as “uncomfortable”
and warm side towards the “extremely uncomfortable” end.
Given the almost perfect intervals and small interquartile dif-
ferences, this subgroup will be investigated further in the dis-
cussion section.

Fig. 9 presents the results for each subgroup resulting from the
LCR related to thermal sensation anchors on the thermal accep-
tance scale:

e Subgroup 1 - “wide acceptance”: Symmetric with the five cen-
tral anchors (including “cool” and “warm”) within the accep-
tance range.

e Subgroups 2 and 3 - “cool acceptance” and “cold acceptance”:
The cool side is more acceptable with subgroup 3 being more
extreme than subgroup 2 in this regard.

e Subgroup 4 (the largest group) - “3 central category accep-
tance”: The three central verbal anchors of thermal sensation
within the acceptance range.
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e Subgroup 5 - “linear”: Nearly equidistant with the cool side small interquartile differences, this subgroup will be investi-
in the acceptability range, “neutral” placed between “just ac- gated further in the discussion section.
ceptable” and “just unacceptable”, and the warm side towards e Subgroup 6-“warm acceptance”: The warm side is more accept-

the “unacceptable” end. Given the almost perfect intervals and able.
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Fig. 8. Response patterns for the mean positions of each subgroup resulting from the LCR for the verbal anchors of thermal sensation on the comfort scale.

4.3. Influence of contextual factors on perceived relationship
(assumption 3)

4.3.1. Season and climate

In order to analyse the influence of climatic context (season
and type of climate of residence) on the perceived relationship be-
tween the verbal anchors of thermal sensation and thermal com-
fort, frequencies of each subgroup in different seasons were com-
pared.

In Fig. 10, the frequencies for each subgroup and each sea-
son are presented. Only seasons with more than 100 respondents
were considered here. Subgroup 1 (“warm comfort”, see Fig. 8) is
most frequent in autumn and winter (Fig. 10). Subgroup 2 (“3 cen-

tral category comfort”) is frequent in all seasons except “dry” and
“wet”. Subgroup 3 (wide comfort range from “cool” to “slightly
warm”) is most frequent in spring, while the frequency of sub-
group 4 (“cold” to “slightly cool”) is low in autumn, winter, and
spring, but above average in “dry” and “wet” seasons. Subgroup 5
(equidistant with “cool” as lowest) is highest in “dry” and “wet”
seasons, and subgroup 6 (“cool” to “neutral”) has the highest fre-
quencies in “summer” and “wet” seasons.

The X>-test of independence reveals that there is a significant
association between season and the subgroup number (X* = 964,
df = 25, p-value < 0.0001).

The analysis of the contribution (in %) of a given cell to the to-
tal X2 score revealed that the most contributing cell to the X? is
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Fig. 9. Response patterns for the mean position of each cluster (group) based on LCR for verbal anchors of thermal sensation on acceptance scale.

the wet season | subgroup 4 (15.3%/+). The “+” means that there
is a positive association between the season and subgroup, mean-
ing that the observed frequency is higher than the expected fre-
quency. This is followed by wet/subgroup 2 (9.5%/-), wet/subgroup
5 (8.9%/+), wet/subgroup 1 (8.1%/-), spring/subgroup 3 (6.6%/+)
wet/subgroup 6 (5.6%/+) and autumn/subgroup 1 (4.9%/+).

In Fig. 11, the frequencies for each subgroup and climate zone
are presented. Only climates of residence with more than 100
respondents were considered. Subgroup 1 (“warm comfort”, see
Fig. 8) is most frequent for respondents living in KG class Cf, while
the least frequent for Af and Aw (Fig. 11). Subgroup 2 (“central 3
category comfort”) gets more frequent with cooler climates such
as Cf and Cw. Subgroup 3 (“wide comfort range”) has in general

a low frequency, but is most prominent in Cw. Subgroup 4 ("cold
comfort”) and subgroup 5 ("linear”) are most frequent in Af and
Aw. Subgroup 6 ("cool comfort”) has the highest frequencies for
“Aw”, “BS” and “BW".

The X>-test of independence reveals that there is a significant
association between climate of residence (KG class) and the sub-
group number (X? = 1427, df = 30, p-value < 0.0001).

The analysis of the contribution (in %) of a given cell to the total
X2 score reveals that the most contributing cell to the X? is climate
Af/subgroup 4 (14%/+). This is followed by Cf/subgroup 1 (12%/+),
Cf/subgroup 4 (7.3%/-), Cf/subgroup 6 (7.2%/-), Aw/subgroup 4
(6.6%/+) Af/subgroup 2 (6.1%/-) and BS/subgroup 6 (5.2%/+).
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4.3.2. Language

Questionnaire language, language type, and whether the re-
spondents were native speakers of the questionnaire language
might have affected the results of the free-positioning task. Ac-
cording to the X>-test of independence, the distribution of sub-
groups for the free-positioning task for thermal sensation anchors
on the thermal comfort scale differed significantly between the
questionnaire language versions (X* = 2027, df = 100, p-value <
0.0001). The analysis of the contribution (in %) of a given cell
to the total X*> score reveals that the most contributing cell is
the language Farsi/subgroup 6 (16.4%/+). This is followed by Ger-
man/subgroup 1 (10%/+) and Korean/subgroup 3 (5.5%/-). There is
also an effect of language type (X* = 582.12, df = 15, p-value <
0.0001) (for a description of types see Table 2). The analysis of
the contribution (in %) of a given cell to the total X*> score re-
veals that the most contributing cell is language type 3c/subgroup
6 (50.3%/+). This is followed by 3c/subgroup 2 (8%/-), 2/subgroup
6 (7.6%/-) and 2[subgroup 3 (5.7%/+). Note that the 780 votes for
language type 3c are solely from the Farsi and Greek language ver-
sion.

This study incorporated two languages written from right to
left (Arabic and Farsi) so that the direction of writing might have
confounded the results. The X>-test of independence reveals that,
the distribution of subgroups for all free-positioning tasks differs
significantly between these two language versions and all other
data (sensation: X* = 84.8, df = 5, p-value < 0.0001; comfort:
X2 = 124., df = 7, p-value < 0.0001; acceptance: X> = 263.3,
df = 7, p-value < 0.0001; sensation on comfort: X> = 355.3, df = 5,
p-value < 0.0001; sensation on acceptance: X* = 348.2, df = 5,
p-value < 0.0001). However, inspection of individual cells’ contri-
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Fig. 11. Frequencies of subgroups resulting from the LCR. Frequencies are calcu-
lated for each climate individually. Subgroup numbers correspond to subgroups pre-
sented in Fig. 8. Dashed lines show the mean frequency of a subgroup within the
full dataset. Af: Tropical rainforest climate; Aw Tropical savanna climate; BS: Semi-
arid (Steppe) Climate; BW: Arid Climate; Cf: Humid subtropical climates, Oceanic
climate and subpolar oceanic climate; Cs: Mediterranean warm/cool/cold summer
climates; Cw: Dry winter humid subtropical/subtropical highland/subpolar oceanic
climate.

butions does not reveal a consistent pattern, which could be at-
tributed to respondents starting from a different direction.

One third of our respondents (2731, 33.6%) were non-native
speakers of the questionnaire language. As mentioned above, ques-
tionnaires were provided in the local language (all 21 language
versions are available online [45]). The percentage of non-native
speakers varies strongly between countries and applications. For
example, the percentage of non-native speakers is below 5% in
questionnaires from Ecuador, France, Iran, and Italy, while it is
above 60% in Australia and the United Kingdom, which corre-
sponds to differences in percentages of foreign students in respec-
tive countries. The X>-test of independence showed a significant
difference between the distribution of subgroups between native
speakers and non-native speakers (sensation: X* = 28.3, df = 5,
p-value < 0.0001; comfort: X> = 122.9, df = 7, p-value < 0.0001;
acceptance: X* = 31.5, df = 7, p-value < 0.0001; sensation on com-
fort: X> = 41.2, df = 5, p-value < 0.0001; sensation on acceptance:
X2 = 61.5, df = 5, p-value < 0.0001). However, the inspection of
individual cells did not reveal consistent patterns amongst the five
free-positioning tasks.

5. Discussion

The questionnaire and the assessment procedure developed for
this study is new, therefore methodological aspects will be dis-
cussed first in this section. This is followed by a discussion of our
findings and their implications.
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5.1. Methodological aspects

Methodological aspects refer to the questionnaire itself and po-
tential limitations and implications for future applications arising
from this study.

Earlier attempts to challenge the equidistance assumption of
the thermal sensation scale used either the method of graded
dichotomies [46] or the successive categories method [47]. The
method of graded dichotomies require large numbers of actual
votes together with measured indoor environmental conditions.
The successive categories method requires subjects in similar ther-
mal conditions. In both methods, participants state their thermal
perception for one specific thermal condition, so that for exam-
ple a combination for one specific thermal sensation vote with one
specific thermal comfort vote is obtained. In contrast, the question-
naire using the free-positioning task can be applied to analyse par-
ticipants’ conceptions of rating scales without any physical mea-
surements and assesses the full range of the scales at the same
time. The influence of actual conditions on the free-positioning
task will be explored in future analyses.

The present sample consists of university students in lecture
rooms. This homogeneous sample in terms of subjects and build-
ings was selected in order to focus on contextual differences
such as season, climate, and language. It can be expected that
the results will differ for other populations and in other circum-
stances. The method may introduce some bias since all surveys are
conducted in somehow controlled-environments, such as college
buildings, which can lead to a narrowing of the personal expec-
tations (no user expects to be very cold or very hot inside these
buildings). We requested from all data contributors to involve only
students not having had lectures on indoor environment, build-
ing physics, or building services in order to mirror thermal com-
fort concepts of laypersons in our study. Future work, extending
the current sample and context (e.g. by including different build-
ing types), is highly encouraged in order to analyse additional in-
fluences on the perception of scales.

There was a substantial number of questionnaires with missing
data. The percentage of fully completed questionnaires was 33.4%.
The percentage of questionnaires having all mandatory questions
answered was 65.4%. The high proportion of surveys with miss-
ing data may affect generalizability, however we have reasonable
confidence in the results presented above as the missing responses
were mainly against secondary questions (i.e. not the free position-
ing tasks that are the primary focus of questionnaire). One poten-
tial reason for the high number of missing responses may be the
context in which the questionnaire was distributed (e.g. at the end
of a lecture, when students would like to leave the lecture room) in
combination with the complexity of the questionnaire, which is in
part atypical and requires a high level of comprehension. The latter
is reflected in a number of comments (3.5 %) stating that the ques-
tionnaire was very complex and not easy to answer. The number
of comments on complexity was low compared to the subjective
impression of the researchers involved. 31 out of 51 groups (60%)
experienced respondents reporting verbally about the complexity
of the questionnaire, but some of these respondents seemed not to
have added such comments in the provided space in the question-
naire. The estimated median of feedback of students reporting dif-
ficulties by these 31 research groups was 10%. Therefore, the total
number of respondents perceiving the questionnaire as complex or
not easy to answer is likely higher than 3.5%. Future applications
need to consider such rate and increase their sample size accord-
ingly or need to find solutions to reduce the complexity.

During the preparation of this study, two potential ways of bal-
ancing parts of the questionnaire were considered and discussed:
(1) balancing the order of the free-positioning tasks and (2) bal-
ancing the direction of drawing. With respect to the order of the

free-positioning tasks, respondents may understand the way of re-
sponding to the free-positioning tasks only after the first or second
question. Therefore, balancing the order might change the response
patterns, especially for the first two questions, in case respondents
did not understand the given task, but did not want to change
their response later. However, it was decided not to balance the
order, because the latter questions looking at the relationship be-
tween verbal anchors of different dimensions built upon the inter-
action between individual scales and the order sensation, comfort,
acceptance is the common order these questions are presented. Fu-
ture applications might have to think about a first “dummy” free-
positioning task in order to accustom respondents with this type
of questions. Here, we decided to show examples of responses in
the free-positioning task in order to visualize the way the task was
expected to be completed. The preference scale traditionally used
in thermal comfort studies was not used because previous appli-
cations of the free-positioning task [12], including our own pilot
application [48], suggested that this scale is often misinterpreted
by respondents [12,48]. A similar tendency has been pointed out
by Humphreys et al. [10].

5.2. Thematic aspects

5.2.1. Validity of responses

As presented in Tables 6-8, a remarkably high number of re-
spondents contradicted themselves with their drawings and the
answer to the question whether the anchors are supposed to be
equidistant. Overall, the majority of those participants, who an-
swered that their drawing is not equidistant, did not draw the
markers as equidistant. In contrast, the percentage of those par-
ticipants, who answered that their drawing is equidistant and in-
deed did draw the markers as equidistant, is not similarly high.
For example, for thermal sensation and with a conservative toler-
ance level of 2.2 mm for the drawings, 91.7% (1561 out of 1703) of
the respondents, who answered that the markers were supposed to
be equidistant, produced drawings with no equidistance between
makers. Even by assuming that some drawings might not came out
as intended by the respondents or were done in a sloppy way by
applying a liberal tolerance of 6.7 mm, still 39% (665 out of 1703)
of the respondents, who answered that the markers were supposed
to be equidistant, presented drawings that could not be consid-
ered as such. This contradiction, even with a high tolerance, is
an interesting observation, illustrating that the type of question or
task can strongly affect respondents’ responses. This phenomenon
is well-known in cognitive psychology, for example, demonstrat-
ing that whether response alternatives are phrased in a vague or
precise manner results in differential response patterns. In addi-
tion, decisions of individuals vary strongly on whether choices are
phrased in a positive or negative context [49-51]. Accordingly, our
findings illustrate that responses on scales and their anchors can
be strongly influenced by the way participants are questioned. A
simple question might trigger a simple answer. It is conceivable
that such simple answers hide more complex conceptions of re-
spondents, which can be observed in the free positioning task. It
is impossible to decide which answer is the “correct” one, but this
contradiction highlights that questionnaires and surveys have to be
constructed carefully to minimise the risk of response biases (see
[52,53]).

Subgroups 5, which were characterized by the remarkable lin-
ear patterns in Figs. 8 and 9, are characterized by a low variance,
linearity, and nearly perfect equidistance in a question, for which
no equidistant answers were expected. This might suggest that re-
spondents did not understand the question or may not have paid
enough attention to understand that their response pattern should
change between the first three free-positioning tasks and the last
two. This assumption could be partially confirmed, if the same re-
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Table 6

Comparison of equidistance between verbal anchors for thermal sensation and the answer to the question, whether the drawing was intended to be

equidistant.

Q1: Sensation Drawing not equidistant

Drawing equidistant

Tolerance
Answer equidistant
Answer not equidistant

0.32 SD (2.2 mm)
1561 (91.7%)
5860 (99.7%)

0.68 SD (4.6 mm)
1103 (64.8%)
5656 (96.2%)

1 SD (6.7 mm)
665 (39.0%)
5033 (85.6%)

0.32 SD (2.2 mm)
142 (8.3%)
18 (0.003%)

0.68 SD (4.6 mm)
600 (35.2%)
222 (3.8%)

1 SD (6.7 mm)
1038 (61.0%)
845 (14.4%)

Table 7
Comparison of equidistance between verbal anchors for thermal comfort and the answer to the question, whether the drawing was intended to be equidis-
tant.

Q2: Comfort Drawing not equidistant Drawing equidistant

Tolerance 0.32 SD (4.5 mm)  0.68 SD (9.6 mm) 1SD (141 mm) 0.32 SD (4.5 mm) 0.68 SD (9.6 mm) 1 SD (14.1 mm)

Answer equidistant
Answer not equidistant

1380 (69.6%)
5619 (97.1%)

789 (39.7%)
4833 (83.5%)

616 (31.1%)
3737 (64.6%)

603 (30.4%)
170 (2.9%)

1194 (60.2%)
956 (16.5%)

1367 (68.9%)
2052 (34.4%)

Table 8

Comparison of equidistance between verbal anchors for thermal acceptance and the answer to the question, whether the drawing was intended to be

equidistant.

Q3: Acceptance Drawing not equidistant

Drawing equidistant

Tolerance
Answer equidistant
Answer not equidistant

0.32 SD (3.1 mm)
1975 (75.6%)
4873 (97.7%)

0.68 SD (6.7 mm)
1003 (38.4%)
4323 (86.7%)

1 SD (9.9 mm)
661 (25.3%)
3716 (74.5%)

0.32 SD (3.1 mm)
638 (24.4%)
115 (2.3%)

0.68 SD (6.7 mm)
1610 (61.6%)
665 (13.3%)

1 SD (9.9 mm)
1952 (74.7%)
1272 (25.5%)

spondents belonged to subgroup 5 in both free-positioning tasks.
However, only 312 (of 538/517) respondents, i.e. about 60%, be-
longed to subgroup 5 in both cases. In addition, these respondents
were distributed across different language applications, suggesting
that there was no systematic distortion with a specific language
version or application. Looking at the percentage of respondents
from each application who belonged to subgroup 5, the highest
values (between 40 and 50% can be found in the applications from
Nigeria (three out of four applications by two different research
groups) and Malaysia (one out of five applications by one research
group). Both these regions are characterized by hot and humid
climates with mostly stable outdoor temperatures year-round. Ac-
cording to the discussion above, this climatic context increases the
likelihood that the verbal anchors “cool” and “cold” are related to
“comfortable” and “acceptable” conditions and that the dual na-
ture of the scale (warm/cool with “neutral” in the middle) is not
perceived in the same way as in climates with distinct cool and
warm seasons. Therefore, these responses should be considered
as valid, unless further analyses of additional answers promote
the suggestion that respondents did not fill out the questionnaire
properly.

The validity of results can further be questioned with respect
to the question whether respondents were able to relate a spe-
cific perception of intensity (thermal sensation vote), for example,
to the corresponding affective response (thermal comfort vote). It
could be argued that the free-positioning task does not explain
how people would vote under real conditions. Respondents in the
present study also described their current level of perceived ther-
mal sensation, thermal comfort, and thermal acceptance. In Fig. 12,
the distribution of votes for thermal sensation and comfort for the
same subgroups as in Fig. 8 is very similar to the patterns of the
free-positioning task presented in Fig. 8. This suggests that the an-
swers in the free-positioning task for the relation between ther-
mal sensation and thermal comfort are likely close to what peo-
ple would vote in a natural setting. It also suggests that people,
after having many thermal experiences in their life, are able to
associate sensations to comfort independent of their current ther-
mal state, but dependent on the prevailing context such as season.
In case these findings are supported by further analyses, the free-
positioning task for thermal sensation on thermal comfort could

serve as a tool to categorise participants of future studies without
having to expose them to a large number of thermal conditions.

The same figure as Fig. 12 but for current votes of thermal sen-
sation on thermal acceptance is presented in the supplementary
materials. In contrast to the comparison between Figs. 12 and 8,
the relationship between thermal sensation and thermal accep-
tance is less similar between votes of the current thermal sensa-
tion and the free-positioning task (Fig. 9). This dissimilarity can be
attributed to the lower number of scale points for thermal accep-
tance (4) or that there is more variance in what is considered as
acceptable, which can result in a larger dispersion between votes
of the current sensation and the free positioning data.

5.2.2. Effect of language

Given the large number of language versions together with
known issues related to the preparation of questionnaires in a
multi-language context, the effect of language on the results needs
to be discussed.

Translations, language, language type. Despite its widespread ap-
plication, the ASHRAE thermal sensation scale as well as the ther-
mal comfort and thermal acceptance scales are not defined in large
number of languages in the existing standards. Therefore, indi-
vidual researchers or groups of researchers developed their own
equivalent scale, so that the quality of the translation of the ques-
tionnaire for these cases depends on the effort made by the trans-
lator. The sources for the translation of verbal anchors for each
language version together with additional comments can be found
in the supplementary material. Note that emphasis for translations
was on the meaning of the translation. Zavala-Rojas [54] referred
to various past publications to underline the importance of func-
tionality equivalence in the analysis. Functional equivalence theory
takes into consideration the relationship between the original re-
ceptors and the original text [55]. The translation has not neces-
sarily to be identical, but measured concepts should have compa-
rable behaviour in statistical analysis [54]. We found distinct differ-
ences between language versions contributing significantly to cer-
tain subgroups of the free-positioning task, in particular dispropor-
tionate Farsi to “cool comfort” subgroup 6, German to “warm com-
fort” subgroup 1 and Korean being underrepresented in the “wide
comfort group” subgroup 3. A similar significant effect was found
for the language type (definition see Table 2).
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Fig. 12. Relationships between current thermal sensation votes and current thermal comfort votes for the subgroups found by the LCR analysis of the data from the free-

positioning task of thermal sensation on thermal comfort (see also Fig. 8).

An additional observation is that the neutral point was trans-
lated in some languages to follow the logic from left to right,
while in other languages the neutral point is breaking the lin-
earity from left and right. For example, in German, the votes on
the left go from “kalt” (cold) to “heifs” (hot) on the right, but
the neutral point is defined as “weder warm noch kalt” (nei-
ther warm nor cold). In contrast, for example, in Spanish, the
scale ranges from “fria” (cold) to “calurosa” (hot) and with the
neutral point corresponding to “ni fresca ni calida” (neither cool

nor warm). Research on linguistics of taste [56] suggests that it
is important to connect to the commonly used way laypersons
talk about certain phenomena. Correspondingly, the German re-
searchers agreed that the order “weder warm noch kalt” (neither
warm nor cold) is perceived as more natural compared to “weder
kalt noch warm” (neither cold nor warm”). Nevertheless, whether
the order of the middle point adjectives affects the results needs to
be assessed in future research focusing on variations of individual
languages.
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Overall, it is important to remember that languages developed
under certain climatic conditions and a specific context in terms
of culture and traditional constructions. However, some languages
spread out later to other climates and contexts, which requires re-
gional variations. The analysis of such processes might be an in-
teresting work to be done in cooperation with linguists, but at
the same time, the validation of existing and future verbal anchors
might benefit from corresponding discussion.

Direction of writing. During consistency checks, a higher per-
centage of non-consistent response patterns was observed for
question 2 (thermal comfort) in the Arabic version. One potential
explanation for this effect might be the direction of the text in the
Arabic version. While the text is from right to left, the extreme val-
ues of the scale (i.e., “comfortable” and “extremely uncomfortable”)
were not switched. As a result, while respondents go through the A
to C options (placed on the right side of the scale) they still need
to place them from left to right, which can be counter-intuitive
for a respondent used to writing from right to left. The scales of
the other questions (thermal sensation and thermal acceptance)
were not switched. However, the occurrence of errors was lower
for the sensation and acceptance scale, which might be explained
due to their values being easier to understand (e.g., very hot, hot,
etc.) compared to “slightly uncomfortable”, “uncomfortable”, and
“very uncomfortable” (see also more specific comments related to
the language version found in the supplementary materials). This
study included two languages written from right to left: Arabic
and Farsi. According to the X>-test of independence, the distribu-
tion of subgroups for all free-positioning tasks differs significantly
between these two language versions and all other data. However,
inspection of individual cells’ contributions did not reveal a con-
sistent pattern, which could be attributed to respondents reading
from right to left. In this context, it should also be noted that pref-
erence for drawing with the left or right hand was not assessed,
which might have a similar effect than that of languages written
from right to left.

Native speakers. One third of respondents were not native
speakers of the questionnaire language. Their distribution over
the subgroups was significantly different from native speakers, al-
though no distinct pattern was observed. Future analyses need to
look at these effects in more detail.

In summary, the results show that there are differences be-
tween languages, suggesting that translations might not have been
functional. However, whether this is due to the language or the
fact that some contextual conditions are more frequent in a spe-
cific language region (e.g. that a specific language can be related
to a specific climatic zone), needs to be assessed in future analy-
ses, taking into account more than one predictor at a time. Such
analyses are beyond the scope of this paper and will be reported
in future publications.

5.2.3. Effect of Koppen-Geiger classification

The analysis of contextual influences on the perceived relation-
ship between thermal sensation and thermal comfort revealed a
significant effect of the KG class on the pattern of this relation-
ship. The KG class was chosen for this study due to its wide spread
use in the field of thermal comfort (see e.g. [57]) and the ad-
vantage that KG classes could be automatically derived based on
publicly available resources. At the same time, it should be men-
tioned that limitations in using the KG for thermal comfort stud-
ies were shown [58,59]. The main argument is that the KG method
was developed to characterize climate types based on plant species
and not for human perceptions. The development of a classification
scheme for human beings within the built environment is still an
open task. The authors of this manuscript encourage any joint ac-
tivity to develop a classification scheme suitable for human beings
within the built environment.

5.2.4. Semantic artefact hypothesis

Results on contextual influences on the perceived relationship
between thermal sensation and thermal comfort suggest that sea-
sonal and climatic influences affect this relationship. These obser-
vations can be related to the “semantic artefact hypothesis” [18],
which suggests that the preferred temperature in cold climates
may in fact be described as “slightly warm,” while residents of hot
climates may use words such as “slightly cool” to describe their
preferred thermal state. For instance, a study conducted in natu-
rally ventilated and air-conditioned classrooms in a hot humid cli-
mate in the northern area of Brazil (S3o Luis, Maranhdo - Aw in KG
classification) showed that 100% of the occupants, who considered
the environment as “slightly cool”, were comfortable, which was
not the case for the “neutral” responses [60]. On the other hand,
in a southern city with a humid temperate climate (Florianépolis,
Santa Catarina - Cfa), the preference for a “slightly cool” condi-
tion was only observed in naturally ventilated offices in summer
[61]. Based on a large sample, the semantic artefact hypothesis is
supported by the analysis of the ASHRAE Global Thermal Comfort
Database Il showing that the effect was stronger in warm climates,
but not as prominent in colder climates [22]. The present study
suggests that the relationship between thermal sensation and ther-
mal comfort is not static, that is, not solely related to characteris-
tics of the climate, but dynamic and also affected by conditions
at present. Due to the interaction between climate and season, an
additional multiple variable analysis is necessary to validate this
observation.

The authors of the “semantic artefact hypothesis” [18] further
state that despite such differences in the interpretation of the ver-
bal anchors, the actual preferred temperatures may be identical
and that neutral temperatures, meant as optimal temperatures,
may be lower than observed neutral temperatures in warm cli-
mates and higher in cold climates. This assumption incorporates
the understanding that “neutrality” would be a desired condition.
However, researchers repeatedly identified a discrepancy to this as-
sumption by users who declared satisfaction or comfort while feel-
ing warm or cold [62,63].

Further studies have shown that this is likely an incorrect as-
sumption, at least for occupants of real buildings. This type of
work generally implements a complementary “preference” scale
to determine not just right-here-right-now thermal sensation, but
also whether that sensation is a desired condition. Humphreys and
Hancock [62] refer to this approach as the double enquiry method
[62, p. 868]. Related studies found that in a considerable propor-
tion of collected responses occupants’ desired conditions are dif-
ferent to neutral. For example, Humphreys and Hancock’s review
of evidence from two thermal comfort studies (a sample of tertiary
students and a sample of occupants of “ecological” houses) found
that on 57% of occasions, occupants’ desired conditions were dif-
ferent to neutral (n=868 individual thermal comfort surveys). Sim-
ilarly, Shahzad et al’s [64] study of four office buildings reported
that in 36% of responses, occupants’ desired conditions were dif-
ferent to neutral (n=313 thermal surveys). Using a qualitative ap-
proach with the objective to assess peoples’ concepts of thermal
sensation and comfort by means of interviews, 24% of 61 sub-
jects in a study by Schakib-Ekbatan et al. [65] mentioned the mid-
dle category (“neither cold nor warm”) as difficult to describe.
In addition, only few others (N=4; 6.6%) mentioned positive af-
fective thoughts related to the verbal anchor “neither cold nor
warm”.

In addition to language and season, some findings might be in-
fluenced by experiences and expectations. For example, the results
on thermal comfort (Fig. 6.b) could be related to students’ expe-
riences and expectations, reflecting that the acceptance of slight
thermal discomfort is a common and expected condition in lecture
rooms. At the same time, while a slight lack of comfort is found of-
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ten, it is not the exposure to extreme environments such as those
related to hot / cold, very uncomfortable and unacceptable, which
could be associated with the mental distance to the verbal anchors
located more at the extremes.

These observations highlight again that there is still a need
to scrutinize thermal perception scales to better qualify user re-
sponses and to continue the discussion on the operationalization
of thermal satisfaction. At the same time, the authors of this pa-
per are aware that “optimal” conditions are neither necessary nor
beneficial in all occasions [66,67].

5.2.5. Practical implications and future work

The goal of the present study was to challenge common as-
sumptions made in the use of subjective assessment scales for
thermal environmental research. The practical implications of this
research can be divided into two parts. The first part consists of
recommendations related to study design, data processing, and
presentation and interpretation of data from thermal comfort stud-
ies. The second relates to the use of thermal comfort data to in-
form building evaluation and specification.

Focussing first on the implications for future thermal comfort
research, several recommendations can be drawn from the analyses
and discussions presented above:

- The distinct patterns of the subgroups found in the present
analyses clearly indicate that the parametric approaches to pre-
sentation and analysis of the data are questionable. Instead
non-parametric visualisation and analysis methods should be
used.

- Sometimes, results from thermal comfort studies (either based
on actual or predicted votes) are presented as e.g. mean val-
ues with two decimals. The variation found in the present study
once more clarifies that a) it is important to look at the mean in
combination with the variance (both overall and in sub popula-
tions) and b) the apparent accuracy of such values is of no prac-
tical meaning, thus a lower number of decimals is sufficient.

- The large impact of contextual factors (i.e. climate, culture, and
language) on how scales are interpreted by subjects leads to
the recommendation that future work should be more rigorous
in reporting the context in which a study was conducted to-
gether with the language version and details of the questions
and scales applied.

In the present study, climatic and seasonal variables played a
role as well as the language of the questions and potentially the
exact wording or visual representation of the questions and ver-
bal/visual anchors. Therefore, the authors of this study encourage
all colleagues to make reporting of these factors a minimum re-
quirement for publication of studies in thermal comfort research
and to be rigorous in testing the characteristics of the scales they
apply in their studies. Authors of the present paper deliberately
decided not to suggest changes in current standards dealing with
thermal environment [1-4], because several issues remain that
need to be further studied as discussed above. However, it would
be beneficial to consider providing information about possible in-
fluence of climatic context and language of the verbal anchors on
interpretation of thermal perception scales and obtained results
through their application in the standards. These findings also re-
veal the weakness of assessing only a single dimension of thermal
perception. An important area for future work is to examine po-
tential combinations of thermal scales that allow us to more di-
rectly infer what conditions can be considered as “comfortable”
or “acceptable”, similar to work on scales used in pain research
[6].

Besides the implications for research, the results of the present
study are also relevant to practice. The current focus on energy

efficiency in buildings has led to an increased interest in collect-
ing feedback from occupants. Such feedback mostly concerns the
thermal environment. The most widespread applications are post
occupancy evaluation (POE) or post occupancy monitoring (POM)
[68,69] that serves for documentation of building performance af-
ter it has been taken into use or, in the long-term, as a per-
formance optimization tool for facility management. Additionally,
there are attempts to include building occupants and their per-
ception directly into a control loop [70]. In the case of post oc-
cupancy evaluation, the occupant feedback is usually collected in
the form of paper or internet based questionnaires [71]. When
perception is to be included in the control of building services,
desktop polling devices or mobile phone “apps” are utilized [72].
Apart of the type of the interface, various forms of assessment or
preference scales are utilized. In some cases, these scales are con-
structed based on knowledge from existing thermal comfort re-
search and related international standards [2,4]. When designing
feedback processes to the building or HVAC control loops, it will
be necessary to analyse this aspect in greater depth in order to es-
tablish interfaces adapted to the user’s actual needs with greater
precision.

Here, it is important to emphasize the dynamic relation be-
tween sensation and comfort, influenced by other factors than
thermal perception (e.g. climatic context), and thus the importance
of their assessment on separated scales. As the conditions found
to be “optimal” or “comfortable” may vary significantly depend-
ing on the dimension or combination of dimensions assessed, fur-
ther work and discussions are necessary in order to understand
based on which dimension or combination of dimensions a build-
ing should be designed or operated in which context. For example,
it is important to decide whether set point temperatures should be
based on results from thermal sensation, thermal comfort, or ther-
mal acceptance. In addition, future research may aim at the devel-
opment of new scales more robust to those influences identified in
this research.

The development of any new scale needs to be carefully vali-
dated with well-planned experimental studies in the laboratory or
field. During such attempts, further aspects such as influences be-
tween visual and textual individuals [73,74] may be considered. In
addition, the need to develop more detailed scales could be dis-
cussed, especially in the central region around neutrality and com-
fort. This aspect became of interest in the context of environmental
control systems based on perception and adaptation of the users
[75,76].

6. Conclusions

The present paper questioned the validity of three basic as-
sumptions on scales used in thermal comfort studies. First, the ver-
bal anchors that label thermal sensation scales and thermal com-
fort scales are assumed to be equidistant and are often statisti-
cally treated as metric scales. Verbal anchors labelling thermal ac-
ceptance scales are assumed to have a defined distance with the
two centre labels positioned just at +/- 0. Second, based on the
idea that thermal comfort is experienced when thermal neutral-
ity is achieved, the three middle votes of the thermal sensation
scale are seen as representing comfortable conditions and the en-
vironment as thermally acceptable. Third, the way verbal anchors
relate to each other is assumed to be independent of context, with
particular reference to short-term and long-term climatic context.
Considering the huge emphasis on balancing thermal comfort with
energy saving issues in buildings, as well as the availability of tech-
nologies capable of controlling HVAC systems as a function of user
needs, a proper interpretation of the user’s thermal comfort needs
becomes of primary importance.
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Based on the results of the present world-wide questionnaire
survey translated into 21 languages leading to a dataset of 8225
valid questionnaires, this study found that:

- General trends based on the complete dataset show that the
distances between verbal anchors on thermal sensation and
thermal comfort scales are not perceived as equal, in contrast
to common assumptions.

The trend for the thermal sensation scale is close to equidis-
tance based on visual inspection, but not according to the sta-
tistical analysis. For the comfort scale, the grand average and
statistical analysis showed that verbal anchors tended to be dis-
tributed in a non-uniform way and that this affected the verbal
anchors to be identified as comfortable on the thermal sensa-
tion scale.

With regard to the thermal acceptance scale, the interpreta-
tion of respondents was equidistant contrary to the researcher’s
concept behind the wording "just acceptable” and "just unac-
ceptable" marking both the centre of the scale but with a clear
tendency towards the one or the other pole of the scale.
Results of the free-positioning task combining thermal sen-
sation with comfort, and thermal sensation with acceptance
showed a skewed distribution leading to non-equidistance be-
tween the thermal sensation labels drawn on the comfort and
thermal acceptance scale.

Significant variations in perceived distances between verbal an-
chors appeared when latent class regression analyses were ap-
plied, identifying subgroups with distinct scale interpretation
patterns. The latent class analyses indicated the existence of
six different distributions of verbal scale anchors, pertaining
to subgroups of different consistence, but showing statistically
significant relationships with both season and long-term cli-
matic characteristics of the place of residence. For example, re-
spondents residing in hot climates tended to assign comfort to
thermal sensations on the cold side of the scale (from “cold”
to “neutral”), while respondents residing in mild and colder
climates assigned comfort to thermal sensations ranging from
“neutral” to “slightly warm” thermal sensations. This finding
clearly indicates that the interpretation of scales and their rela-
tionships is subject of adaptation.

Additional analyses showed a statistically significant effect of
the survey language on the interpretation of scales demand-
ing further work to validate the functional behaviour of newly
translated questionnaire versions.

A comparison between the subgroups’ pattern in the free-
positioning task and the votes assessing the actual perception of
the respondents during the survey revealed strong similarities be-
tween these patterns for thermal sensation and thermal comfort
votes. This finding can be interpreted in that the thermal per-
ception concept of the respondents represented in the first part
of the questionnaire is consistent with the current evaluation of
the thermal environment. Whether the interpretation of the scale
or the actual perception acts as cause or effect remains a ques-
tion for further analyses. Nevertheless, the present results suggest
that the free-positioning task can be used to assess participants’
interpretation of scales and thereby can be used for more reli-
able analysis of obtained perception votes. In addition, results sug-
gest that the free-positioning task for thermal sensation on ther-
mal comfort could serve as a tool to categorize participants of fu-
ture studies without having to expose them to a large number
of thermal conditions. In order to extend the results presented
in this paper, it is necessary to undertake multiple variable ap-
proaches because of the relationships between season, climate, and
language, and to evaluate whether observed effects are attributable
completely to a single factor or to combinations of factors, e.g.,
when some languages are more prominent in specific climatic re-

gions with specific seasons. Such analyses are beyond the scope
of this paper and will be addressed in future analyses of this
dataset.

Data records

The dataset is available at https://doi.org/10.17605/0SFE.IO/
9P2GQ

Data citation: [45]

The database is open for additional submission, e.g. applied in
other activity contexts, e.g. offices or residential places, and other
target groups, i.e. non-students.

Declaration of Competing Interest
None
CRediT authorship contribution statement

Marcel Schweiker: Investigation, Writing - review & editing,
Resources, Conceptualization, Methodology, Visualization, Formal
analysis, Writing - original draft, Project administration. Maira An-
dré: Investigation, Writing - review & editing, Resources. Farah Al-
Atrash: Investigation, Writing - review & editing, Resources. Hanan
Al-Khatri: Investigation, Writing - review & editing, Resources.
Rea Risky Alprianti: Investigation, Writing - review & editing, Re-
sources. Hayder Alsaad: Investigation, Writing - review & editing,
Resources. Rucha Amin: Investigation, Writing - review & editing,
Resources, Conceptualization, Methodology. Eleni Ampatzi: Inves-
tigation, Writing - review & editing, Resources. Alpha Yacob Ar-
sano: Investigation, Writing - review & editing, Resources. Elie
Azar: Investigation, Writing - review & editing, Resources. Bahareh
Bannazadeh: Investigation, Writing - review & editing, Resources.
Amina Batagarawa: Investigation, Writing - review & editing, Re-
sources. Susanne Becker: Investigation, Writing - review & edit-
ing, Resources, Conceptualization, Methodology, Writing - original
draft. Carolina Buonocore: Investigation, Writing - review & edit-
ing, Resources. Bin Cao: Investigation, Writing - review & editing,
Resources. Joon-Ho Choi: Investigation, Writing - review & editing,
Resources, Conceptualization, Methodology. Chungyoon Chun: In-
vestigation, Writing - review & editing, Resources, Conceptualiza-
tion, Methodology. Hein Daanen: Investigation, Writing - review
& editing, Resources. Siti Aisyah Damiati: Investigation, Writing -
review & editing, Resources. Lyrian Daniel: Investigation, Writing
- review & editing, Resources, Writing - original draft. Renata De
Vecchi: Investigation, Writing - review & editing, Resources, Writ-
ing - original draft. Shivraj Dhaka: Investigation, Writing - review
& editing, Resources. Samuel Dominguez-Amarillo: Investigation,
Writing - review & editing, Resources. Edyta Dudkiewicz: Inves-
tigation, Writing - review & editing, Resources. Lakshmi Prabha
Edappilly: Investigation, Writing - review & editing, Resources,
Data curation. Jesica Fernandez-Agiiera: Investigation, Writing -
review & editing, Resources. Mireille Folkerts: Investigation, Writ-
ing - review & editing, Resources. Arjan Frijns: Investigation, Writ-
ing - review & editing, Resources. Gabriel Gaona: Investigation,
Writing - review & editing, Resources. Vishal Garg: Investigation,
Writing - review & editing, Resources. Stephanie Gauthier: Inves-
tigation, Writing - review & editing, Resources, Conceptualization,
Methodology, Writing - original draft. Shahla Ghaffari Jabbari: In-
vestigation, Writing - review & editing, Resources. Djamila Harimi:
Investigation, Writing - review & editing, Resources. Runa T. Hell-
wig: Investigation, Writing - review & editing, Resources, Con-
ceptualization, Methodology, Visualization, Writing - original draft.
Gesche M Huebner: Investigation, Writing - review & editing, Re-
sources, Conceptualization, Methodology, Writing - original draft.
Quan Jin: Investigation, Writing - review & editing, Resources.


https://doi.org/10.17605/OSF.IO/9P2GQ

22 M. Schweiker, M. André and F. Al-Atrash et al./Energy & Buildings 211 (2020) 109761

Mina Jowkar: Investigation, Writing - review & editing, Resources.
Jungsoo Kim: Investigation, Writing - review & editing, Resources,
Conceptualization, Methodology. Nelson King: Investigation, Writ-
ing - review & editing, Resources. Boris Kingma: Investigation,
Writing - review & editing, Resources. M. Donny Koerniawan: In-
vestigation, Writing - review & editing, Resources. Jakub Kolarik:
Investigation, Writing - review & editing, Resources, Writing - orig-
inal draft. Shailendra Kumar: Investigation, Writing - review &
editing, Resources. Alison Kwok: Investigation, Writing - review
& editing, Resources. Roberto Lamberts: Investigation, Writing -
review & editing, Resources. Marta Laska: Investigation, Writing -
review & editing, Resources. M.C. Jeffrey Lee: Investigation, Writ-
ing - review & editing, Resources, Conceptualization, Methodology.
Yoonhee Lee: Investigation, Writing - review & editing, Resources.
Vanessa Lindermayr: Investigation, Writing - review & editing, Re-
sources. Mohammadbagher Mahaki: Investigation, Writing - re-
view & editing, Resources. Udochukwu Marcel-Okafor: Investiga-
tion, Writing - review & editing, Resources. Laura Marin-Restrepo:
Investigation, Writing - review & editing, Resources. Anna Mar-
quardsen: Investigation, Writing - review & editing, Resources.
Francesco Martellotta: Investigation, Writing - review & editing,
Resources. Jyotirmay Mathur: Investigation, Writing - review &
editing, Resources. Isabel Mino-Rodriguez: Investigation, Writing
- review & editing, Resources. Azadeh Montazami: Investigation,
Writing - review & editing, Resources. Di Mou: Investigation, Writ-
ing - review & editing, Resources, Conceptualization, Methodology.
Bassam Moujalled: Investigation, Writing - review & editing, Re-
sources. Mia Nakajima: Investigation, Writing - review & editing,
Resources. Edward Ng: Investigation, Writing - review & editing,
Resources. Marcellinus Okafor: Investigation, Writing - review &
editing, Resources. Mark Olweny: Investigation, Writing - review
& editing, Resources. Wanlu Ouyang: Investigation, Writing - re-
view & editing, Resources. Ana Ligia Papst de Abreu: Investiga-
tion, Writing - review & editing, Resources. Alexis Pérez-Fargallo:
Investigation, Writing - review & editing, Resources. Indrika Ra-
japaksha: Investigation, Writing - review & editing, Resources.
Greici Ramos: Investigation, Writing - review & editing, Resources.
Saif Rashid: Investigation, Writing - review & editing, Resources.
Christoph F. Reinhart: Investigation, Writing - review & editing,
Resources. Ma. Isabel Rivera: Investigation, Writing - review &
editing, Resources. Mazyar Salmanzadeh: Investigation, Writing -
review & editing, Resources. Karin Schakib-Ekbatan: Investigation,
Writing - review & editing, Resources, Conceptualization, Method-
ology. Stefano Schiavon: Investigation, Writing - review & edit-
ing, Resources. Salman Shooshtarian: Investigation, Writing - re-
view & editing, Resources. Masanori Shukuya: Investigation, Writ-
ing - review & editing, Resources. Veronica Soebarto: Investiga-
tion, Writing - review & editing, Resources. Suhendri Suhendri:
Investigation, Writing - review & editing, Resources. Mohammad
Tahsildoost: Investigation, Writing - review & editing, Resources.
Federico Tartarini: Investigation, Writing - review & editing, Re-
sources. Despoina Teli: Investigation, Writing - review & editing,
Resources, Conceptualization, Methodology. Priyam Tewari: Inves-
tigation, Writing - review & editing, Resources. Samar Thapa:
Investigation, Writing - review & editing, Resources. Maureen
Trebilcock: Investigation, Writing - review & editing, Resources.
Jorg Trojan: Investigation, Writing - review & editing, Resources.
Ruqayyatu B. Tukur: Investigation, Writing - review & editing, Re-
sources. Conrad Voelker: Investigation, Writing - review & editing,
Resources, Writing - original draft. Yeung Yam: Investigation, Writ-
ing - review & editing, Resources. Liu Yang: Investigation, Writing
- review & editing, Resources. Gabriela Zapata-Lancaster: Investi-
gation, Writing - review & editing, Resources. Yongchao Zhai: In-
vestigation, Writing - review & editing, Resources. Yingxin Zhu:
Investigation, Writing - review & editing, Resources. ZahraSadat
Zomorodian: Investigation, Writing - review & editing, Resources.

Acknowledgements

The project was performed within the framework of the In-
ternational Energy Agency - Energy in Buildings and Communi-
ties Program (IEA-EBC) Annex69 “Strategy and Practice of Adap-
tive Thermal Comfort in Low Energy Buildings”. www.iea-ebc.org,
www.annex69.org.

M.Sch., S.B., and K.S-E. Acknowledge funding by the Heidelberg
Academy of Sciences and Humanities within the project “Thermal
comfort and pain”.

FA-A. and the research related to Jordan was supported by
M.Sch.

B.C. is thankful to the National Natural Science Foundation of
China (No. 51521005 and No. 51678330).

C.C. is thankful to National Research Foundation of Korea (No.
NRF-2017R1A2B4012122)

J.C. is thankful to the U.S. National Science Foundation (No.
1707068)

S.D-A. is thankful for the funding support of the TEP-130 R&D
group from the US.

L.PE. would like to thank IITM, India for the support and DAAD
for the scholarship

S.G. would like to thank the Sustainable Energy Research Group
(energy.soton.ac.uk) for supporting this work.

R.T.H. would like to thank the Obelske Familiefond, Denmark for
supporting this work.

G.M.H was supported by Research Councils UK (RCUK) Centre
for Energy Epidemiology (EP/K011839/1) and UK Research and In-
novation through the Centre for Research into Energy Demand So-
lutions, grant reference number EP/R 035288/1.

Q.J. acknowledges the funding by Chalmers Energy Area of Ad-
vance.

B.K. is thankful for Heatshield, under EU Horizon 2020 grant
agreement No 668786 and the Ministerie van Defensie (SOLAR
V1605).

M.CJ.L. would thank for MOST Taiwan and NTCUST to support
the funding and measure instruments.

W.0. is supported by General Research Fund, Research Grant
Council, Hong Kong (Project code: 14629516) and Vice-Chancellor’s
One-off Discretionary Fund of the Chinese University of Hong Kong.

V.S.'s involvement in the project was partially funded through
the Special Study Program provided by The Faculty of Professions,
University of Adelaide.

DT would like to thank Vinnova (Sweden’s Innovation Agency)

The statistical analysis was conducted by M.Sch., RTH.,, S.B.,
G.M.H. and J.K.; RTH. developed the design for Figs. 4, 5, 7 to 9,
which were implemented into R code by M.Sch.

All authors were involved in the preparation of individual appli-
cations, data collection of one or more applications, and reviewing
the manuscript.

The authors are thankful to the following additional researchers
supporting data collection or preparation of questionnaires: Eleni
Alexandrou (University of Athens, Greece), Dr Grainne McGill
(Glasgow School of Art, United Kingdom), Amar Abdul-Zahra (Uni-
versity of Technology, Iraq), Dr. N.C.Balaji and Ms. Nikitha V. Anand
(Department of Civil Engineering, The National Institute of En-
gineering, Mysuru, India), Renate Kania (Karlsruhe Institute of
Technology, Germany), Dalal Al-Khatri, Noor Alhuda Al-Saqri, and
Maryam Al-Bartamani, Zhihe Wang (University of Southern Califor-
nia, U.S.), Miguel Angel Campano (Universidad de Sevilla), Andrés
Chico, Freddy Ordofiez, Jestis Lopez (Escuela Politécnica Nacional -
EPN), Ricardo Narvéaez (Universidad Central del Ecuador), Guillermo
Soriano (Escuela Superior Politécnica del Litoral - ESPOL), Daniel
Quiroz (Universidad Regional Amazdnica Ikiam), Stalin Guaman
(Universidad Regional Amazoénica Ikiam), Prof Mahena Stief, Dr. Ju-
lia Sonnberger, Stefan Keller, Prof Markus Reppich, Prof Michael


http://www.iea-ebc.org
http://www.annex69.org
https://doi.org/10.13039/501100001809
https://doi.org/10.13039/501100003725
https://doi.org/10.13039/100000001
https://doi.org/10.13039/501100007290
https://doi.org/10.13039/501100000690
https://doi.org/10.13039/501100004663
https://doi.org/10.13039/501100012479
https://doi.org/10.13039/501100002920

M. Schweiker, M. André and F. Al-Atrash et al./Energy & Buildings 211 (2020) 109761 23

Krupp, Jan-Olof Dalenbick, Holger Wallbaum, Bjérn Gross, Ulrike
Rahe, Prof. Jorn Toftum (DTU, Denmark), Yi-Cheng Lei, Eugene
Leung, Bentley Rager, Rachel Rimmer, Kelly Schoenborn, Tadeo
Nedala, Menelik Tibikabire, Prof Bruce Lonnman, Yi-Cheng Lei.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.enbuild.2020.109761.

References

[1] ASHRAE, Standard 55-2017, Thermal Environmental Conditions for Human Oc-
cupancy, Am. Soc. Heating, Refrig. Air-Conditioning Eng, Atlanta, USA, 2017.

[2] CEN, EN 15251:2007. Indoor environmental input parameters for design and
assessment of energy performance of buildings addressing indoor air quality,
thermal environment, lighting and acoustics, (2007).

[3] ISO, ISO 7730. Ergonomics of the thermal environment: analytical determina-
tion and interpretation of thermal comfort using calculation of the PMV and
PPD indices and local thermal comfort criteria, (2005).

[4] 1SO, ISO 10551. Ergonomics of the thermal environment - Assessment of
the influence of the thermal environment using subjective judgment scales,
(2001).

[5] J.-Y. Lee, E.A. Stone, H. Wakabayashi, Y. Tochihara, Issues in combining the cat-
egorical and visual analog scale for the assessment of perceived thermal sen-
sation: Methodological and conceptual considerations, Appl. Ergon. 41 (2010)
282-290, doi:10.1016/].APERG0.2009.07.007.

[6] M. Schweiker, X. Fuchs, S. Becker, M. Shukuya, M. Dovjak, M. Hawighorst, J. Ko-
larik, Challenging the assumptions for thermal sensation scales, Build. Res. Inf.
45 (2017) 572-589, doi:10.1080/09613218.2016.1183185.

[7] J. Wang, Z. Wang, R. de Dear, M. Luo, A. Ghahramani, B. Lin, The uncertainty
of subjective thermal comfort measurement, Energy Build 181 (2018) 38-49,
doi:10.1016/j.enbuild.2018.09.041.

[8] C. Buratti, D. Palladino, P. Ricciardi, Application of a new 13-value thermal
comfort scale to moderate environments, Appl. Energy. (2016), doi:10.1016/j.
apenergy.2016.08.043.

[9] H. Al-Khatri, M.B. Gadi, Collective understanding of ASHRAE thermal sensation
phrases among Arab students, in: L. Brotas, S. Roaf, F. Nicol, M. Humphreys
(Eds.), 10th Wind. Conf. - Rethink. Comf, NCEUB, Windsor, UK, 2018,
pp. 357-370.

[10] M.A. Humphreys, F. Nicol, S. Roaf, Adaptive Thermal comfort: Foundations and
analysis, 1. Publ., Routledge, London, 2016 [u.a.].

[11] A. Pitts, The language and semantics of thermal comfort, in: Wind. Conf. Comf.
Energy Use Build., NCEUB, Windsor, UK, 2006, pp. 1-7.

[12] X. Fuchs, S. Becker, K. Schakib-Ekbatan, M. Schweiker, Subgroups holding dif-
ferent conceptions of scales rate room temperatures differently, Build. Environ
128 (2018) 236-247, doi:10.1016/j.buildenv.2017.11.034.

[13] H. Al-Khatri, M.B. Gadi, Investigating the behaviour of ASHRAE, Bedford, and
Nicol thermal scales when translated into the Arabic language, Build. Environ.
151 (2019) 348-355, doi:10.1016/j.buildenv.2019.01.051.

[14] V. Soebarto, H. Zhang, S. Schiavon, A thermal comfort environmental chamber
study of older and younger people, Build. Environ. 155 (2019) 1-14, doi:10.
1016/j.buildenv.2019.03.032.

[15] J. Kolarik, J. Toftum, B.W. Olesen, A. Shitzer, Occupant responses and office
work performance in environments with moderately drifting operative tem-
peratures (RP-1269), HVAC&R Res 15 (2009) 931-960.

[16] L. Gunnarsen, P. Ole Fanger, Adaptation to indoor air pollution, Environ. Int. 18
(1992) 43-54, doi:10.1016/0160-4120(92)90209- M.

[17] P.O. Fanger, Thermal Comfort Analysis and Applications in Environmental En-
gineering, McGraw-Hill, New York, 1970.

[18] R.J. de Dear, G.S. Brager, D. Cooper, Developing an adaptive model of thermal
comfort and preference, Final Rep. ASHRAE Res. Proj. 884, Macquarie Univ.,
Sydney, 1997.

[19] A.P. Gagge, ].A.J. Stolwijk, ]J.D. Hardy, Comfort and thermal sensations and asso-
ciated physiological responses at various ambient temperatures, Environ. Res.
1 (1967) 1-20.

[20] R. De Dear, GS. Brager, Developing an adaptive model of thermal
comfort and preference, ASHRAE Trans 104 (1998) 145-167 escholar-
ship.org/uc/item/4qq2p9c6..

[21] P. Li, T. Parkinson, G. Brager, S. Schiavon, T.C.T. Cheung, T. Froese, A data-driven
approach to defining acceptable temperature ranges in buildings, Build. Envi-
ron. 153 (2019) 302-312, doi:10.1016/j.buildenv.2019.02.020.

[22] T. Cheung, S. Schiavon, T. Parkinson, P. Li, G. Brager, Analysis of the accuracy
on PMV - PPD model using the ASHRAE Global Thermal Comfort Database II,
Build. Environ. 153 (2019) 205-217, doi:10.1016/j.buildenv.2019.01.055.

[23] E. Mayer, Ist die bisherige Zuordnung von PMV und PPD noch richtig? KI
Luft-Und Kdltetechnik. 34 (1998) 575-577.

[24] ]. van Hoof, Forty years of Fanger’s model of thermal comfort: comfort for all?
Indoor Air 18 (2008) 182-201, doi:10.1111/j.1600-0668.2007.00516.x.

[25] A. Khatun, M.A. Hasib, H. Nagano, A. Taimura, Differences in reported linguistic
thermal sensation between Bangla and Japanese speakers, J. Physiol. Anthro-
pol. 36 (2017) 23, doi:10.1186/s40101-017-0139-5.

[26] S.A. Damiati, S.A. Zaki, H.B. Rijal, S. Wonorahardjo, Field study on adaptive
thermal comfort in office buildings in Malaysia, Indonesia, Singapore, and
Japan during hot and humid season, Build. Environ. 109 (2016) 208-223,
doi:10.1016/j.buildenv.2016.09.024.

[27] CEN, EN 16798-1:2019. Energy performance of buildings. Ventilation for build-
ings. Indoor environmental input parameters for design and assessment of en-
ergy performance of buildings addressing indoor air quality, thermal environ-
ment, lighting and acoustics, (2019).

[28] R.T. Hellwig, D. Teli, M. Schweiker, J.-H. Choi, J.M.C Lee, R. Mora, R. Rawal,
Z. Wang, F. Al-Atrash, A framework for adopting adaptive thermal comfort
principles in design and operation of buildings, Energy Build 205 (2019),
doi:10.1016/j.enbuild.2019.109476.

[29] S. Watanabe, A.K. Melikov, G.L. Knudsen, Design of an individually controlled
system for an optimal thermal microenvironment, Build. Environ. 45 (2010)
549-558, doi:10.1016/j.buildenv.2009.07.009.

[30] J. Kim, Y. Zhou, S. Schiavon, P. Raftery, G. Brager, Personal comfort mod-
els: Predicting individuals’ thermal preference using occupant heating and
cooling behavior and machine learning, Build. Environ. 129 (2018) 96-106,
doi:10.1016/j.buildenv.2017.12.011.

[31] M. Schweiker, G.M. Huebner, B.R.M. Kingma, R. Kramer, H. Pallubinsky, Drivers
of diversity in human thermal perception - A review for holistic comfort mod-
els, Temperature 5 (2018) 308-342, doi:10.1080/23328940.2018.1534490.

[32] G. Havenith, Individualized model of human thermoregulation for the simu-
lation of heat stress response., J. Appl. Physiol. 90 (2001) 1943-1954, doi:10.
1152/jappl.2001.90.5.1943.

[33] A. Ghahramani, F. Jazizadeh, B. Becerik-Gerber, A knowledge based approach
for selecting energy-aware and comfort-driven HVAC temperature set points,
Energy Build 85 (2014) 536-548, doi:10.1016/j.enbuild.2014.09.055.

[34] S. Petersen, S.M.L. Pedersen, Desktop polling station for real-time building oc-
cupant feedback, in: P.K. Heiselberg (Ed.), CLIMA 2016 - Proceedings of the
12th REHVA World Congress (Vol. 7), Aalborg Universitet, Aalborg, 2017 http:
//vbn.aau.dk/files/233762333/paper_609.pdf.

[35] M. Schweiker, R. Amin, S. Becker, ]J.-H. Choi, C. Chun, S. Gauthier, R.T. Hell-
wig, G. Huebner, J. Kim, ]. Lee, D. Mou, K. Schakib-Ekbatan, D. Shipworth,
D. Teli, Contextual differences in the interpretation of thermal perception
scales - a large-scale international questionnaire study, Open Sci. Framew.
(2017) osf.io/fv975 (accessed April 29, 2019).

[36] X. Fuchs, S. Becker, K. Schakib-Ekbatan, M. Schweiker, Subgroups holding dif-
ferent conceptions of scales rate room temperatures differently, Build. Environ.
128 (2018) 236-247 https://doi.org/10.1016/j.buildenv.2017.11.034.

[37] T. Boren, J. Ramey, Thinking aloud: reconciling theory and practice, IEEE Trans.
Prof. Commun. 43 (2000) 261-278, doi:10.1109/47.867942.

[38] K. Schakib-Ekbatan, S. Becker, A. Cannistraro, M. Schweiker, What do people
associate with “cold” or “hot”? - Qualitative analyses of the ASHRAE-scales’
labels, in: 10th Wind. Conf. - Rethink. Comf., 2018, pp. 371-386.

[39] M. Kottek, F. Rubel, World Map of the Koppen-Geiger climate classifi-
cation updated, (2018). http://koeppen-geiger.vu-wien.ac.at/present.htm (ac-
cessed November 29, 2018).

[40] F. Rubel, K. Brugger, K. Haslinger, I. Auer, The climate of the European Alps:
Shift of very high resolution Képpen-Geiger climate zones 1800-2100, Meteo-
rol. Zeitschrift. 26 (2017) 115-125, doi:10.1127/metz/2016/0816.

[41] M. Schweiker, E. Al, The Scales Project, a cross-national dataset on the inter-
pretation of thermal perception scales, Sci. Data. (n.d.) 1-11.

[42] 1SO 639-1:2002, Codes for the representation of names of languages - Part 1:
Alpha-2 code, (2002).

[43] Wikipedia, List of ISO 639-1 codes, (2019). https://en.wikipedia.org/wiki/List_
of ISO_639-1_codes (accessed March 7, 2019).

[44] B. Griin, F. Leisch, FlexMix version 2: finite mixtures with concomitant vari-
ables and varying and constant parameters, J. Stat. Softw. 28 (2008) 1-35.

[45] M. Schweiker, R. Amin, S. Becker, J.-H. Choi, C. Chun, S. Gauthier, R.T. Hellwig,
G. Huebner, J. Kim, ]. Lee, D. Mou, K. Schakib-Ekbatan, D. Shipworth, D. Teli,
Contextual differences in the interpretation of thermal perception scales -
the data base from a large-scale international questionnaire study, Open
Sci. Framew. (2019) https://doi.org/10.17605/0SF.10/9P2GQ. (accessed April 29,
2019).

[46] D.A. McIntyre, Seven point scales of warmth, Build. Serv. Eng. Res. Technol. 45
(1978) 215-226.

[47] M.A. Humphreys, F. Nicol, S. Roaf, Adaptive Thermal comfort : Foundations and
analysis, 1. Publ., Routledge, London, 2016 [u.a.].

[48] M. Schweiker, R. Amin, S. Becker, J.-H. Choi, C. Chun, S. Gauthier, R.T. Hellwig,
G. Huebner, J. Kim, J. Lee, D. Mou, K. Schakib-Ekbatan, D. Shipworth, D. Teli,
Contextual differences in the perception of thermal comfort scales - a large-s-
cale international questionnaire study, Open Sci. Framew. (2017) osf.io/fv975
(accessed April 29, 2019).

[49] J. Zaller, S. Feldman, A simple theory of the survey response: Answering ques-
tions versus revealing preferences, Am. J. Pol. Sci. 36 (1992) 579-616.

[50] A. Tversky, D. Kahneman, Advances in prospect theory: Cumulative repre-
sentation of uncertainty, J. Risk Uncertain 5 (1992) 297-323, doi:10.1007/
BF00122574.

[51] D.B. Wright, G.D. Gaskell, C.A. O'Muircheartaigh, How response alternatives af-
fect different kinds of behavioural frequency questions, Br. J. Soc. Psychol. 36
(1997) 443-456, doi:10.1111/j.2044-8309.1997.tb01143 x.

[52] NJ. Blunch, Position bias in multiple-choice questions, J. Mark. Res. 21 (1984)
216-220, doi:10.1177/002224378402100210.

[53] TE Van de Mortel, Faking it: social desirability response bias in self-report
research, Aust. ]. Adv. Nursing 25 (2008) 40-48.


https://doi.org/10.1016/j.enbuild.2020.109761
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0001
https://doi.org/10.1016/J.APERGO.2009.07.007
https://doi.org/10.1080/09613218.2016.1183185
https://doi.org/10.1016/j.enbuild.2018.09.041
https://doi.org/10.1016/j.apenergy.2016.08.043
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0006
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0006
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0006
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0007
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0007
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0007
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0007
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0008
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0008
https://doi.org/10.1016/j.buildenv.2017.11.034
https://doi.org/10.1016/j.buildenv.2019.01.051
https://doi.org/10.1016/j.buildenv.2019.03.032
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0012
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0012
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0012
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0012
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0012
https://doi.org/10.1016/0160-4120(92)90209-M
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0014
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0014
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0015
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0015
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0015
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0015
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0016
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0016
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0016
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0016
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0017
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0017
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0017
https://doi.org/10.1016/j.buildenv.2019.02.020
https://doi.org/10.1016/j.buildenv.2019.01.055
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0020
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0020
https://doi.org/10.1111/j.1600-0668.2007.00516.x
https://doi.org/10.1186/s40101-017-0139-5
https://doi.org/10.1016/j.buildenv.2016.09.024
https://doi.org/10.1016/j.enbuild.2019.109476
https://doi.org/10.1016/j.buildenv.2009.07.009
https://doi.org/10.1016/j.buildenv.2017.12.011
https://doi.org/10.1080/23328940.2018.1534490
https://doi.org/10.1152/jappl.2001.90.5.1943
https://doi.org/10.1016/j.enbuild.2014.09.055
http://www.vbn.aau.dk/files/233762333/paper_609.pdf
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0031
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0031
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0031
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0031
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0031
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0031
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0031
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0031
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0031
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0031
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0031
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0031
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0031
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0031
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0031
https://doi.org/10.1016/j.buildenv.2017.11.034
https://doi.org/10.1109/47.867942
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0034
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0034
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0034
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0034
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0034
http://koeppen-geiger.vu-wien.ac.at/present.htm
https://doi.org/10.1127/metz/2016/0816
https://en.wikipedia.org/wiki/List_of_ISO_639-1_codes
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0036
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0036
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0036
https://doi.org/10.17605/OSF.IO/9P2GQ
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0038
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0038
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0039
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0039
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0039
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0039
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0040
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0040
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0040
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0040
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0040
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0040
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0040
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0040
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0040
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0040
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0040
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0040
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0040
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0040
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0040
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0041
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0041
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0041
https://doi.org/10.1007/BF00122574
https://doi.org/10.1111/j.2044-8309.1997.tb01143.x
https://doi.org/10.1177/002224378402100210
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0045
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0045

24 M. Schweiker, M. André and F. Al-Atrash et al./Energy & Buildings 211 (2020) 109761

[54] D. Zavala-Rojas, A procedure to prevent differences in translated survey items
using SQP, (2014).

[55] Q. Zhang, ]J. Wang, Application of functional equivalence theory in English
translation of Chinese idioms., ]. Lang. Teach. Res. 1 (2010).

[56] L. Bieler, M. Runte, Semantik der Sinne: die lexikografische Erfassung von
Geschmacksadjektiven, Lexicographica 26 (2010) 109-128, doi:10.1515/lexi.
2010.008.

[57] V. Foldvéary LiCina, T. Cheung, H. Zhang, R. de Dear, T. Parkinson, E. Arens,
C. Chun, S. Schiavon, M. Luo, G. Brager, P. Li, S. Kaam, M.A. Adebamowo,
M.M. Andamon, F. Babich, C. Bouden, H. Bukovianska, C. Candido, B. Cao,
S. Carlucci, D.K.W. Cheong, J.-H. Choi, M. Cook, P. Cropper, M. Deuble, S. Hei-
dari, M. Indraganti, Q. Jin, H. Kim, J. Kim, K. Konis, M.K. Singh, A. Kwok,
R. Lamberts, D. Loveday, ]. Langevin, S. Manu, C. Moosmann, F. Nicol, R. Ooka,
N.A. Oseland, L. Pagliano, D. Petrds, R. Rawal, R. Romero, H.B. Rijal, C. Sekhar,
M. Schweiker, F. Tartarini, S. Tanabe, KW. Tham, D. Teli, J. Toftum, L. Toledo,
K. Tsuzuki, R. De Vecchi, A. Wagner, Z. Wang, H. Wallbaum, L. Webb, L. Yang,
Y. Zhu, Y. Zhai, Y. Zhang, X. Zhou, Development of the ASHRAE Global Ther-
mal Comfort Database II, Build. Environ. 142 (2018) 502-512, doi:10.1016/j.
buildenv.2018.06.022.

[58] H. Djamila, TL. Yong, A study of Koppen-Geiger system for comfort tem-
perature prediction in Melbourne city, Sustain. Cities Soc. 27 (2016) 42-48,
doi:10.1016/j.5¢s.2016.08.009.

[59] AK. Mishra, M. Ramgopal, Field studies on human thermal comfort — An
overview, Build. Environ. 64 (2013) 94-106, doi:10.1016/j.buildenv.2013.02.015.

[60] C.O. Buonocore, Andlise das condigdes de conforto térmico no clima quente
e Gmido de Sdo Luis (MA): estudos de campo em salas de aula natural-
mente ventiladas e climatizadas (Thermal comfort conditions in the hot and
humid climate of S3o Luis, MA: field studies in natural, Federal Univer.
Santa Catarina (2018) http://www.labeee.ufsc.br/sites/default/files/publicacoes/
dissertacoes/DISSERTAGAO-CAROLINA-CD_0.pdf.

[61] R. De Vecchi, C. Candido, R. de Dear, R. Lamberts, Thermal comfort in of-
fice buildings: Findings from a field study in mixed-mode and fully-air condi-
tioning environments under humid subtropical conditions, Build. Environ. 123
(2017) 672-683, doi:10.1016/j.buildenv.2017.07.029.

[62] M.A. Humphreys, M. Hancock, Do people like to feel “neutral”?: Exploring the
variation of the desired thermal sensation on the ASHRAE scale, Energy Build
39 (2007) 867-874, doi:10.1016/j.enbuild.2007.02.014.

[63] M. Fountain, G. Brager, R. De Dear, Expectations of indoor climate control, En-
ergy Build 24 (1996) 179-182, doi:10.1016/S0378-7788(96)00988-7.

[64] S. Shahzad, ]J. Brennan, D. Theodossopoulos, J.K. Calautit, B.R. Hughes, Does a
neutral thermal sensation determine thermal comfort? Build. Serv. Eng. Res.
Technol. 39 (2018) 183-195, doi:10.1177/0143624418754498.

[65] K. Schakib-Ekbatan, S. Becker, A. Cannistraro, M. Schweiker, What do people
associate with “cold” or “hot”? - Qualitative analyses of the ASHRAE-scales’
labels, in: L. Brotas, S. Roaf, F. Nicol, M. Humphreys (Eds.), 10th Wind. Conf. -
Rethink. Comf., NCEUB, Windsor, UK, 2018, pp. 371-386.

[66] W. van Marken Lichtenbelt, M. Hanssen, H. Pallubinsky, B.R. Kingma,
L. Schellen, Healthy excursions outside the thermal comfort zone, Build. Res.
Inf. 45 (2017) 819-827, doi:10.1080/09613218.2017.1307647.

[67] MJ.W. Hanssen, A.AJJ. van der Lans, B. Brans, J. Hoeks, KM.C. Jardon,
G. Schaart, EM. Mottaghy, P. Schrauwen, W.D. van Marken Lichtenbelt, Short-
term cold acclimation recruits brown adipose tissue in obese humans, Diabetes
65 (2016) 1179-1797, doi:10.2337/db15-1372.

[68] A. Zimmerman, M. Martin, Post-occupancy evaluation: benefits and barriers,
Build. Res. Inf. 29 (2001) 168-174, doi:10.1080/09613210010016857.

[69] T. Kansara, Post occupancy monitoring: An introduction, Environ. Manag. Sus-
tain. Dev. 2 (2013) 86.

[70] W. Jung, F. Jazizadeh, Human-in-the-loop HVAC operations: A quantitative re-
view on occupancy, comfort, and energy-efficiency dimensions, Appl. Energy.
239 (2019) 1471-1508, doi:10.1016/j.apenergy.2019.01.070.

[71] L. Zagreus, C. Huizenga, E. Arens, D. Lehrer, Listening to the occupants: a We-
b-based indoor environmental quality survey, Indoor Air 14 (2004) 65-74.

[72] ]J. Aguilera, O.B. Kazanci, ]. Toftum, Thermal adaptation in occupant-driven
HVAC control, ]. Build. Eng. 25 (2019) 100846, doi:10.1016/j.jobe.2019.100846.

[73] R. Cox, Representation construction, externalised cognition and individual dif-
ferences, Learn. Instr. (1999), doi:10.1016/S0959-4752(98)00051-6.

[74] V.V. Busato, FJ. Prins, ].J. Elshout, C. Hamaker, The relation between learning
styles, the Big Five personality traits and achievement motivation in higher
education, Pers. Individ. Dif. (1998), doi:10.1016/S0191-8869(98)00112-3.

[75] J. Kim, S. Schiavon, G. Brager, Personal comfort models - A new paradigm in
thermal comfort for occupant-centric environmental control, Build. Environ.
132 (2018) 114-124, doi:10.1016/j.buildenv.2018.01.023.

[76] A. Boerstra, T. Beuker, M. Loomans, J. Hensen, Impact of available and per-
ceived control on comfort and health in European offices, Archit. Sci. Rev.
(2013) 30-41, doi:10.1080/00038628.2012.744298.


http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0046
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0046
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0046
https://doi.org/10.1515/lexi.2010.008
https://doi.org/10.1016/j.buildenv.2018.06.022
https://doi.org/10.1016/j.scs.2016.08.009
https://doi.org/10.1016/j.buildenv.2013.02.015
http://www.labeee.ufsc.br/sites/default/files/publicacoes/dissertacoes/DISSERTA1212O-CAROLINA-CD_0.pdf
https://doi.org/10.1016/j.buildenv.2017.07.029
https://doi.org/10.1016/j.enbuild.2007.02.014
https://doi.org/10.1016/S0378-7788(96)00988-7
https://doi.org/10.1177/0143624418754498
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0056
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0056
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0056
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0056
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0056
https://doi.org/10.1080/09613218.2017.1307647
https://doi.org/10.2337/db15-1372
https://doi.org/10.1080/09613210010016857
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0060
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0060
https://doi.org/10.1016/j.apenergy.2019.01.070
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0062
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0062
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0062
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0062
http://refhub.elsevier.com/S0378-7788(19)31407-0/sbref0062
https://doi.org/10.1016/j.jobe.2019.100846
https://doi.org/10.1016/S0959-4752(98)00051-6
https://doi.org/10.1016/S0191-8869(98)00112-3
https://doi.org/10.1016/j.buildenv.2018.01.023
https://doi.org/10.1080/00038628.2012.744298

	Evaluating assumptions of scales for subjective assessment of thermal environments - Do laypersons perceive them the way, we researchers believe?
	1 Introduction
	1.1 Background
	1.1.1 Assumptions related to distances between verbal anchors
	1.1.2 Assumptions concerning the relationship between different dimensions of rating scales
	1.1.3 Assumptions related to contextual independence

	1.2 Relevance and research questions

	2 Methods
	2.1 Questionnaire and target group
	2.2 Data preparation
	2.3 Data analysis
	2.3.1 Descriptive statistics
	2.3.2 Latent class regression analysis
	2.3.3 &#x03A7;&#x00B2;-tests


	3 Data characteristics
	4 Results
	4.1 Conceptual distances between verbal anchors (assumption 1)
	4.1.1 Descriptive statistics of interpretation of distances
	4.1.2 Latent classes of perceived distances

	4.2 Perceived relationship between dimensions of thermal perception (assumption 2)
	4.2.1 Overall interpretation of relationship between dimensions
	4.2.2 Latent classes of relationships

	4.3 Influence of contextual factors on perceived relationship (assumption 3)
	4.3.1 Season and climate
	4.3.2 Language


	5 Discussion
	5.1 Methodological aspects
	5.2 Thematic aspects
	5.2.1 Validity of responses
	5.2.2 Effect of language
	5.2.3 Effect of Köppen-Geiger classification
	5.2.4 Semantic artefact hypothesis
	5.2.5 Practical implications and future work


	6 Conclusions
	Data records
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgements
	Supplementary materials
	References


