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Overview of Frontier Technologies for Intelligent Manufacturing
GUO Yu,LONG Zhixin
(College of Mechanical and Electrical, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract: As the evolution paradigm of modern manufacturing industry, intelligent manufacturing promotes the global
manufacturing power to redefine its industrial competition strategy framework through the deep integration of new generation
information technology and advanced manufacturing technology. lts core goal is to build an intelligent production system with the
capabilities of data penetration in the whole manufacturing process, collaborative linkage of all factors and dynamic optimization
in the whole cycle, so as to realize intelligent decision—making, collaborative optimization, process visualization, and sustainable
operation in the dimension of the whole product life cycle, further promoting the manufacturing industry onwards to
intelligentization, digitalization and cybrization. This paper analyzes the relevant definitions and standards of intelligent
manufacturing, systematically summarizes the relevant characteristics, development trends and future challenges of intelligent
manufacturing frontier technology, and contributes the methodological support for the theoretical innovation and implementation
strategy of the new generation of intelligent manufacturing system.

Keywords: intelligent manufacturing; manufacturing development; new - generation information technology; intelligent

production system

0 3= PRI TIR PR TEIAE R R R &
= 3 T RBOR | Tl B R A A AT
Bt 2Bk G PO A, I TR RS — AN AR TR B Rl 7 4 v

DT LA REAL B AL S AL O MR ZI R R R R T REMEM R TR
AW LG v R T I 3 A A R T PRI, 2k T 50 5 AR A S5 | A B AR A 3
WABIH DAL AP ERCEAT T DRSBTS s A, A Tl 4.07 g LAE A

EETH LA R |90 AR ZEABTFFE % 35 ( BK20202007)

FE—EER N FF(1971—) ILIF R A, B2 1A T e 5 2 0 R R A ) 8 i i TR D B |l Be A<, YL 908
AN CHE TR EHEE THN 73 TR SRR T LR “333 TR BERA
A, FEIM T LHTHEE— R RS TR LEFZ R SM AR TAEHET) @ik
HEALFE AR Z2 B3 S RIRL A3 VT A48 % Rl il xR 45 B BR B B4 YT 95048 Al B R s 2 0 e il v T 1K
Z SR EEZE B VLA TR Aeflil TVEZR R &R B2 5 b B TR 2= 2 Tolk KB
HRERG S SER PEES RSO SHELESER PEEE SR T RE R RESENR
& RIEFE KR E K 863 Wi H | [ By A AT/ H N H S E R Y AT E 20 4
T ARAS R TR R 10 BRI, /5 L3 33, RRFARIBIC 150 R, RPFEERRE &
FI 30 a0, WF5E 07 1) g A T S s BRI RS, bx2405513@ nuaa.edu.cn,



Ay

. GRERE .

B H - A7 AR TS AR M

YIFL Rl A 2 58 ( cyber—physical systems, CPS) b3
£1,i# 1 3C ( Computation , Communication , Control )
FHARME LR A SR PMED S8 R 50
SRR Bl A A R 55 5 56 < e itk ) i
Tk AE 1 R ( advanced manufacturing partnership,
AMP) 7 WU 3 £ Tk KRB 23 A 5 AR U T
REHOA  ARFE I 23 QT 465 i 56 1) 4K
FARHEAF RO B Pl A T 1, LLILIE 5 [ 5 it il
T Y A ERAT S v

hy S B 3 o S e K R FR R i s T o i
SiR ] B R bR 3 R A T LI
V5 B IR S5 1+ RE AR T LT = o
[FIMKRE A 2 | GRSl 7 SR B AL Al S5
HEHEN (RS E BB TR . BT ERTUZ
THES] E BRI IS4 s 8 BE AL TH4%
Pt B AT Bl A AR R A G N T
SRAPEAL S Z R AS R 3

BRET IS 10 K AT B T 92 BUE kAR (£
an R NAEEE PR R ) AR AR RN T
IR T e & BB (R T 7=t v e Sy il i s i)
ik e Hbr, PR A SO 7E R Ge i B B
T B E L ATHT BRI ZR M RS8R O i
BEORKEATET S-SR, AR A R HEROR

il 3 o 5 A B 7 5 A R AR A b B SR B
Flo S IEARTSC, B O A e i B HE A 5 S bk
AR LS I D il 1wl 5 25 K i
eftprah 1y,

1 FrEHIEEX

B RE M A Dy A il e R A
e ARG AR 1 i R B0 2 B | (H R] 5k
TR S SR UL 5 77 S5 Uk Al 4 A G B A
2R, R RE ] T e SO A — AR B R
(il P | 2 i i 65 Tl K Kt Koy 22
AR B Az N T A ) 55 il o ol TR
o, M EAT Hogg 1 3 R R HRE T A b R
SN S e W R ANCI R (R S S =4 DL i
=@ I TRy by S = B BUR A EITE
RS R Ao s 0 NIV R o Y T W /B e Y &
IRRARZ E A IS AR 1
s, DA N TR e Ry 28 A | Tk R K dls
S HE RO O IR JE AR S o SR — 3 A — 2k
SR—PAT 1Y P B O R 5 30 7 i 4 2 i e 0T 1
REALIZ AT, A5 B 45 B0 5 00 B0 B B, S L s
G [R) 5 BT IR A USSR B R SR S
A BT AE SRR

e || BRI SR APTRRELEN  WEMERE  ARpbeEm
By St 3 B B it WIS
T MBSES AT T ey I e A
A Vo A i
FREE G ST KR LT R R
prs | || MORIERE  ERASCAT HEOLE MRS | | e
Sl purn e
e
ZHRF ih ih b R
UF ] BT IR IL i y PR
PR N mmmpnem  TONBA RERETZEE A
AT | | TARERE AR TEE e TOTEE A MR TOoE

1

2 FrEHIERAR AR

B RE M AT B B 5 Tl B B e
AANTERE BFRARAR TAICTH =

BRERIER AR K RN

L PIIR LR Tolb KB S50 — AU B R, 4%
R E AR DRI, LASE AR i B i B 004k
R EDCBC S RE AR 55 , itk — A 4R TH il 1 R GE R 22
Pefe B REALA A 1L,

VEIK

i3 |



Ay

. GRERE .

B H - A7 AR TS AR M

21 IWEHSE

Tl H B HE (industrial embodied intelligence ,
1ED) J& BB RETE Tl s b ) AR SE, A% O A
THAHESF A TAALES N WEHE HLas A
(AGV) ABLUMENLAS N5) 5 Tl IR 47 3l 2
SEH. R SR — PR i B — R SR — AT ]
W, DABER G REERY A M b 0 AR Re Ak
SRR A 2 fiR, TR B 5L 5
Tl A S RG], 5 7 T 200 T ik i A
PRI 7 L B e AR 48 HL & A Fhsk ) A o
REJT, BERE NI X BhAS B2 TV IREE %R £
BN SEAN R 1 R, A& 2R8I 5 B
fitt . B F 27 AR SR R ADLIME S Z B
R

JERHARNSN PR il EE T BB
o WE ey AR e
% LT s = i
LR IR B Iy e
I I S I R H G IS

“’E“HX\ \/j“\‘\ﬁ‘ \%)u‘\)k‘ \B‘ZHUL‘

EHES I N S
: t

X

\wmugmm‘ ‘}\mma&m\ ﬂ%ﬁ“éﬁ;"&#ﬁﬂ%%)\‘

B *':;"-
e d A ;

2 T ESHBERLEN

& E B

F1 TUESEERATFRER

BF5 71l 5% SR

R H S M 3 W 5 AT 05 H) AR 2, DA S B A — L —FR B SER DM DUAN %'°!

gﬁggﬂ B B R BRI UL 5 Tl AR g B 5

SR A DRI A HEAE S B AR L2 5 4R T SRS W B A A LU %1

sy TR AR A ARSI A AR A GUPTA %112

% 7%? GPT-4-1106—preview $&HH — A BERZHRHEHEWT 04T 55 L T SR HLER N2 3) GUPTA 401
SRR

FyEE LLM 3R Tl Mlas A =B Bt A FHESL FAN 2014

DHLME SRR AT M ST AHLEME T bR 7 Bk

HEOE YA — s V2 ] BB R 2R Ge ok BB REEAT LIU %)

LA TR AT A 0 FEUE T AWUIMSES AMES Tl S bl s Umat cHU 2307

SN BN  PRARJ 0od Z 15 R U ] 42 T
5T W PR BRI B 5 S, sl 4
RSG5 PR EE T IR AIME R, DUAN G544 22 5
SALH IR S REAE 55/ BCHESE , LIS B 22 4 |
R NP SR, A E S
PRFAACRTE SN2 AT E FREE rp S B I 55
Wiy SiSUBURSEIS i RRSINS SN e S K (3
PERAT 55 8 I RBCR FHERG B . GUPTA S5 5 X
PLES N AT 55 Filiz 3l L ) 1R) R, 56T GPT -4 -
1106—preview $& i T —RE AR 4 4 8 19 41 55
TICHENLA NiZsh S EIHESR . APLOMES £
BIL IR )3 i 280 1 30 A5 A BRI LT, AN TR AL 2 A
REMSTE W] — R B8 P s UM, S8 A A AT 5590
M ST, BURMESE RGL LR IR 2B REMAR 1L 2 )
TEANLIME P B BOR B4 5 0 FH R R, 32 1 T
RN 5 A S8 5 19 A 3 1 DA HE
BRI AE RGNz ke 18R T 5 7l

v AR HE IS SCHE . AR, R I BB 1 1 L
PR AR HERR AN A SRR T, B Tl Hlds A 14T
55 P DRACR S NHLUMERE ST, #E3h Tk A 3)
LN 35 2 s S V1 ¥ S 1 ) R
22 EMXATER

A XN T e
generated content, AIGC) &) FH AN T8 g $ Rk
AN o T AR OO T I 25 | R AR 1| A A
SN TR R AR Ty ik it & A B8 127 > Fi
PO, LIE Y 5932 16 B8 1 A= A OC N 2 1 £
AU KRR AIGC A EERT, 75 B KM S
BRI i R 25 M B ML 2 > AT 3 v IR T
P22 2 K B, A B HACEE B T2
B, AIGC 7E Tl il & G d 223k Ji , tn &1 33
7, Tl A AL 3 2ok 22 A H e (SO BRI
W) BT PR AR S BRSNS R T, S Tk 5
TR A SN A RIVE SRR L W AR B

artificial intelligence

. 3.



x

f

Ay

. GRERE .

R L LA RS

T S 22 AR W Sh AR & S HERLOUAL , o T
b IR P b 4 5 i ST B ), 2l 1 RE A

18 28 G SE PE RN HAT 1o A 1 A RTBR A 3
AT,

o | A BRI oo
3( S A T ( AnPS T ( B T ( P2 R j ( il T
[ ﬁ 77777 { L A R AR } 77777 ﬁ
e || |
B || USRS TABURR || SEFBLEERBR | | IR SR
war | !
et | | ) I S * |
| ks || FTERRERIEIR g i
| f f ) :
| T A Ho A A . B |
| messapngmmg || FTORERRIERECR O e mnmmn s ponma | |
| B A TN Bl KB > |
| R
[
|1 R
ol i —
g; L R
ey
A=
ez SR MIRRGRS TR SRR S

B3 Tk KREEFRLEEN

W 2 fros, Tolb KA BB 5 07 1) 4 7 55
AE T 2B TS SAGI | AT 525 i 5 A K 15
B PELEA 55 247 1), JIANG Z86 KB4 AR 5
R R R R T T ) BT AL R e e A
AR R T2RITHESR,, i S IR m G
AR S TZHTFhEBIE=REEARE
W, SEBUBEHE T 25 RR n) B 2 4R T, B
SESH S AW B IR SAML, 552 B Tl b ek 3 T
SRS P R R B ARG, (2 4R T B N i R
e 1 5 Sl p vk, o Tl JFRS 4R AR v
W E Iz AR e R DL %8, LOWIN $2 i il
A SCBEALI 5 LLM 18 A3 B 0 0 W B

MBIt BESCAS [ 2l 4 BaT fi B e 3o HL 0, S
Ml RS 3% By B I A B B A AR AR
TERORE A PR SHFFBE R, WU 254 7 —A i
LLM BKRERY [ EACHIAER , I 5206 1 — M B B
EAR ANk AR AL RS B AR JEE | M 2
19 HLLM SRR Tl 2B 7™ Hh i B HE R 25 R 19
PR PE RV AR BN TR RE L B R Y (1Y
A RE AR H 5K (H I 2R ZEM L JE R A9 T
SEGEIRMTR] , 17 HLA )P A TG PRI B
P, anfar LA B I ki 72, AR T 5E0T 4, 4
o A A AR B LS B L O T TV
T, AR LRI — A E 51,

x2 ERXATZERARFRMIR

BF5 I 18l BF5c % Sk U
e T e ARG 5 ST R AR KT fi e AfE B JIANG 01
SRR i P R RN 4 R R B A WAN %20
Tl A 5 i 8 A T AR E AT A N, S PR RS ) 7 il S N e TR ) R IES
PELRD 5ot 1l A0 O B, D2 SRR 5 LOWIN'®!
S S R 5 S DR 5 SR, T RS0 Tl RS AR E0U BT R TR CHEN %2
S ST S P B A R A, e Tl S I AL B A WU %




LR ERE . T, F - HARAE

23 HFFEER

B A5 (digital twin, DT) 2 ARAE KB —AR
B REE A% O BEROR | Tl A ) B SR
REDIASE Y F XL 11 ) 285 Bl S5 5 59 Pf 52 EL AL, 5 B
B RE G R G A A= i A I RORG v S 3h A B
S, a4 FiR, Lo ksl 4
W FRHE AR Al Y B S 5 R DA Y | e 2K
P M S, LA 45 5 B9 RO AR HL . %4
AR A S IR, PR AR i 3 S5 1) 22 4E BE WA 5
SN AZHAE S GH R AR AR RS Tl R B IS
i, QR 3 TR, [ A2 3 [ S8 H B AE 42
Pl AR A SR AR SR e TR AL T Ji I
T RGEVTIE

e, [t ) e () mdi R
b

SR

§

/
SIS
E

R3I HFFERAHAREGR

577 18] B 5E % SRR
HEIH DT HAR RGN I, I — 0 S IR AR U, S 2557 o
g VOIS ¥
v
T R 5 R R IR KRR —IX S B WANG 27
AR B
ST WL ) 5 PR B0 SR SR B A 2, SIS 20 07 EUBERL ) 11 31k o
pompgge USRS FRIEDERICH 2§
SERTBIORI T 4R < BRI R — o — R B = APk QIAN 42!
B LT HCT A OB TSR (5 A RATEARBIBE SRE T o i
SpioRgem PR M=
Rl 2 05 BUOEAL 5 2t e S HE AR DR PP /s il e e 7 A LEE 45
e PPBRRR R, A A R T R R AR e e

THk

P A RS T RO AR R LA R B R A
WHEFEHERE  $2 11 T DT B TL4ESS FRTRIFT DT 5K
B 6 BN HIFRE, R T DT 383 4 14 Ff i H]
AR M S it 2o o P 5 R 114 O B ) AURI AR
AR DT Y i — 20 B 4 B T B8 #0057 3%
QIAN 254 o A s 4 ) 50 2 AR TR 1Y 2R 4
Peorik a7 R IE A — AR g U — A R [ 2P
HAL =IOCHEEOR . IR IR SRR I T2 TR 2R
MR B5 BASCHR Bh D SR AR SR, O R H ARGk
RSB T R Z O 7= R G I e R B RS
KRG IR RGN T 8T 2R R HORAE AT K )
JOL LA AP, 55 8 ke 252 AL R IR
AR AT Rl RO B2 SR, B S R Ak
TN g A AR SR AR S T A, e Al £ S B

I HERA P R R GE i R RGS A T A S 32 N FH R 2
FERLEHOR R R JCHIMERS , i — 20 SRR A 5%
b B G 5 L UM R SR AR, HE 3 B F
AR IR VR B SR [ 3R PR R
HEARM R IRBAEZERNE L,
24 TWTFH

Tkt F 7 (Industrial Metaverse ) 42 G T
TE TP 4B Y R B2 4 Jre S5 RE T, WKl 5 s
FLBOARAE SR FE M 100 B0 52 | 398 5 3L S, 4 B 1Y) 4
AR REAE A N T BB AR B X HLBE B s S5 i
5 AR EHOR R, M S EA = 07 B A R
715 S AR AR 0 Tl £ 25 8], SEEE Tk 4
Az i S S0 DI [ A L R ST 4 R R ) Bt S DA R Y g
TR EME = K0 ThRE



- GFRERE - T, F - TR AT S A

SRS

REALBLS

L

LS

FHAA T '

Bs5 mTFERAGR

Wi 4 Prs, Tl oo T8 BRI SE 280 I
BB AR HORGE LR BT 75, IRy
B 1 Tl e T AR RE A i P A T A R LR )
TP TR S, A AR TR A

Tl ICFH W XA, IR T A AR 1 Tk
JCTF R AL R AT AT AR . LI S5 4 1 A BL D
VERY T RAN Tl e 87 i & J& 4R 1 T 6 Fh Tolk
TCTFHAE RS AMLYME R IR EE, SR, =k
B AR/ VR T Y S AT JfE BB R
KA R, 10 Tl PRI XHER S SiE | 785 S s 2
BURE R, el 22 A BRI SRR T 4 T Tl e
H RGBT TRCR IS RAFAR P ) R, Bl i 0
RS TR AR 5 5 1 | 194 5 0L 52 AL 1T 1) =5
e 35 BE 7 42 T A Tl KB 43 b i AR i 24
FE, Tolb o5 F i — 25 4 sh il ol il & e 1L
e NS E Ay b 6ii i iabe it QU S E Y
TR el s R R

F4 TUTFHERARFRBR

Wil WL % SR

TV T 1 A MR

ik &R . .

i TR AL BRI TR A A T G 0 S ZHANG %)

gy T HCE RS T s

- RGN A A (0 FIBL 55 T R m

g T OB R S B REN %
VA Py

B 6 BTl IE 7 S ALY O L1

2.5 =HlE

il 1 (cloud manufacturing, CM) 4& % F 43
A1 2 W 28 A il it 70 =X B A AR, T 6
7N HEAUAE IR 55 Ak PR R AR A R i 3 R
TG A AT 4 Ry BE 1) o R 55, ) < o s BV R 55
( manufacturing as a service, MaaS) FJHF A4 25

RYE, HEARZUH LU it 5805 e AL 03 iR 55
A Sh A e B 3P [R) 42 1 S 0 ARHE Tl
GIRF (ToT) I35 X B 7 A 52 B3¢ U5
(1) e AL 5 AR i SR A B nge s R
il B A AR 55 e R REAL AL -5 P [ 4
], TEAE EE IR Al i B RO s B

// e
( T =il & ‘fﬁl‘ﬂﬁlﬁf&iﬂiﬂ@zﬁiwﬁ%mlﬁ]
k&?}g\ Iﬂﬂjf A3 Tﬂm
_ ol amﬂﬂ PR
pay
‘%M(rﬂ%& I \
JUE ST JBAT 2 LT fin
N Bl | BdiE || % || hEZ% Bl || Bdis || bz |z | [ BdiE | BR[| A% | sz
B e | e | g | g P || FULEE || frk || sk BRI || BULER || fefk || Pes
y
v
SCADA. B . — 4. R SCADA. B} . — 4. KR SCADA ., L% . —4id . K%
» R TR T PR TR T R N PR TR T A 76
Yoo
Tt Ifi2 | Tfin \

El6 Z=EIERARERZRENY



X

f

Ay

5%
Jrr
il
Ht

CAUEATRUE: & & 2

x5 ZHIEREARTFRBE

W57 1w W7 SCRRA IR
- it AL E AT Py B BT R ] B R A = iR 55 JrAgy
3 o P O AR P A A Y B R A R SR A, SE B i M 55 ) S A REA BAT %1+
—_— 2 3 T 2 0 BRI 1) i 3 P 95 2 A HE SR, 25 5 e kAL Bk e Bl ™y (i Ak SONG 451#
S AT 15, S N T Z S RO B B (N 5 E A Y [ k3 kR A
— AWFTE S B ——Be s U R B AT PR RE A AL RE SR, S Bl R 2 mdh S ZHANG %51
Pl = R E 5 2 A0, S BRI i el S ) 3 U ) 9 R GUO 451

JUZEE 1k OPC UA PRl it4r 2 484, #1388
=il 5 CPS #YSE I BCH 65 I i e T R4
PSR AR, WhIASE RGHLRAR T = il
R 55 A Il R A o 1 8, AL T i Ak B b
K E MBS THA RS A2, GUO
FRM DG 5 2, A AN—H—)
IR St E BT AR EEOR il 12 K
FRIES 5 RSB AR & 30 il i 2R 48 0] 5L B
b NGHERE T IR 55 T 0, 2 o B AR A O e A AR
MRt LS AR U] | A i N R 5 R e
AR I FH 3 AR H R R S P T S A B TR S
AR KRGS A TSR, KOk, it 2
R =3 550 0 R — B S = i
IR I NHT HR T B S Ak

ol AR BE | TR = g5 fiE
2.6 HIEWE

il 1% 90 BX £ R (industrial internet of things,
o) A 0 8 R il i A O R RE B AR, it iod 22 UsA%
TR 2 3 it S 5 TN £ PRS0 TR
LSBT ] i A AR B SE I EO BE AR S
IR, A 7 7R HBOAR SR DL S 4 i
B ELIR | A AR PR S 8 A LA B B — R XU By
AR L, A R DAL G i 5 B |
RZSANRT L5 Wi Rt I S5 L ) A, by 8 AL A= 7
B SRR AR TR T E AR
SCRF. AR 6 JIToR i i MR BE A 7 IR B R
T B e BRI B 3 T 2 TSR

F s fiR 55

U mx 6 -

2] ——

B | crer ot

)il

9);; lis 205 b ¥
s

T
g

¢

R ZEISEN5

|MESHERP|

PDM | ‘ CAPP ‘

=t

Holli o M Kl 24

O Ve . ' Q- wra
hy y / S e
Y A H -ﬁr’*‘w“l&” [ et s 2 WEESE
Bt /TN /N O B -stmire
s e T - ~—ol ™ @ AGY - G
N & © " Y & n ®- e
| FRBL T 5 T v ? | B -

7 HIEMER AR RN



HRERE BEF N

CAUEATRUE: & & 2

®6 HIEMERATRMR

W7 1 BFIE % ik
HaE T SRS S VIR RIS AR ST AR SO E AR, sl
BREEP T 2 gl T R R 5 SR R IE R S5 AT T SEBRRAIE 4 HU 51
IR A O
SETIHHEHOR MM (AR, 36 TR R SR
e U
PRDIRE b T REID 15 o OB 0 30 A5 B 0 00 A HE 24, S0 ) e 7 1 e 2% Sa———
ST 5P S S
s B T SRS R 33 162 ) B0, 275 O 1L B Az 17 B4, 9 TR ARG 5 e 52
RERE gy by RAVI 4§
AR 66 ) 10T RS 0 Tl IO AL i (0 T (PR
A WHEAR I ¥

BT 56 AEIT R BEHI & 0 R RHAESE, S 2 T 5 A

BB

TRICERGANEHZRAR T HT 66 HR MR g
Pk AR DGR R RIS, 5K 58 S i K —
PR G UK Sl i B ) G R AR A R 2R, i i 3 25
SEHPCE IR A TR, Skl ik BT IR Py
[F) 5 PSRBT, 41 3 23 1 1] 8RR AL IR 2
¥ B1, HAJLAOUI 4% §2 iy X B 6 WK fiE 1Y
SmarterChain HEZE | SZHL ATl #ALLE ToT/ToT 1Y)
LATRE S ORI LUEE BT AR S5 AR
TR EE, Ry Tl B 3K 3 11 199 2% 22 B 4 ik Bt
ik |l a9 A9 B BE PSR S HF, RAVI A2 LA ToT
SH R C RSB UL &~ )WL Y NS PRSI pF oL K]
RERR PBIRIOEAL , S B0 ML 45 R« B 248" 5
FIRFEE TR, S i 3l B A B B 4 kS LR

SIS RV A 2 B T RSP
BEAE TR B AW ST, 4 1 — 2D HE Sl i 3al ik
B AR [m] “ N H R BT, MR RE T
PepbE e e e TR
2.7 T kiR

Tl K% P (industrial big data) J2& LA i 42
PR ZVSHAEE (B A B EdE TS
e HUAAR S HOE 55 ) %O X 4, 8 Hdl
L QIR AT BLER - > DL b2y 2] SE BRI
SRR T IR BEAZ I SRS T B, S AR 7 i A
() S W 5 Ak A R T R BRI
WA JEAE i P ) | e e AR 6 AR
T BRAE AR S5 AR R AN E 8 FIR

ST 2, SR, H 3 W B R ARAT I s
Elipun ey 8 SRS Rzl EERS
FEREH2 IttasRt BoREHA Al R AR R A
{5 BRI (54 PRSI, ik BmoRzh, Wt B, e
P, AT o x T = e e 2], | A demg, [ EMAE
R =3
n-bad 4

TR
i

o
L4
[

|
i

TASAG I

8 Tl kEEBHARZEN



RFLE A

Ay

. GRERE .

IR R A

N 7 Fro, Tl KRB 5207 1) £ 15 RS
DAY Bl R o A o LA e e I 45
SR IE . WANG 5B FRIIE T —Fh S0 HE
2R SRR R 73 T2 Ak B o3 A 2 R K -
B, i S B R IR A A i S T R
A, R RE T Bodle S i3 S A s, B
PEZE AR R Tly KB 22 BEAS FRAIE 15 42 2 i J4)
WA PR OR, R e — R —R 5
VU ZERARHESL , <2 BLES 17 5 B (9 i OR 4R L3
SREGRHED T 5K bRl 5 /N7 24T
FI ARG 5 7L B PRI, B2 1 1) Tl K

S8 re 2 ) A 7 4 o ] M A A R
RMWALGL G ok s Wl £ K e e P S A T
APERER S, < I8 AT 25 368 o 1) A Tl R0 3K
) B B TN 5 it R A PR R R S IR, 455 K
FL 5 B 25k A SR B R AR ST, O ML) 22 U
Pemh a5 A G N AL R R R AR, Tk ok
830 B9 2808 AT T Rl ¢ (B8 BE AR K
PR 290K LA B S5 InF— Py st 30 40 51 24 45 ]
WA REAZ -5 7 Mr BRI AN B A J , Tl R %L
PR o RE il 1 28 Gu Al e A e BB | e
PE BB LR AL IR R

F7 Il XRBIES AT REE

BF5 71l BFo % kR

e B S — B R A SRR O A 2T £, SRR R AL A VRO L1 %515

HESE

LR AMHT(BDA) 7R R R AESE Gy 5 R WANG 2157
RIS ARHESE , S RGOSR A R A A SR ST Wit 72

BRSO A IR AR | 535 T Tl 45 ) R 5 AL S E 15 ABID %
o7 N

N Rl 2 BN 2279 5 (MCD) ) 5745 B PR 0L | 50 B 4 D 5 5 s e

i TS (MCD) S22 i L e
B SR A 1 BRI ER A R AR e

o ETEE Y Ll

s

Bt T S et PR - K Y M B ) TR P A SR, oF 3 S Tl R L
IBATIRAS AT 22 4E B RE VPG 5 S Bps v 2 Wy

B

3 BiEREKRE

3.1 @R

B RE T 3 A VR B R A e g S O 2 G R A R
TR, TER G Z I, P HL SR S 5 2 (R 1Y)
TREEF G 52 0 T 54 R G LA, iR 5 2 T 1 i )
WA 2 B HIAR R 7E B v B2 1, 2
UK ) A7 A () B B 2 ik ol T B AR AR S T
A KRBT 5 L B2 U5 S A B Rl A FE R e 5
P, ol s (8 2% B2 D I 5 588 iz Ak i
ANRIE R ELA R, AN TR RS Tk &
BHEH R R FF R AR SRR m A A
HAERRE ), R 5oz AL Jm B fE N A 85
FRIZM, AR AR A Tk TR BE Rl K4
Tl B IS 1Y 5 2= BHA R RFE = il 1 5 47 38 g 52
flE PRl LY 2L 7R e By 4 2 T, il R
Bz AE I BT RO RS TR
204 () Sl 2 B AL

32 REREEHHE

AR B REHE RTIT HARR I B IR RS
REOAb Bt BoE | B2 E R ] 5 e 4 B 4P 45 7 1)
FELLE I, LN 2 [ G ) 2 kAR, 3 T
T IR 1) 4 Sl EK SR A SR SR R G RE A
HEFEPEAL | A IS R R R 2 D IR
2R 5 Tl KRBT 5 1 2B E HOR 13K
SR TE SO 5 5 AL EEEL B S B
FE Tl B S8 8 AR N TR e S Tl L 54
RENE IR OCHE SR 1, AR 7K I TR A A
RIYINGRBLH , B A N HERERE ), LA 2 &2 22
TEFREE T YR RN R A A E IR OK ; d
Fa g LA 1) = i s SR & R R A RS
SRR R H S SRR TR A R A
BB LS, 455 N T8 RE e 4 W 5 X B
eI (R THAL, SC B R il 5 R BTN A
B R RN, 8 AR OB i
i SET R NA 52 B AR ]



Ay

. GRERE .

R, 5 - A AR AT IS R

HESH R REd i AR GE ) [ A PSR A LA A
RO TS AL, LIS — AU Tl AR R 4 Bk
3 A R TR T,

4 HiE

B REH 3V A 24 T A 1) B B A
o7, CEEREKE N R Z N, ARG
PEHIABER 148 B ] TV AR 1 R A5 A 4
BT T B SRR AN TR B2
AR T TT T 2 il 3k | 3 K DL R Tl REL
P4 p —UE B HORTEHE S & R AL b i
SCHEVERT . AR, B BB ik A S AT T I
BOR priedl Bl =255 07 m Ry Pk, ARk, B
B HORBRRELHE AL R U R A e 3 e i 1 AT
TR B IO FHR 3 — 20 4 T 3 M 1) 2 7 380 %
PEALTGENRTC E, If4E kil m 2 fefk B0
AN R 284K 1Y 7 Ty ik
5% 30k
[1] )54, T, BF4 o R er= ik R a8k J].

MRV ,2023(12) 5-13.
[2] EROL S, SCHUMACHER A,

guidance towards Industry 4.0 —a three —stage process

SIHN W. Strategic

model [ C ]//International conference on competitive
manufacturing. 2016, 9(1) ; 495-501.

[3] HEMPHILL T A. The U. S. advanced manufacturing
initiative ; will it be implemented as an innovation - or
industrial - policy [ J]. Innovation: Management,
Policy & Practice,2013.:2854-2859.

(4] skagthe. (b [ G 2025) fif % 2 . i o [« =2
B OWEET]. Tolkyr,2021,43(1) :23.

[5] GAOT Y,WANG L,SONG W Y, et al. Ten industrial
software towards smart manufacturing [ J ]. Journal of
Manufacturing Systems,2025,79:255-285.

[6] SRZH, S50, A Wr B R Tl 5 57 F e =8 R
iR A AT S (1] HilE ol A 3k, 2024, 46 (11)
1-8.

(7] B DAk, T [l I 55 B0 RERIIE [ ) ). AL TR
#,2018,54(16) ;11-23.

[8] REN L,DONG J B,LIU S, et al. Embodied intelligence
toward future smart manufacturing in the era of Al
foundation model [ J |. IEEE/ASME Transactions on
Mechatronics ,2024(99) :1-11.

[9] DUAN J G, ZHUANG L W, ZHANG Q L, et al.
Multimodal perception — fusion — control and human -
robot collaboration in manufacturing; a review [ J]. The
International ~ Journal

Technology,2024,132(3) :1071-1093.

of Advanced Manufacturing

- 10 -

[10] MEIBH,FFHAE, b LS. BESAR—EURH NI 5
TRl B 2 BRI B [J/0L ] i B LR
(2025-02-27) [ 2025-04-02]. https://kns.cnki.net /
kems2 / article / abstract? v = lweslelaudjY4Jy8Kmg
nf4dPoUf7INONYLN2XxFqrOQ2 ¢2 HCvGn Hbpk
Lp6czxqFQ04g6GmaTMfmk4faOLA - kB99al387kXZ1
DFSVoDPJYSguQDq WXFVgBQjHVLh — uF1WKQMC
7z7nVZ1a7t3Tro8 Y A8n9ixvUbIX _ aUJdXE52Rfm5fYR _
dgd32zJHKo4LjjPL&uniplatform = NZKPT &
language = CHS

[11] LU Q,SUN X, LONG Y F, et al. Multimodal dual
perception fusion framework for multimodal affective
analysis[ J|. Information Fusion,2025,115,102747.

[12] GUPTA A, SAVARESE S, GANGULI S, et al.
Embodied intelligence via learning and evolution [ J ].
Nature Communications,2021,12( 1) :5721.

[13] GUPTA S,YAO K P,NIEDERHAUSER L, et al. Action
contextualization: adaptive task planning and action
tuning using large language models[ J]. IEEE Robotics
and Automation Letters,2024,9(11) :9407-9414.

[14] FAN H L, LIU X, FUH J Y H, et al. Embodied

intelligence in manufacturing ; leveraging large language

models for autonomous industrial robotics[ J]. Journal of

Intelligent Manufacturing,2025,36(2) ;1141-1157.

BUEME MRS R e AHLDME R RER I T

KPR 458 [ J/OL ] i EHLR %, (2025-02-27)

[2025-04-02]. https://kns. cnki. net/kems2/ article/

abstract? v = lweslelaudhepdeyJP7 _XxWo590]EGASSWG7

aNAaxWGosWUCCIAigivkDzN427k6gwtW7d7a8]KGeyclEfr
78gw5¢YprQ7z0w9Uq014zG0s5sMWm3Ep15omgbFlAo

Qa 40AdSQrQiebiB — TIKRBOgLnxZZnOMwOrtBHrYr2

qnhy01nxRiq84jCgZ1qJOKso7r&uniplatform = NZKPT

&language = CHS

[16] LIU H P, GUO D, CANGELOSI

—
—_
W

[

A.  Embodied
intelligence :a synergy of morphology, action, perception
and learning [ J ]. ACM Computing Surveys, 2025,
57(7) . 1-36.

[17] CHU C H,ZHANG Y,ZHENG P,et al. Special issue:
human - robot collaboration in industry 5.0 [ J].
Journal of Computing and Information Science in
Engineering,2025,25(5) .050301.

[18] KUSIAK A. Generative artificial intelligence in smart
manufacturing| J]. Journal of Intelligent Manufacturing,
2025,36(1) :1-3.

[19] JIANG M J,GUO Y,HUANG S H,et al. Generating the
assembly instructions of helicopter subassemblies using
the hierarchical pruning strategy and large language
model[ J]. Journal of Industrial Information Integration,

2024 ,42.100723.



RFLE A

Ay

. GRERE .

IR R A

[20] WAN Y W, LIU Y, CHEN Z Y, et al. Making

knowledge graphs work for smart manufacturing.
research topics, applications and prospects[ J]. Journal
of Manufacturing Systems,2024,76.103-132.

[21] B, e, e 2k T SAM AL 38 KRR AL Y T
bk 2 T st B A I [ )] R RE g, 2024 (6)
129-134.

[22 ] LOWIN M. A text — based predictive maintenance
approach for facility management requests utilizing
association rule mining and large language models|[ J ].
Machine Learning and Knowledge Extraction, 2024,
6(1):233-258.

[23] CHEN C,ZHAO K H,LENG J W ,et al. Integrating large
language model and digital twins in the context of
industry 5.0;framework , challenges and opportunities[ J ].
Robotics and Computer — Integrated Manufacturing,
2025,94.102982.

[24] WU T, LI J,BAO J S, et al. Process carbon agent: a
large language models—empowered autonomous agent for
decision — making in manufacturing carbon emission
management [ J ]. Journal of Manufacturing Systems,
2024,76.429-442.

[25] ZHANG L T,GUO Y,QIAN W W et al. Modelling and
online training method for digital twin workshop [ J].
International Journal of Production Research, 2023,
61(12) :3943-3962.

[26] i &, Ref, i, 55, 87 2R AR M5 B B &
IS SEAR[I]. AL HE R 58 ,2017,23(8)
1603-1611.

[27] WANG Y T,SU Z,GUO S L,et al. A survey on digital
twins; architecture, enabling technologies, security and
privacy, and future prospects [ J ]. IEEE Internet of
Things Journal ,2023,10(17) ; 14965-14987.

(28] FRIEDERICH J, FRANCIS D P, LAZAROVA -
MOLNAR S, et al. A framework for data—driven digital
twins of smart manufacturing systems[ J ]. Computers in
Industry,2022,136:103586.

[29] QIAN W W, GUO Y,ZHANG L T, et al. Towards
discrete manufacturing workshop — oriented digital twin
model ; modeling, verification and evolution[ J]. Journal
of Manufacturing Systems,2023,71188-205.

[30] AR, JEH#E, sk, 55, By 22 A= IR g iy Tll fel IX
“FE—ia—1r" KSR BRIk T]. R
HLAE M 5 R 4 ,2019,25(6) :1576-1590.

[31] LEE J,CHUA P C,LIU B F,et al. A hybrid data-
driven optimization and decision—making approach for a
digital twin environment :towards customizing production
platforms [ J ]. International Journal of Production

Economics,2025,279.109447.

[32] RigJe, Wiy, 2252, 55 BT 2R LR HOR RO AE T
S A Y B 2538 [ J/70L 7. H -l i 5 AR 2R
(2025-03-03) [ 2025-04-02]. https://kns.cnki.net/
kems2/article/abstract? v = lweslelaudjrolwvw  RNIr
VIy5dkwO9rN _  UNomfs6dKQaYX60VIw4dkb9RCPo8
NiOLcKDrwAC1UsvmhYSzhq7nTP2i]) _eL6ErgPalgM4 —
OKdaw700VeW -  VFJFEGWKSY4BBwcQn  28BB
GGMbR _ pr4NOJrpCSjsoWtl8ZA — Fez LOyXQ9vD_
8genFmh3MZSieu83m&uniplatform = NZKPT &
language= CHS

[33] GUO J L, LENG J W, ZHAO J L, et al. Industrial
metaverse towards industry 5.0 connotation , architecture ,
enablers, and challenges [ J|. Journal of Manufacturing
Systems ,2024 ,76:25-42.

[34] FMEAR. Tk o4 USR5 R 7 058 iy
B[] RN R, 2022,39(7) 1 1-7.

[35] ZHANG H, LI Y L, ZHANG S, et al. Artificial
intelligence —enhanced digital twin systems engineering
towards the industrial metaverse in the era of industry
5.0[J]. Chinese Journal of Mechanical Engineering,
2025,38(1) .40.

[36] A, 40 RT, TH, %5, T eFa LS5 8],
BT AL ,2024,14( 1) :20-28.

[37] EICH, B % JREEVE T T H OCHEOR W90 e
SR ] AR, 2024,51(12) (2-11.

[38] REN L, DONG J B, ZHANG L, et al. Industrial
metaverse for smart manufacturing: model, architecture ,

[T].
Cybernetics,2024,54(5) :2683-2695.

[39] LIS F,XIE H L,ZHENG P, et al. Industrial Metaverse :a

and  applications IEEE  Transactions on

proactive human — robot collaboration perspective [ J ].
Journal of Manufacturing Systems,2024,76.314-319.

[40 ] LANDOLFI G, BARNI A, IZZO G, et al. A MaaS
platform architecture supporting data sovereignty in
sustainability assessment of manufacturing systems[ J].
Procedia Manufacturing,2019,38.548-555.

[41]JI T, XU X. Exploring the Integration of cloud
manufacturing and cyber—physical systems in the era of
industry 4.0; an OPC UA approach[ J]. Robotics and
Computer—Integrated Manufacturing,2025,93.102927.

[42] BAI J,FANG S L,XU X, et al. LMPF:a novel method
for bill of standard manufacturing services construction
in cloud manufacturing[ J]. Journal of Manufacturing
Systems ,2022,62:402-416.

[43] SONG C H,ZHENG H Y,HAN G J,et al. Cloud edge
collaborative composition

service optimization  for

intelligent manufacturing [ J ]. IEEE Transactions on

Industrial Informatics,2023,19(5) :6849-6858.
[44] Wkig ez, 52, & mhlE RS A EWREER[]].

- 11 -



ELE R

Ay

. GRERE .

GAGEAIRUE & ke

AR, 2021,48(7) :245-255.

[45] ZHANG C,WANG Y L,ZHAO Z Y et al. Performance—
driven closed —loop optimization and control for smart
manufacturing processes in the cloud — edge — device
collaborative architecture :a review and new perspectives
[J]. Computers in Industry,2024,162.104131.

[46] GUO L,HE Y L, WAN C C, et al. From cloud
manufacturing to cloud - edge collaborative
manufacturing[ J ]. Robotics and Computer — Integrated
Manufacturing,2024,90.102790.

[47] w048 205 A, 2. B R ) i i e ) B
RHEEARDITE S B ZRAR [ 1], T LA R & &
4:,2019,25(2) ;284-302.

(48] 5K3E BUKE , EIREE, 55, Bl - UE 5 WK s Y B
e R G REFE IR RGOS ()], HLBCT 2
2#4 ,2024,60(6) :1-10,20.

[49] HU Y J,JIA Q M,YAO Y, et al. Industrial Internet of
Things intelligence empowering smart manufacturing: a
literature review[ J ]. IEEE Internet of Things Journal,
2024,11(11) :19143-19167.

[50] HAJLAOUI R, MOULAHI T, ZIDI S, et al. Towards
smarter cyberthreats detection model for industrial
Internet of Things (IloT) 4.0[ J]. Journal of Industrial
Information Integration,2024,39.100595.

[51] ZEMEAAN, B8, A7 I T [ o 3 9y 16K 4 0 T 25
BAACE AR [T ], BT T/, 2021 (11)
35-42.

[52] RAVI K C, VAISHNAVI T, PRINCY B A, et al.
Revolutioning Ilot: a smart appliance of an Internet of
Things over industrial manufacturing unit to make error—
free circumstances| C]//2024 International Conference
on Cybernation and Computation ( CYBERCOM ).
Dehradun, India;: IEEE,2024 .314-319.

(53] 5K3&, 5K /=, SZ UL, 55 10 15) 6G B RE W) K 19038 15

- 12 -

KRG [T]. L& TR, 2025,55(4)
699-713.

[54] L% iy, Tk DT, 55, B REHIE S R 56 I
RMRE[T]. PP TRE,2020,31(2) :227-236.

[55] Jrfidl, w83, s/ A B B Bl i g i it 4
) A 7 1 AR B T IR T ()], DU TR 4R
2021,57(20) .277-291.

[56] LI T,SONG W N, ZHOU J H. Research on artificial
intelligence industrial big data platform for industrial
Internet applications[ C]//2021 IEEE 4th International
Conference on Electronics Technology ( ICET ).
Chengdu, China: IEEE,2021.955-959.

[57] WANG J L, XU C Q,ZHANG ], et al. Big data analytics
for intelligent manufacturing systems; a review [ J ].
Journal of Manufacturing Systems,2022,62,738-752.

(58] BRIUEZE mhmisk , RH e, 45, 7 il 4 A= a4 Tollok
Bl R SRR )], Ml TR,
2024,53(3) .72-71.

[59] ABID A,JEMILI F,KORBAA O. Real-time data fusion
for intrusion detection in industrial control systems
based on cloud computing and big data techniques|[ J].
Cluster Computing,2024,27(2) :2217-2238.

[60] kI, #7805 | 12150, Tl R HHE 3K 0 1Y oy 4 i 72 o
AN A R S O [T ] LR SR,
2024,52(18) .48-53.

[61] 4Wefli, T5°, ZHANG Bin. “Tlb K 98 5 1 i i
TS A H L) ] TH R LA B i R S, 2022,28
(5) :1314-1336.

[62] TAEIF BBish, sk 22 36T Tl B 19l 7K £
AREVEAL 5 8 B PR [ ) ] AU BT 5 #F 5, 2024,
40(3) :229-233,244.

s B H9:2025 - 04 - 01



