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R ( Multi — XA )----- ,
' Validation 1
,  — Shap !
- GNNExplainer :
! |
[}

- Integrated Gradients

Hazards Vulnerabilities

<

1
1
- Cross—Component Attention :
- 13,170 Spatiotemporal Observations |
- Physical Plausibility :

7

e e e e = e = e e e = e e e e e e e e e e e e e = e e

A . S

Exposures Responses

(- [ Health Data ] -----

X Validation
1 — Data (NHIS+KDCA)

D GNNExplainer

1

1

- Integrated Gradients

=X IPCC(2022) , Velitkovi¢, P et al(2017)
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ol A3 X|Hj| 219 AHHE = HAl
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(ol 2 27 etis

- Sensitivity: 328t =& +ENME O 2 L6iE &= &+ U= 2+ BH &Y Social Sensitivity
Adaptive Capacity : ZH0| thSotal TfoiS 2tatet 4 U= X[HAte|9| SEE = Climate

Exposure: 20| XHAO=R L& 01720} XjAto| B7H 21 Hazard
Hazard: 22/KQ1 25t 7|& siAo| 2

Risk : IPCC AR62| I3 E GAT OF7|ElX Ll Cross-Component Attention22 718510,
ZtAEHE 7HH|MY A4S EES HI0[E| 7|8t = shgoh= 88 2|43 X|H Learned

Component
V& Interactions

Component Variable Unit oy et g T = or
Climate Hazard Heat wave days days a8 v o
Tropical nights nights o B s
Warm spell duration days g g8 0 g
Land surface temp °C o Bl 0
Urban Exposure Population density persons/km? . 0 02
Impervious surface % 45 o w
Building density % — & e w
Transport access dimensionless o sy o [T "“mg’“'ﬁ
Social Sensitivity Underground housing % i i
Young children % e il i
Low income % a0 w0  aw ozs
Elderly population % i of 1. o
Adaptive Capacity Summer cooling elec. kWh/household o B |
Healthcare access dimensionless "
Green space m?/person - - ™
00

Heatwave shelter

facilities/10k pop

1270

Longitude

1268 126.9 1270

Leegude



AR6 Components

Climate Hazard

- Heat wave days

« Tropical
« Warm spell durat

Climate Hazard

+ Heat wave days

ion

« Land surfuce temperature

---Graph Construction

Data Integraition
+ ARG 16 variables
* S00m Girid

Preprocessinng
+ KNN Imputation

—>

* Min-Max Standardization

SpatioTemporal Graph

GAT Model Architecture

« Warm spell durs

Climate Hazard

0

+ Land susface tempesature

Climate Hazard

Optuna TPE Gradient Clip
+ 150 trials + Max nomm
Optimal
Params
Early Stopping LR Schedule
+ Patience Monitor + Step decay

- Multi Loss -

GAT Model

Spatial Graph
« k= 8 Neighbors
« =1 5km kernel

Graph Fusion

Temporal Graph
+ 5 year window

wa =3 years

« 58.3% spatial, 41.7% temporal

Adjacency Matrix

Regularization

Curriculum learning

Multi-Head GAT

w| Cross Component

Multi Seed
* 5 seeds

Component Analysis

Hyperparameter Tuning
« Optuna TPE

Residual
Altention

Dropout

Health Indicators
= Annual HRI Cases
- Surmmer HRI Case:
* Summer EDY

GAT layer |

GAT layer 2 Component Processor

Lag Analysis
« Immediate effects (0-year)
« Short-team (2

Component Interaction

+ Ingust Comeat: 96 — 191

A

+ H#E*V components

ear - 192 — 66

Wulnerablity Processor

Residual

Connection

—_— : —— inear: 4 — + 1 Attention Hes >
« 6 attention heads 7 * 4 Components Input Linear: 4 — 86 13 | Aieation Hlead * ReLU(LayerNoomiW+h + by)
» Coneaet * ReL U + LayerNoem :
]
=== Model Validation =-===-==-===--=----c-mccomoomoooooomoe oo
'
Differntial Dropout H
'
. RN v | Temporal Cross Validation
Harard Processor Exposure Processor Sensitivity Processor Adaptive Procesor |, : +Temporal Forward Chaining
« ReLU + LayerNorm * ReLU + LayerNorm « ReLU + LayerNorm « Tanl + LayerNom (R ' Smatial
H atia
H Nested Spatiotemporal CV Aumczﬁm“l‘-umn
Temperature Scaling ' « Spatiotempoeal Block vali N
H *+ Mosan's |
'
'
©

 Tanh + LayterNom

A 4

Distance Correlation Analysis

I

Population Normalization
« KOSIS population dats

Additional Health Indicators
- Per-capita Summer HRI
« Per-capita Anaual HRI

=+ Per-capita Summer ED Visits

Risk Network

ARG Theory Loss
* MSE(Risk_pred. Risk_theory)

« Physical consistency

Resconstruction Loss
* MSE{Decoder(h, X)
« Feature preservation

Deep Graph Infomax
* Mi{local, globaly

« Contrastive leaming

AdamW Optimizer
* Cosine annealing

Curriculum Learning
« Warmu learning

Multi Mixed Loss

Y

-C

cat — [2634, 384]

~Input: [HL, E, V, H<E~V]

+ Linear: 384 — 96 — 32

Y

Uncertainty Head
= Linear: 32 — 16

= Sofiplus(W-h + by
“MC Dropout:

Output Layer

Y

+ Bayesian estimation

32— 16— B — |
Sigmoid(Wh + b)
00 - Risk seore & [0, 1]

« With uncertainty o°

Risk Score

LISA
= Local indicators.

+ Spatial clusters

Getis-Ord G*
« Hotspot amalysis

« Cold-spot detection

K-means Clustering
« Risk-based groupi

+ Optimal clusters

+ S00M resolution
« Normalized output

--Multi-XAl Spati

otemporal Validation --

Hot/Cald Spois

Risk Types

SHAP
« Shapley values
« Glubal/Local

GNN Explainer

« Giraph mask

« Subgraph importanceocal

Policy Output

Integrated Gradiens '
« Path integral Atiribution

Variable Importance Identification

N

Risk Classification

Cross-Method Consistency

Temporal Analysis
+ 2015-2019 teacking

Spatial Analysis

+ 5 districts Hetesogeneity

Global Importance
* Feature ranking Variable selection

+ Cross-method Consistency Validation

Climate Justice Assessment

« Evidence-based resouree allocation

« Intervention guidelines

Climate Justice Implementation
= 500m Resolution Policy Framewark
= Global Transferable Decision Support
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1. Physics-Constrained
Input Processing

HEV 7 hy
X w—
X

hH = RCLU(WHXH + bH)
(Enforcing Non-negativity)

H,E
x—>

h[,‘ = RCLU(WL.XE + bg)

(Enforcing Non-negativity)
V.,V
Initial Feature
S =P Tensor
(Sensitivity) HO
)’
AC =P j
(Adaptive hAC

Capacity) (Risk Reduction)

hy = ReLU(fagg(hs, hac))
(Integrated V: S & AC Interaction,
Positive Risk Contribution)

Spatial (KNN)

2. Differentiable
Spatiotemporal Fusion

ez

Temporal (Decay)

Ag Ay

Fused Adjacency Matrix
Agst

3. Cross-Component GAT Layer &
Final Output (Risk Amplification)

I
ai(:‘LR

' N

(3} W(“hf,l)

hg+1)=o( Z (0 S
cE{H,EV}
+ > a}l_),RW(‘)hgl))

N

4. Final Output
with Amplification

Final Spatiotemporal
Risk Score (¥s7)

JENST

\

J/

3. Cross-Component GAT Layer
(Message Passing)

Legend:
@ : Learnable parameter (@)
@ : Attention weight (a)
@ : Feature Tensor (Block)

4. Risk Prediction
with Uncertainty
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|GAT 2 oF7 |5

o L-2{0
= 5(0): %4 T, M5
1E(H, E S, AQ2| =28 S5O
=+ 2T HEHEMH,E S, =]¥e:] A%
: Ro O] 20ll 72510 % & AN TEMOR By F O] (KNN)T} A|ZHA
- IPCCA = St S| Sh4 CHA = #|Mo| o X
: hanism o 2rh2 2ds g B EAMO| Ot= x| &o| Z7}
( s e Yoo MecPhasm L) 2| ~3 of Oi2t0|E ()2 Sl H| 0 Sin k|2 ShA
A R e &t JHs st o SS =xXoz sty My ASEE 7HEKE o5
(Spirltlowmp"ral S -] | Decay) HEgs 4 S QA= 79| HiAd A
d CV Structure < = (Temporal Dec S o|HXOl 7|z @45 7
Neste 0
AL N Train - L5 GAT HIO|0{E
M S
7'
. TesﬂFlﬁure/ | 2= K|9S HAEAMORZ 24X 3|
Unseen _ Aal gl = =
H = gl AI = —
S (Red hatched) 1. AR7t M A upx| A|Z27HC0|E{Q) EAS T1a{510], O|2f A|H
1 | 52 XATNS T AIB
Block Spatiotempora ToTm L H= ASH SHSl 2| TSL ASH
T Information Leakage 3 =clok= ilﬁl- I:|Io TET‘E'E-'I e S floli Ul 71X &4 25 Zget =X at
S Obiective Ootimiza = 2MAMT MNs EHE /5 " L
; Informed Curriculum Learning & Multi-Objective Optimization 2. |.__.|'3_ }_IA_)Ikll_éFA GO B30 LAA AEL ey T A3 (t)L{PhJ’SiCS} T A4 tReg}
108- rme oF A T _
A2. Physics-Info L+ A3(t) - Lonysics + Ma  Creg) - Sy d L } = MLlirecony T A2Lip 27t I S LA
inimize £(6) =) (M - frecon+ A2 oG {Total =31 7| 2801 A|27HTHEIS
minim , StA I'lE-F StA (L )O-" Ilzlsol- —
: - HAA sks TE ot JejT XSS (Lipep N .
Phase 1 (Early Stage): e S (Lirecony )2t 12HE = S8 ANEY HE. e DHZ XE
Etozazz/‘l‘ReC""+A2fr’f,§éonFocus) (=7]): HlOlH H_ E{Rﬁaxw oz £7MI7I._ PGt 718tE A= gy = Y
(Data & Structure Recof(li Data/DGI weigh_t’ht Physics Weight A|IZHo| k2t 7S A A S ET _I_l HISS , IPCCOl=H 7IES
N hysics weig ysic - AN -
. = Nt Gk - (&7): 012 7IHJ == Lipnysics) 2
-~ e E - = O
s — s At s, e
. Epochs N HE| S 7t 292l(Haz 7|o| EVlEE!
Time y Shn [ =] T HEAY A o|_||:|- 7187|2
2 (Later Stage): — IPCC ARG O| 20| 7|Ht5I0] &2 acity)2] 9| 7| 27| :
AIZhast:‘_.“_‘_)\3 high-EPhysics'{";j; Penalty a physical la\ive) * L{phystcs} e oS ZbA _9_0|(Adapt|ve Cap
otal = S i 4 o
(hysicsConstin Focus Ephasie SLSEnas) P Ry,
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[ Multi = XAl 245

A 2|F AZ CIOE A3

1. XAl 4SS HA
- SHAP : 2t 2910] 223 0jZ0]
( Game Theory: SHAP 1( Graph Structure: GNNExplai |[  Path Integral: Integrated Gradients | 20 S _I_JH ot Z101 = AL
ame Theory: rap cture: xplainer ath Integral: Integrated Gradients _ =0 SHAIXIO
(Fair Contribution) (Structural Visualization) (Dynamic Tracking) Gl\_INEXpl_amer ) O:” _'O“ ST !
®EG . gets 012l s M08 2
I __I.LII'I EIl

OO
®o@f

- Integrated Gradients : 2Z{0|
Hok If 2{AF7F HEA =%0

o=
Baseline input x’ Actual input X HHH =X =X
(e.g., a zero-vector)

S|N(E|=|S|-1)! , of(z' + a(z — 2’ =
$(f)= Y l—l-%[f(Su{:}) ~ f(8))] minimize H(Y|Gs, Xs) + A1||Mg|| + A2||Mx]| IGi(z) = (z; — z} f f m( ))da 2. ofjAdo| it DI MM AS
\ — 1 )\ : )\ : : / - M2 LOE XAl 7|'HS0| W=E2
L ]
T == ' DD z2 209 2ot i
Integrated Multi-XAl Consistency Check Part 3: External Health Data Validation AUX|GH=X| EA
(Spearman Rank Correlation) (Non-linear Statistical Ground-Truthing)
\ ( T g )
Goal: Quantify interpretative consistency across l Statistical Test Engine
heteggenegs mg&ods to ensure relia)};ility. ‘/l\l/i ] Test for Linear & Non-linear Dependency 3. )élx'!k: I' 1|O| E'I 7 | bt Hlkl a4 %
RankListA  RankListB  Rank ListC ot Bt Linear (Small): cov(X,Y) - it Mo ZHA 2 OfL 2t
(SHAP) (GNNExplainer) (IG) Risk Scores (¥) Pearson Correlation: px y = ey SXISHH|MS A K| ERESE 4
B — ; —  — Consistency Non-linear: Distance Correlation: %{E -|E_| é,*ﬂﬁl—.—(Dlstance
e | ¢ |3 | > |3 |== Score (p) ° dCov*(X,Y) . = Al
H 4 | $ | MR, dCor(X,Y) = Correlation)2 T 510, AX|
2 (Captures complex dependencies). Lo |°H |'—| iy oE ™=
_6>.di Independent Ground-Truth g PSS
pP= n(n2 —1) l‘-)lealth Data (Y gps, Goal: Confirm statistical significance (p < o)
L o e.g., NHIS/KDCA Records) |_and capture real-world health impact structures. |
v BK\E
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B (228523

- Temporal Forward Chaining (0|2 0i|%) 21t

- 17 HO[HZ o5 &, HZ O3S ol & HAESHs nHg=2 O ghs = (02 82 £+ 2 AT
«3H 1% HIAE BF R? = 09681 (+6.79 x 100°%), RMSE = 0.162 Z4.
- 0fE MZ22 7|= I{EO[ LIEfLIE Hg X 0|1 Fetol Oj2f oS 85 w4l =2l

- Spatial Block CV (O|2t= X< 0|=) Z1f

e 5/ Y = SILIE HAEMOZ 2AME| £2|5l= 5-fold DA AS 28
« 2= HAONM 2 USA =2 H5 7|5 (ZA R? = 0.9675, Z[CH

R? = 0.9691).

ol (=2 715 THO| LIEH IS piERoln e )7 oS Mo Bxl 2o
- Nested LORYO (Dl'El'; X| Q:! Eltl AH%I) 7E=|J__||' Validation Method Configuration Score RMSE
c A|SZHAEE x HH) 2 SHLY K| lots BB UM T 45 Mot 818  Temporal Forward CV 2015-2016 — 2017 0.9682 0.161
o OISt A[S A HoF =AM E 2-O| 0= Azl =HE 0152017 — 2018 09681 0162
2015-2018 — 2019 0.9681 0.162
Mean + SD 0.9681 + 6.79x1072 0.162
Spatial Block CV 5-fold regional 0.9681 0.163
Region 0 (624 pts/yr) 0.9689 0.159
Region 1 (580 pts/yr) 0.9669 0.164
Region 2 (684 pts/yr) 0.9691 0.158
Region 3 (746 pts/yr) 0.9675 0.162
Nested Spatiotemporal 20 Region-Year combos 0.9682 0.161
1 O LORYO (Most Strict) 0.9682 0.161
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masRe

o
- GAT 7|gF 2|23 HE 3=
Ol

. GAT #|0j0] E1} & =2 Q| o] Ao 23] CH| o 179~2.15H) S7}8t 0]= BHO| A|BZ HEtS H&st0] Tha
Ol2 R Ea5D HEH ol BlA3 SRS WS
— — e A
- AR6 HZEUE ¢43%48 o5
« O{HIME 7I5X| &4 ZDf, Sensitivity < Adaptive Capacity(2.079) & == ¥4 Z=7 =QlE. IPCC O|2e| AZHE 7t
1 y p pacity
H|Mod AUR Bl g4 20t 20| 2N = st5
- O34 sl
« AHI Y SZHOA BEHE 78 422 A|(O|: Hazard <
Exposure 0.272 — 0.018) of 2 otd ZXZ siastn 2 Analysis Component Metric Value
R_/.\_Ql % EHI &,' 7 | O:I e S E | GAT Attention Enhancement
- Hazard variance Input — Output 0.0662 — 0.1186 (1.79x)
C
- 0 | % El' ol-)\o-l %I-E Exposure variance Input — Output 0.0594 — 0.1173 (1.98x)
o Sensitivity variance Input — Output 0.0289 — 0.0620 (2.15x%)
O HA = a| A3 7}o| AbD}T} O|2X HISEM T y
'OI"'% = -r:le (Ll = ilt—_—__tll '1;'\ oA 7 ro | A (J)'r Adaptive variance Tnput — Output 0.0216 — 0.0434 (2.01)
2 K| ol'o:ll =28 M 7|8t sts L{Physics})—l rEds = AR6 Component Interactions
Sensitivity < Adaptive - 2.079
Exposure < Sensitivity - 2.062
Hazard < Sensitivity - 1.970
E < Adapti - 1.
Relationship Test Observed Correlation ~ P-value Expected Direction H);I;Zizri Sen(siicli)vli\t]; ] 333
Green Space <+ Risk -0.0332 1.41x10* Negative Hazard < Adaptive - 1.901
_ _ N Multicollinearity Resolution
Elderly Population <> Risk +0.3405 <0.001 Positive Hazard < Exposure Before — After 0.272 — 0.018 (-93.4%)
Low income < Risk +0.2891 <0.001 Positive Hazard « Sensitivity Before — After 0.216 — 0.069 (-68.1%)
' ' Exposure <> Sensitivity Before — After 0.804 — 0.051 (-93.7%) 11

Impervious surface + Risk +0.4011 <0.001 Positive Sensitivity < Adaptive Before — After 0.046 — 0.004 (-91.3%)
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of Zet B XI|IMTNT SANOE Qolojs 2T YEHS &l
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3FEH M =2 i 2|A3(0.687 +0.082)2F §2|0|$t Z-score(2.34 ~
=7t = A ol iT A 2 X Yo BSIE ASE AlAtE.

- B|A3ol Z7IA 2Bl Ol=

o Low-Low(LL) EAEE T2 TA| Q& 3 M2l M o120 B,
e« HH2l LL 22 Ho| F& °
718 Mo| A S st LMH MK 742

~

MHI
o&!
on
mjo
ox
o
ol
|0
Hu
o
W]
Ot
=

Cluster Type Grid Count Percentage Mean Risk Score  Std Dev Z-score Range

B e High-High (HH) 1,147 43.5%  0.687 £ 0.082 0.082 2.34 10 5.67

4. Lowrbow

"ﬁlgh-liwy
L giw-High e

Low-Low (LL) 889 33.7% 0.312 £ 0.067 0.067 -4.89 to -2.01
High-Low (HL) 235 8.9% 0.623 + 0.074 0.074 1.89t0 3.12
Low-High (LH) 363 13.8% 0.389 + 0.071 0.071 -2.45 t0 -0.98

12
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o Fgt

o MEA| BH O HAX MM Al =& = (Urban Exposure, 33.7%)2t AtS| A DIZHE(28.2%)7t 7| % /& (Climate
Hazard, 23.6%)2 Y EolH 2|A30| = Qo =F LIEIH,

« Ol = EAIS ZE|H TR AR ENH F 20| 7= ddd XM ECH X|F 2t 2|3 AXE HE= 282 JQYUS AJAL
. Me AY chezol Z|AT Q0 M|

r

M

=
e

M CHQIE o7 MAoZ AT AL 2|A3 X|HY 2210| 7| & (Climate Hazard) 22 2 45| M| = s1AH0| BHAHE]
« D= HANN SEO| EH X (Hazard)7t CHE 72X Q052 YEsts FEHS E¢Q.

13 ol= = ”|_ 7 ; | “ = —_ Al OIE1” O —_ 7:| _ [
w01 KIHO| Cf QIBSITHRI 20 ARy = SA| RE7F AMEIXIS, S XHO| ABHEH UK "2 DIAIN 7S BTt Bt
S > T EANME S = o
LAl 7|2 2|A39] O|3H0| AA Y S=H2 Ed= 2R6iAS
20 33.7%
m=mm Urban Exposure: 33.7%
mmmm Social Sensitivity: 28.2%
351 28.2% m= Climate Hazard: 23.6%
=== Adaptive Capacity: 14.5%
ol | @
- 23.6%
E x4 GAT: p.148
S
B 0
2
5
S5
2
E 104 [
Ranking: Exposure > Sensitivity > Hazard > Adaptive
5] KeyFlndmg Urbanfactors dominate climate factors
o s -.*‘”} £ K
" — - - & & & & &
Exposure Sensitivity Hazard Capacity & & 13
AR6 Risk Components

Administrative Region of Seoul
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|
« MZ CtE 2|2 Ml 7tX| XAl 7| #(SHAP, GNNExplainer, IG) 2t EM $2&F +2|& H|wst A1 B 89.6%2 &2
UK = F Z3t Spearman =2 A2 (p = 0.89,p < 0.001)E 2150 E7F YWHO| HIFL|X| U= 22N s,
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Analysis Method Analysis Scope Methods Used Consistency Spearman p p-value
Global Importance 13,170 points SHAP + GNNExplainer + IG ~ 89.6% 0.89 <0.001 st sy '
Feature Ranking 16 ARG variables All methods 95.0% 0.85 <0.001 T e T eoen T
Component Hierarchy 4 AR6 components All methods 100.0% 0.92 0,001 T — e e e
2015-201 <0.001 I -
Temporal Consistency 015-2019 SHAP + IG 85.0% 0.81 0.00 g K
(S years) . I
~ . H
Temporal Trends 5-year progression SHAP + IG 90.0% 0.83 <0.001 ] H
Spatial Patterns 5 Seoul regions GNNExplainer + IG 80.0% 0.78 <0.001 _ '
Regional Analysis District-level GNNExplainer + IG 85.0% 0.80 <0.001 . f-
SHAP « _ E
- - < . £
GNNExplainer 13,170 points 0.87 0.001 :
SHAP « ,
i - - 0.85 <0.001 P A
Integrated Gradients 13,170 points o = 0 . . e
GNNExplainer <+ IG 13,170 points - - 0.82 <0.001 R °
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Distance Correlation Coefficients

U.A4T™
041

Rank Health Indicator Distance Correlation 95% CI p-value* Lag (years) Coverage Period 5 03

1 Per-capita Summer HRI 0.449 [0.314, 0.605] <0.001* 0 2015-2019 e

2 Per-capita Annual HRI 0.422 [0.293, 0.598] <0.001* 0 2015-2019 % 0

3 Per-capita Summer 0.397 [0.304,0.532]  <0.001* 0 2015-2019 3

ED Visits

4 Annual HRI Cases 0.321 [0.250, 0.509] 0.058 3 2015-2019 01

5 Summer HRI Cases 0.316 [0.233,0.512] 0.026* 2 2015-2019

6 Summer ED Visits 0.219 [0.215, 0.455] 0.427 3 2015-2019 00
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