Contents lists available at ScienceDirect

Engineering

journal homepage: www.elsevier.com/locate/eng

FLSEVIER

Research
Intelligent Manufacturing—Article

WHEREFISHNRAARR LG — HI1THHE. MSARE
a abox ** Tim Minshall €
* School of Public Policy and Management, Tsinghua University, Beijing 100084, China

® Center for Strategic Studies, Chinese Academy of Engineering, Beijing 100088, China
¢ Institute for Manufacturing, University of Cambridge, Cambridge CB3 OFS, UK

ARTICLE INFO HE

X DL BE i) i A% o R (R — 48 Tl ¥y, 94 5 Tl Aok B SRl il Aok 4% 18« iR 457
AR EARHESN T G —— B A s B R 5 Al , 5 208 — AU REfEa . RS
KR ZR A LU REA G Dy S BU5 [ Sl b A AR 17 P s i A BE 7 SR, TR R AR S
2o EAAERARIER E “ ZATFTE7, TR B /Al = 68 8 BE G 1 IR AR,
FEUH > REMIE T H FEVRA B BUI AR . AW IT 5 IR R I E Al K8 BE S BOR T 46
JEIL 2 AN GBI, X b 5 A 3 b A B B 3 S S 00 LA 0, BRI 4~ A R AL

Article history:

Received 9 February 2017
Revised 26 Mar 2017
Accepted 3 May 2017
Available online 1 Aug 2017

ﬁﬁﬁ% VRIS S A, R T 2T = AN SRR 08 I BORTE R LR A TR, 8 b 9 0 o)

EEEIEJ%E AT R COFATHERE . BRE AR AR (I BOR T GUR 2 AT R T i Al
s P AR H B FE A [ OB R IR, L BB L

T ﬂj'JJE © 2019 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher

e Education Press Limited Company This is an open access article under the CC BY-NC-ND license

W25 4%, (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Br— AR RE i

1.51F =R,

BRE R — R T A IR LR, M.
SN = B NN Y EE S e A S €k s bk i Kl
LI EE TR BT . P R IR E R IE RS 5 5

BREMGE S ) RS, W s ey
P AL BEAL R [1-4]. TR, B —MREEHAR

[ TAE B . AN TR AE (AD. KREHEIME, A
) A3 A [ 2 i 3 T Rty ok 1 B EEHLAE[3,5-13].
BRE S G B g . AP IR SS A AR E 1 A
—AHAT, LN RGNS ER[14,15]. X
ARG 5] R R — R Tk Ay, XK B RS
E1oR 4 DR 0 = N o 1 N P 1 5 R AR
¥E[16-20], HEshbldE G Sk, Wh. JFak. 3t

* Corresponding author.

—RMRBERDEIRMI21], EEES) T “JeibhlEkik
PR AR 7 [22,23], FEEE T CLIL4.0MBSAE ) [24],
FEEEH T (EK 20508605 ) [25]. VF2 HAd [ 5
WAHEH T 2RI, Eh A RE I K R [26-28]. X
LR AT I 2 4 1) 3 M A M SR PR 35— e A1 T T I 5 )
FE ERIRSIE J7. Rt ek s80) THEsh i st
BRI R, ST H RS T IR, Sk

E-mail address: zangjiyuan@126.com (J. Zang), zhongzhenmiao@live.com (Z. Miao).

2095-8099/© 2019 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher Education Press Limited Company
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

: Engineering 2019, 5(4): 691-701

: Yuan Zhou, Jiyuan Zang, Zhongzhen Miao, Tim Minshall. Upgrading Pathways of Intelligent Manufacturing in China: Transitioning across

Technological Paradigms. Engineering, https://doi.org/10.1016/j.eng.2019.07.016



768

Ar B BRSO B AR . EEICE, 1R R AL DL
PR Sk MV T P A% [29-31]. AR, T HERE R
R RO = AN e, HARTER, Rl
Mb A b HE T R ) I SR B T I A BE[32-35]. 1
W, VU5 RGBSV 2 HlE A & LA R
T Rl BT, 5 A R Rl i i =
FEARVE A ——ME s 2 “ BB+ i, R
— AR REHGE . X T2 JE RS KU, KPR T
28 I, 1T HOR 2 N A 0 R R
FHIX 24 AR [36-39].

SR, A AP T s A4S LA AN FE [F] [40-43], —
i, EATHAE A B RS, MU SR s
BB AR, BRI AT REAS 2386 AH IR 1 42
BAL[44-46]; T3 — 71, B R R Ry AL AR
IR EmM AR 2 % R R T SOY U BRI, H AR
B e EAE S AHES T —de T Ay, 51 R
RIEHE ., WhE AR A ORTIRZI A, I
W AR R AR KRR KA EEE, )T
s SRAT S G e 5y, HEBh AR bR 20
Brie, SEIbtha 7 AR ER T, X 3R E A b S
Pl AR IR T B RHLIE[47-50]

AT IS 2 A EBEF[51-53], WSy
RIKE FER Y “HR B B e IS ORI R A A
e, mh B AL RE TS R F AN [F] 1 7 2CHE S 8 R ) i K
[54,55] 2 AH 5T %R 5k B E TAERE i m] 20354
P 3 5 R RS T AL I, R B AN
VTR A T IS R, 18 FH E B AT [56 106 Ui ik
TOSRAE SCHREEAT 2 i, R R Re i ) T s AR .
JE I b S SR B R Al S 45, FRATT A I R I ) Ak A
HERER RefE Rk A, ARYE B SR DA AL R
oy R AR A, R T M. FARE M.
EHHALEZFR R, REMEHIEH AR —ELR
BAR, HlEESH K RERNE TR IT. = ADHEAV
AAE A [ HE AV 3 B A 2 25 TR A, TR AR
CHIP I[57-59]. REENERES, HAalfEE
B REHE R4S, X HAd IEAE B B & P A B =
B RE  o ARDON R R h &5 AR T i) i
Al PR AT PR AL T R Re G R R T
LR, TEfRS SIS T REFACR, R Re
ERORTH RIS TR, AR H1] € S 2 K
W5, A s 3G Ik 260,611

2. BREFIEMN =1NEAER

B e IE —— G T R A R REAL (1], A2
SeEHE BRI S5 B HARIR R & 174 [62].

2.1 HUr A R 2840 R Re Ak B AR il b i MR IR e R

B Re i A —FhE A AR, HA N Ak
FREH A B X — 3 R = A T KRR
FiAR[63]e BTN 28405 B AL AR [F] T il i b A 1
FRERA CRREIARD, Hod i A H R &5 & el
Re, BEWETTVZRFTREA R EPE Wl RSN
HBER ST, RGO B A, Stk
R IE M BB ARTE N[ 64], T B 7 o AR
A [65].

4 R ) 2 A ) ) 5 T o AR BILAE 3N T TH
B, FAEAR R T K7 [66,67], i
MPE R E R L2EBEMBEG ST fim s, &£
B AT ARG, BTG AR 7 R B P R IR
BB, WAL AR SO VR B A R P 2 T AR HL) iz 1
HER[68]: =, BRER (ATRIRHEHE) ™ a A
A CRHERIE )T BIRe S, NI 5] S D RE PR BE
A A2 44, [64,69]

BT X =AM Ae R, [ AR A R A
Ay B SR N = A ARV, B G,
B+ il (BORR BT g b i) AT — R R
filiE (HLED [1,64]. FrFuhilbsE s oA,
B iR A B PEER] (ERP) . i 04T R4 (MES).
HERIFEE L (SCM) &5, J& T 35 = Ik Tk 5 iy Ju w4
[66,70]. “HIKM+” il & 7E 2 hil i a1, 3]
ERARP A AR AE, WHEFRS%S BN (ToT).
TELRPMEF B4 [71,72]. Bi— AR Re ik 2 fl G F A
B B R BOR FIIR FERL G, P2l AR AR
FERE WA IRESI[73,74], MNALBRE IR TE . ANE
PERIRGBEAL, B A&\ A5 S Re Sy T 4Edr . 2
BYET-&, FERANFRGIESE . X PG g R
T AR Re i IE KR BT S [75]

ATLAE B B — R DA F A IR Tl d 2
FH 2l i 51 RS Tolk s 158 = R Tl iy F A
DY % b W A A R R Rt b, ER S B R
Fam g Ty . B 240 8 BE Ak H A 7] 28
TR L AR — R ST SRR RE R, AT DA



( D 1
Networkization
Digital manufacturing !

) The First Industrial
i Revolution

) The Second Industrial
i Revolution

Age of

Age of

fl  mechanization electrification
Steam engine Electricity

+ The 1760s + The 1860s

769

New-generation
intelligent manufacturing

Smart manufacturing 1
Intelligentization
1

Digitalization

The Third Industrial The Fourth Industrial

i Revolution i Revolution
o Early age of
R ezl intelligence

i Digital manufacturing Intelligent manufacturing

iThe 1970s iPresent

1. VYR Tl 3 i MU RE il () =N R AT X

i N2 T B AR NI S5 G0, SR i
WA, BA RKRUBHE I mT ReE,  HEShHIE L AR A
PEAR

2.2. =AEEAYE N =N HEPE R RE SR 2 8] (156 &

SANFEATEA A S B mUN R R R
Mo L, ARBL T AV IR BB BLtE . K A il i it
L AR, 26 (3C) MEABB T HIAR[76,77],
it 1) 3 7 ICMABEARURE SO g B B 5, A TT S AR
re I TR AR BRI+ 3 S A I A
AL MRS IR AR RRAEE, S T B AR A
WERMAG, UBUITMEE (IoE), 4 7PdM. 4
PRl e i AR, A TTolk4.0. SR E Tk B 3
BRI R IX AN BE[59,78,79]: B — AR Re il i 7E
AR KRESE . B EMATEE AR 2 e E B HOR b
AR, R, BEE. TR ERMIoTH AR SR
2 J7 AR T HUr A hl s F1 “ BRI+ il id 7R R
PEPE T, (HRA L3 — R RehliE 5 HliE R g R &
“CINFNES]T BIREST, L A R B 7 A A 7K 5 5
R R AR AR, X A P AR AR AR X 2 AR Ui
HNFREHI[1,64,80,81].

F, fERAR L, B se b BOR1E 93tk
PEMREEROAR,  [RINAAAE T =AEEATE A, AL R e
& A S Rl S YRR . B e B AL &R B B T
JE AT B TR, R g RBLATIN R
KEG, ARG EREFAER: 72« LER+”
HERT B, BT A B HE S it &) LA 2 5 A g
BUSA I BEAR,  Ber AR RN A F i, 4]

SRR BAR AT S R Be R R A RR S R s TR AR R
AR RemEE A, ERN PG, B
AR REFIE RS “INFF )7 FEET ATHR P b vk
A1, METFAMN SR B BRI IE AR, 2
Fhe G RGN RGeS, TR e B A E T i) R
ZePER B RE Ty, BRI . B —
AR e fiE o, Bt 240 3 e Ak R L R
M, #h—A 1] [82-84]

R BT AL AR GG R R TR 28, FRATIAE
SCHRFIE S FE A, B T R ARG = NI R
TP B EIAR L X2 A B R R B e A 12 AR B R R
FERFIX = AN He A R B+ AR B AN [F] 7K ST EAT T 22 R R
W 1~[1,4,6,38,45,62,64,67,68], H4h THEHET
R ZZ A5 43 A B T 4 38 & PR R il R K P B AR
MNACHS o

2.3, P77 Tolk Rk B 58 (10 5 Re sl i 5 R T+ 21 i 4%
M201H L SOER B F AR UEA, THFEHL. Bd=
(CNC) ML %5 # 7 K 4b 25 2% W F 72 il Mk [57,66]
F21 2 W), TEHCFRIE R R R Bl b, A
BFr—REEEAR ACT) MM, DL IR AR
I FH A 2 B AE 1 B0 A X 48 A i 3 11 2062 [ 5,9, 681
TEHERF B AL I g AL i, S 4B E 45 Tk Rk
FIB ARG LRt B R KR, (EC 4k
ATERR T B AR RS E B AR ) mA e B, TR
WAL A AR T [2,13]. B39 32 [ 58 58 A )3 T4 %
7, Hi “D” RBCEMEAR, “N” AR, “17
RNEREAHAR . fEX —EEE AR, BRATTAT LR B AR



770

Characteristics:

introduction // \\
and upgrading 4 ‘:\
of 3C and |
other digital \ y
technologies \
9 \\ B // Characteristics:

cognitive and
learning ability at
different level

Characteristics:
connections
of varying
degrees and
ranges

Networkization Intelligentization

2. & e E K = IR REBOR JARFAIE -

|1 e A P 2% A0 R BE AL R I 4

Core components of

. . . Codes Characteristics Refs.
intelligent manufacturing
Digitalization DO No digitalization [1]

D1 Digitalization in production equipment, design and/or production management (i.e., PLC,  [1,4,67]

DCS, SCADA, ERP, OA, MES, WMS, SCM, CRM, CAD/E/X, and visualization of produc-
tion processes); not world-leading in these areas
D2 Clear digitalization strategy of firm; digitalized production management; digital twins; integra-  [1,4,64]
tion of production process using digital technologies

Networkization NO No network-based technologies adopted [1]

N1 Network-enabled product, production and/or service; including network technologies used for ~ [1,64,68]
integration of supply chain and/or value chain, establishment of design and/or production plat-
form, inter-firm collaboration, customization on online orders, Industrial Internet, PdM, etc.

N2 Network technologies widely used in products, production and services; [oT; vertical and  [1,6,64,68]
horizontal integration of information flow along the supply and value chains; optimization of
resource allocation through online platforms; inter-firm collaboration online; online service
reaching out to customers to understand personal needs, provide product maintenance, etc.; the

focus of firms’ business transforms from a production bases to engineering services providers

Intelligentization 10 No application of intelligent technologies [1]

11 Introduction of deep learning, reinforcement learning, transfer learning, big data and/or hu-  [1,4,45]
man—machine hybrid intelligence; cognitive and learning capabilities, which allow optimiza-

tion and logical reasoning, in products, production and/or services; examples include PdM,

remote maintenance platforms, etc.

12 Production system has “cognitive learning” capabilities; comprehensive use of deep learning,  [1,4,38,45,62]
reinforcement learning, transfer learning, big data and/or human—machine hybrid intelligence;
revolutionary breakthroughs in manufacturing knowledge creation, acquisition, application
and regeneration; significant improvement in innovation and service capabilities; examples

include PdM and independent production under complex circumstances

PLC: programmable logic controller; DCS: distributed control system; SCADA: supervisory control and data acquisition; WMS: warehouse management system;
CRM: customer relationship management; CAD/E/X: computer aided design/engineering/all.
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£2 = TIEAE ARG AN A

Year Progress in developing intelligent manufacturing technologies Code
19942004 CAD (D1); SAP (D1); accounting system (D1); data center (D1); OA (D1); global video conference system (N1) DINI
2004-2014 Three-dimensional design (D1); PDM (D1); PLM (D1); global ERP (D1), ECC (D2N1); CRM (N1); SCM (N1); eHR D2N1

(N1); accounting analysis system (D2N1); MES (D1); largest digital plant in Asia (D2); “internet + manufacturing” (N2);

e-commerce (N1)

2015 Horizontal integration of value chains (D2N2); market analysis system (D2N2); vertical connection of production pro- D2N2
cess (D2N2); product design based on VR and simulation (D2N2)

2018 Unmanned machineries (I1); Remote maintenance platform (I1); financial service based on IoT and big data (N2)

D2N2I1

Source: adapted based on public documents. SAP: system applications and products; PDM: product data management; PLM: product lifecycle management;

ECC: ERP central component; eHR: e-human resource.
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Year Progress in developing intelligent manufacturing technologies Code
2008-2010 ERP (D1); OA (D1); PDM (D1) DI
2013 Digitalized production lines (D1); robotic welding (D1); automated electrophoresis D1
2014 IoT system; logistic system; barcode system; SCM; PLM; ERP; eHR system DINI1
2015-2018 Highly integrated management system; all subsystems interconnected; mass-customized production D2NI1
2018-2019 (In process) data-driven designing platform (D2N2); C2M (D2N2); intelligent precision production plat- D2N2

form (D2N2); oV (D2N1); big data operation platform (D2N2)

Source: adapted based on public documents.
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R4 ERRRAEN T e BRI )2

Year Progress in developing intelligent manufacturing technologies Code

2003-2004 Customized products; e-commerce (N1) DONI1

2005-2010 ERP; OA; MES; WMS (D1); automated design (D1) DINI

20102012 Digitalization of equipment (D1); digitalized sewing and cutting (D1); APS; SCM; MES; WMS; IMDS; OMS (D1N2); DIN2
mass customization based on data collected from these systems

2015-2018 Digital production equipment (D1); C2M ecosystem, BPM/ESP (N1); smart logistics; automated storage (D1); IoT DIN2

based on digital factory (N2); monitoring production in real time (D1)

Source: adapted based on public documents. APS: advanced planning and scheduling; IMDS: international material data system; OMS: order management system;

BPM/ESP: business process management.
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Year Progress in developing intelligent manufacturing technologies Code

2001-2009 OA (D1); GoldWind customer service MIS; ERP (D1); accounting system; production management system; logistic system DINO
2009-2012 Collaborative R&D platform (DIN1); PDM (D1); SCM (D1); e-commerce (DIN1); CRM; eHR; MIS (D1) DINI
2013-2014 Microgrid demonstration project for wind—photovoltaic storage (D2N1) D2NI1
2015-2019 Smart direct-drive wind turbines (D2N2); new systems including New Freemeso, GoldFarm, SOAM, EFarm, Powernest, D2N2

and Resmart; built full-package solution for a digitalized wind farm; provides services such as centralized control systems,

wind power assessment, equipment maintenance, equipment modification, etc.

Source: adapted based on public documents. MIS: management information system.
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