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FGE Z — [ N AN 2A 38 X N o PR R A R a8 FnAE
MR AT MR BT AT TR Z IR R TG T
— ZRBUBEFE R KA A S AN E S
B 5 Sk 0 0 A 2 RE AT AL BB AR 45 G T LY
MR 2 BAn b 2 Hum R fy & e i) —Fh 287
A5 HBRTIT

MTZRZ5HE BA 5 BRE ) K i T3t 2544 1E
FIE TR SRE W 58 th N2 EARAN1E J7 550 A
B2 N TSR S R A R A A AT 2R LA
BREANEEE TR, B THIRES &2
AR ] DN NI VAN A Sy B W 11 B U DO = o i WA
b, X EEFTEAR DL S METE 34T 6 B4 BRAB Al
PERLR EEAS B 050 A5 , DT DR AIE 25 44 76 6 12— &
UIREZR T ARG R B8 05 8 2, MT AR 265 Ha 4 f
TR B SO REVE M . IE P AN,
ASCUUMTEREE R R A X 52, >R UE 3 38 5t {45
b B AN I, S T R T IE R E e i 2 H
PR MR . Rty B 5 450 A Sk [m] i A
A Hir 158 — R0 ST B e o i s
A BB 4 S5 2P D S 2 5 MU BE PR A Al 1Y
Wit A T — 20 B R AR ST 4R T TR B A B
P, VIARMTEREE R RN S | e HOARMA () s A
FAE AT B AN 22 o SR AR SO 4 7 i 330 17
Z A fMEAL 0T, iR Pareto B I 4E H H)—
A, WIVER TR A [RIAT 28 2R A 7 B AL 0 2%
TR, IF 38 A5 B0 A far 48— A2 T8 OC R DA R A 48— 1 A8
KR, BrE I FEgs e ) g5 v SE R Ak i it oy
AR

1 ETEfEERr % Bisfidizit

1.1 EFEREILH AT EERAER
— BRI, T HE P DG AL B 5 4 Y 7T S K
VERARABETT Ao S5 SR A AL O7 15 SR 24t
TEMER R SCT M e AR i1, RIS T B0 Y v] 5
PEOCAL I, FTAR N .
findd =[A,X,T]
min F(d)
s.t.P%gj(d,u) <0} <P, (1)
j=1,2,]
d<d<d

A d BB R W R R KA RO R4
A=[ALA, - A MATERER X = [X, X,
Xyl UK NDRINERE T = [T,,T,,-,Ty];d Fl d
Gy RS B BUE B BRI EFR  F oy H AR R AL
(SR ) su = [u, ,u,,-+u, | n GEAHGE AR
i, 73 IMEFRIE U305 s g Ram S5 M BIROIR 25 b
Bie(d,u) < OFIREM KRR, HARFMH)
BH;Plg(d,u) < 0 RRAETRGAMR, P, Rl
ARV ESR R REVHME; Plg(du) < 0f <
P AR TSR 2 R AR
A1) ATLUE Y, TSR P M 2 04T AN
EVEZ BRI BT N2 . SR, 7R SE PR 4
P AN 2 AR B8 AT PR A A 78 2
(R, SR ST A AR SRS AR R PRI M, AR R 47 2
VAT s A A JFUEL O Wl UE A HE SR X
(B4 DL S oy B e X 6] _E ({5 4T (basic belief as-
signment, BBA ) K AL S 2 1, R FH ISR bR
#( belief function , Bel ) {5 1T BREY ( plausibility func-
tion , P1) f B B Z5 A4 1) m] SEAE AR B R R, ] LUGIE
WI[ Py, Py | A2 ELSCHE R B X TR 3, G (2)
N, LY R A AR e i A X [R] Y B
Pyitg(d,u) < 0f <Plg(d,u) <0} <
P,ig(d,u) < 0f (2)
F AT 0 (3) TR AL -
Pyig(d,u) <0} < P=Pig(d,u) <0} <P,
(3)
DK Py tg(d,u) < 0f < PARNEGRER ]
SEPE L AR AR A I B TR R Ay T
SCRTREFEARAL BT B2 A A
TESE TUESE BIE Y S5 M T SE PR Oufe st b, 45
LT PE 5 45 ] SEPE S AR B A AU DG &R,
RAETIAZ HERIUALEAE o F TR I 45 40 22 55k
AR 45 F JBT i 55 T 3 5 4 T 5 1 1) 2R R R AR A
]IS DAk B AR eR R, 3 550 T DATEJS AT g f /S
T Ah 5T 6 1Y [) I, e KA 5 7 1 P 48 1 (/b
SER R, BT R AR L AL AR A S
P T UE T BRIV AN 2 0 B R A 1 A SV AL
N AL B, 2 T E AR R M AL
PO RN (4) AR,
findd =[A,X,T]
min F(d)

J
min Py, (d,u) = maIX(Ppl(&(d,u) <0),
ax o
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e Pulg,(da) < 0))

subject to g(d) =0 (4)
X, g(d) Fm 5 E AL 7 TCHY LR K%L

HH T UEAE FH I8 BT 238 B AN i 8 B DX R AN %
L, H SRR MEE o POl TR e 2 H
B ATREVEOLAL BT AN BER AL G2 1 LSR5 B
R P TT AT R A . I AROR  — BB AL TR
FERVAH B EAL SR A 2 AR OIC AL SR A5 T U 1
B R | X SR AU T 2 S5 B T H A
IATRARRE T, AT AL B A48 R 2 ] 7E SR O
AIA BT 77 e 22 A HE SO, A RS i 1oty By
(SR BRI o PRI, XTI 9 B8 AT HE PR 5 AR 1A i
Sk 5 AR RIS ve MRaxX — B , S R4S H 1
AES AT EEVE R H AR AL B A A A
12 ZEEHSELEE

% H R 50 18 AL 5B 32 ( differential evolution for
multiobjective optimization, DEMO) 2K H T 5 NSGA-
II ( non-dominated sorting genetic algorithm ) AH{LAA AL
L, IF4% DE Bk bt R ag SO0HLH] -5 Pk
SCBCHER R B R LU SRS S DR B AL ARG
DA AR E AR AT 50 412 1Y Pareto S fUMREE"
PRk, A SOR F 22 1 bR o 18 A 5505 0 o L A7 9F:
Aot , LIS B2 5 (4) B 9 2 H bRl SE PR
feitit. o T EAr H ER A DEMO, AR 1 1] gt B 3
R OCERAE  JTRT LA 1 S TIE R U,

JEZAEHY

| Rf Rankl|  J5F Rankl

; Hw £k
() '% Rank2 ___I?EEJ Rank2 Zalin Pér%tto
1 fiedi

T
7’%@ 2 B
0 T |20 <
7 | Rank3 5

2| Gy | LR F g #

4 G=G+1

Kl 1 DEMO tifk i

1) PesdE L ReHEY

M2 bR R AL F i SRS, AN SRRl
JTA H bR R R 8 2 5 K ke /N B SRe e e, SR ik
R SCRE” Ao D M B I, ol AR
i d' R QAR R 2 A Ddt BT B bR R
BEALL d° 2;,@d" /04— B s R EUE
T d*, Bad Zhd, #d IR PH A
T sCHE, 0 d@' FR M AE SZHCH# (Pareto f#) . DEMO R
FH5 NSGA- T AH TR Al 3 e HE P BV, HS /2 n
T B — RSN AR W (EE SO R R, MR/ N
Npo GARFRREP I A 3 B MR SR 1, 2R

TR EMTIFRE R I 88 25 5 HAER T AR RE o
B AR SCRCANMAR R AR sy 2, WRF I A% 25 5 An A
WE A SRR, B R A 1A B S5 4%
J5  BEAT AR R EA TR0 [EARERER M1 Pareto
AT Iy kA

2) ZFEPEIREE

TREFFIIE Z A i e R A R R PRI 5 v
WS 42 ) Pareto SALRTTHT YA L T-BL. [A] NSGA-
Il —#¢ 75 DEMO i T AR MATE H bRz 8]
HOREXS T [R1 A A 40 55 R B R R R R R SR AL
MR, — RN &, S BFEE B MO . P
BB L SRl B4 B o T R AR B b

3) B
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DEMO SEFAEAEAE I LUT 69 )50 . (D4 1R i e
AR AR A BRI ; @24 50U 3
FC AR, AR 7, Ak B @244 1 AR
HRSCECH DU B e P A S AR, X ol
POUE S i E A7 2 5 00 M50 DR AIE 1 ORs 2 i 15 B 1Y
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ELESEAL T A AR RE RN Ny BRIFAE, 7
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A, & 1 S0, 15 31 2 H bR LAk 1) i1 5 A
Pareto fi#4E , WK 1 s,

5) AT

IR DEMO 53 7T DL JI i T Uk 4 B 1 2
Hbr AT AL B v oK S Y Bk B, {HL T
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Uit , ST DEMO Bk 0T LRI, B — R T R
S TG AL AR B R DL M i JS SRR
PRI RE AN R A TR AR B S Y
A UL, DEMO AR & & W IF A7 5ok 4 v Kot
AR, TS5, S BRI E TR R R E R ) —
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e Z HAMEALI R B TR AR SCTE IR AR R Y
5| AFFATIHA R W, RIKE — A BUAAR K 0154
5 e B 24 TAE 25 18] ( worker) | [R)BSF $AUFT 454>
T A, ITPER S U B A 530 ST ) H3 AT 55 6 Ry
AT SS | 1 22 A GE IR T fife e ) 1L A AR B 2L /N T
AT T BB X SRR E AR
1.3 EFEREELH S BRI RE
ARATR S FS N T 2 B bRt ik
T bR mE 2 s, TR SIFEHANA T
DEMO B3k T RS, Bk b X DEMO 583k 9 4

BT
44k DEMO 2%
KRB SEVHFE T
RS | = Up=tyiy=g (d,<0}
HAT AL I DE, i
Rt | UK IR Sl DEMO
- S » Ed
y=g(d,u) \z N
T 7 1 Minimize F(d,uN)
B R B % y— o
BBA & - Minimize Pp;,,,
TR -
RIS e b B
Py (g(d,u) <0) - Fgel
0! l%
B g : Ak Pareto fif4h

KPR S RT3 ol E AL I E T XA 4 W

2 HEMHK

AR R FH— 012 pR O Ul W I8 PEIE B AN 5
A 2 AR AT AR PO A1 LA R IR A5 8 REAL AL 33
VRS AR IR 20 1 ok B SOk 12, BAAR
femgin (5) s

minimize f(X) =X, + X,

XX,
subject to g,:1 — =0
1_(X1+X2_5)2_
82 30
(X, - X, - 12)2
=0
120
80
g:l-——————-=<0 (5)

X 48X, -5
Kb, X, X, AT E S, TESPR TR, %K
A5 B AN HIAAEAT R AN 58 85 1, AN 22 28 1 1Y
DX [H] 38 DA K X Tl A B o ) T4 31, H ICAT Al 43
Mg, Ik, R AR SE Bg B AL AN i 2 A8 i R

BRAE BCE AN E AR B RIESE FEE BBA A0 1 fr
X, X, | BN A AT
KT A (B, K2 D) R 2R 1.1 730 ik i vk
Fe A5 s B bR AT SO, T (6) 2

min f, =f(X) =X, + X,

min f, = Py = max{P,(g, > 0),

P,(g, >0),P,(g; > 0)f
00X <10;0=<X,<10 (6)
£1 X, 7 X, WiIEEEL BBA &4

X] XZ
IX [ BBA IX ] BBA
[X,y - LO,X, y —0.5]0.05 [X,y - 1.0,X,, - 0.5] 0.05

[X,y - 05X ] 045 [X,n —0.5,X, ] 0.45
[XI,N ’XI,N + 0-5] 0.45 [XZ,N ’XZ,,\J + 0-51 0.45
[X,y +05,X +10]0.05 [X,,+05X,,+10] 0.05

K174 DEMO KA iZ w5 B Ariifk, -S4k
BB NN, =251 =200,F=0.75,C,=0.9, 7R
fifit B I MATLAB Za e € it 224> TF %5 ] ik
TP I LR G AL B 25 4 Intel (R) Core
(TM) i7-4770 CPU, R T XFEL, 439075 & 4 i .
THATIE (1 4 worker) 2 )™ worker .3 > worker 4
A worker , F N YT B RITC AT 36 2,

x2 HEMRFITHELEILER

T AE=S 6] CPU HAl/s TR 4L
1 463 1.0
2 238 1.94
3 168 2.76
4 127 3.65

W 2 AL BEE TR ML 2,
PEARTR Py Bt FH 0% B () b 2D | hn ok e ks . mT
JHATIT R R TR, S A R Te IR T
THEHY Pareto SRS 5 R H 4 4> worker BYIFAT71F
%%%Iﬁlﬁﬂ:%ﬁlﬂ:? 3., HE 3 A4S, PIER Pareto

& 44~ worker
& JOIAT
0.8r
AA a
0.6
A 8 .
0.4r
L an
0.2+
&
0 L %
4 5 6 7 8 9
fi

K3 HBE AT AR T
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IR AN IR T 1Y, X AR BIFAT TR A AT
P PEAA R, AT AR 7 AN 2 M R0RS 5 1 i
T ARRZ AT EHL P % IR 2 F BUFT
TR RCRIR IR TE, A AT R 2 B AR A
SE PEAL DL AN 22 32 ) TR

3 ARMREMEUTILEHR

AR R AL T UE S B A AN BR E A 7 i —
TR AA T A S A g T 2805 SRy AN 5 417 0
TP AR ML BT, 1E Pareto BRALAR AR
P — ORGSR 9 )T JEAR A B AR M
SR 6 Mkl R IHTAGRAIE . X 6 A AT T

- ‘ A-"-

IR A

|

——

|

=l

BLER S AR, 3L 6 A AT ZLAFF 14 9 R A8 F 5
SIS R B0 UEAS B 2 PR AL A 5k
3.1 ARE#HHERE

ISR AR R dE b, 8 T 5 Seas i i
T, 1 e AR R AR SE IR I b v X AR s o /N R
ST e 5 B ST hir 5k 5 A 2 st AR A 3 T3
AR RE IS, A I B UL 4 AR R A PR
[FIR TN AT 3 N A A 30 [ N
14.7 N/mm?, W & $T $7 5 B W i {EH £ K
24.5 N/mm*, K # 3 P B & E W MHE N
13 200 N/mm?, FH AR SCHE A B 3501 B 2 90 0 TA
HURNTHE , U A A B 5 2, nsk
3 Fn,

a) b) GG RLIALE o) USRI
4 AR B
#3 AMPTHMEERRIIRRITEER
~ BAFRGE ‘ RS
WIS — e B/MPa | RS s £./MPa
1 18.6 18.2 12 399 16 20.0 19.9 14 150
2 19.8 19.7 11 541 17 19.7 19.6 14 382
3 19.7 19.6 14 487 18 19.9 18.9 17 530
4 19.2 18.9 12 650 19 20.0 18.7 15 908
5 20.5 20.5 10 517 20 19.0 18.4 14 482
6 19.3 19.2 12 332 21 20.3 20.3 14 785
7 19.5 18.8 14 472 22 20.4 19.9 12 457
8 19.4 18.9 12 216 23 20.0 19.0 19 780
9 19.1 18.7 11 800 24 19.7 19.4 14 164
10 20.0 20.3 11 297 25 20.0 20.3 14 542
11 20.3 19.6 12 466 26 19.9 18.9 13 120
12 20.0 20.0 10 559 27 20.3 20.3 14 660
13 19.0 18.2 12 583 28 20.0 18.5 14 417
14 19.7 19.2 15 639 29 20.3 18.5 12 039
15 19.6 18.8 12 954 30 20.1 18.1 12 848
32 EFIHEEIRMAMIES BirmiMLIEIT T BAVER T F 3% 90 A0, i m N, KOMESE A%
3.2.1 RHRAREE JEMTARN Py AS e Tr) R, 6 28 0 Sy e B 0

R BRI AR N AT 3E TR, A&l 5 B

AN SRR BN B 1A 2
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6X500=3 000
T B C D E F H
500
l 4%
A Ji J K L M N9
P P P P P

[Bl5 MM 08 R E (B mm)
322 #&#HEE
1) FFA A2
WA SCHR [ 13 ], — MG A i 40 L/ T 150,
i T BRI AR SZ DL B SR A e R B
TR e e /NBOE RT o 28938, BB 52 AT
A3 R R 600 mm BEAIE B

3
i = /i= /bh = 0.288b
A 12bh
l
A_

(7)
600

i 0.288b

PRI, 78 5 228 RO A BT A0 A i V52
BIH 14 mm #RTH AL ARG S = {14 x 14,14 X
16,14 x 18,14 x 20,14 x 22,14 x 24,14 x 26,14 x
28,14 x 30,14 x 32,14 x 34,14 x 36} mm”, 3L 12 F
WA o A DR PRI KT 0o 12 20 A2 45
ESEAF (P BB R #OET, 1E O A)) R R
AT AT R SZATIBCRR [R) AT, 120 A,) T IR PR 4 5
P (4 H,A,(A,, = Ay) A(Ay = Ag,) As(Ap =
Ap) Ag(Ag)) L ERHIEFF (6 4,A4,(Aye = Agy) s
Ag(Ay = Ayy) JAg(Ay = Apy) JA(Ag = Ag) LAy
(Apy =Ay) Ap(Ap =Ap) ) o

2) JARAE R RIFHANE £

HISCRKL 14 ] IR0, A7 5% 23008 DL RGIOE K
MR L (h/D) R/ NBRAECN 176, ST 2R ES rhsy
FER/IME A :h = 1/6 = 3 000/6 = 500 mm,, 1F P40
I, FEJR EE RO B8 B 5Z R E 1Yy ARbRTE
500 ~ 800 mm PNZEAK, HiA %77 i1y ALHRAE 200
~ 800 mm NZEAL . A5 CRIFXIFRIE TR S 5
AN v, (yi) sy (vn =56) s ¥3(ye =56) s yalyy =
Yu)o

H1 07 28V E PR T 5271 A5 b BOT 5% AR 5%
TSR AR YT 5 1 A R 4 bR
B, 52T (Tye = Agy) JTo(Tey = Ayg) s T5( Ty =
T..) ,—FgZH: %%, gﬁH::th( Ty =Ty ’TS(TCI =
To) T(Tyy = Tw) s To(Te) 5 ﬁﬂfﬁgﬂ:y‘g(nc =
Ton) s To( Ty = Tyy) s Tio( Ty = Tpy) , T (Tey = T,)
T, (Ty =Ty) ,Tis(Tp =Tig) o

= 150=b = 13.8mm

3.2.3 fRALB AR
AR S S IV AT AR R 25 4 O B BUR E 2
ANAHE RS R S A Ak B A, AT 2R B ph B33
AR RIAMEE (p = 0.57 x 107 kg/mm’) B2, 4
DRI, AL | BT BRI SR SRR BE Y THER

1) AifESRE

TEIZIRER P, 32255 AR AR BRI A
A P BIAEENE, FEARM PRI, HT a5k
BN 30 A, HARII R SUE WL 3, J5 it
gt E WA 6, H A 6 T UL, AR A B AR A A
AR BRI, i R 30 A Ecs Joik s HoRS
B ERER I, BRI B — e BoE FHEOR
A LA E R0 A B 0, AR iR PR S ) E A
ST O A, ARYE A 6 AR AR Z ] Y 5%
RV A B A5 B A ) 3R A A
DX ) R R oy BE B A5 DX TR) B RO AT, WL 7

8 —

B
£y

0 ,
122 112 122 1.32 142 1.52 1.62 1.72 1.82 1.92
E/10* MPa

Bl6 M B gt BT Al

. 1.021.12 122 132 142 152 162 1.72 1.82 192
E/10'MPaf—H—F+—F+—F+—F+—F+—F+—1+—
=0.13--0.23--0.17--0.27-
BBA -—0.1—

0.07——

0.03

P 7 R SRR A DX E] 4R 5 ik

F3HN TR L AR A ar O/ AT B
AR — B I 8 B, T el it
e FPRLLL R AN E P, BEAL R 2 F 32 IR
4 7R B faf BT THELHEA T N4

3?0 4(|)0 S(I)O 6?0 7(|)0
P/N| 1 1 1 |

BBA -—0.16 0.34 0.34

K8 A4 DX H] 4R 5 Rk

0.16 —
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x4 MR 4mEE

Mg JIlIE-% (V4
oy 2k X [A] L
4 N
1 [300, 400] 0.16x6=0.96 (B 1) 370
2 420
[400, 500] 0.34x6=2.04 (M2 1)
3 420
4 570
[500, 600] 0.34x6=2.04 (B2 1)
5 570
6 [600, 700] 0.16x6=0.96 (HL14) 660

2) RAEMIRIE

(1) B JIRBSAUSRBE Y HF32 Fa i), e HR Sk
(3] FIEZ IR E R @, MIZH R o, <
of.o ATHETIHE, ER R BRERE REC
0.70, FEN; I3 R EUR FE R IR A Py(o (E,P) -
of. >0); MFFFZ Pt Bl o, < f, BN S35
AR EE RN A Py(o (E,P) = f, > 0),

(2) LB R RIAR BE . M7 AT S50 7% i KAE
Uy AN 7 mm , SRR E N Py (u,,, (E,
P)y-7>0),

(3) BAMEALH AR Fe/ME max (P (o (E,
P) -of, > 0) ’PPI(O-[(E9P) -f > 0) ’PPl(umax(E5
P)-7>0)},
3.2.4 REAEARACLER

EEXT EaRMT AR ZE F AR B IR AR R DA
AL BR, il St 2 B AR FMEA R RI AN (8)
KPR,
findd = [A,,A,,
min F(d)
min Py, =max{P,(o,(E,P) - ¢f, >0),

Py(o(E,P) -f >0),
Py (u, (E,P) =7 > 0)1 (8)

Fe SR i 2 H bR (8) Bf, DEMO flifb %
KRN N, =200,1, =500, & Uik A B0
O, I e DT L TG P 1940 S T A 2 3 1) [ 3L 1Y)
AR AR NS, H A ] S 1) 4 e /MR 5 ) 38
T, 2453 Pareto T LHTHY, WK 9 Fis . A SCik
B 9 R PT R A A 15 (1.41 kg,0.16) K5
UERTEE BRIk A S . R TR R ) 2 A
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Multi-objective topology optimization design of truss structures
based on evidence theory under limited information

1 2
SU Yu , TANG Hesheng
1.School of Civil Engineering, Architecture and Environment, Hubei University of Technology, Wuhan 430068 ,China;
2.College of Civil Engineering, Tongji University, Shanghai 200092, China

Abstract; Uncertainty information is often limited and has great discreteness, how to ensure the structure having
good robustness under epistemic uncertainty becomes a technical problem for multi-objective topology optimization
design. In this paper, the evidence theory is used to quantify the epistemic uncertainty; the plausibility measure-
ment expressing upper limit of failure probability is applied to be a new evaluation of reliability. The total weight
and the reliability of structures are taken as the optimization objectives, and a multi-objective robust topology opti-
mization design model based on evidence theory is proposed. Parallelization technique based differential evolution
for multi-objective optimization (DEMO) is preferable to search above robust Pareto front due to its merits of non-
requirement of any gradient and superior mechanisms of non-dominate strategy. In order to verify the effectiveness of
the proposed method, the multi-objective reliability optimization of a wood truss structure is implemented with con-
sidering elastic modulus and structural load as uncertain variables. According to the optimization results, six same
truss specimens are made for the static random loading test. The failure probability of the truss structure is judged by
the stress and node displacement obtained from the test, so as to verify the feasibility of the reliability optimization
method based on evidence theory. The experimental results also indicate that the proposed method can avoid the de-
viation of the optimization results caused by the fluctuation of epistemic uncertainty, and provide a new method for
designers to make the optimization results robust even when the data information is insufficient and the cognitive lev-

el is limited.

Keywords: epistemic uncertainty; evidence theory; uncertainty quantification; multi-objective optimization

design ; parallel computation
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