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SPEPFAE T, HATIRESFH TR 7T Z 0T LA, §I3, Zhao &5 [ BT M KUK PPl 77 1200 31
RIS IBHKH L EVEBEAT T 00T; Xu 55 2 3T R 7720060 K F A S SRR HEAT 1 1P
fiti, FLVPAL S5 R L R, AR S SRR IS B F 45 A4 7 T, 52 M PR BN S0 26 AR IR A, 2 BE5iE K
5 5% K ANHEIE 7R I A 5 A B L LH Bl s 43 AE S AN R SR I BRAEAE ) 22 A2 Fa iR 46 H TR E A2 2%
IR TR T 5 A5 L R R GE AP I R T A7 AR (1 & A BB A T 45, FLEh A 2 e MEVR Al 1 2
WA BRI, B, RIS BKETEAN RN )G, BT TSR 26 1E, S0 Hok 32 21
—E T, MIEGE RS TR AR, BRI B BT R, PR T IR AR K
Hi SR TARIRSRIRIA R Ty, T EOR MR AL — e A e FR, B KRR S5 URe R 1, Xt
Hogz e VhER G, Wtk f TR R T KRR AR, S Ess, X HtE s e A Sl fE v,
EAR M DN PR B BAR R, R K WO R AR A R, H TR IS KT AR X PR ER I, X
H AV BEAT HERA B0 P R AT R K AOMERE. B AT R IR T, B0 25 58 M 0 K08 A7 46 ANl 2 1 £ 1)
7, ELO T R SR s AR AT 5, PP P 52 KRR sk = (S T B BRI, R X

PISHCKFTEHIHAT VPG (L RE R, 75 258 00 25 18 L e e = A0 0 Kl A /AN B RE R 1
1] .
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U1 Kong 45 11 3£ BRB 4 7 QG TR, X ARG 45 Rt A7 7 AR T, Hu &6 © £x5m
2% RGBREAT N TCIEE VPl I R 8L, 35T BRB M8 T MBS AR ST NI, FTiH, Feng
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17 7RG, K@ e nT g BRI B VEAU B VR @ W N J7 1R, (HiZ 77754 BRB HERE i A2 i1 =%
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Evaluation index system for structural
safety of liquid launch rocket
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Figure 1 (Color online) The indicator system of safety assessment for large liquid launch vehicles
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R P 2 5 LR AR 5 P IR [ AR U P 2 B B AR, B 2 R A — PP Uk DY S — RS 7 i .

(4) TAEIMERGRIERE. i TWRAIE BOKFT HOE R A5 M s 1 W 52 ZOR B, 43 2 HE
BEFEAA, 768 BB R A R AR, R TARRAS, BRAR T KTt i 2 2tk

BEXT SR RIS K S L AR FR AR AT 0 B, BN 1 B 2 e tEvEl SR bR A R H
L5 KT RAR TARIAEE, 2R bR 1A R AT LLBEAT S8, ORUERE w0 I 22 Ak (K48 bR A2 S DUV el

AT R > AR 3 A4

BIRR 1. FEARANEAE BRI RIE BOK FT IR bR AR, R MR PR AR AL B 2 A AR, dnfa]
ARAE AT i e M I A3 ok AN 3 PEREAT SR B S8 5 ZEAR TR (10 58— A I L. ik, AR SCREST U R i
FRBRANH 58 LR U

U; = U(xz(l),xl@), . .,(Ei(T),ER), 1= 1,2, PN ,N, (1)

Hor wy R @ MEREIATEE, 2:(1),2:(2), ..., 2:(T) NS i MRWH T ANENEE, Er A
PRAN 52 B2 SR BB R vh A A % SR, U R bR AN 58 PR SR DURE R 7 222 S7 P AR e pR B
BIRR 2. € AR A E TR B TE. R R AN 2 MR 2 B K ARV A RS R
PRI, PEFEAR AN E BEORIZ 5, G0 A 2N 2] BRB HEBE IS RE A 55 2 75 LA ok (14 1)l
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Nk, ACFET BRB L T RAK IS HKE 2 AV VAR (7)) b B | SRR I

Rk:IfmlisA’f/\insA’g/\nJ\xMisAﬁm

then S(t) is{(D1,B1,k)s---» (Dn,Bnk)} (Z,]Ll Bnk < 1),

with rule weight 0y, attribute weight 61, do, ..., ), index uncertainty wuq, usg, . .., ups,

ke{l,2,...,L},

(2)

b S(t) NBIRIZEKE AL ¢ W 2R RN 2 2R, 21,2, .. 20 A M DIEFRETA B
WHls, {D1, D, ..., Dy} RN A RIS HELL, B, R k KT 0 DN SHERNEFEL.
O, N k SAMEIAEE, BRB "ILH L 56N 61,00,...,60 9 M DNEIERIBE, For @t 7 1
MR BRI ug,ua, ... ung A M AMERIORHERE. IR SO0 B = 1, WM A e 80, &
W], Z 2 A AN SE RE .

3 FEIMETINBEEHASEHREETHIRE

N T BRI A B KT M I K0 B2 A 85T 0 3 B I KR mh A7 A ANl Mk 0 el R, A 3
T BRB W 1B BB TS BOK T 2 e ME VA, 5 5, e FR bR AN 2 S e 0 £
P PN E PR, SRS 4R HH — MR ) 2% R s AN 2 1R RO Bl UL BC FE e #0735, #Jm %4 T BRB 4
GRS ISR RAT R, 5B KE R 2 PRI

3.1 ETINEIEF ISR TE R KX

BARIE B AKFAF NN R R G —, K d T RERE TR YURARS. JUE RGN
WAGE. I, FEXT RIS BOK BT 4 AT 2 e Vel i R, & 2R bR, B MR IR
SR T KR TARSFAE, HARE A AR, AR R, 2 KT 0 RIS R A
AR, FEASZANFETRATE DL, Fabm i WK B 12 DR AR — MEE BPIRAS. AR SC P B AE i U
RO IR) B A KR B AR IR e . AR M AR R AR I R rh, R A2 PSRBT T4, 48 b A4 e b B
%, FL MBI 2 I — 2 MIBesh, 3 BUE br M s 2 18] 1 P S BE B K, SR A EE B2,
I BHATE MBS TR 9B AR M A4, PRI, B XA IS B H 4 40 22 4 PR PP A4 Th ) 2 TR
DNEHEAFAE AN 1R WD, AT B 7 56T M D et 1 Y4 B A b AN 5 SR U7 9% (81,

B CHIEE « NUIERREAE A 2(t),t = 1,2,..., T, T NATIREUAFE bR 0800 1 4. 56 ¢
AN MDA 5 et 2 18] 1 B 2 T LSRR

Di(t) = = 3 Jwat) — (1), 3)
T
t'=1

HHr Dy (1) RonH o MRWRIIE 2,(0) A 2 (t), ¢ = 1,2, T ZIEPFIEEE. (1) — 2:(t')] &
7 ¢ Rt I 2 A A 2 TR A B
G, AEKET LAV RE R, MEEME T 5 @ A A ) e B R DOE e S AT
P -
D;(t ;L
’yl(t):m7 t,t —1,2,...,T, (4)

Forf v (t) RAE ¢ I ZIFRbr D0 B P 52 2RI BE06E 75 1) T PURESEE, st AN 5 PR E 1R KD,
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BT UL BT BB R M BE SZ TIFERE 4i(t), t = 1,2, ..., T WIFEL, WEIFEFR AR & FE T LA
it Ak .,
ui:%nyi(t), i=1,2,..., M, (5)
t=1
Horb w, NIRFRPE U RSGE BRIWIEIE, 1 — uy BB HIEE, M NIERAEL
FaAR AN 2 RN K AR I A A s IS 32 PR B PR R B, LU /N3 M i A A
SEPERRRE, A2 WA I W7 T, A2 5 KA 5% E AR K52
3.2 MIABURICELE R

S B TAE T PERIRE I, M A A AR B e A 5 R, AR I Bt A7 4 — € 1Y
ATENE, BRAR T 2 VE PP ARG IS, DRI, D 1A At A 2 M RS s A7 AN B e 1 I, AR
ANTEHETES 3.1 /AN TR AR AN E BT RO I, SR T R B UL R RO

FERE IR SN E] BRB SR 5, B Seidid N A SR AR G — RO RS2 T 0100,

Aot O g i Ay < 2 () < Ajra),s

Ai(k+1)—Aik
i x; (t)—Aix L
& Aoy —Air 7 Jg=k+1, (6)
0, i=12....X;, j £k k+1,

b ol A MR IINEARAE SR § AR S0 EIOITIRRE. Au BT i) R 0 MR
5k RN k1 AR BB, 27 () N § MRS ¢ M2 EIEAR. X, 4 BRB
SR MR OIS, SRR S b T R A, B X, = L.

2 B 7 2 S M, A8 IR FE P77 8 WA WA 15 8. I, 6% FR B T ),
I DL R ST 52

u;o, J=k if Ay <xi(t) < Aiggs)s
¢i=q wak,,, j=k+1, (7)
0, j:1727"'7X’£7j7ék7k+1a

Horp @b RoRH o DRV IIEHE RS & 2N 225 S g 25 r8 DN B AR € R R A DL E
JE. AR5 EIEAR AN E L i, B T B R AR UL RS BE T B A 2R T

L
p=1-Y ¢! i=12..,M, (8)
j=1

b ol NS @ AR R NI EH AN 58 TS R UL RO, 2o B rh B 8 AN VR A5 2 R
BE. Bilhn, BB 1 ANEE N 0.9, Tbs S HE40N {1, 2, 3}, b IEERE Y 2.3 I, A% &
W M BE A PSR, AR UCECEE A {0, 0.7,0.3}; 7£7%5 I I ECE A e 1t 5, Ho 4 A DUAC R
{0, 0.63,0.21}, HAAHENED 0.16, RIZIEFRF LR E 8 1 EEEN 0, e 2 ME
B 0.63, #E N 3 I EAS AN 0.21, FlAR A E MK EAS BN 0.16.

3.3 ETERMAMEETEEME
FEAS F TN T AR M DN He S e SO X T R VE S B E ML 5, 7 228 A R RfRbrf A (5 B2t
ATRG, 19 BIRA R APPSR DR, AR S M I ) ik 2 R R AT T4
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4G, T (7) WTRATHEAS 2058 58 I A E MR N DLECEE, Il R U0 BRB B
AN\ TR P M D S AR T T4 S R N D e PR AT o B (1218l

Ty _
i\%i
9016:]__[(9016) s k=1,2,...,L, (9)
=1
S-—L 0<6; <1
" max {§} 7 (10)

Forb o NFRFREANFINT T 56 & 2SN UEECRE. Ty NEE &k 0N R B8 4R AR AN, A SO RE &
U b B A B4R AR N G AR R 0, AR @« MNMBRFRIVEXAE, LR ZIBIRTE Ty, ANRFR T A o H 2
FREE.

7E ISR RS BRB #8091 5, ik (2) Fras, BRB A0 4 KU 2 Bl AH S0, JF HARYE
REA RN NG B BIAN R, A S5 R S0 A A B AN [E]. R0 s B AT Ld e T ARk

Ocpr
- k=11
o ZZL:1 o1 (1)

Hordt wy, N kSN ABOEAE, F78 BRB W &M TR AR XS T-12% 5% 000 R0 R2 S0
TR, FE7R1Z A R UAE AN R0 e o R 43 B4 RO, )3 A S M 2 B K. SR AS B I 12236 A2
BAAFEEAE, B0 S wp < TR S0 wy = 1024wy, = 0 B, FORZZMNRBEGE. 0, 25 & %M
T FRA ., 27 ) 2 T) FR A T i AR T

24 BRB R KRB W05 J5, 5 2 B0 2 77 AR AH R At BAE S R U 2 77 A X T 6 A 22
VSR EGE. X TRARE N, o] LSS IEPEHEHE (evidential reasoning, ER) 5VAE T Rl
&, FAEHTIE AT DLR Ry [14~16]

_ Ty (wiBrg +1 = wi 00 Biw) — Tlemy (1= we 357, Bjw)]
1= [Ty (1 — wy)]

L N L N -t
H (wkﬁn,k +1—wg Zﬂj,k) - (N-1) H (1 — Wk Zﬂj,k)] , (13)
k=1 j=1

j=1 k=1

Br (12)

-

S B, A SRR SR B B E00% n MRS D, WERIE 0< 8, <L H Y, 8,
= L By R kA A B EIOBRE, FAAE R &K TR A
Bth.

(ER AT L AKHUUJR, BRB BURREE 4 45 T BLR

b

-

S(.’L‘:):{(Dn, 5n)7 7’L=1,2,...7N}, (14)

Horbt ot B @ MEFRIIER. S #R5ET BRB WHEIOIESIERTL. T8 o MERS% D, 1
VAN ROH AT LA (D), R Hh 163U S P T LG B R a5

N

u(S(x*)) =Y u(Dn)Bn, (15)

n=1

Hor u(S(2*)) 2T BRB MR RRARIE BOK T2 e VE VAR A (10 i 28 S 45 2R, B eh 0 et o 45
B KT (2 VA S5
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3.4 MHEERIHDE

N T BRAR T S RRANI E P AN TG R0 PR AR TR PRS2, 75 45 5 e U 8 e A Y o (i 2 Btk AT
TRRE, DLER i PP SR 0 VR A 38 80k B 5 ) 1) 2 e VEVPAS R 2. A /NI T 28 B U S 7 I Wb 7 2208
FE H &M AR AL SR (the projection covariance matrix adaption evolution strategy, P-CMA-ES) #4J%& |
PR 7 18] R (R B R DA R 22 A MRS A B H 2 A1 [ 77 % 2 (mean square error, MSE)
Foow, i N AT

1

T
MSE(eka ﬁn,ka 51) = T Z (OUtpU-testimated_OUtputactual)z7 (16)

t=1
Horh outputactual M outputessimatea 7399 FR 22 A AR AL (a1 45 R AESEPRFOL T, KA
KPR AENEIRE outputaceua HIERAN B AT 5 45 & MU s 22 56 R1TR S 58
PUAL H AR B EU SEA A A0 T s

min MSE (0, Bk, 6;) (17)
st. 0<6; <1, i=1,...,M, (18)
0<0, <1, k=1,2,...,L, (19)
0<5n,k<17 n:17"'aNa k:1,2,...,L7 (20)
N
Zﬁmkgl, k=1,2,...,L, (21)
n=1

Horpa (17)~(21) Prig s i DA AR R DA A A R S Bt 22 TB) (9 MISED S/ttt B A, LAk 25k
N Ok, By M 05, HAFFAA (18)~(21) Fron. & HKGEHYHBSEG, HHIHS MmN P-
CMA-ES fRAbSE ik, i BIRAQUE, 8L A ENLEON - 3R EE T Bt B2 (1075 303 Sk He e AE e, i
A A B ALJE ) BRB AL
3.5 RIFEHAEERRTEMIHE G ELER

N T AT 2 D DN A A AE AN SE PR R TR L, AN ST BRB 75 FE M T IR RURIZ 3
KA AR LA EVEAE AR S REREAT TS, @RI 2 FoR.

SRR NBLT 5

55 1 0 SR IREAIA IS B R BEE T A M S dfE, AL B 3.1 /N TSR Y AR T M dfE
V2 BRES AR AN E FERHOTVE, SRAFEEANMRFR AN E B, TR AN 52 L AR /INR R 48 b e
ol S AT E MRS BRI

52 . MR RKEEWIRIEEKE TAENEA L TR, SRS 55 %, HET X (6)
A (7) TR MBS TR S 5 S K ILRCEE.

9 3 0 WMIEHRER A S BRB B H 5, 2 AFERE S BRB AN, HE SR E
2 (9)~(11) KA, I HXS T AR BRI EcdE, 200 BB A E B A B A AL

% 4 D FAFRNERGE G 22N R, 2R)E 2150 (12) A1 (13) Fios i ER SE20 R0
TR, B (15) THER RIS L B TER AR w(S(27)).
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The structure safety assessment model for liquid vehicle based on BRB

The characteristic
reliability calculation
method based on

mean distance of Characteristic

| The method for addressing uncertainty of observation data |
observation data R(-) reliability I

i . : *
ra,, J= k, lfAik <X (t) < Ai(k+l)’

|

0, =ndi., J=k+1, '
0, =120 X, j £ k4, :

|

— e e e ———— —— —— — — o — — — —

- I DR

Observation data of characteristic r 0
| _ '« P _ |

Expert knowledge _————— 3 _____ + ______

Al gn oo ]
I
I

-
I

Jj=1

' l—ﬂhjﬂ—w)

2 (MEMRFE) 2T BRB HREZHASFEHR SRR

Figure 2 (Color online) The safety assessment model for liquid launch vehicles based on BRB

4 SEIRISIIE

N T BRAEAS SRR 105 FE A TSR NIV A2 B K 454 22 A PR VPR AR R R R, A2k 5K
06 S PE VRS K T A% I 5 S0 R AT SCIRIRIE. ST 65 PR Jo e A A R K i
RIFRAD  BUR IR SRR AR AT ML, ST S Ui B 3 s, SEIR T, IR T SR S AR
PEEH 32 B R T-IRHEAT A, SEIR AR 13N 0 S it & 4 . S8 XA A IS Bk T S g
AR 4 A BEIFEAREAT I, TLE B, SCU6 A5 iR AN B AR SER i R TR R AR ORI AR, PRI
FEATT B SE IR B0 IR b A5 FE X PR b T K Er A R 3G I RE I, DCRE K 85 45 4 IR B AN 58 30
VD92 A E A RS2 1) B U .

4.1 FEIETHRARESH A EERZE I AR R
BT 3 N TN L PP, 455 S50 T G RN SR IR SN A S 2 A G R AR,
PG FE I TR 2 R PP B, Horh BRB 28 & 20 AT LIRS

Ry, : If shaking is A¥ A inclining is A%, then safety state is {(D1, B1k),- .-, (D3, B3.%)}, (22)

with rule weight 6y, attribute weight d1, d2 and index uncertainty r1, 2,
HAFHARIYRS) (shaking) A& (inclining) 1E N2 MV AN B, v Fry AP FEART
AN BE, 43 MR I FaFR B A A € AR B IAREE. 456 W EGR A1 & 01, 1 e SE3 A1
BN IR IS B ER NS G, AR 1A 2 fow, FrPEgUK. f%. has. M mfm o mlk
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Vibration sensor Humidity sensor Tilt sensor

- < = —

Experiment platform Test cabinet Temperature and humidity sensor ~ Wireless sensor network analog jammer

Bl 3 (MERFE) RiFEHAHFREERMEIRTE

Figure 3 (Color online) Wireless sensor network test platform of the liquid launch vehicle
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Figure 4 (Color online) Observation data of the liquid launch vehicle

® 1 AERIIERNFRMSEE

Table 1 The semantic and referential values of shaking

Reference degree L M SH H

Reference value 3.12 9.38 31.24 65.63

NN L, BM, M, SH il H. KFi 5 22 RGN IER . REERAUR, 400 H H, M A L &R, W
* 3 FR.
FF I (15) FNRE ik, S5A 3K 1 2 TS I N R PRS0, Y B S &
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*2 KERIMBENFRMSEE

Table 2 The semantic and referential values of inclining

Reference degree L BM M SH H

Reference value 0.003 0.03 0.045 0.06 0.0944

* 3 AESEHREMFENSEE

Table 3 The semantic and referential values of safety

Reference degree H M L

Reference value 1 0.5 0

*® 4 AESEHREMITEYIREE

Table 4 The initial safety assessment model for the rocket

Number Vibration Incline Rule weight Output {H, M, L} |Number Vibration Incline Rule weight Output {H, M, L}
1 L L 1 {1,0,0} 11 SH L 1 {0,0.5,0.5}
2 L BM 1 {0.8,0.2,0} 12 SH  BM 1 {0,0.4,0.6}
3 L M 1 {0.7,0.3,0} 13 SH M 1 {0,0.3,0.7}
4 L SH 1 {0.5,0.5,0} 14 SH SH 1 {0,0.2,0.8}
5 L H 1 {0,0.4,0.6} 15 SH H 1 {0,0.1,0.9}
6 M L 1 {0.5,0.5,0} 16 H L 1 {0,0.4,0.6}
7 M BM 1 {0.3,0.7,0} 17 H BM 1 {0,0.3,0.7}
8 M M 1 {0,1,0} 18 H M 1 {0,0.2,0.8}
9 M SH 1 {0,0.3,0.7} 19 H SH 1 {0,0.1,0.9}
10 M H 1 {0,0.2,0.8} 20 H H 1 {0,0,1}

AR HL R R rR U EE A PERCE A AR E B EL DY 1, MU AT AR LS T K G e, ik 4
B,

4.2 REMWTHEREIINZSR

TER:T BRB MR IARIZ B ET 85 2 AV @ S, T HAVIGS R T R €, L F M
TRPRIANfG 28 1 R TG RN PR RS2 I A8 FH A4 S5 0 2 A 28 R A A2 2 K s 485 R AT 22 A PR VR A I
SRR TAEIRES . b TARRSSE R R I m, PR VRS B, DRIk, 70 A i A 2R K 7
SERIHEAT 2 A VT A I, 75 A P S DU SR AR T (1 S HGHAT TS IF, S M B R R Bk T 45
a2 A T A VP A R
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Figure 5 (Color online) The training and testing process of safety assessment model for the liquid launch vehicle
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Figure 6 (Color online) The correlation analysis between the average distance of observation data and the characteristic
uncertainty: (a) vibration; (b) incline
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Table 5 The optimized safety assessment model for the rocket

Number Vibration Incline Rule weight Output {H, M, L} |Number Vibration Incline Rule weight Output {H, M, L}
1 L L 0.18 {0.12,0.70,0.18} 11 SH L 0.06 {0.12,0.75,0.13}
2 L BM 0.42 {0.65,0.01,0.34} | 12 SH  BM 0.44 {0.00,0.06,0.94}
3 L M 1 {0.55,0.21,0.24} 13 SH M 0.01 {0.15,0.28,0.57}
4 L SH 0.43 {0.43,0.31,0.26} | 14 SH SH 0.07 {0.04,0.30,0.66}
5 L H 0.87 {0.44,0.26,0.30} 15 SH H 0.49 {0.02,0.34,0.64}
6 M L 0.82 {0.61,0.15,0.24} 16 H L 0.38 {0.67,0.13,0.20}
7 M BM 0.09 {0.56,0.08,0.36} 17 H BM 0.98 {0.00,0.00, 1.00}
8 M M 0.03 {0.03,0.64,0.33} 18 H M 0.01 {0.71,0.18,0.11}
9 M SH 0.08 {0.20,0.74,0.06} 19 H SH 0.75 {0.00,0.18,0.82}
10 M H 0.06 {0.60,0.10, 0.30} 20 H H 0.01 {0.12,0.52,0.36}

#* 6 XJLELIE) MSE it
Table 6 Comparative studies of MSE

Model Our model BRB BP Fuzzy inference

MSE 0.0044 0.0169 0.0171 0.0570

iR, BP 245 (back propagation neural network) BURIEEHEAT T X EE, s2i6 gk Ak 7 Bk,
FABEAEL) MSE W13 6 FiR.
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Figure 7 (Color online) Comparative studies of safety assessment for the liquid launch vehicle
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A safety assessment method for a liquid launch rocket based on
the belief rule base with environmental disturbance
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Abstract Liquid launch rockets are used as one of the most important platforms for carrying satellites. Thus,
its structural safety must be accurately assessed. To address the environmental disturbance for observation data
in engineering practice, a new safety assessment method is proposed in this paper with belief rule base (BRB) and
environmental disturbance consideration. First, the characteristic analysis is conducted for the rocket, and an
uncertainty calculation method based on distance for observation index is provided. The uncertainty index is used
to present the disturbance degree of observation data from environmental noise. Second, only the uncertainty
of qualitative knowledge is considered in current studies of the BRB model, and the uncertainty in quantitative
data cannot be addressed. Thus, a new calculation method for matching degrees of input data is developed,
where the uncertainty of the observation data can be represented using the residual matching degree. Finally,
to integrate the uncertainty of the observation data, a safety assessment model for the liquid launch rocket is
developed based on the BRB model. A case study based on a rocket monitoring platform with a wireless sensor
network is evaluated to demonstrate the efficiency of the proposed method.

Keywords safety assessment, liquid launch rocket, index uncertainty, belief rule base, wireless sensor network
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