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A B S T R A C T

We discuss thermal comfort research data analysis, focusing on the nature of human responses, response scales, 
and human-built environment interactions. The goal is to highlight methods that provide an appreciation of 
human responses and inter-individual variability. We posit that there should be reduced focus on finding cor
relations and looking for “one size fits all” answers. Our position is illustrated by sample data from the ASHRAE 
Global Thermal Comfort Database II. Through this work, we want to promote dialogue on how data analysis can 
retain a strong mathematical basis while remaining true to the human responses regarding thermal comfort.

1. Introduction

Over the past two decades, ease of access to computational resources 
has allowed the use of sophisticated modelling, machine learning and AI 
techniques in analyses of thermal comfort research. However, two 
problems can undermine these advancements: (i) Applying the mathe
matics without consideration of the research question, the study design, 
and the data gathered [1–3]; and (ii) Overlooking that responses are a 
reflection of human experience [4,5]. We highlight here connections 
between them.

The nature of the questionnaire and the responses necessitate an 
appropriate analysis of ordered, categorical survey responses. At the 
same time, analysis of thermal comfort data should not be looking for a 
“one comfort zone fits all” kind of solution. Appropriate modelling can 
help us understand occupant needs and design future studies better.

Our goal is to initiate discussions regarding occupant-needs and how 
we may model their response considering math, physics, and the human 
factor. The intention is to build a dialogue on proceeding further without 
decrying currently used approaches based on the predicted mean vote- 
predicted percentage dissatisfied (PMV-PPD) or using adaptive ther
mal comfort (ATC) model.

2. The problem

Thermal comfort field studies mostly follow a cross-sectional study 
design. Right-now surveys using the seven-point (Cold; Cool; Slightly 

cool; Neutral; Slightly warm; Warm; Hot) ASHRAE thermal sensation 
scale are widely used. The archetype for the thermal sensation scale used 
today traces its origin back to the scales put forth by Houghton and 
Yaglou during 1920s [6] and Bedford [7]. As used by these pioneers, it 
was a categorical 7-point scale whose descriptors were changed by 
Gagge [6] to a form that reflects the current ASHRAE seven-point 
thermal sensation scale. The scale in this categorical form was used by 
Fanger [8]. This scale was later adapted by connecting the points with a 
line [9]. This form is often used today for analysis. However, adding the 
line did not change the ordered, categorical nature of the scale, even 
though it may be used as interval data and parametric statistics 
employed for analysis. While the seven-point scale may be presented as a 
continuum or with discrete points, it cannot be assumed that the scale 
categories are perceived as equidistant by respondents [4,5]. Therefore, 
the scale is ordinal − the magnitude of the difference in temperature and 
conditions that predict a two-point step change from cold to slightly cool 
should not be assumed the same in magnitude as the two point change 
from slightly warm to hot. When a survey-taker (respondent) marks the 
middle point between warm and slightly warm, it is only an assumption 
made by the research group that this response represents thermal 
sensation as being exactly in the middle of neutral and hot or even that 
the current indoor conditions are equidistant between the conditions 
that would elicit the respondent to choose warm and slightly warm.

The nature of the seven-point scale must be carefully considered 
during analysis (Fig. 1). Treating thermal sensation votes (TSV) as a 
continuous variable, using a linear model, assumes that responses are 
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equidistant rather than ordered categories [2]. Additionally, it will 
promote a deterministic view of occupants, ignoring the variability be
tween individuals who sense the thermal environment [10] and perceive 
thermal “comfort” differently [4,5].

Despite these limitations, linear regression models have been pre
dominantly used to analyse TSV responses and reported in the thermal 
comfort research literature. However, the ordinal nature of the TSV data 
calls for other statistical approaches.

Recognizing these aspects inherent to the nature of scales [11], 
recent works have also advocated for ordinal regression approaches that 
respect the categorical nature of the TSV data [2]. These methods, 
particularly an ordered multinomial logit model (henceforth, called an 
ordinal model, OM), offer a valid statistical method for analysing TSV 
responses.

This methodological shift from linear to ordinal models is more than 
a statistical choice. It represents a fundamental change in how we 
conceptualize TSV responses to better illustrate the true nature of the 
occupant experience. An OM works out the cumulative probabilities of 
being in or below each category and do not assume that the response 
categories are uniformly distributed or equidistant. By moving from a 
deterministic neutral temperature and symmetric comfort zone (when 
TSV are treated as continuous variable) to a probabilistic view of 
occupant responses (when TSV are treated as categorical variable), the 
occupant preferences and needs can be more accurately reflected and 
modelled.

Let us consider next the question posed to respondents. The thermal 
sensation question is typically worded as: “How do you feel right now?” 
The right-now thermal sensation can be impacted by the thermal con
ditions experienced at the time the question is answered and over the 
preceding few minutes. The right-now thermal sensation can impact the 
hereafter thermal environment owing to occupant interactions with the 
environment, but only in spaces where such opportunities are available, 
e.g., opening a window or changing the set-point of a window-mounted 
air-conditioner. However, it cannot impact the right now or past thermal 
environment in other spaces, even in spaces where occupant-initiated 
adaptive actions are available. When ‘Y’ is caused by ‘X,’ ‘Y’ must 

follow ‘X’ [12,13] temporally. Temporality is required for causal 
outcomes.

Typically, we consider the thermal environment as the exposure 
parameter and thermal sensation as the outcome. To understand how 
occupant behaviour impacts the thermal environment, we could reframe 
this relation by considering the thermal sensation as the exposure 
parameter and the thermal environment behaviours (occupant adaptive 
behaviours to modify their thermal environment) as the outcome, pre
dicted by the thermal environment. A time series record of TSV, and 
standard effective temperature (SET) would be suitable for under
standing this relationship using vector autoregression (VAR) or similar 
models. However, time series data have not been traditionally recorded 
and are not available in field study databases such as the ASHRAE Global 
Thermal Comfort Database II (ASHRAE-II) [14].

The available data thus limit the models we can develop and the 
questions we can pose [2]. Given the lack of repeated measures data, 
flipping the relation between TSV and SET [3] does not provide a so
lution for causal inference because of the language of the question and 
temporality in the surveys. Still, it must be emphasized that under
standing the limitation of the collected data can inspire better study 
designs in the future.

Finally, as for all surveys, the researcher should ensure that the 
respondent interprets the questions in the manner intended [5]. Spe
cifically, does an occupant provide their sensation after an action they 
may have been taken in response to the building conditions for example, 
put on a sweater? Or, is the occupant responding to the sensation linked 
to the building conditions that prompted them to take an action to 
restore comfort?

3. The case

To illustrate our proposed approach to analysis of the thermal 
sensation votes as a categorical variable, we present the results of an OM 
for the TSV-SET relations in the data of Building ID 735 from ASHRAE-II. 
To create an OM for TSV based on SET, TSV values were binned together 
using the following approach: TSV ≥ − 3 and < -2.5 were treated as 

Fig. 1. An illustration of the ASHRAE seven-point thermal sensation vote question, with an emphasis on the “right now” sensation. Column 1 represents a continuous 
and equidistant interpretation as designed by the researcher. Column 2, 3 and 4 represent examples of how a respondent might interpret a scale; with variable 
distance between points; with breaks; and as a collection of seven ordered points, without assuming anything about the distance or continuity.
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‘Cold,’ ≥ − 2.5 and < -1.5 as ‘Cool’ and so on [4]. This processing was 
used for consistency even though the specific dataset did not use a 
continuous scale for TSV. The choice of cut-off points used for mapping 
the continuous scale back to an ordinal scale are a matter of convenience 
and a limitation of the data. Study designs that use and analyse TSV as 
ordinal data will not face this limitation. All modelling was conducted 
using the R software [15] (code available at: https://github.com/asitkm 
76/TSVandOrdinalModels).

The model output, in the form of predicted probabilities for TSV 
categories based on SET, is presented in Fig. 2b, along with the more 
traditionally used linear fit in Fig. 2a, for reference.

The peak probability for ‘neutral’, ~ 39 %, is predicted at 26.7◦C. A 
combined probability of 80 % summed for the slightly cool, neutral, and 
slightly warm thermal votes corresponds to the range of 23.2–30.4 ◦C, 
and 85 % corresponds to the range of 25.1–28.5 ◦C. While the SET for 
peak probability of ‘neutral’ is similar to the neutral temperature from 
the linear regression model (26.5 ◦C), the “comfort zones” are quite 
different. The probability curve for neutral indicates an asymmetry 
around its peak for cool and warm perceptions. This is opposed to the 
symmetrical comfort zone around neutral temperature in linear models, 
which is sometimes extended beyond the measured conditions. This 
zone is interpreted as representing 80–90 % occupant satisfaction.

4. Discussion and outlook

Thermal comfort as a “condition of mind,” (Fig. 3) expressing 
“satisfaction with the thermal environment,” and being evaluated 

subjectively is a simple yet comprehensive definition [16]. This also 
complicates the work of building engineers. We need to consider the 
physics of the problem, appropriate choice of models, and improving 
model accuracy while trying to ensure the respondents are clear on the 
question and that we make no assumptions about human experience.

A major difference between the traditional PMV-PPD and the adap
tive thermal comfort (ATC) models is acknowledging that occupants are 
not passive, i.e., they actively respond to and alter their thermal envi
ronment. But such actions also mean that we must carefully evaluate 
how occupants interpret the thermal comfort survey questionnaire.

At a certain point, occupants may feel they do not need any further 
adaptive actions, or even they can run out of adaptive options. Socio- 
cultural aspects, climate, past experience, availability of adaptive op
portunities, co-occupants’ sensation, and the ease, effectiveness, and 
economy of using a specific adaptive opportunity [17], will affect 
occupant actions. The occupant actions, in turn, affect thermal sensation 
and subsequently could affect their survey responses. While in many 
buildings and work environments, there are limited or no potential 
occupant actions, some occupant actions and experiences can impact 
both TSV and SET, or impact one through the other. Nevertheless, 
temporality implies that right-now TSV is much less likely to predict 
right-now SET or past SET, than right-now TSV predicting future SET of 
right-now/past SET predicting current TSV. On a timeline, cause must 
precede effect. Evaluation of TSV and SET as time series can help better 
address the TSV-SET interrelation and the impact of occupant actions.

TSV, as described by the standardized questionnaire scale, is an 
ordinal variable. The relationship between thermal sensation and the 
thermal environment is non-linear [4]. The ordinal nature of TSV sug
gests linear modelling is not optimal.

Occupant behaviour predicates that TSV-SET can affect each other. 
The right question here need not be which affects the other. Rather, 
knowing that the relation goes both ways, the question should be how 
we progress with this understanding to better ensure thermal comfort 
for occupants.

It is important that we should not try to align predictive and causal 
models (Fig. 3, Modelling). For the designer or the engineer, predictive 
models have their value. For example, in the ATC model, indoor comfort 
temperature can be predicted by representations of outdoor temperature 
(daily mean or running mean temperature). However, that relation 
should not be used to assert that it is the outdoor mean temperature 
which causes indoor comfort. Similarly, a cause does not have to be a 
good predictive parameter to be a cause. For example, wearing a sweater 
can be a cause of thermal comfort in a cold space. However, if we try to 
use “wearing sweaters” to predict overall thermal comfort levels in a 
building, it would not be very effective.

The TSV ~ SET ordinal model (Fig. 2b) allows better reflection of 
percentages of acceptance and dissatisfaction. It reinforces inter- 
individual variability and the fact that thermal sensation is not deter
ministic. This impacts the solutions we may design for benefiting the 
optimal thermal environment indoors in particular and indoor envi
ronmental quality in general. It takes us away from a singular set-point 
and zone-based control to a paradigm where we try to accommodate 
inter-individual differences (Fig. 3, Towards the future) because that is 
what the comfort model is telling us.

The previous decades of thermal research have amply demonstrated 
that occupant thermal sensations are much more stochastic than deter
ministic. Available volume of data and computational resources in 
thermal comfort research have grown remarkably over the past decade. 
Improving model prediction accuracy using complex modelling should 
not come at the expense of model suitability [2]. The OM, in addition to 
being the appropriate statistical fit, encourages researchers and building 
designers to think of how they may better serve the needs of building 
occupants. This is an important benefit of the thought process that we 
are promoting in this work.

To move towards future models (Fig. 3) that reflect our improved 
understanding of human-built environment interactions, we can take a 

Fig. 2. A) linear fit of tsv ~ SET b) Predicted probability of TSV being in a 
certain category, as a function SET, from the ordinal model.
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step back and reevaluate our study designs (to have the right kind of 
data) and analyses frameworks. Our goal should be to foster constructive 
discussions about advancing research while acknowledging the contri
butions of the PMV-PPD and ATC models. In survey-based research, 
study design must consider which effects are of interest and for whom 
they would be important, even before gathering data or deciding about 
models [18], keeping in mind the occupants we hope to benefit.

We envisage this work to initiate and support discussions regarding 
the interpretation and analysis of thermal comfort related data. The 
overarching goal is improved designs as well as modelling and predic
tion and thus to better serve the occupants by addressing variability in 
thermal sensations, perceptions and preferences.
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