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Modeling and Prediction of Human Thermal Comfort
Based on Machine Learning

Deng Bin, Gong An, Wang Jiang
(School of Electrical and Information Engineering, Tianjin University, Tianjin 300072, China)

Abstract: Thermal comfort is an important indicator of indoor environment quality and affects human health. It is an
important reference for intelligent building systems, air conditioning control, and other systems. Moreover, it can
effectively reduce the energy demand for controlling the thermal environment in buildings. Currently, wearable de-
vices such as smart watches and flexible sensors are extensively used to compile comprehensive data on human health.
However, due to individual differences, physiological thermal responses to identical thermal conditions vary, and it
is difficult to effectively predict the group thermal state for a personal thermal comfort model. Considering the limita-
tions of the relatively small sample sizes and complex model deployments in previous studies, this work established
an artificial climate chamber with environmental sensors and wearable devices to collect thermal comfort data of 60
subjects and leveraged machine learning to realize human thermal comfort modeling and prediction. Considering indi-
vidual differences such as height, weight, and gender, three machine-learning algorithms, i.e., extreme gradient
boosting (XGBoost) , random forest, and support vector classifier (SVC), were used to obtain an enhanced predic-
tive thermal state model based on human physiological parameters and to classify thermal comfort. The results showed
that the skin-temperature normalization process and its gradient result in three states (cold discomfort, comfort, and

thermal discomfort) . This facilitates the SVC algorithm to find the optimal hyperplane in high-dimensional space and
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classify the features. Comparative analysis of the feature importance of the random forest model before and after skin-

temperature normalization revealed that normalization reduces the influence of individual differences such as weight,

height, and gender on the predictive effect of the model. Of the three machine learning algorithms, the accuracy of

SVC on the test set and the area under the curve (AUC) values of the three thermal states were higher than those of

XGBoost and random forest. Hence, SVC has the best classification effect and generalization capability.

Keywords: wearable; thermal comfort; individual difference; machine learning; prediction model
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Tab.1 Parameters of sensors
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Tab.2 Basic information of subjects
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Tab.3 Experimental conditions

RV IR BEVEFE/C B/ C I ] 2 /min
1 18 ~27 3 30
2 19~28 3 30

S R 2 IR R LT B g, R
S5min HE —IRIEE RS, AL R EN A
O 2417 YRR BE (thermal sensation vote, TSV) Flf &
FE. R 30 min JH S AR 3 C. BRRESEIET N
2 h. AU A IR ABLEAR S 1SO 9920—2007 i
(). B2 H I M EOR g — % (R T i, K
P, IRIREE) , & 8t T M ABE S, I 4 BH
0.57 Clo.

WEREWR 4 Fos. FHAREDIET . B AEF

FPiE (BRGER 2, 3) . IR ASHEEL (thermal state
index, TSD PSRt fbix 3 FiHCRA: TSI=-1 fLFR%
ANEPIE ; TSI = 0 FRFREFIE ; TSI = 1 ARG IE.
F4 PAEREHRR
Tab.4 Scale of the questionnaire
TSV Pt
-3 %
-2 I
-1 T
0 ik
1 T
2 7
3 #

2 KWERKEITE

21 MEFESH
2.1.1 #AFERHSH
SO0 1) A B VR B L R IR | If | A A

JE | BKREPEFES AT SRR 5. NFE 5 1]
DAFS T BT /N | INBR Ak R TR T 1 (A
Y 29.5°C . 33.4°C.30.7 °C.30.4 °C, Tl Bz kil g
SR, P 1T Rz R I B A . g b, I AU A S LA
BIHE 5 82% ~ 100% A1 97.2% , ARfLIg BE/IN. Fik
T I FNE S5 43 ~ 111 YW/min F1 70.1 K/
min, AR LI EE K.

St — 2 A PR IR N | R R | I AR A
FE RS RGP G SRS BE I OCR , St T
FHCRE T, HIEFE S BN G 0L, 25 R 2
B,

x5 AFESBFIHTER
Tab.5 Statistical results of thermal comfort parameters
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Tab.7 Thermal state prediction effect of the model under
different input parameters

WASH W% | K% | BEIZR% | F1080%
T.+R, 68.19 | 53.15 35.16 30.49
T.+R, 69.11 4346 | 39.15 38.00

T+T*+R +R* 6920 | 42.84 | 41.00 40.38
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Tab.8 Hyperparameter adjustment range and optimal
hyperparameter of XGBoost algorithm

S bRl [ B S
)R [0.1,10.0] 0.1 0.2
R [50,200] 5 70
FEEESRTHI, fA N
S T I T L
IENtby [0,0.2] 0.02 0.1
ENfEA [0,2] 0.2
KR [0,20] 2 9
BRI S KT [0,10] 1

x99 MHARKEZNESHAELENRRESH
Tab.9 Hyperparameter adjustment range and optimal
hyperparameter of random forest algorithm

HSE Fen: | [ RS E
n_estimators [30,100] 10 80
max_features [10,20] 1 12
max_samples [0.1,1.0] 0.1 0.5
min_samples leaf [0,0.2] 0.02 1
min_samples_split [1,5] 0.2 4
max_depth [10,140] 1 129
max_leaf nodes [200,400] 20 340

®10 SVCHEMBSHAELENRRESH
Tab.10 Hyperparameter adjustment range and optimal
hyperparameter of SVC algorithm

S finiEl Vi 55 LS E
LR, 2, " .
AL FiAND 2
AT SRR  sigmoid B2 BA-PREL LetiA%
c [0.1,1,10,100] BAME 10
y BRIAME,0.01,0.1,1 FAME —
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TERARGFER DT, SVC BIERFLEEH T XGBoost
FBEAL AR AR B, FER REFE 1 (BRZEH 0)
SVC I L FHAh AP 247
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Tab.11 Detailed evaluation results of three algorithms on

the test set
Ak g | R | BIR% | FLAMEUY% | SCRE
0 82.28 75.19 78.57 1451
1 4447 72.94 55.26 1445
XGBoost 2 7225 35.25 4459 1445
NS _ — 60.15 4341
FEY | 6633 60.13 59.47 4341
IIACEY | 66.35 60.15 59.50 4341
0 82.89 78.15 80.45 1451
1 47.03 79.38 59.06 1445
_— 2 80.15 29.62 43.25 1445
L e — 6240 | 4341
FEY | 70.02 62.38 60.92 4341
JIACESS | 70.04 62.40 60.95 4341
0 84.67 86.01 85.33 1451
1 53.42 66.44 59.22 1 445
2 74.11 54.88 63.06 1 445
SVC i
iATES — — 69.13 4341
FEYy | 7073 69.11 69.21 4341
ECEYs | 70.75 69.13 69.23 4341

X FEALARAK . XGBoost , SVC 3 Rl #4114k,
53] 3 FEERIZEMNAAE TR I FERE AN ROC HZE,
SyalanE 7 ME 8 Fin. e 7 IRE R, A
JURE H BB ACFRAEAR G X B0, 1 40 FE BB ek
AL, TEVRARERE BRZEh 0) FIFCREFIE (BRsshy
2) TR HCIREE TS, 2SRRI L (SVC) I HERf i
LN 86.01% i 54.88% . (EAFEAIRAS T &N
1), BEALARAR P 3 2 i e de i, o 79.38% . XF L 3
FIAE L) ROC kT A1, 76 3 R IR SVC 5k
) AUC {H# T XGBoost B HIFEHL AL
AUC fH. 1Ak, SVC B30 744 AUC 20 0.87,
B T XGBoost kM 0.81 HIRE AL £k AR 15 Y
0.78. M\ 3 FPIIZE 3 FRHIRA N AZRIN, AT LI
SVC B BRI A T R e

BR T Bk 3 FEARIAL, 84T H T HA AL AR

SRR ZERANE 12 FiR. FEX LR T A,
TERGEE . B IRR F1 A F0RVERR I, SVC BkERM
BAf. T IH— b B AR R N ETIE | A75E AR
EPAE 3 FCIRASHIIF, Az o 17 0b ) bk X I i it
ST, BRITF SVC BILTE 47 ) TR A
17, XHAFAE BEF T 202
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Fig.7 Confusion matrix of three models
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Fig.8 ROC curves of all categories in the three models
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Tab.12 Performance comparison of thermal comfort pre-
diction models

LA WEE/% | BEZ% | F1A8U% | W%
FEALARAK 70.02 62.38 60.92 62.40
XGBoost 66.33 60.13 59.47 60.15
SVC 70.73 69.11 69.21 69.13
S| 69.89 67.68 67.76 67.68
TSR 60.75 56.10 56.12 56.10
FREEHE T 64.26 60.60 59.94 60.60
K 4B3T 65.14 61.06 61.61 61.06
A i N T 68.70 64.07 63.20 64.07
Z JZ IR 65.83 62.58 62.03 62.58

F13 \P—UBIRFHMEEEMER
Tab.13 Comparison of feature importances before and
after normalization

A H*%ﬁﬂ;ﬁfﬁ*ﬂni Uj~1£fﬁﬁ<J #‘@{
FE HEEHE

RIS 0.413 0.336
BT 0.100 0.074

T il 0.129 0.071

AN U 0.069 0.062

VA — A4 M o — 0.059
g 114 0.084 0.056

VA — A% 113 — 0.050
VA — AN L o — 0.036
A — A6 il — 0.036
VA — AN L — 0.033
g% 0.051 0.031

/N ik 0.052 0.027

AT 0.069 0.025

A — Ak — 0.023

S — 4 i 11 3L 3 Ao — 0.020
VA — /I Jh L PR A — 0.015
JhicH A 0.031 0.0.15

JikA B R — 0.006
531 0.001 0.0007

3 & it

AARGRIEET G AR RS R R R
S 3R RV T PSR, 438 XGBoost . FEHLARAK |
SVC 3t 3 Fflasas I BAEliaE EryRMm, It S
HABALER = > LA T LU, AR b RISk
b SVC Bk, FELEBIT.

(1) H—AbI LB NG | 4T3  PURET
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69.13% , TEVRAETIE | 4718 . ORETIE A R
I I SVC B3 1k (86.01%) . Fifi HL 7% A 53 92
(79.38% ) .SVC 1k (54.88% ). SVC kM2 F4
AUC {H 4 0.87, 5T XGBoost 3% 0.81 FIBHHLAR
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