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ABSTRACT

Engineering changes are part of any design proc&sanges are often requested even before a
product design has been completed. However, chaetgeests during an ongoing design process are
difficult to assess because the design is stillvéwg. Some parts, where only conceptual designs
exist, may be easy to change; other parts maydliea frozen and hence more difficult and probably
more expensive to change. In order to find the st to implement a change at a given time, the
designer needs to be aware of not only the desighthe interactions, but also of the state of
development of every part. However, many desigaeesnot always aware of all interactions and,
hence, unexpected and expensive change alternateehiosen.

This paper focuses on the question of how desigrearsbe made aware of the impact of a proposed
change before they commit. It discusses the lirdtgvéen the product, process and people domains
that interact during product development, listingiting factors that make change implementation
risky and lead to increased change cost. The gapsents a tool to evaluate change proposals during
ongoing design processes where the state of thelafeaent of parts is taken into account. The tool
extends the Cambridge Change Prediction Method hwhasesses the risk of changes propagating
between two parts. The paper concludes with tharfgs of two tool evaluation studies.
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1 INTRODUCTION

Few new product developments immediately meet oustaneeds, technical requirements or market
conditions. As a result, engineering changes haveet implemented in the design to improve the
design or correct existing problems. Engineeringngies, i.e. changes to components that are already
signed off, are often required long before prodietge been released to market, for example, as the
result of tests, when the customer changes thgmesguirements or when improvements become
necessary.

In order to assess engineering change requestgndesrequire a good understanding of the product
and the development process. When a design preecesgoing, designers need to be aware whether
or not a part design has been completed, as this agetermine how easily a change can be
implemented. In a large product with many parte; éesigners have sufficient overview in order to
assess change implementation alternatives andfidére best solution. Needing to know the state of
the design progress makes the solution processuliffHowever, identifying the most appropriate
solution is important. If engineering changes ardenestimated, the impact on the project budget or
time-to-market can be severe. A UK DTI study [1$ Ilshown that even a relatively modest time delay
can greatly compromise the profit margins for Igpggjects.

The need arises to provide designers with the reduinformation to assess engineering change
proposals during ongoing design processes. Thigrpegvestigates how such knowledge can be
provided and what it entails. The paper is divid@d seven sections. The second and third section
introduce the research by giving a brief descriptid the research methodology and the history of
engineering change management, respectively. Thghfesection provides some insights into the
factors and constraints that influence change implgation. The next section describes a tool that
assists designers in the engineering change asdlgiire the last section discusses the evaluatidn
limitations of the tool.
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2 METHODOLOGY

The research commenced with a rigorous literatewieew on current engineering change management
practices. To validate the findings, the authorsiea out an initial study of 12 European companies
focusing on engineering change management and rdéisegze during the product development
process. Based on the study, the existing Changdidion Method (CPM) of the Cambridge
Engineering Design Centre (EDC) [2]was extendedc@ssion of the results with engineers from two
companies that had participated in the study vedtléhe work.

Since the conclusion of the study, the authors lgaireed further insights into the engineering clegang
practices in a number of additional companies m riiedical device and pharmaceutical industry.
These insights reinforce the previous findings.

3 ENGINEERING CHANGE MANAGEMENT

From the beginning of the last century, the managenof engineering changes has played an
increasingly large role in product development. Huwent of mass production and the increased
complexity of products (cars, aircraft, engines)atequired the coordination of the activities almy
people. The division of labour and quality issufes,example the misfit of many parts, led to the
introduction of such practices as stage-gatewaggases (also called phased-review processes) or
configuration management. These practices aimed/ide the design process into manageable stages
and ensure quality at each stage. Engineering elsamgre recorded and managed [3].

The importance of engineering changes can stillobserved today. Many projects significantly
overrun the development budget or are late to maa&ea result of unexpected changes to product
requirements, the product design or the manufagyuine. Even a small change that only seems to
require little effort and time, for example to aesjfication on a drawing, may incur large cost when
seen over the lifetime of a product or when inahgdihe management costs for the change. Many
effects of engineering changes, such as a demiotivat the workforce or a loss of confidence in the
company, have a significant effect but are difficalquantify [4].

In order to control the impact of engineering clesigmany companies have introduced formal
engineering change procedures. In such procedemgieers have to raise change requests or change
proposals in order to modify a product design. Bethe change request can be implemented, it often
needs to be approved by a project manager or ageheommittee, depending on the size of the
proposed change and the size of the organisatiosorne companies observed for this research, the
signature loop required for authorisation involvemre than 20 people in as many groups or
departments. While the change request forms anchgeament systems were initially paper-based,
many of these systems are now computer-based. Howewven if documents can be signed
electronically (which is not always the case focwsy reasons), large signature loops still reguir
many days before a change request can be turnedamtapproved change to be implemented.
Furthermore, such management systems assist mothenentation of changes but are less useful in
assessing the impact of a change. While a sign&dapeforces every department to assess the impact
of the change on its own operation, further knookeffects and interaction effects between
departments are usually not assessed. Modern CAterag allow an analysis of dimensional changes
on a design, for example by highlighting part ifeegnces, but these systems cannot help in
determining other non-product-specific knock-on eef§ or help in identifying a change
implementation solution. The estimation of the ietpaf engineering changes is still often a problem
in industry [5].

Academia has tried to support industry when dealith engineering changes. While many papers
focus on the recording and organisation of engingethanges, some literature describes methods for
engineering change risk assessment. For exampléR#designIT” method uses directed dependency
graphs and relationships between parameters to Inub@dage propagation in existing products;
changes to parameters ripple through a networlelated parameters to achieve a desired end state
[6]. The C-FAR method allows change visualisationd ahe qualitative evaluation of the impact of
changes [7]. A third method, the Change Predicktathod (CPM), which models direct likelihood
and impact of change between two components aedlasds indirect risks, will be discussed in more
detail in Section 5 of this paper. These and othethods focus on assessing change impact for
existing products based on a static product madelvever, many changes already occur during
earlier phases of the development process wheodugr is still being designed. The methods appear
not to take account of the state of developmeth®flesign and are hence less useful.
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For this research, engineering changes are defigadodifications to a design as soon as partseof th
design have been signed off or frozen. Althoughigtefreezes, used in many companies as the
starting point for formal change control, are mestmtreduce and control further modifications,
engineering change requests are frequently raisddraplemented before the complete product has
been signed off [8]. For example, in one case sttidycrankshaft and the conrod design were frozen
before most other engine part designs were sta@hdnges to the engine requirements resulted in
engineering change requests while the product dpeent process was still ongoing. The company
was struggling to incorporate all changes withaapprdising the development budget and the
proposed manufacturing start date.

4 ENGINEERING CHANGE FACTORS

In order to fully understand the impact of a pragbshange, the product and its environment should
be seen as a system. Hales considers a desigrsprs@ust one element of a larger system corgistin
of many other domains such as the project, thentggton or the market [9]. Figure 1 indicates ¢hre
domains for the product development process: tbduyat, the process and the people domain. Each of
the three domains can be decomposed into sub-sysém product consists of sub-assemblies and
parts, the process can be divided into tasks amgdlople domain, or organisation, may be split into
departments or groups. The domains interact aewedlls in the hierarchy. A product development
process in a company can also link to other prodigstelopment processes, for example when
competing for resources. In the system view, thesp the system should be analysed together as an
analysis of a single part does not provide a coragiture.

Product type Design process
Product structure Manufacturing process
Change type Process requirements

Organisational structure
People | Communication patterns

External factors

Figure 1. Interactions in the product development process and the change process

The system view helps to understand the charatitsriand effects of a change. Changes can result
from all domains of a system. Organisational changey force the outsourcing of design work; a
new manufacturing process may require a differentlyct design; the product itself may require
redesign in order to meet some customer requiraneatuce costs, incorporate new features etc.
Eckertet al. distinguish between initiated and emergent chantgeseparate between changes that
arise from outside sources (initiated changeshat tesult from within the product due to problems
etc. (emergent changes) [5].

Given this system view, a change to any part ofstystem is likely to have repercussions for other
parts of the system. The repercussions dependat@e degree on the properties of the change,itself
but also on the properties of the product, the ggscand the people, i.e. the organisation. Figure 1
indicates some of the properties that determinestfeet of a change. For example, the organisaltiona
structure of a company may influence how a chasgemplemented, just as the design process may
determine which product changes can no longer lpdemmented in the current product generation.
Although not all changes affect the product athitghest level, at lower levels in the system higngr
any product change can have repercussions for ribmegs and the organisation. The levels of the
hierarchy affected depend on the type and sizéefthange requested. The magnitude of a change
within a single domain also depends on the progeuf the change. In the worst case, a change may
require the redesign of the complete product; allso@nge may only affect one or a few parts.
Whether there are knock-on effects to other pagpedds both on the nature of the part and theaatur
of the links to other parts. Eckeat al. classify parts as change absorbers, which absaittaage
passed on to them, and change carriers or muiplidere a change is passed on to one or more
parts, respectively [5].
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During an ongoing development process, any desigaisio subject to a range of constraints, where
constraints are defined as limiting factors forraes to the design. With respect to the productitasnd
ability to change, this paper distinguishes betw@®e-independent and time-dependent constraints.
The effects of the time-independent constraintsndb change throughout the design process. For
example, product parts which are carried over feoprevious design (legacy parts, platform parts) or
that are bought in (standard parts), can be coreddgefined from early in the development process.
Time-dependent constraints describe additional tcainss that are imposed throughout the design
process when the design progresses and previondbfined parts become defined. The design state
of each part is defined by describing how far theigh of a part has progressed. Design statesecan b
expressed through a number of predefined classesillabe explained in Section 5 of this paper. In
this view, an initial design is largely conceptgexcept for some pre-defined components) but will
progress to a detailed design of all parts andrigdby the end of the design process. The design
space, defined here as the space of available esdnghe design without breaking any constraints,
decreases with design progress and becomes zerothdhe/hole design has been defined.

The cost of a change implementation partly depemdihe design state of the part to be changed. A
“Rule-of-Ten” initially expressed how the cost ofsaftware error increases exponentially with the
design phase in which it is corrected [10]. In thesign community, this rule has been turned into a
design heuristic, expressing the increased coatobfange the later the change is implemented (&igur
2). For example, a change ought to be cheap teemgt when only a rough definition of the product
exists, while it should be more expensive whendéil design has been completed. It ought to be
even more expensive when manufacturing toolingldeesh designed or purchased. On a part level,
parts that have been change absorbers when theynetyet designed or still easy to change in early
design phases may become change carriers or nersigince they have been defined, leading to the
need for further redesign elsewhere and hencecteased redesign cost [5].
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Figure 2. Change cost at different design phases [11]

In order to minimise the impact of a change, thsigieer should ideally be aware of all possible
change effects in all domains of the system. Tistgder needs to trade off the benefits of the chang
with the impact and the costs for the system. Teaahe designer should understand the system and
the interactions between parts. For large and cexnplroducts in complex environments, this
becomes increasingly difficult; designers are nugkr able to understand every aspect of a system.
The understanding of most designers usually incgdldeir own area of expertise and areas where they
are actively involved in the design process. Howgeseen for these parts, designers may not know all
design inputs and outputs to other componentsTag need for engineering methods and tools that
support designers by providing a system overvied lay reminding them of the properties of the
change and the system arises. Such methods omtaglifielp to reduce engineering change impact.
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5 A PRACTICAL APPROACH

In conjunction with the industrial study of enginieg change management, the authors developed a
tool to assist designers in change analyses dunmgping design processes. The tool limits itself
initially to the product domain of the overall sgst.

In order to investigate the impact of a change,dialuct is decomposed into parts or sub-systems.
The detail of the decomposition should be a comperbetween the ease of creating a product model
and its utility. In the example given here to destoate the functionality of the tool, a medical idey

a needle-less drug injector, was decomposed infoaits. To be able to create a correct partstlist,
conceptual design for the product should have lweenpleted. Then, expected design links between
parts can be indicated. Experience with previousgs may also assist with the decomposition and
identification of links. Note that the design linkkee not just the physical links between partsdisn
include other connectivities such as performancspatial links (see [12] for a discussion of linkag
types in the design process).

The tool is based on the Change Prediction Meti©BM) [2] developed in the Cambridge
Engineering Design Centre. The Change Predictiothdeallows the risk assessment of a change,
where risk is defined as the product of change anpad change likelihood. The method is based on
Design Structure Matrices (DSM [13]), where th&dirbetween parts are assigned change likelihood
and impact values. From a set of direct likelihand impact values, i.e. for direct links betweertga

a set of indirect values is calculated betweentamyparts. A detailed explanation of the method and
the change prediction algorithm is given in [2].

The Change Prediction Method is based on a stattugt model in which the likelihood and impact
values are defined when the model is created. Wiieis useful for existing products in which thes
values can be assumed as static, it is less usefahgoing design processes where the likelihaatl a
impact of change propagation depend on the desiggress and may change with time. To enhance
the original method, the concept of design statissussed in the previous section, is introduceti¢o
Change Prediction Method, linking the design statethe change likelihood and impact values. For
the example of the medical device, five designestavere created. The definition of these design
states can be seen in Table 1. The terminologyhmeatthe definitions observed for design progress in
one of the companies investigated in the engingairange study. Different numbers of states, terms
or definitions are possible. In this example, thel works with discrete design states, but contirsuo
states are also feasible. Continuous states coukekample be represented by percentages.

Table 1. Definition of design states

Constraint type Design state | Definition
Time-dependent |Unrestricted | Part design has not started.

Restricted Part design is in progress.

Chilled Part design has been completed. Prototype
tooling design and tests are in progress.

Frozen Prototype tooling design and tests have been

completed. Series tooling design is in progres
Time-independent| Pre-defined Part design is defired the outset
(legacy part, platform part, standard part, ...)

2

Parts in the “pre-defined” design state are assumée time-independent as discussed in the previou
section; these parts are defined from the outsiteofiesign process. Parts that are time-depeadent
assumed to evolve from a conceptual design toaleétdesign within the design process. These parts
move from an “unrestricted” design state to a ‘field”, “chilled” and “frozen” state. At the
beginning of the detailed design phase, all timgedeent part designs are assumed to be unrestricted
at the end of the design process, all part desposld be frozen. In practice, time-dependent desig
states should be updated throughout the desigregsoia real-time, for example in regular formal
meetings of the management or design team. Suclingeenave been observed in most design
companies where more than one designer works omaime project. Figure 3 shows a CPM matrix
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for the example medical device with an additiomalumn indicating the current design state of each
part.

CPM: Change likelihood Initiating component
Component Name Design state

Actuator sleeve Restricted

Nitrogen gas Pre-defined

Chamber Restricted

O-rings Pre-defined

Ram Chilled

Coupling clip Restricted

Figure 3. CPM matrix and design states

Information on how change likelihood and changedotalues evolve throughout the design process
iIs added to the design states. Change impact isireabby a change implementation cost which,
although only one part of the change impact (ottests such as service cost may also add to the
impact), is an important factor in the decisionvmn alternative solutions. However, the limitation
that change impact is only expressed through imeigation cost has to be kept in mind. The Rule-
of-Ten, discussed in the last section, is usedddahan increase in change implementation cost with
design states. The heuristic states that the dastchange generally increases as parts beconer bett
defined. Figure 4 shows an exponential increasghahge implementation cost with design state. For
different parts the exponential factor is expedtete different, depending on part properties, gtesi
time, tooling cost etc. Initially, the designer hasguess the exponential factor based on experienc
Figure 4 also indicates a decrease in changehib@di value with design state, given that desigasgs
less likely to change parts that have already lukdimed and approved than parts that have not yet
been defined. The shapes of the curves in Figiravé been assumed to be continuous and relatively
simple. In reality, this kind of judgement about thape of a curve for change implementation gost o
likelihood is difficult to make. However, for anitial investigation of the feasibility of a changea
partly frozen product, this approach seems sufificiEor more exact analysis, the curves should be
adjusted to better indicate the change behavioarpzrt.

Change cost Change likelihood
A A
high high
low low

Unrestricted Restricted Chilled Frozen

Design state

Figure 4. Change implementation cost and change likelihood vary with design state

Figure 4 does not indicate the change implememtaiist and change likelihood for pre-defined parts.
As discussed, pre-defined parts are expected toob#ly to change. For example, customising a
standard part is generally expensive, just asasgimg a legacy part if economies of scale no longe
apply. On the other hand, a replacement of a stdngart by another standard part may be cheap.
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Change implementation cost for pre-defined coghé&efore modelled as high but this has to be
confirmed when the designer investigates a specifiange. The tool models change likelihood
initially as low for pre-defined parts; because paets are pre-defined they are unlikely to change.
However, as in the example above, designers mayillieg to exchange one standard part for another
standard part. In this case, the tool user can aignalter the change likelihood to reflect the tpar
properties.

Once the design states of the parts have beentasedjust the change implementation cost and the
change likelihood, the risk of change propagat®rcalculated as in the original CPM algorithm
described in [2]. The tool also allows the deliberanodification of design states in order to
investigate “what-if” scenarios for various changesr example, the tool can be used to evaluate the
effects of deliberately excluding a part from ar process, although the design state indicasts th
the part is still unrestricted. Similarly, a parat has been frozen can be “unfrozen” to evaldates
leads to cheaper change implementations. In |éages of the design process, when most parts have
already been defined, unfreezing may be the omgilide option to implement a change. By analysing
various scenarios, alternative solutions can bestigated and compared.

While the use of design states within the ChangeliBtion Method allows a mathematical analysis of
likelihood and cost, the visualisation of produoks, design states and design space already appear
useful for the designer. A node-link diagram intilog design states allows the designer to monitor
design progress. The diagram also gives an indicati the available design space by indicating what
can easily be changed and where changes will biéycé¢hen a change is requested, an up-to-date
product model may be used to investigate currenstecaints, possible change implementations and
what-if scenarios. The tool provides an explodenwodf a change propagation tree that illustrates th
design links from a change-initiating part and oaadés where current constraints make change
implementation difficult (Figure 5). In any casbetdesigner has to make the final decision whether
and how a change should be implemented. The véaii@lih reminds the designer of the current design
states and connectivities within the product [14].

Change-initiating part

Chigier

Part that can be changed

M O O

Part that should not be
changed

NNNN

Change propagation possible

Vo

Change propagation should
be avoided

Figure 5. Visualisation of possible change propagation paths

6 EVALUATION

The tool was implemented as described using Midtdsacel and Visual Basic Applications. It could
therefore be used and demonstrated on computelippeguwith the Microsoft Excel software.
Although the implementation in Excel has not ledataser-friendly or practical tool, and indeed the
product model and the change relationships haveetentered manually, the language allowed the
authors to change the source code rapidly, an@ftrer served as a good practice ground for theory
development and prototype design. Further work kdlre to turn the tool into a stand-alone tool with
a graphical user interface.

An Excel screenshot is given in Figure 6. The stshet shows the 15 components of the medical
device in a node-link diagram. This visualisatisnan alternative to the change propagation tree in
Figure 5. Figure 6 shows all parts and all linkg¢ha product. Based on the design state of each par
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and the direct change likelihood between partsndinect change likelihood has been calculated with
the Change Prediction Method algorithm. In the fiigua change request to the capsule, the initiating
part marked in brown, is investigated. As the nhadle-diagram shows, there is a relatively low
change propagation likelihood to the directly canad parts in yellow and the device chamber, which
is two parts removed. The likelihood of resultiftanges to the capsule sleeve, highlighted in ged, i
high. Diagrams like this remind designers of timdi and the resulting danger of change propagation
between parts.

E2 Microsoft Excel - Medical_device.xls
& Datel Bearbeiten Ansicht Einfligen Format Extras Daten Fenster ? Acrobat =181 x|

39 | =

7 |

2 {
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Outer fing
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14: Change part 12

15| Time 32
16 Change likelihood
1 Show freezs stales Show Al ?
18 1
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22 - iniCormp
23

24
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Figure 6. A node-link diagram for the medical device, indicating the likelihood of change
propagation from the capsule

In order to test the idea and the tool, two casdias were carried out with engineers already wvewl

in the study of engineering change managementipeacin their companies. Change processes for a
car seat and for the medical device used as an pd@#ambove were evaluated. The engineers
recognised the problems with engineering changeagement as described in this paper and agreed
on the need to provide support for change analgsid implementation during ongoing design
processes. The engineers admitted that in thetpagthad been surprised by unexpected change
propagation even though they had thought that Hasya good understanding of the product. Work
pressure also forced them to quickly select a ohamgplementation without investigating the
complete solution space. The engineers thoughtathaol that was able to indicate the possibility t
unfreeze and investigate what-if scenarios coutideéa be useful to evaluate change implementation
alternatives that would otherwise not be considered

While the engineers involved saw the value of tbel tpresented, they also suggested further
improvements. Limitations discussed with the engligare the difficulty to generate quantitativeadat
for change likelihood, and the sole focus on chang@dementation cost when many other change
costs may be incurred. The greatest limitationhis focus on the product model alone without
considering the impact of changes on the procepsaple domain. As was discussed, the quantitative
capture of all aspects of change impact is diffioculany case. With the limitations in mind, thelto
presents an attempt to at least partially quatitiéychange impact in ongoing design processes.
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7 CONCLUSION

This paper discusses some of the interactionsehgineers need to consider when investigating a
change request during an ongoing design proceshafge that is not minor or routine is likely to
have repercussions not only for the product bud alsrelated domains such as the development
process or the organisation. Constraining factars arise in any of these domains, making change
implementation difficult.

In the product domain, a difficulty for engineeridigange analyses during ongoing design processes is
the evolution of part designs from conceptual tdaifledesigns. When implementing a change,
designers need to be aware of the current pargmlestates in order to avoid unexpectedly large
change impacts. Tools that assist in the changgeassessment should take these design states into
account. This paper describes a tool that links geesign states to the change propagation liketihoo
and change implementation cost. The tool remindsdésigners of the connectivities between parts,
the current design progress and the impact of eeging changes, hence supporting designers in the
analysis of engineering change
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