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The assessment of outdoor comfort can provide valuable insights into the quality of urban public spaces. Rational
indices based on the heat-balance model have been extensively used for assessing thermal comfort in various
outdoor environments for a long time. However, a growing body of literature is arguing the theoretical limita-
tions of rational indices, including the lack of contextual considerations and the non-consideration of the active
role of human being. Furthermore, the well-documented inconsistency in previous investigations suggests indi-
viduals' heterogeneous thermal expectations, preferences and adaptations typically depend on person-related
and place-related contexts. Nevertheless, the study of heterogeneity in comfort assessment remains fragmentary.
In an attempt to incorporate heterogeneity into a comprehensive conceptual framework of outdoor comfort, this
study develops a latent class path model based on empirical data of 701 respondents from Eindhoven, the
Netherlands. We identified two latent classes associated with different causal structures underlying the assess-
ment of outdoor comfort. Meanwhile, the membership of latent classes is identified based on respondents'
socio-demographic and behavioral covariates. The results show that, with respect to the influence on comfort as-
sessment, the exogenous and endogenous variables are varying in effectiveness and strength between the two
latent classes. Latent class 1 assesses the outdoor comfort mainly based on thermal sensation and expectations
of thermal and wind conditions, whereas latent class 2 comprehensively considered both thermal and non-
thermal influences, especially, the psychological acceptability and need satisfaction of outdoor activity. Our
findings suggest that, in addition to the expanded framework of outdoor comfort study, understanding the
heterogeneity in respondents' comfort perception is needed to comprehensively address the approaches to
archive the comfortable urban public spaces in design, planning and management practices.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The provision of comfortable public space is crucial for urban livabil-
ity and conducting outdoor recreational, commercial, social and cultural
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activities (Nikolopoulou et al., 2001; Spagnolo and de Dear, 2003;
Thorsson et al., 2004). Many studies suggest that urban public spaces
with comfortable microclimatic and environmental conditions
encourage people to spend more time outside and contribute to the
strengthening of social interaction between citizens (Aljawabra and
Nikolopoulou, 2010; Givoni et al., 2003; Nikolopoulou and Lykoudis,
2007). The study of outdoor comfort assessment therefore makes a
relevant and useful contribution to achieving comfortable outdoor
space to the extent it can be influenced by proper design (Tsitoura
et al., 2016).

To date, thermal comfort assessment has predominantly been based
on the use of rational indexes, such as Predicted Mean Vote (PMV)
(Fanger, 1970), Physiological Equivalent Temperature (PET) (Höppe,
1999) and Universal Thermal Climate Index (UTCI) (Jendritzky et al.,
2001), grounded on the heat-balance model, linking physical environ-
mental variables to individual's physiological responses (Binarti et al.,
2020; de Freitas and Grigorieva, 2017). Knowledge about the mecha-
nism of energy exchange between the human body (represented by
physiological thermoregulatory system of manikin model) and the sur-
roundings underpinned progress in the accuracy of rational indexes and
their application (Katić et al., 2016; Potchter et al., 2018). The newly de-
veloped UTCI shows good measuring performance due to its sensitivity
to humidity, radiation and wind velocity in both hot and cold thermal
conditions. Thereby, rational indexes remain important and accessible
to biometeorology researchers and urban planners for guiding their
studies and practices pertinent to analyzing and optimizing physical
thermal conditions of outdoor environments (Tsitoura et al., 2017).
However, many empirical studies on the calibration of rational thermal
indexes based on the local contexts and individual preferences recog-
nized the variability in comfort assessments in similar environmental
conditions (Lam et al., 2018; Shooshtarian, 2019). The characteristics
of the human body vary individually, which implies that the standard-
ized human physiological model may introduce errors in real-world sit-
uations (Coccolo et al., 2016). On the other hand, outdoor complex
environments are characterized by diverse microclimates and environ-
mental stimuli with large temporal and spatial variation (Höppe, 2002;
Nikolopoulou et al., 2001; Spagnolo and de Dear, 2003).

The discrepancies between the predictions of rational indices and
the subjective assessments have been revealed inmany empirical inves-
tigations, which is questioning the general applicability of rational indi-
ces in outdoor environments and emphasizing on individuals' conscious
and unconscious adaptations (Knez and Thorsson, 2006; Nikolopoulou
et al., 2001; Nikolopoulou and Lykoudis, 2006; Nikolopoulou and
Steemers, 2003; Pantavou et al., 2013a; Thorsson et al., 2004). The
pure application of rational indices in outdoor comfort assessment
leads to a narrow focus on a small number of variables which have a
physical basis, and to a lack of attention to individuals' psychological
factors and inter-individual differences (Andrade et al., 2011; Knez
et al., 2009; Knez and Thorsson, 2006; Lin et al., 2013; Nikolopoulou
et al., 2001; Nikolopoulou and Steemers, 2003). In addition, unlike ther-
mal sensation, outdoor comfort involves individuals' perceptions of var-
ious non-thermal environmental stimuli (Rossi et al., 2015), which are
inevitably affected by non-physical factors, such as individuals' socio-
demographical characteristics, emotions, preferences, expectations,
and adaptations (Klemm et al., 2015; Knez et al., 2009; Lenzholzer and
Koh, 2010; Peng et al., 2019a, 2019b, 2021).

In this context, it is critical to appreciate that thermal comfort is de-
fined as a state of mind, which expresses satisfaction with the thermal
environment (ASHRAE, 2017). Beyond what is described in physiologi-
cal models, perceived comfort refers to an outcome of an interactive
process between an individual and his/her environment, which may
vary from one person to another. Moreover, evidence from field studies
prove individuals' subjective outdoor comfort assessments are much
more elastic than have been predicted through thermal indexes
(Nikolopoulou and Steemers, 2003). de Dear and Brager (1998) intro-
duced adaptive theory to outdoor comfort modeling, which is built on
2

the premise that individuals play an active role to restore comfort by
adapting to the ambient thermal conditions instead of being simply pas-
sive recipients of thermal stimuli according to the heat-balance model
(Brager and de Dear, 1998; de Dear and Brager, 1998). In reality, people
may have different preferences about the ideal thermal environment,
which violates the underlying assumption of the heat-balance model
that thermal neutrality is equal to thermal comfort (Nikolopoulou and
Lykoudis, 2006). The uncertainty in uncovering the specifics of thermal
interactions are credited to the individuals' acclimatization, behavioral
and psychological adaptation and “Alliesthesia” (Auliciems, 1981;
Eliasson et al., 2007; Nikolopoulou and Lykoudis, 2006; Parkinson and
de Dear, 2015). The comprehensive conceptual models of outdoor com-
fort incorporate human dimensions which indicates people's satisfac-
tion under a given thermal condition depends on a broad range of
individuals' behavioral and psychological factors in respect of adapta-
tions and expectations that are typically context-based (Knez et al.,
2009; Lenzholzer and de Vries, 2019; Li et al., 2020; Nikolopoulou and
Steemers, 2003; Peng et al., 2021; Shooshtarian, 2015; Shooshtarian
and Ridley, 2016).

Many on-site studies revealed the inconsistency of outdoor comfort
assessments and alluded to the major causes referring to individuals'
differences in preferences, expectations and adaptations (Hwang and
Lin, 2007; Knez et al., 2009; Lin, 2009; Nikolopoulou and Lykoudis,
2006; Thorsson et al., 2007). The factors that influence individuals' ex-
pectations and the process of adaptations in real contexts are highly
complex, and the perception of outdoormicroclimatic and environmen-
tal conditions differs across individuals in the sense that the same factor
may exert variant effects on subjective comfort assessment (Lin, 2009;
Nikolopoulou and Steemers, 2003; Oliveira and Andrade, 2007;
Stathopoulos et al., 2004). For instance, higher temperature may lead
to discomfort for some people, but not for those who like a warmer en-
vironment, while someone who is less concerned about temperature
may feel discomfort when exposed to high humidity or weak wind
speed. When intending to go out, individuals expect variability in their
exposure to outdoor environments, variations of sun and shade, and
wind speed (Gehl, 2011; Givoni et al., 2003; Zacharias et al., 2001).
The potential effect of heterogeneity on individuals' comfort assess-
ments has not been widely examined in outdoor comfort modeling,
and empirical evidence is needed.

Given the complexity of the microclimates, environmental stimulus
and individuals' behaviors in outdoor comfort studies, heterogeneity is
likely to exist in samples that are used to develop, test and refine
models. However, both existing rational indexes (e.g. PMV, PET and
UTCI) and empirical models, i.e. ASV models and Ordered models, (Lai
et al., 2018; Nikolopoulou and Steemers, 2003) assume the coefficients
(parameter vectors) of influential explanatory factors are the same for
all individuals, which result in a lack of insights into the extent of het-
erogeneity in outdoor comfort perception. The standard method of in-
vestigating subjective comfort assessment in outdoor environments is
to carry out simultaneously interviews and meteorological measure-
ments (Johansson et al., 2014; Kántor et al., 2012). Based on the stan-
dard method, studies have analyzed the effects of urban form,
vegetation and personal characteristics on comfort perception in out-
door urban environments (Johansson et al., 2018; Krüger et al., 2017;
Krüger and Drach, 2017; Peng et al., 2021; Sharmin et al., 2015). Besides
the standardization, it is of crucial importance to plan experiments well
in the sense that valuable information is obtained using only a limited
number of samples in given environments. In previous cross-sectional
field studies, however, subjects were not randomly assigned according
to attributes of urban public spaces. Moreover, individuals experience
a wide range of thermal conditions when moving through time and
space in different urban micro-environments. It is difficult to recon-
struct all parts of experiences of people in on-site surveys due to time
constraints, let alone to thoroughly obtain the detailed information on
people's past expectations and preferences for the current environment
as well as their process of behavioral and psychological adaptations.
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Observed heterogeneity occurs between groups are expected a
priori that incorporates moderators or contextual factors (Becker et al.,
2013). From this point of view, much effort has been spent on attempts
to account for the inconsistent comfort assessments under similar ther-
mal conditions by stratifying individuals into homogeneous groups
based on observed person-related variables such as socio-
demographic characteristics (age, gender, education level, job condi-
tion, financial situation, lifestyle and cultural background), psychologi-
cal factors (environmental attitude and thermal preference),
behavioral factors (purpose of visit, past activity, duration of outdoor
stay, length of local residence, usage of air-conditioner) (Aljawabra
and Nikolopoulou, 2010; Amindeldar et al., 2017; Elnabawi et al.,
2016; Karjalainen, 2012; Knez and Thorsson, 2008, 2006; Krüger et al.,
2015; Krüger and Rossi, 2011; Lai et al., 2017; Lam et al., 2018;
Shooshtarian, 2015; Shooshtarian and Ridley, 2016; Thorsson et al.,
2007; Tung et al., 2014).

On the one hand, stratification with respect to heterogeneous com-
fort assessments cannot be accurately determined a priori by related ob-
served variables. No consistency exists in the findings about the effect of
age (Knez and Thorsson, 2006; Krüger and Rossi, 2011; Pantavou et al.,
2013b; Shooshtarian and Ridley, 2016). Similarly, conclusions of various
previous studies on gender difference in assessing outdoor comfort are
contradictory. Some studies found insignificant or no effects of gender
(Knez and Thorsson, 2006; Krüger and Rossi, 2011; Pantavou et al.,
2013b; Shooshtarian and Ridley, 2016), others have indicated the influ-
ence of gender varies in different contexts (Oliveira and Andrade, 2007;
Tung et al., 2014). Specially, the females have superior thermal physio-
logical tolerance than the males, however, women might fear heat and
sun exposure and behaviorally adjust themselves using umbrellas and
searching for shade. Even if the assumption holds, the heterogeneity
may be misclassified if stratification is performed based on the wrong
variables. For instance, it may be assumed that the heterogeneity was
caused by cultural background, but it may be influenced by differences
in respondents' past thermal experiences. On the other hand, it is im-
possible to explore complex high-order interactions among confound-
ing variables. For example, females probably feel more discomfort
under strong solar radiation than males in some Asian regions (Tung
et al., 2014). Even two females from the same region may still have dif-
ferent comfort assessments under the same conditions due to the differ-
ence in their experiences. The true distribution of heterogeneity is never
known a priori; therefore, it is hard to find homogeneous segments of
individuals in modeling stratification. The unobserved heterogeneity
in individuals' outdoor comfort assessments is not necessarily captured
by the variables that are preconceived and specified by existing theory
and the conceptual model as it can exist beyond the previously identi-
fied variables.

In addition, the assessment of outdoor comfort may involve a path
structure framework considering the complicated direct and indirect re-
lationships between endogenous and exogenous variables. For example,
individuals' positive emotion impacts directly on their comfort assess-
ments, while the time individuals spending in the studied area may
significantly influence on their comfort assessment through the inter-
mediate effect of the need satisfaction of outdoor activity. A path
model for outdoor comfort assessmentwas developed, inwhich explan-
atory variables such as individual demographic, psychological and con-
textual variables were incorporated in the path's causal relationships
(Peng et al., 2019a). However, based on adaptive theory and previous
findings, heterogeneity may exist in the relationships (direct and indi-
rect) between endogenous variables and exogenous variables, and the
relationships among endogenous variables, which implies idiosyncratic
groups of outdoor comfort assessment. This means that the effects of
endogenous variables on comfort assessment under the assumed causal
structure may vary according to different groups of people. However, to
the best of our knowledge, studies on heterogeneity represented by la-
tent segmentations in the estimated cause-effect relationships are still
missing in the literature.
3

This study aims at broadening our knowledge how the different
comfort assessments correspond to unobserved classes of the popu-
lation in similar environments. Individuals' inconsistent outdoor
comfort assessments are assumed to depend on unobserved classes,
rather than simply being a function of measured variables. Therefore,
we assume heterogeneity prevails in individuals' comfort assess-
ments in outdoor environments and estimate path structures for
different underlying groups of the population. Latent class analysis
is used as an alternative to stratification. A model is developed
which allows the simultaneous estimation of latent classes and
path structures of miscellaneous influential factors to identify
underlying groups with a homogeneous comfort assessment and
heterogeneous patterns of comfort assessment between groups.
The latent classes are identified to improve the predictivity of the
path model, and the membership will be linked with observable
individual characteristics.

2. Methodology

2.1. Latent class path model

The present conceptual framework aims at developing a model to
uncover individuals' heterogenous comfort assessment given the com-
plex direct and indirect effects of an expanded set of place-related and
person-related variables and modify the misrepresentations caused by
the data aggregation and confounders in the previous path model
(Peng et al., 2019a). Fig. 1, which depicts a diagram of the conceptual
framework incorporating heterogeneity in comfort assessment, shows
the hypothetical conditional effects across latent classes and the corre-
sponding influence of membership covariates. The latent class path
model (LCPM) has been advanced for synthetically considering the ef-
fects of covariates on the class membership, and the effects varied be-
tween classes in a path structure (Jiang et al., 2020). As two essential
parts of the proposed model, the path analysis is used for identifying
the structure accounting for the nature and strength of relationships
among a set ofmeasured variables, while the latent class analysis is syn-
chronizedwith path analysis to unravel class probabilities of individuals
(Muthén andMuthén, 2000). In general, the estimation of LCPMwill be
conducted for better interpreting the data by searching typical pattern
approximately shared by latent classes. Theoretically, a latent class
characterized by a pattern of conditional probability indicates the
chance of certain comfort assessment the respondent evaluated. Ac-
cordingly, each individual has a specific probability of belonging to a
certain class.

The probability of class membership is allowed to vary as a function
of covariates. Suppose latent classes in a heterogeneous population are
denoted by ci and the vector of covariates (measured items) for class
membership is represented by Zi, for individual i. To examine the covar-
iate dependent probability for individual i in a given class ci = k (k =
1,2,⋯,K) denoted by πik, a multinominal logistic regression is expressed
as:

πik ¼ P ci ¼ kjZið Þ ¼ exp λ0k þ Ziλkð Þ
∑K

k¼1 exp λ0k þ Ziλkð Þ
ð1Þ

where the intercept is denoted by λ0k, and the vector of weight param-
eter is denoted by λk. The last class K is set as reference, specifically λK=
0. Accordingly, Ziλk measures the log-odds of belonging to class k in-
stead of class K given the vector of Zi.

The studied population is a mixture of individuals from different la-
tent classes so that the scores on a set of indicators are assumed to come
from the same probability distributions. Suppose the vector of continu-
ous indicators, also known as the endogenous variables (except comfort
assessment) in path structure, denoted by Ωim indexed by m (m =
1,2,⋯,M − 1). The ωim is the mth endogenous variable associated



Fig. 1. The conceptual framework for comfort assessment in outdoor public spaces.
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with the vector of influential factors, denoted by Xim. The probability
density function of the measured scores of ωim is described as:

θim ¼ ∑
K

k¼1
πikf ωimjci ¼ k,Ximð Þ½ � ¼ ∑

K

k¼1
πikθimkð Þ ð2Þ

where πik is the probability density function of being amember of latent
class k for individual i, and the class-specific normal density in the path
structure denoted by θimk. The value of πik sums to 1 acrossK classes, and
θimk is a class-specific conditional probability depending on the mean
value and covariance of indicators estimated for each latent class.

Suppose the outcome assessment is denoted by yi, with the ordinal
response yi = j (j = 1,2,⋯, J) for individual i (i = 1,2,⋯, I), and yi

∗ as
the related continuous latent reference which is associated with the
vector of independent variables XiM, as presented in the regression
model

y∗i ¼ XiMβþ ε ð3Þ

where ε is the normally distributed error term conditioned on XiM, andβ is the vector of weight parameters. The ordinal comfort assessment yi
is resulted from

yi ¼
1; if y�i ≤ μ1
2; if μ j−1 ≤ y�i ≤ μ j

⋮
J; if y�i ≥ μ J−1

8>><>>: ð4Þ

where μj is the threshold point of yi∗. The proportional-odds of link func-
tion is the logit transformation. The cumulative ordinal logit model is
expressed as:

logit
P yi ≤ jð Þ
P yi > jð Þ
� �

¼ μ j−XiMβ ð5Þ

where the log of the probability that yi has a value greater than the
lower values given XiM is modeled. The regression coefficient vector β
is constant across the logits, whereas the intercepts μj are not.
4

Regarding comfort assessment yi which is the Mth endogenous
variable but ordinal, the vector of all the related influential factors,
denoted by XiM, consists of both exogenous and endogenous variables.
Based on ordered logit model (Eq. (3)), the joint probability function
of the comfort assessment given XiM conditional on latent class ci is
expressed as:

Pijk ¼ P yijci ¼ k,XiMð Þ

¼

exp μ1k−XiMβ0� �
1þ exp μ1k−XiMβ0� � , j ¼ 1

exp μ jk−XiMβ0
� �

1þ exp μ jk−XiMβ0
� �− exp μ jk−XiMβ0

� �
1þ exp μ jk−XiMβ0

� � , j ¼ 2,⋯, J−1

1−
exp μ Jk−XiMβ0

� �
1þ exp μ Jk−XiMβ0

� � , j ¼ J

8>>>>>>>>>>>>><>>>>>>>>>>>>>:
ð6Þ

where the μjk is the threshold linked with latent class. Assuming condi-
tional independence, the probability of ordinal outcome, denoted by Pij,
is expressed as:

Pij ¼ ∑
K

k¼1
πikP yijci ¼ k,XiMð Þ½ � ¼ ∑

K

k¼1
πikPijk
� � ð7Þ

where the joint probability Pijk of comfort assessment yi = j conditional
on class k, which is indicated by the arrow from the circle of latent class
to the rectangle of comfort assessment in the diagram of conceptual
framework (see Fig. 1). The conditional probability of endogenous var-
iables given the latent class is obtained by a product:

P yi,Ωimjci,Xim,Zið Þ ¼ Pijk ∏
M−1

m¼1
θimk ð8Þ
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Further, the manifest endogenous variables probability is expressed
as:

P yi,ΩimjXimð Þ ¼ ∑
K

k¼1
Pijk ∏

M−1

m¼1
θimk

� 	
πik ð9Þ

By Bayes' Theorem, given bπik, bPijk andbθimk, respectively, the posterior
probability that each individual belongs to each class, conditional on the
observed variables becomes

P cijyi;Ωim;Xim;Zið Þ ¼ P yi;Ωimjci;Xim;Zið ÞP cijZið Þ
P yi;ΩimjXimð Þ

¼ π̂ikP̂ijk
QM−1

m¼1 θ̂imkPK
k¼1 P̂ijk

QM−1
m¼1 θ̂imk

� �
π̂ik

ð10Þ

As an iterative method for estimating the LCPM of comfort assess-
ment conditional on latent class membership, the Expectation-
Maximization (EM) algorithm has been typically employed where the
unknown parameters can be estimated as weighted sums of latent pro-
portions (Takai and Kano, 2009). Based on log-likelihood, denoted by
lnL, the membership probability and the conditional effects on the
strength of relationships in the path structure are modeled simulta-
neously. The lnL can be written as:

lnL ¼ ln
YI
i¼1

P ci ¼ kjZið ÞP yi;Ωimjci;Xim;Zið Þ
" #

¼
XI
i¼1

ln
YK
k¼1

πik

YJ
j¼1

Pijk

0@ 1A YM−1

m¼1

θimk

 !24 35
ð11Þ

Themembership of individuals belonging to a latent class is assumed
as missing information. When estimating the parameters of LCPM, the
EM algorithm maximizes lnL by alternating two steps until conver-
gence, expectation andmaximization, which is treated as an estimation
problem in the presence of missing data. Hence, the EM algorithm is
based on the complete log-likelihood, which is denoted by LL ∗ and
written as:

ln L∗ ¼ γik ln ∏
I

i¼1
P ci ¼ kjZið ÞP yi,Ωimjci,Xim,Zið Þ

� �
¼ ∑

I

i¼1
∑
K

k¼1
γik ln πik ∏

J

j¼1
Pijk

 !
∏

M−1

m¼1
θimk

� 	" #

¼ ∑
I

i¼1
∑
K

k¼1
γik ln πikð Þ þ∑

I

i¼1
∑
K

k¼1
∑
J

j¼1
∑
M−1

m¼1
γik ln Pijkθimk

� � ð12Þ

where γik is an indicating variable. γik = 1, if individual i belongs to la-
tent class k, and γik = 0, otherwise.

The corresponding conditional expect value of LL ∗ given the current
parameter valueΦt−1 (t is the iteration number) and the observed data,
which is obtained as:

E ΦjΦt−1
� �

¼ E ln L∗jyi,Ωim,Xim,Zi,Φ
t−1

� �
¼ ∑

I

i¼1
∑
K

k¼1
bγik ln πik ∏

J

j¼1
Pijk

 !
∏

M−1

m¼1
θimk

� 	" #
ð13Þ
5

The posterior expect value of γik based on Bayes' Theorem is com-
puted as:

γ̂ik ¼ E γikjyi;Ωim;Xim;Zi; Φ̂
t−1

� 	
¼ P γik ¼ 1jyi;Ωim;Xim;Zi; Φ̂

t−1
� 	

¼ P ci ¼ kjZið ÞP yi;Ωimjci;Xim;Zið ÞPI
i¼1 P ci ¼ kjZið ÞP yi;Ωimjci;Xim;Zið Þ

ð14Þ

The E-step compute the expected bγik for individual i in latent class k.
The M-step maximizes E(Φ|Φt−1) with respect to each γik substituted
by bγik obtained at the E-step as the new prior probability, obtainingΦt.

2.2. Data collection

The data collection consists of 3 steps, (1) designing the question-
naire in the light of the conceptualmodel (Knez et al., 2009), (2)making
detailed plans for surveys and measurements, and (3) organizing and
guiding the research assistants for administrating the field investiga-
tion. Empirical investigations which were administrated in locations
without experiment design (Johansson et al., 2014) often ignore the
role of environment types for comfort assessment models. Lack of
experimental design representing the profiles of outdoor environments,
like the random site selection in many field studies, could lead to a lim-
itation in representing different types of environments. Unlike previous
outdoor field works, we selected the field study locations according to
an orthogonal fractional factorial design (FFD)for attributes combina-
tions of public spaces regarding landscape, vegetation, facility and
service, which was determined using. The surveys were carried out
simultaneously with the automatic measurements of microclimatic
and environmental variables in the designated places.

2.2.1. Locations of field studies
Eindhoven is the fifth largest city in theNetherlandswith population

about 230,000 in 2019, where is famous for the high-tech industry and
the first rank of the number of patents per capital all over theworld. The
city is located in the southeast of the Netherlands (see Fig. 2) and char-
acterized by a mild maritime climate with cool summers and mild win-
ters which is categorized as Cfb in Köppen-Geiger climatic classification
(Kottek et al., 2006). Based on the observed data from the Royal
Netherlands Meteorological Institute (KNMI: https://www.knmi.nl/
nederland-nu/klimatologie/maandgegevens), the monthly minimum,
maximum and mean air temperatures, and monthly precipitation of
Eindhoven in 2015 are shown in Fig. 3.

In order to avoid the bias regarding the influence of attributes and
settings of urban public spaces on individuals' outdoor comfort assess-
ments, the related environmental and functional attributes should be
independent and orthogonal with each other in studied locations. This
precondition is typically violated in studies regarding outdoor comfort
which rely on a random selection of locations. Instead, this study applies
the principle of orthogonal fractional factorial experiment design to
select the locations of field investigations. Considering five attributes
and each with two levels, such as water landscape or fountain (W),
facility for resting (F), green lawn (G), kiosk or catering service
(K) and shelter from sun and wind or trees (S), the full orthogonal
experiment design generated 32 (=25) possible profile combina-
tions which is shown in Table 1. Further, as a consequence of the
fractional factorial design, eight representative profile combinations
were formed corresponding to eight different locations (see Table 2)
for the field studies (Fig. 4).

2.2.2. Measurement and survey
Microclimatic variables, such as air temperature (Ta), globe temper-

ature (Tg), relative humidity (RH) and wind velocity (v), and noise level
(l) were measured and recorded additionally using movable devices

https://www.knmi.nl/nederland-nu/klimatologie/maandgegevens
https://www.knmi.nl/nederland-nu/klimatologie/maandgegevens


Fig. 2. Location of Eindhoven (source: www.mapbox.com).
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with corresponding sensors and data logger. The monitoring sensors of
Ta, Tg, and RH had been mounted on the tripod at the fixed standard
height of 1.1m according to ISO7726 (ISO7726, 1998) and anemometer
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for v had been fixed at the height of 1.7 m. The monitoring device was
set up and launched 15 min before the fieldworks in order to obtain
the reliable results. In addition, an acoustic meter was used for
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Table 1
The profile combination by orthogonal fractional factorial design.

Studied area G S K F W

S1 +1 +1 +1 +1 +1
S2 +1 −1 −1 −1 +1
S3 −1 +1 −1 +1 +1
S4 −1 −1 +1 −1 +1
S5 −1 −1 −1 +1 −1
S6 −1 +1 +1 −1 −1
S7 +1 −1 +1 +1 −1
S8 +1 +1 −1 −1 −1

Table 2
The location of studied areas.

Studied area Description

S1 Green space nearby a restaurant “Zwarte Doos”
S2 Green space nearby landscape water body in StevenSimonplein
S3 18 Septemberplein in Eindhoven city center
S4 Paved square nearby landscape water body in StevenSimonplein
S5 Small paved passageway in Kennedyplein
S6 Aisle and rest zone of central station and bus station in Neckerspoel
S7 Small green space between Vertigo and Matrix
S8 Green space in the south of Auditorium

Table 3
The specification of sensors for assembly movable microclimate monitor.

Variable Sensor model Resolution Accuracy

Ta NTC 0.01 K ±0.05 K
Tg NTC (in a black ball) 0.01 K ±0.05 K
RH HUMITTER 50 U 0.1% ±3%, 10–90%
v CLIMA 0.1 m/s ±0.3 m/s rms, v ≤ 5 m/s

±3% rms, v > 5 m/s
±5% rms, v > 50 m/s
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recording the noise level. All meteorological sensors and acoustic meter
were connected with data-logger and charged by portable power
source. The detailed specifications on sensors of microclimatic variables
are elucidated in Table 3. The photos of survey in the plaza “18
Septemberplein” and the complete set of measurement device are
shown in Fig. 4. The data collection was carried out in the first half of
spring season after a cold winter. Here, the mean radiant temperature
(Tmrt) was calculated for evaluating the solar short-wave radiation and
long-wave radiation from the surface of ground and surrounding ob-
jects. The formula is listed below based on ISO7726 (ISO 7726, 1998):

Tmrt ¼ Tg þ 273
� �4 þ 1:10� 108 � v0:6 Tg−Ta

� �
ξD0:4

" #0:25
−273 ð15Þ

where Tmrt is themean radiant temperature, Tg is global temperature, Ta
is air temperature, v is wind velocity, D is the diameter (=150 mm, in
Fig. 4. The sights and locations of studied areas (pho
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this study) of back ball sensor for Tg and ξ is the emissivity coefficient
(=0.95, in this study).

In line with the research framework, the questionnaire was con-
ceived in five parts beforehand, including (I) socio-demographics, (II)
momentary emotional affects, (III) activity related questions, (IV)
expectation, preference and perception of spatial, environmental and
microclimatic conditions, and (V) thermal sensation, acceptability and
satisfaction of outdoor activity, and comfort assessment. Questions of
evaluation were answered with scoring the 7-point Likert scale. To ad-
ministrate the survey more properly and effective, questionnaire form
was made in Dutch for native interviewees and in English for non-
Dutch speaking interviewees. The Body Mass Index (BMI) is widely
used as a general indicator of whether a person has a healthy body
weight for their height. The new BMI is a simple calculation using a per-
son's height and weight (Trefethen, 2013), which is expressed as:

BMI ¼ 1:3�W

H2:5 ð16Þ

whereW is weight of an individual person measured in kilogram (kg),
and H is height of individual in unit of meter (m). TheWorld Health Or-
ganization regards a BMI of less than 18.5 as underweight, while a BMI
equals to or greater than 25 is considered overweight and above 30 is
considered obese (Prospective Studies Collaboration, 2009; World
Health Organization, 1995). The optimal BMI of healthy weight was
found in the range from18.5 up to 25. In regard to the momentary spe-
cific affects, the Positive Affects and Negative Affects Schedule (PANAS)
was applied by rating to what extent the respondent experienced 10
positive adjectives and 10 negative adjectives (Watson et al., 1988). A
5-point Likert scale is then used for scoring the level of the affects from
“not at all” to “extremely”.
tos by author, map sourced from mapbox.com).



Table 4
The daily weather characteristics of Eindhoven in dates of field study.

Date vm vmax vmin Tm Tmax Tmin RHm RHmax RHmin

(m/s) (m/s) (m/s) (°C) (°C) (°C) (%) (%) (%)

16-3-2015 2.3 4.0 0.0 5.8 12.9 −0.8 78 98 50
19-3-2015 1.8 3.0 0.0 5.7 8.1 1.9 91 99 81
20-3-2015 1.6 3.0 0.0 3.1 4.9 −0.2 96 99 87
23-3-2015 1.8 4.0 1.0 4.3 11.9 −3.8 78 98 53
26-3-2015 4.4 8.0 2.0 4.7 7.2 0.4 90 99 63
27-3-2015 4.6 8.0 1.0 6.0 11.3 −1.3 76 97 57
9-4-2015 5.5 8.0 2.0 5.8 9.4 0.6 73 93 48
10-4-2015 2.1 4.0 1.0 6.3 10.4 −0.3 67 93 41

Table 5
The information of microclimatic conditions and noise level during all surveys.

Variables Minimum Maximum Mean Median SD

Ta (°C) 4.2 24.7 11.0 9.7 4.6
RH (%) 24.9 91.2 56.3 55.5 17.6
v (m/s) 0.2 3.9 1.5 1.1 0.9
Tmrt (°C) 4.6 51.7 17.9 15.1 10.3
l (db) 51.0 72.9 64.9 65.7 4.3
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The data collection was carried out in the selected public spaces in
Eindhoven from the end of March to the beginning of April, in 8 incon-
secutive days without precipitation namely 16th, 19th, 20th, 23rd, 26th
and 27thMarch and 2nd and 3rd April, in 2015. The daily weather char-
acteristics, including wind velocity (mean: vm, maximum: vmax and
minimum: vmin), temperature (mean: Tm, maximum: Tmax and
minimum: Tmin) and relative humidity (mean: RHm, maximum: RHmax

and minimum: RHmin) in the days of field studies are listed in Table 4.
The field work was administrated between 10:00 a.m. and 5:30 p.m.
which comprised of questionnaire-based cross-sectional survey and
synchronized automatic measurement of physical microclimatic vari-
ables and ambient noise. One movable monitoring device was used for
measuring all physical variables, so the field study altered in different
public spaces by time of day. Monitoring device had to be tested and
set up again when the surveyed location was altered. The whole course
of survey was conducted with the assistance of 54 Master students.
During the field work, respondents were randomly invited to partici-
pate the interview within approximate 2 m distance around the mea-
surement device. The scene of investigation and the condition of
device are shown in Fig. 5. For each respondent, the time of survey
was between 7 min to 16 min. More than 1000 questionnaire forms
were collected, however, hundreds of them were discarded during the
screening process since they were unfinished. Ultimately, the entire
dataset derived from 701 effective and intact questionnaires was
accomplished for analysis and modeling.

3. Results and discussion

3.1. Descriptive statistics

As shown in Table 5, microclimatic variables and noise levels (l)
measured during surveys varied with a certain range in the studied
areas. The air temperature was relatively low with the minimum
value of 4.2 °C and mean value of 11 °C as recorded. The wind speed
was up to 3.9 m/s, however it is acceptable in the climate context of
Fig. 5. The scenes of surve
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the Netherlands. The fluctuation of mean radiant temperature was sig-
nificant, due to the variation of sunshine exposure andwind conditions.

The proportions of randomly invited respondents in terms of the
physiological and socio-demographic characteristics are shown in
Table 6. Regarding the gender ratio, males account for 61.1% of all re-
spondents. The majority of respondents have the Dutch nationality.
The magnitudes of Body Mass Index (BMI) of most respondents fall in
the 18.5 to 25 range, which is a normal figure. It should be pointed out
that around 86.6% of the respondents are under 40 years old. Moreover,
the education levels of respondents are mainly in the range from “Sec-
ondary vocational school” to “Master”.

According to the statistical results shown in Table 7, occupants' pa-
tronage the public spaces for different purposes. Most of respondents
are in the studied areas for conducting specific activities. In contrast,
the remaining respondents either just passed by or were about to
leave within a limited time depending on the public transport (train
or bus) dispatching timetable. These two segments of the sample expe-
rienced the microclimate conditions and spatial settings for 10 to
15 min. As for the duration, we inquired both the total duration of out-
door activities and the time spent in the areawhere the surveywas con-
ducted. Over 78.1% respondents had spent less than 1 h in the outdoor
environment, most of which had only spent less than half an hour. As
for the studied areas, most stayed less than half an hour. 43.2% of the re-
spondents stayed for only 15 min. In addition, 39.9% of the respondents
reported patronizing the area very often. In contrast, 2.3% of the respon-
dents made their first visit in the studied public place when they took
part in the interview. The frequency of visiting is assumed here that
the more frequent being in the place the more familiar with the micro-
climate conditions and spatial settings therein. According to the results
of previous investigations, the long-term memory and cognitive sche-
mata of particular spatial settings and microclimatic variables play a
role in individual's comfort assessment (Lenzholzer, 2012; Lenzholzer
and de Vries, 2019; Lenzholzer and Koh, 2010).

The proportions of respondents' sensing wind, humidity, sunlight,
noise and air quality, and thermal sensation in the studied public spaces
during the surveys are depicted in Fig. 6. According to the diagram,
55.7% respondents' thermal sensations are toward the cold side. 12.8%
respondents felt very cold during the survey. Regarding humidity,
y and measurement.



Table 6
The socio-demographics and physiological characteristics of respondents in surveys.

Variable Category Percentage

Sex Female 38.9%
Male 61.1%

Age <20 27.0%
20–40 59.6%
40–60 7.8%
≥60 5.6%

BMI <18.5 6.6%
18.5–25 75.6%
25–30 15.1%
≥30 2.7%

Nationality Dutch 77.2%
Non-Dutch 22.8%

Education High school or less 9.6%
Secondary vocational school 18.3%
College diploma 13.7%
Bachelor 30.7%
Master 24.8%
PhD 2.9%
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57.8% of the respondents felt dry. The number of respondents who
thought the ambience was noisy exceeds the number of respondents
who thought the surroundings were quiet. As for wind, more than half
of the respondents sensed it was windy to some extent. Approximately
55% of the respondents felt the sunlight is not strong enough,more than
half of them felt the sunlight was weak or even very weak. In addition,
the majority of the respondents experienced fresh air quality. As illus-
trated in Fig. 7, respondents who preferred no change in the wind and
sunlight conditions during their survey account for 30% of the respon-
dents. The percentage respondents preferring higher wind speed equals
the percentage of respondents preferring less wind speed. Respondents
who want more sunlight are more than those whowant to reduce sun-
light. Furthermore, the proportions of respondents' assessment regard-
ing comfort, and their acceptability and need satisfaction of outdoor
activities are depicted in Fig. 8. Most respondents thought the condi-
tions were suitable for outdoor activities. Moreover, the majority of re-
spondents were satisfied with their outdoor activities. Although
Table 7
The behavioral factors of respondents in surveys.

Variable Category Percentage

Motion before survey Sitting 26.8%
Standing 15.8%
Walking 57.4%

Transport mode By foot 37.7%
By bike 22.2%
By bus, train and car 40.1%

Frequency First time 2.3%
Seldom 13.7%
Occasionally 18.0%
Sometimes 26.1%
Often 39.9%

Duration (entire outdoor activities) <15 min 30.5%
15–30 min 30.5%
30–60 min 17.2%
60–120 min 10.7%
>120 min 11.1%

Duration (current area) <15 min 43.2%
15–30 min 30.8%
30–60 min 12.9%
>60 min 13.1%

Purpose Public transport transferring 21.0%
Social activity 6.6%
Shopping 16.8%
Rest 15.3%
Leisure 10.7%
Passing by 27.8%
Other 1.8%
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respondents varied in the senses of environmental variables as well as
preferences in wind and sunlight, most of their estimated values on
comfort perception are falling in the comfortable side.

3.2. LCPM estimate results

First, in order to detect the correct number of latent classes, models
were estimatedwith incremental numbers of classes (from2 to 4).Mul-
tiple statistical indices were computed, to detect the best fit model. To
support the decision on class number, a combination of criteria was
used (see Table 8), including information-based methods, likelihood
ratio statistical tests, and entropy. The criteria include Akaike Informa-
tion Criterion (AIC) (Akaike, 1987, 1974), Bayesian Information Crite-
rion (BIC) (Schwarz, 1978), sample-size adjusted BIC (SABIC) (Sclove,
1987), Entropy (Celeux and Soromenho, 1996), Lo-Mendell-Rubin Like-
lihood Ratio Test (LMR) (Lo et al., 2001; Vuong, 1989) and Bootstrap
Likelihood Ratio Test (BLRT) (McLachlan and Peel, 2000; Nylund et al.,
2007).

AIC is not consistent and sometimes overestimates the number of
classes. By contrast, BIC and SABIC has been reported to perform well
and consistently (Jedidi et al., 1997; Yang, 2006). A lower value indi-
cates the best fitting model (Berlin et al., 2014; Nylund et al., 2007;
Sharma and Tiwari, 2007; Yang, 2006). Entropy is a standardized
index of model-based classification accuracy. The value of normalized
entropy is between 0 and 1. A value approaching 1 indicates a clear sep-
aration of latent classes. Therefore, a higher value of normalized entropy
represents a betterfit. In addition,when an entropy value is greater than
0.80, the number of latent classes is identified as the most optimal
modeling solution for goodness of fit (Celeux and Soromenho, 1996).
The LMR and BLRT provide a p-value that can be used to compare the in-
crease in model fit between neighboring class models and determine if
there is a statistically significant improvement in fit for the inclusion of
one more class. Based on the values of these criteria, we selected the
model with two latent classes (denoted by C1 and C2) as the most ap-
propriate in this study.

The membership of each latent class was estimated and shown in
Table 9. The coefficient vectors related to the weight of covariates, in-
cluding gender, age, education level, preceding adaptation, transport
mode, and visiting frequency and purpose, for two classes are denoted
by βC1 and βC2. As for gender of respondents, the significant effect was
found that the males have a higher probability than females to be cate-
gorized as the members of C2. The potential to be allocated to C2 is in-
creasing when respondents are ageing. The BMI, which represents the
physical condition of respondent, is notworking and fallflat inmember-
ship prediction. While respondents with a postgraduate degree more
likely belong to C1 compared to those with undergraduate degree and
high school education or lower. Respondents who are accustomed to
visit the study areas are more likely to be members in C1. Moreover,
the transport mode and purpose of visit significantly affect the latent
class membership. It is a high probability of being in C1 if respondents
walked to the study areas with the purpose of shopping.

Drawing on samples from cross-sectional surveys in different urban
public spaces, the findings of estimation regarding the path coefficients
and the corresponding statistical significance among two different la-
tent classes are shown in Table 10. Consistent with the existing litera-
ture (Tsitoura et al., 2017, 2016), the measured microclimatic
variables, including air temperature and wind velocity, and the total
outdoor exposure duration of respondents significantly influence their
thermal sensation in both identified latent classes. However, themagni-
tude of coefficients and significance regarding these direct exogenous
effects are different in two latent classes. The air temperature positively
influences on respondents' thermal sensation, whereas wind velocity
and respondents' total outdoor exposure duration affect respondents'
thermal sensation reversely.Meanwhile, the differential path structures
of two latent classes regarding the nature and strength of relationships
among comfort assessment and the arguments, including endogenous
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Fig. 6. Proportion of respondents' sensation on microclimatic and environmental conditions in all surveys.
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and exogenous variables, are depicted in the diagrams (see Fig. 9). The
obvious variations in path structures across latent classes strengthen
the argument of heterogeneity in the patterns of comfort assessment.
Looking deeper into the relationships among endogenous variables
and comfort assessment, there is only one connection between thermal
sensation and comfort assessment in the path structure with respect to
C1. In contrast, three direct connections in the path structure regarding
C2 approve the hypothetical relationships respectively between the in-
dividual's comfort assessment and thermal sensation, acceptability of
outdoor activity and need satisfaction. In addition, more significant
10
connections between endogenous variables can be observed in C2
than in C1. The results underscore the influence of psychological im-
pacts of outdoor activity in C2.

The effects of exogenous variables on thermal sensation regarding
the measured air temperature and wind velocity as well as the respon-
dent's sensations ofwind speed and sunlight strength and total duration
of exposure in outdoor environments are significant in C2. The mea-
sured air temperature and respondent's sensation of sunlight are in pro-
portion to comfort assessment. However, the contrary is proved that
influences of measured wind velocity, and respondent's sensation of
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wind velocity and total duration of exposure in outdoor environments
negatively impact comfort assessment. The significant exogenous influ-
ences on thermal sensation in C1 are only wind velocity and respon-
dent's sensation of sunlight.

The direct relationships between exogeneous variables and comfort
assessment also differ across latent classes. Positive emotional affects
account for comfort assessment regardless of classes membership.
However, the individual's negative emotional affects only take effects
Table 8
The estimate indices for comparison of different number of latent classes.

Class number AIC BIC SABIC Entropy LMR BLRT

2 9047.070 9497.768 9183.423 0.909 0.0016 0.000
3 8995.171 9705.362 9210.030 0.723 0.7787 1.000
4 8942.284 9911.968 9235.649 0.703 0.9093 1.000

11
on comfort assessment in C2. Comfort assessment varies inversely
with the expectations of outdoor thermal condition in both classes,
while the expectation ofwind velocity negatively influences comfort as-
sessment in C1.

Aside from the variance in direct impact across latent classes, the
estimates of LCPM also provide evidence to substantiate the difference
in indirect effects between latent classes. Moreover, the relationships
between exogenous variables and corresponding endogenous variables
differ largely across latent classes. As for thermal sensation, compared
with the structure regarding C1, onemore inverse influence from sensa-
tion of wind is significant in the path structure of C2. Wide differences
between the two latent classes are found in terms of exogenous effects
on need satisfaction and acceptability of outdoor activity. According to
the estimated results related to C1, acceptability of outdoor activity is
negatively affected by measured humidity and individual's sensation
of sunlight. Moreover, need satisfaction of outdoor activity is affected



Table 9
The covariates of membership in different latent class.

Covariate Acronym βC1 βC2 p-value

Sex (Male = 1) Sex⁎⁎ −0.346 0.346 0.019
Age Age⁎⁎ 0.021 −0.021 0.028
Body mass index BMI −0.058 0.058 0.137
Education: undergraduate ED1 −0.131 0.131 0.475
Education: postgraduate ED2⁎⁎ 0.552 −0.552 0.017
Preceding adaptation AD⁎⁎⁎ −0.558 0.558 0.001
Visit frequency: occasionally FR1 −0.210 0.210 0.479
Visit frequency: sometimes FR2⁎⁎⁎ 0.649 −0.649 0.002
Visit frequency: often FR3 −0.127 0.127 0.549
Transport mode: by foot M1⁎⁎⁎ 0.717 −0.717 0.000
Transport mode: by bike M2 0.066 −0.066 0.753
Purpose: public transport transferring P1 0.248 −0.248 0.442
Purpose: social activity P2⁎⁎⁎ −0.959 0.959 0.004
Purpose: shopping P3⁎⁎⁎ 0.822 −0.822 0.009
Purpose: rest P4 −0.135 0.135 0.669
Purpose: leisure P5⁎ −0.810 0.810 0.072
Purpose: passing by P6⁎⁎ −0.578 0.578 0.030

*0.05 < p < 0.1; 0.01 < **p ≤ 0.05; ***p ≤ 0.01.
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by time spent in the study area and the time spent for all outdoor activ-
ities. In case of C2, more indirect effects are revealed, which relate to
people's perceptions of environment andmomentary emotional affects.
Table 10
The estimation results of LCPM.

Class 1 Class 2

Variables Acronym βC1 p-value βC2 p-value

Thermal Sensation
Air temperature Ta 0.098* 0.072 0.173*** 0.000
Wind velocity v −0.344*** 0.003 −0.237*** 0.000
Sensation of wind Sv -0.037 0.646 −0.166*** 0.000
Sensation of sunlight Ss 0.275*** 0.002 0.245*** 0.000
Total outdoor time Dt -0.165* 0.056 −0.173*** 0.000

Acceptability of outdoor activity
Relative Humidity RH −0.055*** 0.000 −0.038*** 0.000
Wind velocity v −0.285 0.144 −0.115 0.114
Expectation of thermal
condition Et 0.041 0.680 0.183*** 0.000

Sensation of wind Sv −0.047 0.626 −0.076 0.114
Sensation of sunlight Ss 0.351*** 0.005 0.087** 0.036
Sensation of air quality Sa −0.134 0.182 0.092** 0.046
Sensation of noise Sl 0.063 0.503 0.100** 0.036
Perceived adaptive
facilities PA 0.091 0.268 0.073* 0.082

Thermal sensation 0.271** 0.044 0.273*** 0.000

Need satisfaction of outdoor activity
Positive affects Pos −0.009 0.453 0.016*** 0.010
Negative affects Neg −0.009 0.643 −0.024*** 0.004
Total outdoor time Dt −0.256*** 0.005 −0.083* 0.076
Time in current place Dc 0.348** 0.018 0.211*** 0.000
Sensation of air quality Sa 0.094 0.164 0.056* 0.079
Sensation of noise Sl 0.066 0.285 −0.098*** 0.000
Perceived openness PO −0.011 0.875 0.134*** 0.001
Thermal sensation 0.079 0.359 0.051* 0.081
Acceptability of outdoor
activity 0.088 0.223 0.094*** 0.001

Comfort
Positive affects Pos 0.103*** 0.004 0.051*** 0.000
Negative affects Neg −0.019 0.626 −0.086*** 0.000
Expectation of thermal
condition Et −0.239** 0.030 −0.106* 0.086

Expectation of wind
velocity Ev −0.420*** 0.005 −0.086 0.157

Thermal sensation 0.815*** 0.000 0.477*** 0.000
Acceptability of outdoor
activity 0.092 0.440 0.143** 0.035

Need satisfaction of
outdoor activity 0.381 0.295 0.720*** 0.000

*0.05 < p < 0.1; **0.01 < p ≤ 0.05; ***p ≤ 0.01.
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4. Conclusions

In the heat-balance model and rational indices, the predicted result
of thermal comfort is treated as an average estimated outcome of indi-
viduals' comfort assessment in a certain thermal condition, no matter
what people evaluate. However, the literatures pertaining to empirical
outdoor comfort study have indicated that comfort assessment model-
ing should represent the complex nature of the involved person-
related determinants and acknowledge the heterogeneity in the popu-
lation. In this study, we remove the implicit assumption of “average per-
son” through extending the theoretical framework of heterogeneous
outdoor comfort assessment across different latent classes. It is concep-
tually appealing that latent class integrated with path analysis exerts
the thinking about heterogeneity in comfort model and reveals the
role of human being more holistically. A finite mixture approach to
the path model was developed in which latent class estimation im-
proves the understanding of systematic heterogeneity in assessment
of outdoor comfort.

The results of the model estimations indicate:

1) the paths among exogenous and endogenous variables, and corre-
sponding coefficients in structure model vary across two latent clas-
ses, which is representing the different nature and strength of the
relationships between influential factors and outdoor comfort
assessment.

2) Latent class 1 assesses the comfort mainly based on thermal sensa-
tion and expectations of thermal and wind conditions. Latent class
2 comprehensively considered the non-thermal influences and psy-
chological acceptability and need satisfaction of outdoor activity.

3) Such a difference may be attributed to the individual's socio-
demographical characteristics and behavioral factors, as treated in
membership specification. For example, the comfort assessment of
younger males in class 2 who made preparations before going out-
side are influenced by their acceptability and need satisfaction re-
garding social or leisure outdoor activities. However, such an effect
was not found for people in class 1.

In conclusion, the heterogeneity in the process of outdoor comfort
assessment modeling is persuasive as it stands. The conceptual frame-
work and LCPMpresent the theoretical improvement on outdoor comfort
assessmentmodeling.Methodologically, the consideration of heterogene-
ity in modeling contributes to the outdoor comfort literature by allowing
researchers to detect unobservable moderating classes which account for
heterogeneity among the studied population. To examine the pervasive-
ness of heterogeneity and strengthen the effects of individuals' difference
in comfort modeling, more empirical investigations are expected to
provide supportive evidence in different regions and contexts. The find-
ings of this study relied on the cross-sectional data where no changes in
the latent classes and path structure can be explored. More comprehen-
sive studies in future are expected to contribute and support the
decision-making process from a longitudinal perspective for better
planning and management of outdoor comfort spaces.
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