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Table 1. Summary of representative literature on blast damage and resilience assessment
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Fig. 1. Research methodology framework and development stages of the proposed model.
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Table 2. Characteristics/of the initial dataset variables.

29790 linb b aialo 53ls ¢ o edin 09,5
pSskS B LD gy (509 TNT Jolzo ¢ > Jliil s
S Ve b yhe 58 o Ol 38 e 5l plexsls alols W>lge
37 S 53ty e o Kige ale> Sl Sllec g5 o (5325l
s il g piins 3,95 sl Sx5 )% & 0395 2 ™5
4l FY ) LS 30 Slad oloas Ozl dwain
Sb VU ao S G00e P Sl oSl oluss shexe cblas
Qo Ve B g (504 e 4y 0oy o los (S5
SV g5 S o5l 5 (Lo 50V g8 o)l slaal Slojlo pifcen €98 Slojle Slasin
o ok 5 Jly 0555 o2 et S5 el oo e T
@57 b 5 6oYsE S ojles Sshaz i« 0 Glb o) lom I slail i £55 Sl sl
CjoealS 5 s o Jly 535 o2l oS ¢ Gl 29041 Glaib 7Bl ey Sl lyz!
R R F- 9 Lwgay (509 oletle o)l mlaw Buas s

Sk Ol Hlpd a0z Cond a5 Jlo o wad aid 5l s Sgel i <8l (bl STl eadesle a2 ll S0 lyea Bl
L oVlasl coaS @dlas o28ly olys (wilge awain o)l )0 Jeads Oledbl il b s ol oS o olessb]y )5 aids,
sl Lol 33500 5 0 o il S oo 18 e (ol 8l 2l Jotn 50l s slesle st ey
R
Sad ilidl easmolis D iolsl aS gl sl ca yas De[0,100] sl L ozl IS o lus as s e s

9 )lﬁo 63‘;? ‘Jiw).u.u 9 J).v s).g)l.g LS‘LA.C‘ V\..Mg 4.Lo:>)‘ sé‘O)LMJ).& 9 6‘0)L~u ..m\w 4.1[.').:).4...9 U”‘ LJ"""" ol g_:)l.......>

9



Wl gu maw id o lal balensle .ol ploxl gl oo 85 a9 (39,8 dadil CunSs s Sablas cadu
s 55 Sld 5306 e rns 5 A5 gzl €alS By, 5 €Blsp & S aaD Klagir 550
3L 3,51 s lsieds b D lplts A s oo Ve AT 3 ABFY S TV ) o s ey bl
eess ana b pae So cuml 380 (atlh 4 gd pdi leisle (IS Ol

YO« Sbganidhar 4 bosya 0,55 ) VAY wigad FYY 5| s 5lsto oools 10 35250 (logs lins oS 55 45 Cansl ;S o3V
Ot Lol 0,508 Slge SNz 4y by e 9,65, ¥ g (i y555 (6,105 oo 4 b e 9,55, Te wooliy Do a4y bgy e 355,
5 2od slag L 38R0 (pilFpae Cnl Wl 13 peiee 118 3595 1 09,5 ;3 Aged TYT 5 s 955 0 09,5 )5 4iged A1
e silodse gam i 30 (e mbgm Ul 9 (89,5 25 (2l 5l eoliiul (Lol ¥ 51 (S igeinS

ool alfia,)f ol 9 65&:00&1 -Y-f

3,55, YV dcgazo j0 000l cw)plaad sl )55k 5 polie aisls (yog JolS Hlas 51 aosls ¢g3lw Joe 51 iy
L a8l 0,65, Bio 4y (g5l coplplo asiidls J18 calicy o aisls o Ked i Oz polae g ais csnline (glaisliil ools
L 699)9 molie | Shze 9ol dgaom fromhiolid 555 090t (g5le LSy 4 g adgl Olodol 105 cauieS polie 3,90,
)8 S Ol oz »

gl glolls JolS (6,1,55 0,5 005l aidin LSy (699,5 JBgpn sl b leasle & ol lis eols LSl )y
Egozma 4 5 95 LSy Dl Jlade og )5l 51 opee TV 50 09 (LSS ot S piiie oS 55 0,55 ) AY el 09,5 T
Slasion d ! cuaS aile gloaiscnd Jolgenlail wilgs oo a5 Jalas asciils (1,8 Sglase oz o gyl (sloog S j0 0,55, £V
(PFE ) NS (655 (eSilie b Bl Ladiged (nl (Jedo i @ il b)) CumbaBpas b dol> rdge Ll illas (a8l
o3l e (al 20,5 Sl Jians 09,5 VAP Coles o 4857 0l j5 JlBg 09,5 <SG ploreds iy sl it GUSG <5 5 2
WDgb JyuS ol Lbygel e wledlbleaslas b e 10 g 9gh Laa> 00ls 10 39290 (5 yss Ol

S50 0len LSy by slyls sladises ol b 00 aie SlaBsS ) a0 a4 wl ploil laog )5l xdans jo ool s
S8 8L (gl o g Sl Dgladgl g dxwgd dcgeme ¥ A At (o 185 G b soloac gosme .inile  Sb Syl i
s 12 3l ol5Tog 8 30l S5 595 g by pallS il - B LS il 58 5 Lmog S S Dlic
Sl ol ) Jow o Slos jlas zuad 5 ol Sl decgosrs 99 ;0 &)l aujef Caalil 5 (29,5 (Sligs e 095 wll  ladd ol
el 00 LY Jgaz 40 solsabgass’olSTog,S e Dlaseiio L ullad 2o

oolas gozxo ol Tog,5 pumili lasino ¥ Jgus
Table 3. Group-aware dataset splitting characteristics:
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Table 4. Main groups of physics-guided features and their roles in.the model.
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Table 5. Feature configurations evaluated in the feature ablation analysis.
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Table 6. Performance comparison of damage prediction-algorithms on the development set.
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Table 7. Performance of the selected feature set.in‘group-aware cross-validation.
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Training-Validation Error for the Selected Feature Set (Raw + Z)
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Fig. 2. Comparison ofitraining-and group-aware cross-validation MAE for feature set C.
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Effect of Regime Switching on Critical Direct-Missile Errors
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Fig. 3. Comparison of MAE between the general model and regime-switching CatBoost across severe and very
severe direct missile impact subgroups.
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Table 9. Final performance of predictive models on the locked overall holdout set.
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Table 10. Performance comparison of models across holdout direct subgroups.
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Fig. 4. MAE of regime-switching CatBoost and XGBoost across the'overall holdout set and direct impact
subgroups.
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Fig. 5. (a) Directional error histogram of the regimesswitching CatBoost model, (b) Q-Q plot of errors versus
normal distribution.
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Fig. 6. (a) Directional error versus predicted damage, (b) observed versus predicted damage with equality and
diagnostic calibration lines.
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Table 11. Performance of the primary model across different holdout damage classes.
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Out-of-fold SHAP summary — Global CatBoost branch (n=298)

Scaled distance Z . .".'-:‘:(<<‘(:"

ui(: High

Number of shielding building blocks

Distance from, blast center

Wwindow-to-wall ratio.

TNT equivalent (kg)

Engagement type

Number of floors .

Numeric feature value

Roof type

Facade type

Structural type

Operation type

Low

Wall material

T T — T v
-20 -10 0 10 20
SHAP value (impact on base CatBoost.output, percentage points of damage)

CatBoost  oogos asLis slaigeiygp SHAP (594875 Hloges ¥ i
Fig. 7. Out-of-sample SHAP beeswarm plot for the general CatBoost branch.
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QOut-of-fold SHAP summary — Direct-missile CatBoost branch (n=48)
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Fig. 8. Out-of-sample SHAP beeswarm plot for the specialized-CatBoost branch across 48 direct impact records.
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Fig. 9. ALE plots for TNT equivalent mass and standoff distance across the overall development set and direct
impact.subset.
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Fig. 10. Permutation feature importance of input variables across the complete regime-switchingsmodeling
pipeline.
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Fig. 11. MAE increases following permutation of specialized blocks in the direct impact branch.
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Retraining Ablation of the Warhead-Mass Proxy Block
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Fig. 12. Comparison between and retrained model without the warhead intensity proxy block.
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Fig. 13. (a) Empirical coverage of conformal prediction methods and Monte Carlo scen
set, (b) mean width of the corresponding prediction intervals.
Slaie 5l e sy SHlus doy0 axlg YY/OD 6,6 koo b (gaio,0 AY iidigy 4y i o3L o JSls

ol Jo gy e Jlonll a8 )5 13 03l (09,9 rdiins 3,95 0 diged A p8 139 eins ) )3 Al Salad

& r & oxiledl Cosdndpae Lol s wes o lid g el Cyzper Uas oo LS glascs «cdl rals Lo s A
9 50 bgs e caiiass 025, 3l B ohgd il s oo L

Yy



(all Safety-Mondrian Prediction Intervals — Locked Holdout (w) Holdout Prediction-Interval Coverage

100 e Paint prediction
« Observed damage
T8 ee
BO 1
A
! g
60 ) ! H
o g
& H
£ ot g
£ g
H I\ 3
40 1 g
| . 1 tole 2
]
| 4
0 el 1]1]]$4444 | 5
| | sl LA
20 | [ ||\ [ {4dtetetteee (T
‘ s e 1111214140
Hetarts
UL L e
4 aheeatt
of Aigalelistlittis L (]
a 20 a0 &0 80
Holdout recards orgdered hu ahcorved damage Direct missile Damage 81-100

Oyl wll oo o wglWlgh sbrd,e5y sl Mondrian Safety oL g glakis (S i obonnlive & jlws (A NF S

o 3o B AVl dib g (Sligo oo 09,5 2 «glalgd JS )0 Caliso sla sy gy (< 128l
Fig. 14. (a) Observed damage, point predictions, and Mondrian Safety prediction intervals for holdout records
sorted by observed damage, (b) empirical coverage of different methods across the overall holdout set, the direct
missile impact subgroup, and the 81-100% damage class.
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Table 12. Performance comparison of machine learning models and classical blast relationships on the positive-

standoff holdout subset.
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Fig. 15. (a) Comparison of MAE between machine learning models and classical blast relationships; (b) observed
versus predicted damage obtained from CatBoost and the best-performing classical relationship for positive-
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observed versus predicted instantaneous resilience on the holdout set.
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Table 13. Difference between the operational roles of the two instantaneous resilience approaches.
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