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ABSTRACT
This paper presents a model for Enterprise Application Integration 
(EAI) in the modern era of data explosion and globalisation. 
Application here refers to software, which is in essence data system, 
and data refers to both information and knowledge (data serves as 
a vehicle for information as well as knowledge). The salient features 
of the model are: (1) separation of business functions from applica
tions and enterprises, (2) three-layer architecture of the model 
(conceptual or semantic level, external or application level, internal 
or realisation level), and (3) integration of structured, semi- 
structured and non-structured data. To our best knowledge, the 
existing model or solution to EAI does not hold all the three 
features. A case study is presented to illustrate how the model 
works. The model can be used by an individual enterprise or 
a group of enterprises that form a network, e.g., a holistic supply 
chain network.
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1. Introduction

Demands on today’s manufacturing can be characterised by (1) rapid response, (2) 
mass customisation, (3) mass personalisation (Baranauskas 2019; Zhao et al. 2017, 
2017), (4) integrated life-cycle support (Adeyemi, Ogbeyemi, and Zhang 2021; Bi et al. 
2020; Zhang, Wang, and Lin 2019; 2011), (5) resilience and sustainability (Bi et al. 
2020; Wang et al. 2020). These demands result in the concept of virtual enterprise 
(VE) organisation along with global manufacturing (Chu et al. 2002; Zhang, Liu, and 
Van Luttervelt 1997). The VE concept means that a company should keep its core 
competences while outsourcing others (Zhang, Liu, and Van Luttervelt 1997). 
Consequently, manufacturing firms have been evolving into several small ones; 
each of them has its own competence but is connected to each other, forming 
network structures of manufacturing-service systems (Wang et al. 2018; Wang et al., 
2014a, 2013). A business arises when one firm discovers an opportunity of a new 
product, a set of ‘small’ firms then form into an alliance to provide their 
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manufacturing facilities to one or more facets of the total product development 
(Zhang, Liu, and Van Luttervelt 1997). The global manufacturing extends the VE such 
that collaborative firms in a VE system can be distributed over different countries and 
regions.

The main advantage of such a global VE system is the agility of manufacturing with 
the VE concept (Zhang, Liu, and Van Luttervelt 1997). However, the main disadvantage 
with the VE concept is its poor reliability, robustness, and resilience (Zhang and 
Luttervelt 2011; Zhang and Lin 2010), as each entity in a network has its own managerial 
power and may take care of more its own interest, and therefore is difficult to form 
a reliable network (Pego-Guerra, Zhang, and Ip 2010; Pego Guerra and Zhang 2001). To 
overcome this shortcoming, some regulations and protocols have been developed 
internationally, which are imposed on a VE network, e.g., the concept of the world 
trade organisation. There are also other constraints on a global VE resulting from the 
differences in culture, religion, ideology, and political system among a group of firms in 
a VE. In other words, a VE toady may need to run yet subjected to an ever-increasing 
number of constraints, which may be called constrained globalisation. In fact, the VE is 
a generic concept behind any global network manufacturing system, including various 
types of supply chain systems (Wang et al. 2018).

With the advancement of digital technology, information technology has been 
widely employed to the life cycle management of VE enterprises (Zhang, Wang, and 
Lin 2019), making the data management as an important tool for the VE manage
ment. In this connection, many software systems (i.e., enterprise applications) are 
developed to facilitate data management. Examples of these software systems are 
Enterprise Resource Planning (ERP) (Katuu 2020; Zach, Munkvold, and Olsen 2014), 
Supply Chain Management (SCM) (Daneshvar Kakhki and Gargeya 2019) and big data 
analytics (Hopkins and Hawking 2018; Rajaraman 2016; Salama, Kader, and 
Abdelwahab 2021). Each of these software systems may have several producers. 
For example, there are at least more than five ERP software systems in the technical 
software business market, and there are about dozens of tools for big data modelling 
(Khanra, Dhir, and Mäntymäki 2020; Guru99, n.d.). The advanced digital technology 
also leads to several situations, namely (1) big data, (2) cloud computing (Chen 2017; 
Lenzerini, Salaria, and Roma 2014; Aceto, Persico, and Pescapé 2020), and (3) deep 
machine learning (Zhang et al. 2018).

On one hand, digital technology has brought benefits to the global VE, but on the 
other hand, it creates some challenges to a VE system. One of the most important 
challenges is the integration of data, which could be structured data, semi-structured 
data, and unstructured data (Zhao, Xie, and Zhang 2002; Liu et al. 2008). In the manu
facturing business world, this integration is also called enterprise application integration 
(EAI) (Liu et al. 2008), where the term ‘application’ in EAI is meant for the information and 
knowledge system or data system (or software system). The features of data exploration 
and constrained globalisation call for a new solution for EAI.

This paper presents a new approach to EAI in the era of data explosion and globalisa
tion, a new model for EAI in this case. The salient features with this model are: (1) 
separation of business functions from enterprises and applications or data systems, (2) 
three-layer architecture of the model (conceptual or semantic level, external or 
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application level, internal or realisation level), and (3) integration of structured, semi- 
structured and unstructured data. To our best knowledge, the existing model or solution 
for EAI does not hold all the three features.

In the remaining part of the paper, Section 2 will present a literature review to justify 
the need of developing a new model for EAI. Section 3 presents the new model. In 
Section 4, a case study is presented to demonstrate how the new model works. 
Section 5 is a conclusion along with a further discussion of the benefits with the new 
model for EAI.

2. Related work

The modern era of data explosion and globalisation has several important features 
on manufacturing as well as service systems and their combination, see the defini
tion of these systems in (Wang et al., 2014a). The first feature is that the data 
representation has a mixture of formats, including structured, semi-structured and 
unstructured ones. A structured data or data represented in a structured format that 
the semantic of data can be understood by computers. The format of data expression 
by humans in their natural way is unstructured with respect to computers, that is, 
computers cannot understand the unstructured data if no ‘translator’ is available. Any 
format between the structured and unstructured data is semi-structured data in 
a format, e.g., XML, HTML,1 etc. The second feature is that the amount of data is 
huge, uncertain,2 and volatile, and data creation rate is high, which refers to the so- 
called big data (Singh 2019; Wigan and Clarke 2013). It is noted that big data usually 
takes an unstructured data format. The third feature is the emerging of the concept 
of cloud computing (Langmead and Nellore 2018; Rajaraman 2014). The fourth 
feature is that not only data of manufacturing and service systems but also data 
of politic and economic policies play a role in decision making with manufacturers or 
service providers. This is the reason that globalisation is today highly constrained.

To integrate unstructured data from manufacturing and service systems, Kassner and 
Mitschang (2015) developed a decision support system architecture that enables data 
integration in real-time. The architecture takes factory factors and human factors into 
consideration and identifies exceptions from unstructured data. The authors also pointed 
out that the integration of structured and unstructured data is more difficult than 
unstructured data alone due to extra pre-processing required. To address this issue, 
Kassner et al. (2015) proposed a product life cycle analytics approach for the holistic 
integration and analysis of unstructured and structured data from multiple data sources 
around the product life cycle. Through their own benchmarking, they claimed that the 
approach is a dichotomy between case-based implementations with more advanced 
analytics and general frameworks with limited or no analytics. As a step forwards data 
correctness, Blum and Schuh (2017) proposed a real-time reference system architecture 
for production order processing. This architecture integrates structured and unstructured 
data and apply countermeasures to improve data quality, for example, to reschedule 
operations. The architecture also contains a visualisation layer to reduce data complexity 
and support the user in the decision process.
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In a complex manufacturing environment, data volume is growing exponentially. 
A conceptual framework of big-data integration was proposed by Tao et al. (2018) for 
smart manufacturing. The authors also pointed out a few implementation limitations that 
include data collection, data transmission bandwidth, and cyber data integration. 
Considering cleaner production, Zhang et al. (2017) developed a big-data-based analytics 
system architecture for product life cycle management. The architecture can be used to 
percept and collect real-time and multi-source big-data, and then process and exchange 
them in real-time between heterogeneous enterprise information systems. Cloud com
puting is often studied together with big data. For example, an integration process was 
proposed by Xiang et al. (2018), which starts from an internal equipment-cell-shop-plant- 
enterprise system to an external cloud. The process considers different product life cycle 
scenarios, from physical centralisation one to logic centralisation one. It uses different 
data integration methods to facilitate the interconnection and interoperability between 
cyberspace and physical space. Wang et al. (2019) developed a fog-computing based big 
data integration approach to achieve high raw data security and low network traffic loads. 
The approach moves the integration task from the cloud to the edge of networks and 
splits the task into several sub-tasks run by multiple data generators.

Although technologies such as big data and cloud computing enable global 
manufacturing and distributed manufacturing sites, system efficiency can be affected 
by policies and regulations. Ferracane et al. (2020) provided a robust and significant 
explanation of how the costs of data regulation affect downstream industries in an 
economy. The paper was claimed to be the first work that attempts to analyse this 
connection econometrically by setting up a proxy index to measure how restrictive 
a data regulation is. The same group of researchers (Ferracane, Kren, and van der 
Marel 2020) also analysed econometrically the extent to which these data regulations 
over time impact the productivity performance of downstream manufacturing and 
service systems. They found that stricter data policies have a negative and significant 
impact on the performance of downstream systems reliant on data. This adverse 
effect is stronger for countries with stronger technology networks, especially for 
service-based systems. These studies help to propose the constrained globalisation 
concept, which is first coined in the present paper.

It may be clear from the above discussion that the current literature has not addressed 
the enterprise integration issue in the new era with the feature of data explosion and 
constrained globalisation. Yet, the issue of the integration of structured and non- 
structured data has been addressed without any connection to the semantics of enter
prises and enterprise applications. To close these knowledge gaps was the motivation of 
the present paper. The next section presents an approach to EAI in this new era.

3. The proposed approach to EAI

The proposed approach to EAI is a new data model, which is coined enterprise semantic 
model (ESM) for the convenience of the following discussions. The ESM is built upon three 
ideas. The first idea is design thinking (Zhang and Wang 2016); that is, a complete 
enterprise is ready for change, and its formation is the result of design – selection of 
partners in particular (Chu et al. 2002). As such, the model needs to capture the business 
function along with the enterprise, which may be called function-structure modelling in 
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the field of product design (Lin and Zhang 2004; Zhang, Lin, and Shihn 2005), but now the 
enterprise being a product. Further, the modelling strategy goes along with three entities: 
(business) function, enterprise, and function-enterprise (Figure 1(a)). Here, the function- 
enterprise relation is a many-to-many relation. It is also worth mentioning that the earliest 
proposal of introducing the design thinking to the VE manufacturing or servicing may be 
referred to (Zhang 1996; Zhang, Liu, and Van Luttervelt 1997; Deng and Zhang 1997). The 
function-structure (function-enterprise in the case here) modelling can be viewed as the 
first level of integration of different enterprise applications or applications for short, at 
which different enterprises along with applications are integrated based on their func
tions. Separating the (business) function and enterprise will allow for ease with changes of 
a VE system, e.g., reconfiguration of a VE system to create functions to replace lost 
functions (i.e., enhancing resilience) (Zhang and Luttervelt 2011; Zhang and Lin 2010; 
Wang et al. 2020).

The second idea is that the application is separately modelled from the enter
prise. As such, the application, enterprise, and function form a ternary relation 
(Figure 1(b)). This ternary relation means that dependency among the three entities 
cannot be replaced by three pair relations (i.e., function-application, function- 
enterprise, and enterprise-application) (Ma et al. 2001; Ma, Zhang, and Mili 2002; 
Ma, Zhang, and Ma 2003). The model based on this idea will allow for ease with 

Function Enterprise 

Function-Enterprise 

has has 

(a) 

Enterprise Application Function 

Enterprise-function-application 

has has 

(b) 

has 

Figure 1. Data modelling of business function (or function), enterprise and enterprise application (or 
application). (a) the model for function and enterprise, (b) the model for function, enterprise, and 
application.

Conceptual layer model 

External layer model 

Internal layer model 

Account 
Finance

Material Fabrication 

Management 

ABC DEF 

Infor VAI 

Figure 2. The three-layer architecture of the enterprise semantic model (ESM). The middle layer is the 
conceptual layer model which captures a particular domain of a VE system; the top layer is the external 
layer concerning specific enterprises (ABC, DEF, etc.); the internal layer refers to the representation of 
applications (Infor, VAI, etc.).
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changes of a VE system, i.e., changes in enterprise applications and/or business 
functions and/or enterprises, to improve its performance as well as its resilience 
(Zhang and Lin 2010).

The third idea is a three-layer architecture of data models for a VE system, that is, 
a conceptual layer, an external layer, and an internal layer (Figure 2), which is inspired 
from the SPARC database architecture (Date 1986). The conceptual layer model for a VE 
system represents basic concepts and their relationships, which is also called a domain 
model or ontology model (Wang et al. 2013). The external layer model represents 
a specific enterprise in a VE system. The internal layer model represents specific (enter
prise) applications along with their data models. To a given VE system, e.g., a holistic 
supply chain network system (Wang et al. 2016; Wang et al. 2018), or one specific member 
system in a VE, the conceptual layer model captures the ontology of the system, which 
mainly contains generic business functions and generic enterprises, along with (enter
prise) applications. The external layer model represents a specific business function, 
enterprise, and application, and it can be viewed as a specialisation and a specific facet 
of the conceptual layer model. The internal layer model represents a specific application 
data model3 (e.g., an application relational data model for structured data, an application 
graph-based data model for semi-structured data). 

Remark 1: In developing a conceptual model for a modern enterprise, a hierarchical 
structure is used for the model. For example, for a steel product enterprise, a conceptual 
model is further divided into three layers, namely enterprise layer (bottom layer), process 
enterprise (middle layer), and steel enterprise (top layer).

Remark 2: There are three types of substances to any manufacturing system, namely (i) 
material, (ii) energy, and (iii) signal or data (Zhang, Wang, and Lin 2019). In the era of data 
explosion and constrained globalisation, location or region or country needs to be 
specified for each of these substances, as constraints may be applied on them in 
a global manufacturing.

Remark 3: To understand data, the computer needs a language, just as the human does. 
Such a language is called data model, e.g., relational data model (Codd 1983), object- 
oriented data model (Kim 1990), etc. Data models consist of key words or concepts and 
rules or grammars imposed on key words. In the following, ‘key words’ and ‘concepts’ are 
interchangeable. For instance, in the relational data model, examples of the key word are 
‘Table’, ‘Primary Key’, etc., and in the object-oriented data model, examples of the word 
are ‘Class’, ‘Attribute’, etc. A rule is applied onto these key words or concepts. An example 
of the rule in the relational data model is: ‘the domain of a primary key in Table A must 
cover the domain of a primary key in Table B.’ In this paper, an object-oriented data model 
is used, and further a particular system called UML (Universal Modelling Language) is used 
for data modelling. In UML, there are two basic rules: ‘has-a’ and ‘is-a’, and their graphical 
representation is shown in (Figure 3(a)). Further, there are two kinds of key words or 
concepts: one that belongs to a data model, e.g., ‘Table’ in the relational model, and the 
other that belongs to application problems, e.g., ‘Enterprise’ in manufacturing systems. 
Applying a particular data model to a particular application produces an application data 
model. For instance, ‘Table: Enterprise’ means that ‘enterprise is defined as the table type 
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of data’, where ‘Table: X’ is a rule or grammar available in a particular application data 
model. Data modelling is in its very nature is to use a data model to represent the 
meaning of real-world objects (Zhang and Werff Van Der 1993b; Zhang 1994).

Remark 4: In the computer language, there are three basic tools for the semantics of data 
in the human world, namely type, class, and instance. A type defines the structure of 
many different classes that but share the same structure, and a class has many different 
instances that but have the same set of attributes. In other words, a type can produce 
many classes and a class can produce many instances (Figure 3(b)). An interesting analogy 
can be made as this: Type corresponds to Domain in mathematics, Class corresponds to 
Variable in mathematics, and Instance corresponds to Value in mathematics. The format 
of data in the human world, expressed with the type-class-instance method, is called 
structured data (Figure 3(d-e)). Clearly, it is not natural for humans to express the meaning 
of data (Figure 3(c)) with this type-class-instance method. Instead, humans prefer to 
express the meaning of data with words and grammars on words in a particular language 
along with its grammar. The data management system for unstructured data is a set of 
algorithms or methods for extracting information and knowledge from unstructured data 
(Zhao et al. 2018) and further for representing them into structured data.

Remark 5: Due to the presence of big data, to each piece of data, one needs to specify its 
storage (cloud, local device) and format (structured based on a particular data model, 
semi-structured based on a particular data model, e.g., XML, and unstructured data 
managed with a particular data processor or analytics). It is noted that a cloud has 
a location according to Remark 2 and the location of data is important in the era of the 
constrained globalisation (as discussed before).

4. Case study

In this paper we take a company called ABC as an example to illustrate the above 
methodology and concept. It is noted that under the concept of VE, the proposed 
approach (or ESM) to enterprise application integration is applicable to both a single 

` 

A 

B 

C 

D 

A has B; C is a kind of D 

Type 

Class 

Instance 

Human natural 
expression 
(Unstructured data 
format): 

Chris salary is 5K, 
John salary is 8K, 
Smith salary is 9K, etc. 

Their jobs are different, 
and this is the reason 
for different salaries

Type A 
   Name: STRING 
   Salary: REAL 
End 

Class C: A 

Instantiation: 
{Chris, 5K} 
{John, 8K} 
{Smith, 9K}

)c()b()a( (d) 

(e) 

Figure 3. Several basic concepts of data modelling. (a) definition of ‘has a’ and ‘is a’; (b) mechanism of 
type-class-instance; (c) unstructured data; (d) definition of an application data model; (e) writing or 
instantiation of real-world data with the application data model.

ENTERPRISE INFORMATION SYSTEMS 7



company and a group of companies, because a department of a company say A may be 
replaced by another company say B. In the latter case, the companies work together 
under different managerial frameworks and even different political regimes, societies in 
a global manufacturing era (Zhang 1996; Zhang, Liu, and Van Luttervelt 1997).

4.1 Overview of the case company (ABC)

ABC’s sole line of business is steel making and fabricating, and its core business includes 
tubular products and flat-rolled alloy steels. The main facility of ABC is the electric arc 
furnace. The major raw material used in ABC is ferrous scrap, which is purchased from 
a network of scrap dealers. ABC is one the largest consumers of electricity in the province. 
In addition, ABC consumes up to 46 million imperial gallons of water daily, chiefly as 
a process coolant. The water is constantly re-treated, purified, and then recycled. At the 
time this study was performed, ABC had the following enterprise applications or informa
tion systems: SAPTM ERP and DLGLTM systems for accounting and human resources 
management; SDCTM system for maintenance scheduling; PreactorTM for production 
scheduling; AutoCADTM R12 for engineering; OutboundTM for shipping; KinectricsTM for 
quality management; and SimensTM and UniversalTM for process control.

4.2 Overview of the ESM for ABC

The enterprise semantic model (ESM) as defined above is applied to ABC. Figure 4 is the 
ESM for the production process of ABC. The information surrounding each process is sent 
to various departments in the order from charging, melting, casting, transportation, and 
finishing (Figure 4). Figure 5 presents the ESM for the manufacturing equipment. It is 
noted that the models of Figure 4 and Figure 5 correspond to the external layer model of 
Figure 2.

Figure 4. ESM for manufacturing.
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In Figure 6, the ESM for the organisation structure of ABC is presented, which 
depicts that the corporate executive officer controls the plant manager, who in turn 
controls the direct production manager and support manager, and these managers 
control their respective department workers. The ESM of a particular supplier’s 
information, the quality information of raw materials is modelled in Figure 7. It is 
noted that various types of quality information are to be considered when buying 
raw materials from supplier, which include the property of raw materials and 

Plant Manager 

Corporate Executive Officer 

control 

control

Department Worker 

control

Support Manager Direct Production Manager 

Figure 6. ESM for the organisation structure.

Raw Materials supplier 

Has 

Raw Materials Quality Information

Raw Materials Property 
Information 

Raw Materials Ingredient 
Information

Storage 

Format 

Storage 

Format 

Figure 7. ESM for supplier’s information. The storage and format are referred to remark 4 in Section 2 
before. The parallelogram diagram refers to the information that is either semi-structured data or 
unstructured data.

Container Furnace Processing Equipment Material Handling Equipment 

Manufacturing Equipment 

Figure 5. ESM for manufacturing equipment.
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ingredient of raw materials. Finally, the ESM for the functional view of information 
systems of ABC is modelled in Figure 8. It is noted that the models of Figure 6 to 
Figure 8 correspond to the conceptual layer model of Figure 2.

It is noted that there is no model for the enterprise-function relationship (see 
Figure 1), because this case study only concerns one firm in a VE rather than a VE. 
In the following, the model for (enterprise) applications is presented.4 An enterprise 
application has cost, e.g., the cost for initial installation and the cost for operation 
and maintenance, the ESM of which is shown in Figure 9. Figure 10 is the ESM for 
the software interface of enterprise information systems, such as graphical user 
interface and non-graphical user interface. The models of Figure 9 to Figure 10 
correspond to the conceptual layer model of Figure 2. The ESM for the enterprise 
information system or enterprise application is directed to Supplemental Material of 
the paper.

ENGINEERING SYSTEM

PROCESS CONTROL SYSTEM 

EXECUTION SYSTEM 

CORPORATE SYSTEM 

MANAGEMENT SYSTEM 

Figure 8. ESM for applications or information systems- functional view.

has 
Cost Information System 

Maintenance Cost Operation Cost Initial Cost 

Figure 9. ESM for the information systems – cost.
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4.3 Instantiation of the enterprise semantic model for ABC

The ESM for both the functions and information systems of ABC is developed by 
instantiating the ESM developed in Section 4.2. In this section, the ESM for the 
functional aspects of ABC, such as the manufacturing business process, equipment 
resources, organisation structure and supplier information, is modelled. First, the 
ESM for the manufacturing business process of ABC is modelled in Figure 11 by 
instantiating the ESM of Figure 4. The charging includes the bucket makeup and 
furnace charging. The melting includes melting in the electric arc furnace, refining, 
tapping into ladle, adding alloy and de-sulphurizing agents, and slag removal. The 
casting includes casting in the continuous slab caster and the transportation includes 
the slab transportation by over-head crane. The finishing includes re-heating, rolling 
in 2-hi slabbing mill, shearing in shearing mill, finishing in 4-hi rolling mill, and 
cooling in cooling bed. The class ‘sending information’ in Figure 4 is instantiated 
by the information including information to engineering, HRD, R&D, finance, and 
maintenance departments. By modelling all the activities shown in Figure 11 as 
classes, and then they are instantiated, based on the concept of ‘instance-as-type’ 
(Li, Zhang, and Tso 2000). For example, ‘slag removal’, which is an instance in 
Figure 11, can be viewed as a class, and ‘exact slag removal’ is an instance of the 
class ‘slag removal.

Second, the ESM for the manufacturing equipment of ABC is modelled in Figure 12 by 
instantiating the ESM of Figure 5. Container includes ladle and bucket; furnace includes 
electric arc furnace, walking beam furnace, slab re-heat furnace, and ladle metallurgy 
furnace; processing equipment includes rolling mill, shearing mill, leveller, continuous 
slab caster, cooling bed, up-coiler, slabbing mill, and finishing mill; and the material 
handling system includes transfer cars and over- head cranes. The classes shown in 
Figure 12 can be further instantiated. For example, the class electric arc furnace can be 
instantiated to an object, FuchsTM, the exact electric arc type of furnace used in ABC.

Third, the ESM for the organisation structure of ABC is modelled in Figure 13 by 
instantiating the ESM of Figure 6. Direct production manager has the managers for 
purchasing, design, sales, manufacturing, inventory, and workflow; support manager 
has managers for finance, HRD, CRM, R&D, information systems, maintenance, quality 
control, safety control, shareholder relations, and environmental affairs; and department 
worker includes department supervisors and department laymen. The ‘sales manager’ in 
Figure 13 can be a class on its own sake with the attributes like ‘name’ of the sales 
manager.

Information System Software Interface 

Non-Graphical User Interface Graphical User Interface 

has 

Figure 10. ESM for the information systems – software interface.
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Figure 11. ESM for the ABC’s business process- manufacturing.
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Fourth, the ESM for the supplier information of ABC is modelled in Figure 14 by 
instantiating the ESM of Figure 7. Raw materials property information includes heat 
property, specific gravity, reactivity, and solubility information; and raw materials ingre
dient information includes mineralogical, chemical content, and hazardous ingredients 
information. The specific gravity information can be further instantiated to the instance 
‘exact specific gravity’ of the raw material used in ABC.

4.4 The ESM for the ABC’s information system

The ESM for the information system of ABC represents the functional view, cost, software 
interface, hardware interface, operating system, database management system, and 
producer’s information of an application. The ESM for the functional view of ABC informa
tion systems is shown in Figure 15 by instantiating the ESM of Figure 8. The corporate 
system includes the finance and accounting systems and human resource systems. 
The engineering system includes CAD systems. The management system includes the 
order entry and shipping systems. The execution system includes maintenance schedul
ing, production scheduling, raw materials and finished products tracking, and quality 
management systems. The process control system includes supervision, packaging/hand
ling, powerhouse, warehouse, and data acquisition systems also PLCs (Programmable 

Container 

Bucket Ladle 

Crane 

Cars 

Material Handling System 

Cooling 
Bed Slab Caster 

Up-coiler Leveller 

Ladle 

Furnace 

Slab 
Re-heat 
Furnace 

Mill Mill 

Mill 
Rolling 

Mill Beam 
Furnace 

Electric 
Arc 

Furnace 

Processing Equipment Furnace 

Manufacturing Equipment 

Figure 12. ESM for the ABC resource – manufacturing equipment.
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Logic Controllers) and other controllers. The instance ‘CAD’ in the model of Figure 15 can 
be further instantiated to an object ‘AutoCADTM R12ʹ, which is a particular CAD system 
used in the ABC.

The ESM for the cost of ABC information systems is modelled in Figure 16, by 
instantiating the ESM template shown in Figure 9. Initial cost includes process 
control information system, ERP, CRM, logistics, e-commerce, engineering, quality 
management, production scheduling systems and database cost; operation cost 
includes technical support and processing cost; and maintenance cost includes 
perfective cost, corrective cost, and adaptive cost. The instance ‘ERP’ (Enterprise 
Resource Planning) cost can be further instantiated to an object, the exact cost of 
SAPTM, the ERP system used in ABC.

The ESM for the software interface of ABC information systems is modelled in 
Figure 17 by instantiating the ESM of Figure 10. ERP system interface includes 
graphical and non-graphical user interface. Graphical user interface includes user 
interface; and non-graphical interface includes application program interface (API). 
The instance ‘application program interface’ (API) can be further instantiated to an 

Department Supervisors 

control 

control

Support Manager Direct Production Manager 

control

Quality 
Control 
Manager 

Information 
System 
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object, SAPTM Netweaver API, the exact API used by the SAPTM- ERP system in ABC. 
The specific ESM for the enterprise information systems, e.g., hardware interface, etc. 
for the ABC company is directed to the supplemental material.

4.5 Applications of the ESM for ABC

An example will be discussed in the following to illustrate the usefulness of the ESM. 
In a situation where ABC wants to purchase a new CAD (Computer Aided Design) 
system, e.g., SolidWorks. To make this decision, the decision maker needs to know if 
a new CAD system will cause a communication problem with the existing informa
tion systems in ABC. Also, if there is a correlation between the functions performed 
by this new CAD system and the existing system in ABC. Also, if ABC has the required 
resources and organisation structure to operate this new CAD system to its full 
functionality and finally if it is wise to invest on this new CAD system.

It is assumed that the following types of information are available in the ESM of 
ABC: (1) Business processes, (2) Resources, (3) Organization structure, (4) Functional 
view of information systems, (5) Software interface of information systems, (6) 
Operating systems of information systems, and (7) Database management systems 
of information systems. Further, assume that a knowledge system, which is essen
tially a decision-making system (Chunli, Lu, and Zhang 2020, 2021), for EAI is avail
able with ABC.
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From the ESM of ABC, it can be found that SAP ERP, the ERP system used in ABC, 
needs to communicate with the SolidWorks CAD system. It can also be found from 
the ESM of ABC that the SAP ERP system uses SAP NetWeaver Application Program 
Interface (API). Further, suppose it is known that SolidWorks uses Microsoft .NET 
API. As such, to integrate SAP and SolidWorks, the compatibility issue between 
SAP NetWeaver API and Microsoft .Net API will be examined. Suppose it is 
known that SAP NetWeaver API and Microsoft .Net API are found to be compatible 
and hence, SAP and SolidWorks can readily be integrated from the viewpoint 
of API.

Further, from the ESM of ABC it can be found that the SAP ERP system supports 
the Windows 98 operating system (OS) and ORACLE database management system 
(DBMS). Suppose it is known that SolidWorks supports Windows XP OS. To integrate 
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SAP and SolidWorks from the viewpoint of OS, the compatibility issue between 
Windows 98 and Windows XP is reviewed. Suppose Windows 98 and Windows XP 
are found to be compatible, and hence, ORACLE-DBMS, SAP ERP and SolidWorks 
can be readily integrated from the viewpoint of OS.

Finally, from the ESM of ABC, it can be found that $5000 US is available for 
purchasing a new CAD system. Suppose it is known that the cost of SolidWorksTM 
is $6000 US. Hence, there is a conflict in the cost. Also, suppose it is known that 
the price of SolidWorksTM will be reduced to $4500 US in later years. Hence, if the 
ABC purchases SolidWorksTM by that year, there will not be any financial conflict. 
As such, to the ABC information system, SolidWorksTM has no compatibility 
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problems with the existing software in the ABC. In addition, there is a functional 
redundancy with the ABC, namely both AutoCAD R12TM and SolidWorksTM can 
perform the 2D modelling task.

It is worth mentioning that the aforementioned decision-making process can be 
computer-performed or automated with the availability of the ESM model. This is an 
important merit with the ESM as well as the important motivation to develop the ESM for 
the EAI problem in the era of data explosion and constrained globalisation.

5. Conclusion with further discussions

Today, the environment where manufacturing systems stay can be characterised by 
data explosion and globalisation. The characteristics have led to agile and flexible 
manufacturing in the past decades, but they have created some challenges today. 
The first challenge is the difficulty in integration of data, which have three formats 
(structured, semi-structured, and unstructured). Data integration is imperative as 
various companies work together in the today’s manufacturing system. The second 
challenge is to improve the resilience of a global manufacturing system. It is more 
apparent today than ever before that global manufacturing systems are strongly 
affected by social and politic systems, and this had made a global manufacturing 
system more vulnerable. One of the bottle-neck measures to these challenges is to 
develop an effective solution to the problem of enterprise application integration 
(EAI), where enterprise application refers to software (information and knowledge) 
system.

It is well known that an effective idea for the solution to the EAI problem is compre
hensive data modelling, where data includes both information and knowledge (Zhang et 
al. 1994). In this paper, we proposed an approach to enterprise data modelling aimed at 
providing a solution to the EAI problem for today’s manufacturing systems. This approach 
is called Enterprise Semantic Model (ESM) owing to a feature with the approach, i.e., 
focusing on enterprise semantics. The SEM is based on three ideas, namely (in short) 
design thinking, application-enterprise-function ternary relation, and three-layer architec
ture of an enterprise system. A comprehensive case study was conducted to illustrate how 
ESM works. Both theoretical deliberation and case study can conclude that the proposed 
approach provides a general solution to the EAI problem for manufacturing enterprises 
today. In future, we will consider human factors in EAI, as it is often the case that human 
workers are reluctant to use digital tools (Ogbeyemi et al. 2020; Trunzer, Wullenweber, 
and Vogel-Heuser 2020). Another future work is to study information integration for 
service system for emergency management (Yin, Zhang, and Dong 2020). Finally, EAI 
with consideration of privacy and security and resilience (Bouloiz 2020; Lin et al. 2021; Tsai 
and Lasminar 2021) is a worthy future work.

It is worth mentioning that EAI is part of the much broader problem called Enterprise 
Architecture (EA) (Saint-Louis, Morency, and Lapalme 2019; Saint-Louis and Lapalme 
2018). The EA problem concerns business activities to make an enterprise more resilient 
and sustainable by primary means of EAI. As such, the ESM developed in this paper for EAI 
will be applicable to the EA problem as well.
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Notes

1. Such a language has a tag and a content tied to the tag, and the presentation of the content 
is further defined by attributes, e.g., colour of the content. Each content can be further 
associated with an entity which could be an image or word document.

2. Definition of uncertainty refers to the paper (Cai et al. 2017).
3. Details will be discussed later.
4. In the following, applications, enterprise applications, information systems, enterprise infor

mation systems are used interchangeable.
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