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Biosignal-Based Clustering and Abrupt Stress Spike Prediction
Model Development

Dong-Hun Han'"
'CEO of Safety Heungwoo, Doctoral Program in Seon Studies, Dongguk University, Seoul

ABSTRACT

Objectives: Construction work involves long hours, irregular schedules, and frequent safety risks, resulting in
substantial psychological and physical strain. This study aimed to characterize stress-related states among
construction workers using wearable—derived biosignals and to develop an explainable model for short-term
prediction of abrupt stress surges.

Methods: We analyzed 27,573 de—identified vital-sign records collected from April 1 to July 19, 2025. Four
biosignal-derived indices (stress, tension, management, and arousal) along with demographic and work-related
variables were included. Latent state patterns were identified using K-means clustering with the elbow method
to determine the optimal number of clusters. A “stress surge” was defined as an increase of 25 points in the stress
index compared with the previous measurement. Lagged biosignal indices and worker/work characteristics were
entered into four classifiers (logistic regression, random forest, XGBoost, and LightGBM). The best-performing
model was interpreted using Shapley Additive Explanations (SHAP).

Results: Three distinct clusters were identified: a tension/alert group (highest tension with mid-level stress), a
high-risk stress group (highest stress and lowest management), and an active management group (highest
management and lowest tension). LightGBM demonstrated the best predictive performance (accuracy, 0.803;
recall, 0.816; AUROC, 0.877). SHAP analysis indicated that prior stress level was the most influential predictor,
with lower baseline stress associated with higher surge risk and higher baseline stress associated with lower surge
risk. Older age and higher prior tension and arousal increased surge risk, whereas a higher prior management index
showed a protective association.

Conclusions: Wearable biosignals can support meaningful clustering of worker stress-related states and enable
accurate, explainable prediction of short—term stress surges. The proposed integration of clustering, machine
learning, and XAl offers a practical framework for real-time stress-risk monitoring and tailored interventions in
high-risk construction worksites.

Key words: Construction workers, biosignals, stress surge, cluster analysis, machine learning, explainable artificial
intelligence, SHAP
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ez 719 28 RYst * AEHA &

LM 2

AR 1918 AABFOR AR e, BT

AAA Feo] wje F AtdoltHZong et al., 2024;
Pamidimukkala et al., 2025). £3] HEEE= 714 AFE]
o} A&35}7] ofel A AAlES W AEH AL Hg2
£ 2oty o= 4AtdA et A F AX o= o]ojd 4
QK Fitri et al., 2023; Karim et al., 2025). Z1Ho=
AEG AL A2 AlE]- Y4 9F 3312 ol & HolX|
ool @A AAZCE AEsl] ofgth= AL &
ASFHGOmez-Salgado et al., 2023).

7129 AF AEHA ks 2 AEAY AP|EL
Al AFEto] Q&S] Stk o] v Aol Hary
31 9)tKSano et al., 2018; Booth et al., 2022). o|={gt
A7 E A A2 B wA] ZHESER| R -SHARe] 7]
o HgFo|u AR]A vFrA g HEfo| Y= 7] 4,
Azt g vlARE HIlkE AAIZEe R 22517 ot
+= A7} JTHGao et al., 2023; Pinge et al., 2024).
o] FAI= T HAE dAA H ojHE 7 AEH A
ALofA vEEA o 7 A% 1 tiBooth et al., 2022).
Z| FllofetE AllA 7]&o] oA AEhiHo|k(heart
rate variability, HRV), H¥ZHE%(electrodermal
activity, EDA), A¥F=(heart rate, HR) 5 TS A
ATE AHKH 0 R Z45, o] &E5 AEHA A
HE F4-E7otee A7t 29 3= Qv
(Sano et al., 2018; Darwish et al., 2025). Darwish
et al.(2025)2> AEA 43} AA B HE of-2=
3T S B0 flof=E 7IHt AEHA HUEH Ve
o] @& A& 7153 AAISHAL, Sano et al.(2018)
golelE AlAe} HHEYd ARE- Hlo|El & Adsto] 7| H
34 AEHA W ZAAT FHE 5T & =2 Ho
Ft}. o]% Booth et al.(2022)& AH7|&E SARE
o g gt A7) T AFollA HojeiE-HHtd Hlolg
£ 83t AEHA oF 1do] &Y E HIoA A,
Pinge et al.(2024)¥} Bolpagni et al.(2024), Kafkova
et al.(2024)9] AAA - H9] &M= HRV, EDA, HR
O 22 AAAIS L wHAlEY 7HE AEA HE Y By
EFo] g4 g HEE HEXOoR 8 ET S K
astal Qlo, flojgE AANE &85 AEHA HrPt
A7 814 AR Bedls 53 JLo R X ot
7k A2 AlARRIEE AP AEEolA = ol=fet A4l
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20} HHIY P5 Hlofel7} AT HIA] AEHA, HAlA
FAH, HE LS St d g8d s U= 2
(Booth et al., 2022; Bolpagni et al., 2024; Pinge
et al., 2024)& AAEIL gloH, A A8 7hs
Aol gk TAE FHAF AR AL Ut

RBAAS 718F AEHA A= A Al HRFe R A7
ol g AR, £ A1F9 BALE HHS o]E9
AAe] AEH A fol} A AHE ok At
AtHDarwish et al., 2025). 4, €A77t &< floj
£ AlA HlolElE I o R AEFA A AHE R3S
sHAY, 98 0] w2 JHS EFdke A JEE
I QltHMozgovoy, 2021; Bolpagni et al., 2024). Al
A, BHE S RS S8 FF AEFHA ol FAl
& AEHE clScths AAIE 1Y s HAED QLo
AR AtoAd= HlojetE dloleE 8%t 7%l W&

= pdo] ¥ oXS 71%35t1 QrtHBooth et al.,
2022; Pinge et al., 2024). 124} o]2fgt A7) Al
= HshYoLt AR - K& AR} 5 Bl g
HAEE tdo= stA, 370 dlolgAlo] 7Rkt AdA
3 Aol MFE= A7 Yok A4 AAE@Eat 2ol
2H] et 374 8Rlo] FHHsk= 19d ARRolA], A
AT E o] 8sf LEAS HHE FF%cl 9 HIE

o B Y

Q124]o] FatElHA HA7hs 5A5(Explainable
Al XADol ot ¥ilo] AR 1L Qltt. SHAP(Shapley
Additive Explanations)?} 22 7|52 7 ®H59] 7]
oo} FoF WFE AHH R Holgn AEHA o
(Tariq et al., 2025), €#:Z4d ZA(Kim et al., 2024)
SollA el sfjao] &85 it o]t diES Bt
gt mAleld o] AitE AREALRL QAL AR} o]
& 5 A= FHE AASoF Ak A BRSHAIT
(Jaber et al., 2022; Mollaei et al., 2022: Mollaei
et al.,, 2023), AA| AAPH AR A o, Eo] AHE
A T2AL] AEHA o] XAIE H83 A4S A=
ofz] x| ko Ao 7 HIE QtHAbuwarda et al.,
2022; Kafkova et al., 2024; Pinge et al., 2024;
Ibrahim et al., 2025).

E35] YA 4SS} flojHE HolEE &83t AE
At HlE=A st o, O AAE gt 2
3 AATES o= g A, @ ABAKIS 1
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o= 3 FEA AH 2Rt 99 52 SAl B
A, ® d5 Zdt d97ts ABAsS 29l dEA
A FEEF o) B8 5 3= HEE AlSsie A7
= AdHor REsiet

webd 2 dats SU A8 2EAE ddes
foleis 7Ht AL E EEote] 2B A A
g A& 7T A es HElsh] A%t SRl w4
I AAstaLzr gt

A, 2EHA R, 0% A, B A, F7 A
o] 47§ AANE A EE 185t K-means A4S
seyeial, S=ARe] ARl gH Wds 17/579] L
AAH 2B A I A=A B Lo FPskelaat

Q.

Y. gl

O

D

3 FZL APH| &S 4 Y= FHrlstuAr gk
A, ol /g0l 7 <=2t 3ol SHAP 715t A9

™
2 A A48 22X BALS HolHE &
&t 222 AHY 3 32 =5k, AEHA
T35 AR dE5chs m4led B 5ok, AT
7Fs AE5As 7S &5l ClS 821& siAdstaat gt
A Atoltt. olE s s HolHAlE 7HA|aL
FHEA Ag&ny 7 XAl(eXplainable Artificial
Intelligence, XAl B4 TARHCE Fgcl= A
£ A&kt
2. G0 2 XizeH

Ao AREH AtEE 20254 4€19~79Y 199 A
o] = o A-dENA ZLEAIA 2 Hoiy
£ 71718 B9 4E BAXS 75t A &7 Hlo]
Bojtt. Zt LA FoldE 771§ &&stal 44

HHE ZAo] Xojsielon, A S42 olF &

H XY= AT, vAE AHEE HA AEs 27,5737
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oL, o]F FHEA U c|SEGo] Z83I3ch o]
ol A4 1

slst Au, 219 Pl E4o] Lyl k. A4
5 ARE AEHA A%, RS, BRI, FEA
Sz PAEY, 25 5U% AA"N 45T 4
A5 gl X242 Y E4o] 45 Lk 2
o= SN AT wezE Al 4
9 2o Pl WeRE 2R FEY 7R Y Fus

=
l
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. S = =3

d&Rg o] ExHT= AEYA G5 oR=E 4t
Aot A & ARAEDE @A AROS AEHA
A5E vt t A9 gho] -1 A1 HiE] 53 o]
4 7Rt ASE F5 28 Hot 12 IAYsila, 5
7b Zo] 54 mglo|AY {A- A4 BEE HES
< 002 FQsi. ol & Ao 40| ofyzt
@714 Q1 Wl 7|uket 34 98 AR EZASta
2t stoitt. dlSof EEE= AYHse Y SHAS
Hrget A AE A ALt 7112 B WeE 4
Sttt AEHA, 1A E, BEAS, SRRSO o
off 22k A Fhlag 1) AAdste] AEFA lagl, 1
AR lagl, TEA G lagl, TEAS lagl H-E W
SS9, AF A4 AA=E TE Thstt JERE X
AEEF AZF A AEoto] Hgedoh 4, &

Ol

%, @A gL WEY usE 290 9] 9

1

4. Xtz ©xE|

Az AR DA oA = HA 40 =3E 8 |
TE9 A& AT EXE FAAoI A #=H
oA 2= vl gFE 1% nftoz 3 Yepge
H, EX Wiof A3tE F4F AE giEH SRIFA
doitt. 2= ®|go] vt Wi, A5Z tiAot= 2
oA 3|8 AE =UT 7hsAdol Ukl wstod,
2 AFoA= ZSo] x3E TESAE EAA A
(listwise deletion)sh= ¥4 02 A5ttt o] I
o|%oE HE F7|= FTES| FAIE SAF HAEH
o= & FE FA Y=thal Fdsiqith

A& WOl dsiA= oA E SHEE ERlst
7] 8 AR Q(interquartile range, IQR)E &
8ot ZF HeEE AIAREARQDLE ABRAREY

Journal of Korean Society of Occupational and Environmental Hygiene, 2025: 35(4): 390-401



MRS Tl 27 9Es U AEHA 35 5 DY Y 97 303

FQIE AET T, Q1 — 1.5xIQR H¥E EE Q3 +
1.5xIQR &3} 7to] st w2 A4 =gt
2 sk o] 7keT *“‘ﬂxqﬁi E7Fs8 29
e vEAH R =2 AEkg, 5o TR A E
)Y AH| LF= QI ’\”Jro]ii FHH=E IS
A= A= T4 A & tal B3 A|ASHS]
o} BFH AAE 1 7S 19 HolAd oA & |
< Hol= 32 AH EAZ HAset] s AAsH
A a1 FAsFR o, Ui W tisiA= 4ok
SageS 9F 7|E ge® dktruncation Ex
winsorization)s}o] 249 FYAS =o|1A} St

THEAY ERY RFoA WS 4 Tt
Lt O] 7} ﬁl}oﬂ FFE FA YrE F8 AH
o #=2FE SIS 58] AEHA XS, Z1A]
T, %1347\]—1— SEASLL 2ol FYq W] &4
gk AA o] Aold &= Q= WHEY A, B 0, E
FHAL 10] HEF 2-F5 HIE &5 ol &
off M= ZF FH(scale) Apo|E QI FHEANA &
7 W57t oA SHE =AY, HAled oA A
T FHT £ 7|80] dEs ZAIE FAsfst At
SHAT.

ol 22 AAY IS AA, E4 AFEE o]
A A&} S9gte] T SfetHA T YA
M= AR -AE|ed B HUig BEcks WY
o7 A=A

Nr-lééﬁ

o
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5. #&HEM M=}

222} Aol 435S Y8 K-BHa ZHEAS A
Aletget. #8 5 ZAsH] s HA AR Hi
E(elbow method)E FL359ch K 32 185 87

A WASHAZ|HA ZF 2P oYM (inertia)E AT
A3}, K7t 1914 308 Z7teke 7tolA o]y A7t

A FASIAI, K=3 o|FREE A Zo| gl
£ IEA gei7t FoHA TEEI oS AAE
Higo 2 glofg txE 7P & AgstisE 1Ly9
EYT7F HrshA] gk goE K=3Z F &4 =
Agsiyict. o]% EFESHE AEHA A5, AHAS
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Sith B4 29E vEReE Al 38E /39 1
@A 0), 2 AEHA IFEH 1), F54 T
JEEFEH 222 grgsioltt
6. AEYA T S 74

A2EHA FF AE5E Aol ZAAE FH(logistic
regression), WEH EZHAE(random forest), Extreme
Gradient Boosting(XGBoost), Light Gradient
Boosting Machine(LightGBM) Y] 7HA] E&7 <&
= H|W5HI

Ay 2%l =X AE 3t EY 7N YAE BB
ol Y EHAE, XGBoost, LightGBMS 4 E3}
sto], W4 ZF WAE T APO0=E TPk FEX
BN -AlE A FIRE Hlejsls Mao] Ak o]
Aol B7kstaAt skt

15 S5 {loll WA AA HloleE E¥(training)¥}
AS(test) == 5T

ojnf AEHA FF(1)H HIES(0)2] Bl&°] F Hlo]

Q.

|

Jul

mlm

HAOA  H5HA fAEES F35E(stratified
sampling)= 48350, 80%+= &L, 20%+= HS&

HlolE &2 /gstaitt.

oje} T2 F3t BT I WIxT W2 AP o
Z5}= o|%l ‘ELTET SAIA F8 -4 BlEo] WFE=
A< T, oy A HIEE £0)7] s gukde
= /\}%—HE @Z}i AA =] JtHKuhn & Johnson,
2013).

&3 dgloJEoAE 5-fold WAFES(5-fold cross-
validation)& AR&S ZF Fare|5e] 9 sto|mjntety]
B2 24k},

4 flolHE oAl 719 EEE Ue &, T EE=
HASEOE, YA Y| EE= o580= /\} sto] 1t
‘%*Q‘ A7)0, o]F ETHE S8AA T oAl W
9 SFHFZ 53

zt 0}01 uhetol g 29l 1 s 2= s B
g

e

o)

L

olf3dt k-fold WAHHZ qu}— °d ZEoky
(hold-out) ¥4lof| Hlsf Hog &8 & =°|i,
K overfitting)Z =°|™, sto|mujztn|e] A€o
PgAE ol WHoE IEA UtHHastie et al.,
2009; Kuhn & Johnson, 2013).
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5, &9 dolg AE o8 7 TuEe A o
#olo] A% RIS TESt. 1 F H5 5E
Ul 7} 5o s AF dlolHE ol8d A A%

< Bkttt 28 B7k= F8(accuracy), YT/
A dE(recall), FEB=(precision), E°]|%(specificity),
F1 4(F1-score), 4R} 22t :‘é 4 of HE(area
under the receiver operating characteristic curve,

AUROC)S AHE3He WAl0 8 o]0}, o] % AUROC
£ 20 W@ AR A

AUROCE tofgh 57 AARolAS Tiket Eo]
T 7t #3E2 ShHe #eE Qo ARE, T
d Hlgo] B3t ojd B EA0A Q] wEdy
= B7folk= H At AR BEIEQtH(Bradley,
1997).

Ul 74 g 2 v A3}, LightGBMO] 7HY &2
AUROCE H9loH, Hgre}l g SHOAE
gHos #8 el g YER

olof W} LightGBM= & 9] 2T AEHA F
T AE5EFo R AAstal, olF 43 7hs ATAs
B4 9A] LightGBME thdez2 S35ttt

‘f

o>“

7. 487ts QZXIS(XAl) &M
A &HFgo] ojH HFE DA &El AEHA 55
BE Tdol=A] di4dot7] 95l Shapley Additive
Explanatlons(SHAP)a AHEstct. WA A BSA
£ o= W4 W Ao SHAP 3k Allete], A
EfA G5 diEo] tigt AerE]l F/EE H| ok
t}. oJojA] SHAP 89F Z3(summary plot)& 53
ZF W4 3ol w1l W3o| A&k vX= ekt A
]% Az ow gRlsiitt. 53] 7Y ddFHol
TR Ut AEFA lagloﬂ isfjA= SHAP o9&
1:'— E3S 4519 baseline ol ot & -;4040]
oj @A GEfA|=A] ”ﬂ%l‘i‘”‘:} T x| lagl A
3 lagl, ARG lagl 5 F9 W] qMWE
SHAP £2& Bdf 99 R‘?_Ur H3S Q9logA9] ¥
&2 A5 ol Bl @5l oH Wt T8
sitt = 52 d9ol, Ha 50 230 w2t AEY
& FF o] ofgA HISH=AI7A| EA5HIA} of

N
FLU

SR
ZuoA] B dTe AvgoR AzH H4
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Wl 24 ARE BEIAAT. ol olF, FUE
s9z, A 5 S AW AEE 4 s Awst
zgEel A goron], 54 Aot e +74
T 4 g A% ARE AZEA ik AR 24 B
AA olu] @ U9 Fo] A3} Aud Yego
o, B A7 Sgol gud MAE ARS BAS:
27 A9 4Ae 2] o] 7|Tges i)
(IRB) A1) wA] dhagol shgste zlom merslr.
B4 9 By eAE 24, 8%, 35 4R 94
EAH0R ofn] g UG Belze At A 2
229 A Aol w2EX] S shoic.

n.2& 1

Table 12 K-means &40 2 T&H A %

@4 0: A/F, 2 10 19 28, 2 2
A3 pe))o) ARl B4 ANY ur. 27 02 A
A dolsel 71 & MG05DE A, B

o 52082 24 1% fARAE, BePEAe

a:* ]’ AT A A&7t w2 A5 ¥Fo] &ot
DA77 =2 AASdZe s 2Rddh &4
12 6,901 & :r“éﬂ‘:q Bt AFZ 52.941, @4
HE 95.4%% YERgal, E4 4 @43 dut 2=
AL HEIRRE 35 H|Sol EoF 2EHA E0]
M =1 BEASTE P W A9RTo R SiAE
o 3 2+ 4,64770%, Bt Ago] 50.14|= A
Hog Ay JZEZY AAHSZHE njF 5 £3T
F BIS0] B2 Zo=® YEhgth o] #482 #EAS
7} =7 714K 27} Yo} oy A Q] A WElS B
ol =4 BEFeR & 4 o

Table 2= K-means ]—E—* o7 =&H A
o] AT ARAEHA, FAS, HEAIF,
A9 Hatga 2 oS AAT ‘:} 0%/F2
AR Cluster 02 VFA57F 43.4622 Al 3
7V E1 AEHAE 11.50 $22F, oFd IS¢
Ed& E2 odARE 7 AHI7E FAEH &%
S fde] 2 fdoz siMEn. Ad AEHA &
ol dfgst= Cluster 12 /\Ei'ﬂ/\ o] 15.29%
Al 28§ 7F 11, dEAeE 4.082 M Yo,
£ AEHAE UO}EEHE 01*‘3 Z4- sk &
St= Hdom EAXoRIT. A52 #eE 3
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Table 1. General characteristics

sty Total mean Cluster 0: Tension/ Cluster 1: High-risk Cluster 2: Active
Alert group (N/%) stress group (N/%) management group (N/%)
Number of records 16,025 6,901 4,647
age 524 £ 119 529 + 11.6 52,9 + 11.3 50.1 £+ 13.2
Gender distribution 27 573 Male 97.2 Male 95.4 Male 96.1
(%) ’ Female 2.8 Female 4.6 Female 3.9
A sites B sites C sites
Main sites D sites E sites F sites
G sites H sites

Main trades (n)

Water truck driver (83)

General laborer (37)

Dump truck driver (50)

Supervisor (1,073)

Tunnel grouting(21)

System scaffolding (15)

Tunnel grouting (41)

Plastering (14)

Summary of
characteristics

Highest tension index;
latent risk group

Highest stress and lowest

management index;
high-risk group

High management index
and low tension index;
stable group

Note: Clusters were derived by K-means analysis (K=3) using four biosignal indicators (stress, tension index,
management index, and excitement index).

Table 2. Average values of three clusters of worker biosignals using K-means cluster analysis

Cluster Stress index  Tension index Management index Arousal index  Data Group
Cluster O 11.5 43.46 8.87 64.67 16.025 Elevated tension /
alertness group
Cluster 1 15.29 40.41 4.08 62.62 6,901 High—stress risk group
Cluster 2 12.26 35.92 20.49 65.81 4,647 Active
self-management group
Cluster 2= AEdHA XH\J]’ 12.26 A7} HtgstA] Fole SHAIE Eth Random Forest@t

20.492 H453] &L, IHATE 35928 7P W2
]ill—tg_’ _/:_Ea]Agl_ ol:]x]/RL_ 27]_ /\ZO OZ‘IO‘I_oq ?::I—

XGBoost= ZZF AUROC 0.812, 0.854% 5

FERLH,

o] &

FFX0Z LightGBM Hdo] Accuracy

gl AgoA e B|nF gty ow AEFHAE Agsk=
Aoz & 4 gk ol2jst A 5UTF AR
ezt Fgo] w99 Zzvdo] A7 gk

0.803, Recall 0.816, Precision 0.800, Fl-score
0.808, AUROC 0.8772 Ho] 7} 935t g8
UEATE &3] Recalle] 0.8160.2 =2 AL AA| A

T S HojEth EfA g5 AHIE XA ¥ GAsk: o fEsit
Table 32 AEZA G501 57 tin] 58 olF T & FolA ARIRMAEA oA S83%F ouE 2=
sl F=3 vl 7K 5 E@(Logistic o} o] Adte AU 7Nt BAY 7ol AJA
Regression, Random Forest, XGBoost, LightGBM)<] g AAX T} olskd HHE AZs AEHA FF
35S vt 23S AASHY. Logistic Regression o] A3t S qugr—?i‘ﬂr
Accuracy 0.702, AUROC 0.731% 7V @2 A= Table 3914 AAISE E57 5= ROC FA0=E H]
Hol Bldg wigey} W 2F B3R Ao AE-S S0 w3t A3H= Figure 19 L}EH%‘RE}. AXow A" T
Table 3. Performance comparison of stress surge prediction models
Model Accuracy Recall Precision F1-score AUROC
Logistic Regression 0.702 0.691 0.705 0.698 0.731
Random Forest 0.761 0.784 0.755 0.769 0.812
XGBoost 0.788 0.801 0.792 0.796 0.854
LightGBM 0.803 0.816 0.8 0.808 0.877
Journal of Korean Society of Occupational and Environmental Hygiene, 2025: 35(4): 390-401 www.kiha.kr
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Figure 1. Comparison of ROC curves and AUC by stress surge prediction model
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Figure 2. SHAP summary plot by key variables in the stress surge prediction model

29 24 7|2A(AUC = 0.50)%} BloE uf, ZE =
o] ROC FA2 FAIT Wz 294 lo] A
FES AIeH= d&ES Byt 2x4Y 379 2
FEE vy At FAE YR, dE 2 A
E9} XGBoostE 7|5A40A] © GojAHA AUCTH Z+
7+ 0.854, 0.861 $&o& FAEA LightGBMO]
ROC FA2 thFEo] #3104 o2 ndkuct gt
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o A5} 71 =2 AUC 3H0.877)& Hol, AEH
A FF oRE FEsRE o 7P <53 ol 452
Zt= ndz SRIEQLh E3] ARl FAdEC] 0.2~0.4
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