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Abstract: Digital twin technology has the characteristic of virtual real fusion. The digital twin for intelligent
factories can make the production process more transparent, and the production can be effectively guided with
the real-time data in the workshop. In order to realize the visual control of production process based on the
digital twin, a method of digital twin modeling for intelligent factories oriented to the production process is
proposed. First, the framework of the digital twin system for intelligent factories is constructed. Second, the
key technologies are elaborated, including the method of 3D geometric modeling based on the point cloud
fitting, the method of object linking and embedding for process control unified architecture (OPC UA)
information modeling for data interaction, multi~source heterogeneous data integration and fast matching of
virtual-real mapping data. Finally, the digital twin system for an engine manufacturing workshop is realized.
This demonstrates the correctness and effectiveness of the proposed method.

Key words: digital twin; production process; geometric model; data interaction; data integration; virtual-

real mapping

BE & [ 248 A 00 ke AL B I 25 A6 A1 RE 1K 0 O i ik B g A R 3L R A

BEE£WE : {EHRB3R4 (52075257) s V1904 B S A& 11K (BE2021091) .
Y75 HH#3:2022-01-07;181T B # : 2022-04-30
BEEEFHE S 8%, 4 50, E-mail:d.tang@nuaa.edu.cn,

Sl ARSI P B, RGN, E, S5 T 1) AR 70 B O B A () B AR A R e N T [T ]. A S R KA 4R, 2022,
54(3):481-488. SUN Yucheng, SONG Jiaye, WANG Jian, et al. Modeling and application of digital twin for production
process in intelligent workshop[ J]. Journal of Nanjing University of Aeronautics & Astronautics, 2022, 54(3) :481-488.



N

482 [ S R /| R NS = =

5% 54 %

B o VF 22 1 L I 46 B 5T A ] SR BT A i T B
e B8 T A i 3 K o VR A AR A — K
BRI NI G e W B S R L i S L N
o B M Grieves # R it M FRAM S 2
Jei B AR AR L N B AL AR AR R T L Is B L
WAERATE O E P RAE R E WA T W
A 1) FH 25 A B AR S PR 4 B 55 R 0L B A
A .

il 15 b TR, IR B AR A R Sk S A
55 3 Ol 55 3 B AN T 8% 4% 45 d S S R
[ P b2 38 B9 1) — A 3R O TR AR R S —
BT HCFE A AR TR &2 7R SR Jr 2 0k i
Py b AR A AR B AR A BRI, I R A A
K S ALAL I 2% Fe A 7= 4R (AT S0 . S [ A A 3
FR7 25 i 300y, )] Unity3D JF & T —Fp A5 L
BRI ZR G0, o 38 FH855 U1 0 B R0k Fn2e 4tk o ol
EEDNG B R E T M E 2 LSRR
A% W PSR )2, O R BT AR AR B R IR A AT
RE Ay, S A B A AR EAL KAtk .
GO TR EFARB T RFEREG IR
KAEAEIZHE 3BT B2 AR 53 B 30 37515 48 B A 1 S ek ¢
X T 5 43 BT, S BIR A5 1) 5B A /I, B I 1
Y A IR T B ROR . SCERLT 3R T 3
T 8725 A 1 K AR 3 R IF & T — Fh ML B
b A 7= B 28 A O 1A% T SRR ok .
SCHiR[ 8 T4 H — Pl B 48 O sl 1 03l o B AR AR ok
e il i BT ) 55 ik B AR R R Y R G AT
Shy FREUI 3 R R A5 B R B SR Ak 2 2] Sk B TR
FEARERY [ IE N, SCERL9 BRI — A5k
FLI 1 1 22 G0 AN O sh i B e AR Al i i T 4
V) 50 - 28 A RO i T 4 7 R ) G Ak R 42 1)
FURRLIE AR R o TR TR S5O L T 2 A o i 42 1)
WE P V5 T B PR X G 1) B, BF 5 T — 4 Il B
B S H AR R T AT SRR R BRI R T —Fp

= -\ g _‘

HlEs N InTAFRBE Hadin AGVALE Hre O £ adk

A B

T & §

AW G, 4] AR AR BEAT MR P A
HOIF45 A S bR AR R SR % B Y S8
FIRTFENE o SCHRI 1T IO SE T — A B el A I 2R L 2%
AR 728 1 S8 0] 3 ek A e D 5 (8] R AT N T
REVIN 2k , I 72 ¥y B 2 8] o kA7 B 40022~ Uni-
ty3D ok 5 B A 40 2= [ M1 49y B s ] 4 BB, BT D
LA N B VR R ] B AR . E AR R
Pt — P L T 0L ) B LR R A R R
AR PR P AR I B DA = s OB SR
SRS G i S g PR A 3 A AU 65
F1% ] 1 S S e T ) B R PR A I8 A B0, AT
e AR AL A 81 1 P A B e, 4 o 2 7 o 8 S 0

T W N IR DR SRS N TS
A AU Y 1R R 2 22 B T AR Z2 R B XER
AR 20 T A Al AR P BE X BN W PR A A A
i R HEAT RO AR AR AT T, wE U R — Rl g
1 K7 2R A RE SR B i, BT HEAT SEBR Y BIE . 7E
TA [ A A 7™ A B AT B AR A R A O R R
FEL A I R I AT ST IR LD

BEOE AL IR, AR SO T 0 BOR 5 T AL
S RN SN 4 P B TR S e S = W i B U
ZF GO RS G Rl AT Al 55 9 5 R B Ras 1T 1
D S M A, I Ml 55 4 i R R AT R AU R, DR
Kol oy M i A0 AR P 4R I S B — R T T 4
(] B 5 AL A BEK

1 BRFEABFELERRERRENY

N TR BT AR O S G H A A B  fE  A
PRI AR R B M O A AR R IR S AR A A
P M g A R RE AL R TR ) A R
W) RO 2R 2R R G o B AR 7 2 ) A R A R A
W RERCT AR N RE® R T, G5 P 2R R R 5L
S R R SCER Y T AN AT 1 7 1Y T 1) AR 7 i AR
1 % 7 2R A T 3k

o T
= B

A

W55 R 458
el

W
HAtl %5 # 5t

A

=T

FL T ) AR R R BT AR A R R

Fig.1 Architecture of digital twin system for production process



% 3

PN A, B« T A 7 e R R B A i) e A A A R 483

TG, B G i) A e R G B R AT BT AR
AT A4 ) B SR R AN R P L H
SR A B S PR A A 7 T AR O AR AT R
FACFIRIIAL, o 4 A S P 28 38 2 A OR ) Ay sl 5 22
XA W) B R JLAT RF B AT e A
B R LA R 6 A e o G2 ) B 58 LG B R AT 1] BB
IO G v B PSR- N - S S B LIRS S S0 N
SURSAR B AR5 1T 5 A7 BRI B e A5 B4
el BB B E G — Wi F A% URIRR i %)
ANTR] 2R GEAS [ S 1Y A £ L N7 o AL 9 i TR A AR
M 47 B A 4 6] R A RERS S L7

M E R i AR IR O,
A 18] 42 101 RIE TR 04 AN A IR, 2 () S PR S A
Wi 228 A, [ B 4 18] Atk 55 R G TR s 47, ol 55 %K
AN W BT (45 4 8] £ LAY Bl A ORI R 4R At
AR R IR AR T E R ZEF AR
B AR GE, S8 B ) s 4 AR A AR B A S I U
TR, AR Ry 2 e A A A S AR ) ) a5 AR
i, Ry ) A e e B R A PR A

BT P A S PR, DA — A AR B A oS s B
BAGERN  FH A B R g A S = R T
fEY &, o5 = g B 2% 7T DL 22 ) i A = 10 2 R e
fiE, I A B B R TR E AT S =0 A SCEH
# + 15 % (Earth mover’s distance, EMD)" "4k &
R BRBOR A R 2 A R R = 5 S iR
IR B

SR, wi = B s s A 40 $ME B TS B AN
AT G UL S s B R AR AL o AR SCR I #A i 1 B
#J (Poisson surface reconstruction, PSR) % 1 3 3k
HOE A5 78 B 19 Mesh MR S0 g . M=(V, E, F), 1
hVERIRALCERRN L F RN . HEIHHHE BAR
P s F (), 45 F (2 ) FEREAS P oS b 1 86 75 E
Rz AV, [R]EECRRE 45 3 Poisson Jy 2

V(VF)=V- V=0 AF=V.V (1)

$ F(x ) adaptive octree 27~ , W Fl marching

cube 4 HCRR B0 S H T, 40 & 3 7, 45 B Y Mesh
DA% B A R AME B S B BT )

3és

IGM
"
2
R, SR, SEAE  RHERE. MENE. IFELE
K2 =4t sds ol i

Fig.2 Process of 3D scene construction

PR 2%, 28 3k AR AL B, X B ) R e R AR Rk
A7 A 880 B X B AT e A Ak B A R AU 4 18] %
I J2 2 ()45 R EAT m AL S, 45 2 8] A4 m TR
SELEMEN . BT R AP HIRE, 5L
PUAE 400 X 4 [A) 0 T 2o 2 % ] R A i A M 4

g5 LTk, B BT AR RE AR R BT AR A R
R AT LIS Az 77 Ml 55 4 Ui A 55 Bk 400 Ak R 4R il Ak F
A RGE B, O BZ AR S AR LA RO
(] Jia) 582 (4 0 2 T ) 500 S il A0 AT A 20 BT AR

2 KEFEAK

2.1 ETRUANZSLMERHET

LA A5 75 2y 30 4% 18] 75 K 017 [ v g £ LY
PRBL. ANTET 2 Bir 7, AR SOFIFH Ml T = 48 BOE 4 10 44
AR BB 2 S 37 5 00 0 o B A B
5 A o 00 AR R 5 ) P = 2 A T L X ) i R
T PEAT W A Ak B 5 45 4 e i R BB L TR A% 0L 25 4
ARBEAT R WAL s AT S HE R 3 5 jE e 4
FoAR X 5 AT WoR AL

JIORE . FRIEG. RAEER

b S G A A 55 0 TR PRI T A

; p
Y
~

Mttt HHRENE A E

B3 =il o

Fig.3 Process of 3D model reconstruction

2.2 HEHFEZEW OPCUA EEEEFX
Xof G AR 5 i A I o R A ) 42— 2244 (Object
linking and embedding for process control unified ar-
chitecture, OPC UA)E I Gt — 1% i P18, & 44 2 1
16 2807 238 A 80 B R, ORI 840 R R o 8T
%, 52 PR SRR R SR B 58— A% 0 o
T OPC UA By % ¥l i £ i A 1&] 4 s, iR 55 & 5
% 7 S 22 [ 30 2ok PO 4% S KR A A 1, IR 55
i T T [ A SR T, S I A A5 S B Y SR AR A



484 Moo M

H¥

it

PPN 5% 54 %

A v A L T R S TR i 0 R TR e AR AR
VB S A S 05 B S LI B 45 R BT R
@ﬁﬁﬂna

R
OPC UA
45252
i) 7
W3R TR
OPC UA OPCUA | OPCUA OPC UA
& Ui WG| B FR%5 253
g 87 Wi 7
R
OPC UA
k45434
] 7

K4 OPC UA #fFHl
Fig.4 OPC UA communication mode

R 4l 50 28 A 2 ) g ) B B RLA Y AR
W T BB AR BT RI 43 5 28 fF B ME SRR, ﬁ
A
(D315 B EE A (Device-Inf)
Device-Inf = { Dyuernts D siausints D teskints
D copaitityits D pastiints D Toolingin } (2)
s Dy WA FEAMRENF L5 D WX FT 1B
IR ST B 5 Drvasans 0 B2 BN TAL 5515 B
D pavitiogins N BEE N T RE TIAF KL 5 Dy N W 55 &
T B3 Drrooringne B BT T3 IS HARAF H o
(2) N G A5 BAR &4 A (Person-Inf)
Person-Inf ={ Peints Pstatusins Praskints
P copavitiynts P compteternts P Avendaneennt ) (3)
P Pt WA BUEEARAF B Pt WA BUREAR

@ ;P’[' it AN BRHAE 5505 B 5 Pewaiine WA LT
REAE . 5 Peompleent N 51 T 58 T AEAR B 5 Pavendan
ceInfj‘jj\J\ HEEE
(3) Y EHE B & B8 (Material-Inf)
Material-Inf = { M qetnts M stamusints M stockints M Abnormatint |
(4)
A Mo IR EEA AT B 5 Mo 0 90EE Y 1
REFE s Msoaanr I YEHETAAT B 5 Mapsoman B
*‘4# R PSS
()55 B
Environment-Inl ={ Ey it Epottionn) ~ (5)
K : Byt N 4 B FEARAT B 5 Evoaionr N 42 ]
WS REEUE B .
(5)ITHAL 55 5 B L& HE R (Task-Inf)
Task-Inf=1{ Tuuicinrs Tstusints T rypeints
T orogressints T abnormatints 1 Cratint } (6)
A Tosorn VT HAT 55 FEARAT B 5 T A 1T HAT
55 UHIRSAT B Trypand BT AL 55 2 RE D5 T,
wesstnt A VT AT 55 HE FEAE B 3 Tanorman N 1T HAT 55 52
WIE % s Ternm HITHAE S T 25 B
X5 AF BME S A 5 R R AL 2 [ R T
ey 38 5 #EAR ) 5 R (Part-of) , 8 57 W1 E 5 BT 7w B T
) 407 AR AR A2 ] 1 OPC UA {5 BB RS
R AE BB Y AR A 4 R) S AR AR O
1752 A A se v I BB 2528 R . B IR
KA HE L AL 25 T Device-Inf X} 42 Person-Inf X
% Material-Inf ¥ % | Environment-Inf ¥ % , LI 3£/~
TRl AR A R AR AR A RS A A AT 55 3
R, SE ] #T Task-Inf XF 42, DT 52 30 XS 42 a]
1155 By A

R B ( Environment-Inf)

EUHUE R (5 B AN S A
Part-of Part-of Part-of Part-of Part-of
WS B IRy kil YrRME BAREY WS B I BAES {5 B
(Device-Inf) (Person-Inf) (Material-Inf) (Environment-Inf) (Task-Inf)

| | i i i
i i i i i
i_’ Y2 — i_’ ) E_’ M iens E_’ ) - i_’ VF—
i_’ Dios i_’ ) o— E_’ Missns — B usonnt i_’ yfo—
E_’ Dryne E_’ Progine E_’ Moeiane E_’ Dypens
1 1 1 1
E_’ DCapabilirylnf E_’ P CapabilityInf — M,m rmallnf i_’ T, Progressinf
i_’ L — i_’ P, Completelnf i_’ Y jRS——
1 1 1

DTcﬁling]nf PAnmdznoe]nf TCm.ﬁ.lnf

Part-of

------ + Attribute-of, Instance-of

IS A B e
Fig.5 Workshop data model

2.3 ZIRFHIEHE S AR HE SKRR 5 HY IR 1R 6 T AL
TE O AR ) FE Al L, P B3 52 B 47 18] A TR

AT W L P 75 SR A T AT 55, 4 18] 30 37 530 A
TR AP B ST 590 B8 11 G SR R C e g <



% 3

PN A, B« T A 7 e R R B A i) e A A A R 485

G 20 T, DL K S 2 1) N A 3 BT R ) A A AL
[ , e 2 S B BE 4 (0] 5 R 400 2 ) A9 S I 5 o 2
Az R T ST B A S R R R 2 T 3 R
STIBTENCLRVA S &/ RE R it el TSR350 N1 A7/ B2 N e
IR 3R A R BT [ A0 G R AU R T e ] 2D 52
HLIE T E R A A ) o R A
A LLSE S S R/ VT R R e A A0 4
&)

(1) ol &2k

RS Tl B 37 KR T B AT R | Sk
IR 4R, O B AR P B SR IR BSCHRE U X LY
oy R AL G 5, LA R AR B R LSR5 A0 i)
(Radio frequency identification, RF1) & &% | il

HdE 0

Bl IR
I NH

#

B

ARG A B4 1 A SR R AR T 1 5 AR S5 A AL B
R SN S I PR R R R A R AR K T AR
AT IR L B EE R4 5 W4 ] (Supervi-
sory control and data acquisition, SCADA) & 4t , #f
2 TR AL i L

(215 B&EM

B 037 >R A B0 ok o) 1 A L DA ST At
b 55 G2 09 D s Bode L B A il S IR Y A
it I VR I R RN R A A AL PR AR A S AV
BRI . W 6 fs il Aok B 2 A EUE
U5 BCHE e W 22 15 S A 5CHTE 1 Ok U5 A AR A A S
o 0] L, 52 BRI 1) 98— A7 0k 8 BRI 43 B L, S B
JAIE 22 55 8], 3853 S 45 A B 1B

ARER
WEME R
R AEs

= -|||||-|-
1 BB A

OPC UAR% 28

[N

_ RS KR

£ |mesm :

LIS 1

W '
<E . SR TR
@)

S [owmie  smam

Gt iR EdE: Web-API (HTTP)
SERFHE . Socket (Kafka)

B 6 2 U 5 A8 B0 4R h

Fig.6 Integration of multi-source heterogeneous data

(3) M 52 WSS

i b R R A A B AR U R AR AR 1 A —
WLIE BRI % R RIS B 1 5 S 1 29 2 7 Y
K1 11 R AR RO SC IR O o [R] e 2 A A Y
(B A5 O " R R AR LA R rp A A
B ICHR 5 AR, 35 B0 Y B 4 18] 45k 0L ) R ) A0
il

(4) % dh VT i

RIET M
!
FRABLH
{
IR K R

!
38 5 A SR

R T SR HE— 5 i SR A BTk TG
Tic A 11 o -5 5l T D) A% B A 2, S R S s Y
SASWLGT, REAE R A RAT B & Fan,
XFF—AN VT B 2 v BOAT B 29, o By A S b &=
DAFAE— B 5 24 SR 5 A DT TC |, 00 R 32 1) i
HAOF S B E W] B A&k B —BL il . — B
B, 28 A B 5 25 i BT 52 B 1) B O B A X
NAT A SR BARGAR G 7 TR .

HE 5ZITHH
B RRMLAR

i H T I

Lo ER )

Pl 7 e DG T AR Gl 72 S5 004 e e D T O A

Fig.7 Fast matching process of virtual-real mapping data based on matching tree



486 Mow b

/S SEN

n

2
¥

e

1 %54 %

Fe T b IR R RO SR A RO 2 ORI &0 DL
S5 AT LS o B AR AR S B IR A I AT RS DL K
A R BRI 0 i B A B 2E AT S Ak, S B
Py B A 0] 55 R 404 ] 69 90 ) 2

3 FRERSZEHERNHA

R s AL™ AL LN A 18] B ATl 55 1T PR BB IR
AR Bl 2 25 o AR GE M 55 AR G I T AR 5
R P A0 oK, SR UK N BLAR M S 08 2 B A )7
T, T0 Tk B I L i B B4 e A, ™ S R LR 2 T
Al B A 72 R . O Tl AR S R AR B OR L TEIL
TR BE BT 2% A% HE BB R A B4, S R AR
B3 22 03 5 F R dle O 3 TR SCHR Y R G A K
KRR T R T — A 1] A2 i B A B 7 2R 2

] AT AL M 45 R G % R G A G WPS 1 i B
Bal MES (19 52 i Az 77 Bl 1 & SR A SO
AT BT AR A A RO S B ) A A RS
it 2 10 5 i1 BH O 45 G 41 S0 BUAR RE S A
Hh A A (R] A PR O, SE BT 4 TR RS ME A 8

AR Z G A (0] AR A O, B SR Jason 1
A O 2 B ST T A S R LA R S A
AR AR Yl B AR R BIL R AL B2 A
fdi F KepOPC #1412 it OPC UA JIR %5 % 3 % T 4>
W & G 84k ERP . MES il SCADA 5, K5 B AN
FIR 55 25 B HE U7 0] 9050 8 B A B B 0 . AR SR
H Spring Boot HE 42~ ) RabbitMQ 7 8, BA 31| 52 B
B B 2 B A% B fe I8 I ¢ B A RO I 4
mE SR .

W% R H e el e
‘ I A KR
%Tiﬁ————%ggﬂ 4 -
=== \\fﬁi '
= % 3 .
bz |
<2 &
ol &
T s |
HS SR

Fig.8 Data stream

[ Fsf, R 204 18] 1) P s 1T = 48 SO 43148 5025 A
Py BR8] R R AR i B X R0 AR Y s B A
BRE R 3dsMax % — 4 g4 X v 43
1425 A il 2 BB R AT A% AL A B 45 31 4 ] 3¢
# I SME S BRI 38 i e o BER O S A i

bRE R

s

T

F10 200 5 25 ) kAT AL Gl 5 FBX A% AR AL A
B A R Yoo 5 R T CHIl &, i S A R A s o
Ja 5 4T D HL i 2% 8 26 I TR A AR By B
B8] B 52 BR A R {5 B DR AR A g R A IAL 9
PR

syl

K9 bRk 57
Fig.9 Standard attributes and behavior rules

AN Az AT DL AT DUE i 2R G AT S A
[IRERES NI E N R NG 215 O R A ]|

1% J 4 BN B S A R A RS o Tl A R
7 AR A UK Bl B 2R A A 1R A I AT 10 SR B SRR AR



% 3

PN A, B« T A 7 e R R B A i) e A A A R 487

V1) 1R 400235 i) — — I S5 1 2002 R0 2 I 3 i " 1Y
J7 AT DU A TR gk B S B A AR 4 ) AN R A A
AN TS 0438 A7 R 258 Ko TAF 45, i L 3 i 4R L 4%
BT 25 I 3R S8 A BRI &5 8L Ll i g 2Rk o7
BTG — R R, DL B o S 6, dn i 11
R AT LK 2R R S T R NS AR e T R R AR Al
G5 VRN I, B 45 N R G IR BN A IR AL L
PR 78 5 5 BN M A1

FERTHF AN RBIRRERZ L AR RS
=T — R T E A &
2 Ay 4R BT WPS Y B Bl a0 s 12 B
IR, A — I ) B Py I B R 1), 20 1 B

THES

AT B BRAE A O,y AL A B2 AR B, 45 &
7 i B (ELIAE 23 BT 2556 25 BB S A B 1 A 1) AL
A BG4 IR GE A A

i 1o BT AR A £ 4 B RS, — T TS B
E7b: KA ORI G fa=S I e ek oy £ A T D)
AR S PR 8] B9 LR R OO, T R BT ) B R BE 4
REXKMOT BN AR CEACHTEL, A
A B4R, 2 T R E RN (] ) —
77 13 1 22l 55 28 G R B A R S B, AT LAl
55 i RN M B S A B gt — SRR A BEUZ AT L) SE
i 5 418 7 () 1 IR A5 AT 208 5 7 T A AR B AR
et i A T

P10 4 ) T A0 Ak e 4 B T

Fig.10 Visual monitoring interface of workshop

REZE ]

BT R

HlE o Hr sk

YA~ R

FR&Ht

S HEWR

P A pE] Ko o3 B 5 i GOl 8 )

Fig.11 Data analysis interface of workshop (test data)

— A E e

BHAERE
i o

LA-0d gt

55/ B
P4 S 154
T EBR - 2.97

Gra.se W 12AHNIGE
e o 245 - 18.66
TR AR 11.2

o oem oA oen  oonl

P12 2] A Al A 20 5T OO 28l )

Fig.12 Integrated management interface of workshop (test data)



PPN

5% 54 %

4 & it

Wit 3 i 3 A ol A5 S A i SO W L AR
N ) | =R R RV R DO A CN R S P - e
ol 55 ok A P AT S I AR A A AR A SR R F) R, AR
ST S A A TR e A 5 R R B G TR B AR R
GE ARG, R I T A B = G LA A 7Y
g O 3 T 1) BN 22 B OPC UA {7 B By
U5 20 TR S A 3O R G L% R S S R Al B 3 DL TS 3
Fift B FE AR, 7R F S T — DT AR AR AR
P 5 9138 5 A AR ol 52 B 56 Tk L ACR | 5 B
T AR A 55 ) TR AR S I A R A T % L 55
WA OB PR T O MR R e fe it T R
25 M BORAE i 3 Al B v MR T o HUR BT AR R
TR Je B 5 KRB W A 5G A5 2~ BHAY Rl
B o SR T A2 A A 7l 55 v I RO B S R
KA, NBCF A IR S8 A 7 Mk 55 1 S50 A
LWt S

S 3k

[1] GRIEVES M. Digital twin: Manufacturing excellence
through virtual factory replication[J]. White Paper,
2014,1: 1-7.

B % RN TE AR LXK AR AE L B AR A O TR R

[T]. IHRPLEE R R 5T, 2018,24(1) : 1718,

TAO Fei, LIU Weiran, LIU Jianhua, et al. Digital

twin and its potential application exploration[J]. Com-

puter Integrated Manufacturing Systems, 2018, 24

(1): 1-18.

(3] LKL, B B, 45 . B TR AR A e i i

WM B ARBEFE[I]. i 2s 3 Bk, 2021, 64(4)
91-96.
FANG Yuan, LIU Jiang, LYU Ruiqgiang, et al. Re-
search on monitoring technology of equipment process-
ing based on digital twin[J]. Aeronautical Manufactur-
ing Technology, 2021, 64(4): 91-96.

[4] SCHEZE, G, EEH, 5. LT Unity3D B7KF & 1)

HPLE M IR e vt [J]. R BE 4, 2020, 32
(5): 801-807.
WEN Guojun, XIA Yu, WANG Yudan, et al. De-
sign of virtual training system for horizontally oriented
drill based on unity3D [J]. Journal of System Simula-
tion, 2020, 32(5): 801-807.

[5] WRafe 2R e 45 KON B4 4 B 0T
BARMBIHI]. e A ik, 2021,45(1): 8-13.
CHEN lJianhua, LI Wenhui, HUANG Huaifu, et al.
Architecture design of strategic equipment manage-

ment intelligent platform[J]. Metallurgical Industry

[6]

[8]

[9]

[11]

(12]

[13]

[14]

Automation, 2021, 45(1): 8-13.

MO, AR L TR e B, L BT RBCE R AR R Y
fE RSO IE[I]. B TR, 2019(19) ¢
28-32.

DAI Min, ZHANG Wei, SHEN Kejian, et al. Re-
search on equipment health state management based
on digital twin technology[J]. China Plant Engineer-
ing, 2019(19) : 28-32.

MYKONIATIS K, HARRIS G A. A digital twin em-
ulator of a modular production system using a
data-driven hybrid modeling and simulation approach
[J]. Journal of Intelligent Manufacturing, 2021, 32
(7):1899-1911.

XIA K, SACCO C, KIRKPATRICK M, et al. A
digital twin to train deep reinforcement learning agent
for smart manufacturing plants: Environment, inter-
faces and intelligence[J]. Journal of Manufacturing
Systems, 2021, 58: 210-230.

RESMAN M, PROTNER J, SIMIC M, et al. A
five-step approach to planning data-driven digital twins
for discrete manufacturing systems[ J]. Applied Scienc-
es, 2021, 11(8): 1-25.

JEOEUR, £k . AR A AL S R B sk S
TERLI]. HEHURS A TH A, 2015(11)
145-148.

ZHOU Guangyuan, WANG Qiang. Design and devel-
opment of visual real-time monitoring platform for
workshops[J]. Modular Machine Tool & Automatic
Manufacturing Technique, 2015(11): 145-148.
MATULIS M, HARVEY C. A robot arm digital
twin utilising reinforcement learning[J]. Computers &.
Graphics, 2021, 95: 106-114.

EARGE . AT B 25 2R 1 B MUK £ U 8 5 1R
PR AR [D]. 3Fr: IR K%, 2018,
WANG Chunxiao. Multi-domain modeling and virtual
debugging of CNC machine tool based on digital twin
[D]. Jinan: Shandong University, 2018.

FAN H, HAO S, GUIBAS L. A point set generation
network for 3D object reconstruction from a single im-
age [ C]//Proceedings of 2017 IEEE Conference on
Computer Vision and Pattern Recognition (CVPR).
[S.I.]: IEEE, 2017: 605-613.

RUBNER Y, TOMASI C, GUIBAS L J. The earth
mover’ s distance as a metric for image retrieval[ J]. In-
ternational Journal of Computer Vision, 2000, 40(2) :
99-121.

GOKALP M O, KOCYIGIT A, EREN P E. A visu-
al programming framework for distributed Internet of
things centric complex event processing [J]. Comput-
ers and Electrical Engineering, 2019, 74: 581-604.

(4% TR 3% )



