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Abstract: Recently, the implementation of Industry 4.0 has become a new tendency, and it brings both opportunities and
challenges to worldwide manufacturing companies. Thus, many manufacturing companies are attempting to find advanced
technologies to launch intelligent manufacturing transformation. In this study, we propose a new model to measure the intelligent
manufacturing readiness for the process industry, which aims to guide companies in recognizing their current stage and short
slabs when carrying out intelligent manufacturing transformation. Although some models have already been reported to measure
Industry 4.0 readiness and maturity, there are no models that are aimed at the process industry. This newly proposed model has six
levels to describe different development stages for intelligent manufacturing. In addition, the model consists of four races, nine
species, and 25 domains that are relevant to the essential businesses of companies’ daily operation and capability requirements of
intelligent manufacturing. Furthermore, these 25 domains are divided into 249 characteristic items to evaluate the manufacturing
readiness in detail. A questionnaire is also designed based on the proposed model to help process-industry companies easily carry
out self-diagnosis. Using the new method, a case including 196 real-world process-industry companies is evaluated to introduce
the method of how to use the proposed model. Overall, the proposed model provides a new way to assess the degree of intelligent
manufacturing readiness for process-industry companies.
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1 Introduction Industry 4.0 and staying competitive in the global

market. However, Industry 4.0 covers a very wide

With the development of the fourth industrial
revolution, worldwide industrial companies are try-
ing their best to carry out intelligent manufacturing
transformation, aiming at tackling the challenges of
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range, which brings many difficulties to industrial
companies during intelligent manufacturing transfor-
mation, such as where/how to start and what is the
direction. A better understanding of the characteristics
of Industry 4.0 is an indispensable step before proceed-
ing with the intelligent manufacturing transformation.

The term Industry 4.0 was first proposed by Kager-
man in 2011 to describe the widespread integration
of information and communication technology in
industrial manufacturing (Lin et al., 2019). Since then,
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many concepts have emerged (Stefan et al., 2018),
including smart factory (Zuehlke, 2010), smart manu-
facturing (Kang et al., 2016), cyber-physical system
(Wu et al., 2011), Industrial Internet of Things (I1oT)
(Boyes et al., 2018), etc. Nevertheless, these concepts
depict a similar thing to Industry 4.0. Acatech defined
Industry 4.0 as “real-time, high data volume, multi-
lateral communication and interconnectedness between
cyber-physical systems and people” (Schuh et al.,
2017). According to Dilberoglu et al. (2017) and
Pereira and Romero (2017), Industry 4.0 is an umbrella
term that comprises a set of future industrial develop-
ments regarding intelligent production systems and
advanced information technologies. Overall, we agree
that Industry 4.0 is a new paradigm in which people,
the physical system, and the information system are
systematically connected based on digitization.
Compared with many developed countries, China
got off a late start in the implementation of Industry
4.0, but has achieved a fast development in intelligent
manufacturing transformation. The World Economic
Forum and McKinsey have selected 103 “Global Light-
house Factories,” 37 of which are Chinese manufac-
turing companies (World Economic Forum, 2022).
There is no doubt that these lighthouse factories could
provide a good reference for other manufacturing com-
panies. However, for large quantities of traditional fac-
tories, especially small- and medium-sized enterprises
(SMEs), there is a huge gap between them and these
lighthouse factories. The biggest problem is that they
could not simply copy their construction roadmaps;
therefore, the development level of lighthouse factories
becomes only a goal that is unattainable to some extent.
To help these SMEs overcome the dilemma of
intelligent manufacturing transformation, the govern-
ments, academic institutions, and some leading com-
panies all over the world proposed various models to
evaluate the degree of Industry 4.0 readiness and
maturity for them. By reviewing relevant literature, it
is found that the distinction between readiness and
maturity is not obvious (Pacchini et al., 2019). Some
models generally treat readiness and maturity as
synonyms. Notably, readiness is different from matu-
rity. Schumacher et al. (2016) thought that readiness
aims to capture the starting point and allow for ini-
tializing the development process, whereas maturity
captures the as-it-is state while maturing the process.

In addition, many scholars have stated that readi-
ness assessment should take place before the matu-
ration process (Schumacher et al., 2016; Pacchini
et al., 2019). In conclusion, the maturity model aims
to evaluate the current state of an industrial company
in its implementation of Industry 4.0, whereas the
readiness model focuses mainly on the necessary abili-
ties that should be obtained to reach a certain maturity
state. Therefore, developing a useful readiness model
is the first and most important step to help a company
reach a higher maturity level in the process of intelli-
gent manufacturing.

At present, the proposed readiness models basi-
cally target all types of industrial organizations and
enterprises, but they neglect that there is a huge gap
in daily operations among different industries. Differ-
ent industries have their own characteristics, and they
are not suited for all “enabling technology” applica-
tions. Moreover, some models regard the number of and
the degree of applications of “enable technologies” as
the reference to assess the degree of Industry 4.0 imple-
mentation, and yet this violates that the essence of a
manufacturing company is the production unit. Exces-
sive focus on top-level design and new technology
application would lead to disconnection from the reality
of production. When using these models to evaluate the
readiness of a company, some dimensions would rank
low in the inadaptable areas, and as a result, the evalua-
tion results likewise made little sense for the com-
pany. Verband Deutscher Maschinen- und Anlagenbau
(VDMA) reported that Industry 4.0 readiness refers to
“the willingness and capacity of companies to imple-
ment the ideas behind Industry 4.0” (Lichtblau et al.,
2015). Indeed, it is important to include organization
and people’s ability when designing a readiness model.
We also recognize that the top-level design and un-
derlying infrastructure construction situation should
both be taken into account. In addition, focusing on
one specific industry could increase the accuracy of a
readiness model. This makes the measurement of a
degree of readiness for process industry an interesting
research gap to be explored in this study.

This work aims to measure the degree of process-
industry intelligent manufacturing readiness in relation
to the implementation of Industry 4.0. In this paper, a
novel readiness model targeting the process industry is
proposed, and based on this model, the readiness index



Zhao et al. / Front Inform Technol Electron Eng 2023 24(3):417-432 419

is further created. Finally, an example case using the pre-
sented assessment approach is discussed in a real-world
company to display its transparency and practicability.

2 Literature review

2.1 Intelligent manufacturing

Intelligent manufacturing is a broad concept that
is constantly changing as abundant advanced technol-
ogies have developed (Holubek and Kostal, 2013).
Wright and Bourne (1988) first proposed the term “in-
telligent manufacturing,” which is defined as follows:
“By integrating knowledge engineering, manufactur-
ing software systems, robot vision, and robot control,
experts’ knowledge and workers’ skills are modeled
to enable intelligent machines to perform small-scale
production without human intervention.” Since the
beginning of the 21 century, information technology
has developed vigorously, triggering many new tech-
nologies, such as cloud computing, big data, the In-
ternet of Things, the mobile Internet, digital twins,
and artificial intelligence (Li et al., 2017; Oztemel
and Gursev, 2020; He and Bai, 2021). As a result,
these new technologies provide more possibilities for
the implementation of intelligent manufacturing. It is
well known that digitization is the precondition to
realize intelligent manufacturing. Wang LH (2019)
commented that intelligent manufacturing depends
on the timely acquisition, distribution, and utilization
of real-time data from both machines and processes
on manufacturing shop floors and even across pro-
duct life cycles.

In an intelligent manufacturing system, the key
process state can be monitored precisely, thereby
acquiring a large amount of data in a timely manner.
The obtained data are then managed and analyzed
based on historical and practical experience to direct
the manufacturing process to realize flexible process
control (Wang BC et al., 2021). Additionally, the intelli-
gent manufacturing system could make a quick re-
sponse according to the diverse and personal require-
ments with the minimum environmental damage. Many
countries have reported their strategic plans to guide
industrial companies carrying out intelligent manu-
facturing transformation, including Industry 4.0 in
Germany, the Industrial Internet of Things (IloT) in

the United States, and the Industrial Value Chain Ini-
tiative (IVI) in Japan (Zhong et al., 2017). Similarly,
the Chinese government proposed the concept of the
integration of industrialization and informatization,
which illustrates five characteristics of intelligent manu-
facturing: self-perception under depth information, self-
execution under precise control, self-decision under
intelligent optimization, self-learning under rule dis-
covery, and self-adaptation of a complex environment.
Intelligent manufacturing built on digitalization is
also intended to be more sustainable and to contribute
to industrial companies in the future.

2.2 Readiness/maturity model review

As mentioned before, the concept of Industry
4.0 was developed in Germany, and they proposed a
maturity model and a readiness model in 2015 and
2017, respectively. The readiness model was created
by VDMA, which was used to define criteria through
which companies were classified into three types: “new-
comers,” “learners,” and “leaders.” This classifica-
tion was based on the following six key dimensions
of Industry 4.0: strategy and organization, smart
factory, smart operations, smart products, data-driven
services, and employees (Lichtblau et al., 2015). The
maturity model was intended to provide informed
assessments and future-oriented advice for policy-
makers and society about Industry 4.0 (Schuh et al.,
2017). Meanwhile, the Singapore Economic Devel-
opment Board (SEDB) proposed a smart industry
readiness index (SIRI) in 2017 (Singapore Economic
Development Board, 2017). This model was a three-
layer structure that includes 3 building blocks, 8 pillars,
and 16 dimensions. After two years of application,
the SEDB found that many companies have recog-
nized their Industry 4.0 readiness levels, but many of
them were unable to translate their acquired knowl-
edge to actionable transformation plans. Therefore, the
SEDB proposed a prioritization matrix model (TTER)
to help the companies identify focus areas and make
an overall Industry 4.0 roadmap. These three models
are the most popular readiness and maturity models
in Industry 4.0, which also gave us a lot of inspiration
to design the new readiness model.

Since 2011, many scholars have made efforts to
develop an assessment model for Industry 4.0. Angre-
ani et al. (2020) performed a systematic literature
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review of empirical studies implemented on the ma-
turity model published in several reputable and rele-
vant sources to study the model dimensions and
application sectors. They found that technological,
operational dimensions, leadership, and culture were
the most considered dimensions. Hizam-Hanafiah
et al. (2020) reviewed 30 Industry 4.0 readiness models
with 158 unique model dimensions. They concluded
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that the technology dimensions occupied the main
position for future research on Industry 4.0 readiness.
In addition, we illustrate the reported readiness and
maturity models for Industry 4.0 in Tables 1 and 2,
respectively. Moreover, the information of the model
structure and its main dimensions are listed for com-
parison, thereby providing some reference to the newly
proposed readiness model in Section 3.1.

Table 1 List of readiness models for Industry 4.0

Model name Year Model structure

Main dimensions Reference

Readiness model for

2019 Measure 7 enable technologies IoT, big data, cloud computing, cyber-

Pacchini et al.,

the implementation in 6 readiness levels physical system, autonomous robot, 2019
of Industry 4.0 additive manufacturing, augmented reality

Industry 4.0 readiness 2019 Seven levels for Industry Society, area of society, branch of area of  Basl and Doucek,
evaluation for 4.0 within Society 4.0 society, enterprise, area of enterprise, 2019
manufacturing dimensions of enterprise area,
enterprises subdimensions of enterprise area

Future readiness level 2018 Measure 4 dimensions in Technology, behavior, event, future Botha, 2018

(FRL)/Industry
4.0 future readiness

10 readiness levels

(behavior dimension has

5 levels) for future readiness

E-business Industry 2018 Measure 12 indicators in
3 subdimensions for

Industry 4.0

4.0 readiness model

Readiness for 2018 A multidimensional and

eBusiness, ICT specialist, broadband

Technology, organization of production

thinking

Demeter et al.,

take-up and coverage 2018

Horvat et al.,

Industry 4.0 multistage approach includes  and logistics, management and strategy, 2018
5 dimensions in 4 stages employees and communication,
interfirm cooperation
Industry 4.0 readiness 2018 Measure 7 dimensions and Strategy, technology, manufacturing and ~ Methavitakul and
model for 31 subdimensions operation, supply chain, employee, Santiteerakul,
manufacturing product, customer 2018
Industry 4.0 readiness 2017 A three-step framework Competencies, database integration, tool ~ Schaupp et al.,
model for tool consists of 9 categories identification, time horizon of data 2017

management in 5 levels

Smart industry
readiness index (SIRI)

2017 A three-layer structure
includes 3 building blocks,
8 pillars, and 16 dimensions
IMPULS-Industrie
4.0 readiness

2015 Measure 6 dimensions and
18 fields in 5 readiness levels

Roland Berger Industry 2014 A readiness index model
4.0 readiness index includes 2 categories

and 8 dimensions

Process, technology, organization

Strategy and organization, smart factory,

Industrial excellence: production process

analytics, location of data use, determining

the residual tool life, degree of networking,

IT-security, degree of standardization

Singapore Economic
Development
Board, 2017

Lichtblau et al., 2015

smart operations, smart products,

data-driven services, employees

Blanchet

sophistication, degree of automation, etal., 2014

workforce readiness, and innovation

intensity; value network: high value

added, industry openness, innovation

network, and Internet sophistication

IoT: Internet of Things; ICT: information and communication technology; IT: information technology
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Table 2 List of maturity models for Industry 4.0
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Model name Year Model structure

Main dimensions

Reference

Smart SMEs 4.0 maturity
model

2021 A two-layer structure includes
5 dimensions and

43 subdimensions

Maturity model of intelligent ~ 2020 A three-layer structure includes 4

manufacturing capability capacity factors, 12 domains,
and 20 subdomains
Industry 4.0 maturity model 2018 Measure 3 main dimensions and

13 key attributes in

4 levels
SMEs maturity model 2018 Measure 6 dimensions in
assessment of IR4.0 6 levels

digital transformation
Industry 4.0 maturity model 2018 Measure 3 dimensions,

5 subdimensions, and 13 fields
Acatech Industrie 2017 Measure 4 structural areas, and
4.0 maturity index each area has two principles
with the necessary capabilities
Industry 4.0 maturity 2017 Measure 5 aspect dimensions in

model-SPICE

Three-stage maturity model in 2016 A three-stage process model for

SMEs towards Industry 4.0 Industry 4.0 projects
Industry 4.0 maturity model 2016 Measure 9 company
for manufacturing dimensions and 62 maturity

items

6 capability dimensions (levels)

Business and organization strategies,
technology-driven process,
people capability, manufacturing
and operations, digital support

People, technology, resource,

manufacture

Factory of the future, people and

culture, strategy

Employees, strategy and organization,
smart factory, smart operations,
smart product, data-driven service

Smart products and services, smart
business processes, strategy and
organization

Resources, information system,

organizational structure, culture

Asset management, data governance,
application management, process
transformation, organizational
alignment

Envision, enable, enact

Strategy, leadership, customers,
products, operations, culture,

people, governance, technology

Chonsawat and
Sopadang,
2021

GB/T 39116-2020

Bibby and Dehe,

2018

Hamidi et al.,
2018

Akdil et al.,
2018

Schuh et al.,
2017

Gokalp et al.,
2017

Erol et al., 2016

Schumacher
etal.,, 2016

SPICE: software process improvement and capability determination; SMEs: small- and medium-sized enterprises

By comparing the readiness and maturity mod-
els listed in Tables 1 and 2, it can be found that most
of them have different and complex structures. This
is because they considered different application sce-
narios of Industry 4.0. However, after analyzing their
main dimensions, it is interesting that they are all
similar, indicating that the evaluation dimensions of
Industry 4.0 are gradually coming to a consensus. In
addition, two assessment directions can be concluded:
one is focused on the enable technologies that are
used in the manufacturing factories, and the other is
focused on production and management in the manu-
facturing factories. After reviewing the readiness and
maturity models above, we find that none of them

focused on the process industry, which is also one of
the highlights of our research scope.

2.3 Discussion on the problems of the listed
readiness/maturity models

However, although many readiness/maturity mod-
els have been proposed, few publications have reported
their real applications in intelligent manufacturing
evaluation for industrial companies. In fact, there are
some gaps between the theoretical model and real-
world application. We conclude three main reasons that
lead to this problem:

1. Most of the readiness/maturity models cover
a wide range of different types of companies; in other
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words, the models lack specificity. However, it is well
known that there is a huge distinction between differ-
ent industries among manufacturing factories, such as
discrete industries and process industries. Therefore,
it is difficult to evaluate the level of intelligent manu-
facturing for all types of factories using the same
assessment model.

2. Many readiness/maturity models can only be
used by designers or experts, leading to poor usability.
A well-designed readiness/maturity model could provide
a tool for industrial companies to carry out self-diagnosis.

3. The subjective thinking of the evaluator would
disturb the accuracy of the evaluation result. Thus,
it usually cannot reasonably reflect the requirements
of intelligent manufacturing. Thus, collecting some
hard evidence when processing measurement work
should also be considered in the process of model
designation.

From the above discussion, it is important to
design a new readiness model to help manufacturing
companies evaluate the level of intelligent manufac-
turing. These three reasons also provide a good refer-
ence for the model development process in Section 3.1.

3 Methods

3.1 Model development

Angreani et al. (2020) identified eight types
of model development techniques: literature review,
conceptual method, qualitative method, quantitative
method, workshop, case studies, analytic network
processing, and factory design and improvement. In this
study, the structure and evaluated dimensions of the
newly proposed model are designed using a literature
review and conceptual method. Regarding the main
dimensions in Tables 1 and 2, technology and organi-
zation are the two most frequently discussed dimen-
sions. Indeed, technology is the major means of intel-
ligent manufacturing implementation, whereas organi-
zation is a basic guarantee for orderly development.
In addition, technology and organization must always
serve for or be applied in tandem with an effective pro-
cess, so that process is another dimension that should
not be neglected. However, with the application of
many new information systems in industrial companies,
the phenomenon of “data island” gradually emerged.

Individual information systems from different suppliers
created barriers to data sharing to some extent. In addi-
tion, the repeated extraction of data from different
systems would lead to the data storage burden. Further-
more, data collection, analysis, and utilization played
an important role in further intelligent manufacturing
transformation. Therefore, considering data governance
and an integrated Internet platform becomes more
imperative. That is what we want to evaluate in the “in-
telligence” dimension. Therefore, process, organiza-
tion, technology, and intelligence are the four domi-
nating dimensions in our proposed model, as intro-
duced in Section 3.2.

Gokalp et al. (2017) supported that “the purpose,
scope, elements, and indicators” should be defined
when designing a model to guarantee the basic criteria
of completeness—clearness—unambiguity. Therefore, we
have formulated several principles to guide the readi-
ness model development process, as shown in Table 3.
Accordingly, in the model design process, these guiding
principles are also followed, as explained in Table 3.
Detailed information of the proposed model is intro-
duced in Sections 3 and 4.

3.2 Readiness model

The process-industry intelligent manufacturing
readiness index (PIMRI) refers mainly to the maturity
model of intelligent manufacturing capability (GB/T
39116-2020) released by the Chinese State Adminis-
tration for Market Regulation and Standardization
Administration, which is the guidance document for
intelligent manufacturing in China. The level distribu-
tion is the first part for the proposed model, whose
level definitions are similar to those in GB/T 39116-
2020, as shown in Fig. 1, including six levels as follows:

1. Level 0 (LO): initial level. A company at this
level does not establish the relevant rules or regula-
tions well. In other words, it does not meet any of the
requirements for Industry 4.0.

2. Level 1 (L1): planning level. At this level, the
company starts to make plans on the basis and con-
ditions for implementing intelligent manufacturing.
The core business activities, such as supply chain,
production, products, and services, could be regulated
using process management.

3. Level 2 (L2): canonical level. Digital equip-
ment and information technologies are used to manage
the core equipment and business activities at this level.
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Table 3 Basic principles for the readiness model development
Principle Description The pr((;li?\/s[‘;;? odel Principle Description The pr(o;)l?\zfl:{dl)m odel
Object The model should PIMRI targets at the |Evaluation The model should PIMRI gives a five-step
definition identify the specific process industry method provide a complete method to carry
object and be designed description  description of the out evaluation and
based on its evaluation method the exhaustive
characteristics calculation process
Level The model should make PIMRI sets six Objectivity ~ The model should try ~ During the evaluation
distribution level distribution readiness levels of the to avoid the process, experts carry
according to the stage  for intelligent evaluation subjective factors of  out field research to
of the object, and the manufacturing method the evaluator and the  find the reality of
corresponding and defines the evaluation object. In  the enterprise
requirements of requirements for addition, the model operation and make
different levels should each readiness should try to find the  the modifications
be described in the level specific evidence in
context of Industry 4.0 enterprise operation
parameters, in
Completeness  The model should cover PIMRI consists of practice, etc., for
of dimensions  exhaustive business 4 races, 9 species, setting scores

activities during and 25 domains to

enterprise operation evaluate enterprise

in the context of readiness
Industry 4.0
Granularity of ~ The model should make PIMRI further creates
subdimensions  the detailed 249 characteristic

explanations of the
attributes in the

items to give
the detailed

corresponding explanations for
dimensions the 25 domains in
different readiness

levels

Accessibility The model should be
easy to use when

A questionnaire is
designed according
the enterprise carries  to the PIMRI

out self-diagnosis

PIMRI: process-industry intelligent manufacturing readiness index

Additionally, data sharing could be realized within
one single business.

4. Level 3 (L3): integrated level. A company at
this level carries out network integration of equipment
and systems, and as a result, data sharing is realized
across businesses.

5. Level 4 (L4): optimizing level. At the optimiz-
ing level, the company tries to collect the data of
employers, equipment, products, the environment, and
production. In addition, the model and knowledge
are used to make predictions for core business ac-
tivities and optimize the control process for partial
business.

6. Level 5 (LS5): leading level. When a company
reached the leading level, it realized business optimiza-
tion and continuous innovation based on a model-driven

Leading

Optimizing

Integrated

Canonical

Fig. 1 Six levels of the process-industry intelligent manu-
facturing readiness model

approach. New manufacturing and business models
are created via industrial chain collaboration.
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Obviously, different levels require different nec-
essary capabilities for a company when evaluating its
intelligent manufacturing readiness. The overall com-
pany readiness index (R,) has a corresponding rela-
tionship to the final readiness level, which is shown
in Table 4. The calculation method of R, is introduced
in Section 3.3.

The process-industry intelligent manufacturing
readiness model is shown in Fig. 2, which comprises
four races (process, organization, technology, and
intelligence) and nine species of focus, including
supply chain, production management, technology
management, human resources, organization manage-
ment, infrastructure, integration interconnection, data-
driven, and enable platform. These nine species are
further divided into 25 domains of assessment that
attempt to involve all areas in an enterprise’s daily
operations.

Moreover, each domain is further divided into
several characteristic items corresponding to L1-L5,
which represent the capabilities that should be occu-
pied in this domain. Based on the 25 domains in Fig. 2,
249 characteristic items are finally created. For ex-
ample, the characteristic items of operation manage-
ment are shown in Table 5. Obviously, the operation
management domain at different levels has several
different requirements. To help the enterprise well
understand the meaning of these characteristic items,

Zhao et al. / Front Inform Technol Electron Eng 2023 24(3):417-432

we design some questions that are close to the enter-
prise’s daily operations to reflect the characteristic
items. An example of the questions for characteristic
item 1 in L1 of warehouse management is listed in
Table 6. It can be seen that the three questions are
related to this characteristic item. In addition, each
question has an individual weighting factor to calculate
the characteristic item’s readiness index. Except for the
yes-or-no one-choice questions in Table 6, there are
also other types of one-choice questions and multi-
choice questions. For example, the characteristic item 2
in L2 of warehouse management requires that “a
storage location (tank yard) management system should
be established to realize the distribution of product
storage location (storage tank), in-out warehousing
and transfer (reladling), material measurement, etc.,”
and the corresponding questions are shown in Table 7.

3.3 Assessment approach

The process of readiness index evaluation in a
company follows a five-step procedure, as shown in
Fig. 3. First, a well-designed questionnaire needs to
be completed by the target company. It is important
that this questionnaire cannot be completed by only
one person. The heads of different departments are
responsible for their related field in the question-
naire, which could guarantee the accuracy of the
answers to some extent. Next, we input all the answers

Table 4 The corresponding relation between R, and the intelligent manufacturing level

LO: initial level ~ L1: planning level ~ L2: canonical level

L3: integrated level ~L4: optimizing level  L5: leading level

0<R,<0.8 0.8<R <18 18<R.<2.8

28<R.<3.8 3.8<R <4.8 48<R <5.0

R_: the overall company readiness index

) uctiol

. Planned
Purchasing &
supply
Operation
management

Human
resources

Process
technical

Logistics -
management| ~Quality
control

Equipment
manageme|
management
Sales -
management | Environment
& safety

Process
parameter

Organization
Organization
management Infrastructure

Organization

Technology

_ Integration

interconnection

Network
Information
system
integration
Equipment
and facilities

strategy

Information

Control security

system

Fig. 2 The pocess-industry intelligent manufacturing readiness model
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to a self-designed Excel document to calculate the readiness index could also be obtained. In the third
readiness indexes of the characteristic items, domains, step, a group combined by the experts in different
species, and races, and as a result, the overall company fields would go to the target company to hold an

Table 5 Characteristic items of operation management from L1 to L5

Level Characteristic item(s)

L1

—

. Relevant specifications for production operations should be formulated

. Operation training and inspection mechanism should be established

w N

. Key information about the operation process should be recorded
L2 1. The record of the operation process should be collected via the information technology means and mobile terminal
2. An information system should be established to control noncompliant operations and unauthorized operations

L3

[

. Process system, production system, safety management system, and other systems should be integrated to form
operational instructions and guide employees to operate
2. Operational behaviors should be evaluated and accumulated to form the best operational behavior library

L4

—_

. The process optimization achievements should be used to guide operation

. The process operation knowledge library should be used to assist operators

[SS I )

. Virtual reality (VR) and augmented reality (AR) technologies should be used to assist and train operators
L5 1. Some pattern recognition technologies such as artificial intelligent (Al) technology should be used to assist

operators in real time according to the process status

Table 6 Questions for the characteristic item 1 in L1 of warehouse management

Question Option

Q1: Whether the enterprise has established the process operation procedure and standard operation procedure (1) Yes; (2) No
(SOP) document?

Q2: Whether the enterprise has established the process cards to stipulate the operating limits for key parameters? (1) Yes; (2) No

Q3: Whether the visual images of standard operating procedures for on-site manual operations, such as (1) Yes; (2) No

equipment on-site operation and equipment maintenance, have been placed on the site?

Table 7 Questions for the characteristic item 2 in L2 of warehouse management

Question Option
Q1% What fields do the warehouse management (1) Covering the finished and semifinished product warehouse
system (WMS) cover? (2) Covering the accessory and consumable warehouse

(3) Covering the raw material warehouse
(4) Covering the spare parts and supply warehouse
Q2°: What the degree of automation of warehouse operations, (1) 100%; (2) 60%; (3) 30%:; (4) 0%
that is, the proportion of warehouse operations, can be

completed by automated equipment?

* Multi-choice question; ® one-choice question

Readiness evaluation Readiness index An interview for the Experts modify the i e
Visualization report

via questionnaire calculation company by experts readiness index

Fig. 3 Five-step procedure to assess intelligent manufacturing readiness
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interview to check a more detailed and realistic situa-
tion. Then, the experts modified the readiness index
of the characteristic items based on their related
experience and the interview results. Finally, a visual-
ization report that contains a line chart, radar chart,
and histogram is created to help the company realize
its current state and ascending direction in a more
intuitive way.

The readiness index of the characteristic item is
calculated by the following equation:

SIS
— i=1"9¢
R, =

Ny

; &)

where S, represents the score of question i, i, represents
the number of questions in characteristic item ¢, and R,
represents the readiness index of characteristic item c.
The readiness index of the domain in level / (/=
1,2, -+, 5) is calculated by the following equation:

"l‘ Rci
R, = 21:1 ! (2)

where n, represents the number of characteristic items
in domain d, level /, and R,, represents the readi-
ness index of domain d in level /.

The readiness index of the species in level / (I=
1,2, -+, 5) is calculated by the following equation:

R, = ,-d: R &anis (3)

where ny represents the number of domains in spe-
cies s, g,, represents the weighting factor of domain
d in level /, and R, represents the readiness index of
species s in level /.

The readiness index of the race in level / (/=
1,2, ---,5) is calculated by the following equation:

n

Rr,l = ,-s= le,l,i'gs,l,ﬂ (4)

where n_ represents the number of species in race 7,
g,, represents the weighting factor of species s in level
[, and R, represents the readiness index of race r in
level I.

The readiness index of the overall company in
level [ (=1, 2, ---, 5) is calculated by the following
equation:

Ro,l = Z?: er,l,i'gr,l,iv (5)

where g, represents the weighting factor of race 7 in
level /, and R, represents the readiness index of the
overall company in level /.

The weighting factor g is diverse in different eval-
uated aspects (domains, species, and races) of each
readiness level. The setting criteria of g consider
both requirements of different readiness levels and
the importance of evaluated aspects in the process
industry. After calculating the readiness indexes of
domain, species, race, and the overall company in
level /, their corresponding final readiness index is
obtained by the following equation:

R,=(I'"- 1)+ R, (6)
where x represents the domain, species, race, or over-
all company, and /' represents the first level number
which is less than 0.8 from level 1 to level 5.

It seems a little difficult to understand the mean-
ing of /', and thereby an example to calculate the
readiness index of the overall company is displayed
as follows. Table 8 shows the overall company index
from level 1 to level 5. Obviously, in level 3, R ; is
the first one which is less than 0.8, so /" equals 3.
Therefore, R=(/'-1)+R, ,=(3-1)+0.60=2.60.

Table 8 The readiness index of the overall company in
levels 1-5

Level Readiness index Level Readiness index
L1 R, ,=0.90 L4 R, =045
L2 R,,=0.86 L5 R,=0
L3 R,;=0.60 R.=2.60

4 Case and discussion

The PIMRI is designed to provide information
not only for a company but also for the government,
solution vendors, or some third-party consulting com-
panies. In other words, the PIMRI is not merely a
tool to help companies evaluate their intelligent man-
ufacturing readiness by themselves. Actually, we con-
sider that it could also help the government investi-
gate the current development situation of the pro-
cess industry and thereby formulate the related policy
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document, help the solution vendors develop and pro-
vide the corresponding solutions, and help the third-
party consulting company issue the diagnosis report.
To the best of our knowledge, the functions of the
PIMRI can be divided into three aspects: process
industry, a particular industry, and company evaluation.
Next, an example is shown in the following to explain
the specific applications in these three aspects.

4.1 Process industry overall evaluation

To show how the developed model could be
applied in process-industry intelligent manufacturing
readiness evaluation, a total of 196 Chinese process-
industry companies have been selected and evaluated
using this new approach. Based on the answers to the
questionnaire and expert modification, the R, values
of these 196 Chinese process-industry companies are
calculated, and their level distributions are displayed
in Fig. 4. Apparently, more than half of the investigated
companies are located at the planning level, while
71 companies belong to the canonical level. However,
only four companies reach the optimizing level. These
results indicate that there are quite large quantities of
companies that are placed in the early stage of intelli-
gent manufacturing.

)]

. Leading level
x R,=4.8

5 No=
_-g 4 Optimizing level A 2
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© N=10
g 3 Integrateg,level . e P
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> S . o 0 °, % (595 5 Ne=71
S 2| canonical level P

§ |G5m s --o- B pn.
8 0., 2 ‘\'-"\0 "0 ...o?.f:g. 0 Np=111
s 1 Plannlng B

o R,=0.8
(o]
0 Initial level . i .
0 50 100 150 200
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Fig. 4 Level distribution of the 196 Chinese process-
industry companies

It is known that the process industry also includes
many different types of industries. In this investiga-
tion, the 196 enterprises are divided into nine indus-
tries: metallurgical industry, building material industry,
petrochemical industry, pharmaceutical industry, paper-
making industry, salt chemical industry, fine chemical

industry, coal chemical industry, and other indus-
tries. The exact distribution of each industry is shown
in Fig. 5. Although they all belong to the process in-
dustry, their production equipment, process, key op-
eration parameters, or other fields are sometimes far
from each other. The reason for further subdivision is
to let the evaluated company clearly understand the
development situation of the same industry and find
a leading company that is more similar to it as a ref-
erence. The experience of this leading company might
be more helpful for this evaluated company as well
as finding a more feasible way to carry out transfor-
mation and upgrading.

Fig. 6 exhibits the readiness index distribution
of these nine specific industries. It is obvious that the
metallurgical industry, building material industry, and
petrochemical industry have better development com-
pared with the other six industries. In detail, their
best-level companies have reached the optimizing
level, and the top 25% of companies are located at
the integrated level and canonical level. There is no

Fine chemical industry
Petrochemical industry
Coal chemical industry
Salt chemical industry
Pharmaceutical industry
Building material industry
Metallurgical industry
Papermaking industry
Other industries

o Initial level
& Planning level
= Canonical level
m Integrated level
8 Optimizing level
B Leading level

0 5 10 15 20 25 30 35 40 45 50

Enterprise serial number

Fig. 5 Industry distribution of the 196 Chinese process-
industry companies

(6]
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—— Primary Ievel

50%-75%
Medium level

wm 25%—-50%
+— Best level

= 0%—25%
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Overall compmany
readiness index R,
- N
3
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Fig. 6 Readiness index distribution of the 196 Chinese
process-industry companies in nine specific industries
(References to color refer to the online version of this figure)
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doubt that these companies could play an exemplary
role for others in their own industries. On the other
hand, the gap between the best-level company and
the primary-level company is large in these three
industries. In the pharmaceutical industry, although the
best-level company just reaches the integrated level,
the readiness index is very close among the top 25%
companies, indicating that the exemplary companies
of the pharmaceutical industry equip the comparative
balanced development situation. Particularly, it can
be seen that the overall intelligent manufacturing
readiness of the papermaking industry is relatively
poor, but the tail companies achieve the best perfor-
mance in the nine industries instead. There are three
solid lines in Fig. 6, which represent the best, me-
dium, and primary levels of each industry. The best
level is the bellwether in their own industry, and the
strategies for intelligent manufacturing transforma-
tion are to learn from the advanced theories and
pay attention to the application practice of advanced
technologies. Regarding the medium level, which repre-
sents the general development level of the industry,
replicating the experience of the best level is the key
point for the next construction. Finally, although the
primary level is the lowest current situation of the
industry, its development strategies are the easiest
to make. Because many successful cases have been
applied in other companies that belong to their indus-
try, the primary-level companies could rapidly copy
them with quick results.

In short, it can be seen that much information
could be mined when using the PIMRI to evaluate the
process industry, which could be beneficial for gov-
ernment and industry research companies in particular.
However, to be honest, the sample size in this investi-
gation is relatively small compared with the total number
of process-industry companies in China or even in
the world. Nonetheless, the above analysis of the 196
companies could provide an example to show how to
use the PIMRI when conducting the process industry
overall evaluation. In addition, the sample base will
continue to be expanded, so that the analysis results
would be more valuable.

4.2 A particular industry evaluation

The fine chemical industry is selected as an ex-
ample to show how to use the PIMRI in a particular

industry. The total number of fine chemical compa-
nies in this sample is 44, and their level distribution
is shown in Fig. 7. The results show that 35 compa-
nies are located at the planning level, whereas only
one company reaches the integrated level. Because
most of the investigated companies are SMEs that
are the sidelines of intelligent manufacturing, their
overall readiness indexes are relatively poor.

()]

' Leading level
5 [R=48
- No=0
£ 4 1 Optimizing level
® [R=38
2 N=1
k 3 1 Integrated level R
$ [rRe2e 5 o
> 0l . Ng=
S 2 {Canonical level
g =1 . 5 v
L) . .

1o} ® . oo . . ®e OO O LI N-=35
© 1 {Pidnning fevei®® * ° °° ° VO i
T [R=08
2 |initial level
o0

0 10 20 30 40 50

Enterprise serial number

Fig. 7 Level distribution of the 44 companies in the fine
chemical industry

The readiness indexes of race, species, and domain
of these fine chemical companies are displayed in
Fig. 8. For details, the four races perform comparably
balanced so that neither one of the race is particularly
prominent or laggard. As for the nine species in Fig. 8b,
the R ’s of the technology management, organization
management, and enable platform have better develop-
ment among the top 25% companies compared with
those of other species. Evaluating a particular industry
readiness could not only determine the developing status
of this industry but also build an industry database to
help a company realize its position in the whole industry.

4.3 Company evaluation

To show how a company uses the PIMRI to ana-
lyze intelligent manufacturing capabilities by self-
diagnosis, another fine chemical company out of the
196 evaluated companies was selected. The diagnosis
results are displayed in Fig. 9. The overall company
readiness index is 1.40, which belongs to the planning
level. This indicates that the company has already for-
mulated the regulations for the core business. Estab-
lishing the information system to realize data sharing
in a single business is the transformation goal in the
next step. For the nine species in Fig. 9b, infrastructure
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Fig. 8 Readiness index distribution of the 44 companies in the fine chemical industry: (a) race index R ; (b) species index

R ; (c) domain index R,

has a good foundation that nearly reaches the canonical
level. In contrast, technology management and produc-
tion management should be enhanced because these
two species have fallen behind and become limiting
factors when considering the construction of the upper
level. Moreover, the target company has not yet begun
to build an industrial Internet platform, leading to
another obstacle for business integration.

To further reveal the target company’s intelli-
gent manufacturing readiness in the process industry
and the fine chemical industry, the work of comparison
is carried out with the results shown in Fig. 10. The
readiness index of the target company is located in
the range of 50%—75% of 196 process-industry com-
panies and 25%-50% of 44 fine chemical industry
companies. Usually, the position in the same industry
sample is more meaningful for reference than that in

the whole process industry. Thus, the readiness in-
dexes’ positions of the four races and 25 domains of
the target company in the fine chemical industry are
illustrated in Figs. 10c and 10d, respectively. Addi-
tionally, the basic strategies for four ranges under the
position of the evaluated aspect are designed: (1) 0%—
25%, these aspects possess the industry leading level,
and emphasis is put on the focus on the concrete issue
in the business operation; (2) 25%—50%, these aspects
have good foundation for intelligent manufacturing
transformation (one critical capability that needs to be
improved is to learn from the advanced experience of
the same industry and rapidly guide their own activi-
ties); (3) 50%—75%, there is a certain gap between
these aspects and the general level (however, they
have a basic foundation of development and “second-
mover” advantages); (4) 75%—-100%, these aspects
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have huge room for improvement, and the main con-
struction goal is to improve the basic foundation and
rapidly copy the successful practices in ranges of
(1) and (2). Importantly, as discussed before, a large
amount of sample data is the basis of this analysis.

5 Conclusions

This work proposes a novel model that focuses
on the process industry to measure the intelligent
manufacturing readiness for companies. The PIMRI
defines the detailed requirements of six readiness
levels according to the maturity model of intelligent
manufacturing capability (GB/T 39116-2020). The
structure of PIMRI comprises three layers, in which
the process, technology, organization, and intelligence
are placed on the first layer, and they are the four
major dimensions for evaluation. Nine species and
25 domains are further divided based on the top four
dimensions. In addition, 249 characteristic items are
formulated for each domain related to different readi-
ness levels. Meanwhile, we designed an easy-to-use
questionnaire to help industrial companies carry out
self-diagnosis. To the best of our knowledge, the PIMRI
is the first model that has been created specifically
for the process industry, and it is the first model that
includes intelligence as an independent dimension
for intelligent manufacturing readiness evaluation.
The intelligence dimension concentrates on the data
governance and Internet platform, which are the es-
sential components in the intelligent manufacturing
transformation.

A real-world case for 196 process-industry com-
panies is displayed to explain how to use the PIMRI,
thereby verifying the usability of this newly proposed
model. The PIMRI could not only give guidelines
for the target company but also provide industry
information or a tool to evaluate the readiness degree
of intelligent manufacturing for the government, solu-
tion vendors, or some third-party consulting companies.
The model could help industrial companies conduct
intelligent manufacturing transformation considering
both technical feasibility and economic feasibility. After
self-diagnosis, the target company could choose the
most suitable best practices as the reference in upper-
level companies according to its current situation.

However, the PIMRI also has some limitations.
First, this model could only find the short slabs in
the industrial companies without giving the method
to deal with them. Collecting successful cases in prac-
tice and summarizing the ripe experience are the two
ways to illustrate the recommended transformation
roadmap. In addition, some other domains that are
not included in this model would be found due to the
rapidly developing advanced technologies and many
practical applications. These two aspects are also the
key points of our future research and practice. Finally,
we hope that the PIMRI will have a positive effect
on the intelligent manufacturing transformation for
process-industry companies.
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