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Abstract A pervasiveproblem for engineering change Keywords Engineering change management ! product
managemens the fnienomenon of change propagatlpn  development ! change propagation ! multilayer ! network
which a change to orart orelement of a design requires model ! multiple domains

additional dvanges throughout the produciThis paper

introducesa multilayer network modeintegrating three

coupledlayers or domains of product developmerthat Acronyms

contribute to change propagation: namely, tipeodud

layer, change layer, and social layer. A baseline CAlI Change Acceptance Index
repository of tools and metrics is developed tbe CPI Change Propagation Index
analysisand managemeuwf change propagatiamsingthe CPM Change PredictioMethod

model. The repository includes a fewvel tools and CR Change Rquest

metrics, most notablythe Engineer ChamgPropagation CRI ChangeRé€flection Index

Index (EngineelCPIl) and Propagation Directness (PD) DMM Domain Mapping Matrix

as well as otheralready existingin the literature. As DSM Design Structure Matrix

such, the multilayer network modeinifies previous ECM Engineering Change Management
research on change propagation a comprehensive ESM Engineering Systems Matrix
paradigm. A case studyof a large technical program, IPT Integrated Program Team

which managed ove#1,000 change requests in eight PAR Proposal Acceptance Rate

years, isemployed to demonstrate tmeodelOpractical PD PropagatiorDirectness

utility. Most significantly, the case study explores the PDSM Propagation Design Structure Matrix
programOs social layer and discovers a corresponden&i\P System Adjustable Parameter

between thepropagation effects of an engineerOs work

and factors such as his/herganizational role and the

context of higher assignments. The study also reveals1 Introduction

that parenchild propagation often spannégdo or more

product interfaces, thus confirming tl®unerintuitive The design of a complex product is rarely, if ever,
possbility of indirect propagation between nonadjacent gyrajghtforward or permanentin fact, an organization is
product components or subsystemginally, the study  practically bound to make design changes throughout the
finds thatmostchanges did not lead @ny propagation.  ¢onception,developmentimplementation, andperaion
Propagation that did occaiways stopped after five, and ot aimost any product(Nichols 1990 Pikosz and

rarely more thandur, generations of descendants. Malmqvist 1998. The process of rggineering change
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money and resources required foevaluating and
implemening changegClarkson et al. 2004; Terwiesch
andLoch 1999)

The topic of change propagati

has received

considerable research attention over the last decade. Th

highlights of the literature include qualitative and
guantitativeefforts to characterize, predictontrol and
preventchangepropagation.These efforthaveprimarily
drawn on etwork-based analyseby modeling products
and change processas networks of nodeand edges.

1.1 Research Contribution

Building on these contributions, thgaperintroducesa
multilayer network modelintegrating three coupled
layers or domainf produd¢ developmenthatcontribute
to change propagation: namely, theductlayer,change
layer, andsocial layer. To the authorsO knowledge, no
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Fig. 1 Relevant research lascape

To demonstratehe modelOspractical utility, this paper
discusses case study d large technical program which
managed over 41,000 change requests in eight years.
Giffin (2007 and Giffin et al. 009) performed earlier

previous research on change propagation has, at leasfy,giesof the samerogam The case studin this paper

explicitly, taken a multilayer network approachThe
model proposedhere drawson multilayer (or multi-
domain) network approachesalready taken in broader
research on product development danproject
management.

Using a Venn diagrankig. 1 summarizesheresearch
landscap associated with this researchThis paper,
labeled OPasqual & de Weck (2p@hddresses thgap
at the intesection of rearch on change propagation and
multilayer network analysis.

1.2 Research Framework

Motivated by this gap, this paper investigatdse t
following research questions:

¥
model of change propagation?

¥

model?

How can the modelcontribute to the prediction,

prevention, and control of elhge propagatich

¥

usesan array of multilayer network tools and metrtos
addresstwo important topics. The firsttopic revolves
around the social layer@ffects on change propagation;
the investigation revealsinteresting aspects of na
engineerOs performance in theplementation and
proposalof changes The second topic focusesn the
general characterization of change propagatioithe
primary issue discussed here is the counterintuitive
phenomenon of direct popagation by which
propagation occurs between nonadjacent product
components Additionally, tie study finds that most
changes did not lead to any propagatiorihe prograr®s
systemdesign Propagationthat did occulways stopped
after five, and rarely more than four, @eations of
descendants.

The remainder of thigaper isstructured as follows.
Section 2 presents relevant background material in the

What insights can be gained from a multilayer network form of a brief literature reviewSection3 introduceshe

multilayer network modelof change propagation A

What are potential tools and metrics for analyzing thesimple hypothetical example is used to illustrate the

modd. Section4 develops a baselineepository of tools
and metrics for use with the modebection5 conducts a
case study to demonstrate thedelOs practical utility
Section6 providesa summary of the research findings and

The overarching hypothesis is that a multilayer network recommendations for future work.

model provides a viable framework for the analysis and
management of change propagation A baseline

repository of tools and metrics is developed for use with2 Background

the model The repogory includes a few novel tools and
metrics, in addition to otheralready existing in the
literature. As suchthe modelunifies previous research
on change propagatidn a comprehensive paradigm.

Engineering change managemdmCM) is the brand of
configuration managementNASA/SR2007-6105 R1)
concerned with the identification, evaluation,
implementation, and auditing ehangego the design of a
product orsystem(Huang and Mak 1999) ECM is a
critical processas change are inevitable throughout



Propagation

(Wright 1997) the ECM process canltimately consume
considerable time, money, and resouresrwiesch and ~A

Siblings
Loch 1999) Fig. 2 In this change network, unidirectional and bidirectional

arrows indicate parerthild and siblingsibling relationship between
changes, respectively

product development (Nichols 199Q Pikosz and «— Parent
Malmqgvist 1998. While changes theoretically present — Chiid
opportunities for an organization tmprove its produc .

satisfy its customersand stay compgive in its market

2.1 Change Propagation
2.2 Networkbased Analysis of Change Propagation

Among the reasons why changss ke soabundant and
costlyis theoccurrenceof change propagtion. Change  Change propagation reseattas quite naturallyurned to
propagation can be defined as tOprocess by which a networkbased models and analysesoted in graph
change to one part or element of an existing system [ortheory After all, manyaspects of product development
product] configuration or design results in one or more and project managemente.g., products, processes,
additional changes to the system, when those changesrganizationpare readily modeled as networks.
would rot have othervde been requir€(Giffin et al. At the heart of mostprevious researclon change
2009). In other words, change propagation occurs whenpropagationis the populartool known as the Design
making a single change ultimately requires the Structure Matrix(DSM) (Steward 1980Eppinger 1994)
implementation of multiple changes in order to achieve A DSM is an adjacencynatrix repesentation of a direetl
the objective of théentendedredesign. network The DSM canbe used to represent a product

For clarity, this reseatt has adopted the terparent consisting of interconnected components, a process
child propagationto referto the act ofone change (the consisting of tasks, or an organization consisting of
parent) yelding an immediatedescendant change (the people. The DSM concept has rgven extremely
child). Fig. 2 shows a single changehat yields four influential in the quantitative investigation of change
generations of @s@ndants through recursive parehild propagation.  For instance, Clarkson et al.Os (2004)
propagation. Propagation over this many generations has Change Prediction Model (CPM) uses the DSM
been reported in the literature (Clarkson et al. 2004) andrepresentation of a product to trace potential propagation
will be reaffirmedin Section50s case study. paths among its interconnected components. Similarly,

Change prpagation occurs because of the Giffin et al. (2009)extendthe DSMconceptto create the
interdependencies among the components andComponent Propagation DSMComponenrPDSM to
subsystems omodern products and systems (Earl et al identify instances of change propagation from one
2005; Suh and de Weck 2007). Eckert et al. (2004)component to anothér. In kind, one can calculate the
explainsthat different parts of product &hibit different Change Propagation IndeXCPl), which quantifies a
propagation bedwior. Components thaare absorbers  componentOs propagation behavior by comparing the
tend to internalize changes without causing manynumbers of changes that propagate in and out df tha
changes to other components. By contrastjtipliers componen{Suh and de Weck 2007; Giffin et al. 2009)
give rise to more changes than they absorb. Meanwhile, Despite the progress change propagation research to
carriers absorb and cause a roughly equal number ofdatg a new approach, specifically raultilayer network
changs. Finally, constantsdo not contribute to any one, may be beneficial to the fiel®roaderliterature on
propagation; they are only affected by isolated changes oproduct development and proje management has
do not change at all. emphasized the existence miultiple networklayers, or

Because of its significant implications for engineering domains,in an engineering endeavancluding product,
change management, product development, and businegsrocess, and social lager To date, change propagation
strategy, the topi of change propagation has received research has not, at least explicitly, taken a multilayer
considerable research attention over the last decadenetwork appoach. To be fair, tools and metrics like the
Efforts to quantitatively characterize, predict, control, and Componer"DSM and CPI arearguably doublelayer
prevent change propagation, though limited, have approaches, since they donsiderboth the product layer
primarily drawn ometworkbased models and analyses. and change (i.e., process) layer. Still, other contributions

like the DSM andCPMrely on asinglelayer modelof the

2 Giffin et al. (2004) actuallynamesthis tool theChange DSMor

! Otherwise it can be confusing whether the term OpropagationdDSM, but this paper substitutes the word Opropagation® for
refers to a singlenstance or repeated instances of pacéiit Ochange@ help distinguish it from @©SM used to represent a
propagation. change etwork



design and change layers, respectivelyMoreover,

layer. The multilayer network model captures the

change propagation research surprisingly has yet tointeractions within and across the product layer, change

investigatethe social layer ira substantiallyquantitative
way. Nevertheless, the literaturasat least qualitatively
stressedhe significance of teamworkindividual skills,

layer, and social layer.

and system awareness in the ECM process (Huang an@.1 Elements of the Model

Mak 1999; Jarratet al.2005).

2.3 Multilayer NetworkApproaches

Multilayer, or multrdomain, network approaches are
prevalent in the literature on productvd®pment and
project managemeniThe premise othese appraches is
that the success of product developmedepends
significantly on the interactions within and among the
various domainge.g., product, process, social, etof)
the development effart

For example Danilovic and Browning (2007) propose
a variation of the DSMcalled the Domain Mapping
Matrix (DMM), which captures the dependencies
between differentdomains of product development,

Each layer of thenultilayer networkmodel consists of a
distinct, directed network composed nodesconnected
by intra-layer edges

3.1.1 Product Layer

The product layeris a network representation of the
product or system being designed. The nodes of the

network represent hardware components, software
components, and associated documentation .,(e.g
requirements, specifications, and drawings). The (intra

layer) edges of the network represent technical interfaces
among the components (or subsystems). The interfaces
can be physical connections (e.g., by bolts or welding) or

including the product design, development process, and:hannels for the flow oénergy (e.g., electrical power and

developnent organization BartolameiOs  (2007)
Engineering Systems Matrix (ESMugments the DSM

heat), mass (e.g., fuel), and information (e.g., software
inputs/outputs and control signals such as actuator

even further The ESM incorporates several domains commands)(Suh and de Weck 20R7 If a technical

(e.g., technical, functional, process, social,
envionmental) into a single adjacency matrix
representingedges within and betweemodesin each
domain By grouping the nodes by domain, the ESM
essentiallycontainsDSMs on the diagonal and DMMs
the upper and lower trianglesFinally, Eppinger(2001)
advocatesa multi-domain model most analogous to the
one preosed in thipaper He specifically investigates
whether interactios within the product, process, and
organization domairs tend to follow a common,
predictable patteriMorelli et al. 1995 Sosa et al. 2000,
Eppinger 2001; Sosa et al. 2007).

Thus, the t@age is set for further analysis pfoduct
developmenusing amultilayer network approach.This
paper extends the approach to theanalysis and
managemenf change propagation.

3 Multilayer Network Model of Change Propagation

This section introduces aultilayer network modelof
change propagation. The model is composedhcge
layers that contribute to change propagation: ptfoeluct
layer, change layer andsocial layer. As illustrat@ in
Fig. 3, the multiyer network model provides an intudi

and insightful representation of change propagation and
the overall engineering change management process.

That is,engineersn thesocial layerwork onchangesn
the change layerthat affectcomponentsn the product

and jnterface has direction (e.g., in the case of a flow channel

the edges can be directed. An edge might also identify a
functional dependency that relates design variables to a
desired performance levde.g., in an optical system,
image resolution is a function of aperture diameter)

/\
A'l“‘\ A == Engineers
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A . )

Social Layer
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«— Requests

Change Layer ,' Relationships
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"

Changes Affect
Components!
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Product Layer |

Fig. 3 Multilayer network model



3.1.2 Change Layer inter-layer edge would connect node in the social
layerand node in the change layer.

The dange(or process)ayeris a network representation ¥ Changeto-product edgeselate the change layer to the
of change propagation. The nodes of the network Product layer, depending on which component is
represent individual changes or change requests (CRs). affected by each change. If changeinvolves a
The (intralayer) edges of the network represent redesign of componenk, then an intefayer edge
propagation relationships among the changes.inAgg. would connect node in the change layer and noklén

2 and Giffin et al. (2009) directed edges can identify  the product layer.

parentchild relationships, while bilirectional edges can ¥ Productto-social edgeselate the product layer to the
identify sibling relationships between fkien of tre social layer, depending on which engineers are in

same parent, or two changes related in a significant way. ~ charge of designing, redesigning, or sourcing each
component. If engineen is assigned to conopentk,

then an intetayer edge would connect nodein the
3.1.3 Social Layer social layer and nodk in the product layer.Fig. 3
does not illustrate the produtd-social edges, but they

. . . could be included, if desired.
The social layer is a network representation of the

organization. The nodes of the network represent people
e.g.,, teams, suteams, or individual engineers or

employees The (intralayer) edges of the network changeand social layers. In other words, enginmes in

represent Fvarlous rellatlotﬂshlpds amoqghtlnd|V|duals gntdcharge of omponentm and consequentlyengineerm
groups.  For example, the edges might correspon 0|mplements all changes that affectngmonentm. Such a
theoretical or actual communication linddorelli 1995)

) 77« mapping facilitates easier analysis and interpretation.
T_he edges might - also . reflect an Organlzatlono§-|owever, other scenarios might have engineers focusing
hlerarchlcgl structure or c_ham of Com”.‘a”d- on various overlapping areas of the product at orfear.

A possible augmentation tll theseintra-layer edge instance the program inSection50s ase study notably

definitions is ?. mel;asture of e(iijge Stfeﬂgth-h_tﬁfgﬁa"' atlhad individual engineers working on multiple changes
strong connection between nodes might exhibit differen involving multiple areas of the system.

behavior than a weaker conniect For exampleSosa et

al. (2000)uses a fivepoint scale to denote the criticality
of interactions among product components, according to
whether the interaction is required (+2), desired (+1),
indifferent (0), udlesired {1), or detrimental-2) to the ) ) )
functionality of the product. Their case study of the The construction of a multilayer network model requires
development of a commercial aircraft engine found thatdetailed information about the product development effort
strong technical interfaces in the engine, compared tounder invatigation Table1 summarizes the type of data
weaker ones, more often elicited communication in the Néededto construct each model element described in
corresponding organization domain. Consequeritly, ~S€ction3.1

might be useful to incorporate edge strength into the
multilayer network modelif an objective and consistent
guantification scheme is employed.

In somescenarios, such as the cases studied by Eppinger
(2001), a ondo-one mapping exists between the product

3.2 Data Requirements

Table 1 Data requirements for different elemenfshe multilayer
network model

Model Element Data Required
Product Layer Identified components
Nodes Change Layer Identifiedchangs
3.1.4Inter-layer Edges Social Layer Identifiedengineers
Product Layer Documentedriterfaces
The other half of the multilayer network model consists | | s between components
of the inter-layer edgesthat esentially link thethree Layer Change Layer 'IDOF“ms_”ted mpagha“on
layers together. Unlike the inttayer edges, the inter Edges : relationshipsamongchanges
. : - Social Layer Documented communicatio
layer edges are nominally undirected (or esadwnti among engineers
bidirectional). Thenter-layer edges represent the critical Sociatto-Change Record of engineer who
relationshipdetween the layers of the model: Inter worked on each change
Laye-r Changeto-Product Record of component
¥ Sociatto-change edgeselate the social layer to the Edges _ affected by eeh change
change layer, depending on which engineers work on Producito-Social | Record ofengineer in charge
of each component

(e.g. propose, evaluate, approve, or implement) each
change. If engineem works on change, then an



As shown inTable 1, the multilayer network model is a
datadriven approach to the analysis and management of
change propagation.Of course, dferent amounts and
types of data are available at different stages of product
development. As such, the multilayer network mdued
different utility at different stage, i.e., before, during,
and after product development. Before product
devdopment complete data on the nodes and edges will
likely not exist, because all the components, change
requests, engineers, and their relationships will not have
manifested themselves yeHowever,some insight may

be gained by modeling analogous devatept efforts
from the past, especially sincenost products are
adaptations of predecessor produgdsffin et al. 2009)

Social Layer
Legend

A Engineer

% Accepted CR

Rejected CR
l:‘ Component

Change Layer

Product Layer

Later, during product developmentdata can be Fi . )
progressively  collected through configuration ig. 5 Multilayer network model of the lowpass filter example
management, which allows the constructiof a |

multilayer network model with whatever fidelity and o, =—F— Fa. 1
completeness that the organization wishes. Analysis of 2 RR GG

the model during product development can be used

guide change impact analysis, organization structuring , RR,CC, Eq. 2
design strategy and human resougc management Q_CZ(R1+R2)

Finally, after product developmentanalysis of the

multilayer networkbecomesa lessondearned effort. At gyppose th low-passfilter has been designed to haae
this stage, an organization can use all the data collecte@)gseline cutoff frequency df . = 10 kHz, andquality
over the course of product development to assess it§actorQ = 0.5 (i.e., critically damped), per DavidOs initial
performance in retspect. Moreover, the data then performance requirements. However, some changes
become useful for academic research to further pecome necessary. David decides that thecutoff
investigate industryOs  experience  with  change frequency shdd be 5 kHz instead of 10 kHzHange #1),
propagation but that the gality factor should remain & = 0.5. To
facilitate this requirements change, the team initially plans
for John tochangeR; (change #2) but that change is

3.3 HypotheticalApplication

A hypothetical application should illustrate how to
constructa multilayer network model fioa given product
development effort

Suppose three engineers, JoBosan andDavid, are
designing a SalleKey low-passfilter (Fig. 4) using two
resistors(R; andR;), two capacitordC; andC,), and a

rejected because the resistors have already been ordered.
ConsequentlySusanmust reselecthe capacitors. Susan
realizes thatshe cannot simply change one of the
capacitors to accoplish the task of reducing . while
maintainingthe sameQ. In effect, thechange to one
capacitorwill propagate, causing thether capacitorto
changeas well Susanultimately decidesto double the
original capacitanceof C; (change #3) andC, (change

unity-gan amplifier. The amplifier has already been #4) to reduce . by a fator of two (10 kHzto 5 kHz)
purchased. John is in charge of choosing the resistorswhile maintainng Q = 0.5.

Susan is in charge of choosing the capacitors, and David Fig. 5 shows the multilayer network model

is in charge of setting performance requirements, i.e.,corresponding to thisypothetical applicatianThe model
cutoff frequency Y and quality factor @). The captures all the elements of the change activity that
resistors (in ohms) and capacitors (in farads) determineocaurred. The social layer contains nodes for JoBosan

the lowpass filterOs performancg! . in Hz and Q
unitlesg according tdeg. 1 and Eq. 2

o

Fig. 4 SallenKey low-pass filterto be designed

and David, with edges representing theimoounication
links. The change layer contains nodes for change$ #1
with edges representing propagation relationshighe
edges indicate that change #dhtwo children: change #2
(rejected) andlrange #3acceptedjvhich also had a child

in change #4 The product layer contains nodes for
requirements and electrical components, with edges
representing technical constraint®ll the nodes inthe
product byer are connected to one another becays®,

Ry, R;, Cy, andC; all depend on one another thgbuEq. 1



and Eq. 2. The intdayer edgesn Fig. 5 complete the

story. The socialo-change edges represent how David,

John, and Susan worked on changés #2, and #34,
respectively. The changédo-product edges represent how
change #1, #2, #3, and #4 affected R;, C;, and C,,
respectively. For visual egskEig. 5 does not show any
prodwct-to-social edges. Heever, if drawn, these edges

Propagation Index(a doublelayer metrig), which aim to
quantitatively aalyze the social layerOs influence on
change propagation. Another new metric in the repository
is Propagation Directnesga doublelayer metric) which
counts the number of interfaces spanned by an instahc
parentchild propagation.

would represent how John, Susan, and David were in

charge of Ry and R,, C; and C,;, and ! . and Q,
respectively.

4 Multilayer Network Tools and Metrics

4.2 Data Requirement®f Took and Metics

As discussed in SectioB.2, the construction of a
multilayer networkmodel requires data collection and
mining. Table 3 specifiestypes of data (i.e., elements o
the model) neededto exercise any of the multilayer

This sectionpresents a baseline repository of tools and network tools and metrics in practiceSuch data mining

metrics applicableot the multilayer network modelThe
model creates rameworkfor an array of potential tools
and metrics for analyzing and managingchange
propagation.Toolshere refer to methods for analyzing or
visualizing thenodes and edges of thmodel, while
metiics refer to quantitativer quantitative measures for
characterizinghem. Any use of themultilayer network
model will focus on one layealone or multiple layers
simultaneously Consequently, itsi useful toconsider
any tool or metric as being singlayer, doubldayer, or
triple-layer in aigin, depending on the number of layers
being invoked

4.1 Baseline Repository

Table 2summarizesa baselinerepository of tools and
metric ky categorizing eactime according to the specific
layer or layers it targts. The displayed matrix has a row

can occur after completion or, better yet, durprgduct
development The displayed matrix has a row for each
tool or metric and a column foraeh type of intrdayer
and interlayer edge. Check markk § denote which edge
data would be requirefor each tool and metric. For
example, to construct a DSM for a given layer, an
organization would need to know the intealges for that
layer. To construct &€omponerd°PDSM, an organization
would needthe intaledges of the change layer (i.e.,
propagation relationships) and thehangeto-product
inter-layer edges (i.e., which changes affect which
components). Intuitively, singlayer tools and metrics
only require intrdayer edges By contrast, the double
layer and tripldayer tools all tap into the intéayer edges
as well, because they focus on ultiple layers
simultaneously

The following subsections develop the baseline
repository of tools and metricboth old and newSectiors
4.3, 4.4, and4.5 review thesinglelayer, double layer, and

and column for each layer of the model. As such, thetriple-layer tools and metrics, respectively, that already

items located along the diagonal are sidgieer tools

exist in the literature.Section4.6 discusseshe additional

and metrics for the corresponding individual layer. The {00IS and metrics that are being proposedfierfirst time

items in the upperight triangle are doubl@ayer pols

in this paper Each tool and metricold and new,is

and metrics for the corresponding pairs of layers. critically evaluated in terms of its implications fdne

Finally, the items in the lower left triangle are trijpdeger
tools and metrics for all three layers at once.

As denoted by referencediet repository inTable 2
contains many tools and metrics theve already been

analysis and management ¢fatige propagation in context
of the multilayer network model.

proposed and utilized in the literature on change#-3 SingleLayer Tools and Metrics

propagation, and
management.
explicitly classify their work in anultilayer context, their
contributions are easilyncorporated into themultilayer
network model. Consequently, the multilayer network
model serves as a comprehensive paradigm uhédtes
past research in@mmon framework.

Table2 alsocontains a few new tooknd metrics (marked
with a O*Gthat are being proposed for the first timehis
paper Among these are thHengineer Propagation DSM
(a doublelayer tool) and the Engineer Change

product development,

project
Although past researchers did not alwaySinglelayer tools and metrics focus on one layer of the

multilayer network model at a time These tools and
metrics highlight intralayer characteristics of reat
significance for engineering change management. The
singlelayer metric§graph properties and node attributes)
in particular, have been employedin the change
propagation literature but without any formal
development. This discussion hopes tactdfly establish
their utility for future research.



Table 2 Baseline repository of tools and metrics for the multilayer network model

Product Change Social
Tools Tools Tools
¥ Design Structure Matrixl) ¥ Domain Mapping Matrix4) ¥ Domain Mapping Matrix4)
¥ Change Prediction Mod¢P) ¥ Component Propagation DSM (5) ¥ Alignment Matrix (7)
‘g ¥ Change Prop. Frequency Mat(i)
S Metrics
& | ¥ Graph propertie$3) Metrics
¥ Node dtributes e.g., omponent | ¥ Component Change Propagation Index (5,
class(5) ¥ Change Acceptance/Reflectance Ré&)e
¥ Propagation Directness*
Tools Tools
¥ Design Structure Matrixl) ¥ Domain Mapping Matrix4)
o} ¥ Change motifg5) ¥ Engineer Propagation DSM*
c
& Metrics Metrics
© ¥ Graph propertie$3) ¥ EngineerChange Propagation Index*
¥ Node Attributes, e.ggpproval statug5s), ¥ Proposal Acceptance Rai®)
magnitude(5)
Tools
Tools ¥ Design Structure Matrixl)
o] ¥ Engineering System Matrif9)
8 Metrics
n Metrics ¥ Graph propertie$3)
¥ Graph properties (3) ¥ Node dtributes, e.g.prganizational
role

1) Steward 1981
2) Clarkson et al. 2004

( 6) Suh and de Weck 2007
(

(3) Newman 2003

(

(

7) Sosa et al. 2007

8) Giffin 2007

9) Bartolomei 2007

* Proposed first in this paper

[ ]

Singlelayer

P

4) Danilovic and Browning 2007
5) Giffin et al. 2009

Table 3 Edge data requirefdr multilayer network tools and metrics

l | | |

Doublelayer

Triplelayer

Intra -Layer Edges

Inter -Layer Edges

Product Layer | Changelayer
(technical (propagation
interfaces) relationship}y

SocialLayer
(comm.
links)

Socialt | Change | Product-
to- to- to-
Change | Product (fSocial

DSM (for each layer) ! ! !

Tools | CPM 1

Single-

Layer Change Motif 1

Graph properties (for

Metrics each layer)

DMM (for each pair of
layers)

Component PDSM ]

CPFM !

Tools | ProductDSM/
Component PDSM | |

Double- Overlay

Layer Alignment Matrix ! !

EngineerPDSM !

Propagation Directnesg ! !

ComponenCPI ]

Metrics | CAI/CRI

EngineefCPI !

PAR

Triple - Tools | ESM ! ! !

Layer | Metrics | Graph properties ! ! !




CPM tool is a set of visualization techniques for viewing

! ? : potential propagation paths (Keller et al. 2005)
1 . 1
=2t s 4.3.3 Change Motifs
I i Giffin et al.Os (20093hange motif analysisis another

Network Representation DSM Representation singlelayer tool thatfocuses on the change layaione
Fig. 6 The DSM succinctly shows where edges exist in a network 1N Pprémise here is that change networks can be
decomposed into motifs, or building blocks, each with
4.3.1 Design Structure Maix (DSM) distinct patterns o€hange and propagation relationships.
Motif distributions reveal what types of propagation

. . . atterns arelominant in a product
The primary singléayer tool from previous researchtise P P

DSM, which, as mentioned in Secti@®, is a convenient
matrix representation of a network (Stewad®81,;
Eppingeret al.1994). As illustrated inFig. 6, a DSM is a
square matrixn which dement (n, n) indicateswhether a _ ] - )
directed edgeonnectsioden to nodem. Several singldayer metrics already exist the literature
One can create a separate DSM for each layer of trfeS Well. For startersgraph theory(Diestel 2006) provides
multilayer network model, i.e., Rroduct DSM, Charggy @ humber of properties generally applicable to any layer of
DSM, and Social DSM. Clustering algorithms (Browning the multilayer network model. ~ For example, the
2001) exist tananipulate the rows and columoka DSM  clustering coefficientis a graph property that measures
to help identify groups (or clusters) of tightly coupled how much a networkOnodestend to cluster together
nodes, e.g., subsystems in the product lafenilies of ~(Newman 2003). In the poduct layer, the clustering
changes in the change layand teams or communication COefficient roughly relates to a productOs modularity.
structuresin the social layer. The DSM has significant Integ_ra}tlve products, which have relatlvel_y high clustering
implications for engineering change management. Ancoefficients, may be more susceptible to change
organization can exploit each layerOs DSMftrm better ~ Propagation, since their components are more
engineering and managerial decision, thus minimizingnterdependentAnotherpotentiallyuseful graph property
unnecesary future changes and stering change IS centrality, which is a gauge of the importance of a node
propagation For example, the Product DSM cgnide N @ network. One measure of a nodeOs centrality is its
design architecture decisions in anticipation of thed€gree or the number of edges incident upofNewman
challenges of testing, building, integrating, and evolving &003) In the product layer, a componeng®strality may
product (e.g., automobiles, Suh and de Weck 2007y€flect its potential propagation behavior. — Namely,
Likewise, based onthe Social DSM,a project manager f:omponents with hlgher centrality m|ght_be more involved
might organize and elbcate teamsto facilitate better i change propagation, as parents or children.
communication. Such strategies are vital to engineering
change management, Bskert et al(2004) suggests that
insufficient communication is primary cause of redesigns 4-3.5Node Attributes
throughout product development.

4.3.4 Graph Properties

Node attributes constitute another set odinglelayer
metrics Node attributesefer to qualitative or quantitative

4.3.2 Change Prediction Mod€CPM) measures of a node, other than nodal graph properties.
The attributes of a node might influence its tilutions

As mentioned inSection2, CPM is a single-layer tool 0 changghenomena.

developed for predicting the occurrence of change Nodes attributes in the product layer describe
propagaibn. The tool focusespecifcally on the product Product compones. For examplegne node attributes
layer. CPM uses théProductDSM to identify potential Component clasd.e., whether a component Isardware,
propagation paths between components, under theoftware, ordocumentation.Different component classes
assumption that changes propagate along the technic®ight exibit different change propagat behavior. In
interfaces of a product. The final product of the tool is &N€ program fronSectionsOsase study, theequirements
risk matrk indicating the likelihood and impact of document was naturally a strong multiplier, because this
propagation between each and every component in tfgomponent essentially recorded changes to system

product (Clarkson et al. 2004). Another element of thd€quirements, which (almost) always led to redesigns
among the various technical parts of the system. By



contrast, certain software algthms behaved as constants, Thus, DMMtype strategies can have significant
because altering thewas cost and time prohibitive. implications for engineering change management.
Changes (i.e., nodes) ihe diange layermight be
describ@ by nodesattributes such asagnitude(in terms
of time and resources consuechd @proval stats (i.e.,  4.4.2 Component Propagation DSM
whether the changeis accepted, rejected, or pending
Giffin et al. (2009) found that high-magnitude changes apother doublelayer tool from the literatureis the
were more likely to be approved themw-magnitude ones Component Propagation DSKCompmentPDSM (also
because many of the Iemggnitude change_ requ_ests Werecalled the Ochange DSMO by Giffin et al. 2009). As
deemed to_be neessentlal_ Others attbutes in the  jntroduced inSection2.2, a ComponerPDSM s asquare
change layemcludeprocess timandcost _matrixin which dement (m, n) indicates whethea parent
Finally, node attributes in the change layer descrlbq:hange in the instigating componemtspawned a child
individual engineergor teams) For instance, engineers chang in the affected congment m. As such, a
have variousorgani;ational rols (e.g., s_pecia_lists_, team ComponenPDSM combines the change layerOs intra
lead, systems engineer, or mager) which will likely |ayers (to find instances of parestild propagation) with
impact his or her respon5|b|I|t_|esuh§ engineering cha_mge the chargeto-product inter-layer edges (to determine
management proes. Section 5Os case studwill  \which two product components were affected by the
guantitativey elaborate on thieelationship further. parent and child changes). The ComponeAPDSM
providesa great visual account of propagation activity
] Fig. 7 showsa hypothetal ComponerdPDSM, which
4.4 DoubleLayer Toolsand Metrics indicates, for example, that a changeopagated from
component # to component 2
Doublelayer tools and metrics focus on thayers
simultaneoushpy taking into account the intdatyer edges
between them 4.4.3 Change Propagation Frequency Mat(i€PFM)

) ) _ A useful derivatre of theComponerfPDSM is another

4.4.1 Domain Mapping Matrix (DMM) doublelayer tool called the Change Popagation
Frequency Matrix(CPFM) (Giffin et al. 2009). The

The first notable doublelayer tool is Danilovic and CPFM is a square matrix in which element, ) gives
BrowningOs (200T)MM. As introdwced inSectbn 2, the  the frequency (0 to 1) with which a parent change in
DMM is a matrix representation of the dependenciescomponenn led to a child change in component The
between two domains In the language of this paper, CPFM might give some indicationf the strength of
element (, n) of the DMM indicates whethean inter dependencies among product components. Mechanical
layer edge exists betweemwdem in the former dyerand  systems, for example, frequently propagate changes
noden in the latter. A DMM can be created for any pair because of the strong interdependence of their physical
of layers in the multilayer network modeDanilovic and  parts. Indeed, Eckert et a{2004) reports that in a
Browning argue that the DMM can help an organizationhelicopter design, a chge to the engine almost always
make better decisions in light of these idtgrer causes a change to the bare fuselage, the transmission, the
dependenciesFor example,they explain how a multi  avionics, and the engine auxiliaries, among others. By
project business might cluster a projembrganization contrast, modular software systems may be less prone to
DMM to identify ways to coordinate its projects with its change propagation. For example, the software
organizationOs technical competencies. Likewise, thaomirated system inSection 50scase study usually
program in Section 50s case studyrestructured its exhibited a low propagation frequency of less than 10%
organization based on similar logic. In the middle ofbetween all subsysteniGiffin et al. 2009)
system development, the program created integrated
program teams (IPTs), each of which united the designers, nsHgating Zomponent
testers, and integrators for a particular software segment.
Before this retructuring, these people were
disadvantageously dispersed in the organization.
Interestingly this strategic move led to a surgkechange
requests, because the multidisciplinary IPTs fostered better
communication between people dealing with the same

patts of the system. The IPTs unsurprisingly discovered gig 7 The componenDSM succinctly shows where proptpn
large number of problems with initial design decisions.occurred within a product design

=

1 1

w

Affected Component
N

10



Instigating Component disguise. The occurrence of indirect propagation will
1 23 be investigated further iBectionsOsase study
5 ¥ Not Predicted and Not i@pagated (NN) means that
the product DSM did not predict propagationdan
Predicted & Not Propagated propagation did not occurThis behavior is expected
and the least interesting

-

Predicted & Propagated

Component

N

Not Predicted & Propagated

Given any of these behavior types (PP, PN, NP, and NN),

an organization can benefit from investigatitheir causes

in more depth. When propagation did occur, whether

Fig. 8 Overlay oftheProduct DSM an€ComponerPDSM predicted or not (i.e., PP or NP), the organization might
find ways to improve its operation to avoid propagation in

4.4.4 ProductDSMComponerPDSMOverlay the future. When propagation did not occur (i.e., PN or
NN), the orgaization shald evaluate the reasons fitre

Another useful perspective comes fromverlaying the  nonpropagation of changesand formally adopt or

ComponerfPDSM with the Product DSM (i.e., the D&  encourage any gadaopractices.

of the product layer). Such a dde-layeroverlay reveals

where propagation was predicted versus where it actually

occurred. The reasoning here is that the Product DSM.4.5 Alignment Matrix

captures all théechnical interfaceamong the components

of a product. Consequiyy the Product DSMshould  The AlignmentMatrix is a doubldayer tool developed by
predict where parenthild propagation could occur, sosa et al(2007) that looks for patterns between the
assuming it can only occur betweienmediatelyadjacent  product layer and social layer. The Alignment Matrix
components. Meanwhile, theéomponerPDSM shows  performs an overlay of the Product DSM and the Social
where parenthild propagation actually occurred. Thus, psm. The premise is that if componergsand b are
the overlay of these matrices compareheory with  connected in the Product DSM, then communication
practice Giffin et al. performed an equivalent overlay in should exist between engineeasand b in the Saial
(2009) but did not fomalize the tool irdetail. DSM. The Alignment Matrix discovers discrepancies
Fig. 8 showsthe overlay ofthe hypothetical DSM and petween the two DSMs for further analysis. One
ComponerPDSM from Fig. 6 and Fig. 7, resgectively.  \yeakness of the Alignment Matrix is that it is only
The overay exposesfour types of behavior: applicable when there is a of®one mapping between
¥ Predicted and Propagate(PP) means that thedtluct  the product and the organization. If a doe@ne mapping
DSM predicted propagation by virtueof the  {oes not exist, as may be the case for large and complex
components@chnical interfaceand thatpropagation development projectgSosa et al. 200Q)use of the
did actually occur as predicted. This behavior, calledyjignment Matrix is not as straightforward. However,
direct propagation is relatively tolerable, because Eppinger (2001) and Morelli et al.(1995) have found
propagation, while still noideal, occurred as expected  syccessful workarounds iimslar situations.
¥ Predicted and Not Propagale(PN) means that the In general, the Alignment Matrigxposes two types of
Product DSM predicted propagation, but thatmismatches: unidentified interfaces and unattended
propagation did not occur.  This behavior isinterfaces between the Product and Social DS(@ssa et
advantageous, because somehow direct propagatiff. 2007) An unidentified interface is a communication
was avoided despite component adjacenciBsssible |ink |acking a coresponding product interfacevhile an
explanations include (a) clever dgsichotes avoided ynattended interface is a praduinterface lacking a
propagatior(b) the changes were of too lawagnitude  corresponding communication link.  Unidentified
to propagate, and (c) good communication betweefhterfaces are generally positive phenomes, while
engineers prevented propagation. unattended interfaces can be detrimental when critical
¥ Not Predicted and Propagate(NP) means that the product nterfaces go unnotide A lack of necessary

product DSM did not predict propagation, Yyetcommunication can lead to poor initial égss that need
propagation $f occurred.  This behavior, called changing later.

indirect propagation contradicts the conventional

belief that parenthild propagation can only occur

between adjacent componenBneexplanation for this 4 4.6 Componet-CPI
behavior is that the Product DSM is incompléte.,

missing technical interfaces), such that the |nd|re_ct_|_he first of the doubkayer metrics is He Component

propagation is actually just direct propagation 'nChange Propagation IndexComponenCPI, formerly

Not Predicted & Not Propagated

Affected
w
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just OCPIQ)which quantifies a product componentOs

propagation behavior. As defined by Suh and de Weck

(2007) and refined by Giffin et al(2009) the index is

calculated byeq. 3. One can calculata componentOs CAl and CRdm the
multilayer network model. For exampld, x changes

C,,(k)-C, (k) Eq. 3 have been proposed for compondqgtthen intedayer

C,.(k)+C, (k) edges would connect changs in the chang layer to
componentk in the change layer. The CAl and CRI

Through Eq. 3, the ComponettCPl compares the Would then reflect how many of those x changes were

numbers of changes propagating ifi,(k) and out accepted and rejected, respectively. 3

(Cou(K)) Of a component. One can determine these The CAl and CRImeasures a componentipenness

guantities from the multilayer network model For —and stubbornnes® accommodate changeespectively

example,if changen; spawnschangen, (aswould be Giffin et al.Os (2009) study of a reairld system revealed

indicated by an intrdayer edge between nodes andn,  that the large majority of subsystems were relatively

in the change layer)and changesk; and k, affect —accepting of change (CAI > CRI).

componentsm; and m,, respectively (as would be

indicated byinter-layer edges connecting to k; andn; to

ko), then Ci(k) and Couks) would each have to be 4.4.8Proposal Acceptance Rate

incrementedy 1.

The ComponeniCPIOs quantitative spectryf to 1)  Another doubldayer metric, called the Proposal

corresponds with # qualitative behavior spectru(®ec  Acceptance Rate (PAR), measures anengineerOs

2.1) proposed by Eckert et al2q04). For example, a performance as proposerof change. Such a metric was

multiplier component gives rise to more changes than isuggested by Giffif2007), but not developed in detail

absorbs, which mean£,,(k) > Ci,(k), or CPI > Q  When an engineer proposes a change request, the request

Meanwhile, a component coutdsobe acarrier (CP1"0),  is ultimately accepted or rejected. The PAR is essentially

absorber (CPI < Q)or constant (CPI undefined)Giffin et an engineerOate of acceptance as a proposer of changes.

al. (2009)considered the distribution of CPI values in aThe PAR of engineej can be intuitively calculated with

realworld system of 46 subsyems(see Sectio®mOs case Egq. 6.

study). They reportethe existence of strong multipliers

(CPI1>0.3),3 weak multipliers (0.1<CP1<0.3),6 carriers

RI(K) = Total # of Changes Rejected by Component & Eq. 5

~ Total # of Changes Proposed for Componert &

Comp onent— CPI(k) =

_ Total # of Changes Proposed by Engincerm and Accepted gq. 6

PAR(m) =
(-0.1< CPI<0.1), 13 weak absorbers@.3 < CPI< -0.1), (m) Total # of Changes Proposed by Engineer m
13 strong absorber§CPI < -0.3), and4 constants (CPI
undefined) One can calculatenaengineerOs PAROM the multilayer

Suh and de Weck (2007) use the Compoi@k as & network model. For examplef éngineerm proposedx
basis for embeddingexibility in a design. For instance, changes, then intdayer edges would conneehgineem
they recommend that multipliers (and sometimes carriersh the product layer t& changes in the change layer. The
are prime targets for flexibility in aiefpation of  pAR would then reflect how many of thosechanges
potentially ~costly ~propagation behavior by these \yere accepted.
components. An engineerOs PAR can reflect his or her skiltude,

and expertise. A high PAR might mean the engineer is

innovative and knowledgeablewhile a low PAR migh
4.4.7 Change Acceptance/Reflectance Rate imply he or shetends to havedeasthat are difficult to

implement However, other rationalizations for the PAR
Giffin et al. (2009) also defined anotheloublelayer  of a particular engineer atd exist. For instance, a truly
metric calledthe Change Acceptance IndégAl). CAlis innovative engineer could still have a low PAR if the
the fraction of proposed changelsimately accepted by a organization or product is sluggish or stubborn to make
product component. The CAI of componekt is changes. Conversely, a less creative engineer could still
calculatedby Eq. 4. have a high PAR if the organization or product is

especially receptive of changeSection5Os case studylivi

Total # of Changes Accepted by Componentk  Eq. 4 explore these competing explanatiamsing PAR values

CAI(k) = .
) Total # of Changes Proposed for Component & calculated for a realorld scenario.

The relatedChange Reflection IndefCRI) of component
k is calculated similarlyn Eq. 5.
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4.5 Triple-Layer Tools and Metrics Instigating Engineer
John Susan David

Triple-layer tools and metrics considet tiree layers of John

the mutilayer network model at onceOnly one triple
layer tool (the ESM) and one triplayer metric (graph
properties) were found in the literature

Susan 1 1

Affected Engineer

David

4.5.1 Engineering Systems Matrix Fig. 9 Engineer Propagation DSM faypothetical application

. . . . ) 4.6 New Tools and Metrics
As introduced inSection2, BartolomeiOs (2007&SM is

essentiallya DSM augmented to include nodes fromThus far,previous research has provided a good number
multiple ‘domains and edges within and across thosgf tools él?\d meics applicable to Fihe multila %r network
domains. As such, the ESMan bea triplelayer tool. bp y

The ESM highlights that the multilayer network model. Howevgrthe r(_apositoryu';ll seems to havea_few
essentially forms a sitg grand network with multiple weak areagsparticularlyif one wishes t@analyzethe social

L : . ayer. Indeed, the literature on change propagation has
%/i%zfefzforggjes and edges (similar to a multipartite grapl1acked substantial quantitative treattheof the people

involved in the change proces3his paperestablisies a
couple ofnew took and metris for this very purposethe
EngineerPropagation DSM and the EngineerChange
Propagation Index Another new item introduced here is
a metric calledPropagation Directnesswvhich counts how
Just as graph propersiewere applicable to any single many technical interfaces are spanmgdan instance of
layer, they can also help describe the grand néworparentchild propagation These new additions to the
formed by all three lays. In the context of the grand repository are summiaed inTable4.

network, all nodes and edges are treated equally.

Consequently, the graph properties of individual nodes

take on new meaning in the grand network relative to theij g 1 Engineer Propagation DSM

properties m their respective singlayer domains

Ovenll, graph properties of the grand network, such a%)ne oal of this research was to determine a way to
centrality, can provide useful insights into the relative 9 . . y
analyze the propagation effects of the social layer. To this

influence of items in the grand scheme of engineerin'%qud this paper proposes a dow r tool called the
change management. For instance, an organization co ! gineer Propagation DSI(/EnginelemrPeDSl\/p.

look for components of high centrgli in the grand . .
network to find critical spots in the product. A highly The EnglneeFPDSM _tracks instances  of chaj_e
propagation from onengineerto another over some time

central component is likely the subject of extensive eriod in the desian pross. The matrix is squarewith a
change. The organization may consider redesigning gn p ' q .
row (m) and column 1f) for each engineerin an

buffering that component so that it does not consume sgr anization Element i, n) of the Engineer Propagation
much time, money, ahresources in thiiture. Similarly, 9 ) ' 9 pag

an engineer of high centrality in the grandtwork is DS'\IA coutntjs bthethn_un:_bert_ of tlm_es parent cha:ge
likely a systems engineer, high performer, oftgperson implemented by thanstigating éngineern spawned a
: - ] child change implemented by th&ectedengineem.
in the organization. By contrast, angineer of low Fio. 9 shows the Engined?DSM corresponding tahe
centrality might be a specialist, an underperfermor 9. 9 b 9

. - : . three engineers John, Susan and David) from the
tsr?em;rg?:c?/ho landerutilized or only partially assigned to hypothetical applicationin Section 3.2  The matrix

indicates that parerthild propagation occurred twice.
One change propagated from DavidSasan i.e., when
David changed ., Susanhad to change t€;. Another

4.5.2 Graph Roperties

Table 4 Newly-introduced multilayer network tools and metrics

Name L";yers change propagated fromSusanto himself, i.e., when
Tools Engineer PropagatioDSM 8?322?5 Susarchange C,, she also had to chang®. It should be
Enaineerch o g Change noted that DavidOs change initially triggered a change for
Metrics ngineeiChange Prpagationindex | o'c o) John to implement as well. ~However, because JohnOs
Propagatiorirectness Product chang_e (to Rl) was ultimately rejeted, propagatl_on
& Social technically did not occur. Consequently, that rejected
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propagation does not appear in the Engikii@EM. This  Specialists essentially implement changes at the end of
convention is also followed by Giffin et al. (2009). propagation chains. Meanwhildeam leadersmight
correspond withcarriers (Ei, = Eoy), Since theypasson
some higHevel changesand may initiate changes on their
4.6.2 EngineerCPI own, but are also involved with lodevel changes in the
product. FinallyconstantqE;, = Eqy = 0) do not seem to
The EngineePDSM can be used to calculate ahavga an obvious corresponding organizational role. If an
meaningful doble-layer metric called theEngineer ©Ngineer is a constant, that means (oe shg only
Change Propagation Inde (EngineerCPl). The implements |solatt_ed changdse., they have no parent
EngineefCP| quantifies an engineerfsrformancewith ~ change and no children chanpes they are not involved
respect to the propagation effects of his (or herj? €ngineering c_hange activity at.aIAn interpretation of
implementation of changes. The EngineeCPl is a this behavior might be a good topic for future research.

number betweerl and +1, calculatetly Eq. 7. Section 50s case studyxmores the EngineeCPI in
greater detail.

£.,(D-E,(}) Eq. 7

Engineer— CPI( j) = - -
Euul (]) + Ein (])

4.6.3 Propagation Directness

In Eq. 7 Eou(j) is the number of changes that propagated . . .
from chanog;es implemented by enginger Ex(j) is the Propagation Directness(PD) is another doublelayer
number of changes implemented by enging that metric proposed for the first timeere PD is defined as

propagated from changes implemented by other enginee € number_ of product_lnterfaces spanned by an mst_ance
More simply, En(j) and Equ(j) are the irdegree and out of parenitchild promgation. PD can be calcula_lt_ed using
degree, respectively, of the EnginéddSM. Returning to theCompone_mPDSM a_nd _Product DSM. Specifically, if
the hypothetical application, one can calculate th he Propagation DSM indicates that a change propagated

EngineefCPIs of Dawil, Susan and John to be 1, 0, and rom componenn to componentn, then the PD of that
undefined, respectively. propagation is equal to the geodesic (shortest) path from

It should be obvious thath¢ EngineePDSM and componenn_tomi_n the Product DSM. L
EngineefCPI are basically extensios of Giffin et al.Os Propagation Directness reflects whether propagation is
(2009) ComponertPDSM and  Componer€PI direct or indirect. Direct propagation implies PD # 1,
respectively Just azhe ComponenrPDSM captureghe be_caus_,e direct propagation oceurs when a Ch"d. change
occurrence of change propagation between produ rises in a component that is adjacent (PD = 1)emtidal

components, the EngineBIDSM captures the occence (PD =0) to the _componeaiffec_ted by the parent change.
of change propagation between the engineer?y contrast, indirect propagation has PD > 1, because a

implementingthose changesAs such, lie EngineeCPI child change arises in a component nonadjacent to the
spectrum can be interpreted similarly to the Comgnt pompongnt affected b_y the parent_ ch_ange. As men_tloned
CPI spectrum; namely, positive, negative, zero, and" Section 4.4.4 direct and indirect propagation
undefined Enginee€PIs correspond with multipliers, corresp_ond with the PP and NP behawcyp(_als,
absorbers, carriers, and constants, respectively. respectively, that may be exposed when overlaying the

This paper proposesfurther that the EngineeZPI Prcl)Dduct DSM witﬁ? the Propr?gatiog PSM'. licati f
spectrum should also map onto the spectrgh ropagation Dectness has obvious implications for

organizational roles. That is, an engineerOs CPI shoJiIEie SU9CSSfU| _ prediction ~ of ~change propagation.

theoretically correspond with his or her job description.©Onventional wisdom says that Propagation Directness
Managers and systems engineersill typically be should alwa_ys be PD # l_; in other wc_)rds, all propagatl_on
multipliers (Eox > Er) because they initiate highvel should be direct propagation. Accordingly, the CPM suite

changes that potentially reqeimany lowetlevel changes (Clarkson et ‘_il' 2004, Kelle_r et al. 20059)tably_ only
to be completed. For example, a manager migh?.HOWS for direct propagation, but emphasizes that

coordinate with customers and consequently change tHECUrSive direct propagation can form propagation chains
requirements for a product to satisfy. Similarly, a system§PaNNing several product interfaces.  However, the
engineer might recognize a higgvel problem (e.g., given program in Chapter SQS case stut_jy e_xperle_nced a
unsati¢actory test results) and consequently initiatecons'der"’_lble a'.“oum of indirect propagat in which
corrective action that propagates through the product. Bgropa_gatlon Directness was usually PD = 2, and
contrast,specialiststend tobehave likeabsorbers(E;, > ccasionally PD = 3.

Eouw), because they perform changes in detailed areas of the

product where there is littlehance of further propagation.
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5 Case Study

The case under investigation here is that of a large
technical program whose purpose was to develop a large
scale sensor system. The system consisted of Iyloba
distributed hardware and software segments. The entire
endeavor was very complex and involved multiple
stakeholders and distributed users and operators.

The softwaredominatedsystem can be decomposed
into 46 areas, or coherent segments of softwanelare,
and different levels of associated documentation. These
OareasO are roughly analogous to ystdiss, the
identities of which are abstracted in this paper for
confidentiality reasons.Some additional facts about the
system were provided throlignterviews with one of the
programOs leaystems engineers.

5.1 The Data

The data for this case study was extracted from the*

Table 5 Sample change requestord(Giffin 2007)

ID Number 12345

Data Creatd, Last Updated MAR-Y5, JAN-Y6
Area Affected 19

Chang Magnitude 3

Parent ID 8648

Children ID(s) 15678, 16789
Sibling ID(s) 9728

Submitter Eng231

Assignee(s) Eng008 eng231 eng01§

Associated Individual(s) admin001 eng271

Stage Owinated, Defect Reason| [blank], [blank]
Severity [blank]
Completed? 1

Stage Originated, Defect Reason, & Sevefityan
indication of whether the CR originated from a
documented customer request; often left blank
Completed?b the approval status of the CRe.,
accepted (1), rejectedl(, or still pending (0)

programOs configuration management records. Details

about the data extraction methodology can be found in

Giffin et al.0s(2009) previous analysis of the same

progmm The full extracted dataset contains detaile

information about 41,551 change request€Rs)

generatedy the program over an eight year period. EachHidden in the raw data is gery complex multilayer

CR has a separate record, aswh inTable5. The data network. In all, the daset identifies 46 system areas,

entries inTable5 include 41551 change requests, and 501 engineers and

administratorsthat constitute the nodes of the product

¥ Identification NumberP the CROs unique tracking layer, change layer,nd social layg respectively. The
number assigned in chronological order dataset also provides information on some, but not all, of

¥ Date Created the month and year that the CR Vfiast ~ the types of intrdayer and intetayer edges. Table 6
entered irthe change management system indicates which edge dasee available for this case study,

¥ Data Last Updatedd the month and year thaie CROs and the sourcef that data Of the intralayer edges, only
record was last updated those in the prduct laye and change layer are available

¥ Area- the system area (1 of 46) affected by the CR The product Iay~er(~)s irlieyer edgesvere provide by one
Change Magnitude the expected effort required to of the programOs lead systems enginedre the change
evaluate and implement the CR on a scale of Gt layerOs intrtayer edges (i.e.propagation relationships)
based on the numbef source lines of codaffected or  are gleaned from theéRrentID,00ildren ID(s),0 and
total hours required Osvling ID(s)O entries for each QRcord Table5). Of

¥ Parent IDBthe ID of the CROs parent CRRany the interlayer edges, only the proddetchange and

¥ Children ID(s) Bthe 1D(s) of the CROs childréBRs, if ~ sociatto-changeinter-layer edges are known, which are
any gleaned from the OArea AffectedO and OAssignéais)O

¥ Sibling ID(s) b the ID(s) of the CROs sibling CRs OSubmittej@ntries for each CR record, respectively.
including children of the same parent or CRs redaile
some other significant way

d5.2 Model Constuction

Table 6 Data availability for case study

¥ SubmitteDthe individual who firsentered the CR to Edge Data Available? | Source
the _change man_age_ment system Product Layer Yes Interview

¥ Assigneed the individual(s) who formally possessed | Intra- ch L v Table5
responsibility for the CR at some point, eithes an Layer a'?ge ayer es ave
evaluator or implementer Social Layer No

¥ Associated Individuals® other individuals involved Inter - Productto-Change Yes Table5
with the CR Layer Productto-Social No

Changeto-Social Yes Table5
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Using the availabledata, Fig. 10 and Fig. 11 draw the by 50 engineers and affecting 12 system areas. The layers
multilayer network associated with two staralone are drawn in a linear formation, and all the node labels
change networks dad 1XCR and 87CR, respectively. correspond exactly with those in the raw datas€or
11-CR consists of 1llrelated change requests evaluated visual ease,he edge arrowgand node labels for 8ZR)

and implemented by nine engineers and affecting onljave been removed\o irtra-layer edges are shown in the
threeof the 46system areasThe 87ZCR network consists social layer because the data weravailable Table6).

of 87 relatedchange requests evaluated and impleeant

A Legend
7 4 A Engineer
Social Layer @\‘ /7‘ 5 ’ Accepted CR
y %/ < X Rejectted CR
av \\\// . Pending CR
Yam /’\_\ |:| Unaffected Area
- J \ . Affected Area

Change Layer

Legend
A Engineer
Social Layer . Accepted CR
(X) Rejected CR
. Pending CR
D Unaffected Area
. Affected Area
Change Layer
Product Layer

Fig. 11 Multilayer néwork model for87-CR
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in this study. The heuristic classified an engineer as a
5.3 Analysis of Engineer Performance OcoderO if 60% or more of his work focused on core
technology in the system (as opposed to support structure,
The first thrust of this case study elucidates some tesSting tools, etc.). Otherwise, the engineer wasstfied
interesting aspects of the social layer and its influence on@s & Otester/integrator.O o _
change propagation and the change process. Fig. 12(b) and (c)show the distribution of Engineer

Specifically, the programOs engineers analyzed as CPIs forthe coders and testers/integrators, respectively.
implemente,rs and proposers of change using the The distributions offer some evidence that the Engineer

EngineerCPI and Proposal Acceptance Rate CPI indeedcorresponds with an engir_leer()s_organizational
respectively. role. As expected, the codersO distribution is heatyeon
absorber end of the spectrum. In fact%rdf coders had
negative CPls. By contrast, the testerstegratorsO
distribution is heavyn the multipier end of thespectrum,
with 53% having positive CPIs. The average coderOs CPI
N was -0.16 (weak absorber), while theaverage
One element of an engineerOs work isrtfpgementation tester/integrator®s CPI wag3)(weak multiplier) Thus,
of changs. To assess an engineerOs performance in thighis case study offers some verification of the
regard, this case study uses tmewly proposed  correspondence betweerthe Engineer CPl and
EngineerCPI.  Fig. 12(a) shows the distribution of  organizational roles.Namely, the coders (mpecialists)
EngineerCPIs tended to be absorbers, while the testers iateyrators
calculated ér all 01 engineersdentified in the data set  (or OsystemsO engineershded to be multipliers of
The bars do not sum to 501, becausariyehalf of the change.
engineers (226) actually behaved like constants (i.e., CPI The data also Sugge‘stﬂ]at another influence on an
undefined) who were only involved with isolated engneer®s CPI isheé context ofhis work, i.e., the
changes i.e., theydid not contribute to any change propagation behavior ohe areas to which an engineer is
propagation. assigned to implement changes. The rationale here is that
The authors postulated earligrat the EngineeCPI some engineers may be assigned to parts of the product
should corregond to the orgamational role of an  that are inherently multipliers dnherently absorbers, as
engineer, i.e.systems engineemre multipliers (CPl > measured by their Compone@Pls. As aresult, these

0), team leadsire carriers (CPI = 0), anghecialistsare  engineers may have littlendependentcontrol over the
absorbers (CPI < 0).The data confirms this intuition.  propagation effects of their work.

5.3.1Implementers of Change

To determine the effects of an engineerOanizgtional To determine the effect of ComponddPIs on the
role on his Enginee€Pl, the engineers in this program EngineerCPI, the engineers in thisggram were divided
were divided into two classes: coders and in two groups: those with absorber assignments and those

testers/integrators Coders were the specialists who with multiplier assignments. An engineer was said to
actually made changes to lines of code within the have Oabsorber assignmentsO if the average Component
systemOs software areasBy contrast, tsters and  CPJ of his assigned areas was negative (i.e., an absorber).
integratorswere more like systems engineers who tested Conversely an engineer was said to have Omultiplier
and integrated the system areas togetterthe absence  assignmentsO if the average Compo@#it of his

of a detailed project directoryt was still possible to assigned areas wassitive (i.e., a multiplier).
roughly classify each engineer according to a heuristic

recommended by thkead systems engineer interviewed

Engineers with Engineers with

All Engineers Coders Testers/Integrators Absorber Assignments  Multiplier Assignments
60 ¢ >< > 60 60 60
Specialists Zea"; Sys. Eng.

p=-0.16 50 i =+0.13 50 y=-0.12 501 = +0.44

20 20 20
10 10 10
0 0 0 0
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Engineer-CPI| Engineer-CPI Engineer-CPI Engineer-CPI Engineer-CPI

@) (b) (©) (d) ()

Fig. 12 Distributions ¢ EngineefCPIs for various groups of engineers
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Fig. 12(d) and (e) showhe distribution of Enginee€Pls
for the engineers with absorber and multiplier
assignments, respectivelyThe distributions offer some
evidence that the Engine€PIl indeed depends on the
ComponerdCPI of an engineerOs assigned areas. In fact,
67% of engineers with absorber assignments had
negative CPIs (i.e., were absorbers), and 75% of
engineers with multiplier assignments had positisC
(i.e., were multipliers). The average CPI for each group
was -0.12 (veak absorber) and 0.44 (moderate
multiplier), respectively. Thus, an engineerOs CPI
appears to be somewhat dictated thyg Component
CPls, of his assigned areas. That is, thoséneegswho

explanatons for this troubling behavior. One is that
these enginees tend to have lots oideas that are
ultimately rejected because the proposals are not well
conceived. The alternative explanation is that the
engineer is actually quite innovative, but the
organization or producitself is stubborn or sluggish to
change. Whatever the explanation, these engineers
should be managed in a more focused way since they
generate many change requeBtsach of them causing
someeffort for proper review and dispositidd but a
substantial fraction of them are not implemented.

Lastly, the authors propose another usefdtric, Rpar,

work on multipliers and absorbers tend to be multipliers which is the ratio of an engineerOs PAR to the average

and abstbers themselves, respectively.

CAl of the areas targeted by his change proposals. The

ratio is calculatecby Eq. § where N is the number of
proposed change requests, and {Jdalthe CAI of the area

5.3.2 Proposers of Change

The other element of an engineerOs work iprbgosal
of changes. A engineelCR will ultimately be accepted
or rejected depending on its costdenefits and risks
from a systems perspective. The authors propowses

PAR =

targeted by thath proposal

PAR Eq. 8

N

s Z CAl,
N

dimensional scale for judging the performance of Fig. 13(b) displays a histogmm of Roar values for all the

engineers as proposers of change.

The scaleOs twengineers in the program.

The majority (78%) of

dimensionsare an engineerOs Proposal Acceptance Ratengineers have aRpar " 1, which would indicate that

(PAR) and the number athanges he/sh@oposed.

most engineersO PARs match closely with the CAls of

Fig. 13(a) plots the position of the 382 engineers who theirunderlying assigned technicaleas. A closer look at

proposed any chages on thisscale. Following the
advice ofone of the program(sad systems eingger,
Fig. 13(a) is additionally broken intodur quadrants, A,

the datareveals that this result is an artifact of most
engineers always proposing change requests in the same
area. Consequently, the PARs and associated CAls are

B, C, and D, which contain 85 (22%), 151 (40%), 123 essentially equalRpar = 1). Still, 15% of engineers had
(32%), and 23 (6%) of the 382 engineers, respectively Ropagr > 1. These engineers were ableatthieve PARS
The quadrant boundaries are located at the average PARiigher than the average CAI of their targeted areas. These

andaverage proposal count of all 382 datants.Each

engineers may be particularly innovative since their ideas

quadrant has different implications for an engineerOswere accepted by relativelshangeresistantareas in the

performance, depending on Hisr PAR and proposal
count relative to the average engineer:

system. By contrast, the 10% of engineers \Withr < 1
struggledto get changes accepted by relatively receptive

areas. These engineers may not be quite as innovative or
¥ Quadrant A contains engineers with high PARs and systems savvand might benefit from additional training

high numters of proposals. These engineers might be

termed Ohigh performers.O 600 : 350
¥ Quadrant Bcontains engineers with high PARs but 500 . 300
low numbers of proposals. These engineers likely , 44, N 250
have great ideas and good systems awareness, sinc & D A £ 200
their change requests are usuallgegited. However, 300 . 8 150

. o
for some reason, they propose a relatively low number % 200
100

of change requests. The reason for the low proposal
count may lie in the engineerOs organizational role,
personality, or some other factor.

¥ Quadrant Ccontains engineers with low PARsd
low numbers of proposals. These engineers are
relatively passive withonly moderate activity level
andlittle success as proposers of change.

¥ Quadrant D contains engineers with low PARs but
high numbers of proposals. There are two possible
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Fig. 13 Proposal Acceptance Rate (PAR) resiiiach dot in(a)
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e z ' 'R [ [T —— Fig. 16 Example of changepropagation(both direct and indirect)
from case study
’ : Where propagation did occur (PP and NP), it is
46" - ! meaningful to calculate the effective Propagation
Fig. 14 Overlay of Product an@omponerdPDSMfor case study Directness ffom Secton 4.6.3. Fig. 15 displays the

distribution of Propagation Directness values, considering
every instance of parewhild propagation in the program

5.4 Characterization of Change Propagation in which the child change as accepted (regardless of the
parent changeOs approval status). The distribution reveals

The second thrust of this case stulyolves the general  that 78% of all parenthild propagation in the program
characteization of change propagation. Tharimary was direct (PD # 1), while a surprising 22% was indirect
issue addressdukre isthe counterintuitive phenomenon (PD > 1). The vast majority of indirect propagation
of indirect propagation a common occurrence for this occurred across two interfaces (PD = 2) and a handful (3)
program. Secondly, he studyconsides the issue of  occurred across three interfaces (PD = 3). It should be
propagation extent the number of generation®f noted that the maximum possibmqpagation Directness
descendantpropagated by an initiating changén this was three because thgstemnetworlOsliameteris three.
program, propagation always stopped after five, and  Delving further, Fig. 16 illustrates a few examples of
rarely more than four, generations of descendants. parentchild propagation from the dataset. In each
illustration, the changéayer contains the parent change
and child change connected by a directed ilgtyar edge.
5.4.1 Indirect Propagation Meanwhile, intedlayer edges connect these changes to the
affected areas in the product layer. For PD > 1, the
product layer also containthe unaffected areas othe
shortest path between the two affected areas. All nodes
are labeled as they appear in the raw data. Fqlisity,
the social layer ismitted
Each exarmle in Fig. 16 has a different Propagation
Directnessvalue, which should be clear from the number
of product interfaces spanned by the propagation. In
Example A, seHpropagation (PD = 0) occurred in Area
#8; interestingly, the parent change in this example was
ultimately rejected. Next, Example B showsredt
propagation between adjacent areas (PD = 1); a change to
Area #1, which contains requirements documentation,
N caused a change in Area #10, a core technology area.
Example C exhibits indiregpropagation; Areas #3 and
#19 are separated by two intedfadPD = 2) with Area #1
Direct Indirect in between them. It should be noted that several geodesic
2000 Y (length2) paths exist between Areas #3 and #19, besides
the one through Area #1. Finally, Example D shows one
of only three scenarios in thentire dataset with PD = 3.
It is important to remember that in Examples C and D, the
intermediate areas (connecting the two affected areas)
were unaffected by anelatedchange, whictconstitutes
indirect propagation.
The phenomenon of indirect propagation contradicts
conventionalwisdom on change propagation. As such,

Conventional wisdom about change propagatissumes
that only direct proagation is possible; that ig, parent
change in one component can only yield child changes in
itself or immediatelyadjacent componentlarkson et

al. 2004) However, the prograndiscussed here
experienced considerable indirect propagation, whereby
child changes occurred in nonadjacent areas.

Fig. 14 overlays the programOs Product DSM with its
ComponerfPDSM (from Section4.4.4. Giffin et al.
(2009) performed arquivalent overlayor this program
The overlay exposes all four types of parecttild
propagation behavio Overall, 15%, 9%, 9%, and &6
of all pairs of components exhibited PP, PN, NP, and N
behavior, respectively.

1500

1000

Count

500
3

'

0 1 2 3
Propagation Directness

Fig. 15 Distribution of Prpagation Directness
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one might conclude that if indirect propagation appears
to have occurred, then the Product DSM mustnissing
some interfaces that actually exist; in other words, any
observed indirect propagation is really direcigagation

in disguise. If this explanation is true, then the Product
DSM in this case study would shocgly be missing 192
interfaces. This seemanlikely. In fact, a lead systems
engineer from the program explained that indirect
propagation is a legmate artifact of software system
development. Apparently, engineers in this program
would frequently violate the intended structure of the
system in order toachieve a quick solution for a
redesign. These illadvised maneuvers were sometimes
necessaryduring time crunches to meet development
milestones (e.g., PDR, CDR, etc.). For example, one
area of the system contained System Adjustable

4 Generations
of Descendants

5 Generations
of Descendants
Legend
@ Accepteacr
(X) Rejected CR

11922

2262

13670 27413

16585
16704

24101 16234

26906 18461 18484

18465 18471

18644 19965
Fig. 18 Examples of 4and 5generation propagation chains

Parameters (SAPs). A SAP is a system variable kept in arig. 17 shows theprogramOdistribution of the number of

loadable file, rather than in the software code itself.

generations flowing froneachun-parented changever

Many areas of the system were nominally diSCOﬂneCtedthis programés eight year periofin unparented change

from the SAP file. Still, on occasion, a hasty redesign
effort would change the SAP file (e.g., adding an SAP),

despite the lack of an interface between the SAP file andgwn.

the parent arealn effect, a ne interface was created,

is an individual change that is not the child of another
change, and may or may not have any child changes of its
In oher words, each count Fig. 17 corresponds
with a distinct propagation chain, whether it contains one

allowing a change to propagate; however, this interfaceisplated change or a line of descendants. alln the

was not part of the original Product DSMhus, indirect
propagation, thougtunintended can and does occur

program generated 36,184-parented changes.
The resuis show that bange propagation in the system

during product development. Additional case studies are gimost always (99.99%) halted after four generatfifrst

necessaryto determine if indirect propagation is a
common artifact among software systems only, or
hardware systems as well.

5.4.2 Propagation Extent

Propagation extemrefers tothe number of generations of
descendants triggered by an initiating changekert et
al.092004) study of Westland Helicopters found that a
change rarely occurs by itselhd usually propagates no
more than four generationsThe data for the program
here reaffirms the lattefinding, but differs from the
former.

0 1
#Generations Propagated

Fig. 17 Distribution (on a logscale)of the number of generations
per unparented change

2 3 4 5
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asEckert et al.(2004)reportedin their study There was
only a handful (5) of changes that yielded five generations
of changes, which was the maxim number of
generations experienced; in other words, change
propagation always vanished after five generations.
Examples of propagation chains from the dataset with four
and five generations of descendants are illustratdegn
18. All the node labels correspond exactly with those in
the raw dataset.

Interestingly, hhe results irFig. 170gliffer from Eckert
et al.® (2004)finding that a change rarely occurs alone.
In fact, isolated changes were actually the norm for this
system; 91% of wparented changes (33,152 out of
36,184) did not have any children (i.e., zero generations
propagated). A deeper look into the context of each
changemay explainthese statistics ne. For instance,
the large majority (80%) of changes in this program were
low magnitude (O or 1 on a scale of 0 to 5), which may
explain the generally low probability of propagation.

Overall, propagation extent likely stands as an
extremely contextlepemlent feature of change
propagation. This case study, at least, confirms that
propagation vanishes after five generations of
descendants, and rarely exceeds four generations.



5.5 Reflectionon Case Study 6 Conclusion

This case studglemonstrate the practical utilityof the This papemresented anultilayer network modein hope

multilayer network modelin addition to gaining further  of introducing a promising approach to the field.

insight into industry® experience with change Returning to the research question$ Section1.2, the

propagation authors propose the following answemased on the
The most valuable and novel part of the study was theresearcHindings

investigation of thelargely unexploredsocial layer ¥ What insights can be gained from a multilayer network

Here, he EngineefrCPI ard PAR showed promise as model of changeropagation? A multilayer netvork
measures ofpersonnel manageme and performance model (Fig. 3) provides a holistic framework for
assessment. HE EngineelCPI was used to quantify the analyzing and mnaging change propagation. As
propagation effects of an engineerOs implementation of demonstrated by the case studygwn insights are
changes. The dataindicated that the Enginee€PI is particularly gained by inclusion of the social layer. The

partially dependenon an engineerOs organizational role  model represents a datiriven approach to change
and the context of his assignments. Coders and managementith the potentiato guidedesign strategy,
engineers who worked on absorbers in the system tended change impact analysis,and human resource
to behave like absorbers themselvesMeanwhile, management. Only a holistic framework like the
testers/integratorsand engineers who worked on multilayer network model could comprehensively
multipliers in the system tended to behave like address all thesmreas

multipliers themselves. The programOs engineers wer& What are potential tools and metrics for analyzing the
also analyzed as proposers of change with respect to their model? The multilayer network modeprovides a

PAR and the total number of changes they propos&d. platform for an array of viable tools and tmes. In
more conscious assignment of roles and identitioabf Table 2, this paper proposed a baseline repogitof
ergineers who fall into @adiant D Fig. 13a) may help tools and metrics, both old and newlany tools and
identify those who might beafit from additional metrics previously proposed in the literature are readily
training. incorporated by the model. Consequently, the model
The case study als@ontributed to the general offers a comprehensive paradigm thatiifies previaus
characterization of change propagatioft was found researchin a common frameworkTablel). Moreover,
that softwarentensive systems may be particularly this paper introducedome promisingnew tools and
susceptible to indirect propagatjoby which changes metrics including the EngineePDSM, EngineeCPl,

propagate between nonadjacent product components. and Propagation Directness.
Finally, the study foundhatmost changes did notlead to ¥ How can the model contribute to the prediction,

any propagation. rBpagationthat did acur always prevention, and control of change propagation?
stopped after five, and rarely more than four, generations Taking a multilayer view in an engineering program
of descendants.The trends revealebdere contribute to holds the promise of turning change management from
the future ability to rank or tag change requests a rather passive administrative process to a more
according to Hheir likelihood of initiating long predictive and proactive systems engineering process.

propagation chains
Ideally, te above analyses would have been
performedduring the development effarrather than in 6.1 Future Work
post. That way, the programould haveacid on the
results of the analyse This case study had the luxury of - The myltilayer network modetreates several avenues for
a rich dataset spanning the full development effort. ,1,re work, including the following:
However, it is unclear (and natithin the scope of this

paper) whether sufficient data would have baeailable ¥ This paperhas only scratched the surface of sioeial

to reveal any actionable trendsin real time layer. Many questions remain about the social layer®s
Nevertheless, thase ofretrospectivestatisticalanalysis contribution to propagation phenomena. For instance
as in this case studwtill has potentialvalue for future it may be insightful to consider an engineerOsval
development efforts. After all, most products(and respect to an engineer@srkload and experierg, as
systemspreadaptations of predecessors and many are at  \ye|l as human resource management aitéstones
least analogous to previous produ@@sffin et al. 2009) during product development.

Consequently, it may be possible to develwguristic  y pye 1o a lack of datahis paper was unable tonsider
relationships to predict the_ expected chan_ge_ activity fora  the communiation patternsamong engineers in the
new praluct by analyzing change tatistics from social layer. The major question here is whether

analogousievelopment efforts communication between engineers who are in charge of
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