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Research Progress of Quality Control Technology Based on Digital Twin

Hu Caiwang, Liu Zhihong
(Department of Intelligent Manufacture, Automation Research Institute Co., Ltd. of
China South Industries Group Corporation, Mianyang 621000, China)

Abstract: For solving the problems of poor timeliness of product quality control, low efficiency of problem traceability
and poor unpredictability in general intelligent manufacturing schemes, a quality control technology based on digital twins
is proposed. This paper introduces the application of digital twin technology in product quality control and the key
technologies needed for the construction of current digital twin model, and compares the current quality control technology
route with the quality control method driven by digital twin. The results show that the high performance, high consistency
and reliable assembly can be realized in the process of assembly quality control of complex products by introducing the

technology into the assembly quality control of complex products.
Keywords: digital twin; quality control; intelligent manufacturing

0 3515

b 5 T AL 4 A Z B RN 3, DA S IR
K. N LRS- ENER kR, 1%
20 1 T oMl i) 36 403 T AN Wi 1 55 8 R ) 3 1 7 TR) K
& MR E 4 Gy A T E O S ] KR e
LA [ ) Tk 4.0 5% [ B Tk B 55 . X ek R
RS AR THEALE B BOR 5 G EOR S,
SEPLE TR Bt R R B IE R
Gt, PRI REHIE 2 2 7Bk 2 10T, AT
RE MG I 2 et a3, BORBR 2 1) B RE i i
RGN T &AREER T, KIS & 7 A
HlE M B R BEE B REHIE M R RE, 77
EERAKFBAR T RERT, 3R 7T EEATLSE
WHER P M E R N . JCHXT T & a7 b i A
i, R R B IE A R EOR T DU A R v
P I AR

B RE ) ) T 2s F RS B R S (cyber
physical systems, CPS) P!, #J15 k¥ (internet of things,

WimEH: 2022-09-28; ZEHH: 2022-10-20
EEEN:

10D, i EPS IR AR, HZIXEH AR
LI 2 40 B Sk PR A R R m 2R, iy 2R
A B R O R G SEI PEBR A T AN AR R T EE
FARFERY, BB HE RGO DA — A 5P HE L
PO B AR AR, 2R A R AR B S AR 2R AR
PRAZ RS, ) ER S A0 i 2 AR s I s K dfE A%
B S RE AL SR, RO S MR I I 5 7 A O A B R
(RIS, SEILXT P E S fk 4 S Y. o Hey A
A SR REHIE AL 5, T DLk 2 A ) 3 b 5
Betb. mRb. B

Xt SRR R A R, AR B i
B 2R RN, XL RN
Paxt FIFO N T E 2 A G T ZZRMME AR
HEES R LA JE S0 T B R S et
SRR SRR IR T B B RE G HOR 1
FY, A5 5T R AR B PRI 10T A G i 3 A
AN L0 A, H =0 T 57 & SR B 1) o)
B B (1 o 4 1) R AR DA R, AR SR R B
P 7 S VS Re AR UG, X2 R EUR

FAAHE (1998—), 55, =B, Wid, MFEHAEHIEH S . E-mail: 1029742877@qq.com.



FE1H

B RS BT HUr AR A R ORI T R 27

B B = WL RS W ek a0 B A
FEAR AT DR G5 i P dx 26 ) 5, (R, 2B A AL
FAR A UK R R B R 1 N 5 A R kAT
T

EHFENBETHF BRI~ RS
BHAR, WA RMERIRE R, 58
FARE IR R OB R, R AR R
BEBN TSR, BEEHIZERER T
FRL a3
1 BFEFENLER
1.1 BMFEFEEFENES

% 1) Grieves #4Z1E 2003 £ 55— IR$EH T 5
wAR A AT, fE 2010 FERT)E, EEMARAT
WIEC @B MR TEYEMN RS TR, YN
MR8, B2 A B ARE TSI A B T Y50 M
FH o oMb B 20 A s DA 5 455 280 1) 46 Jl il 5 M %
O 0 37 A5 5, 38 To 7 2507 2 (8] S it AL P B 4 (B
R P=. AT R RS MR HER B, BT
BT TR T R (R 4% & Ve sk, S B Tk Ak &8 i AR 1
PHIRAL B 28 A (A O (B 7E T 25 55 0 B A
R, o AR AR BLTE R Re AL B U ol . AR P B
AN BREAH . 2012 4, NASA I EHS%E
(USAF) B 71 S50 25 N 2 B4 i & . B =y f 300
BED KM T ERK R E R, TR AT
MIEC TR A M o XN B R AR A SO B K
IR AGERZYH ., ZRE. MEEM, H
2R o L FE (R P B R R L T I A SR U AN T
S L X A B S A PR A AU B B 2 T A
WA, FaE, NASAIEA 7 — & E,
BT @, B S EHARR A R A
EIESE

g BTk, A A B, R
P TR A S, R R R S
VISR ——XFRE,  H RS0 A Hh S i 2 T A B
ST B SRR E L RS AT 2,
1.2 HFEHEERAMNEZRIIK

T AR AR AR D R R R ) — MR S R
HE, CEATEZENIMEREERITT — RIHE
%, (A e 2 AR H R 78 TR N 7 T LS TR
KM Angrish 25 R ¥ 7 28 42— Fhow A
WS, R T X 4% s ) o S B A B s AR, DL
AR 2 1A R R . M RN R T R R M

A= 1E %2 17] (digital twin workshop, DTW) iX —#7 i1 4=
E A, I SH R E MR, [
P QOB N B AR AR A R A R ) o —H— R — e —
BR—E” 6 HHMPEITHRRE, XEHFIREEET
%, X AR A B SRR AR AR AR R ROR
Mt SRR . BN REPUR I T BG4 S
B, Gigb e HIAE BAAL, i T 25 BB
AR T HFEE R OPALE, TR
BRI Ee T N A 4L T 3R SRR
Bao &P MR T — R . AR HRIEN 1AM
B 2R AR R D) R By A8 A R ] R B R A R
(17595 ; Schleich 25215 7 1 3 R 1 B2 AL 1) 7 iy
AR A, DIV ARSI A B . T
FOYERE Lo B 175 Lu P F oy an A S HOR 01
T BT Z 036 0038 28405 Park 2P0 T 5
AR R AE W] RSN e )G AR 0 E TR
FEFEHh R s BB PO M e A 2% 7 i 2 T 3ot 7R
R EEERE, BT BT HT A
R EE T

2 HEFETFHECBERAR
2.1 SERTHERE

B LR ML TEE M. AL BRI 7
BT R JE S 75 Tolk A= 7= 42 8] 9T 4 32 Y BA RFIDP®)
DNARER Ik W 452 AR R 4 8] F) S IR IR A 2 AT A 0
XS ORI I A A5 ] 3 3 T 4 1A 72 S I B 3R
B MPBLASAS . AEHI BB, iR . HliE
JRAS PR A 5 D T A SE BN T T RE . AR, O T fR
I 4 TR) 08 R S 1, AT DURE P Bk R 43 AR 32
B2 4 8] v

SRy S TR 2 T 2 T ) S AR, RN ) B 2R )
B AT SN R AR, BIVRR N P 2 T 4 1] ) 3 BT Y
BEAT S U7 ) o 38 I 6 4 B 7 R AT AR AR G E
R CAAT RS B2 T ) s I Ed R AR, i L fiE S L
XAV A Blb 55 BRI s, RN I RESE DL 5 At
i 3% BRI A2 B S oAk

P HE A 18] 7 2 10 S N R0HE K E0RT B3 DR S I Uk
FEUE . A R BE A R s R 3 R
St S RN K B AR B B AT L AR AN B AR
RSB B R, O AR R AR
an AT AE R BN F IR BTl . L2238 7
dn RS o AR R S TR B 4R P A R
O, 0 PR R AR 4y T R B 2%



e 28 . ExX e

%42 3%

22 BRSMESRK

By R R T LU TTER L AT AT
ST AAT . EIURZ W L, LR A B
P R IE R A S R AR AR, IR Y i L 4
UESCTR i SV > & 8 LRI PR ig R L BRIV Toy
RYZE, T R [ T A RO AL 2 T I T 2 T 4 (]
AR, SEILXT 24 B 7 b A 7 o B A T . E
(IwS) =1 TN PRI RS G buR A S NIA R I EIVRIRER B S
B, XA HC A AT B T AR AR A, SR
AT - TB) N AT A AR &R S S B R . AR Z 1
HE) 2 SR IR R U DA B 2 ) ) 4 PR AR, PRAE B 2R A
i R 6 0% BSR4 i 4 18] (¥ 32 AT HLAR AN 5 A1 AR
FRIRE .

By Ze i, AOUR I BRI R, R
X ) S B (A R 0 AT 7 A I, DR AIEASE Y ) o4 1 12
AR By AR R Y. 2 4
(7, AEREYE L B AR = FE B AN R (K s %, A8
S ) B SR ) i A R AR S AT v R R R AR 2
ABLSEHT ;s RO Y BE SR i SC s e MR EAT IR )L, H
XA G 2 Ao A5 B 2 A A R o A B S AR (1 3 iR
. M, ST AR E TEZ R
N TR ) Y R R A AT AR BEAT 0 M. AR IR R
SN BT AR R A R R I FRAR, TE XA A T AR A
BRI FEN “E—H—E—0— R —E" 6 Tl
HR U, My AN B R R AR A A, W
PR o

FEE R T AR R i 2, A A R R
PP 2 ) SIS HHE S AT DS I A B A ) R 4
XHVER TR (R R, KRBT DLy i A R 5%
PR B T E AR 7 ER R $E 3 NP BR,
I LA PR I 75 SR 70 M 9 1, MR 5 A2 B 2 (]
MR AR, SERO U 2R A TR AL e &

PiE AP ER SRS T ZS
B, AN PR BRIRZ0 R, I ) 43R

IR
Y

o AT E TR AT LA 9 LB B B 17 SR K A UK
NP, HHTHY BOS A HUEL S Ko Bl 1K 9K 3 U5
R AR, H R IR W TR L
ittt T EAE T, AT 3 R AR
AN Th e EE H AR AT H

B REMESELE
23 BESHSLEREA

2R A A 2 IR B A7) TR R A0 2R A A R A R
Vo E RN S R S AR N (1 2R AR AR ) B B T
EN =B S RS £ 17 [ el 1 R R (R D S e
KA b ) B S AR 2 S RO B R SRR A
Kb AN R UL I S i A HE A

TS R 2R A5 % B0 T T 7 it R B 2R AR R A
2, HERENZANREEEZ D ARG EE
BEAT A7 A O . AR FRAIZE HAE, AN 4 2 S ik
R SRS A BRI AE (B 22 A% s 1EAT 2
fEREmE T, HETHRTPRERNREEESE
R B 5 e AR BEAT Rk & A2, Ik 2 U 4K
& R MR AR R R . B
o A BN 2 PR .

BE. BN ]

4

e, AR \
......

BB
T

MM ]
Mt s

L ik

&

# Mi
e | | wisk
Ang WY
B iRk

e, RE, HIA—

. A .

. oBH FERE
. R Bkl
. PAE b

Y

B2 HESWELE



FE1H

B RS BT HUr AR A R ORI T R £29 -

3 REEENMHRIK

LR E AR KRR B 1 s PERE . i
AL Ay, — B i Al ERUE R IOk
R WAL, BEE 5T R BG A A R 1
AZ, R0 E R S SE  T E E R K.
AL, B AR W AE ) 38 A5 2 1 — 28 19 N R AN
R IE

2 HT B BT R A G A, 1 ik
PEERETO I B, i FH 25 A JE 2 FH T IR B R0 M 4 3¢
BOARAS, Bl . FRERR I PR 5E 2% 1 AT
YEZ 2. I & T A B SR AR 3 1 S I Hic s A sk
e, w] LLSZIE 7 i Joi R EIR A 1 2 B T
NI S TS 77 it JoT & ) SG B 4%, BB T DA Bl AL
AR I 7 R PR B . BRI, AT R R
BIF 50K 22 508 7 il 1R Joid B FRUN 3 8 g 90N g vk
AT AR B IX 43 B 5 50 1) Joi = 00 A0 5040 3K B 1)
Jo1 = T .
3.1 HERIEFAEY R = TN

BLEE X B0 0 7 it 51 52 F000 77 ¥ 2 A 5 7 i i
18 R8T 202 BN T R AIE 1) B 5 R R S B A
W, WRIEASENEAE, ExmRiaEs T
AR A RS TR Rk e 1T VEAE R E B
SE 1 T b ) 3 1 AT 3 AR B 1) SO 28R

FH T LB 3K A (1) 57 = Pl O v 8 K e £ 4,
4 Ab 2 0 Hedh AT TR AR . fEAE = i F iR 22
JiT, A Lawless &P 004 1 A 72 i RE H R AR 1
w22, Rt T ETE TSR A AR, Jf
FIH Gt 7 iEm g 7 iR 2L @4 . Mantripragada
D8R BDIR 2S5 B B B 20 BT 1 HL 28 & 30 10 A8 35 iR
GO 2 A AT R L) iR 2 AR AL, A4S H T A A
Fic 3ot 2 P (A8 S AR 4 R 6 O i . KRRy T
TSR AT R BE R B L R R IR PR, 455K
DR, WE TiREABET, K 7%
We o = 1A Rl i

EJ2, 7E A AR AS 2% T A% 36 5 B 428 o) 7™ i Jod &
AR, ARV B N L BE VEL B
W& SR 207 s, JF RS RI B xR
ER IR G, DR K EIRE N HEE S, SR
AT AR ERE R, AL Ik
H, FEEAEEERNERL RS . RET [
BRI H] T S s s o 52 % X 2% AR R AT 5 A
P s, 2 g BRI A A R IR B 2k R 4
(11 G5 V5 AN I 41 45 4 o Zhou 4550V 1 $2 B 5 1

FRAEAE S, JREH ATk, M ei T 1F 5
B EAL ot UR S LS R A
5 Y 2 24k 19X 4% ) 3 2R 49 1) G 598 P 2 6 VP A D VR A o
TARZEAEBAEAL, I e S P A AE S g A )
AR I 715l 22 A 328 D) 2% FF) S A R 3R 2 1 7 %
3 W S B 2 C i AR TR R0 R O AR AR B, a5 e
77 b PR R, R R 22 A 1 X 4 T G B
AEBEAT WA, FEHR T SE AR 3R 22 R TV

3.2 BAEERENEIFRE TN

XM BHIES RS T, BT LESHERE
s WG R 2 IR ARG BLZ LR AT R 2
MIRHRR &, HidhZ e fabn 2o g fE iRy
2 20 A5 1) 7O BN B B 20 F) o R TN ASE Y, AR R x
Z W BtliE R E S E R E AR . [
IS AE 7 dh & S AT I BB AT S M 2 e SR
(K1, JCHRT TSRk 2k, AR SN R0 i # R
AR . K, FE T ALK T AR A
HEALANHER . AR TR R EAL R

K SR 2 1) Jog B TN U5 vkl I i AR
K D S B K o 8 o AR H 0 3R AT IR R I E2 4
B, 3 T R ) 3 R v 2 B R B B o o AR
ISCMARE B, D7 il Jod B e 4 Aot LA S 1k i 1
YRBh 7. BE KB T A AR T 2 B B i 1 R
il 1) 3 R A R R 5 R A R () 3 AT R B SR IR
B, HARELBRP LR, A ERKH T
i 325 3 AR PR AL B AN 50 SR

GEH R AR — B A )& R TN AE Y A
AR R AR I, AR S R 0 A T A i e
N T IRE AR G GE T U IR AR R T 2 R A A
EEREM . G, Paulst R L v [a] )9 45 5 5k
TIN5 AR L Aok P A o L A Y — A 2R A
USRS ) BB 10 5T R AL RS2 R, BEALB D 7
AR TR SRR DL 5T AR 11 5 0 ) L 0 Y R I
LA DUy ME ZRAE 24 55T 22 2% 1l i o R 1) R R 7 i
Ir AT . GUIH R AL S R PRI ST AE (T 2= 0
B BORME/RAME FEME) S BRI R R,
R, AL 2 Tl 128 S — S5 R e (s e 1
W AT M R A o AR, BEE BLACH Ik A
PR HmE S, BRI mYEE . SIS TEA A
JE VESE W KVRFAE , X SRR AR O Gt TH A R 8 2 il
Fe0, gL, BT ST BOAL B R T T i, Ak
FH 7 1 B0 A 2 1k R 2 P52 ol (1 o B TN, vk
A SRR A FE RS B TRE R R, SR T R



©30- L KX 542 %
LR AT R 5 Zhuang O ¥ w22 A 1R e sl ik, BT

bEENL A )RR SRES I RENRRE, B
I P Ah 2 3 il Ol X S R R A 4 A s H BB 2R L
B A P R T . 9, TolgBeMd F 7 — b
BIHT BN T ph 28 I 24 SR R 52 2 4 77 5 1 7 i
Wang 2507 7 — i T 76 1) ) 57 B 5000 £ 2
PR R gAY, 5 PSR B XGboost (eXtreme
gradient boosting) F 1% R il H % 5T & 52 Wi 8K ) Ry
AEAR B, o0 b 4T o B TR g O 0 R
FeAUb = o ot R E R SR I S AR R . AR HL
Pa A FHiT s 5, #37 DA-XGboost 5 Y fift P & 4 41
B B R, Deng &R T AT
H 2 2 AL &5 1R R FE [ V=1 450 284 SR F300 i) 35 5 & ;. Liu
SR Y — b 2 T K I A2 1 WA E 5T Bk
QTD HEZE (— i 31 iy 1K) 48 — T AEZE , FR N QTD)
M= Eu . X5 T/ERE, N TR
A DATE AN JEHLER 1R 17 D0 T il 4 A (7] 1) o o 7 v
IR B 2R RE AR, AT 7E 1) Je JoT = 00 v = B0 o T 4
ZHIVERE . MBS, SAEGBIAALL, WREHELR EoR
B SR ) 2 S R T, PRI A A g e 2 e o A s —
FRA AT A

5t FH B0 B A 00 7= o Joit B TR0 AR 28 ] DA e A £
GG TH AL B E TR ST T, TR IR
B, B R DR R R B, H 1% T
A7 75 7™ E (1) FAAR n) R, 1% R T VA DL S B R 22
P TAE
4 BFFEERHHWREBEERRITNK

PR AT W LB 2 TP, XA
TR, B A B 0 2 6 7= il 1 e 48 i 2 7 AR R
Wa), AL G ) o B 45 7 AOME LA A2 6 77 i o & Y S
W45, v il K& AN G A& 7 i A S 347 R
T, DA B AR A RE A IR 2 s DRIk, 24 i
FEMCIB D [ UL . B RE AL I A AR B AT e A
T AR A HOR, AT SEEILR 7 I SR A
[F] I AT )25 S 8 T2 S HIE m 7 e ik %,

SR AR S5 BR H T R T R AR A I RL
BEHC R B 50 M 7 % Wagner P T — A3k
T HCF 2R A TR 5 D RE R AR PR ) 0 07
SR AR TR T — R R R 45 A s 2 1]
M HCF 2R A AR T v, DA i) = b o) g 1 )5 =
Mal** Uy fif ke R B0 45 RIS B 7S AN AL
AL T AR R G, WA TR R R
22 V5 S AL BHE U R, SEBRE P  JBT A SN

B AT AN E AT g P A 2 2R
R T BB AT — Rty s R IR B 1 R R R
W77 R T 47 W 2 T, SRR TR I T
— e sk A AR A O 22 LR $E R 22 1 T

TEE 2877 b B ek FE b, 38 0 7R 2 I A A
M HEA ) PE AR AR T R A AR L P . 2K
FAEFRRME T — MR AT A E MR E R E
PREERC R E R ISR . T P24 5~ 5 A 28 i
s KR R R 2 RS A S TR 2R AL
JIVEA TR BN, 38 ik X Sz A 4 i AR 2R TR Y
BETE, SEAT PERE TN, T B — A 7 B 25 T BR 25 T 60
WHCHERE T SE . 5 TG = 2R i A, SCmE
Z% 77 RGO B AE R TN A AR R, B EE
() T A2 R A E
5 SERIE

B H AR AR SN B A i 2% T o = 4
o, SRA “mEsEab A, BRSO MOTEE, SEELN
22077 il AR T O B A A ) AN AR 2 T . B AR AR
AT 2 T AR R 25 TC M R AN AT T 2 ok R AN AT 4
IR A AT DLEE ) 8, S B AR A R T T R
fS R E R, &8k, TR,

g i) B S ITEM L, 2R A KB
JRE R A SN . — B S, ATaE
AR R, (HAR TG A 2 Pk, . an e fE ok
RHCHE Z VR A o), Wl R 2 4R 22
B B 47 B )8 L R AR AR R AR . R
HMERAFEAR, XEHZFREM M. (HEF
AR FOR BB, Y E ) o 7 o A
WEFLER AL 7R K, fEPE R E R T IR ZE B
PR BOPE A A S AR B T IR i S B AT A
e

S Hk:

[11 %47, ka8, Ha%, F ATRKIZELENABLL
WA IEH R[] £ I A3k, 2021, 40(8): 88-91.

2] Rt ks, HHEZ ATFTLARMGZHAS S
HEAFERERETET SR ET A, 2021,
40(12): 24-28.

[3] WASCHULL S, BOKHORST J A C, MOLLEMAN E, et
al. Work design in future industrial production:
Transforming  towards  cyber-physical  systems[J].
Computers & industrial engineering, 2020, 139: 105679.

[4] ZEEUW A V D, DEURSEN A J V, JANSEN G
Inequalities in the social use of the Internet of things: A



FE1H

B RS BT HUr AR A R ORI T R

e 3] »

capital and skills perspective[J]. new media & society,
2019, 21(6): 1344-1361.

[5] YAN H, YU P, LONG D. Study on deep unsupervised
learning optimization algorithm based on cloud

computing[C]//2019  international  conference  on

intelligent transportation, Big data & smart city (ICITBS).

IEEE, 2019: 679-681.

[6] SONI R, TANMAY D, TWINKLE, et al. Digital twin:
intersection of mind and machine[J]. Int J Comput Intell
10T, 2019, 2(3): 667-670.

[7] M, NER, K, F KFEELZHHEDE+ KA
BB R[], S ALE R R i & %, 2019, 25(1): 1-18.
[8] HE B, BAI K J. Digital twin-based sustainable intelligent
manufacturing: A review[J]. Advances in Manufacturing,

2021, 9(1): 1-21.

[9] CHENG D J, ZHANG J, HU Z T, et al. A digital
twin-driven approach for on-line controlling quality of
marine diesel engine critical parts[J]. International
Journal of Precision Engineering and Manufacturing,
2020, 21(10): 1821-1841.

[10] GRIEVES M. Virtually perfect: Driving innovation and
lean products through product lifecycle management[M].
Cocoa Beach, FL: Space Coast Press, 2011: 1-382.

[11] GLAESSGEN EH, STARGEL DS. The digital twin
paradigm for future NASA and US air force
vehicles[C]//53rd Structures, Structural Dynamics and
Materials Conference. Special Session:Digital Twin,
Honolulu, HI, 2012: 1-14.

[12] SHAFTO M, CONROY M, DOYLE R, ea tl. Modeling,

simulation, information technology & processing
roadmap[R]. NASA, Washington, DC, USA, Tech.
Rep, 11.

[13] CUNBO Z, LIU J, XIONG H. Digital twin-based smart
production management and control framework for the
complex  product assembly  shop-floor[J].  The
international  journal of advanced manufacturing
technology, 2018, 96(1-4): 1149-1163.

[14] ANGRISH A, STARLY B, LEE Y S, et al. A flexible data
schema and system architecture for the virtualization of
manufacturing machines (VMM)[J]. Journal of
Manufacturing Systems, 2017, 45: 236-247.

[15] FEI T, JIANG F C, QINGLIN Q, et al. Digital
twin-driven product design, manufacturing and service
with big data[J]. The International Journal of Advanced
Manufacturing Technology, 2018, 94(9-12): 3563-3576.

[16] M, 3k, i, F HFFALEHN——H AR
F R EAFHAEX[T]. HILALE R A A %, 2017, 23(1):
1-9.

[17] A&, &5, o, § HFFLENEFEHERS
k5 R R[] HEAERHE L, 2017, 23(8):
1603-1611.

[18] M &, xI B A&, 2, . HFFAEARLEMKRE[I]
T HAAUE R B & %, 2018, 24(1): 1-18.

[19] &, RAT, MRk, F. HFEABAMEZERAR

JA[I]. FHEAE R A %, 2021, 27(1): 1-15.

[20] #5 DB, KT, RFEARARAEAGEERI) PO R
AR R[] %2854k, 2019, 904(3): 37-41.

[21] BAO J, GUO D, L1 J, et al. The modelling and operations
for the digital twin in the context of manufacturing[J].
Enterprise Information Systems, 2019, 13(4): 534-556.

[22] SCHLEICH B, ANWER N, MATHIEU L, et al. Shaping
the digital twin for design and production engineering[J].
CIRP Annals, 2017, 66(1): 141-144.

[23] LU Y, XU X. Cloud-based manufacturing equipment and
big data analytics to enable on-demand manufacturing
services[J]. Robotics and Computer-Integrated
Manufacturing, 2019, 57: 92-102.

[24] PARK K T, LEE D, DO NOH S. Operation procedures of
a work-center-level digital twin for sustainable and smart
manufacturing[J]. International Journal of Precision
Engineering and Manufacturing-Green Technology, 2020,
7(3): 791-814.

[25] KA, Wem &, A R THFFABRG L L0 E
Beit R EE A R[] AR R Z %, 2019,
25(6): 1568-1575.

[26] 4, @FF, I FH, F. KT RFID H Aa & HH
R E AR AIERE L TAANIE R[] it AEAE
R R Y, 2017, 23(2): 273-284.

[27] LAWLESS J F, MACKAY R J, ROBINSON J A. Analysis
of variation transmission in manufacturing process[J].
Journal of Quality Technology, 1999, 31(2): 143-154.

[28] MANTRIPRAGADA R, WHITNEY D E. Modeling and
controlling propagation  in
assemblies using state transition models[J]. IEEE
Transactions on Robotics and Automation, 1999, 15(1):
124-140.

[29] k4. AR ELSHMERATEHN T HERLXEHEKR
[D]. &-he: &fe Tk X5, 2017.

[30] ZHOU S. Study on extraction of machining features
about parts of revolution[J]. Acta Automatica Sinica,
1999, 25(6): 848-851.

[Bl] &7 &, ®E, EXHE. ATLEMBHEZRGIED
22 AR AR T ik [J]. HHHEAUE AR R R %, 2018, 24(9):
160-168.

[32] ALms, AERK, =&, F. PURER IR K LML
W &3R5 R Z R [T]. it KFFR(TFIR), 2019,
53(8): 1582-1593.

[33] PAULS K. Prediction of complete forming limit diagram
from tensile properties of various steel sheets by a
nonlinear regression based approach[J].
Manufacturing Processes, 2016, 23: 192-200.

[34] LI H, Linkan B, NAGI G, et al. Residual Life Prediction
of Multistage Manufacturing Processes With Interaction
Between Tool Wear and Product Quality Degradation[J].
IEEE transactions on automation science and engineering:
a publication of the IEEE Robotics and Automation

variation mechanical

Journal of



32 ExX e

& 42 %

Society, 2017, 14(2): 1211-1224.

[35] LEE J, KAO H A, YANG S. Service Innovation and
Smart Analytics for Industry 4.0 and Big Data
Environment[J]. Procedia Cirp, 2014, 16: 3-8.

[36] TOLY C. An ANN approach for modeling the multisource
yield learning process with semiconductor manufacturing
as an example[J]. Computers & Industrial Engineering,
2017, 103: 98-104.

[37] SENH, WANG H F. A Hybrid Ensemble Model
Based on ELM and Improved AdaBoost.RT
Algorithm for Predicting the Iron Ore Sintering
Characters[J]. Computational
Neuroscience, 2019: 4164296.

[38] #-& L, #1h. XGboost £ ik {2 4] i Wb it & Fm & 49 5
A1), & a3 SEAus 2 A, 2017, 7(6): 58-60.

[39] 4, W&, LT DA-XGboost 3 % &9 £ LM &~ % R
EWMI]. AESMAL i TH K, 20213):
53-56.

[40] DENG J, BAI Y, LI C. A Deep Regression Model with
Low-Dimensional Feature Extraction for Multi-Parameter
Manufacturing Quality Prediction[J]. Applied Sciences,
2020, 10(7): 2522.

[411 LIU Z, ZHANG D, JIA W, et al. An adversarial
bidirectional serial—parallel LSTM-based QTD

Intelligence &

framework for product quality prediction[J]. Journal of
Intelligent Manufacturing, 2020 31(6): 1511-1529.

[42] RAEEM, xaede, &, ¥ ATHRFFLEGRRER
mﬁ%ﬁ&%mw&*m.#%ﬂ%&%&%%JmL
27(2): 605-616

[43] WAGNER R, HAEFNER B, BIEHLER M, et al. Digital
DNA in quality control cycles of high-precision
products[J]. CIRP Annals, 2020, 69(1): 373-376.

[44] SR&RIF, sazhdy, AR, F ATHFELENMRE
A ) 3 $Jﬂ%#§ﬁﬁm[] AERFFZM(A AR
#R), 2018, 44(4): 578-585, 607.

[45] MA Y, ZHOU H, HE H, et al. A digital twin-based
approach for quality control and optimization of complex
product assembly[C]//2019 International Conference on
Artificial Intelligence and Advanced Manufacturing
(AIAM). IEEE, 2019: 762-767.

[46] ZHUANG C, GONG J, LIU J. Digital twin-based
assembly data management and process traceability for
complex products[J]. Journal of manufacturing systems,
2021, 58: 118-131.

[47]1 3R F, e, EAENE, F. ATRFTAEMN S s
LR B B £ A ok [J] LR R R i R,
27(12): 3391-3402.

st ok 3k sk sk ok sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeoskok sk skeoskosk skeoskok ok sk

(B 21 T0)

L PEE

[1] THOMAS P R, BHANDARI U, BULLOCK S, et al.
Adcances in air to air refueling[J]. Progress in Aerospace
Sciences, 2014, 71: 14-35.

[2] 4122, FR3E, TR RANA 22 FimidE R
KRAEKFAR[T]. MEHRAFHREK, 2014(5): 1-6.

3] &£&, %A, %z, % 2018 FEAIEARAMEE L
FARE AT, A FRIEAK, 2019(2): 1-11.

[4] E&, H3. BINAANE b K p A IR F4F
SAR[I]. T A FEAE &, 2020, 37(21): 43-46.

[5] MARTINEZ C, RICHARDSON T, THOMAS P, et al. A
vision-based strategy for autonomous aerial refueling
tasks[J]. Robotics & Autonomous Systems, 2013, 61(8):
876-895.

[6] LEE A, DALLMANN W, NYKL S, et al. Long-Range
Pose Estimation for Aerial Refueling Approaches Using
Deep Neural Networks[J]. Journal
Information Systems, 2020, 17(11): 1-13.

of Aecrospace

[71 WANG X, KONG X, ZHI J, et al. Real-time drogue
recognition and 3D locating for UAV autonom-ous aerial
refueling based on monocular machine vision[J]. Chinese
Journal of Aeronautics, 2015, 28(6): 1667-1675.

[8] FRER, KR, HR&, F. HEERKZHALE
Meanshift % [J]. st HE 45 5 A, 2018, 54(17):
180-185.

[9] X EAR, £#%EF, HAT, F. RANE P40
B FAT ], AR AL S e, 2019, 6(1): 28-34.

[10] R EF. RANE F it FHAD]. &% &
FAEAMR K E, 2019.

[11] A&, #FHE, mAENL. RANKEX A EZE b
AL FALHE KT $FHMEAL 5 e, 2020, 7(1):
40-47.

[12] NEWELL A, YANG K, JIA D. Stacked Hourglass
Networks for Human Pose Estimation[C]//European
Conference on Computer Vision. 2016: 483-499.

[13] REDMON J, FARHADI A. YOLOv3: An Incremental
Improvement[J]. ArXiv preprint arXiv, 2018, 18(4): 02767.

BEAZE T




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


