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Abstract Traditional product modeling methods mainly aim
at physical products. However, with cloud manufacturing, the
efficient management and utilization of big data under the
support of cloud service platform are a challenge, and estab-
lishing a reasonable data model is the core of product life cycle
data management for generalized products. Aiming at big data
management of generalized product modules, the definition,
description, and classification of general modules are given in
this paper firstly. Then, modular master structure data models
are built, including the composition of the generalized modu-
lar master structure, property description of generalized part
variables, connection objects among the generalized parts, etc.
Thirdly, modular instance structure data models of the gener-
alized product are established, the formation process of the
instance structure model is analyzed, and the structure map-
ping views in different phases of the product life cycle are also
presented. Finally, based on the secondary development of a
product life cycle management (PLM) system, the generalized
product data models and the modular structure models of the
transformer are carried out. The traditional integrated product
models are enriched and improved so the demand of modular
data management of generalized products is satisfied under
the environment of cloud manufacturing.
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1 Introduction

Driven by pressures from globalization, environmental/
resource concerns, advanced technologies, and customized
requirements, transformation and upgrading of manufacturing
enterprises are very urgent [1, 2]. To sustain profits, traditional
manufacturing enterprises should provide products by using
new technologies, such as cloud techniques and cloud
manufacturing, and sell products with value-added services,
provide solution packages of physical products and/or product
services, known as “generalized products” [3—6], rather than
selling pure physical products. In this field, some scholars also
refer to it as product service system (PSS) [7, 8] and integrated
product service system (IPSS) [9].

According to the different proportions of physical products
and services in service solution packages, generalized prod-
ucts can be divided into three types: pure physical products,
integrated service products, and pure service products [3].
Compared with traditional products, generalized products
pay more attention to the role of service profit in product sales.
Therefore, in view of the level of generalized products, pure
physical products are the lowest level products, integrated
service products are in the middle, and pure service products
are in the highest level. Integrated service product is a hot
research topic currently. It obtains additional profits through
the sales of services; pure service product is a future trend in
product solutions/provisions [5].

Cloud manufacturing is a computing and service-oriented
manufacturing model developed from existing advanced
manufacturing models (e.g., ASP, AM, NM, MGrid); enter-
prise information technologies under the support of cloud
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computing, [oT; virtualization and service-oriented technolo-
gies; and advanced computing technologies [10, 11]. Under
the environment of cloud manufacturing, efficient manage-
ment and utilization of big data in product design stage are a
challenge. At the stage of product design, the big data in-
volved can be traced from description of needs to specific
product function description and, finally, detailed design spec-
ifications like drawings of product configurations [12]. The
technologies of modularity would have an advantage in en-
hancing the speed of new PSS design and development [13].
Organizational modularity should be a part of the modularity
of PSS, however, which is unsuitable to be carried out via a
product platform [5]. In order to research the data model of a
generalized modular product platform, we use the concept
“the generalized product” but not the “PSS” because we pay
more attention to modular description and data management
of generalized products.

Modular design is the most important step for generalized
product modularity. With cloud manufacturing, the realization
of modular product design can be carried out based on the
product platform. A product family includes some variant
products, and each product is composed of lots of modules.
If a universal data model for describing and managing mod-
ules stemming from the process of generalized product mod-
ularity is not presented, a huge number of variant products
would be produced and lead to a large amount of product data
redundancy. With lots of modules existing in the modular
design platform, how to manage these modules becomes a
key in the process of modular design.

For the reasons stated above, we need to design and build a
comprehensive modular data structure model for generalized
products, so as to reveal multiple attributions of the modules
and the relationships between modules (including physical
modules and service modules) [14]. Based on the modular
master structure of a generalized product platform, lots of
generalized product instances can be derived via the configu-
ration design. However, the existing product data model only
focuses on design data description and technical state changes
of physical modules, which are difficult to describe. Building
up a universal and reasonable data model for generalized
products as a basis for generalized modular product design
and product life cycle management under big data and cloud
manufacturing is more meaningful.

In this paper, the authors intend to build universal and
reasonable data models for generalized products and modules,
which could meet the management requirement of generalized
modules (including physical and service modules), reveal the
relationship between functional service modules and physical
modules, and give the relationships between different types of
modules, such as fixed correlation, assembly, connection be-
tween “parts” objects, etc. The models proposed in this paper
make the existing integrated product model more comprehen-
sive and universal. This paper is organized with a structure as
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follows: The second section is a research review in related
fields; the third section gives the definition, description, and
classification of generalized modules; the forth section mainly
builds the data model of generalized product modular master
structures; the fifth section puts forward the data model of the
generalized product modular instance structure; the sixth sec-
tion uses a case to verify the key models; and finally, the
summary shows the significance and future work of the de-
scribed modeling methods.

2 Research review

In the field of PSS data management and big data manage-
ment, Sakao proposed a new prototype of service CAD sys-
tem called “Service Explorer” to support conceptual design in
service/product engineering, with the core model representing
critical concepts such as value, costs, functions of either prod-
ucts or service activities, and entities [15]; Li analyzed and
concluded the big data involved in the three main phases
(i.e., beginning, middle, and end of life) of product life cycle
management (PLM) [12]; Tao proposed a computing and
service-oriented manufacturing model under the environment
of cloud manufacturing, and designed and presented a five-
layered framework of manufacturing resource intelligent per-
ception (including product design and manufacturing service
resources) and access system based on IoT via cloud
manufacturing [10, 16, 17]. Under the cloud computing envi-
ronment, Tao put forward a case library and Pareto solution
based on hybrid genetic algorithm (CLPS-GA), and also
solved a multi-objective MGrid resource service composition
and optimal selection problem based on the principles of par-
ticle swarm optimization [18-20]. The researches on resource
management methods provide helpful guides on product and
service design management. For the management of product
design and service data, the key is in building a universal and
reasonable data model.

The data model for physical products proposed in recent
years mainly includes product data models based on product
structure [21, 22], object-oriented product data models
[22-24], and product data models for PLM [25-27].
However, these models have their limitations when describing
physical products as data changes in modular product life
cycle are difficult to describe accurately and comprehensively
[28]. Targeting the above limitation for data models, German
scholar Josef Schoettner proposed an integrated product mod-
el theory based on the product structure which is oriented to
document description and organization, and object-oriented,
and oriented to PLM, a perfect expression of information on
physical product life cycle can be achieved [28-30]. The in-
tegrated product model theory originally proposed by
Schoettner [29], and later enriched and perfected by
Schoettner and QI, had been a classic product data model in
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the field of PLM [30-32]. In addition, some scholars such as
Yu [33], Gu [34], Li [35], Yun [28], et al., have also improved
on the model. Furthermore, in recent years, the application
development of a PLM system (such as OpenEDM) conduct-
ed by the Germany Intellivate company is based on the inte-
grated product model theory.

However, the existing integrated product model was de-
signed solely for physical product life cycle. When consider-
ing integrated modular design containing both physical and
service module design, the limited compatibility and scalabil-
ity of traditional physical product data models would pose a
challenge, and it would be difficult to manage a large number
of service modules and their complex relations with physical
modules effectively. Although Hu has proposed a product
structure model based on service maintenance data of product
life cycle [36], it was only in view of product repair and main-
tenance services instead of managing service modules in the
design phase. We need to analyze whether traditional physical
product models (such as integrated product model theory)
could meet module data management requirements of gener-
alized product and, if not, how the traditional model could be
improved, and proposing some new models becomes a diffi-
cult problem for generalized product modular management, so
it needs to be solved urgently.

3 The definition, description, and classification
of generalized modules

3.1 The definition of generalized modules
(1) The physical module

Various scholars have attempted in defining the physical
product module [37, 38], but there is still not a unified stan-
dard definition. The mainstream definition of the physical
module was given by Masahi ko Aoki, who defined the mod-
ule as a half self-disciplining subsystem with certain indepen-
dent functions which can be interconnected with other half
self-subsystems according to certain rules, and forms a more
complex system. It is also an entity, independent functions and
structures, with fixed interfaces between modules [39].

(2) The service module

Definition 1: Service module. The service module is an
abstract object of tangible or intangible services with an
independent function; it performs service functions
through interactions between physical modules and ser-
vice processes. For the implementation of service mod-
ules, manufacturers often provide for customers in the
form of a service module package. The service module
package is an aggregate of modules with similar properties
and can be combined into a solution. The service module
can be divided into functional modules and non-functional
service modules based on the degree of coupling between
the service module and the physical module [4, 40].
Definition 2: Functional service module. The functional
service module is the result of modularity of functional
service; it has close relationships with particular physical
modules and is carried out with the support of related
physical modules. For example, if the remote monitoring
service is needed, an appropriate physical module needs
to be added to the product to implement the monitoring
service function, so the remote monitoring service is the
functional service module in this case.

Definition 3: Non-functional service module. The non-
functional service module is the result of modularity of
non-functional service; it has no direct or strict relation-
ships with physical products and can be carried out with-
out depending on specific physical modules. Some mod-
ules such as installation services, transportation services,
and financial services are non-functional service modules.
Definition 4: Generalized module. The generalized mod-
ule can perform specific functions via independent phys-
ical structures or service processes; it includes physical
modules and service modules. The similarities and differ-
ences between physical modules and service modules are
shown in Table 1.

3.2 The attribute description of generalized modules

Generalized modules consisting of physical and service mod-
ules need to be analyzed separately in its attributes. A physical

Table 1  The comparison between physical modules and service modules
Types Sub-types Existence form  Stability Composition
Physical module  Physical module Tangible Has good structure stability Composed of the common module
and special module
Service module Functional service module Tangible Can be added or cancelled according It needs the support of particular
to user requirements quickly physical modules
Non-functional service module  Intangible Can be added or cancelled according ~ Composed by the common

to user requirements quickly module and special module
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module can be described by three attributes: feature size, ma-
terial, and interface (reveals the assembly relations, see
Fig. 1a). Feature size determines the specific shape of the
physical module, material determines the material quality of
the physical module, and interface defines the interactions
among modules. For service modules, Xu proposed a project
object could be described by four attributes: activities, execu-
tors, resources, and time. These attributes can be used to de-
scribe the implementation of a service object consisting of
four units: activities, executors, resources, and time (see
Fig. 1b) [41]. It is noteworthy that functional service modules
can be carried out by physical modules so the attributes of the
functional service modules not only requires the activities,
executors, resources, and time, but also needs to describe the
matching relations with physical modules.

In conclusion, the description of the generalized module
attributes is a union set of the physical module attributes and
the service module attributes (see Fig. 1c). It inherits the fea-
tures of the physical module and the service module respec-
tively, so the generalized module can be fully expressed
through properties, such as activities, executors, resources,
feature size, materials, interface, time, etc.

3.3 Different types of generalized modules

Physical module and service module are referred together as
generalized module. The generalized module can be divided
into common modules, mandatory modules, and optional
modules according to user permissions in module selection
and configuration.

Common module Common modules are those which need
not be selected or customized according to different require-
ments but are necessary and default modules to ensure normal
operation and use for a specific PSS. For example, the iron

core and coils of a power transformer are designed by a man-
ufacturer according to its optimal design, not customized by
customer product warranty service (each module generally
has a specific warranty period) or spare parts service. These
modules are all basic configuration; we call them the basic
modules.

Mandatory module Mandatory modules are those that must
be selected by customers, but their instances should be cus-
tomized according to different customer requirements. They
are necessary, but not default, modules for ensuring normal
operation and use of the generalized product. For example,
seats in a car are mandatory modules, but their materials
(leather or cloth) can be chosen by customers.

Optional module Optional modules are those that can be
selected according to customer’ personalized needs and are
additional products or service modules for a generalized prod-
uct. For example, a GPS navigation system is an optional
module for a car.

Moreover, the common modules and mandatory modules
are called the necessary modules, which must be configured in
the generalized product. The optional modules are called the
possible modules, and whether the optional modules are con-
figured depends only on a customer’s specific needs.

4 Modeling of generalized product modular master
structures

4.1 Modular master structures for generalized products

The modular master structure data model is the most impor-
tant model for generalized products. After analysis and

Fig. 1 The attribute description The
of the generalized module physical Attributes
module The
1 Feature size generalized Attributes
module
2 Material
atera 1 Activities
3 Interface (express the
assembly relations) 2 Executors
a attributes of the physical module 3 Resources
The .
service Attributes 4 Lk
oA 5 Feature size
1 Activities
6 Material
2 Executors 7 Interface (express the
3 Resources assembly relations)
4 Time c attributes of the generalized module

b attributes of the physical module
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research, we find that the integrated product meta-model pro-
posed by Prof. Josef Schoettner can still be used to describe
service modules but needs to be improved [23, 26]. As shown
in Fig. 2, the integrated product meta-model has four types of
master records, which are PaMR (parts master record), DoMR
(document master record), DrMR (draft master record), and
MMR (model master record) [24—26]. The master records can
describe a “parts” perfectly, including not only the physical
modules but also the service modules.

PaMR PaMR includes components, parts, semi-finished
products, raw materials, supplies, packaging materials, docu-
ments, and services [24]. Compared with the PaMR of tradi-
tional physical products, the PaMR of generalized products
needs to increase service objects and its property descriptions.

DoMR DoMR describes document properties which relate to
components and parts, such as documents of product and ser-
vice orders, requirement specification, NC (numerical control)
codes, and other business processes [32, 35].

DrMR DrMR describes the meta-data of engineering drawing
and the properties of two-dimensional engineering drawings
which relate to components and parts [32, 35].

MMR MMR shows the meta-data of three-dimensional
models and describes properties of the three-dimensional
model which relate to components and parts [32].

Physical modules are usually described by DoMR, DrMR,
and MMR, while service modules are rarely described by
drawings and are usually described by documents.
Therefore, service modules are usually only described by
DoMR.

4.2 Analysis of relationships among generalized product
modules

(1) The relationship among physical modules

There are two types of relationships between physical mod-
ules in the modular master data structure of generalized prod-
ucts: assembly relationship and matching relationship.

The assembly relationship (close coupling properties
among physical modules and very strict assembly rela-
tionship between modules): The combinations of struc-
tural relation, position relation, assembly dimensions, and
assembly size between modules are realized through
module interfaces; a complex modular tree structure
forms after the assembly of physical modules. As shown
in Fig. 4, the “and” relationship is the assembly relation-
ship between physical modules.

The matching relationship: The modular master data
structure of generalized products is a configurable struc-
ture, through which personalized products can be config-
ured according to a customer’s requirements. Mandatory
modules and optional modules can be selected by

Fig. 2 The integrated product meta-model of generalized product [31, 32]

PaMR PaMR: Parts master record(Includes service
| modules)
PaMR DoMR: Document master record
DrMR: Drawing master record
MMR: Model master record
has
belongs to _J Folder L:]
has/ belongs to
has Document
- Bl | pomr Document
belongs to data objects belongs to
belongs to
has/ belongs to has ; has
i 00| DMR .
=] belongs to objects belongs to
belongs to
has/ belongs to has has
has = &y MMR. Model data
i belongs to objects -
belongs to l belongs to
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customers from similar module libraries according to
their preferences and needs. For the similar modules, they
generally have uniform interface sizes, but the size or
functions of the modules are usually different; a customer
can only select one module from the same type of module
library. The relationships between these modules are
matching relationships that are usually expressed through
decision tables and configuration rules. As shown in
Fig. 4, the “select relation” is a matching relationship
between physical modules.

(2) The relationship among service modules

There are two types of relationships between service mod-
ules in the modular master data structure of generalized prod-
ucts: inclusion relation and matching relationship.

The inclusion relationship: There are no close relation-
ships such as location and size relations between service
modules. The inclusion relations between service mod-
ules are generally realized through classification, and the
superior-subordinate inclusion relationships between
modules are usually established through selection rules.

The matching relationship: In a matching relationship of
physical modules, the generalized product modular mas-
ter structure is a configurable master structure and users
select a module to meet demand among functionally
identical modules. The relation among these service

modules with identical functions is a matching relation-
ship which is generally expressed through the decision
rule table.

(3) The relationship among service modules and physical
modules

For non-functional service modules, there are no direct
coupling relationships with physical modules, but their reali-
zation requires the support of related physical modules.
Therefore, there is a N:1 (NV>1) relationship between physical
module and functional service module. As shown in Fig. 3,
the functional service is described to meet users’ service needs
in the modular master data structure of generalized products
(this figure omits the configuration rules). Meanwhile, the part
of a physical product in the master data structure should be
configured with a related physical module to support the real-
ization of a service module. The relationship between a func-
tional service module and a physical module are described
through the properties shown by symbols in Fig. 4.

4.3 The composition of the modular master data structure
of generalized products

According to different object types, the composition of the
generalized product modular master structure can be divided
into three categories: (1) the physical module and its business
objects; (2) the service module and its business objects; and

’Phyca] module
(s11) \Physical module
- - (M11)
Functional Physical module
service (S1) \( 512) - Physical module
(M12)
NOf-fuRCtiona | " o ™
Service | service module Physical modul
(82) <t |
$2 (s11) i
i
Physical module )/ '
""" includes services assist N ( 312)_/ -
physical modu, :
- |
1
; 1
M‘hl" Funetional | _ _ __ _ _________ 1
L Ll service (S1)
Physical module Notn-functionat
(M12) P service
lmodule (2] |
Physical [Physical module
product (M2) >

------ The generalized main structure merges the main structures of service and physical product

Fig. 3 The relationship between the functional service module and physical module
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Fig. 4 The modular master data structure of generalized products

(3) the connection objects among generalized “parts™ (it in-
cludes configuration rules and fixed connection, which re-
spectively reflect in configuration rules (@), decision-
making tables ([D]), and link relationships (€), as shown in
Fig. 4). The connection object describing the relationship be-
tween two objects includes the relationship between the two
business objects, between the business object and data objects,
and between the two data objects [28, 32].

As previously mentioned, according to different per-
missions for users in module selection, the generalized
module can be divided into the common module, man-
datory module, and optional module. The modular mas-
ter data structure of generalized products is composed
of generalized modules and the relationships between
modules.

The modular master data structure of generalized
products is a complex hierarchy tree, and the core of
the master data structure is the generalized module.
Along the hierarchy tree, following the parent node,
are child nodes, as shown in Fig. 4. In the tree struc-
ture, nodes represent different levels and granularity of
the business object and its connection objects; node
types can be divided into the physical module business
object, the service module business object, and the con-
nection object between modules. Among the same-level
module nodes, connection and select relations between
modules can be established through connection objects such
as decision-making table and connection relationship; among
the different-level module nodes, fixed relations between
physical modules and service modules can be established
through the connection relationship. In Fig. 4, common mod-
ules, mandatory modules, and optional modules (instance
modules include mandatory modules and optional modules)
can establish a configurable master data structure through
rules and connection relationships.

4.4 Property description of the generalized “parts”

In traditional physical product data modeling, the four types of
master records are PaAMR, DoMR, DrMR, and MMR, which
can describe a product or module perfectly [30-32]. But when
application objects change from a physical product to a gen-
eralized product, research shows the four master records can
still describe a generalized product totally, but addition or
modification of some properties of the master record is need-
ed. When we describe a service module, the properties of
DoMR, DrMR, and MMR can remain the same, but the prop-
erty of PaMR needs to be modified. The PaMR is the master
record of the generalized “parts,” containing components,
parts, semi-finished products, raw materials, supplies, packag-
ing materials, documents, and services. Inheritance and deri-
vation based on “parts” master records are needed when im-
proving the data model (as shown in Fig. 5); sub-“parts” of the
PaMR, such as the physical modules, service modules, sup-
plies, packaging materials, and master record properties of
physical “parts,” are modified and established respectively.
The master record properties of service “parts” are also
established.

In the description of physical module property, not only the
physical attributes (feature size, materials, and interfaces) are
included, but also the special relations with service modules.
Similarly, in the description of service module property, not
only the service attributes (activity, executors, resources, and
time) are included, but the special relations with physical
modules are also reflected (as shown in Fig. 5).

4.5 Correlation objects among generalized “parts”

Correlation objects between “parts” in the modular master
data structure of generalized products have another connota-
tion; it includes not only assembly relationships and correla-
tion relationships but also the rules between objects in product
configuration design. Differentiating them by category, con-
figuration rules are used to limit the combination of parame-
ters while assembly relationships and object correlation rela-
tionships belong to the fixed correlation between business
objects.

4.5.1 Configuration rules

Configuration relationships among generalized modules
(physical modules and service modules) in the modular master
data structure of generalized products can be established
through constraint rules among modules. As shown in
Fig. 6, there are two types of decision-making tables. The first
is shown in D1 and the second is shown in D2 and D3. In the
first type, the desired module or other types of master records
can be selected according to conditions in the rule table. In the
second type, there are some constraint relationships between
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[Language Source Static/dynamic selection table
Parts| PaMR i ) . -
ype Source Dynamic selection table The description of
Parts NO. Source Number generator . product, components,
Physical e
Revision Source Check Parts Y parts, semi-finished
. module products, raw materials
[Version Source Check-out :
in PaMR
Project NO. Source Dynamic selection table
ame Source Dynamic selection table
L4 PaMR.product, Code Source Input/dynamic selection table B Scrvice The description of
Components , Indexing Source Classification model services in PAMR
parts, semi— Parts type Source Dynamic selection table
f. . h d IGroup Source Dynamic selection table
1niShe Product group Source Static/dynamic selection table |Inherit and
prOdUCt59 raw Standard Source Input/dynamic selection table derivate . The description of
. Parts Supplles supplies in PaMR
materlals, Material Source Dynamic selection table
Supplies N IWeight Source Interface/Input
packaging IWeight unit Source Interface/static selection table
. fanufacture type  Source Input e
mater]als, ) Packagi The description of
d t d [Material name Source Input Parts ac agmg packaging materials
ocuments an aterial materials | inPaMR
. i i Source Input
Services specification
[Material No. Source Input
Activity Source Input/Dynamic selection table
Resource Source Input
[Department Source static selection table
[Founder Source System/dynamic selection table
Foundation date Source System
l[ssuer Source System/dynamic selection table
[ssuing date Source System
IChanged by Source System/dynamic selection table
IChanging date Source System
IChange reason Source Input
Released stage Source workflow
Relased status Source workflow
using stage Source workflow
orkspace / Vault Source Dynamic selection table
ICheck-out
Workspace / Vault Source Check-out
Freeze? Source system
Check? Source Check-out

Fig. 5 Inheritance and derivative of master record attributes of generalized parts

modules, such as the structure position or size; these constraint
relationships among modules can be determined by parameter
calculation or structure configuration. As shown in Fig. 6,
D2 is a decision-making table between physical modules
and functional service modules, and users can select
functional service modules (501 or 502) according to
their needs, and can also select matched physical mod-
ule R4 (501 matches with 401, 502 matches with 402)
according to service structure. Because the selection of
401 and 402 will affect other physical modules (R2 and
R3) which have assembly relationships with them, so
the type and size of physical module R2 and R3 can
be selected and calculated through the decision-making
table D2. Therefore, in the process of product modular
configuration, the requirement for service modules
should be determined first, then the physical modules
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are configured according to service requirements and
service modules. This is the difference between purely
physical product design and generalized product design
in the product modular configuration process.

4.5.2 The fixed correlation relationship

1. Correlation objects of assembly relationships between
modules

(a) Subordinate parts

The properties of correlation objects of subordinate
parts mainly include number, materials, etc. and also
describe the assembly relationship between superior-
subordinate parts. The relationship between superior-
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modular main structure of the
generalized product
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module module
O Mandatory Service taeni service service term | Structure Structure Structure Structure
module module typell typel2 11 12 12 12
<> Optional a Instance
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malang R4(No) 401 402  ——3 R4(NO) 401 401 401 402
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relation R5(No) 501 502 R2(No) 201 201 202 202
A J
R3(No) 301 302 301 302

Fig. 6 Modular configuration of generalized products based on configuration rules

subordinate parts is 1:1 or 1:N (N>1, as shown in
Fig. 7).

(b) The assembly relationship

The properties of correlation objects in the assembly rela-
tionship mainly describe the name, version, and other infor-
mation of superior parts. The subordinate objects have a 1:1
relationship with superior assembly parts. In Fig. 8, the front
PaMR of correlation objects is a physical module, and the
back PaMR is a superior part of the physical module. In the
properties of correlation objects, the “parts ID” is the ID num-
ber of the physical part.

2. Connection object between “parts” objects

Connection relationship of “parts” objects refers to the re-
lationship between service module and physical module.
There is a 1:N (N>1) relationship between the “parts” master
record of service modules and the “parts” master record of
physical modules. In other words, the realization of service
function requirements generally needs one or more physical
modules to support. Connection objects in Fig. 9 show the
relationship between service module and physical module;
the connection object includes the connection object code,
the “parts” ID, and other required information of the physical
module such as the number, the size, the version, etc.

5 Modeling for the modular instance structure
of generalized products

5.1 Analysis of the formation process for the modular
instance structure of generalized products

The configuration design process of generalized products is
composed of two sub-processes, one is the optimal configura-
tion of the service project and the other is the optimal config-
uration of the physical project. Thus, the formation process for
the modular instance structure of generalized products logical-
ly consists of two phases. The first phase forms the modular
architecture of the service solution. In this phase, service mod-
ules and physical modules will be configured and form a
mixed instance structure of service modules and physical
modules (component-level structure). The second phase is
the formation process of the physical solution. In this phase,
related physical modules for service modules and other phys-
ical modules (with smaller granularity) will be carried out, so
it is mainly a realization process for physical modules.

5.2 Modular instance data structure of the generalized
products

Figure 10 is the modular instance data structure of generalized

products. The description of product instance mainly includes
data records such as PaMR and DoMR. PaMRs are product
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Fig. 7 The relationship between
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modules and service modules, and a PaMR is always described
by MMR, DrMR, and DoMR. DoMRs are design documents,
customer orders, service agreements, and service instructions.
For each PaMR, it may have one or more sub-records (a part
usually consists of a number of other sub-parts); such PaMR4 is
the sub-part of PaMR4 in Fig. 10. In some special circumstances,
there are direct relations between PaMRs. In Fig. 10, the need for
a functional service module (PaMR1) is realized through the
physical module (PaMR4). There is a 1:N (NV>1) relationship
between PaMR1 and PaMR4, and this relationship should be
revealed in instance data structure. In the data structure of gen-
eralized product instance, service modules are mainly described
by DoMR, but some service modules may also need to be de-
scribed by PaMR, which includes service drawings or three-
dimensional model drawings (MMR or DrMR).

5.3 Different view models of the modular instance data
structure of generalized products

Figure 11 shows the changing process of instance data structure
of generalized products in different view stages. In Fig. 11, it
reveals five different views in the product life stages, including
development and design, manufacturing, assembly, sales, and

service There are also certain relationships between two adja-
cent views. In each view, there is a product modular structure
which is described by circles and lines. The solid line indicates a
direct relationship between the modules and the dotted line rep-
resents an indirect relationship between modules. There is a
mapping relationship for two adjacent views; this means that
some modules would change in its special phase—add, merge,
remove, replace, and so on. As shown in Fig. 11, in the devel-
opment and design phase, the relationship between functional
service and physical products is a solid line connection, because
functional service is achieved by two physical modules; the
dotted line means the two functional service modules belong
to the physical product indirectly. In the manufacture phase, the
relationship between the functional service and physical mod-
ules is also a solid line. In the assembly phase, all physical
modules are assembled in the physical product, so the dotted
line between functional service modules and physical modules
changes into solid, and the solid line between the functional
service and its sub-modules changes into a dotted line, because
there is just one relationship logically. In the assembly phase,
non-functional service modules and some random files are
added because of product installation and operation in the work-
place. In the service phase, some modules or sub-modules are
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Fig. 11 Five different view
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displayed in the modular instance data structure because of re-
placement or upgrading. Some non-functional service modules
disappear in the structure because of the usage of modules.

6 The case study and analysis

The case is carried out based on the secondary development of an
Extech product life cycle management (PLM) software system
(Extech is the name of a software company); core data models of
the generalized product modular structure are developed.

6.1 Property description of “parts” objects

When the “parts” object class is configured in the server of the
Extech PLM software system, the properties of service objects
need to be configured. It inherits all public properties of the
“parts” object class and adds some needed objects. In the
client of the Extech PLM system, a secondary development
is carried out to realize business objects. The “parts” type is
needed to be determined in the “parts” class, and there are two
types of “parts” class in the secondary developed object class,
which are some service module objects and physical module
objects. Service module objects inherit public properties from
the “parts” object class and derive some special properties.
These specific properties are shown in Fig. 12a. In order to
differentiate from the physical module descriptions, “types of
objects” is added in service module objects. The difference of
properties in the “parts” object class of physical modules be-
tween the generalized product and traditional physical prod-
ucts is whether “related service modules” exists in properties.

@ Springer
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This is used to build connection objects between physical
modules and service modules. The property descriptions are
shown in Fig. 12b.

6.2 Establishment of connection objects

(1) Establishment of connection objects in the server (client/
server working model)

In order to establish connection objects, the server side
needs to be configured and developed first. Connection ob-
jects between objects are configured in the server of the
Extech PLM software system. The properties of connection
objects between the parent object and the child object are
shown in Fig. 13. When establishing connection objects of
the “service-related physical objects,” the link between the
parent object and the child object needs to be built. In
Fig. 13, parent objects are service modules and child objects
are physical parts. Basic properties of connection objects are
inherited, which include name identification of the link, object
and type identification of the link, name and solid identifica-
tion of the parent object, name and solid identification for the
child object, the version, serial number, quantity and update
date, etc. Definitions of these properties in the server are pre-
requisite of the secondary development.

(2) Establishment of connection objects in the client
After the establishment of connection objects in the server,

the client software also requires a secondary development.
Connection objects of the assembly relationship between
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modules also need to be developed, and this includes the de-
velopment of connection objects of subordinate parts and con-
nection objects of the subsidiary assembly (as shown in
Fig. 14a, b). Secondary development for connection object
relationship between “parts” objects is carried out, and con-
nection objects between physical modules and service mod-
ules are established (as shown in Fig. 14c).

6.3 Modular instance structure model of generalized
products for the transformer

After system configuration and secondary development are
finished, the modular instance structure of generalized prod-
ucts for the transformer can be established (as shown in
Fig. 15). The modular instance structure consists of physical
modules and service modules, which has independent and
complete property descriptions. Among physical modules
and service modules, it has independent connection objects.
The modular instance structure can express the module com-
position of the generalized product and the relationships
among modules totally.

6.4 The result comparisons and analysis with other models

According to the case application based on the Extech soft-
ware system, core data models are developed, such as the
property description of “parts” objects, establishment of con-
nection objects, and the modular instance structure model.
These models can support the management of generalized
modules very well.

In this field, the classic product data model is the integrated
product meta-model proposed by Schoettner and QI. In com-
parison, the models proposed in this paper have three valuable
aspects.

1) The models proposed in this paper expand the objects
from pure physical products to generalized products,
which include physical products and service products.
The research scope also expands from master structure
data models to modular instance structures.

2) The model reveals relationships between the functional
service module and physical module and gives detailed
descriptions of the service modules and their properties.
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Fig. 13 Properties of connection objects
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Fig. 14 Establishment of
connection objects for “parts”
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3) The relationships among different types of modules, such
as the fixed correlation relationship, assembly relation-
ships, and connection object relationship between “parts”
objects.

7 Conclusions

In this paper, aiming to meet the requirements of big data man-
agement under the environment of cloud manufacturing, mod-
ular master structure data models of generalized products are
built; these mainly include description and classification of
generalized modules, composition of modular master data
structure of generalized products, property description of gen-
eralized “parts,” and connection objects among generalized
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“parts.” Then, the modular instance structure models of gener-
alized products are built, the formation process is analyzed, and
a multi-stage view model of the generalized product is given.
Finally, the data model of generalized products and the gener-
alized product modular instance structure of transformers are
realized through secondary development of the Extech PLM
software system. In conclusion, the traditional integrated prod-
uct models are enriched and improved to better meet the de-
mand of modular management of generalized products.

It is worth explaining that the property descriptions of
“parts” objects and connection objects are the core models
and most difficult models in the establishment of the modular
data structure of generalized products. These core models
have been realized and can explain and support the modeling
methods proposed in the paper very well.
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