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Abstract: To dddre§s-the’high cost and low sample efficiency of deep learning-based blast loading prediction in urban
environments, a ‘Baygsian deep active learning (BDAL) method is proposed. The objective is to significantly reduce the
dependency on large-scale, high-fidelity numerical simulation data while maintaining prediction accuracy and providing reliable
uncertainty quantification. A three-dimensional typical urban building cluster consisting of a 3x3 regular array of cuboid
buildings was constructed. A seven-dimensional parameter space was defined, including explosive charge equivalence (1000,
2000, 3000 kT), detonation distance (1000, 2000, 3000 m), building length (10, 20, 30 m), building width (20, 40 m), building
height (75, 100 m), street length (50, 75, 100 m), and street width (50, 75 m). A full factorial experimental design was employed,
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generating 648 parameter combinations. For each combination, the open-source computational fluid dynamics (CFD) software
blastFoam was used to perform three-dimensional numerical simulations of blast wave propagation. The background mesh size
was set to 30 m based on grid sensitivity analysis, and adaptive mesh refinement (AMR) with local refinement level 2 and dynamic
refinement level 1 was applied to capture shock wave details. Peak overpressure values were recorded at 12 points of interest
(POIs) in the building cluster, resulting in a dataset of 7776 samples. A BDAL framework was then developed. Bayesian inference
was integrated into a deep neural network to enable probabilistic modeling of parameters. Monte Carlo dropout (MC-Dropout)
was adopted as an approximate variational inference method to estimate predictive uncertainty. An uncertainty-driven active
sampling strategy was designed: the predictive variance of each unlabeled sample was computed via 30 stochastic forward passes
with dropout enabled. Samples with variance exceeding 85% of the maximum variance were selected as candidates, and the top
28 cases (336 samples) with the highest variance were chosen in each active learning cycle. These §§l ted samples were labeled
by the blastFoam simulator and added to the training set. The model was retrained iteratively unti @ve improvement in

mean absolute percentage error (MAPE) fell below 1% or the labeled set reached the full training test set of 780 unseen
r peak overpressure prediction.
e

to high-fidelity numerical simulations. Compared to passive deep learning models, trained o1t the full dataset, the BDAL method
required only about 50% of labeled data to reach comparable prediction acﬁy. In parative experiment with 50% training
data, BDAL achieved a MAPE of 17.2%, while a conventional fully co e ne}xal network (FCNN) and a three-dimensional
direction-encoded Bayesian neural network (3D-DeBNN) gaw s 0f/52.9% and 22.6%, respectively. The proposed

£ o%ﬂdt loading prediction in typical regularized urban

Bayesian deep active learning method enables efficient and

environments. It effectively reduces the dependency on large-sealé'n al simulation data, maintains high prediction accuracy

and reliable uncertainty quantification, and achieves milli evel inference speed. The method shows strong potential for

disaster prevention and mitigation applications, such as pr anti-blast design and post-disaster emergency response.
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Fig.1 Three-dimensional typical regularized urban scene model
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), Hha N BERME. MG, Aoi(x) > chkEAd, %07 2 5 KK A RAR I EEQ.
ARG LIH T a = 0.85, KANQYHBEFIEE 336 FEA (L9 HWIIHIIZGHEBIN 5%) , ZEE
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S U ZRAT R DU S B ST f
PR

1. HIgEtk:

MD iy gin T BEHLIE 2B IR LD japereqr  TIARNEAN BDyniabeted
D 1aperea N EAHIUERETL f g o
fort=1toMdo
e AL
for each X € Dy 14pe0eq do

fori=1toT do

Vi< fppL(*) U H Dropout)

end for

BT 20" (%)
end for

FEA o

WK TT 250 0y = MAX 4 ¢ a?(x)

unlabeled

FiEAFIEAHEC = {X € Dynigpeteal (%) > @ 0% 0.}
I 2 B K KA RE AN AT 1 5E.Q

AR SR

%fx € Q, V4 blastFoam {5 E KB bRy

Dlabeled(_Dlabeled v {(X'y)}Dunlabelethunlabeled \ Q

PR TR .

D abetea BT NZRS gy

e elliE

it MEREE EFE 2R < 1% oflD\gheroqh = 1D rqinl then
break

end if

end for

return fppa

4 FERIERLER
4.1 BIREXIST S GRS

S FiEt 648 HEUEMA IR 7776 5805, FHEH LI NI ESMRE, Hh
9:1. BDAL HMEA 5 583 4HEH (3 6996 ZLHHE) MINZREE L%k, fEEE 65 HREH (3£ 780

AR RGBT TEREVE (Y -

TR E, ACEiEid @5 Python JHIASSZE] BDAL #5755 blastFoam 1/ BV & HIFE £k 3-8l K AE
. BRI T/ D BEYIEFEAR AP N ZRG, X ARAREREA I FNA € i T 84k, B3k
mEMEREA, EHH blastFoam HATELA; BbniE, B EAEHBA .. AR LT A RS E
BRAE, TR Sl BB 7 FLIRE, V) SR AR S b AR (R I B) 5 T B AR o ARSI e 5 A 648
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HITHAGTE, BESZEEM MRS 2305 2] S I AR 2R, JHRMER BDAL
PR AE B ATRASE AL A S s AR 7 T () A P i

AR 40 | 43 iR % (Mean Absolute Percentage Error, MAPE) 5tE #%0 (R2) AN
PRSI TR RS &, SR FH TG [X () 78 25 ME% (Prediction Interval Coverage Probability, PICP) 514—1kF3)
TR X 18] 55 ¥ (Normalized Mean Prediction Interval Width, NMPIW) i ANH & EAL R . & 4848
SE ST

Vi
| X 100%#(13)

N
1 Yi—
MAPE = —
Nl.le Vi
N ~\2
Zi_l(yi_yl')
R*=1 — #(14)

2, ey

1

N
1 1ifl;<y; <y
PICP = NZ C G= [0,0therwise #(13)

i=1
1 N
NMPIW = —— #(16)
Vmdx 7Yndin

A NRIREE AR v y My BN SN I . TR A Ak B A3 LRy
T3 RN FEA 95% T DX 18] B N BR-5 1 BRs 3o 1Y i 73500 TSR PP EL S B O e KB5S Foe /ML

MAPE S W FUINAE 5 S AB 2 TRV~ S A 22, AR R/ IN R IS A RS vy, 50 56 TR S 12
MAPE=0%. R AR Hll i rese /), BUETEEu[0, 1], BEE 1 Ron G
PICP 375 H SR VA AL TN X 6] NRLEE B T PR O DX A TH A PTSE 1, BRARR B0 N R 1L T B A5
K CRITH 95%) . NMPIW B4 TN [X 18] (1)1 56 [ IR et 22 1 — Ak, JLAB B/ INR AN i 1A
THBRAR ALY iy R R
42 BEERRSRALEH

AT FUHE TSR UL TR FE 2 SR, SR ] MC-Dropout /EMERHERL 7 i, R T 44
N 3 RSN, (25§79 12-1000-1000-1000-1) ,  BeitE 8 F ReLU 0% ek A1 n L2 1E M4k
N ARG R LR 2 SO B DR TRV R, R PSRBT S itk . 05kEd
i FiE NSRS ), T IEENERE (DA MEBSIES Ry B AR WG RESH
G T R FE R R A -

xR2 BERNERTEE
Table 2 Hyperparameter search range

HSH o 4 2 Y
Ak a4 [SGD, Adam, RMSprop]
WIRE ) 2 [0.0001, 0.001, 0.01, 0.1]
YNGRFEIR [5000, 10000, 15000]
Dropout % [0.1,0.15,0.2, 0.3, 0.5]
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FHEL G RTZIE KRS AT IR, A AR RAE S ESeBl T BV R H IS sk E
N 10000 56, AR 5IN R4 L] CHIGIERRJOES: 200 5K FRERZIEUIZ) , #fR T %R0 A
WG T, IR R R /NE 24 10005 Dropout %K 0.15, Z{HEA R f L& 1 EN, {5F
T REAL G TN 2 M) R A=A RS T, DR BUE T 30 RS RIS RIS R S o
4.3 FRBITTN M BE TS
431 XWFEE5HEYE

AW T BB AN S AR 2500 B FE R — 5B it S0 S5 A MG SN e i, BRI
W B W 3. BUEBE PR blastFoam  6.2.0, 7RI = 5 BELE1T. BT E LA
320 MIFATIZ L, PIEAERI KN 3~5 0, B TP AR 2908 46 /M. BDAL #EAIEE T
Python 3.7 fEAM & AL AR I ISR, S URIZRFERT ) 0.5 /NI, N 2h 2 2] 4 RE Rt I ZRi [ £
N 2.5 /N

<3 HERUSEENGFRLE

Table 3 Configuration of numerical simulation and model training platforms

Fh AbFER A7 BIERY
R SR E L 2X 12 Intel Xeon E5-2692 v2/3. % 5 /128GB/# ™5 /i Linux lon26 3.10.0-514.¢17.x86_64
At & L AMD Ryzen7 3700X8 1% 32 GB Windows10

fE_ERSLE-T- 6 |, BDAL BRI 65 780 MAEA BN SLHEATHEE TN, B AEIS £ 0.05 70,
B BRI (A T 20 2280 AEORTEE, (40w IR BB B TP 20 5 /M. JEtb s, A
SCOTVEAEARRE AT B2 R BE RT3 RN TR 1055k b, R348t 1 3 M sy R vy 1 T
PRSI .
432 MRS HELEL

ST TR ) BDAL BB SAER 5 780 A REAS A 10 b LTINS 2 S AN e P B AL e 0t
ITERETHE, ARG AR

7 4 BDAL REWBEIEETUNER
Table 4 Prediction results of peak overpressure by BDAL model

L MAPE R2 PICP NMPIW
pIIEE S 0.142 0.974 0.893 0.021
A 0.131 0.972 0.859 0.026

TEFRIRGE FEJ7 T, AR A0 G SR DX N e 737 70 A I TG R 30t R — &bk, a4 P4
YTE A HARZEN 13.1%, KIHETES RE FRA TSR BNGE 1. HIIZE SRR MAPE 5 R?
EIERE, REZEFRDT 1.1%, RPBERRBIERE, B&REmizke

TEAHEEREA T, BRI ZREFINREE 1) PICP 43 54 89.3%F1 85.9%, FLXT R
NMPIW 5354 2.1%F 2.6%. & PICP K T EEE _F1 95% B A5 /KT, (HEE A AHE 7L 7 /0 HF A,
AR BA G EMARRE S TARE R e B e = e SR G 3R, 2 2R Set
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FEARSI, PR EEE. Hrb, BORARRSN L, SOSCa B HME, I OXE
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TS
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(a) Take MAPE as the evaluation index
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Fig.11 Active learning pefformance evaluation
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