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Abstract

Reliability-based design optimization for vehicle collision

based on adaptive Gaussian Process Regression

Vehicle collision is subject to numerous uncertainties arising from manufacturing
processes, human cognition, and external factors. These uncertainties include material
properties, structural geometry, dimensions, and loads. When these uncertain factors are
combined, traditional deterministic optimization methods for vehicle collision safety design
may introduce significant analytical biases and fail to meet safety requirements.
Furthermore, analyzing of car collisions is computationally intensive. It requires repeated
calculations of the vehicle model to ensure reliability, which further exacerbates the
computational workload and lowers the efficiency of the analysis.

To improve the efficiency of vehicle collision reliability analysis, this paper proposes
an adaptive dimension-reduction Gaussian process regression model. Based on this model,
an optimization design method for a vehicle is developed. The specific research work is as
follows:

(1) Perform a frontal collision analysis on the vehicle model. A finite element model
for vehicle collision is established, and corresponding collision parameters are set. The
collision finite element model was calculated, and the energy change, B-pillar acceleration,
and firewall deformation after the vehicle collision were obtained.

(2) An adaptive dimension-reduction Gaussian process regression model is proposed.
First, the Gaussian regression model is reduced to second order to simplify the original
complex high-dimensional vehicle model. Then, based on an adaptive method, the low-
correlation bivariable terms are eliminated. This method reduces the required calculation
sample points while maintaining accuracy, improving the efficiency of model building. The
adaptive dimension-reduction Gaussian process regression model is used to fit the
deformation of the firewall, saving computation costs for research on collision reliability
analysis.

(3) Based on active learning, a method for reliability analyzing of vehicle collisions is



proposed. The accuracy of reliability calculation mainly depends on the fitting accuracy of
limit state function by metamodel. Active learning is used to ensure that the sampling
positions for the vehicle collision model are closer to the limit state function in reliability
analysis. This is to improve the accuracy of the model near the limit state function. Finally,
Monte Carlo method and the adaptive dimension-reduction Gaussian process regression
model are used to calculate the reliability of vehicle collisions.

(4) Based on the whale optimization algorithm, a vehicle collision reliability
optimization design is carried out. In this optimization design process, the thickness of 6
vehicle parts is selected as design variables. The influence of uncertainty factors was
considered, and a collision reliability optimization design model for vehicle was established
with collision reliability as a constraint and minimizing vehicle weight as the optimization

objective.

Keywords:
Vehicle collision; Reliability-based optimization; Gaussian process regression;

Adaptation; Active learning; Whale optimization algorithm
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B [8)(ms)
E 23 5FERGREEMERR
FEHIIRIRES N, RERABIREN 169k] . MR EREMEG, ShAeiEE
i, H/ANZhAREN SKI it . fEShRE NRRMIEN, WhREkEC Fhim, &%) 150k), B
JEUEE TR, ERELRE T, RAMBREEEARGRFAL, L8 169k, WiREE
M OKT B 2 5k, ML VIR e 5 N RE ELIE 20N 2.9%. HiZHUEN T 10%

I, EMREIIRBES I AR BN, FFE TR H N ER .

75 200

ok =
AEE

2.4.2 B FENNTEE b

TEVR AL T, 3 R B 2 s 2 MR B R 2 —. IREW
s R IR B 5 e 7 P 52 B0 i b o 2 SR AH DR 1) o B KM PR OK, 3 B iy 52
R, Rtk AT IR 4, 7FERA] AR R KINIERE, kb 3fe i
BT et o kT R A, A A RN R 2 2 A TR B
P AL AR I B BRI R o S W R R BAY R, G 2.4 B
o 2.5 BAEINE SR ML, & 2.6 9 BHINEEE L. M 2.6 HhTT L
Fihy, 76 S0ms 75 A7 VA I FEE 26 X B K

=]
e
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F 2% AERAEGEESAT

2.4.3 Bi KIHATEo T

FEREREE S, B KRR AN BRI L e R R — . X
KRBT K AR T 20 o AR ERIE s Fe o [ 2.7 AR VR ZE RS A IR TS 0 L B
KEFNATEAE DL Rl AE I RE AP BT KIS ARAN R NN/ 110mm,  Bl7 K ek
RAFERNNT 150mm!*. WEFHRT LA H, B KBS RRKIRAEILE] T 187mm,
T R VF IR TR K AR A R A B 113mm, il 1 e vr i
KAE. HHUEnT DA, 2R Bl KA BB R B2 A bt

1.871E+02
I 1.663E+02

1.456E+02
1.247E+02
1.039E+02

8.316E+01
6.237E+01
4.158E+01
2.078E+01
0.000E+00

2.7 B RIET A

25 FAENG

AR AT IR AT IR T AR A, I kAT 1RO A A . FERERE S
NG RS A SR Ry, SR RERICR ity o S5 SRR, AU AR IR AR AR
FER, R BTN AT LU RO SO 7 Rl e . PRI, Bl KR AR Y
BXEEZ, XSPWENRGKAEAFEN, BT RN % PikhEm
KA 18Tmm, 75 5 i iR iR R 32 IO ™ EN BT, R 23 i
LA
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SHIT BEN MR TERE EFRE

3.1 55
VR R A PR TG T Sl T LB A . BT R R R IA,
EH T EAE TR VT B 1) PRBE AR B0 AR AT M T AL — ST AR, R
TRELRAS, AR T SRR R . T DATE VA R T S 4 AT DA S AR A
AR, ARBTRERL [ A 4 o PR R VR A RS HE AT A, L
Kriging il RBF 25 AR ERAGA £ B8 s 4 R R0 kS PRI, T BREAS S B0 K
SBUL, T MU BRI, AR SO R T I I A e A i ]
S AT 4 e 25

3.2 EHTIAE RS
e RE AR AR p, WA R T (X) T AR R
f(X)~g(M(X),K(X, X)) wrrmmmmmsmmmsmmnses (3.1)
Horbr, x SRR m(X) R AR RS K (X X) TR RA
RUOXC X! BB 22 R
o T S AN 2 R X! 2 B 7 2 0 A /INT L P B K (1) 3k
TR, W KR ECH RBF K%

2
K(r)=o? exp[%] ------------------------------- (3.2)
P K B 75 2 B
r2 )"
KU)=@+2MZJ -------------------------------- (33)
Periodic 1% PR % -
K(r) O'EXP(—fgdn[%jr} -------------------------- (3.4)

Forpr, R BR L ERAG A ) o N X 22 1) P P 00 I a ULJ p A% e 5
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TGRS E PRSI T 22 R B BONHE T 7 Z R e —
K(x,X)=a’ exp[—ﬂj ........................... (3.5)

F T S50 bR O B v e R A S, BT AT DA m(x)=0. A4, N
AR B mE e 56 o A Al LAE O .

p(f |x):(27z)7N/2|K|71/2 exp(—% fTK ) K=K (X,X) ====n-- (3.6)

R x RUALEOWINE y A B HAZ B J7 2 o BIREIE, T840 REFILLSR
PRECN -

p(y|f x):ﬁ L ~exp M ................. (3.7)
’ i1 27 207 .
R DL e Jo B R v B S B 0 AT
p(y[f.x)p(f]x)
fly,x) = E e 3.8
p(fly.x) oY) (3.8)
FOOF ARG TR -
log p(y|x) jp y|f.x)p(f[x)du
, N 1 , N -(3.9)
=—§y (K(x,x)+a IN) y—zlog‘KJra |N‘—?|0927Z'
Hrr, 1 FIRKANANxN PR
FETRI 55 X" bR TF 1% = f (x*) (1 g BT [ U P T FT R Ay
R I | S N R —— (3.10)
Var[f*]=K(x*,x*)—K(x*,x)(K+02|N)_1K(x,x*) -------- (3.11)

Forbr, E () MERCE (X) (R DU, Var [ Eas f (X) B i,

e I R [ AR AT 2 AU AU A I, I HLRT UG 2SI INEL X I ) 22
SAEE . HEEREREKMET, [TERZOITEERL. B, mind
e [ AY AT LUE i B 4 Rt AT A
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3.3 T AR

0N CERVAVSEii Vi il EE I ae i VAL R M S SRR AN I A |
o{, Monte Carlo FA9r58 5t . ZJ7VAIE T3 JRAFESOR, 78 2 4k =2 8] o 2R R
WL TS SRR e, SEIUX SR B S oA . i N A
B, KRR MAMEMER X, SR)5 WXL X 8] g M AN 2
TS SRR IIREA 1, NI SEBL S80S (8 I 2R . 1B 3.1 N 2 N4 E
AL T L TIRET 30 MREA ml. AN TSRS, FEARKUE AR 2% LT
Blsgn . FESEINAS RN, FEASKCE RGN R R A X L], TRt 2 FR
FEBRCR R AS o

_730 3 6 ‘3 12151521242?3033363942454851545?60636669?2?5?381848?90‘33

312 MEERR T B FiE R EE

16 7E FRBALRE AR, 571 20 1) AL R 725 5 5 SRR ¢ e X R 3o TR,
TR T N7 5 A T LIRS S P A B, B, i T S B T LS
T HIREA, WA B 5 2RARE
3.4 REERE

g 0 90 T L5 B OLE R 5 S HEAT A0 e 2 A M R S K
R B BRAECE 3. BUEERHf () BN B X =[x, X0 %, | €R™5 7 A
NSRRIV, IO £ () oo 97 PR 1748 5 £ bR KR
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x):f0+iZ::fi Sty (%%, )+

<iy<ip<n _(3. 12)
2: H@pﬂ(&ﬁ&ﬂ“”&J+““+HLpM(&UMHHV&J

I<i <+ <i <n

Forb, G AEEIL () MR X B £ (x)IERTI LA, (%%, )
AR x, g SEIFIRE £ (x) (ERI 20221k, B (R B S04 T 48 L2

BILFEX f(x)TEM . RS0 TRBAE PO s e = (¢, ¢y, 00,0 ) FEITAFH:

fo=1f(c)
fi(xi): f (Cl G X, Gy Cn)_ fa
fii (%%, )= F (G0 Ga X G+ 61 X1 G+ G ) = ====r(3.13)

fi (xil)— fi (xiz)— f,

kA E ¥ RGAD)TPTE I WA PO A e R PR A . A
(3.12)H— L ey By T P ) 3 0 5 KR T, T s B TR JE R ) 5
RN, DRI AE S B TR I P ol s e 7

AR AR A TR SR P AR R UM T

FERE ST A R AR, T SR BT R AR . B, S
TR SR B0

Hrp, s R PATR IS TR SR

PR R ERR R G T B, R BT AR A R, R ST R B
{H R PR B B YRR R AE AU & 4R R R R I G AN v O 1 B A PR A
RIRINE R, —LBRE F 3 (8 J A BB IEAL 2518 7 XUR I, 135 1 XA B R4k
PR .

%
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F3F AE R gL E A

FEZTR, XA R RS TRY (hG FE Bve T F AR B PR AR Y, (H2 XA B
YRR T T SRR A R A, E L AR B R RS 2

Horb, b R RUAR B A b R T RS SR

TE AR B P R v, — S A 8 T Ko A R E I B AR /N, T DAAR SR
7 —Fh B & B R4 W F2 )8 (Adative Dimension-reduction Gaussian
process regression, ADG) H4 X 45 7R bk R 5 M A0/ R B0 B Ty 25, AT DRAIEASE
R FE 1) [F) Bt ik 2D BT 5 B (R T SR AR 45

35 HXEMN LR TR E AR

3.5.1 ADG REMREHISE

/932 J9 ADG ISR . AR St A T

Step 13 IR EUREA 11 % =%, X%, |+ L £ () 7%,
b IR T, <

Step 2: @ ¥4k B A B F4E V)t & X (Univariable Dimension-reduction
Gaussian process regression, UDG) #£7,

Step 2.1: AR EFNALE ) B SR TS5 WU, LR R AR SR
R AT kA R B xx e, o OF EF B RE R A AL B
(3, ). F (3% )orees £, ) o MBI 3.2 7, ARpEA ORI LB T AR T X, [
UDG 3 £, (x)-

Step 2.2: HE LI 2.1, MER —NZE X NEK UDG # A 15 5

fL(%), F2 (%), o Fo (%, ) » TRIE T IAT15 5] UDG HEAL

f(x)= f0+znj fi (%) =mmmmmmmmmeeemm e 3.18)
i=1

Step 3: o {72 PANE B2 [ O
B X = [, Xg, o, X | AL B AV S BEHIAR Yo . DA X, i x, Aol
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Step 3.1: 1 SR ¥E = 5 Gauss-Hermite HX g /7 VAT 3 A 4 X = (Xﬁl, le,o) >

x|, =(X}2,Xj2,o)$n X, =(x}1,x}2,xj1’j2’0) o THEZIEAR AL IR 22
. ‘[f (x’jl)— f (xo)]—[f (X'J},J'z)_ f (x’j2 )}
min{‘[f (x}l)— f (xo)}H[f (X’h,jz)_ f (XL )]‘}

#ie'>001, WA LLET ORI x; A1 X Z IR EAHORI, 5 )01l 2125 5% 2.

Step 3.2:F Bt MU = A HE A M x] =(x,x0) ~ X) =(X].x; o)

IR

X =(x]-’1,x]-’2,xj1’j2,0) , AR E:
. ‘[f (x'j’l)— f (xO)J—[f (X’J'l,jz)_ f (x]-’2 )}
min{‘[f (x'j’l)— f (xo)]H[f (X]ﬁ,jz)_ f (XL)]‘}

Be"> 001, MR X, FIX, 2SI, %A s 2

Step 4: FIEEAUE LI

R 3 B A AT U A, AR £, 5 (%, x; ) At FIA
S TR HUIAE A x; OV T AR b SRR A 5, i e ] A
HLER AR LA AT £, 5 (%% ) -

Step 5: #% ADG f&2.

¥ BRI R R RO — Y OO B A S S, (AR R T ATR B
ADG &Y,

f(x):fo+zfi(xi)+zfj(lelsz) """""""""" 3.21)

Hoir, kR B A, X A RS N BT P AR
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piR

HUR 46 o 3F T SO0 BB HLSEE

v

BFx VIR A R R ASLE

v

HJELUDG

v

—> G REFREMXE e

o

?

o=

i

A3 XU 3% B I

Y
2 ADG

3.2 ADG it ERiEE

3.5.2 HEAEB
ST B B U M T B XUCAR R T ) a2k 6 e B AR B A AR R A R 3 R,
BAMEH RG22 ADG A& AR [ 8 7 451

f(x)= (X1—2)2(x2 ~2) +i2i1:sin(xi)-sin20 (X_:lj x, €[0,3],%, €[0,3] (3.22)

RG2)FHHH N E XX, « B 3.3 NE2)MEELE, HPREhA
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le %?my\j X2 o

11
03
0.5
0.2
-0.1
-0.4

-0.7

0.0 0.5 1.0 1.5 2.0 2.5 3.0

3.3 R(3.22)MEELKE
TR RKGHFIH ADG 5B 22) AT & . w5 Jext R (3.22)id T R AR B fF
YEPF 3 AEHE

F(X)% f(X)=fot (%) + Tp(Xp) mermmrmsrmsresreaneas (3.23)
Hor
{fl(xl)= FOwC)=Fo (3.24)
fo(%)=f(cL%)—fo

R A v S ot A ] 0 A R AR R ) 3 Fy (%) Ay (%o ) 34T 3 8L 0L A 45 5
fy (%) 1, (%), HHEHANRIR(3.23)H. B 3.4 FE 3.40) 3B ER T KT

Xy RIS B0 £, () + fo 6T X BRIBAAS IR £, (%) + To o BH AN BB G454
ERIGE 52 1) UDG A (] 3.4),
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%3F adpEaiidize aaeal

0.8 A=)+ A

.......

1.7

1.4

11

0.8

- 0.5 L (b)

0.2

o ~
-0.4

-0.7

1.0 L J

L)+ o

34 T ERESHNT IR ELHER
St B 3.3 A 3.4 ATLLE 1, R(3.22) UDG fREAEAURE BE ARG, 75 Bt
3Bt R 3.5.1 T LUK H x R X, 2 8] OSSR B0, 55T % X, FRIXL
AR B IO RO B LR, T AYE UDG B A b 75 B A% A8 B 15k
R AR S . TSR (X) FT AR AR A

f (X)z f(X)Z fo+ fl(X1)+ fo(%)+ fl'z(Xl,Xz) """"""" (3.25)

)
=

fo (X %)= T (X% ) = F (%) = Fo (Xp) = f memrmemmemmeees 3.26)

K] 3.5 T % A %, IS BT £, (X, %) o MBI TT DL H %048 B T 7

IX. 171 905 Rl P A e A 2, Ly (0 X0 ) 26— AN K T R P AR Ak, T WA 3s
UM TR UGB RS R AR K. A T 3R R AR T I 1, FRATTER I AR
BET. B 3.6 NIRRT 5 REAR I SEE LK. 5 UDG MR E 2K
(K 3.4) MLk, K 3.6 BEOEJEGHEAME LR, XEWREREEIIREE

]
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3.6 ADG RIBIR B Ry F(ELZE

36 HEKEH
ARG T 5 AMBUEE. Bit5 UDG. XUAE & [ 4 v ik 72 [A] 9 A5 7
(Bivariable Dimension-reduction Gaussian process regression, BDG). Kriging

RBF H1 RSM [ EL SR BAIE 5 325 8 B 4 e S A (] LA B AR Fg I 3
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