Appendix
Table 1. Model Performance Comparison of With vs Without HE_obe
	Condition
	Model
	Weighted_AUC

	Without HE_obe (Primary/Corrected)
	DeepMLP
	0.6548

	Without HE_obe (Primary/Corrected)
	Random Forest
	0.6623

	Without HE_obe (Primary/Corrected)
	XGBoost
	0.6591

	With HE_obe (Original/Leaky)
	DeepMLP
	0.8184

	With HE_obe (Original/Leaky)
	Random Forest
	0.8117

	With HE_obe (Original/Leaky)
	XGBoost
	0.8210



Table 2. Cluster-wise Group SHAP Analysis
	Model
	Cluster Variables
	N Vars in Cluster
	Sum Mean Abs SHAP
	Individual SHAP

	Random Forest
	CO
	1
	0.0020
	CO=0.0020

	Random Forest
	NO2+O3+green_1
	3
	0.0076
	NO2=0.0033; O3=0.0017; green_1=0.0026

	Random Forest
	PM10+PM2_5
	2
	0.0076
	PM10=0.0043; PM2_5=0.0033

	Random Forest
	SO2
	1
	0.0015
	SO2=0.0015

	XGBoost
	CO
	1
	0.0197
	CO=0.0197

	XGBoost
	NO2+O3+green_1
	3
	0.0662
	NO2=0.0298; O3=0.0152; green_1=0.0211

	XGBoost
	PM10+PM2_5
	2
	0.0578
	PM10=0.0339; PM2_5=0.0239

	XGBoost
	SO2
	1
	0.0084
	SO2=0.0084



Table 3. Ridge vs Plain Coefficients
	Variable
	Is Environmental
	Ridge C selected
	Ridge Coefficient
	Plain Logistic Coefficient
	Shrinkage Ratio
(Ridge/Plain)

	CO
	True
	0.00428
	0.09910
	0.09970
	0.99400

	NO2
	True
	0.00428
	-0.16520
	-0.16620
	0.99400

	O3
	True
	0.00428
	-0.03180
	-0.03260
	0.97600

	PM10
	True
	0.00428
	0.08640
	0.08580
	1.00600

	PM2_5
	True
	0.00428
	-0.05040
	-0.04980
	1.01200

	SO2
	True
	0.00428
	0.00110
	0.00100
	1.09700

	green_1
	True
	0.00428
	-0.12580
	-0.12690
	0.99200

	region
	False
	0.00428
	0.06980
	0.07050
	0.99000

	BE3_31_3.0
	False
	0.00428
	0.00310
	0.00310
	1.00100

	tins_20.0
	False
	0.00428
	-0.00790
	-0.00780
	1.01500

	tins_30.0
	False
	0.00428
	0.03630
	0.03660
	0.99100

	npins_2.0
	False
	0.00428
	-0.01790
	-0.01800
	0.99500

	EC1_1_2.0
	False
	0.00428
	0.00330
	0.00320
	1.03300

	BE3_31_2.0
	False
	0.00428
	-0.00620
	-0.00620
	1.00900

	BE3_31_7.0
	False
	0.00428
	0.03120
	0.03130
	0.99700

	BE3_31_4.0
	False
	0.00428
	0.01460
	0.01470
	0.99300

	BE3_31_5.0
	False
	0.00428
	0.00690
	0.00690
	0.99400

	BE3_31_6.0
	False
	0.00428
	-0.01980
	-0.01960
	1.00800

	BD1_11_5.0
	False
	0.00428
	0.04080
	0.04100
	0.99600

	BE3_31_8.0
	False
	0.00428
	-0.00330
	-0.00310
	1.06000

	pa_aerobic_1.0
	False
	0.00428
	-0.09560
	-0.09540
	1.00200

	BD1_11_6.0
	False
	0.00428
	0.05460
	0.05470
	0.99900

	dr_month_1.0
	False
	0.00428
	0.00970
	0.01020
	0.95100

	BD1_11_4.0
	False
	0.00428
	-0.01290
	-0.01270
	1.02300

	BD1_11_3.0
	False
	0.00428
	-0.06410
	-0.06400
	1.00200

	BD1_11_2.0
	False
	0.00428
	0.01270
	0.01330
	0.95100

	age
	False
	0.00428
	0.26520
	0.26570
	0.99800

	sm_presnt_1.0
	False
	0.00428
	0.08110
	0.08110
	1.00000

	ho_incm_4.0
	False
	0.00428
	-0.02910
	-0.02860
	1.01500

	ho_incm_3.0
	False
	0.00428
	-0.01630
	-0.01590
	1.02200

	ho_incm_2.0
	False
	0.00428
	-0.00200
	-0.00170
	1.16300

	marri_1_2.0
	False
	0.00428
	0.01940
	0.01930
	1.00300

	edu_4.0
	False
	0.00428
	-0.24760
	-0.24770
	1.00000

	edu_3.0
	False
	0.00428
	-0.15630
	-0.15650
	0.99800

	edu_2.0
	False
	0.00428
	-0.05050
	-0.05050
	0.99900

	sex_2.0
	False
	0.00428
	-0.34440
	-0.34360
	1.00200

	mh_stress_1.0
	False
	0.00428
	0.03260
	0.03260
	1.00100



Table 4. PM10 vs PM2_5, Leave-one-out Comparison
	Condition
	Model
	N_Features
	AUC
	PM_Mean_Abs_SHAP

	Both_PM10_ PM2_5
	Random_Forest
	37
	0.6623
	0.0076

	Both_PM10_ PM2_5
	XGBoost
	37
	0.6591
	0.0578

	Both_PM10_ PM2_5
	DeepMLP
	37
	0.6664
	n/a (DeepMLP)

	PM10_only
	Random_Forest
	36
	0.6589
	0.0046

	PM10_only
	XGBoost
	36
	0.6576
	0.0386

	PM10_only
	DeepMLP
	36
	0.6602
	n/a (DeepMLP)

	PM2_5_only
	Random_Forest
	36
	0.6618
	0.0041

	PM2_5_only
	XGBoost
	36
	0.6600
	0.0309

	PM2_5_only
	DeepMLP
	36
	0.6645
	n/a (DeepMLP)



Table 5. DeLong Test Results (All)
	Comparison
	AUC_1
	AUC_2
	Z
	p-value
	Result

	DeepMLP vs Random Forest
	0.6576
	0.6565
	0.2529
	0.8004
	Not Significant

	DeepMLP vs XGBoost
	0.6576
	0.6548
	0.6357
	0.5250
	Not Significant

	DeepMLP vs LightGBM
	0.6576
	0.6512
	1.3459
	0.1783
	Not Significant

	DeepMLP vs BasicMLP
	0.6576
	0.6506
	1.4237
	0.1545
	Not Significant

	DeepMLP vs Logistic Regression
	0.6576
	0.6450
	2.2261
	0.0260
	Significant (p<0.05)

	DeepMLP vs ResNetMLP
	0.6576
	0.6436
	2.5033
	0.0123
	Significant (p<0.05)

	DeepMLP vs SVM
	0.6576
	0.6381
	2.8281
	0.0047
	Significant (p<0.05)

	Random Forest vs XGBoost
	0.6565
	0.6548
	0.6359
	0.5249
	Not Significant

	Random Forest vs LightGBM
	0.6565
	0.6512
	1.8500
	0.0643
	Not Significant

	Random Forest vs BasicMLP
	0.6565
	0.6506
	1.1645
	0.2442
	Not Significant

	Random Forest vs Logistic Regression
	0.6565
	0.6450
	2.5788
	0.0099
	Significant (p<0.05)

	Random Forest vs ResNetMLP
	0.6565
	0.6436
	2.1769
	0.0295
	Significant (p<0.05)

	Random Forest vs SVM
	0.6565
	0.6381
	2.6709
	0.0076
	Significant (p<0.05)

	XGBoost vs LightGBM
	0.6548
	0.6512
	2.0657
	0.0389
	Significant (p<0.05)

	XGBoost vs BasicMLP
	0.6548
	0.6506
	0.8577
	0.3911
	Not Significant

	XGBoost vs Logistic Regression
	0.6548
	0.6450
	1.8181
	0.0690
	Not Significant

	XGBoost vs ResNetMLP
	0.6548
	0.6436
	1.9039
	0.0569
	Not Significant

	XGBoost vs SVM
	0.6548
	0.6381
	2.4238
	0.0154
	Significant (p<0.05)

	LightGBM vs BasicMLP
	0.6512
	0.6506
	0.1223
	0.9027
	Not Significant

	LightGBM vs Logistic Regression
	0.6512
	0.6450
	1.1640
	0.2444
	Not Significant

	LightGBM vs ResNetMLP
	0.6512
	0.6436
	1.2558
	0.2092
	Not Significant

	LightGBM vs SVM
	0.6512
	0.6381
	1.8374
	0.0661
	Not Significant

	BasicMLP vs Logistic Regression
	0.6506
	0.6450
	0.9041
	0.3660
	Not Significant

	BasicMLP vs ResNetMLP
	0.6506
	0.6436
	1.3628
	0.1730
	Not Significant

	BasicMLP vs SVM
	0.6506
	0.6381
	1.7521
	0.0797
	Not Significant

	Logistic Regression vs ResNetMLP
	0.6450
	0.6436
	0.1918
	0.8479
	Not Significant

	Logistic Regression vs SVM
	0.6450
	0.6381
	0.8362
	0.4031
	Not Significant

	ResNetMLP vs SVM
	0.6436
	0.6381
	0.7659
	0.4438
	Not Significant



Table 6. Importance of variables for each of the Top 3 models by Mean |SHAP| (All)
	Rank
	DeepMLP
	DeepMLP
	Random Forest
	Random Forest
	XGBoost
	XGBoost

	1
	sex
	0.0771
	sex
	0.0584
	sex
	0.3278

	2
	age
	0.0682
	age
	0.0492
	age
	0.2903

	3
	edu
	0.0460
	edu
	0.0369
	edu
	0.1644

	4
	BD1_11
	0.0151
	BD1_11
	0.0154
	BD1_11
	0.0856

	5
	ho_incm
	0.0133
	pa_aerobic
	0.0136
	pa_aerobic
	0.0755

	6
	BE3_31
	0.0105
	sm_presnt
	0.0114
	ho_incm
	0.0561

	7
	region
	0.0095
	ho_incm
	0.0096
	region
	0.0466

	8
	green_1
	0.0067
	npins
	0.0062
	sm_presnt
	0.0412

	9
	PM2_5
	0.0067
	Region
	0.0054
	BE3_31
	0.0341

	10
	sm_presnt
	0.0065
	BE3_31
	0.0054
	PM10
	0.0339

	11
	CO
	0.0060
	PM10
	0.0043
	NO2
	0.0298

	12
	pa_aerobic
	0.0060
	tins
	0.0036
	PM2_5
	0.0239

	13
	EC1_1
	0.0046
	PM2_5
	0.0033
	green_1
	0.0211

	14
	PM10
	0.0040
	NO2
	0.0033
	CO
	0.0197

	15
	NO2
	0.0038
	dr_month
	0.0027
	npins
	0.0193

	16
	O3
	0.0034
	green_1
	0.0026
	EC1_1
	0.0179

	17
	mh_stress
	0.0030
	CO
	0.0020
	dr_month
	0.0158

	18
	SO2
	0.0029
	EC1_1
	0.0018
	O3
	0.0152

	19
	dr_month
	0.0023
	O3
	0.0017
	mh_stress
	0.0152

	20
	tins
	0.0022
	SO2
	0.0015
	tins
	0.0134

	21
	npins
	0.0011
	marri_1
	0.0010
	marri_1
	0.0106

	22
	marri_1
	0.0007
	mh_stress
	0.0010
	SO2
	0.0084



Table 7. Comparison of Weighted vs Unweighted Training Models
	Training Condition
	Model
	AUC weighted eval
	AUC unweighted eval

	Weighted Training
	DeepMLP
	0.6664
	0.6576

	Weighted Training
	Random Forest
	0.6623
	0.6565

	Weighted Training
	XGBoost
	0.6591
	0.6548

	Unweighted Training
	DeepMLP
	0.6674
	0.6643

	Unweighted Training
	Random Forest
	0.6628
	0.6567

	Unweighted Training
	XGBoost
	0.6662
	0.6596



Table 8. Class imbalance of 4 conditions
	Model
	Condition
	AUC
	Precision
	Recall
	F1
	Brier

	DeepMLP
	A. Original Only
	0.6623
	0.0000
	0.0000
	0.0000
	0.1911

	DeepMLP
	B. SMOTE Only
	0.6473
	0.3241
	0.1015
	0.1545
	0.2070

	DeepMLP
	C. Class Weight Only
	0.6664
	0.3686
	0.6868
	0.4797
	0.2270

	DeepMLP
	D. SMOTE + Class Weight
	0.6517
	0.3606
	0.7158
	0.4796
	0.2512

	Random Forest
	A. Original Only
	0.6628
	0.3687
	0.6235
	0.4634
	0.2252

	Random Forest
	B. SMOTE Only
	0.6535
	0.3823
	0.3762
	0.3793
	0.2111

	Random Forest
	C. Class Weight Only
	0.6623
	0.3692
	0.5947
	0.4556
	0.2235

	Random Forest
	D. SMOTE + Class Weight
	0.6535
	0.3823
	0.3762
	0.3793
	0.2111

	XGBoost
	A. Original Only
	0.6662
	0.3640
	0.6812
	0.4745
	0.2289

	XGBoost
	B. SMOTE Only
	0.6421
	0.3518
	0.7936
	0.4875
	0.2764

	XGBoost
	C. Class Weight Only
	0.6591
	0.3663
	0.6673
	0.4730
	0.2287

	XGBoost
	D. SMOTE + Class Weight
	0.6421
	0.3518
	0.7936
	0.4875
	0.2764



Table 9. 5-fold CV vs Single segmentation
	Model
	Single Split AUC
	CV5 Mean AUC
	CV5 Std AUC

	DeepMLP
	0.6664308
	0.6515187
	0.0081892

	Random_Forest
	0.6623207
	0.6596365
	0.0114121

	XGBoost
	0.6591090
	0.6617622
	0.0080604



Table 10. LORO (Leave-One-Region-Out) Analysis Result (All)
	Region No.
	Region Name
	Model
	N
	AUC

	1
	Seoul
	DeepMLP
	3,919
	0.6663

	1
	Seoul
	Random Forest
	3,919
	0.6727

	1
	Seoul
	XGBoost
	3,919
	0.6749

	2
	Busan
	DeepMLP
	1,240
	0.6404

	2
	Busan
	Random Forest
	1,240
	0.6470

	2
	Busan
	XGBoost
	1,240
	0.6417

	3
	Daegu
	DeepMLP
	845
	0.6447

	3
	Daegu
	Random Forest
	845
	0.6541

	3
	Daegu
	XGBoost
	845
	0.6548

	4
	Incheon
	DeepMLP
	1,148
	0.6524

	4
	Incheon
	Random Forest
	1,148
	0.6542

	4
	Incheon
	XGBoost
	1,148
	0.6558

	5
	Gwangju
	DeepMLP
	595
	0.6686

	5
	Gwangju
	Random Forest
	595
	0.6683

	5
	Gwangju
	XGBoost
	595
	0.6833

	6
	Daejeon
	DeepMLP
	595
	0.6738

	6
	Daejeon
	Random Forest
	595
	0.6782

	6
	Daejeon
	XGBoost
	595
	0.6826

	7
	Ulsan
	DeepMLP
	397
	0.5905

	7
	Ulsan
	Random Forest
	397
	0.5853

	7
	Ulsan
	XGBoost
	397
	0.5869

	8
	Sejong
	DeepMLP
	391
	0.6674

	8
	Sejong
	Random Forest
	391
	0.7099

	8
	Sejong
	XGBoost
	391
	0.7170

	9
	Gyeonggi-do
	DeepMLP
	5,055
	0.6577

	9
	Gyeonggi-do
	Random Forest
	5,055
	0.6636

	9
	Gyeonggi-do
	XGBoost
	5,055
	0.6621

	10
	Gangwon-do
	DeepMLP
	756
	0.6194

	10
	Gangwon-do
	Random Forest
	756
	0.6451

	10
	Gangwon-do
	XGBoost
	756
	0.6377

	11
	Chungcheongbuk-do
	DeepMLP
	635
	0.6758

	11
	Chungcheongbuk-do
	Random Forest
	635
	0.6587

	11
	Chungcheongbuk-do
	XGBoost
	635
	0.6607

	12
	Chungcheongnam-do
	DeepMLP
	685
	0.6410

	12
	Chungcheongnam-do
	Random Forest
	685
	0.6479

	12
	Chungcheongnam-do
	XGBoost
	685
	0.6463

	13
	Jeollabuk-do
	DeepMLP
	585
	0.6711

	13
	Jeollabuk-do
	Random Forest
	585
	0.6704

	13
	Jeollabuk-do
	XGBoost
	585
	0.6827

	14
	Jeollanam-do
	DeepMLP
	615
	0.6526

	14
	Jeollanam-do
	Random Forest
	615
	0.6887

	14
	Jeollanam-do
	XGBoost
	615
	0.6717

	15
	Gyeongsangbuk-do
	DeepMLP
	979
	0.6263

	15
	Gyeongsangbuk-do
	Random Forest
	979
	0.6449

	15
	Gyeongsangbuk-do
	XGBoost
	979
	0.6428

	16
	Gyeongsangnam-do
	DeepMLP
	1,177
	0.6324

	16
	Gyeongsangnam-do
	Random Forest
	1,177
	0.6330

	16
	Gyeongsangnam-do
	XGBoost
	1,177
	0.6369

	17
	Jeju
	DeepMLP
	418
	0.6913

	17
	Jeju
	Random Forest
	418
	0.6632

	17
	Jeju
	XGBoost
	418
	0.6690



Table 11. VIF of Environmental Variables
	Variable
	VIF (Variance Inflation Factor)

	CO
	2.3551

	NO2
	9.8953

	O3
	4.3942

	PM10
	6.1996

	PM2_5
	7.3412

	SO2
	1.6695

	green_1
	3.9039



Table 12. High Correlation Pairs of Environmental Variables
	Variable 1
	Variable 2
	Pearson r

	NO2
	O3
	-0.856

	NO2
	green_1
	-0.812

	PM10
	PM2_5
	0.910



Table 13. Pearson Correlation Matrix of Environmental Variables
	
	CO
	NO2
	O3
	PM10
	PM2_5
	SO2
	green_1

	CO
	1.0000
	0.6874
	-0.6770
	0.5449
	0.5978
	0.5000
	-0.4228

	NO2
	0.6874
	1.0000
	-0.8565
	0.5966
	0.6427
	0.4657
	-0.8124

	O3
	-0.6770
	-0.8565
	1.0000
	-0.5568
	-0.6489
	-0.3931
	0.6348

	PM10
	0.5449
	0.5966
	-0.5568
	1.0000
	0.9100
	0.4889
	-0.3360

	PM2_5
	0.5978
	0.6427
	-0.6489
	0.9100
	1.0000
	0.5252
	-0.3732

	SO2
	0.5000
	0.4657
	-0.3931
	0.4889
	0.5252
	1.0000
	-0.1898

	green_1
	-0.4228
	-0.8124
	0.6348
	-0.3360
	-0.3732
	-0.1898
	1.0000




[image: ]Figure 1. PC Scree plot & PCA/SPCA loading Heatmap
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