<@ sustainability

Article

A Semi-Automatic Data Management Framework for Studying
Thermal Comfort, Cognitive Performance, Physiological
Performance, and Environmental Parameters in

Semi-Outdoor Spaces

Shisheng Chen *, Kuniaki Mihara 2?7, Nyuk Hien Wong !, Jason Kai Wei Lee 3

check for
updates

Citation: Chen, S.; Mihara, K.; Wong,
N.H.; Lee, JKW.,; Tan, C.L. A
Semi-Automatic Data Management
Framework for Studying Thermal
Comfort, Cognitive Performance,
Physiological Performance, and
Environmental Parameters in
Semi-Outdoor Spaces. Sustainability
2023, 15, 183. https://doi.org/
10.3390/5u15010183

Academic Editor: Dusan Katunsky

Received: 1 November 2022
Revised: 17 December 2022
Accepted: 20 December 2022
Published: 22 December 2022

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Chun Liang Tan *

Department of the Built Environment, College of Design and Engineering, National University of Singapore,
Singapore 117566, Singapore

Kajima Technical Research Institute Singapore, Singapore 117566, Singapore

Human Potential Translational Research Programme, Yong Loo Lin School of Medicine, National University
of Singapore, Singapore 119228, Singapore

Department of Architecture, College of Design and Engineering, National University of Singapore,
Singapore 117566, Singapore

*  Correspondence: chenshisheng@u.nus.edu

Abstract: Semi-outdoor space can be used as an alternative to short-term office activities to save
office energy consumption and promote a healthy and nature-based working environment. This
study evaluated the suitability of semi-outdoor space in four aspects including environmental
measurements, physiological measurements, subjective measurements and cognitive performance
tests. However, the manual processing and analysis of such multidimensional data can be time-
consuming and error-prone. Hence, the objective of this study was to develop a semi-automatic
method to manage and analyze the data from different instruments and platforms and two open-
source applications (a stroop color and word test and a digit span test) for cognitive performance
tests. These codes were critical to the success of the project, providing an effective framework for data
extraction, data pre-processing, data analysis and performance tests. Eighty-nine people participated
in the experiment of evaluation of thermal comfort, cognitive performance, physiological performance
and environmental parameters in semi-outdoor spaces in a tropical setting. Each participant received
cognitive tests to assess their selective attention, short-term memory, concentration and creativity
quotient. Concurrently, qualitative measurements were conducted to assess thermal sensation,
thermal comfort and thermal acceptability. The heart rate, skin temperature, and skin conductance of
participants were measured throughout the experiments. Microclimatic variables such as illuminance,
noise levels, dry-bulb air temperature, global temperature, relative humidity, air speed, and air
direction were monitored simultaneously. To understand the effects of semi-outdoor spaces on
participant performance, this study recorded participant performance in different environments
through controlled experiments. Data related to participants in different settings include those
shared (e.g., environmental measurement), and data unique to each participant (e.g., physiological
performance). The results revealed that the subjects’ cognitive and physiological performance did
not change significantly after switching to the semi-outdoor space due to the availability of natural
and mechanical ventilation, suggesting that short-term office activities in the semi-outdoor space are
feasible in the tropics.

Keywords: data management; thermal comfort; subjective measurement; environmental parameters;

physiological performance; cognitive performance

1. Introduction

Traditional office spaces have enclosed fagades and rely on air conditioning to maintain
thermal comfort and employee productivity. The energy consumption of air conditioning
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systems in tropical regions is enormous. Nevertheless, occupants sometimes feel too cold
and need to wear long sleeves or jackets to keep warm in standard air-conditioned buildings.
For example, a thermal comfort survey conducted in Singapore showed that occupants
were dissatisfied with personal control and ambient temperature, which could be attributed
to insufficient air flow and excessively cold temperature in commercial buildings [1]. Due
to the heat balance of the human body, personal thermal comfort is closely related to the
environmental quality of space [2—4]. In order to solve the overall cooling problem and
reduce energy consumption, a hybrid ventilation strategy based on natural ventilation and
mechanical ventilation is proposed in tropical regions. A case study of a tropical campus
showed that hybrid ventilation strategies produced higher neutral thermal sensation votes,
temperature satisfaction levels, and overall thermal comfort levels [5].

In assessing human perception of the environment, the impact factors are not lim-
ited to thermal sensation votes. The evaluation of the impacts of heat on the cognitive
performance of personnel is an important research topic [6]. Researchers evaluated the
cognitive performance and perceived air quality under elevated air temperature conditions
by measuring physical, physiological, cognitive and subjective performance [7,8]. Another
research group evaluated the elevated temperature setpoint in an office environment by
measuring temperature, cognitive performance, electroencephalogram (EEG), heart rate,
thermal comfort and air quality questionnaires [9]. In the tropics, researchers evaluated the
application of personal controlled air movement by measuring subjects’ thermal comfort,
perceived air quality, and cognitive performance [10]. In previous studies, environmental
conditions, physiological performance, cognitive performance, and thermal comfort were
measured using different devices and platforms at different sampling frequencies and
saved in various file formats, resulting in hundreds of different files with different data
structures. Manual methods of manipulating and analyzing such data can be inefficient and
error-prone. Python is one of the popular programming languages used in the scientific
community for data management and analysis. It is a fundamental language to conduct
studies related to artificial intelligence. Machine learning and statistical analysis modules
from Python have been applied in predicting thermal sensation in thermal comfort studies.
For example, researchers systematically evaluated the performance of nine machine learn-
ing algorithms in predicting 3-point and 7-point thermal sensation votes in the ASHRAE
Comfort Database II using Python [11]. There are a growing number of resources written
in Python to support various research needs including thermal comfort. The thermofeel is
a Python package incorporating outdoor thermal comfort indices, such as the universal
thermal climate index, into weather forecasting systems for heat stress evaluation [12]. The
pythermalcomfort package supports the calculation of various common thermal comfort
indices including predicted mean vote, predicted percentage of dissatisfied, psychrometric
properties of air, standard equivalent temperature, etc. [13]. For physiological studies, the
pyHRV is a package written in Python supporting the calculation of heart rate variability
(HRV) [14]. The pandas package provides an efficient way to manipulate and analyze data,
and the numpy package supports complex scientific calculations. Python has also been
used to code control systems for smart buildings to save energy and improve thermal
comfort [15].

In addition, the assessment of spatial environments and subject performance in pre-
vious studies has been limited to indoor environments or test chambers. The study of
human physiology, cognitive performance, and subjective performance in semi-outdoor
space is a relatively new field in the tropics, as is the data management associated with it.
The objective of this study was to develop a semi-automatic data management framework
for multidimensional data manipulation and analysis for environmental measurements,
physiological measurements, subjective measurements and cognitive performance tests of
semi-outdoor spaces, and to find correlations between cognitive performance and environ-
mental settings in semi-outdoor spaces. The framework developed in this study leverages
Python resources to provide an efficient and error-free approach to extract, process, and
analyze multidimensional data of environmental parameters, physiological parameters,
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subjective questionnaires, and cognitive performance results. To meet the needs of cognitive
performance tests, the digit span test and the stroop color and word test were developed
from scratch in this study.

The remaining structure of the article is organized as follows. First, research design on
data management of environmental measurements, physiological measurements, subjective
measurements and cognitive performance tests is illustrated. Subsequently, this article in-
troduces the data collection and storage, raw data extraction, data pre-processing, and data
analysis of environmental parameters, physiological parameters, subjective measurements,
and cognitive performances. The algorithm development of the digit span test and stroop
color and word test is shown. Finally, this article demonstrates the illustrative examples of
the data management framework in Section 3 and concludes the study in Section 4.

2. Materials and Methods
2.1. Research Design

The entire experiment lasted about two months (December—January, June-July), and
involved the recruitment of eighty-nine people including forty-four men and forty-five
women who were adapted to the local tropical climate. One session of the experiment
was conducted each day, including two cases. As shown in Table 1 and Figure 1, four
experimental cases were set up, including case 1 of indoor air conditioning (AC), case 2 of
semi-outdoor in natural ventilation (NV), case 3 of semi-outdoor in mechanical ventilation
(MYV) in speed 3, and case 4 of semi-outdoor in MV in speed 6. The ceiling fan speed
varies in a range from 0 to 6 (47 RPM to 90 RPM). Mode 3 represents the medium air
speed while mode 6 represents the maximum air speed. Case 1 of the indoor AC session
lasted about 50 min and was conducted in an indoor space in a building on the university
campus in Singapore, while the semi-outdoor case lasted about 70 min and took place in
a semi-outdoor space next to the indoor space on the university campus in Singapore. In
the indoor AC session, the thermal comfort questionnaires had a 10 min adaptation time
and the cognitive tests had a 30 min adaptation time. In the semi-outdoor session, subjects
had 30 min to reach a steady state of thermal condition in the indoor space. After moving
to the semi-outdoor, there was a 10-min adaptation time focusing on the thermal comfort
questionnaire and 30-min of cognitive testing time. The semi-outdoor space in this study is
a building space with a ceiling connected to the outdoor space (Figure 2). The indoor AC
setpoint was 24 °C. The average temperature of the semi-outdoor space in NV were 27.1 °C
and 29.9 °C during the cool period (December-January) and warm period (June-July),
respectively. The average RH of semi-outdoor space in NV was 82% and 73% during the
cool period and warm period, respectively.

Table 1. Experimental cases.

Space Cooling during Total Occupation Time
Cognitive Tests Indoor Semi-Outdoor

1 AC 50 min N/A

2 NV 30 min 40 min

3 MV3 30 min 40 min

4

MVeé 30 min 40 min

Case
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*1: Q: Questionnaire, SQ: Short Q, LQ: Long Q Semi-
*2: The order of cases and cognitive tests is randomized. Outdoor
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Figure 1. Experimental procedure [16].
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Figure 2. Semi-outdoor space.

As shown in Figure 3, this research has four types of measurement, including en-
vironmental measurements, physiological measurements, subjective measurements, and
cognitive tests. The data of environmental measurements were shared among subjects
attending the same period experiment, while the physiological, subjective and cognitive
data are all personal data. For environmental measurements, dry-bulb air temperature,
relative humidity, globe temperature, a-weighted sound pressure level, illuminance, omni-
directional air speed, 3D air speed and air direction were measured. For physiological
measurements, facial skin temperature, skin temperature of the left upper arm, left upper
chest, right lower leg and right thigh, heart rate and skin conductance were measured. The
participants were asked to wear the physiological measurement devices during the whole
session. For subjective measurements, background information, mood assessment, self-
reported performance and environmental satisfaction were measured. Thermal condition,
air movement, humidity, air quality, visual, and the acoustic environment were inquired
about in the environmental satisfaction questionnaire. For cognitive performance tests,
the stroop color and word test (ST), the digit span test (DT), the typing test (TT) and the
mind map test (MT) were conducted. ST was used to assess subjects’ selective attention,
where the correct answer to the test was the color of the word rather than the name of the
word. In this study, ST was assessed by interference score calculated based on reaction
times and errors [17]. DT was used to assess short-term working memory [18]. The test
output randomly generated numbers, starting with 3 digits. The subject was required to
enter these digits in reverse order. If the user entered the digits in the correct order, the digit
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increased. When an incorrect answer was detected, the digit decreased. TT was used to
assess concentration. The subject was asked to type the displayed sentences within 10 min.
The number of words correctly typed per minute (net words per minute) was used as the
score for TT [19]. MT was used to assess creativity, where subjects were provided with a
topic and asked to produce words related to that topic within 12 min. The total number of
valid responses was used as the MT score [20].
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Figure 3. Types and interrelationships of measuring parameters.

2.2. Description of Framework

Based on the research design, the data flow diagram (Figure 4) illustrates the data
management process for the semi-outdoor study. Environmental data were measured
from the surrounding environment, while physiological data, questionnaire data and
cognitive performance data were collected from participants. These data were collected on
a daily basis and were stored in a local directory. The raw data were extracted from the
data files and pre-processed. Some parameters were calculated from the raw data. The
processed data were then classified and labelled according to participant and experimental
group information. Finally, data frames were created and used for statistical analysis and
visualization. The data extraction codes were publicly available at: https://github.com/
dbechenss/semi-outdoor-study, accessed on 1 December 2022.
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Figure 4. Data flow diagram.

2.3. Data Collection and Storage

Temperature was measured by type-T thermocouple wires and humidity was mea-
sured by humidity logger. Air speed was measured by an omni-directional hot wire type
anemometer and 3D ultrasonic anemometer. Temperature, humidity and omni-directional
air speed were recorded using a Hioki data logger. Illuminance was recorded by T&D
illuminometer. The sound pressure level was measured by a B&K sound level meter. Heart
rate was measured by a Polar H10. Skin conductance was measured by a Shimmer 3. Skin
temperature was measured by iButton. Due to the large amount of data and tight exper-
imental schedule, the environmental data and physiological data could not be collected
immediately after each cognitive test and subjective measurement. Temperature, humidity,
sound pressure level and illuminance were collected from the beginning to the end of
the entire experiment. After each session, air related parameters, skin temperature, skin
conductance and heart rate were collected. Facial temperature data were collected via
infrared thermography. After finishing the cognitive tests, the results of the stroop color
and word test and the digit span test were automatically created and saved in the local
directory. The typing test and mind map test were manually saved in the local folder by
the instructor of the experiment.

The data were then organized in folders, as shown in Figure 5. At the top of the file
structure, the date was used as a label for the folders. The names of the environmental
parameters, physiological parameters and cognitive tests (e.g., skin conductance and skin
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temperature) were then used as the labels of the subfolders. For personal data, they were
saved under the subfolders labeled with table ID. For subjective measurements, data were
saved online.

skin conductance T, RH
» ID1 »| device 1
heart rate sound
Main folder Subfolders > D1 »| indoor
Subfolder 1 Day 1 semi-outdoor
Subfolder 2 »| Day 2 >

skin temperature S
omnidirectional

Y wind speed
>
» file
illuminance ultrasonic wind speed
& wind direction
»| indoor 11m
—>
semi-outdoor 14m

cognitive test

- results
cognitive tests
Stroop test
ID1
> » Digit span test

Mindmap test

Typing test

Figure 5. Structure of data collection and storage.

2.4. Data Extraction

Different environmental and physiological parameters were measured in different
sampling intervals and file formats (Table 2). The temperature and humidity were measured
in 5-min intervals and saved in csv format. The sound pressure level was measured in
1-min intervals and saved in xls format. The illuminance level was measured in 5-min
intervals and saved in txt format. Omni-directional air speed was measured in 1-s intervals
and saved in csv format. Three-dimensional air speed and air direction were measured
in 0.05-s intervals and saved in txt format. Skin temperature and skin conductance were
measured in 10-s and 0.2-s intervals, respectively. The data for both of these were saved
in csv format. Heart rate data were measured in 0.001-s intervals and saved in txt format.
Facial skin temperature was measured at specific timestamps during the experiment and
saved in jpg format. In the steady state of the thermal response of subjects, thermal
imaging was performed for a slightly longer period of time. After moving to a semi-
outdoor environment, the facial skin temperature may change. Therefore, short-time
thermal imaging was performed after moving to a semi-outdoor space. Except for the



Sustainability 2023, 15, 183

8 of 23

manual processing of facial skin temperature to obtain numerical results, the rest of the
data extraction of environmental and physiological data were performed automatically
based on Python programming. For omni-directional air speed, the logger only recorded
the start timestamp and cumulative recording time, thus the script was programmed to
locate the start timestamp and cumulative recording time in the raw data to create the
actual timestamp for analysis. For cognitive tests, the results of the stroop color and word
tests (e.g., interference score) and the digit span test (e.g., best score) were saved in csv
format and extracted using pandas.read_csv. For the typing test and mind map test, the
scores were manually typed into a spreadsheet. The subjective measurement data were
retrieved from the questionnaire provider.

Table 2. Sampling interval and data format of environmental and physiological parameters.

Parameter Sampling Interval Data Format
Dry bulb air temperature 5 min csv
Relative humidity (RH) 5 min csv
Globe temperature 5 min csv
A-weighted sound pressure level 1 min xls
Iluminance 5 min txt
Omni-directional air speed 1s csv
3D air speed and air direction 20Hz txt
Skin temperature 10s csv
Skin conductance 5Hz csv
Heart rate 1000 Hz txt
Facial skin temperature Specific timestamp irg

The research objectives required correlation analysis between environmental data,
physiological data and subjective measurements. To achieve such objectives, the raw data
were further extracted based on the timestamp of subjective measurements. As shown
in Figure 1, the subjective measurements were conducted at multiple timestamps during
the experiments. In the actual experiment, the start time of each participant answering
the questionnaire was slightly different. As indicated in Table 3, the start timestamps
of subjective measurements recorded in second accuracy were extracted from the data
management system of the questionnaire provider. Other timestamps (Oth, 10th, 20th, 30th,
31st, 32nd, 35th, 40th, 55th, 70th) were determined based on time intervals (e.g., 10 min,
20 min) from the start timestamp. Environmental data were further extracted based on
the exact timestamp of each questionnaire order. For environmental data measured in
1-min and 5-min frequencies, they were extracted based on the round off timestamp of the
questionnaire. Physiological data were extracted based on the past 1-min time interval
from timestamp in seconds of each questionnaire order.

Table 3. Input table of questionnaire timestamps.

Timestamp in Timestamp in Timestamp in

D Case Order Seconds 1 min 5 min
NO001 C1 Oth 2021-06-22 14:13:09  2021-06-22 14:13:00 2021-06-22 14:15:00
NO001 C1 10th 2021-06-22 14:20:59  2021-06-22 14:20:00 2021-06-22 14:20:00
NO001 C1 20th 2021-06-22 14:30:16  2021-06-22 14:30:00 2021-06-22 14:30:00
NO001 C1 30th 2021-06-22 14:38:09  2021-06-22 14:38:00 2021-06-22 14:40:00
NO001 C1 31st 2021-06-22 14:41:38  2021-06-22 14:41:00 2021-06-22 14:40:00
NO001 C1 32nd 2021-06-22 14:42:21  2021-06-22 14:42:00 2021-06-22 14:40:00
NO001 C1 35th 2021-06-22 14:45:11  2021-06-22 14:45:00 2021-06-22 14:45:00
NO001 C1 40th 2021-06-22 14:50:44  2021-06-22 14:50:00 2021-06-22 14:50:00
NO001 C1 55th 2021-06-22 15:07:35  2021-06-22 15:07:00  2021-06-22 15:05:00
NO001 C1 70th 2021-06-22 15:22:57  2021-06-22 15:22:00 2021-06-22 15:20:00
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In addition, the raw data were further extracted for the correlation analysis between
environmental data, physiological data and different cognitive performance scores. The
start and end timestamps of the four cognitive tests (Table 4) must be obtained separately
for correlation analysis. The stroop test required participants to complete 50-word color
choices with no time limit for completion. Therefore, this study added the function of
recording the start timestamp and the total time of the test in the stroop test program to
determine the end timestamp. Similarly, for the digit span test, the game time was 2 min,
and the developed program also recorded the start and end timestamps. For the typing test,
it was conducted through a third-party web program, thus the end timestamp can only be
obtained from the screenshot of the end of the test. The start timestamp of the typing test
was then determined based on the total test length of 10 min. For the mind map test, the
end timestamp was the file creation time, and the start timestamp was based on the total
test length of 12 min. The environmental data and physiological data were extracted based
on the time interval between the start timestamp and end timestamp of each cognitive test.

Table 4. Input table of cognitive test timestamps.

ID Case Start Timestamp End Timestamp Cognitive Test
NO001 C1 2021-06-22 14:52:39 2021-06-22 14:54:20 Digit span
NO001 C1 2021-06-22 14:56:00 2021-06-22 15:08:00 Mind map
NO001 C1 2021-06-22 14:46:00 2021-06-22 14:56:00 Typing

NO001 C1 2021-06-22 14:51:00 2021-06-22 14:51:46 Stroop

2.5. Data Pre-Processing

The raw data and processed data of this study are illustrated in Figure 6. For 3D air
speed and air direction, the data needed pre-processing to get the actual value. The air
speed and air direction were divided by 1000 and 10 to get the actual value, respectively.
The air speed of X, Y, Z direction were then used to compute the vector air speed (U) shown
in the Equation (1) [21]. The data were further resampled to 1 s frequency to compute the
mean and standard deviation of air speed and turbulence intensity. The standard deviation
of air speed (0y;) was calculated from the standard deviation of X, Y, Z components of air
speed (Equation (2)) [21]. As shown in Equation (3), turbulence intensity (I) is the ratio of
the standard deviation of air speed to the mean air speed [21]. The processed data were
saved in csv file format for data archiving.

U (m/s) = 3/ Ux® + Uy? + U2 (1)
2 2 2
ot (m/s) = \/ ottt or? @
ou
I = 3
umean ( )

For omni-directional air speed, data measured at 0.6 m and 1.1 m were used to compute
mean air speed (Vjjeqn). The mean radiant temperature (Ty,r+) was calculated based on the
globe temperature (Tgjope), dry-bulb air temperature (T,) and air speed (V), as shown in
Equation (4) [22]. The emissivity (¢) and diameter (D) of the globe is 0.95 and 150 mm,
respectively. For Ty, in the semi-outdoor space, V was substituted by Vean. Tglobe and T,
were substituted by the temperatures measured at 1.1 m in the semi-outdoor space.



Sustainability 2023, 15, 183 10 of 23
Raw data Processed data
A-weighted sound BfuppeRchect stroop test turbulence intensity pNN50
pressure temperature
level
left upper arm
temperature visual backward digit mean wind speed FFT ratio
temperature mean radiant A
temperature AR ratio
- ——
- temperature yping
tdry-bulbtalr loperative temperature| RMSSD
emperature skin conductance -
mind map test
globa standard effective
tobel dard sffect mean heart rate
temperature heart rate temperature
relative humidity facial skin questionnaire mean skin
temperature temperature
Figure 6. Raw data and processed data.
0.25
4 1.1 x108 x V0o
Tyt (°C) = [(Tglobe +273.15) + S X (Tg,obe - Ta>] — 27315 (4)

T, Torts Vinean, RH, metabolic rate (1.1 met representing typing activity [14]) and
clothing level (0.48 clo representing typical summer office attire) were used to calculate
the standard effective temperature (SET) using the CBE online tool [23]. The operative
temperature (Tpp) was calculated from Tj, Tt and A based on Equation (5) from ASHRAE
Standard 55 [24]. A is the function of Vj;eq,: A = 0.5 for air speed less than 0.2 m/s; A = 0.6
for air speed between 0.2 and 0.6 m/s; A = 0.7 for air speed between 0.6 and 1.0 m/s [24].

Top (°C) = ATy + (1 — A)- Tyt ®)

The upper and lower 80% acceptable ranges of T, is determined based on ASHRAE
Standard 55 [24].

Upper 80% limit (°C) = 0.31-Tpq(0ur) +21.3 (6)
Lower 80% limit (°C) = 0.31-T),q(0ur) +21.3 (7)

where T,,4(0ut) is the prevailing mean outdoor air temperature from nearest meteorological
station.

Skin temperature measured in different locations were used to calculate the weighted
mean skin temperature (T,;s) based on Equation (8) [25].

Tins (°C) = 0.3 Teppst + 0.3-Tapm + 0.2:Typign + 0.2-Tjeq 8)

The time series data of heart rate was processed to calculate Heart Rate Variability
(HRV) parameters [26] including mean heart rate (HRM), the root mean square of successive
differences between normal heartbeats (RMSSD), the interval between two heartbeats
(NN), the number of adjacent NN intervals that differ from each other by more than 50
ms (NND50), the ratio between NN50 and the total number of NN intervals (pNN50), the
fast Fourier transform (FFT) ratio, and the autoregressive (AR) ratio. The outlier check
for heart rate and RR interval data were conducted using unsupervised outlier detection
through the Scikit-learn function sklearn.neighbors.LocalOutlierFactor [27]. The calculation of
HRYV parameters was conducted using the open-source Python package pyhrv [14].

After the data were extracted, the data were labelled according to the type, location
and identification code (ID) of the participant and table. Environmental data were shared by
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the participants, hence the type and location were labelled. For personal physiological data,
type and ID were labelled. During the experiment planning, each participant was labelled
with a unique “letter + number” combination (e.g., N001) and assigned a table number
(e.g., ID1). Before the experiment, a bag containing the physiological instruments was
passed to the participants. Hence, the serial number of different physiological instruments
were associated with the ID of the participant and table. As shown in Tables 5 and 6,
information of physiological measurement and the ID of the table and participants were
used as inputs during the data processing. Two tables were merged to create a basic
information table containing location, serial number, table ID and participant ID. The time
series data containing timestamp, serial number and measured data can then be merged
with the basic information table. Finally, the processed physiological data matrix included
the columns of timestamp, serial number of instruments, table ID, participant ID, and
physiological data.

Table 5. Input table of physiological measurement using example of skin temperature.

Table ID Location Serial Number
1D1 Left upper chest 1B-2BC41
ID1 Left upper arm CA-40141
D1 Right thigh B1-26E41
ID1 Right lower leg 3F-4E541
D2 Left upper chest 2F-56441
1D2 Left upper arm A2-60441
1D2 Right thigh 33-59641
ID2 Right lower leg OF-31B41
1D3 Left upper chest 49-26541
ID3 Left upper arm 2F-75641
1D3 Right thigh 59-1D641
1D3 Right lower leg DA-3D641
ID4 Left upper chest 08-6D641
ID4 Left upper arm 03-43E41
ID4 Right thigh 30-24F41
1D4 Right lower leg 5E-24D41

Table 6. Input table of date, table ID and participant ID.

Date Table ID Participant ID
2021-06-22 D1 NO032
2021-06-22 D2 N478
2021-06-22 ID3 NO001
2021-06-22 1D4 N896
2021-06-23 ID1 N664
2021-06-23 D2 N687
2021-06-23 1D3 N213
2021-06-23 ID4 N978
2021-06-24 ID1 N032
2021-06-24 1D2 N478
2021-06-24 ID3 NO01
2021-06-24 ID4 N896

2.6. Data Analysis

The relationship between environmental factors and cognitive performance was first
tested by Pearson correlation. Afterwards, relationships with significant correlations were
modeled by multiple linear correlation (Equation (9)).

E(Y) = Bo+ p1X )
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where E(Y) is the expected value of the cognitive performance score of the digit span test,
stroop test, mind map test and typing test; X is the measured value of SET, illuminance
level and noise level.

The relationship between physiological parameters and cognitive performance was
analyzed using a multiple linear regression model (Equation (10)). The B; to B7 represents
the effect of different physiological parameters (SCM, SCT, HRM, RMSSD, pNN50, FFT,
AR) on cognitive performance. When the p value of the corresponding {3 coefficient is
less than 0.05, the {3 value is considered valid, and the hypothesis that the corresponding
physiological parameter affects cognitive performance is accepted.

E(Y) = Bo+ B1SCM + B2SCT + BsHRM + B4RMSSD + B5pNN50 + BFFT + B7AR
(10)
where: E(Y) is the expected value of cognitive performance score of the digit span test,
stroop test, mind map test and typing test; SCM is the mean skin conductance; SCT is the
mean skin temperature, HRM is the mean heart rate; RMSSD is the root mean square of
successive differences between normal heartbeats; pNN50 is the ratio between NN50 and
total number of NN intervals; FFT is the FFT ratio; and AR is the AR ratio.

2.7. Algorithm Development

Algorithm 1 illustrates the inputs, outputs, and functionality of the digit span test
application. The input to the algorithm consists of user_input and digits_length. The
user_input refers to the answer in reverse order of digits span. The digits_length refers to
the initial length of digits set to 3 in this test. The output contains computer_output and
the “correct/incorrect” text. The computer_output refers to digits randomly generated in
order for the user during the test. The GenerateDigits() function first determines whether
user_input has a none value, creates a variable to record the current timestamp, and checks
whether the current digit length is less than 16. Then, if the current digit length is less than
11, the function generates a random list of unique digits based on the current digit length.
If the current digit length is not less than 11, the random digit list contains 10 unique digits
and the unique numbers computed based on the digit length of the current digit length
minus10. The function then displays the current digit length and the digits in the random
list in order. Finally, it outputs computer_output. The function CheckAnswers() creates an
end_timestamp to record the current timestamp. The delta_T is equal to the time difference
between GenerateDigits() and CheckAnswers(). If delta_T is less than the maximum test
time of 120 s, the program continues. Then, the function outputs “correct” if user_input
equals computer_output in reverse order, and “incorrect” otherwise. If the user’s input is
correct and the current digit length is less than 16, the current digit length is incremented by
one and GenerateDigits() continues. If the user’s input is incorrect, the user either continues
GenerateDigits() with a digit length of 3 if the initial attempt fails, or continues testing with
the current digit length minus one.

Algorithm 2 shows the input, output and functions of the stroop color and word test.
The inputs contain the number of “congruent” words and the number of “incongruent”
words. The output contains the interference score. The algorithm first creates and randomly
shuffles the stroop_list based on 20 “congruent” words and 20 “incongruent” words. The
function Congruent() outputs words (e.g., ‘Red’) with the same word color (e.g., ‘Red’),
while Incongruent() outputs words (e.g., ‘Red”) with a different word color (e.g., “Yellow”).
Run_stroop() first checks the stroop_list for the first word and continues with the relevant
Congruent() or Incongruent() function. Meanwhile, a variable st is created to log current
timestamp, and no_trial records the order of trials which have initial value of 1. The colored
word then appears on the application screen. In Next_stroop(), if the total number of trials is
less than or equal to the length of stoop_list, the function checks the first word of stroop_list
and continues with the relevant Congruent() or Incongruent() function. The variable st is
updated to record the current timestamp, and no_trial is incremented by 1. The colored
word is displayed on the application screen. The function Submit() saves the user’s answer
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and duration from displaying the word to submitting the answer, then continues with
Next_stroop(). User answers are recorded by clicking the relevant buttons (red, blue, green,
yellow) in the application’s graphical user interface (GUI). The interference score (IS) is
calculated based on Equation (11) [17].

IS = total time 4 2 x mean time per word x number of uncorrected errors (11)

where IS is the interference score; total time is the overall time for reading; mean time per
word is the overall time for reading divided by the number of items; number of uncorrected
errors is the number of errors not spontaneously corrected.

Algorithm 1: Digit Span Test

Input: user_input, digit_length
Output: computer_output, “correct”/“incorrect”

Function GenerateDigits():
if user_input = None:
start_timestamp = current timestamp
while digit_length < 16:
if digit_length <11:
random list of digits = digits without duplicates based on the current length of digits
else:
random list of digits = 10 digits without duplicates + remaining length of digits without duplicates
display current digit length
for every digit in random list:
display digit
computer_output = random list of digits
return computer_output

Function CheckAnswers():
end_timestamp = current timestamp
delta_T = start_timestamp — end_timestamp
if delta_T > 120 s:

close application
else:
get user_input
if user_input = reverse order of computer_output:
display “correct”
if digit_length < 16:
digit_length = digit_length + 1
GenerateDigits()
else:
close application
else:
display “incorrect”
if digit_length >3:
digit_length = digit_length — 1
GenerateDigits()
else:
digit_length =3
GenerateDigits()
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Algorithm 2: Stroop Color and Word Test

Input: number of congruent word; number of incongruent word
Output: interference score
number of congruent word = 20
number of incongruent word = 20
stoop_list = “‘congruent’ X number of congruent word + ‘incongruent” x number of incongruent word
randomly shuffle the stoop_list
Function Congruent():
word_list = ‘Red’, ‘Blue’, ‘Green’, “Yellow’
selected_word = random choice of word_list
return selected_word, selected_word
Function Incongruent():
word_list = ‘Red’, ‘Blue’, ‘Green’, “Yellow’
selected_word = random choice of word_list
word_list_new = remove selected_word from word_list
selected_color = random choice of word_list_new
return selected_word, selected_color
Function Run_stroop():
if stoop_list[0] == ‘congruent”:
word, color = Congruent()
else:
word, color = Incongruent()
st = current timestamp
display word and color of word
no_trial =1
Function Next_stroop():
if no_trial > len(stoop_list) — 1:
close application
else:
if stoop_list[a] == ‘congruent”:
word, color = Congruent()
else:
word, color = Incongruent()
st = current timestamp
display word and color of word
no_trial = no_trial + 1
Function Submit():
duration = current timestamp-st
answer = ‘Red’
save answer
save duration
Next_stroop()
total time = the overall time for reading
mean time per word = the overall time for reading divided by the number of items
number of uncorrected errors = the number of errors not spontaneously corrected
interference score = total time + 2 X mean time per word x number of uncorrected errors

The applications of digit span test and stroop color and word test were publicly
available at: https://github.com/dbechenss/semi-outdoor-study, accessed on 1 December
2022.

2.8. GUI of Digit Span Test and Stroop Word and Color Test

The GUI of the digit span test is shown in Figure 7. The application displays the
information regarding the current digit length. It starts by clicking the start button at the
top, then the digit colored in red displays in order in the middle. The user is required
to enter the answer of displayed digits in reverse order. The user can either click the
check button or type enter to submit their answer. The output table contains information
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regarding the test procedure and user performance including sequence, computer output,
user input, results, and best score.

i 5 i ¢ Digit Span Test — X
Start Start Start
Current digit length: 3 Current digit length: 3 Current digit length: 3
Please enter numbers
in reverse order
345
Check Check Check
(a) (b) (c)

Figure 7. GUI of digit Span Test: (a) displaying digit; (b) asking for answer; (c) submit answer and
return checking result.

The GUI of stroop color and word test is shown in Figure 8. The test is initiated by
clicking the top button, and then the colored word is displayed in the middle. The user is
then asked to click the relevant buttons at the bottom to submit their answer to the colored
word. The software will record the type of each trial (incongruent or congruent), the words,
the colors, the user input, time of answer, and computer evaluation. The interference score
is calculated based on these data.

Start

Yellow

Red Blue Green Yellow

Figure 8. GUI of Stroop Word and Color Test.

3. Results

The data frame structure of this study is shown in Figure 9. The data frame structure at
the top contains data for environmental and physiological parameters related to cognitive
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performance. The bottom data frame structure contains the data of environmental parame-
ters and physiological parameters used for correlation analysis of subjective measurement.
Basic information including participant ID, group, case, session, and input/output is used
for data classification. The proposed data frame was mainly used for correlation analysis
between two parameters or for regression analysis of the causal relationship. The following
illustrative examples are generated based on these two data frames.

( Data frame for cognitive performance, environmental parameters and physiological parameters )
[ Participant ID I Group I Case Session I In/Out ]—]
e
Cognitive test IStart timestamp I End timestamp Score ]—J
(-)[ Environmental parameters Physiological parameters ]
\_ P
( Data frame for subjective measurements, environmental parameters and physiological parameters \

Timestamp I Participant ID I Group I Case Session I In/Out ]—]

Environmental parameters Physiological parameters ]

[)[ Q order I Bacli(gfr:und I Mood assessment IShort thermal comfort questionnaireI Long thermal comfort questionnaire ]—)
\_

J

Figure 9. The data frame structures.

3.1. The Relationship between Environmental Settings and Cognitive Performance

A Pearson correlation analysis has been conducted between environmental factors
(e.g., SET, illuminance, noise) and performance scores on the four cognitive tests for each
case. Overall, the study found that the correlations between different environmental factors
and cognitive performance were not statistically significant in most of the cognitive tests.

The correlations between SET and cognitive score in the warm period are shown in
Figure 10 and Table 7. The results showed that the correlations between SET and DT scores
ranged from —0.12 to 0.21 for different cases. These correlations were not statistically
significant as the p-values were higher than 0.05. For MT, the correlations between SET and
MT scores ranged from —0.2 to 0.17. These correlations were also not statistically significant
(p-value > 0.05). For TT, the correlations between SET and TT scores ranged from —0.32
to 0.26, which were not statistically significant (p-value > 0.05), except for the NV case.
There was a negative correlation (—0.32) at the significance level of 5% between the SET
and TT score in the NV environment. The negative correlation between SET and the typing
score of net words per minute indicated that the typing score decreased as the result of the
increasing of SET. However, the correlation of —0.32 indicated a weak correlation between
SET and TT score. For ST, the correlations between SET and ST scores ranged from 0.05 to
0.3. However, these correlations were not statistically significant (p-value > 0.05).
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Figure 10. Example of scatter plot for cognitive scores and SET in the warm period.
Table 7. Example of Pearson correlation between cognitive scores and SET in the warm period.
Cognitive Test Case SET Mean SET std Score Mean Score std Correlation p Value
DT NV 27.32 0.76 7.47 1.32 —0.11 0.51
DT MV3 27.11 0.57 7.67 1.01 0.21 0.17
DT MV6 26.92 0.86 7.69 1.26 —0.12 0.44
DT AC 24.49 0.23 7.53 1.34 —0.12 0.48
MT NV 27.31 0.89 46.37 21.06 0.17 0.28
MT MV3 27.01 0.54 48.00 20.67 0.15 0.33
MT MV6 26.68 1.00 51.34 21.49 —0.20 0.22
MT AC 24.56 0.12 48.57 23.05 0.02 0.92
TT NV 27.39 0.80 52.03 18.01 —0.32 0.04*
TT MV3 26.93 0.52 53.83 16.00 0.26 0.09
TT MV6 26.73 0.88 53.42 17.59 0.11 0.47
TT AC 24.52 0.16 54.11 16.03 —0.16 0.35
ST NV 27.22 0.77 3.54 3.34 0.30 0.06
ST MV3 26.93 0.67 2.65 3.32 0.05 0.75
ST MV6 26.70 0.67 410 3.77 0.26 0.09
ST AC 24.49 0.10 3.11 3.84 0.15 0.38

Notes: * p-Value < 0.05.

3.2. The Relationship between Physiological Parameters and Cognitive Performance

The mean SCM, STM, HRM, RMSSD, pNN50, FFT and AR are shown in Figure 11.
The mean SCM in the cool period was about 0.5-1 uS lower than that in the warm period.
Similarly, the mean STM in the cool period was also about 1 °C lower than that in the warm
period. For heart rate variability, the mean HRM in the cool period during cognitive tests
was also lower than that in the warm period. The RMSSD and pNN50 in the cool period
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were higher than that in the warm period. The mean FFT and AR varied slightly between
the cool and warm periods.

Figure 11. The mean value of physiological parameters: (a) SCM; (b) STM; (c¢) HRM; (d) RMSSD;
(e) pPNN50; (f) FFT; (g) AR.
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For the cool period (Table 8), the statistical interference between physiological factors
and cognitive performance score showed that the R? of the digit span test, stroop test and
mind map was all below 0.1, indicating poor correlations between physiological variables
and cognitive test score. For the typing test, the R* was 0.21. Few variables were statistically
significant at 5%, including RMSSD and pNN50 in the digit span test (Equation (12)), SCM
in the stroop test (Equation (13)), and HRM and FFT in the typing test (Equation (14)).

E(DT) = —0.05RMSSD -+ 0.06pNN50 (R2 = 0.07) (12)
E(ST) = 0.59SCM (RZ = 0.11) (13)
E(TT) = 0.38HRM + 1.54FFT (R2 = 0.21) (14)

Table 8. Statistical interference between physiological factors and cognitive performance score in the
cool period.

DT ST MT TT
B p-Value B p-Value B p-Value B p-Value
Intercept 10.13 0.40 —7.02 0.87 11.05 0.97 29.84 0.88
SCM —0.04 0.65 0.59 0.03 * —2.73 0.07 1.41 0.19
STM 0.11 0.44 -0.19 0.68 —2.12 0.45 0.58 0.76
HRM 0.00 0.78 0.04 0.39 —0.13 0.59 0.38 0.05*
RMSSD —0.05 0.04 * 0.09 0.15 —0.10 0.79 0.59 0.06
PpNN50 0.06 0.03* —0.08 0.27 0.34 0.48 -0.11 0.73
FFT 0.02 0.64 0.04 0.76 —0.34 0.69 1.54 0.03 *
AR —9.24 0.66 20.89 0.78 211.94 0.67 —96.49 0.80
R? 0.07 0.11 0.08 0.21
Notes: * p-Value < 0.05.
For the warm period (Table 9), the statistical interference between physiological factors
and cognitive performance score showed that the R? of the cognitive tests were all below
0.2, indicating poor correlations between the physiological variables and the cognitive test
score. Few variables were statistically significant at 5%, including HRM in the stroop test
(Equation (15)), SCM, HRM, RMSSD, pNN50 in mind map (Equation (16)), and STM, HRM
and FFT in the typing test (Equation (17)).
E(ST) = —0.09HRM (R? = 0.09) (15)
E(MT) = —2.7SCM + 049HRM + 1.28RMSSD — 1.3pNN50 (R2 = 0.13) (16)
E(TT) =327.16 — 6.32STM + 0.47HRM + 3.51H—"T<R2 = 0.17) (17)
Table 9. Statistical interference between physiological factors and cognitive performance score in the
warm period.
DT ST MT TT
B p-Value B p-Value B p-Value B p-Value
Intercept —13.40 0.26 —41.79 0.29 133.07 0.32 327.16 0.01*
SCM 0.00 0.98 0.07 0.74 -2.70 0.03 * —0.40 0.69
STM 0.05 0.80 0.20 0.67 —2.47 0.38 —6.32 0.01*
HRM 0.01 0.62 —0.09 0.01* 0.49 0.02 * 0.47 0.01*
RMSSD —0.01 0.67 —0.08 0.21 1.28 0.00 ** 0.47 0.24
PNN50 0.04 0.20 0.11 0.13 -1.30 0.01* —0.02 0.95
FFT —0.08 0.08 —0.08 0.36 0.73 0.65 3.51 0.02*
AR 35.03 0.08 88.77 0.18 —111.56 0.57 —216.58 0.24
R 0.07 0.09 0.13 0.17

Notes: * p-Value < 0.05, ** p-Value < 0.01.
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4. Discussion

This study explored the application of information technology in the study of human
physiology, cognitive performance, and subjective performance in semi-outdoor space.
The proposed framework can be used as a guide for the data management for projects
involving thermal comfort, cognitive performance, physiological performance, and envi-
ronmental parameters. The developed scripts can be used directly as useful tools for data
extraction and processing of environmental and physiological performance measurements
using similar measurement instruments. Other researchers can directly use the algorithms
developed in this study for the digit span test and the stroop color and work test in the
cognitive performance research. Overall, the proposed data management framework has
the following key features and advantages. The framework supports data extraction and
the pre-processing of raw data extracted from specific brands of instruments: temperature,
humidity, air speed recorded by the Hioki data logger; heart rate measured by Polar H10;
skin conductance measured by Shimmer 3; and skin temperature measured by iButton.
Other data collected in csv and txt format are also supported. For data analysis and visual-
ization, it supports statistical analysis such as correlation, regression, and clustering. The
framework implemented through Python code supports the full reproducibility of data
extraction, data preprocessing and data analysis, which has been implemented and demon-
strated in this project. It helps researchers and project managers avoid human error and
effectively reproduce results in the presence of any changes to the raw data. These codes
can also be transferred to another similar project without major changes. The framework
reduces the involvement of third-party software during data pre-processing such as HRV
calculations. Traditionally, HRV calculations were processed using third-party software,
and researchers had to extract and import data from different time periods multiple times.
If there are some changes to the original data, the process is not repeatable or the cost
of revising the data is expensive. The framework integrates packages from the Python
community leveraging the powerful data manipulation and analysis functions of pandas
and numpy, and significantly reduces the manual processing time.

This study showed weak or insignificant correlations between cognitive performance
and environmental indicators (SET). SET is an evaluation index that considers air tem-
perature, mean radiation temperature, air velocity, relative humidity, metabolic rate and
clothing level [28]. The metabolic rate and clothing level were the same for indoor and semi-
outdoor spaces because subjects maintained the same activities and wore the same clothing.
Hence, the insignificant correlations between cognitive performance and SET suggested
that subjects maintained their selective attention, short-term memory, attention and creativ-
ity during brief stays in semi-outdoor spaces in tropical regions. Similarly, there were weak
or insignificant correlations between cognitive performances and physiological parameters
including heart rate variability, skin conductance, and skin temperature. Similar findings
were found in a study conducted in Australia, where researchers found that cognitive load
and physiological indicators such as EEG and heart rate were not significantly affected
by the elevated indoor ambient temperature (e.g., 22 °C to 25 °C) [9]. Other studies [7,8]
conducted in hot and humid regions of China and Northern Europe have shown that
cognitive load was significantly affected by temperature, with cognitive performance being
optimal on the lower side of thermally acceptable temperature, such as 24 °C. Compared to
the standard indoor setting of 24 °C, cognitive performance at the higher temperatures of
26 °C and 28 °C decreased by only 6% and 10%, respectively [8]. The study also found that
some of the negative effects of increased temperature were mitigated by the air movement
of the ceiling fans. This finding validates the results of this study that cognitive load can
be maintained in semi-outdoor spaces due to the availability of natural and mechanical
ventilation.

In terms of limitations, the framework involves the interpretation and implementation
of code and requires users to have basic Python experience and skills. The use of this
research code by other projects requires some variable values to be changed, thus limiting
access to some outsiders. Except for running stroop color and word tests and digit span
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tests, the rest of the data extraction, data preprocessing, and data analysis codes were
not packaged into the software. Further code integration by creating Python classes and
objects may occur for more general use of this framework. In addition, some features
were designed specifically for this study and may not be transferred to other projects.
Energy consumption associated with different environments was not measured in this
study, and this information can be added as information in future energy efficiency studies.
The findings of this study applied to the entire experimental group including both men
and women, which may indicate a bias in terms of gender differences. In future studies,
perceptions of the environment could be processed by gender as a way to distinguish the
effects of gender on physiological and cognitive performance.

5. Conclusions

This study proposes a data management framework for semi-outdoor research in
the tropics. The framework supports the full reproducibility of data extraction and data
pre-processing, providing an efficient and error-free method for data analysis. This semi-
automatic data management framework reduces the involvement of third-party software,
thereby reducing manual processing time. In addition, it leverages the powerful data
manipulation and computation capabilities of pandas and numpy for data extraction, data
pre-processing, and analysis processes. The proposed framework has been successfully
used to process multidimensional data from measurements of environmental parameters,
physiological parameters, subjective parameters and cognitive performance. The applica-
tions of the digit span test and the stroop color and word test were developed from scratch
and can be modified to meet the different research needs.

Furthermore, this study concluded that subjects” cognitive performance was not
significantly affected by the elevated temperature (27 °C to 29 °C) in the semi-outdoor
space, suggesting that people maintained their selective attention, short-term memory,
attention, and creativity during brief stays in semi-outdoor spaces in tropical regions.
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AC Air conditioning
AR AR ratio
DT Digit span test
T, Dry-bulb air temperature
FFT FFT ratio
Tetobe Globe temperature
HRV Heart rate variability
HRM Mean heart rate
Tt Mean radiant temperature
Vinean Mean air speed
MV Mechanical ventilation
MT Mind map test
NV Natural ventilation
Top Operative temperature
Tyma(oury Prevailing mean outdoor air temperature
RH Relative humidity
RMSSD  Root mean square of successive differences between normal heartbeats
ou Standard deviation of air speed
SET Standard effective temperature
ST Stroop color and word test
pNN50 The ratio between NN50 and total number of NN intervals
I Turbulence intensity
1T Typing test
U Vector air speed
Tus Weighted mean skin temperature
\% Air speed
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