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Abstract. Changes are fundamental to product development. Engineering changes are unavoidable and can arise
at any phase of the product life cycle. The consideration of market requirements, customer/user feedbacks,
manufacturing constraints, design innovations etc.,turning them into viable products can be accomplished when
product change is managed properly. In the early design cycle, informal changes are accepted. However, changes
become formal when its complexity and cost increases, and as product matures. To maximize the market shares,
manufacturers have to effectively and efficiently manage engineering changes by means of Configuration Control.
The paper gives a broad overview about ‘Engineering Change Management’ (ECM) through configuration
management and its implications in product design. The aim is to give an idea and understanding about the
engineering changes in product design scenario to the new researchers. This paper elaborates the significant aspect
of managing the engineering changes and the importance of ECM in a product life cycle.
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1. Introduction

In today's market scenario, change environment has become a threat to the manufacturers to produce a
high quality product at the lowest cost with the minimal lead-time. So designers are forced to retain
the existing design significantly to reduce the cost and the manufacturing lead-time. New design has
been evolved through modifications and changes to the existing design [1]. Engineering changes
influences greatly on product development and production activities, making product development
costly and time consuming [2]. In the early decades, Organizations shown some reluctance in
adopting/implementing the change management system to manage the engineering changes, but due to
industrial revolutions and IT dominations, past few decades it has been seen evidently that firms take
it as an opportunity for the innovation and creativity, change management is taken as a driving force
for incremental product improvement. [3,4]. Keeping in view the above, knowledge attained from
engineering changes is very helpful and useful for the design and development of the product.
Engineering changes arise frequently for continual improvement of the system/product and determines
approximately 70 to 80% of the final product cost [5].

The paper is structured in such a way that it discusses about the topics namely, Change
Management, Configuration Management, Comparison between Change Management and
Configuration Management, Engineering Change, Engineering Change management, Categorization
of engineering changes, Product Architecture, Product Classification, Change propagation,
Engineering Change Process, Methods and Tools to support ECM, Version control, Workflow
Management, Information system, System modelling and language support for ECM.

Configuration Management (CM)
Configuration Management (CM) is an engineering process for ensuring the requirements, design and
operational information by product's functional, performance and physical attributes throughout its life
cycle. CM enables the management of artefacts from the initial concept through design,
implementation, testing, building, release and maintenance. Product’s change is a fact and inevitable.
The lack of implementation of CM believes to have serious catastrophic consequences such as
equipment failure or loss of life. CM aids to validate that the changes are proposed, evaluated and
implemented in a standardized systematic approach, which ensures consistency and evaluates
predictable impact on the system. CM verifies that changes are incorporated and systems reflect their
proper configuration. It can store, track and update all system’s information in the form of component,
system and sub-system. A CM program includes (a) Management and Planning, (b) Configuration
Identification, (c) Configuration Control, (d) Configuration Status Accounting and (e) Configuration
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Verification and Audit (figure 1). The CM process widely used to control the complex systems
throughout its life in defence and military engineering organizations to manage changes
in weapon systems, military vehicles, aircraft and aerospace applications, IT service management etc.
with the help of respective PLM tools & technology [10] [11] [12].
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Figure 1: Configuration Management Model [13]

2. Change Management

Change Management evolved during the year 1980’s as a concept driven by the fortune 50 companies
[6]. General Electric was the first one to adopt the Change management philosophy [6]. Globalization
and innovation of technology resulted in demanding need for change, and therefore change
management gained visibility [6][8]. Later, companies realized that Change management is beneficial
in terms of cost savings [6]. However, adaptability becomes difficult because of the organization
structure, culture and routines, which are resistant to change the current environment of the
organization rapidly. Hence, the development of change started and then the tools and processes to
implement this change emerged. Due to ever-growing changes in business environment, organizations
must learn to bring the essential ability in the workplace. Organizations should quickly respond and
adapt to change to create a competitive edge, if not it will go behind over to the other companies. Most
R&D organizations including Top firms are currently introducing the Change Management
philosophies in order to develop and grow their home-grown to cater their growing needs [6]. Most of
the Original Equipment Manufacturers have their dedicated team of Change Management Board and
Process for implementing changes in their product life cycle [9]. Change Requests are initiated by the
different disciplines of same group or by vendors / suppliers and then those changes are reviewed,
approved and implemented by CMB [7] [9].

3. Comparison between Configuration and Change Management
Configuration Management (CM) ensures that the systems or products comply with design
specification i.e. product family and architecture. Configuration Management System manages and
focuses on the changes related to product specification. Whereas change management ensures that, the
changes are implemented within the priorities and constraints. Change management system manages
the type of changes and ensures that change request is acknowledged, processed/analyzed and
approved or rejected. The purpose of the Change Management System is to implement the approved
changes into the project.

Three main aspects of configuration management are — version control, change control, and reports.
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Changes Control is an element of configuration management, which focus on identify,
assessment/impact study, approval, implement & review the changes throughout the lifecycle for the
better quality products [13][14][15][16]. The relationships and inter-dependencies among
Configuration Management, Change management, Release management & Resource management for
productivity enhancement and also for the success of an organization are shown in figure 2 [17].

Figure 2: Relationship between change management and configuration management [15]

4. Engineering Change (EC)

Engineering changes are considered as a normal part of the product life cycle, which is modification to
the component of a product, normally takes place, when the product enters the production stage [18].
Engineering change (EC) can also be defined as “Alteration/modification” made to a product
structure/bill of materials by adding or deleting an item (component, assembly/sub-assembly etc.),
interchanging an item with another, or changing the procedure of an item. In addition, modifications
made in the physical characteristics or performance, functional and maintenance of a technical
artefact’” [19]. Engineering changes can infuse instability into a previously steady operation, changing
entities rapidly and severely [20]. It is further classified into three categories, named as immediate,
mandatory and convenient change, which represents different degree of urgency for engineering
change implementation [21]. ECM consumes 30 to 50%, sometime up to 70% of the production
capacity [22] and represents 20 to 50% of manufacturing tool cost [23]. Some other reports suggest
that engineering changes usually consume around one third of the engineering design capacity [24,
25].

5. Engineering Change Management (ECM)

ECM controls the process of making modifications or alterations to products [27], used to track all the
changes with reference to Material master, Bill of Materials, routing etc. and emphasizes the need to
co-ordinate communication, scheduling and resources [28]. If engineering changes are managed
effectively, it ensures that the latest version of product, modifications and process data are ready and
available at the time needed. The objective of ECM is to address the changes evolved during the
product development phase and controls the occurrence of changes to reduce the loss in terms of cost,
time, quality and customer satisfaction. For the better management of the changes, three strategies
have been proposed in the literatures [29, 30] and five attributes / guidelines are listed [26]. Changes
have to be found out or detected as early as possible to reduce the impact of changes. Evaluate the
impact of changes and prioritize the changes as per the impact value effectively. Then changes should
be implemented in the less time, incurring lower cost and with better quality.

6. The categorization of engineering changes

Numerous studies have been conducted to evaluate the nature and importance of engineering changes.
Engineering changes can be mainly classified into two categories: - Emergent changes and Initiated
changes. Emergent changes arise from the product itself due to the error during the design process.
These changes are also termed as an unintended changes, occurs when some aspect of the system
design requires changing because of errors [31]. The reasons of emergent changes are error
rectification and safety etc. Initiated changes are originating from the external source. Initiated

476


http://www.businessdictionary.com/definition/alteration.html
http://www.businessdictionary.com/definition/bill-of-materials-BOM.html
http://www.businessdictionary.com/definition/deleting.html
http://www.businessdictionary.com/definition/assembly.html
http://www.businessdictionary.com/definition/physical-characteristics.html
http://www.businessdictionary.com/definition/functional.html
http://www.businessdictionary.com/definition/maintenance.html

JOURNAL OF CRITICAL REVIEWS

ISSN-2394-5125  VOL 08, ISSUE 05, 2021

changes are those intended by the stakeholder. In this perspective, innovation is considered as a part of
initiated changes for product enhancement. The reasons of initiated changes are customer, legislation,
production, cost reduction, performance, maintainability, technological progress and durability etc. To
manage engineering changes, different approaches have been suggested in the literature. These
approaches can be divided into three groups [32]. The first group pursues the improvement of
engineering changes handling through systematic engineering change processes [21, 27]. Second
group attempts to create more changeable products by managing the future changes [33, 34] and last
group predict the outcome of undesired changes by modelling techniques and its probable propagation
[35, 36].

7. Product Architecture

As per ISO 42010 — ‘Architecture’ defined as “the fundamental conception of a system in its
environment embodied in its elements, their relationships to each other and to its environment, and the
principles guiding its design and evolution”
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Figure 3: Product Architecture Views for executing Product Engineering of Product Families [37]

The product architecture in this context defined as the arrangement of the functional elements of a
product into several physical building blocks, including the mapping of the functional element to
physical components and it is having a strong influence on the success of product [38]. Architecture
can influence the product change, product variety, component standardization and product
performance [39, 40]. The product architecture mainly characterize by integral or modular type of
architecture [41, 42]. In real design circumstances, always there is a trade-off between the integral and
modular architecture [44].

Complex (Integral) product architecture
In general, Integral architectures typically connect or associate subsystems with close synchronized
relationships and having distinctive features that cannot be easily coupled to other products/systems.
Products with integral architecture are least customized, tend to have nonstandard and complex
interfaces which are built explicitly for a particular product [39] [46] [47].

Modular product architecture

By contrast, Modular architectures are having a customized with highly standardized interfaces and
interoperability for standard connections to any systems/sub-systems. [43] [48]. Module for the
systems or products can be created easily as long as it maintains the interoperability and standard
interfaces [49]. Upgrading / replacing any module(s), components or sub-systems in this architecture
can be easily done without affecting the other components or sub-system. Adopting Modular product
design during preliminary design phase will considerably reduce design changes in later stages of
Product family

Product family defined as the multitude products with distinctive characteristics and function using
common parts/components. The advantage of developing a product family is that it enables a company
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to offer a great variety of products that are highly differentiated, yet sharing substantial fraction of
their components [52]. Product family design is extensively practiced in the industry as a cost-
effective approach to satisfy the increasing market trend towards smaller batch and more variety
orders [53, 54]. In the product family, each product is different from one another and the common
parts are used in number of product models. When a particular subassembly is used on a variety of
products, saving can be possible — a process termed “Modularizing Product Families” [55]. Product
platforms are means to control variety [56]. Part family is a set of parts that serve a related set of
market applications - they are functionally similar, and share a common technology base, and lead to
better processes for life-cycle design [57].

8. Change propagation

Change propagation is a phenomenon by which one change triggers a series of others changes [58],
can potentially distract the manufacturing process [59]. Change propagation can be considered as the
cause-effect, cause-effect pattern [60]. Change propagation is an issue that affects both the product and
the organization [61].The initiated change is the primary cause of the propagation and the effect of that
change becomes the cause of the subsequent stage. Engineering change propagation can be better
understood by the change propagation model in figure 4. The EC1 is the primary cause for the EC2
and triggers a series of other changes. In the products, components are interconnected through the
parameters such as geometry, spatial, material, function and behavior. Therefore changing in any one
of these parameters may initiate changes in the several other parameters of the system [62, 63].
Second-order change propagations are most likely to propagate and are difficult to foresee at the time
of change [63]. It is not necessary that the changes can propagate only to those components which are
directly linked to each other but also to other components which has indirect connection.

EC1 EC2 y EC3
(Triggered Change) ¥| (Propagated Change) ¥| (Propagated Change)

Primary Cauce EMsot'oawcs Cauce

Figure 4: Change propagation model [26]

9. Engineering Change Process

In order to control the consequences of engineering changes, many companies have adopted the
formal engineering change procedure as shown in the Figure 5. The process gets it ignition from the so
called change trigger. A well-founded change request can be raised by the firm's employee or by the
external source to carry out the engineering change. Then the potential solutions to the engineering
change request should be identified and impact & risk assessment should be carried out to prioritize
the possible solutions. It is the most critical phase in the engineering change process to evaluate the
possible impact of changes. Impact upon the product itself and the effect on the development process
must be considered during this phase. Selection and approval before the implementation of such
changes must be done by the change board/committee. Finally the approved solution should be
implemented and after a certain period of time, it should be reviewed to check whether the change was
successful or not. The generic engineering change process can be divided into three main stages as
shown in the Figure 5. Communication is the key factor required between different domains within the
company in engineering change process depending upon how far the product is in the life cycle.
Engineering change propagation procedure can maintain consistency by propagating ECs in a base
product definition to product data views [65].
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Figure 5: Generic engineering change processes [64]
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10. Methods and Tools to support ECM

An extensive list of tools and methods has been proposed by the researchers to support the firms to
manage the engineering changes in the products effectively and efficiently. Complete list of 54 ECM
methods and their existence also documented by methodical literature survey [15]. Most of them are
based on design structure matrix (DSM) [15, 66]. The products are decomposed into components and
each component further classified by its structural attributes, elements and their inter-relations are
linked as shown in figure 6. Components direct dependencies or interrelations are captured in Design
structure matrix (DSM) as shown in the Figure 7. This tool also enables user to model, envisage and
examine the dependencies among the entities of any system and derive suggestions for the
improvement or synthesis of a system. Impact of change propagation through dependency is quantified
by estimating the likelihood values by considering the expected frequency of change propagation. The
effort to redesign the affected component is indicated by the impact values if change does propagate,
as a proportion of that required to design the component originally.
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11. Version control in ECM

Items in Configuration management evolve through a formal revision. Design variation, change to a
document’s content or a modification to a part such that part remains interchangeable with its previous
variation is said to be “Revision”. Item revisions typically identify distinct steps in the evolution of an
item. Versions often are not sequential and commonly used to identify a specific set of features and/or
a particular build number.

A key aspect in engineering change processes is to manage and control the different documents
(e.g. design documents, 3D CAD models, attributes, drawings and technical specifications) as shown
in figure 8. Once the design freeze happens, all the related design documents, data’s etc. is stored in
archives. When changes happen to any document or file in the stored database, a new document
version i.e. building block is created. The change initiator or change owner who is responsible for the
changes, are to create a new engineering change with description and reason for change are assigned
and linked to the created building block.

PLM systems offer different potential regarding the visibility of building blocks and documents
and set them in such a way that only the last versions are visible. Access to old versions is possible via
links between building blocks and documents.
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Figure 8: Versioning scheme in PLM platform

12. Information system

The information system builds the necessary infrastructure for effective ECM. Changes are
unavoidable, and should not be neglected in information system development and implementation
projects. The PLM system has enough matured to provide orderly information system which fulfills
the requirements of development and orderly production (figure 9). PLM systems support Information
management by defining steps related to the development, distribution, use of product data and release
mechanism or promotion levels that the data must achieve. The systematic manner in which the
approach to be followed will varies with every PLM system. The current approach / Work Flow
mechanism is defined in a company’s configuration management or engineering change procedures
and in its new product development process, often changes have to be made to take advantage of the
communication and coordination capabilities of the PLM system. It is a fact the above way of
electronic communications have their own limitations and it is very convenient for informing the team
members, but it cannot replace a formal discussions or creative dialogue within the team. Engineering
Change approval requires an intense communication via video conferencing.
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13. Workflow Management in ECM
Engineering changes in design is unavoidable and iterative which involves design documents, 3D
CAD models, attributes, drawings and technical specifications often circulate among design groups,
DMU, planning, manufacturing, tooling, Quality assurance, shops etc. The way to connect these
groups together to get feedback, co-ordination and correction incorporation to avoid costly changes
during development stage is by means of “Work Flow processes’ as shown in figure 9. The effective
way of implementing the “Work Flow’ is through PLM system, which is having a methodology to
connect this iterative work and feedback/discussions among various groups within a team in order to
introduce changes and provide them with the necessary information. The PLM system of workflow
management controls the information flow among different teams according to a sequence defined by
the industry or firms ‘Work Flow’ by top level management as shown in figure 10. The routine
activities have been mechanized in electronic form in order to allow their transfer within a computer
network.
The following steps to be followed in Workflow Management in PLM system:
¢ Defining and modelling the workflows according to Industry scope, i.e., defining the sequence
of activities, volume and type of data to be handled, data’s to be storage and retrieval etc. and
describing those aspects of a process that are relevant to controlling and coordinating the
execution of its tasks
e Providing for design and implementation of the processes or information flow as business

needs and information systems change

Effectively support of Work Flow management in CAD/PLM environment requires:

e Integration and interoperability corresponding to varied, independent, and/or distributed
legacy and new systems

e Maintain the workflow applications corresponding to business or information process
implementations

e Guarantee the correctness and reliability of applications in the presence of concurrency and
failures

e Sustain the evolution, replacement, and addition of workflow applications

e Setting-up the authority or right access for users and those in charge of approvals

e Smooth data or information flow work by setting up the necessary software and network
connections
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14. System Modelling & Language support for ECM

A decision based approach by integrating the engineering concepts into a programmable language for
computational assistance in developing system specifications to overcome document-based
approaches. System models can be build by using modelling languages which has inbuilt knowledge
based approach for making decisions in computer manageable ways [67]. Modelling capabilities for
engineering change includes (a) Change models which enable producers and users of specifications to
easily find out how new specifications changed and effect on their tasks (b) Management of changes in
requests, orders, and their urgency & impact (c) Change processes & order effectivity. Most widely
used language for model building is SysML/UML, is an open standard language developed by the
Object Management Group (OMG), initiated by the International Council on Systems Engineering.
These languages adopted by all commercial and open source systems engineering modelling tools.

15. Summary Records of Discussion

In this paper, we discussed about the elements of ‘Engineering changes’, such as its categorization,
characteristics, process, methods and tools used, system modelling techniques, versioning, workflow
management, information management during product design process. Also discussed and compared
Configuration Management with Change management and its significance in the product development
process during product lifecycle stage.

The goal of engineering change is to enhance the redesigned products performance and to be
produced effectively. If Engineering changes (EC) in the product are not managed properly throughout
the product lifecycle, it will result in a severe loss. Change propagation causes large delays and
unexpected spending. Engineering changes are necessary to improve the product’s quality and are the
source for innovation.

It has been elaborated about how to manage engineering changes effectively; it is paramount to
understand the impact, likelihood and propagation path of engineering changes. Knowledge from
previous design change cases is an important asset for companies. Many design conflicts arising from
change analysis can be handled by reusing well-formalized way of knowledge, which abstracted from
the previous design cases.

It is evident from the research review presented here that the amount of research carried out in the
field of ECM has significantly increased during the last two decades. Extensive academic efforts are
required to develop tools and manage knowledge to facilitate firms to enhance their engineering
change processes.
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