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E T GRA-DBN WAl ATE T ZZ BRI 7%

MoADT B

7B SN ¥

(CAEMEMAAEZNRTAER ¥R JLE 100191)
("hEMEMRAKFMER AN RE S 100191)

i ® NBEATEERALRENE 2N TERE Mg TRERE, TRy R AR A L
SEREREWEEWMI N EZ—, ERAVIIENITEI RS, FEHEEE 5 M8 &
WREZEFE-ENELH AKX R, B £ = F 28 LR FHZLAMAR T
— KM S, AT — A B, R SUIR T — M FE TR @ X Bk 9 AT (gray relational analysis,
GRA) -1 £ B 1= W % (deep belief network , DBN) W HLE AT E L E 4 Eirth b H ik, &
%, 3 ¢ E R 44T (principal component analysis, PCA) 11t GRA % | HL 8 A 4T B % H 4R
517 5%z RMyustx 2 S Emth iy B ERELEA, 45,46 DBN #
INBATET LS MER, &E,HAT LR, & REW, Pk i o7 % TRk
GHBFEERAHEESHEERE ARRGTELLNREEMTEKE,

RHkinl MEAFTE; RACHN&; FERRMA; KEXTKI; REERENE

Bt A 2 T Ml B AN B e, R RAILIAY ot 1
PR H a4 e, JUHJE ML B R BT i 4R H s T
A T B OCEERRY . N T AT A e R I — ok
25 INTRCRAREE ), 7525 R i R ik ) wfe LUK
B 5 AU T B 7T LA Son TR B (H 3
P XMR T RER IO R A A sh ik & S
FEH L HLES AT S F AR AT I 2 T M | AT A
TE PR IR TR R RAILAL B 2 T 5 ) AR
e, SR, TE R CHLHLE AT IS Rk Rt oh | R TR LK
J& (surface roughness , SR) F1IA4 42 B 2 ( material re-
moval rate, MRR) Z[AfF7EE AT I Y K R, $2
FARHE R80T BB 25 3 B0 TR BE i 38, 100 ™ A%
5 ) 2 T REL R P22 D) T RE B ) S PR R A AR T Y
W, AT R A H AR 2 8] S8 SRR AT, L
NATEEEARMETE P A% L [R)

[ M F AT o R A LAy T e 1
I IZBHFSE . Pandiyan 28 A7 SR T 0 655256
RPEAN DT T B S 56 1) 45 2R, A 40 e B 21 i B i

HAE T 6 PR [ G031 [l 9 AR A, Pan 25 A
TER T —Ff S Il 4% 1 1 28 T 28 RO A Y | T 14T 1
iR SR BYMERG T, Yang 8 A BT RN B
KLAIZ BB, XA 2 50 3 fib b e 5 vE 72 R 1y
MRR #EAT T @A, Xu 55 AP BFSE T 84S B KL
RIE MG R, @S2 T T LS AATEE M Jr SR il
UFIPTAS 1) B8R B fo BEASI Y . Zhang 558 A I
Preston J7 PRI 22 TR M [0 U J7 ik i TS & 8
B Rt MRR AR, Xie S5 A I HI SR
RMOE GBS T SR AL,
RBFSE H oG SR B0 MRR Y5 HARIE AL, 78
Z ABRUCAL DT T, 2735 A1 T3 5 R S 6 A R il 512
Uik 3 €/ IR LERE N v €T < VA i< DIV Gy BIV I
PR RES: 0y 224071010 e R Tk
BB K8 SCHK 53 HT (gray relational analysis,
GRA) 2 ™45 At TR MBS HL, Chen S N IET
F A GRA 7 5 % Bk A ek g 88 T 3R T 7 7 1
T2t 2 BhstliAl, RS AL T2 S8 G

O B ,1979 4 A B2 DF5E07 18 R REHI S DA A2 6 5488 BER A, E-mail : taoy@ buaa. edu. cn

(W H 3 .2025 - 03 - 14)
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Beaula 25 A\ "2V B GRA H1 3 5323 H7 ( principal com-
ponent analysis,PCA)*Hé%%X‘T ENI8 54 T4
T AR T B 25 AT 0 A, ol S TR B2 0 L RE /)
ft.. Rekha % NP7 DU AR BE YN ik 25 A6 1 2k
25 RNV R0 T O g A A H, L SR A MRR 4 W]
I8, B2 FH GRA Bi5E T SS304 40 T 14 (i e AR A1 5 4T 1%
TE280 RER N TR, H1E
ST SR (R TEORLREBE SR) 5 T AR (MR
ZBRA MRR) 3% P> SCHE B AR, 778 I8t 2K 45 114
00, ME L4 T B e SEBn AT B o 72 v 1 52 2 AR e
KE, HERM WHWLEATE T 21 2 Hiritie s
T AR SCHIF TR AR TT Bt A A ARk it 25 1]
BEXF BB A, A SO T —Fh T GRA-IR
FE B A5 M2 (deep belief network , DBN) AHLES AFT
B T8 Z b A Jr ik, i e M o3 o i
AR A8 TR 3 M S, T2 S50 B AR Z H] /Y
KFR BT K 2 H AR b o 5 H
PRRARIRIE . SRS, 456 DBN AL NATHE T2
SRUBIEACRTY | DT SE BT B T 25 S 5000 % e
AT R AL AT S R T 2R ITIE T2
SRR 18 R FT B 5 T B SR A AR i 29 B9

HEE

1 Z B E Rt

TERLAS ANATEE T 20 DAk sl F v 3 75 2 [+
% & Z A PEREFE bR, 40 SR 1 MRR, H TX 4
TR Z MR MM BRI AR, T2 H
PRORAL AT e 25 R B0 T R 1Y) B2 2 R R g A i —
SIS N A AE RN Pk S K NS RN s
ARARAEY T W52 A 3G ST BT
OIS BINLER NATEE 2 Hin 5 TS5z ]
RIS OC R 4 22 AR A o0 B AR Ak ) R
1.1 ERHoH

TR 3T S 2 TG T2 P B A T ) —
P27 AR SRR A0 (AN HH 6 AR B A s A
VA 35 22 B AE DG i A o Dy T A 7 o Y R R AL
G BARPERIT

(1) X7 B i 5 A 7 1E 1) £k A B, RIV36 ) 45 A

HRCHCAH B 880, T8 8046 38 3 Z-score 122 3E 4T B 1B Ak
ﬂ}Eo

Pi': ij J (1)

S

X P, ONARHEIREAE , X, S IERALEAE, X, i
PRI, o NFEAPRIEZE

(2) HEREREE R = (r,)
., = cov(X;,X;) (2)

D(X,) x /D(X,)

. D WX ZEE, vy OSSR X, X, R C AR
JZ, cov(X,,X;) NPT 2,

(3) IR I vy AFIE(E A, W2R R A7 ¢
ANKRT 0 BYAFAE AR, A7 AE (B X 10 A LY 1E S AR AIE [m]
HHNA = (al,az,---,aq) , W) g A FERGT R

Y1 Ay Ay tq, X,
Y2 Ay Ay 0 Ay, X,

= (3)
Yy Ay Gy 77 Ay sz

Al p R p HIRBER, g KRS ¢ ML
47

(4) FFEE5S ¢ MU 2 TR

2

(5) FFHERT m A E RS RBUS 2 TR, #
i m A B 2 TR p 355 85% MK
il m ARSI p MR

>

(6) % m A ERAEGRA, 2 4 s
K(6) R

S =wy twy, + o tw,y, (6)
1.2 ETF PCA 8 GRA 1k

FERLAE AHTI T 20 P, R I
7 TR T S 0 Ak L 2 B G
S B A BT | T R A A T2
SHRHTHS BRI R | (i i
Helit, BT 1T SR 5 MRR 4TS R B
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JBEANTR], T ey BTl 25 PR 2R B9 SRR O s HAE TG
AR rh () KRR i S TR) R, AR SCR A PCA i
A2 HARAY TTHR R, JFAH I B HAE GRA P gAY
H, 2 SR 5 MRR ety f— YR SCHR B (gray
relational grade, GRG) , i SZ UK 22 H bt Ak [ 25
ek B HER LA, BAARDERINE
FE,: H—1k
AT EE SRR I — AL 2
x; (k) — mina? (k)

w (k) = maxx’ (k) — mine’ (k)
A o) (k) NITESBWRIIRIF I, & (k) AL
BIPH, k= 1,2,-,q,i =1,2,--,p, Hrh, pHlg
I3 e S YCBORIAR I /Y H AR,

P2 RO IR R L

Bxg (k) AZHFI], MK A REL y Al E
AnF

(7)

% s Amin + /\Amax
y(xg (k) ,x (k) = A(k)—+)\4’
0i max

0 <y(x (k), % (k) <1 (8)

s Ay (k) N b HERR IS % P81 5 AT S 2
(] 9 2 X6F 22, T 7R

Ay (k) =1 x5 (k) =« (k) | (9)

minmi;

A= TN BRI L

INBREEAE A = 1 g A, (k) B FEAIS H
FES i R4 xt 208, A e [0,1] Nt &% (—
B 0.5)

B3 AHEATESBGE

ot PCATHE & — DT S B ALE
B, (k=12 n),

BB 4K

TR A TR Z 5 B ISR B A K 8 SR B, Hig
BAX W (10) Fror,

y(xg ') = ki_l/amx;(w,x:(m) (10)

Ky (g o) RS H P B 1 9 G Hk
JE o RABSRHR LA, DT 0 2 S0 20 5 B S i ] 7
RILE . AN, R SCHR IR I b 14T B S 4L
SEGXT I R R L IR R RE
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LGOSk st AL S s AR RE A FE AL
BLIF= R | o X K A L R I = T SN O 2
AL IA T K AU B AR R A A R A R IR A
fift  (H G A 7 2 4 M N A2 S S 4R Y Bt
ABAE IR, A A R B e ik . RLFREAL
AN E A AL S B T B AT R A R AR A A, E R,
T B AL N T RE A48 58 2 | R HE AR FERR A
Jry R B AL XU . DBN A R — g B 2 2 B A
DACHR R AR L 1t e S5 BB 0 258, R A8 A 280 Hh 4l 42
B TESH S B Z R E R AELIE LR,
i 22 )72 52 BRYR 28 2 LR S R0 S AL R SR E 1Y
R, DBN BB 27 > B ECHE Hh (09 TR 2 R4, I 38 1tk
XF AT I 2 i A EAT RS ME TN, X {145 DBN
TEPLACE TR v R A U S4B 4 Jmy B L il B 1
AR AER P, BRI, 724 2 B bR A ln) @i 4%
R B H BRI, AR SOk — 200 o TR 8 15 R 2%
P TS AT 228, 18 T2
QIR Vi AN BN DR (o - RIS UL TN
GRG fE N4, DBN it 2 R AR WL, ieie A
RO AT S R i A S80S GRG Z I & 2
AR R, IZRIE UG, BT RERT BT S 2 8
A BRI BRAS SE BT N Y GRG 1, 52
1 GRG,, EAT HuAR . HETaX— HOAREE R i fe il
HIFTEE SEAL A, AT SE BT LA A FT 5 1 72 1 3
SRR HEARFGRE 1 s,

DBN [ 4% i1 22 1> BR il 3% /K 2% 2 HL ( restricted
Boltzmann machine , RBM ) i 21— [0l 15 )2 4H &1
T, 8 A A RIS I AR I ) A 49 o 7 A 1 R R IR 2%
HEAT IO B, T U AR A . Z IR PR 24 2
BLIE DBN [ 3 A 4 i 432 o — Bl 2k i X b
BUN TR ZE R4 B mT LU S A 27 I B30 A1, 52
FRBR 2% 2 WL 45t i &l 2 frsx, RBM H Al Il
JZ (visible layers,v) F1[5E 2 (hidden layers,h) iX 2
JELRE, R U2 PR 2t , AR S Sk 352
BLAS N RHT BE S8 B2 it AR AT DL JZ i
PRSI, W2 M & T Z AR RN TTE
e, 2R ERE R, T2 AR Z Z 1) 2
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KRR w' v b SIS AT DL R0 ) 6, b7
b" o3 AR AT UL IR B it

HZJZ RBM AU M ERE 2 (Fea 1 2) 174
Z 1AM DBN M4 K 3 s,

Test#l V,,F,,, 0, MRR,, SR, Test#l V,.F,, 0, GRG,
Test#2RVRH 50, MRR,, SR, PCA Test#}__"_fz_,f_nz_,_fiz___________QI_{_Q?___
Test#3 Vo F, ., 0, MRR,, SR, [p|  Testh3 Vi o Oy GRG,_
(¢):V-N )

Test#tm V. .F .0 MRR , SR Test#m V_ .F .0 GRGm
[ A Lz BaE O R Wi
O % | =
I I I |
I O [ i O O |
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@ [ | |
! -9 ! I |
| ) | | 1
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O

B2 ZRIJ/RIEZSHL(RBM) L

5512 RBM Al W2 o, MRS )E by JEFA
B, A 2 )2 RBM AT ULJZ v, 55 1 /2 RBM B
FE b, Ao, = hy, IS4 DBN il it 24> RBM
(10 o 2 S L% 23 27 2T DT FH 1 T 5B 1)
fEFEHL, DBN U fzJ5 1 )21 & BP(back propagation)
W% F2U0 RBM (14 i R AIE 1) 1 A 2 A0 i AR AE
]k,

To W BRI 25 ( pre-training ) FIH ( supervised
fine - tuning ) J& DBN YIl 4k (192 4~ 5t A& 76 Fi )l 25 3

el
=
5

-9 9 00:

B3 REEEMZ%(DBN) LM

PP R HIDTAE S AT — > RBM I ZRA5- 2 A9 25 241
YEN T —A RBM By A, BT A RBM #R5E I
25, [R5 24> RBM IR IR S 40, E X RBM 1Y

E(v,h;0) == > b, — > b'h = > winh,
i=1 j=1 i,j:l

(11)

6 = {wi, b, b (12)
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s m M n Sy R HLE S RERUZ 119 8
BT REE R R, nDRTHER A P oAy

P(v,h;0) = E(v,h;60)) (13)

1
Z(G)BXP( -
AP, Z(0) HIA—ALE T, 2(0) = D exp( -

E(v,h;0)),
e 3 22 AT L2 BRI S HE 43 301

P(h; = 1/v;0) = @(b! + iwijui) (14)

P(v. = 1/h;0) = o(b + iwijhj) (15)
Sl @ MR, ¢ (2) = .

TR 48 AE I 2R o1 5, FH BP Bk X 34~
W25 eI 2k, (55~ DBN 4 FaefEIR A, Bk y
F1y 435102 DBN (/)52 Brda A EE () il
2R BR N

F(r) = 5 3G =) (16)

e SRR EL, N RN ZREA KL
W 2% fi i — 2= 1O B T2 R )= 22 T A A R
w,,, A8 HH PR B TIEAR

oF (1)
dw,, (1)

woul(T+1) _wouL(T) =-7n (17)

EAVE N IO S R

DBN 5 2 1 RO 2 B0 R ey 4 2 | ROZ
75 BB R (10,101) , D562 ST %K 0. 01, 3h
HHEFH0.8,

3 LIS

R ERUE BT B A A 0 T AT M RORS R T
SIASUN GCR20-1100 #L#F A AT & SZ 55 F 5 #4756
WE, OB LSS AR B R S AR B 2 AL
NBEE ENAEE £0.05 mm, A RL 72820 kg, TAE
25[A] 1 100. 00 mm, & F-#EH 125. 00 mm x 6. 30 mm x
22.23 mm, JIfEEER % ACF/110/04 , 5 KAEH )
100 N, 1742 35.50 mm, W& 4 iR, 5256 TR
>} 400. 00 mm x 250. 00 mm A A5 B 14, A v sk
B T R E AR V, T F TS ROR Y
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W, PR EE V, RE T R A R R B
R SR, 5 T TR ) R/ N LR T R R Bk TR
TSR, D TS M AR L BR A TR . AT IE
F&J3 F, g T bR 50 R 8 2 18] A4 fi g B B
FE R S M CR AN T HSK S B0, 38 25 i 1IE )
ATLAERbRE S R SR R W SRR TR

b

o

B4 HBFATEIRTS

N T BRI A, SRAIE R 78 2, >R T I IE
S FTE T AZHMBHOKF IR 1 iR,

K1 FTEIZSHMKTE

BHOKFE
DMoe % s ivA
. LR KFE1 KFE2 KFE3
5 TR © mm-s' 120 140 160
WAEmMS F, N 30 35 40

G35 R F = A b D 44X (36 52 T E GLOBAL
STATUS 9128 ) FIHLKE AL ( Mitutoyo SJ-210) X i L.
Je 1 T AR R T BT s 25 o b 1 2 TR R J32 S5 48 b
HEATRE DN, anfEl 5 R, SEERES RN 2 iR,
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Bs5 ®MTIR

x2 TEIZXRSHE

SeHy R, JHERERIES hndE WA ATRIE, R MR NS
U A/ mmesTt /N fil 3/N mm E/s - B/ pm 5B/ mm

1 -30,6 120 10 30 2.500 0.01 3.14 0.241
2 -30,6 140 10 30 2.500 0.01 2.96 0.226
3 -30,6 160 10 30 2.500 0.01 2.85 0.205
4 -30,6 120 10 35 2.500 0.01 3.09 0.233
5 -30,6 140 10 35 2.500 0.01 2.98 0.211
6 -30,6 160 10 35 2.500 0.01 2.38 0.196
7 -30,6 120 10 40 2.500 0.01 2.93 0.297
8 -30,6 140 10 40 2.500 0.01 3.06 0.301
9 -30,6 160 10 40 2.500 0.01 2.97 0.286

Bk, TEASEEH A Far/ msif B —30 °Fl6 °©,

1.00 - 2 WIGRG P 120 mm/s, FIAR 1Ml 1 10 N, Fe & 4% i 1
0.95 ® jii KGRG RN
= 40 N, A7IHE 2.5 mm,
0.90
0.85
osol N £3 REXABHNER
9 SE
g0 i Ay (k) YIS EX GRG
0.70 - WEL
ds L SR MRR SR MRR
oo L 1 0.0000 0.1987 1.0000 0.3333 0.7119
055 | 2 0.0560 0.2488 0.9615 0.3636 0.7032
3109 N L X P I O P P 3 0.0911 0.3189 0.8824 0.4000 0.6740
0 1 2 3 4 5 6 T 8 9 10
SR K 4 0.0170 0.2259 0.9872 0.3448 0.7096
6 GRG %R 5 0.0503 0.2993 0.9375 0.3571 0.6867
6 0.2427 0.3482 0.7031 0.5000 0.6152
Wt PCA 118753 SR #1 MRR MIALE 251 N 7 0.0662 0.0126 1.0000 0.6429 0.8457
0.568 F10.432, %3 2 P AYSZEG 45 R 1T GRA 43 8§ 0.0255 0.0000 0.9706 0.5714 0.798 1
B, &5 50Nl 6 FiIe 3 i, 5521256 7 4119 GRG 9  0.0532 0.0495 0.9219 0.5897 0.7783

R, B GRGbest, Ui HIiZ4H T 2. 280 2 £ H bk
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TE4R1S GRG ZJ5 38 DBN #:37 GRG A T.Z
SR R O 2R, 38 A X SR B s T I 2k
DBN fEfE A 24 2] 2 T 242505 GRG Z Rk AE
LPEER . BT NLEAS RS DBN A 45 R %t
L, 2533 W DBN 5 2 4 i iff b 7000 GRG 1H,
IfH 5 PR g s 5, MR T
SR AN AR RE A B I 5 AR Y B GRG 1,
IR AE S E A9 GRGbest #EATX] HE , B 2 HH e i
HFTEES B A, PR S BT AL A FT ARl i 72
M SRS T

= I57GRG
0851 | & wmicra
0.80
0.75 4
€]
[~
©
0.70
0.65
0.60 4
T T T T 1
0 2 4 6 8 10
SR UK
7 SRS DBNitELERXTL
4 2 #®

ARSCHM T —Fh 3T GRA-DBN LS A FT 8%
T 282 Bt bk, B 1 e RVLIL S T8
b R v TR R FE 55 DR 2 B S 2 ] () A T 24 [
A, RG] SR R R BOE 45 DA R 458

(1) A2 Bin A 55 it d A Al
JH PCA fifk GRA , i8I 2 Bt 54k 5 B b
AL, DBN #57 TR HE T 22 S8R A
AES A I GRG, SEIUAT S T A28 & gtk
LR T T2 T ESEGRE R BUNAT B =
SRR ZRMN AT E .,

(2) $EEATEE T2 0% e P A ] 52 . A SO
$& AL Ty AN AE SE 95 rh g ik T AR SR
1 MRR J7 T i A b, B8 | AT T 2 Mk E
PERTRT SR . 1207 2 AL AT AR AE RALDL S
T RT3k, AT
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AR IS TR

(3) JTEZ BT T S Rl R SR AR SR
HADLAL D5 1 F2 20N T RRAILAIL B 2 i o i il
(R SCHERER [R) R FH T DA A 3 0, Ay K
T, 38 i A R R S ORISR L 454 %5 T
] SR I AN [RGB PR 9T B 5K, R B R 4 ]
I AR A I
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A multi-objective optimization method for robot polishing
process based on GRA-DBN

Tao Yong™ , Xue Jiao™ , Yang Lin™ , Wang Xiaotong™ , Liu Yazui™ , Wei Hongxing"
( " School of Mechanical Engineering and Automation, Beihang University, Beijing 100191 )
( ™ Research Institute of Aero Engine, Beihang University, Beijing 100191)
Abstract
Robot polishing has become an important machining method for improving the surface quality of civil aircraft
fuselages due to its flexibility, extensive workspace, and high operability. In the polishing process of civil aircraft
fuselages, there exists a mutual constraint relationship between surface roughness and material removal rate. There-
fore, achieving optimal balance between surface roughness and material removal rate is a significant challenge in
current research. To address this issue, this paper proposes a multi-objective optimization method for robot polis-
hing processes based on GRA ( grey relational analysis)-DBN( deep belief networks). Initially, principal component
analysis (PCA) is employed to optimize GRA and establish the mapping relationship between multi-objectives and
process parameters. Subsequently, the multi-objective optimization is transformed into a single-objective optimiza-
tion problem. Furthermore, integrating DBN facilitates the construction of an optimization model for robot polishing
process parameters. Experimental validation demonstrates that the proposed method not only effectively balances
surface roughness and material removal rate but also enhances the stability and reliability of the polishing process.
Key words: robot polishing, civil aircraft fuselage, multi-objective optimization, grey relational analysis,

deep belief network
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