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Abstract

The design structure matrix (DSM), also called the dependency structure matrix, has become a
widely used modeling framework across many areas of research and practice. The DSM brings
advantages of simplicity and conciseness in representation, and, supported by appropriate analysis,
can also highlight important patterns in system architectures (design structures), such as modules and
cycles. A literature review in 2001 cited about 100 DSM papers; there have been over 1000 since.
Thus, it is useful to survey the latest DSM extensions and innovations to help consolidate progress
and identify promising opportunities for further research. This paper surveys the DSM literature,
primarily from archival journals, and organizes the developments pertaining to building, displaying,
analyzing, and applying product, process, and organization DSMs. It then addresses DSM
applications in other domains, as well as recent developments with domain mapping matrices
(DMMs) and multidomain matrices (MDMs). Overall, DSM methods are becoming more
mainstream, especially in the areas of engineering design, engineering management,
management/organization science, and systems engineering. Despite significant research
contributions, however, DSM awareness seems to be spreading more slowly in the realm of project
management.
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1  Introduction

Many researchers and practitioners have used the design
structure matrix (DSM—also called the dependency structure
matrix) to represent and analyze models of complex systems. The
DSM brings advantages of simplicity and conciseness in
representation, and, supported by appropriate analysis, can also
highlight important patterns in system architectures (i.e., design
structures), such as modules and cycles. More recently, DSM
usage has led to the development of domain mapping matrices
(DMMs) and multidomain matrices (MDMs) that have broadened
the capabilities and applications of matrix-based models of
complex systems and provided further insights. Such capabilities
have become recognized as increasingly beneficial and important
in this age of ever-more complex projects, products, processes,
organizations, and other systems.

Steward’s work on systems of equations in the early 1960s
[1, 2] led to the first papers on DSM [e.g., 3] as internal reports
for General Electric, but it was not until 1981 that his book [4]
and paper [5] were published (the latter in these Transactions).
Aside from some citations by Warfield [e.qg., 6], few references to
Steward’s DSM works can be found until the late 1980s, when
researchers at MIT and NASA began to apply and extend the
method [e.g., 7-9]. The 1990s saw several developments,
including the broadening of DSM applications beyond Steward’s
temporal models to include static models of organizations [10]
and products [11]. The new millennium brought an explosion of
DSM research and applications across multiple industries and
contexts. Browning’s [12] 2001 review of the DSM literature
(also in these Transactions) cited about 100 DSM papers; there
have been over 1000 since. These developments are of great
interest to researchers® and practitioners, so it is valuable to
provide an organized account of the evolving landscape to
consolidate progress and provide a foundation for further
advancement. Primarily targeting practitioners, Eppinger and
Browning’s recent book [13] provided an introduction to DSM
methods along with 44 industrial application examples. Primarily
targeting researchers, this paper surveys recent DSM extensions
and innovations in the scholarly literature and illuminates areas
with a plethora of publications as well as areas offering excellent
research opportunities.

A DSM (Figure 1) is a square matrix where the diagonal cells
typically represent system elements (such as components in a
product, people in an organization, or activities in a process) and
the off-diagonal cells represent relationships (such as
dependencies, interfaces, interactions, etc.) among the elements.
DSMs containing a single kind of off-diagonal mark are called
binary DSMs, and DSMs with off-diagonal cells containing a
number are called numerical DSMs. Other types of DSMs may
contain a variety of symbols, markings, and color coding, as the
format lends itself to customizations. The literature contains two
conventions for matrix orientation. In the first, an element’s inputs
appear in its matrix row and its outputs appear in its column. This

1 [5] and [12] are the second- and third-most cited papers,
respectively, out of over 1,900 papers in the 60+ year history of
IEEE-TEM, according to the Web of Science®, September 14,
2015).

2 For convenience, we refer to all articles, books, chapters, reports,
and theses as “papers.”

is called the “inputs in rows” (IR) convention [13]. The second
convention, with “inputs in columns” (IC) and outputs in rows, is
merely the transpose of the matrix and conveys the same
information. (Both conventions persist because each has
advantages in particular contexts, and because of the diverse roots
of the matrix-based models now called DSMs.) The regions
above and below the diagonal in the matrix thus distinguish the
directionality of any relationships, making the basic DSM
equivalent to a directed graph. However, in some circumstances
and to many users, the DSM representation has advantages over a
graph (or node-link diagram or flowchart): the DSM is relatively
more compact, scalable, and readable with increasing size while
easily highlighting important architectural characteristics such as
modules and cycles (e.g., process iterations or rework loops) [12,
14]. The goal of the DSM s to expose the structure of a system’s
architecture or design. Aside from this minimal introduction, this
paper will presume that its readers already possess a basic
familiarity with DSM. (See [13] for a thorough introduction.)

For this survey, we assembled and studied a vast collection
of papers? from journals, books, and conference proceedings.
Because Browning’s review [12] covered developments through
2000 (although appearing in 2001), we focused mainly on post-
2000 works. We began in late 2011 by conducting a citation
search on a set of prominent DSM papers [4, 5, 12, 15, 16], which
identified over 3,000 citations (many redundant). We
supplemented these results with a general search of the academic
literature (including journals in engineering management,
operations management, project management, engineering
design, management science, organization science, and systems
engineering) from 1998-2012 for the keywords “design structure
matrix” and “dependency structure matrix.” This produced more
than 100 additional references. Next, we explored the reference
lists of these works in search of further items. Finally, we added
many recent papers from 2012-2015. Altogether, we were able to
identify over 1,300 papers?, of which we could acquire and read
over 1,000 complete items. Next, we read each paper to determine
if it actually applied DSM (versus merely mentioning it) and, if
so, attempted to classify it by Browning’s [12] taxonomy—i.e.,
whether the paper used a static or a temporal DSM to model a
product architecture, an organization architecture, a process
architecture, or more than one of these. We encountered some
papers that did not fit this taxonomy, which prompted us to
expand it to include project tools and goals architectures.

Space constraints in this paper forced a down-select from the
full list of papers in the survey.* We focused primarily on the
scholarly papers in archival, peer-reviewed journals, although we
do include some selected conference papers, book chapters, and
theses. One prominent area that receives admittedly limited
coverage is the set of papers from the annual DSM conferences
(www.dsm-conference.org). Although these (and many other
conference) papers are obviously relevant, we mostly omit them
because of space limitations and because many of the best of them

3 These papers included over 100 non-English papers, of which
about two-thirds are in Chinese and the rest in German, French,
Korean, Spanish, Japanese, Portuguese, Dutch, and Italian—in
order of decreasing frequency.

4 We are adding our full list of DSM references to the database
at www.dsmweb.org. Anyone with awareness of additional
references can submit them to this list.
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have matured into journal papers (which are included).® We also
omit some papers where pioneering authors superseded their
earlier works with more advanced or similar ones. Space
constraints also do not permit a detailed exploration and
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comparison of each of the vast number of papers in the DSM
literature. Rather, this paper’s goal is to survey the landscape,
summarize the main thrusts of research to date, and illuminate
propitious opportunities for further research.

Figure 1: Example of a binary DSM (IC convention), with optional row and column labels, and its equivalent node-
link diagram (directed graph)

The paper begins by surveying advances in and opportunities
for traditional DSM applications—models of products,
organizations, and processes. Innovations and extensions in each
of these three areas are presented in terms of building, displaying,
analyzing, and using the models. Many applications are also
distinguished by industry. Successive sections address newer
DSM application areas, DMMs, and MDMs, respectively—again
accompanying the survey with several opportunities for further
research.

2 Advances in and Opportunities for Traditional

DSM Applications

Browning’s [12] review laid out three types of DSM
applications—models of products, organizations, and processes.
(Browning’s fourth type, a parameter-based DSM, is essentially a
high-fidelity process DSM.) These three domains have received
the bulk of scholarly and industrial attention to DSM. This section
surveys key advances and discusses promising opportunities for
further progress in each of these three areas. Although Steward
originally developed the DSM for processes, this section will
begin with static DSMs (product and organization) before
proceeding to temporal (process) DSMs. Each of these three
applications will be presented with a brief history followed by a
discussion of the literature organized around the building, display,
and analysis of the DSM, further uses, and cited examples of
application instances in particular industries. Note that many of
the developments pertaining to building and displaying each of
these DSM types can often be leveraged across all types of
applications.

2.1 Product Architecture DSMs

Square-matrix models of product structures, which we call
product architecture DSM models (or product DSMs for short),
grew from several sources. The use of square matrices to model
system architectures can be traced back to the works of Simon
[17] and Alexander [18] in the early 1960s. Steward created the

> Surveying the papers from the 17 annual DSM conferences
presents an excellent opportunity for future research.

process DSM model (82.3) in the 1960s, yet it was not until the
early 1990s that Eppinger and colleagues at MIT applied the DSM
to modeling product architecture [11]. Meanwhile, practicing
systems engineers have used the “N-square” chart to model and
manage component interfaces since the 1970s (at the latest), when
it was formally codified by Lano [19]. Since the 1990s, product
DSMs and N-square charts have continued to converge somewhat
in the systems engineering literature.

For the purposes of this survey, a product is an engineered
system, such as an automobile, an aircraft, an electronic system, a
software application, a machine, a mechatronic unit, a building or
built environment, a piece of capital equipment, etc. A product
system has a design structure, or architecture, “the arrangement of
components interacting to perform specified functions. The
architecture of a product is embodied in its components, their
relationships to each other and to the product’s environment, and
the principles guiding its design and evolution” [13]. A product
consists of components related in various ways, such as spatially
or based on a flow of material, energy, or information. Product
architecture models could include at least three mappings [13]:
(1) a hierarchical decomposition of the product into modules and
components, often represented with a product breakdown
structure (PBS), (2) an assignment of the product’s functions to
its components and modules, often represented with a rectangular
mapping matrix, and (3) the relationships among components and
modules, often captured with a product DSM. DSMs have also
been used to model function-to-function relationships in the
product domain [e.g., 20]. See [13] for further discussion of the
motivations for and benefits of product DSM models. Because of
their usefulness in product design and development, product
DSMs have gained particular traction in the engineering design
and systems engineering communities, although they have also
begun to receive attention in operations management and software
development contexts. Recent product DSM models have brought
many innovative applications (Table 1a&b). The remainder of this
subsection surveys several of these while noting opportunities for
further research and development.



Table 1a: Product architecture DSM innovations and
extensions—with selected references

Building Product DSMs Selected References

Increasing model consistency and inter-rater [21-25, 83]

reliability

Distinguishing types and strengths of [11, 22, 41, 51, 57, 303-
interfaces/relationships 305]

Constructing software architecture DSMs
automatically from source code
Constructing a product DSM automatically
from other models

Building function-to-function, concept-to-
concept, and other types of product DSMs
Displaying Product DSMs Selected References
Showing nested module/subsystem structures [13, 21, 26, 109, 312-
with hierarchical DSMs 314]

Showing varied types and strengths of [11, 41, 250, 315]
interfaces/relationships

Showing change probability and impact as mini-
graphs in the DSM

Using DSM appendages to show external
relationships

Showing multiple product variants with a three-  [44]
dimensional DSM

Analyzing Product DSMs

[26, 27, 306, 307]

[28-31, 113, 308, 309]

[20, 32-37, 39, 40, 257,
310, 311]

[42, 52, 53]

[12, 22, 43, 309, 316]

Selected References

Determining product modules [58, 317]

Determining modules via clustering analysis [46, 47, 50, 56, 311, 318-
327]

Clustering via evolutionary algorithms [41, 45, 328-337]

Clustering with the criterion of intellectual [48, 49]

property protection when outsourcing

Clustering with the criterion of component [43, 338]

volatility and option value

Sequencing to determine architectural levels [51, 339]

Analyzing change propagation [42,52-54, 277, 289,
340-344]

Calculating modularity metrics [21, 29, 55, 62, 315, 345-
347]

Calculating other metrics (e.g., row and column
sums to ascertain interface intensity and
priority, fan-in and fan-out, degree of
connectivity, visibility, etc.)

Expanding or dithering the matrix to differing [349]
levels of detail

Calculating the difference between two DSMs
as a “delta DSM” (ADSM)

[27, 221, 282, 312, 348]

[35, 350, 351]

2.1.1  Building Product DSMs

Product DSMs are challenging to build because of the large
amount of included knowledge, and because of varied
interpretations of a product’s decomposition and structural
relationships. Different modelers build different models by
choosing different: levels of decomposition (abstraction),
component definitions at each level, and relationship types and
definitions among the components [21-25]. Because different
models yield different metrics (e.g., amounts of modularity) and
analysis results (e.g., module definitions), increasing the “inter-
rater reliability” of DSMs is an important area for further research.
Accordingly, Tilstra et al. [22] proposed a standardized approach
for building product DSMs to increase consistency across
modelers. Needs for consistency and reduced effort in model-
building have driven the development of approaches for
automatic extraction of DSMs from existing databases. Sangal et
al. [26] and MacCormack et al. [27] demonstrated the efficacy of
this approach for software products by building large, rich,
consistent DSMs from source code repositories. Product DSMs
have also been extracted from unified modeling language (UML)

models [28-30] and a function-behavior-state model [31]. With
further development, it should become possible to extract DSMs
automatically from CAD models or other standardized
frameworks such as building information models (BIMs). On a
related point, most product DSMs built to date have modeled
physical components and their relationships (e.g., spatial, material
flow, energy flow, and data flow). However, functions are also an
important aspect of the product architecture, and function-to-
function DSMs have been used by several researchers [e.g., 20,
32-37]. (Function-to-component mappings will be discussed in
84.) Functional dependencies could also be added to component-
based product DSM models [38]. Static DSMs have also been
used to show relationships among design concepts [e.g., 39] and
design constraints [40]. While many possibilities exist to develop
additional flavors and varieties of static DSMs, opportunities
remain to develop standardized approaches for building product
(and especially function) DSMs.

2.1.2  Displaying Product DSMs

Recent work has brought several innovations in the display
of DSMs in general and product DSMs in particular. Colors and
shading provide powerful ways of indicating the hierarchy of
nested modules, and display tools can expand and contract areas
of a DSM to drill down to deeper levels or roll up to higher levels
[e.g., 26]. (These capabilities are important to other types of DSM
models as well; e.g., see §2.3.2.) Many product DSMs capture
more than one type of relationship among components, and
showing more than one of these at once in a single matrix presents
a challenge of crowding. One can portray relationship type in sub-
cells [e.g., 11, 41]—although this quickly crowds the matrix—or
in separate matrix layers or planes [e.g., 22]. To reveal visual
insights, symbols [e.g., 10] work better than numbers alone,
especially for large DSMs. Clarkson et al. [42] provided an
innovative way to combine the probability and impact of a change
propagating across an interface by placing a mini-graph in each
off-diagonal cell, where the width of the graph represents
probability, the height of the graph represents the impact, and the
shaded area of the graph represents the risk (the product of
probability and impact). Relationships with external entities can
be modeled by adding a row and column to the DSM [22, 43] or
by using separate regions above and to the right of an IC-
convention DSM [12]. Alizon et al. [44] overlaid DSM layers,
each representing a product variant, to compose a three-dimen-
sional DSM depicting a product family. Further opportunities
abound to develop DSM display approaches that make helpful use
of hierarchy, layers, numbers, colors, and symbols and provide
the capabilities to expand and contract regions and link to
additional sources of information about the components and their
relationships.

2.1.3  Analyzing Product DSMs

Although some additional analyses have been developed,
most product DSM analyses to date have focused on clustering
components to determine modular architectures. Advances in
clustering include the use of sophisticated genetic algorithms
[e.g., 41, 45], analysis of the eigenstructure of the matrix [46],
approaches from graph theory [47], and the use of criteria besides
simply the number of interfaces inside or outside a cluster, such
as the likelihood of component change [43], the probability of
unintended intellectual property transfer when outsourcing [48,



49], or module commonality across a product family [50].
Although improved approaches to clustering and other DSM
optimization problems are useful, the primary challenges here lie
in (a) the determination of appropriate objective functions for
multi-criteria optimization and (b) the interpretation of results.
Besides clustering, since an earlier DSM review [12] suggested
the possibility of applying sequencing analysis (usually applied to
temporal DSMs) to static DSMs, this has been done for both
software (see 83) and hardware [51]—in part to separate the
product architecture into hierarchical levels (with higher levels
depending on lower levels but not vice-versa) to facilitate product
design and development. Aside from clustering and sequencing,
product DSMs have also been analyzed in terms of the probability
and impact of a component change propagating across an
interface, which has enabled determination of the riskiest paths
of change propagation and the designation of components as
change multipliers or absorbers [42, 52-54]. This analysis can
help designers adjust components and interfaces to manage
product modularity and evolution. Still other analyses have used
DSMs as the basis for calculating various metrics, especially
pertaining to modularity [e.g., 21, 46, 55]. An acute challenge here
is to devise a scale-free metric, one that gives the same result for
a given product regardless of level of decomposition (matrix size).

2.1.4  Otherwise Benefiting from Product DSMs

Researchers have developed a number of innovative ways to
use product DSM models. Several of these applications are
summarized in Table 1b. Sharman and Yassine [56] used the
DSM to identify architecture characteristics, patterns, or
signatures such as buses, asymmetry, imperfection, pinning, and
holding away. Fixson [57] explained the importance of interface
reversibility and standardization. Baldwin and Clark [e.g., 58]
emphasized the strategic and economic implications of product
architectures and designs. Here the product DSM literature has
many connections with the broader literature on modularity.
Facilitated by a product DSM, modularity has informed design
evolution [e.g., 55, 59-61], outsourcing decisions [49, 62], and
market or portfolio segmentation [e.g., 63]. Moreover, the product
DSM has supported design for variety while maximizing
component commonality across product families or platforms
[e.g., 64, 65-67] and design for adaptability, often via modularity
and its connection with real options [e.g., 43, 68, 69]. The insights
from these applications are quite sophisticated, but their wider use
in practice will require new and improved software tools to
support DSM model building, analysis, and interpretation. The
use of multiple DSMs for product variants could benefit from the
development of a “logic DSM” that represents relationships such
as “if using component A then also use component B but not
component C.” Baldwin and Clark [58] also elucidated the
importance to good architecting of design rules—what designers
working in decoupled modules follow to assure later ease of
integration. Some have used DSMs to help determine the need for
and location of additional design rules, as well as to locate and
flag rule violations [e.g., 26, 28, 70, 71]. However, while Baldwin
and Clark introduced design rules using a hardware example, most
subsequent work has applied the concept to software. Further

Table 1b: Product architecture DSM innovations, extensions,
and application areas—with selected references

Otherwise Benefiting from Product
DSMs

Selected References

Determining architecture patterns or signatures
and their implications

[56, 57]

Assessing the strategic and economic

[57, 58, 60, 339, 352-

implications of product architecture 356]

Using modularity to inform design evolution [55, 59-61, 357-359]
Using modularity to inform outsourcing and [49, 62, 360]
partnering decisions

Segmenting portfolios [63]

Designing for variety, component
commonality/reuse, and product
platforms/families

[38, 39, 44, 64-68, 305,
361-368]

Designing for
adaptability/flexibility/changeability (often via
modularity, real options)

[22, 43, 68, 69, 304, 338,
369-375]

Determination and use of design rules in
product design

[26, 28, 58, 70, 71, 376,
377

Using design rules and options for mass
customization

[378-380]

Standardizing and managing interfaces

[57, 70, 376, 381]

Designing for manufacturing and assembly [382]
(DFEMA)
Designing for sustainability and the [316]

environment

Synthesizing with other design methods and
tools such as Quality Function Deployment
(QFD), Axiomatic Design, and the Theory of
Inventive Problem Solving (TRIZ)

[67, 257, 356, 361, 383-
387]

Decomposing and optimizing design problems [72, 73]
Supporting multidisciplinary design [74-76, 388]
optimization (MDO)

Exploring the conceptual design space [308, 383]
Managing product knowledge [78]
Analyzing product usability [389]
Supporting reverse engineering [22, 40, 390]

Integrating systems and infusing new
technologies

[350, 387, 391]

Analyzing system integration and testing

[392]

Allocating resources to product modules

[393]

Industry Instances

Selected References

Aerospace [13, 41, 42,52, 53, 75,
76, 98, 308, 315, 340,
342-344, 375, 383, 394,
395]

Automotive [11, 31, 35, 38, 67, 260,

311, 318, 341, 351, 362,
378-380]

Computer (hardware)

[51, 58, 339, 395]

Construction

[74,304, 312]

Electronics [21, 66, 350, 357, 364-
367, 375, 395, 396]
Energy [68, 250, 392, 397]

Information technology

[398]

Manufacturing systems

[62, 335, 345, 373, 375,
399]

Mechanical products/equipment

[36, 37, 50, 72, 305, 316,
321, 325, 335, 368, 400]

Sensor systems (large-scale)

[289]

Service system design

[324]

Ship design

[362, 401, 402]

Software

[14, 27, 28, 30, 59, 70,
71,102, 306, 313, 376,
403, 404]

research could demonstrate the power of, and explore approaches
to formalizing, design rules for hardware products. Additional
studies of architecture evolution from a longitudinal perspective



would also be helpful. These could employ a set of static DSM
models collected periodically or at set points of architecture
change. The ease with which certain architecture patterns (e.g.,
modularity) correspond with hypothesized developments (e.g.,
the exercising of real options) could thereby be explored
empirically.

Table 1b also notes several other recent applications of
product DSMs. Space will not permit detailing these, yet it is
worth mentioning the expanding use of DSMs in design
optimization [e.g., 72, 73], particularly multidisciplinary design
optimization (MDQ) [74-76]. Although MDO applications at
NASA marked some of the earliest applications of process DSMs
[e.g., 9, 77], the more recent design optimization models noted
here have used product DSMs. MDO work has necessarily dealt
with the approach to and level of decomposition of a product
design problem, an area where further work could beneficially
align with the work on repeatable approaches to building product
DSMs (82.1.1). Akin to the DSM work on change propagation,
the MDO-related work has explored the use of DSMs as
sensitivity matrices at the parameter level, thereby supporting
design trade studies.

Furthermore, product DSMs show potential as part of an
overall solution to knowledge management challenges [e.g., 78].
By providing a structure for organizing product knowledge in
terms of both the product breakdown structure and the component
relationships, the product DSM can provide a concise, interactive
overview of a complex product with links to further information
(design specifications, design rules and guidelines, lessons
learned, etc.) about particular components and interfaces. Further
work in this area is needed, and this work should draw from the
related research on building and representing product DSMs
(82.1.1 and 8§2.1.2), as well as research discussed later about
comparable opportunities with process DSMs (§2.3.1 and §2.3.2).
Finally, Table 1b notes some of the growing breadth and depth of
industry instances; it includes only ones reported in the
literature—surely a mere fraction of actual applications. (Note
that further models of software architectures are addressed later in
83.)

2.2  Organization Architecture DSMs

For the purposes of this survey, an organization is a network
of people (or groups thereof) with a common purpose. As a kind
of system, an organization has an architecture—its structure,
“embodied in its people, their relationships to each other and to
the organization’s environment, and the principles guiding its
design and evolution” [13]. Generally, an organization consists of
“organizational units” such as teams, departments, agents, or
individuals that connect to each other in various ways.
Organization architecture models could include at least three
mappings [13]: (1) a hierarchical decomposition of the
organization into units; (2) work assignments and top-down
reporting relationships (lines of authority) among the units; and
(3) lateral relationships among the units. The first two of these are
often represented with an organization breakdown structure
(OBS) or “org chart,” whereas the third has been the main focus
of organization architecture DSM models (“org DSM” for short).

Although Lano had previously used the “N-square” chart to
model organizational interfaces [19], and others had used square
matrices to model organizational communication flows [e.g., 79],
McCord and Eppinger [10] developed the first explicit org DSM

model. Meanwhile, others such as Coates et al. [80] used matrix
models with names like “agent matrix.” Browning’s [12] review
distinguished product and org DSMs as separate applications of
static DSMs. Eppinger and Browning [13] further described the
motivations for and benefits of org DSM models. Recently, org
DSMs have enabled many innovative applications (Table 2),
gaining attention especially in management/organizational
science contexts. The remainder of this subsection surveys several
of these areas while noting opportunities for further research and
development.

Table 2: Organization architecture DSM innovations,
extensions, and application areas—with selected references

Building Organization DSMs

Selected References

Documenting relationships among organizational
units

[80]

Using a survey instrument to gather data on [81-83]
organizational unit relationships

Deriving an org DSM from a process DSM [84, 85]
Extracting relationships automatically via [86]
communication data mining

Capturing dependencies among skill sets [87]
Modeling organizational work and coordination [88]

time

Displaying Organization DSMs

Selected References

Use of symbols instead of numbers

[13]

Showing hierarchy and membership in
organizational structures

[13]

Analyzing Organization DSMs

Selected References

Clustering to determine organizational structures [89-91, 326]
Identifying communication gaps and overlaps [82]
Longitudinal analysis of multiple static DSM [13, 82]
“snapshots”

Optimizing work allocation across global product [88]
development organizations

Sequencing of organizational units to identify [93]

cooperation groups

Applying social network analysis techniques and
metrics

[94, 95, 405-407]

Decomposing a social network into an optimal
number of structurally equivalent classes

[408]

Otherwise Benefiting from Organization
DSMs

Selected References

Comparing org and product architectures

[30, 97-104, 409]

Determining optimal team assignments

[90]

Designing organizations for integration (DFI),
applying appropriate integrative mechanisms (IMs)

[13, 82, 410, 411]

Reorganizing projects at each phase due to changing
needs for communication

[30, 82, 104, 412]

Managing inter-organizational and supplier [412, 413]
integration

Determining clusters of related skill sets [87]
Identifying misfits or misalignments among [105]
organizational units

Determining the organizational impacts of product ~ [414]
change propagation

Identifying indirect relationships among [81]

stakeholders

Examining implications of organizational
interactions on organization design

[411, 415-417]

Industry Instances

Selected References

Aerospace [13, 82, 87, 94, 98, 104,
105, 405, 409, 412, 418]

Automotive [91, 278, 406, 414]

Electronics [88]

Energy [13, 81]

Innovation systems [13]

Software [30, 102]

Transportation system organizations [89]




2.2.1  Building Organization DSMs

In one way, building an org DSM can be less difficult than
building a product DSM, because the lowest granular unit for
decomposition (i.e., an individual person) is more commonly
understood, and there is usually less ambiguity about the initial
definitions of higher-level units such as departments or teams
(because these are usually taken as given from readily available
sources). Thus, while no empirical results yet exist, “inter-
modeler reliability” (cf. “inter-rater reliability”) might be higher
for org DSMs than for product DSMs. Most org DSM models
have focused on information flow relationships and have been
built through surveys or interviews of the organizational units or
their representatives [e.g., 81]. However, such an approach can
reveal a large discrepancy between the provider and receiver
perspectives of the respondents [82, 83]. In such cases, Browning
[82] suggested simply taking the maximum of the two responses,
since communication networks in project organizations seem to
be much richer (and their DSM representations much denser) than
initially supposed by either the provider or receiver perspectives
(although empirical confirmation of this conjecture is needed).
Some researchers [84, 85] have used a process DSM to derive an
org DSM. Dabbish et al. [86] extracted relationships by mining
communication data but also found that using different sources
and types of relationship data could yield very different DSMs.
Further research should examine the relative efficacies and
accuracies of alternative methods for building org DSM models.
Also, although the focus of most org DSMs has been the
frequency of information flow among organizational units, others
have used it to model the dependencies among organizational skill
sets [87] and the amount of work and coordination time spent by
the units [88]. Future research could elaborate on the varieties and
possibilities of org DSMs to model other types of relationships
among organizational units.

2.2.2  Displaying Organization DSMs

In comparison to product DSMs, relatively little has been
done specifically regarding the display of important
organizational patterns in a DSM. Eppinger and Browning [13]
exhibited some recent innovations in this area from various
sources, including the creative use of symbols and colors to
indicate the strength of relationships and the use of boxes, colors,
and multiple matrix entries to indicate the membership of units in
hierarchical structures. Fortunately, because both are static
DSMs, many of the visualization techniques pertinent to product
DSMs (see §2.1.2) can be leveraged for org DSMs (and vice-
versa).

2.2.3  Analyzing Organization DSMs

As with product DSMs, the bulk of org DSM analysis has
focused on clustering, primarily of organizational units, as a
means of assigning them to higher-level groupings [e.g., 89-91].
The clustering methods used are similar to those discussed
previously for product DSMs (82.1.3), including the equivalent
use of a “bus threshold” to isolate units with high interactivity
with the overall organization. (Such units may then be designated
as “system engineering,” “integration,” or “management” units
and removed from further consideration in the clustering analysis
[13].) However, opportunities remain to develop clustering
algorithms tailored to organizational applications and based on
empirical justifications, where the objective function contains

factors and values pertinent to the particular situation. Although
analysis tools such as Ucinet [92] provide the capability to
generate a specified number of clusters, it would be helpful to
incorporate greater clustering functionality into DSM tools. Some
simpler analyses of org DSMs have used row and column sums
(essentially in-degree and out-degree) to gauge a unit’s relative
communication burdens and suggested examining the DSM to
identify communication gaps and overlaps among units [82].
Furthermore, because an organization is a dynamic system, and a
static DSM only captures a snapshot of a system at a point in time,
multiple DSMs can be stacked for longitudinal studies of
organizational change. Browning [82] used two DSMs to show
the situation in a product development organization before and
after an 18 month interval, during which the communication
frequencies among particular units changed significantly.
Tripathy and Eppinger [88] developed a quantitative model of
work and coordination times for each organizational unit and used
these to optimize the allocation of work across units. Rondeau et
al. [93] essentially sequenced an org DSM to identify cooperation
groups and explore their implications. Finally, several scholars
[e.g., 94, 95] have applied social network analysis techniques to
org DSMs: further synthesis and analyses of these models
promises to be a very fruitful area of DSM research.

2.2.4  Otherwise Benefiting from Organization DSMs

Org DSMs have also propelled research in other areas. One
of these areas concerns the relationship between product and
organization architectures, particularly with respect to Conway’s
[96] assertion that an organization will inevitably design products
whose structure copies that of the organization’s communications.
In addressing this “mirroring hypothesis,” Colfer and Baldwin
[97] presented “actionable transparency,” which has the effect in
the org DSM of routing technical communication through a “bus
element” (such as a shared database) that provides a surrogate for
direct communication. Hence, it is an example of how an
integrative mechanism (IM) could be represented as an alteration
in an org DSM. Several scholars [e.g., 30, 98-104] have explored
the alignment (or lack thereof) between the product and
organization architectures in engineering projects and proposed
connections to various aspects of project performance. These
studies provide excellent examples of where the DSM has
supported top-notch research in the organization science and
engineering management domains. Future studies could consider
the alignment of the organization architecture with other project
architectures such as the process, tools, and goals. Table 2
provides several other examples of where an org DSM has
supported various strands of organizational research. Each of
these areas could be extended, and researchers who work with
graph-based network models could unlock potential benefits and
insights through the use of an org DSM representation. Again, a
particular area for further research concerns the longitudinal study
of organizations [e.g., 30, 82, 104]—perhaps through the use of a
set of org DSMs, where each provides a shapshot of the
organization architecture at a different point in time. Such studies
could add to our knowledge of organizational dynamics,
adaptation, and evolution.

Finally, Table 2 notes several industrial instances of org
DSMs at entities such as NASA [105], General Motors,
McDonnell Douglas, Pratt & Whitney, Timken, and BP [13].
Aerospace instances figure most prominently in the literature.



2.3 Process Architecture DSMs

The DSM moniker was first coined by Steward for his
square-matrix-based models of processes [3-5], which emerged
from his earlier use of such matrices for solving systems of
equations [1, 2]. Since then, process architecture DSM models
(“process DSMs” for short) have received the most attention of
all DSM application areas from scholars and practitioners.
Prominent, early efforts include work at NASA [9, 77], MIT [8,
16, 106], and The Boeing Company [107].

A process is “a system of activities and their interactions
comprising a project or business function,” and a process
architecture is a process’s structure, as determined by its
constituent activities and their interactions, and the principles
guiding its design and evolution [13]. Process architecture models
include at least three mappings: (1) the hierarchical
decomposition of the process into activities; (2) the input-output
relationships among the activities; and (3) other types of activity
relationships. The process DSM models the second of these,
although it can also show the first. The third usually requires
object-oriented modeling techniques. Hence, a rich process model
may fully exist only in a database, of which a process DSM could
provide a partial view; flowcharts and Gantt charts are examples
of additional, partial views [108]. A DSM view is especially
advantageous when seeking to highlight cycles (iterations or
rework loops), which are both prominent and problematic in
project processes. See [13] for further discussion of the
motivations for and benefits of process DSM models. Process
DSMs have gained traction mainly in engineering design and
construction management. Recent models have brought many
innovative applications (Table 3a&b). The remainder of this
subsection will discuss several of these along with opportunities
for further research and development.

2.3.1  Building Process DSMs

Process modelers have taken a variety of approaches to
building DSMs, including leveraging existing documentation and
models in other formats (e.g., flowcharts), interviews, and
surveys. Interviews and surveys can be more or less effective
depending on the questions asked and the understanding and
expertise of the respondents. Although existing models and
documents offer convenience, they tend to produce relatively
sparse DSMs that account for only a minimal number of activity
dependencies [109]. Because a DSM does not increase in size
with the number of dependencies (only with the number of
elements), it provides an advantageous platform for capturing and
displaying richer models of the extensive information flows
among activities. A powerful way to build such models is to build
two DSMs, one row-by-row and the other column-by-column—
by separately collecting the input and output perspectives of an
expert on each activity—and then overlay these [83, 110]. The
data collection may not even use a DSM but rather a set of
supplier-input-process-output-customer (SIPOC) diagrams, the
content of which is then transferred to a DSM format. This
approach tends to (1) uncover many differences in understandings
among the activity experts and (2) yield a much richer model of
the information and work product flow (often 3-5 inputs and
outputs per activity instead of the 1-2 typical of many flowcharts).
Researchers have explored several ways to increase process DSM
model-building accuracy and efficiency, such as determining
activity dependencies from: product models [111-113], document

Table 3a: Process architecture DSM innovations and

extensions—with selected references

Building Process DSMs

Selected References

Using SIPOC diagrams and deliverable
negotiations to formalize interfaces

[109, 110]

Facilitating data collection in workshops

[25, 83, 419]

Constructing a process DSM automatically
from other models

[108, 113, 129, 210]

Deducing a process DSM via e-mail analysis [116]
Mapping document flow [114, 115]
Counting defects and rework loops [117]

Distributing and automating data collection via
web-based tools

[118, 119, 420]

Using QFD to determine activities or
dependencies

[111, 112, 120]

Integrating smaller DSMs

[109, 121, 421, 422]

Modeling conceptual design activities

[122, 423]

Accounting for uncertainty or ambiguity in
activity dependencies

[123-125, 420, 424-426]

Accounting for multiple activity modes

[126, 127]

Eliciting rework probabilities

[128]

Displaying Process DSMs

Selected References

Providing multiple views of a process model,
including DSM

[108, 129, 427, 428]

Representing contingent relationships

[12, 126, 127]

Varying colors, symbols, shading, numbers, etc.

[12, 13, 220, 429]

Using DSM appendages to show external
relationships

[12, 13, 109, 430]

Working with very large and/or hierarchical
matrices

[14, 109, 431]

Focusing the DSM on deliverable or
information objects

[130]

Analyzing Process DSMs

Selected References

Sequencing activities in processes (basic)

[5, 16, 131, 271, 432-
440]

Decomposing coupled blocks

[133-144, 433, 441-452]

Overlapping activities

[145-147, 150, 453-455]

Scheduling project workflows

[80, 124, 151-157, 195-
197, 203, 322, 454, 456-
467

Estimating iterative process duration and/or
cost

[15, 153, 158-160, 162,
188, 194, 205, 430, 453,
468-480]

Estimating effects of iterative process on
process duration and cost, as well as on the
technical performance of a developing product

[127, 161, 481-483]

Estimating iterative process variability,
robustness, and/or risk

[15, 128, 147, 479, 484]

Optimizing process duration or cost (often with
an evolutionary algorithm)

[133, 147, 149, 163-167,
190, 191, 433, 485-497]

Optimizing multiple objectives (e.g., process
duration and cost)

[168, 169]

Analyzing process convergence

[159, 170-173, 429, 471,
474, 498-501]

Applying network analysis techniques (e.g.,
social networks)

[174, 175, 424, 502]

Clustering activities or design
parameters/decisions

[12, 137, 138, 142, 150,
176-182, 460, 468, 503,
504]

Sequencing and/or prioritizing design
parameters/decisions

[112, 155, 183-186, 505,
506]

Analyzing processes while accounting for
resource allocations

[162, 187-191, 271, 477,
479, 495, 507-509]

Exploring effects of project work policy and
activity crashing and overlapping

[148]

flow data [114, 115], e-mails [116], or observed rework loops
[117]. Web-based tools have provided another means of
distributing and automating the process of data collection [118,
119]. Others have used quality function deployment (QFD) as a



basis for modeling activities and dependencies [111, 112, 120].
To build a large DSM, still others have taken the approach of
integrating several smaller DSMs [109, 121].

Whereas a particular challenge in modeling product design
and other novel project processes is activity and dependency
ambiguity, Austin et al. [122] nevertheless found that even 79-
90% of conceptual design activities could be specified and
modeled. Others [123-125] provided ways to account for
uncertainty or ambiguity in activity dependencies—e.g., with
“fuzzy” dependency specifications. Clarkson and Hamilton [126]
and Lévardy and Browning [127] proposed the use of alternative
activity modes to capture various ways an activity could be
undertaken (e.g., a slower and cheaper mode versus a faster but
more expensive mode, or an initial mode versus a rework mode).
Yassine [128] detailed the elicitation of rework probabilities for
DSM models that seek to include them. Indeed, many of the more
sophisticated DSM maodels require a variety of additional inputs
that must be acquired from experts while taking similar caution.
Overall, building process DSMs often requires significant effort,
although it is important to recognize that this effort is really spent
on building a good process model: once that exists, rendering part
of it as a DSM is essentially instantaneous.

2.3.2  Displaying Process DSMs

A DSM cannot display a rich process model in its entirety.
Some attributes of activities (e.g., duration) or dependencies (e.g.,
requirements) are not typically shown ina DSM, and, even if they
were, this would preclude showing other attributes such as activity
costs or rework probabilities. The conciseness of the matrix
format limits the number and kinds of attributes that may be
usefully shown at once. Hence, Browning [108, 129] proposed a
process architecture framework that combines DSM with many
other views of a process model, thereby circumventing some of
the classic tension between model simplicity and completeness.
Otherwise regarding the display of process DSMs, many of the
innovations discussed previously with respect to displaying
product and org DSMs (§2.1.2 and §2.2.2) can also be applied.
One situation that tends to appear more often in process models is
the presence of conditional or contingent relationships among
activities. A few papers [12, 126, 127] have developed special
symbols (e.g., diamonds like the ones used in flowcharts, “4”) to
signify alternative flow paths. However, further research,
applications, and display enhancements of DSMs with conditional
flows are needed. Users of process DSM models seeking to isolate
various process threads or tailor a process would benefit from
tools with the capability to highlight such threads. Display tools
could also better support model building by highlighting missing
elements, such as disconnected flows of work products.
Separately, much like project scheduling models have their
activity-on-arc and activity-on-node representations, it would be
interesting to explore the possibilities of DSMs with deliverable,
work product, or information objects on the diagonal and
activities in the off-diagonal cells [130].

2.3.3  Analyzing Process DSMs

A great amount of research has focused on the analysis of
process DSMs. Most analyses seek to identify an advantageous
sequence of activities by reordering the matrix rows and columns.
Many begin with some form of matrix block triangularization—
i.e., the minimization of feedbacks and the identification of

coupled blocks of cyclical activities. Although the literature
contains several algorithms [e.g., 131], Tarjan’s [132] depth-first
search provides the most efficient way to identify coupled
components [133]. Once coupled blocks have been found, further
analyses have been proposed to sequence the activities within
each block, including: tearing [e.g., 5, 134], eigenvalue analysis
[e.g., 135, 136], analytic hierarchy process [e.g., 137-141],
clustering [e.g., 138, 142], implied organizational structures [e.g.,
137, 143], genetic algorithms [e.g., 133], iteration front-loading
[144], and others. Most of these approaches entail collecting
additional information about the dependencies among the coupled
activities and utilizing these data in a more sophisticated
optimization. One of the basic tradeoffs in such cases is that
between increased overlapping, parallelism, and concurrency
versus the concomitant increase in iteration and rework—i.e.,
which activities should be executed sequentially or in parallel.
Here, the DSM touches the broader literature on activity
overlapping, sometimes explicitly [e.g., 145-150]. Ultimately,
activity sequencing boils down to decisions about when to start
and stop each activity—i.e., project scheduling (with some
expected number of activity iterations)—although many of the
aforementioned analyses of coupled blocks do not go this far.

Several other process DSM analyses derive actual project
schedules or “run-time models” [e.g., 80, 151-157]—sometimes
by side-stepping some of the thornier issues of coupled blocks
with simplifying assumptions. These works mainly use the DSM
as an intermediate step on the way to producing a workflow or
Gantt chart view of a project plan. Several of these developments
have focused on the building construction industry, where
detailed schedules are the expected deliverable from any planning
exercise.

The effects of iteration and rework cycles on project duration
and cost are difficult to forecast. Smith and Eppinger developed
analytical models to estimate project duration assuming
sequential activities [158], parallel activities [159], or a
combination [160]. Processing more general cases requires
simulation. The first DSM-based, discrete-event, Monte Carlo
simulation model [15, 161] estimated project duration and cost, as
well as the variation and risk in each. The model accounted for
rework risk (probability and impact), learning curves, and, for a
given work policy, the effects of alternative process architectures.
It confirmed that processes can be sped up with appropriate
increases in overlapping and iteration—i.e., that the process
architecture with the fewest feedback marks in the DSM is not
necessary optimal. Thus, the basic heuristic used to initially
sequence many process DSMs, minimizing feedback marks, does
not guarantee the best process. Many other DSM simulations
followed, some including extensions such as resource constraints
[e.g., 162], some accounting for technical performance
characteristics in addition to duration and cost [127, 161], and
some focusing on other objectives such as process robustness
[128]. Still other efforts have used evolutionary algorithms such
as simulated annealing or genetic algorithms, sometimes
employing a simulation-based fitness function, to minimize
project duration by manipulating the process architecture or other
characteristics [e.g., 133, 163-167]. Meier [168] and Wang et al.
[169] developed multi-objective genetic algorithms to explore
time-cost optimization and tradeoffs. (Note that the evolutionary
algorithms for sequencing process DSMs employ different fitness
functions and technigues than those mentioned in §2.1.3 for



clustering product DSMs. These two streams of literature could
benefit from further interaction and “crossover.”)

Other analyses of process DSMs have applied further
methods and objectives. Some have used the work transformation
matrix model of fully parallel activities [159, 170-172] to explore
process convergence (or lack thereof) and expose the
phenomenon of design churn [173], wherein work on project
activities fails to yield useful progress. Others [e.g., 174, 175]
have calculated network analysis metrics such as density,
centrality, and brokerage to identify activities, dependencies, or
groupings thereof expected to be of special interest. Since an
earlier DSM review [12] suggested the possibility of applying
clustering analysis (usually applied to static DSMs) to process
DSMs, several have done so, especially within coupled blocks
[e.g., 137, 150, 176-178], to suggest sub-groupings of activities
that would foster process modularity and facilitate their
assignment to suppliers [179, 180], to identify sub-networks
requiring particular combinations of knowledge or skills [181], or
to facilitate the scheduling of collaborative tasks [182]. Still others
[e.g., 112, 155, 183-186] have modeled engineering design
projects at a relatively detailed level using parameter-based DSMs
[12], where each node is a design parameter and the objective is
to sequence their determination, like solving a system of
equations. Some [e.g., 162, 187-191] have considered resource
constraints in DSM-based process models and thereby produced
insights about the comparative effects of iteration and resource
challenges. Finally, in a rich model of process cost and duration
that accounts for architecture, iteration, crashing, and
overlapping—including a six-layer DSM that accounts for
activity attributes such as minimal and maximal overlapping—
Meier et al. [148] demonstrated that work policy decisions play a
large role in project outcomes. Aside from application area or
objective, several have combined process DSM models with other
methods such as: axiomatic design [e.g., 139, 192, 193], system
dynamics [e.g., 123, 145, 188, 194, 195], Petri nets [e.g., 153, 196,
197], IDEFO [e.g., 198], Markov models [e.g., 158, 165], or QFD
[111, 112, 120]. (Although in many cases these supplemental
modeling techniques are brought to bear due to some perceived
shortcoming in the DSM, it is important to reiterate that none of
these modeling views alone is sufficient to capture a rich process
model in its entirety [108].)

2.3.4  Otherwise Benefiting from Process DSMs

Table 3b summarizes some additional applications of process
DSMs outside the mainstream focus on structuring and estimating
a given project process. Several researchers [e.g., 142, 180, 199-
201] have used the process DSM (rather than the org DSM) to
guide organization and/or supplier network design. Other uses
include: predicting the effects of design or requirements changes
[202-205], evaluating process improvements [206-208],
prioritizing activities [209], identifying disconnects in a process
flow model [15, 210], situating testing activities at appropriate
places in a process [193, 211], monitoring project progress [212],
analyzing resource dependencies across projects in a portfolio
[187], and managing resources and/or scheduling in a
manufacturing system [e.g., 213, 214]. Lévardy and Browning
[127] used a DSM to model a process as a complex adaptive
system, where the activities self-organize according to simple
rules. Early on at NASA and Boeing [77, 215], and more recently
in China [216, 217], aerospace and naval researchers have

Table 3b: Process architecture DSM innovations, extensions,
and application areas—with selected references

Otherwise Benefiting from Process Selected References
DSMs

Structuring project organizations and/or
supplier networks

Managing product configurations/variants [511]
for sales and production

Predicting the effects of
design/requirements/engineering changes
on a project

[142, 180, 199-201, 270, 510]

[202-205, 479]

Evaluating process improvements [206-208]
Quantifying project uncertainty [512]
Investigating the implications of process [513]
characteristics on performance

Prioritizing activities [209, 483]
Identifying process flow disconnects [15, 210]
Modeling causes and flows of events [514]
Exploring the implications of alternative [186]
sequences of conceptual design parameters

Situating verification, validation, and [193, 211]
testing activities in a design process

Monitoring project/design progress [212, 506]

Analyzing resource dependencies across [187]
projects in a portfolio

Managing resources and/or scheduling in a
manufacturing system

Managing dimensional tolerances and [505]
process capability in production

Modeling the product development process
as a complex adaptive system (CAS)
Facilitating multidisciplinary design
optimization (MDO)

Facilitating collaborative design
Incorporating into architecture frameworks

[213, 214, 515-517]

[127, 518]

[75, 77, 215-217, 388, 498,
499, 519, 520]

[426, 521]

[108, 129, 522-524]

Policy and scenario analysis [218]

Industry Instances Selected References

Aerospace [13, 15, 75, 126, 215, 216,
395, 432, 433, 479, 525, 526]

Automotive [13, 120, 123, 441, 475, 477,

527, 528]

[13, 115, 119, 138, 151, 156,
157,179, 184, 203, 204, 210,
274, 423, 434, 448, 454, 456-
458, 465, 467, 529-534]

Construction

Electronics [13, 143, 276, 395, 473, 480,
535]

Energy [453, 462, 536-538]

Government agencies [522-524]

Healthcare [539]

Information systems and technologies [425]

Manufacturing systems
Mechanical equipment and components

[127, 213, 443, 517, 540]
[189, 420, 445, 449, 488,

541]
Military [542]
Naval ship design and development [188, 492, 519]
Network system control [269]
Pharmaceutical [13]
Real estate development [543]

Software development [117, 198, 421, 502, 514,

544, 545]

harnessed the DSM to model information flows among design
tools as a step towards integrating the tools into a “meta-tool” to
accelerate MDO (cf. 82.1.4). Arcade et al. [218] sequenced a
square matrix they called a “structural analysis matrix” to analyze
approaches and scenarios for government policies. The process
DSM has also been applied across many industries, especially the
construction industry, as exhibited in Table 3b. Again, these



instances represent only ones reported in the literature—only “the
tip of the iceberg” since most industry applications go
unpublished. (Applications of process DSMs to software product
architectures are addressed in 83.)

Despite the wealth of applications and concerns addressed so
far with the process DSM, many more opportunities exist. For
example, almost all applications to date have focused on project
processes, where the aim is to complete each activity once (albeit
with potential rework and iterations) and finish the project.
However, the process DSM might also find interesting
applications in the realm of repetitive business and production
processes such as assembly lines, where all of the activities are
ongoing simultaneously, to explore flows, identify bottlenecks,
and calculate metrics such as capacity, throughput time, and
work-in-process inventory. The process DSM could also be more
directly integrated with risk management, where planned risk
responses could be added to a project’s process DSM, thereby
adding cost and duration but reducing the probability and impact
of feedbacks; DSM analysis could determine the net benefit of the
result and the optimum amount of such risk mitigation. Finally,
despite the appearance of several papers on iteration, rework, and
the process DSM in project management journals, these topics
have not yet gained wide traction in the project management
community—e.g., they are not yet addressed in official project
management standards [e.g., 219]. It therefore seems that further
visibility of process DSM methods and applications is needed in
project management.

3 Beyond Product, Process, and Org DSMs

Beyond the older product, process, and org DSMs, several
other DSM applications have recently emerged. One of these new
areas, analyzing software product architectures as processes,
spans the domains of product and process DSMs. Software is a
product, and its architecture has been modeled along similar lines
as hardware products and analyzed for patterns such as modularity
using clustering algorithms, as noted in 82.1. However, software
runs in real time like a process. Therefore, it is also insightful to
apply sequencing algorithms and explore the implications of
architectural patterns such as cycles. Sangal et al. [26] took this
approach and noted the importance of hierarchical levels (layers)
and cycles in software architectures. Bergel et al. [220] extended
the DSM representation to account for varied types of software
component dependencies and to highlight nested cycles. Sosa et
al. [221] found that cyclicality is at least as significant to software
quality as is modularity. Both static and temporal DSM models
present many opportunities to investigate software architectures.

In addition to the product, process, and organization
architectures, a project’s architecture includes the tools and goals
architectures [222]. DSM applications have only recently begun
to touch these areas, which offer very promising opportunities for
future research. The domain of tools concerns the various non-
human resources, facilities, equipment, and software used to
accomplish work. Of special concern in this domain is the
network of software applications and databases used by people
and teams (in the organization domain) to accomplish activities
(in the process domain) and store information. These software
tools must exchange information for a project to proceed
efficiently, but many times the tools do not easily interface. Some
MDO applications (g.v. §2.1.4 and §2.3.4) have touched on this
area, because MDO requires integrating the tools used by each

10

discipline. Beyond the individual project level, the tools
architecture also relates to what the information systems literature
terms the “enterprise architecture.” Lagerstrom et al. [223]
examine the overall structure of a portfolio of 192 software
applications. Although only one other DSM paper [224] has
addressed tools, both static and temporal DSM models offer
promising possibilities for visualizing, analyzing, and improving
the tools architecture.

The goals domain includes a project’s requirements,
objectives, targets, and/or constraints. Such elements relate to
each other in various ways, such as when improvement towards
one requirement causes a tradeoff with detrimental effects on
another. This network of goals has an architecture that can be
modeled with a DSM [225]. Most applications to date have built
and analyzed DSM models of requirements [e.g., 226], such as for
analyses of change propagation [227, 228] or functional
requirements clustering [229]. Lee et al. [230] mix goal and use
case DSMs in a large matrix (really an MDM) to facilitate
requirements traceability and change management. Future
opportunities exist to explore requirements modularity and
cyclicality using static and temporal DSMs, respectively.

DSM models have also been employed in some other
interesting ways. Eelman and Foller [231] used the DSM to drive
scenario generation. Several researchers built DSM models of
project risks to show the relationships among them and determine
the second-order risks emerging from risk interactions [232-237].
Stamelos [238] modeled the relationships among software
development malpractices. Kornish and Ulrich [239] clustered a
static DSM to identify opportunities for innovation. Farsad and
Malaek [240] clustered a DSM model of aircraft flights to
facilitate air traffic control. Unlike the change propagation models
discussed in §2.1.3, Shankar et al. [241] used a DSM to represent
the relationships among the engineering and manufacturing
changes themselves, thereby studying the sources and implica-
tions of changes. Wyatt et al. [242] use the DSM as the basis for
an economical, graph encoding scheme. DSMs have even been
harnessed in literature surveys: Hamraz et al. [243] employed a
temporal DSM to model citations among publications and a static
DSM to show citations across categories of literature. DSM
models are becoming useful for explorations of socio-technical
systems, such as in Vaishnav et al.’s [244] study of cyberspace
components and international relations. DSMs also hold promise
for applications to portfolio management [245], data science, and
many other kinds of network modeling.

4 Cross-domain Applications with Domain Mapping
Matrices (DMMs)

So far we have focused on DSMs within individual domains,
but many applications, such as a need to show the organizational
unit responsible for each activity in a process, transcend a single
domain. A simple way to convey basic relationships of this type
is to use a “1.5 domain DSM” [13]—a single-domain DSM
augmented with colors (as in Figure 1), numbers, or symbols to
signify relationships to another domain—such as a process DSM
with each activity colored by its responsible organizational unit
[e.g., 246]. For richer models across domains, a single DSM
usually will not suffice. Whereas a DSM is always a square
matrix, rectangular matrices have long been used to map
relationships across domains. In 2004 Danilovic and Browning
[222] dubbed such matrices domain mapping matrices (DMMs)



and proposed a “periodic table” of then existing and potential
DMM models across five project domains: product, process,
organization, tools, and goals. Table 4 summarizes the DMM
applications in our survey, which cover most of this “periodic
table.” While not delineated by industry in Table 4, these
applications span aerospace, automotive, consumer products,
control systems, electronics, energy, marine engines, mechanical
components and equipment, printing, and software.

The product domain contains at least two prominent sub-
domains, functions and components. Most of the product DSM
applications discussed in §2.1 model components, although some
model functions. Both sub-domains matter, as does their
relationship. The appropriate allocation of functions to
components is a salient aspect of effective design—e.g.,
precipitating the “design matrix” of Axiomatic Design [247].
Several researchers have used the DMM to model and explore
function-to-component relationships [e.g., 32, 37, 248-250]. As
with many DMMs, the function-component DMM can be used to
generate both DSMs: multiplying this DMM by its transpose
yields either the function-function or component-component
DSM, depending on the order of operations. Bonjour et al. [33]
used this approach to derive a component DSM, which they then
compared to a component DSM built through traditional methods.
Danilovic and Browning [222] proposed additional product sub-
domain DMMs, and further research is still needed to ground
these in the engineering design literature and in relation to each
other.

Table 4: DMM application areas, with selected references

Selected References
[13, 32-34, 37, 248-250, 546, 547]
[20, 34, 251-259, 548]

Domains

(Product) Function-Component
(Product/Goal) Function-(Process)
Parameter

Product-Goals

Process-Goals
Product-Organization
Process-Organization
Product-Process

[34, 260-262, 264, 402, 547, 549]
[263, 550]

[248, 266, 267]

[191, 268-274, 550]

[34, 113, 165, 275, 276, 551-553]

Product-Process-Organization [277-279]
Process-Tools [224, 280]
(Process) Activities-Deliverables [20]
Organization sub-domains [13, 281]

Interesting relationships exist among the product, process,
and goal domains. Several have mapped product functions to
design parameters [20, 251-253], in one case performing a
clustering analysis on this DMM [254]. Required, desirable, and
undesirable product functions bear much in common with the
goals domain (discussed in 8§3): future research should explore
this connection more explicitly. As such, others have mapped
functional requirements (goals) to design parameters (using the
nomenclature of the “design matrix” of Axiomatic Design), using
this DMM to derive a parameter-based DSM [255, 256]. The
DMM of customer needs to design parameters is essentially a
QFD matrix [257]. Other related work includes mapping design
parameters to “criteria” (essentially requirements) [258, 259]—a
kind of process-goals DMM. Some have used more explicit
mappings between the product (components) and goals
(requirements) domains [e.g., 260-262] or between the process
(activities) and goals (key product attributes) [263]. Kreimeyer et
al. [264] mapped components to load cases, which might be
considered as requirements scenarios. Again, further exploration
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and standardization within and across the product, process, and
goal domains is needed to clarify terminology and models. This
will enable such models to better support the pursuit of interesting
research questions, such as ones pertaining to the constraints
imposed by one domain on others, or the precedence or priority
of domains.

Relationships among the product, process, and organization
domains gained earlier attention [12, 265], and §2.2.4 noted
studies of alignment between product and organization
architectures. Whereas those studies compared the DSMs from
each domain, others [248, 266, 267] have used DMMs to explore
the relationships between these domains—e.g., mapping
departments, teams, or people to product components and/or
functions. Process-organization inter-domain implications have
received attention from several researchers [191, 268-272] who
have mapped people, skills, or other resources to activities or
parameters and used these models to allocate resources and
determine organization structures, often via a clustering analysis.
Such mappings can take the form of the conventional
“responsible-accountable-consult-inform” (RACI) chart from
project management [e.g., 273, 274]. Meanwhile, product-process
relationships have prompted modelers to map functions or
components to activities for purposes of risk management [e.g.,
275], derivation of a process DSM [e.g., 276], insight into the
implications of component standardization and modularization on
the design process [165], and design for manufacturing and
assembly [34]. A few studies have considered the product,
process, and organization domains at once to explore the
propagation of engineering changes [277], the design of core
competences [278], or simultaneous optimization across domains
[279]. Many opportunities exist for further studies of the product,
process, and organization domains and their interactive
implications. One key area is the dynamics, co-evolution, and
emergence of these domains with respect to each other.

A few other inter-domain studies have used other DMMs.
With the exception of [224], the interaction of the tools domain
with other project domains has received little attention but
deserves much more. As the tools domain includes non-human
resources, resource allocation or utilization matrices fall into the
category of process-tool DMMs [e.g., 280]. Mapping models have
also been developed within the process domain between activities
and deliverables [20] and within the organization domain between
people and knowledge areas [281] and between people and team
assignments [13].

5  Multidomain Matrices (MDMs)

The importance of modeling both inter- and intra-domain
relationships simultaneously led to the advent of multidomain
matrices (MDMs). An MDM could take the form of Danilovic
and Browning’s [222] “periodic table,” an integration of various
DSMs and their intervening DMMs. Maurer [282, 283] codified
the term MDM, which gained traction in the DSM community and
literature [13]. Concurrently, Bartolomei [95] developed the
“engineering systems matrix” model along similar lines.
Recently, several applications have emerged that combine DSMs
and DMMs in various ways. All such applications are grouped
here into the category of MDMs, even if they are not explicitly
aggregated into a single matrix.

From the outset, MDM models have been used to help build
and verify DSMs and DMMs. For example, Sosa [284] used a



product (component) DSM and a product-org (component-to-
person) DMM to derive an org DSM of potential interactions for
comparison with an org DSM built through traditional means—
thus enabling a comparison of predicted and actual
communications in software development. Senthilkumar and
Varghese [115] used product and org DSMs to derive a process
DSM in the construction industry.

Other MDM applications have explored and supported
change propagation, knowledge management, engineering
design, and manufacturing systems. Because the implications of
design or engineering changes reach across the product, process,
and organizational domains, several have used MDM models to
investigate change propagation in various industries [285-290].
Rich MDM models have provided a basis for capturing and
storing system-level knowledge about products, design tasks,
design organizations, etc. [291] and for identifying organizational
core competencies [278]. In design projects, MDM models have
helped to manage: design decisions [121], design communication
[292, 293], product architecture risk [294], design to cost [295],
product variant management [296], non-linear system dynamics
[297], causes and effects of testing failures [298], and product-
organization alignment to increase development capabilities
[299]. Westermeier et al. [300] used an MDM to model quality
concerns in a lithium-ion battery manufacturing system. Kasperek
et al. [301] used an MDM as a basis for system dynamics
modeling. Eppinger and Browning [13] included several other
interesting MDM applications, such as airport security [302].

MDM research is still in its infancy with many researchers
trying a variety of applications. Much recent work in the DSM
community has focused on MDM models, yet many opportunities
exist to further codify and standardize MDM terminology and
methods, categorize application areas, and develop analysis tech-
niques. Although clustering and sequencing have been used with
DSMs, and clustering with DMMs, it remains unclear how best to
analyze an MDM containing a mix of static and temporal DSMs.
MDMs also hold great promise for the emerging fields of “big
data,” data science, and analytics. For example, huge DSMs can
capture relationships among large groups of people, and DMMs
can map those people onto other domains, such as organizational
memberships, product and service preferences, and purchasing
habits. Analyzing all of this information in tandem reveals
patterns, clusters, cycles, segments, associations, “hot spots,” and
so on. Soon it would be appropriate to dedicate a literature review
specifically to MDMs.

6 Conclusion and Outlook

The outlook for DSM, DMM, and MDM modeling is bright.
Perhaps the fundamental challenges at this point are (1) the large
amount of new data required to build a rich, structural model of
some systems and (2) the absence of a versatile and user-friendly
software toolset for DSM/DMM/MDM modeling, manipulation,
and analysis. Several promising tools have emerged in the last
decade, but further work is needed to broaden their applicability
and capabilities. As for the data challenge, this is not a DSM
problem but rather a general problem for any system model:
gathering new data is a tedious and error-prone process.
Fortunately, researchers are developing new capabilities to extract
data from other sources to build system models rapidly. Further
work is also needed to broaden the understanding, acceptance, and
adoption of DSM into the mainstream methods of project
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management (despite some prior visibility in the construction
industry). DSM has already achieved such goals in the areas of
engineering design, systems engineering, and management/
organization science, although even broader awareness and
understanding would be beneficial in those areas as well. DSM is
starting to appear in some textbooks and industry standards.
Relative to some other models in operations and technology
management, DSM models have received more extensive
verification and validation thanks to a broad range of applications
across a variety of industries, products, projects, organizations,
situations, and contexts.

To provide an overview of where DSM papers have appeared
in the literature, Table 5 counts DSM, DMM, and MDM papers
in journals with a minimum of five such papers. Out of the 521
journal papers identified and acquired for this study (and pre-
2001), DSM has had the strongest presence in engineering design
(JED, JMD, RED), engineering management (CERA, IEEE-
TEM), and systems engineering (SE) journals. DSM has also
established a firm foundation among Chinese researchers (e.g.,
CIMS). JMPM recently published a special issue with 15 short
papers from the 2014 DSM conference.

Table 5: Number of identified DSM/DMM/MDM papers
appearing in journals (with a minimum of five)

Journal (Abbreviation) Papers

Journal of Engineering Design (JED) 35
Concurrent Engineering (CERA) 28
Journal of Mechanical Design (JMD) 26
IEEE Transactions on Engineering Management (IEEE-TEM) 24
Systems Engineering (SE) 22
Research in Engineering Design (RED) 21
Journal of Modern Project Management (JMPM) 17
Computer Integrated Manufacturing Systems (in Chinese) (CIMS) 16
International Journal of Production Research (1JPR) 11
International Journal of Advanced Manufacturing Technology 9
(IJAMT)

Management Science (MS) 9
International Journal of Project Management (1JPM) 8
Computers & Industrial Engineering (CIE) 7
International Journal of Product Development (IJPD) 7
IEEE Transactions on Systems, Man, and Cybernetics (IEEE- 6
SMC)

Advanced Engineering Informatics (AEI) 5
Automation in Construction (AC) 5
Journal of Construction Engineering & Management (JCEM) 5

This paper has provided a survey of the DSM, DMM, and
MDM literature, highlighting developments, extensions, and
innovations with respect to building, displaying, analyzing, and
applying these models. Throughout the exposition, the paper has
noted numerous opportunities for further research. In summariz-
ing many of these broadly, special emphasis should be put on the
following applications and developments: knowledge
management (where DSM/DMM/MDM provide the organizing
structure for a knowledge base), architectural patterns and their
implications (e.g., for quality, performance, etc.), versatile “sand-
box” tools for systems architects, MDM analysis methods,
multiobjective clustering, architectural metrics, and archiving rich
data sets for multipurpose research applications (e.g., to test new
optimization algorithms). In pursuing these opportunities,
researchers should continue to draw upon the advances in closely-



related areas such as graph theory, network analysis, complexity,
and other types of architectural models.

7
(1]

[2

(3]

[4]

(5]

6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

References
Steward, D.V., "On an Approach to Techniques for the Analysis of the
Structure of Large Systems of Equations,” SIAM Review, vol. 4, pp. 321-342,
1962.
Steward, D.V., "Partitioning and Tearing Systems of Equations," Journal of
the Society for Industrial and Applied Mathematics: Series B, Numerical
Analysis, vol. 2, pp. 345-365, 1965.
Steward, D.V., "The Design Structure System," General Electric, San Jose,
CA 67APES, 1967.
Steward, D.V., Systems Analysis and Management. New York: PBI, 1981.
Steward, D.V., "The Design Structure System: A Method for Managing the
Design of Complex Systems," IEEE Trans. on Eng. Mgmt., vol. 28, pp. 71-
74,1981.
Warfield, J.N., "Binary Matrices in System Modeling," IEEE Trans. on
Systems, Man, and Cybernetics, vol. 3, pp. 441-449, 1973.
Black, T.A., C.F. Fine, and E.M. Sachs, "A Method for Systems Design
Using Precedence Relationships: An Application to Automotive Brake
Systems," MIT Sloan School of Management, Cambridge, MA, Working
Paper no. 3208, 1990.
Eppinger, S.D., "Model-based Approaches to Managing Concurrent
Engineering," Journal of Engineering Design, vol. 2, pp. 283-290, 1991.
Rogers, J.L., "A Knowledge-Based Tool for Multilevel Decomposition of a
Complex Design Problem," NASA, Hampton, VA, Technical Paper TP-
2903, May 1989.
McCord, K.R. and S.D. Eppinger, "Managing the Integration Problem in
Concurrent Engineering,” MIT Sloan School of Management, Cambridge,
MA, Working Paper no. 3594, 1993.
Pimmler, T.U. and S.D. Eppinger, "Integration Analysis of Product
Decompositions,"” ASME International Design Engineering Technical
Conferences (Design Theory & Methodology Conference), Minneapolis,
Sep., 1994.
Browning, T.R., "Applying the Design Structure Matrix to System
Decomposition and Integration Problems: A Review and New Directions,"
IEEE Trans. on Eng. Mgmt., vol. 48, pp. 292-306, Aug. 2001.
Eppinger, S.D. and T.R. Browning, Design Structure Matrix Methods and
Applications. Cambridge, MA: MIT Press, 2012.
Church, K.W. and J.I. Helfman, "Dotplot: A Program for Exploring Self-
Similarity in Millions of Lines of Text and Code," Journal of Computational
and Graphical Statistics, vol. 2, pp. 153-174, 1993.
Browning, T.R. and S.D. Eppinger, "Modeling Impacts of Process
Architecture on Cost and Schedule Risk in Product Development,” IEEE
Trans. on Eng. Mgmt., vol. 49, pp. 428-442, Nov. 2002.
Eppinger, S.D., D.E. Whitney, R.P. Smith, and D.A. Gebala, "A Model-
Based Method for Organizing Tasks in Product Development,” Research in
Engineering Design, vol. 6, pp. 1-13, 1994.
Simon, H.A., "The Architecture of Complexity," Proceedings of the
American Philosophical Society, vol. 106, pp. 467-482, 1962.
Alexander, C., Notes on the Synthesis of Form. Cambridge, MA: Harvard
University Press, 1964.
Lano, R.J., A Technique for Software and Systems Design vol. 3. New York:
North-Holland, 1979.
Papalambros, P. and N.F. Michelena, "Model-Based Partitioning in Optimal
Design of Large Engineering Systems,” in Multidisciplinary Design
Optimization, N. Alexandrov and M.Y. Hussani, Eds., ed, Philadelphia, PA:
SIAM, 1997, pp. 209-226.
Chiriac, N., K. Holtta-Otto, D. Lysy, and E.S. Suh, "Level of Modularity and
Different Levels of System Granularity," Journal of Mechanical Design, vol.
133, 2011.
Tilstra, A.H., C.C. Seepersad, and K.L. Wood, "A High-definition Design
Structure Matrix (HDDSM) for the Quantitative Assessment of Product
Avrchitecture," Journal of Engineering Design, vol. 23, pp. 764-786, 2012.
Suh, E.S., N. Chiriac, and K. Holtta-Otto, "Seeing Complex System through
Different Lenses: Impact of Decomposition Perspective on System
Architecture Analysis," Systems Engineering, vol. 18, pp. 229-240, 2015.
AlGeddawy, T. and H. EIMaraghy, "Optimum Granularity Level of Modular
Product Design Architecture,” CIRP Annals - Manufacturing Technology,
vol. 62, pp. 151-154, 2013.
Kasperek, D., S. Maisenbacher, A. Kohn, U. Lindemann, and M. Maurer,
"Increasing the Reproducibility of Structural Modelling,” Journal of
Engineering Design, vol. 26, pp. 259-281, 2015.

13

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Sangal, N., E. Jordan, V. Sinha, and D. Jackson, "Using Dependency Models
to Manage Complex Software Architecture,” 20" ACM SIGPLAN
Conference on Object-Oriented Programming, Systems, Languages and
Applications (OOPSLA), San Diego, CA, Oct 16-20, 2005.

MacCormack, A., J. Rusnak, and C.Y. Baldwin, "Exploring the Structure of
Complex Software Designs: An Empirical Study of Open Source and
Proprietary Code," Management Science, vol. 52, pp. 1015-1030, 2006.
Huynh, S., Y. Cai, and K. Sethi, "Design Rule Hierarchy and Analytical
Decision Model Transformation,” Drexel University, Philadelphia, PA,
Technical Report DU-CS-08-04, Sept. 2008.

Sethi, K., Y. Cai, S. Huynh, A. Garcia, and C. Sant’Anna, "Assessing Design
Modularity and Stability using Analytical Decision Models," Drexel
University, Philadelphia, PA, Technical Report DU-CS-08-03, Sept. 2008.
Auvritzer, A., D. Paulish, Y. Cai, and K. Sethi, "Coordination Implications of
Software Architecture in a Global Software Development Project,” Journal
of Systems & Software, vol. 83, pp. 1881-1895, 2010.

van Beek, T.J., M.S. Erden, and T. Tomiyama, "Modular Design of
Mechatronic Systems with Function Modeling," Mechatronics Journal, vol.
20, pp. 850-863, 2010.

Flanagan, T.L., C.M. Eckert, J. Smith, T. Eger, and P.J. Clarkson, "A
Functional Analysis of Change Propagation,” 14™ International Conference
on Engineering Design (ICED), Stockholm, Sweden, 2003.

Bonjour, E., S. Deniaud, M. Dulmet, and G. Harmel, "A Fuzzy Method for
Propagating Functional Architecture Constraints to Physical Architecture,”
Journal of Mechanical Design, vol. 131, 2009.

Demoly, F., S. Gomes, B. Eynard, and L. Rivest, "PLM-based approach for
Assembly Process Engineering,” Int. J. of Manufacturing Research vol. 5,
pp. 413-428 2010.

Gorbea, C., "Vehicle Architecture and Lifecycle Cost Analysis in a New Age
of Architectural Competition," Doktor-Ingenieurs, Institute for Product
Development, Technische Universitdt Munchen, Munich, Germany, 2011.
Hong, E.-P. and G.-J. Park, "Modular Design Method Based on
Simultaneous Consideration of Physical and Functional Relationships in the
Conceptual Design Stage,” Journal of Mechanical Science and Technology,
vol. 28, pp. 223-235, 2014.

Kang, Y. and D. Tang, "Matrix-based Computational Conceptual Design
with Ant Colony Optimisation,” Journal of Engineering Design, vol. 24, pp.
429-452, 2013.

Mahmoud-Jouini, S.B. and S. Lenfle, "Platform Re-use Lessons from the
Automotive Industry," Int. J. of Operations & Production Management, vol.
30, pp. 98-124, 2010.

Meehan, J.S., A.H.B. Duffy, and R.I. Whitfleld, "Supporting 'Design for Re-
use' with Modular Design,” Concurrent Engineering: Research &
Applications, vol. 15, pp. 141-155, 2007.

Karniel, A., Y. Belsky, and Y. Reich, "Decomposing the Problem of
Constrained Surface Fitting in Reverse Engineering," Computer-Aided
Design, vol. 37, pp. 399-417, 2005.

Helmer, R., A. Yassine, and C. Meier, "Systematic Module and Interface
Definition using Component Design Structure Matrix," Journal of
Engineering Design, vol. 21, pp. 647-675, 2010.

Clarkson, P.J., C. Simons, and C. Eckert, "Predicting Change Propagation in
Complex Design," Journal of Mechanical Design, vol. 126, pp. 788-797,
2004.

Engel, A. and T.R. Browning, "Designing Systems for Adaptability by
Means of Architecture Options," Systems Engineering, vol. 11, pp. 125-1486,
2008.

Alizon, F., S.K. Moon, S.B. Shooter, and T.W. Simpson, "Three
Dimensional Design Structure Matrix with Cross-Module and Cross-
Interface Analyses," ASME International Design Engineering Technical
Conferences & Computers and Information in Engineering Conference, Las
Vegas, NV, Sep 4-7, 2007.

Yu, T.-L., D.E. Goldberg, K. Sastry, C.F. Lima, and M. Pelikan,
"Dependency Structure Matrix, Genetic Algorithms, and Effective
Recombination," Evolutionary Computation, vol. 17, pp. 594-626, 2009.
Sarkar, S., A. Dong, J.A. Henderson, and P.A. Robinson, "Spectral
Characterization of Hierarchical Modularity in Product Architectures,”
Journal of Mechanical Design, vol. 136, p. 011006, 2013.

Schaeffer, S.E., "Graph Clustering," Computer Science Review, vol. 1, pp.
27-64, 2007.

Hirao, A., T. Koga, and K. Aoyama, "A Modular Design Method
Considering Defense from Leakage of Synthetic Functions: A Case Study of
a Paper Feeding System,” ASME International Design Engineering
Technical Conferences & Computers and Information in Engineering
Conference (IDETC/CIE), Montreal, Canada, Aug 15-18, 2010.



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

(59]

[60]

[61]

[62]

(63]

[64]

[65]

[66]

(67]

[68]

[69]

[70]

[71]

[72]

Deng, X., G. Huet, S. Tan, and C. Fortin, "Product Decomposition using
Design Structure Matrix for Intellectual Property Protection in Supply Chain
Outsourcing,” Computers in Industry, vol. 63, pp. 632-641, 2012.
Borjesson, F. and K. Holtta-Otto, "A Module Generation Algorithm for
Product Architecture Based on Component Interactions and Strategic
Drivers," Research in Engineering Design, vol. 25, pp. 31-51, 2014.

Ko, Y.-T., "Optimizing Product Architecture for Complex Design,"
Concurrent Engineering, vol. 21, pp. 87-102, 2013.

Eckert, C.M., R. Keller, and P.J. Clarkson, "Change Prediction in Innovative
Products to Avoid Emergency Innovation,” Int. J. of Technology
Management vol. 55, pp. 226-237, 2011.

Keller, R., C.M. Eckert, and P.J. Clarkson, "Using an Engineering Change
Methodology to Support Conceptual Design," Journal of Engineering
Design, vol. 20, pp. 571-587, 2009.

Giffin, M., O.d. Weck, G. Bounova, R. Keller, C. Eckert, and P.J. Clarkson,
"Change Propagation Analysis in Complex Technical Systems," Journal of
Mechanical Design, vol. 131, 2009.

Sosa, M.E., S.D. Eppinger, and C.M. Rowles, "A Network Approach to
Define Modularity of Components in Product Design,” Journal of
Mechanical Design, vol. 129, pp. 1118-1129, 2007.

Sharman, D.M. and A.A. Yassine, "Characterizing Complex Product
Architectures," Systems Engineering, vol. 7, pp. 35-60, 2004.

Fixson, S.K., "Product Architecture Assessment: A Tool to Link Product,
Process, and Supply Chain Design Decisions," Journal of Operations
Management, vol. 23, pp. 345-369, 2005.

Baldwin, C.Y. and K.B. Clark, Design Rules: The Power of Modularity vol.
1. Cambridge, MA: MIT Press, 2000.

MacCormack, A., C.Y. Baldwin, and J. Rusnak, "The Impact of Component
Modularity on Design Evolution: Evidence from the Software Industry,"
Harvard Business School, Boston, MA, Working Paper 08-038, 2008.
Woodard, C.J., "Architectural Strategy and Design Evolution in Complex
Engineered Systems," Ph.D., Information, Technology and Management,
Harvard University, Cambridge, MA, 2006.

McNerney, J., J.D. Farmer, S. Redner, and J.E. Trancik, "Role of Design
Complexity in Technology Improvement,” Proceedings of the National
Academy of Sciences of the United States of America (PNAS), vol. 108, pp.
9008-9013, 2011.

Agrawal, A., "Product Networks, Component Modularity and Sourcing,"
Journal of Technology Management & Innovation, vol. 4, pp. 59-81, 2009.
Dickinson, M.W., A.C. Thornton, and S. Graves, "Technology Portfolio
Management: Optimizing Interdependent Projects Over Multiple Time
Periods," IEEE Trans. on Eng. Mgmt., vol. 48, pp. 518-527, 2001.

Martin, M.V. and K. Ishii, "Design for Variety: Developing Standardized
and Modularized Product Platform Architectures," Research in Engineering
Design, vol. 13, pp. 213-235, 2002.

Suh, E.S., O.L.d. Weck, and D. Chang, "Flexible Product Platforms:
Framework and Case Study," Research in Engineering Design, vol. 18, pp.
67-89, 2007.

Arciniegasa, AJ.R. and H.M. Kim, "Optimal Component Sharing in a
Product Family by Simultaneous Consideration of Minimum Description
Length and Impact Metric," Engineering Optimization, vol. 43, pp. 175-192,
2011.

Simpson, T.W., A. Bobuk, L.A. Slingerland, S. Brennan, D. Logan, and K.
Reichard, "From User Requirements to Commonality Specifications: An
Integrated Approach to Product Family Design," Research in Engineering
Design, vol. 23, pp. 141-153, 2011.

Kalligeros, K., "Platforms and Real Options in Large-Scale Engineering
Systems," Ph.D., ESD, Massachusetts Institute of Technology, Cambridge,
MA, 2006.

Mikaelian, T., D.J. Nightingale, D.H. Rhodes, and D.E. Hastings, "Real
Options in Enterprise Architecture: A Holistic Mapping of Mechanisms and
Types for Uncertainty Management," IEEE Trans. on Eng. Mgmt., vol. 58,
pp. 457-470, 2011.

Sullivan, K., W.G. Griswold, H. Rajan, Y. Song, Y. Cai, M. Shonle, et al.,
"Modular Aspect-oriented Design with XPIs,” ACM Trans. on Software
Engineering and Methodology, vol. 20, 2010.

LaMantia, M.J., Y. Cai, A.D. MacCormack, and J. Rusnak, "Analyzing the
Evolution of Large-Scale Software Systems Using Design Structure
Matrices and Design Rule Theory: Two Exploratory Cases " 7" Working
IEEE/IFIP Conference on Software Architecture (WICSA), Vancouver,
Canada, 2008.

Allison, J.T., M. Kokkolaras, and P.Y. Papalambros, "Optimal Partitioning
and Coordination Decisions in Decomposition-Based Design Optimization,"
Journal of Mechanical Design, vol. 131, 2009.

14

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

(8]

[89]

[90]

[91]

[92]

[93]

Shan, S. and G.G. Wang, "Survey of Modeling and Optimization Strategies
to Solve High-dimensional Design Problems with Computationally-
expensive Black-box Functions " Structural and Multidisciplinary
Optimization, vol. 41, pp. 219-241, 2010.

Geyer, P., "Component-Oriented Decomposition for Multidisciplinary
Design Optimization in Building Design,” Advanced Engineering
Informatics, vol. 23, pp. 12-31, 2009.

Lambe, A.B. and J.R.R.A. Martins, "Extensions to the Design Structure
Matrix for the Description of Multidisciplinary Design, Analysis, and
Optimization Processes,” Structural and Multidisciplinary Optimization,
vol. 46, pp. 273-284, 2012.

McDonald, R.A., "Error Propagation and Metamodeling for a Fidelity
Tradeoff Capability in Complex Systems Design,” Ph.D., A.E., Georgia
Institute of Technology, Atlanta, GA, 2006.

Sobieszczanski-Sobieski, J.,  "Multidisciplinary ~ Optimization  for
Engineering Systems: Achievements and Potential,” NASA Langley
Research Center, Hampton, VA, Technical Memorandum TM-101566,
March 1989.

Li, S., J. Hu, and Y.-H. Peng, "Representation of Functional Micro-
Knowledge Cell (FMKC) for Conceptual Design," Engineering Applications
of Artificial Intelligence, vol. 23, pp. 569-585, 2010.

Lorsch, JW. and P.R. Lawrence, Eds., Managing Group and Intergroup
Relations (Irwin Series in Management and the Behavioral Sciences.
Homewood, Ill.: Richard D. Irwin, 1972.

Coates, G., |. Ritchey, A.H.B. Duffy, W. Hills, and R.l. Whitfield,
"Integrated Engineering Environments for Large Complex Products,"
Concurrent Engineering: Research & Applications, vol. 8, pp. 171-182,
2000.

Feng, W., E.F. Crawley, O.L. de Weck, D.R. Lessard, and B.G. Cameron,
"Understanding the Impacts of Indirect Stakeholder Relationships —
Stakeholder Value Network Analysis and Its Application to Large
Engineering Projects," Massachusetts Institute of Technology, Engineering
Systems Division, Cambridge, MA, ESD Working Paper ESD-WP-2012-26,
Oct 2012.

Browning, T.R., "Using the Design Structure Matrix to Design Program
Organizations," in Handbook of Systems Engineering and Management, A.P.
Sage and W.B. Rouse, Eds., 2" ed, New York: Wiley, 2009, pp. 1401-1424.
Moon, J., D. Lee, T. Lee, J. Ahn, J. Shin, K. Yoon, et al., "Group Decision
Procedure to Model the Dependency Structure of Complex Systems:
Framework and Case Study for Critical Infrastructures,” Systems
Engineering, vol. 18, 2015.

Morelli, M.D., S.D. Eppinger, and R.K. Gulati, "Predicting Technical
Communication in Product Development Organizations,” IEEE Trans. on
Eng. Mgmt., vol. 42, pp. 215-222, 1995.

Efatmaneshnik, M. and C. Reidsema, "IMMUNE: A Collaborating
Environment for Complex System Design," in Collaborative Computational
Intelligence, C.L. Mumford and L.C. Jain, Eds., ed, Berlin: Springer, 2009,
pp. 275-320.

Dabbish, L., B. Towne, J. Diesner, and J. Herbsleb, "Construction of
Association Networks from Communication in Teams Working on Complex
Projects," Statistical Analysis and Data Mining, vol. 4, pp. 547-563, 2011.
Carroll, T.N., T.J. Gormley, V.J. Bilardo, R.M. Burton, and K.L. Woodman,
"Designing a New Organization at NASA: An Organization Design Process
using Simulation," Organization Science, vol. 17, pp. 202-214, 2006.
Tripathy, A. and S.D. Eppinger, "Structuring Work Distribution for Global
Product Development Organizations,” Production & Operations
Management, vol. 22, pp. 1557-1575, 2013.

Dunn, T.P. and J.M. Sussman, "Using Design Structure Matrices to Improve
Decentralized Urban Transportation Systems,” Transportation Research
Record: Journal of the Transportation Research Board, vol. 1978, pp. 193-
200, 2006.

Millhiser, W.P., C.A. Coen, and D. Solow, "Understanding the Role of
Worker Interdependence in Team Selection," Organization Science, vol. 22,
pp. 772-787, 2011.

Rushton, G., A. Zakarian, and T. Grigoryan, "Systems Engineering
Approach for Modeling an Organizational Structure,” 12" Annual
International Symposium of INCOSE, Las Vegas, NV, Jul 28 - Aug 1, 2002.
Borgatti, S.P., M.G. Everett, and L.C. Freeman, Ucinet for Windows:
Software for Social Network Analysis. Boston, MA: Analytic Technologies,
2002.

Rondeau, E., Z. ldelmerfaa, and J. Richard, "ldentification of Group
Organization During a Design Process by Means of Cooperation Graphs,"
Concurrent Engineering: Research & Applications, vol. 7, pp. 191-199,
1999.



[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

Batallas, D.A. and A.A. Yassine, "Information Leaders in Product
Development Organizational Networks: Social Network Analysis of the
Design Structure Matrix," IEEE Trans. on Eng. Mgmt., vol. 53, pp. 570-582,
2006.
Bartolomei, J.E., "Qualitative Knowledge Construction for Engineering
Systems: Extending the Design Structure Matrix Methodology in Scope and
Procedure,” Ph.D., Eng. Systems, Massachusetts Institute of Technology,
Cambridge, MA, 2007.
Conway, M., "How Do Committees Invent?," Datamation, vol. 14, pp. 28-
31, 1968.
Colfer, L. and C.Y. Baldwin, "The Mirroring Hypothesis: Theory, Evidence
and Exceptions," Harvard Business School, Boston, MA, Working Paper 10-
058, 2010.
Sosa, M.E., S.D. Eppinger, and C.M. Rowles, "The Misalignment of Product
Architecture and Organizational Structure in Complex Product
Development,” Management Science, vol. 50, pp. 1674-1689, 2004.
Sosa, M.E., S.D. Eppinger, and C.M. Rowles, "ldentifying Modular and
Integrative Systems and Their Impact on Design Team Interactions," Journal
of Mechanical Design, vol. 125, pp. 240-252, 2003.
Oosterman, B., "Improving Product Development Projects by Matching
Product Architecture and Organization,” Ph.D., Organisation and
Management, Rijksuniversiteit Groningen, Netherlands, 2001.
Cabigiosu, A. and A. Camuffo, "Beyond the 'Mirroring' Hypothesis:
Product Modularity and Interorganizational Relations in the Air
Conditioning Industry," Organization Science, vol. 23, pp. 686-703, 2012.
MacCormack, A., C.Y. Baldwin, and J. Rusnak, "Exploring the Duality
between Product and Organizational Architectures: A Test of the
'‘Mirroring' Hypothesis," Research Policy, vol. 41, pp. 1309-1324, 2012.
Gokpinar, B., W.J. Hopp, and S.M.R. Iravani, "The Impact of
Misalignment of Organizational Structure and Product Architecture on
Quality in Complex Product Development," Management Science, vol. 56,
pp. 468-484, 2010.
Kratzer, J., H.G. Gemuenden, and C. Lettl, "Revealing Dynamics and
Consequences of Fit and Misfit between Formal and Informal Networks in
Multi-institutional Product Development Collaborations," Research
Policy, vol. 37, pp. 1356-1370, 2008.
Carroll, T.N. and R.M. Burton, "A Contingency Approach to Designing
Project Organizations: Theory and Tools," Engineering Project
Organization Journal, vol. 2, pp. 5-14, 2012.
Gebala, D.A. and S.D. Eppinger, "Methods for Analyzing Design
Procedures,” ASME International Design Engineering Technical
Conferences (Design Theory & Methodology Conference), Miami, FL, Sep
22-25,1991.
Grose, D.L., "Reengineering the Aircraft Design Process,” 5"
AIAA/USAF/NASA/ISSMO Symposium on Multidisciplinary Analysis
and Optimization, Panama City Beach, FL, Sep. 7-9, 1994.
Browning, T.R., "The Many Views of a Process: Towards a Process
Architecture Framework for Product Development Processes,”" Systems
Engineering, vol. 12, pp. 69-90, 2009.
Browning, T.R., "Process Integration Using the Design Structure Matrix,"
Systems Engineering, vol. 5, pp. 180-193, 2002.
Browning, T.R., "A Role-Playing Game for Teaching about Enterprise
Process Integration,” Journal of Enterprise Transformation, vol. 4, pp. 226-
250, 2014.
Chen, C.-H., L.P. Khoo, and L. Jiao, "Information Deduction Approach
Through Quality Function Deployment for the Quantification of the
Dependency Between Design Tasks," Int. J. of Production Research, vol.
42, pp. 4623-4637, 2004.
Kaldate, A., D. Thurston, H. Emamipour, and M. Rood, "Engineering
Parameter Selection for Design Optimization during Preliminary Design,"
Journal of Engineering Design, vol. 17, pp. 291-310, 2006.
Sharon, A., O.L. de Weck, and D. Dori, "Improving Project-Product
Lifecycle Management with Model-Based Design Structure Matrix: A
Joint Project Management and Systems Engineering Approach,” Systems
Engineering, vol. 16, pp. 413-426, 2013.
Hameri, A.-P., J. Nihtila, and J. Rehn, "Document Viewpoint on One-of-a-
Kind Delivery Process," Int. J. of Production Research, vol. 37, pp. 1319-
1336, 1999.
Senthilkumar, V. and K. Varghese, "Structured Methodology to Formulate
Drawing Dependency Structure Matrix for Construction Design,"
Architectural Engineering & Design Management, vol. 5, pp. 225-248,
2009.
Lan, L., Y. Liu, and W.F. Lu, "Discovering Hidden Tasks and Process
Structure through Email Logs for DSM," Journal of Modern Project
Management, vol. 3, pp. 24-31, 2015.

15

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

Maisey, D. and J. Dick, "Measuring the Quality of the Development
Lifecycle Process," Software Quality Journal, vol. 5, pp. 199-210, 1996.
Sabbaghian, N., S. Eppinger, and E. Murman, "Product Development
Process Capture & Display Using Web-Based Technologies,” IEEE
International Conference on Systems, Man, and Cybernetics, San Diego,
CA, Oct. 11-14, 1998.

Senthilkumar, V., K. Varghese, and A. Chandran, "A Web-based System
for Design Interface Management of Construction Projects," Automation in
Construction, vol. 19, pp. 197-212, 2010.

Tseng, C.-C. and C.-C. Torng, "Prioritization Determination of Project
Tasks in QFD Process Using Design Structure Matrix," Journal of Quality,
vol. 18, pp. 137-153, 2011.

Alfaris, A., A. Siddigi, C. Rizk, O. de Weck, and D. Svetinovic,
"Hierarchical Decomposition and Multidomain Formulation for the Design
of Complex Sustainable Systems," Journal of Mechanical Design, vol. 132,
pp. 1-13, 2010.

Austin, S., J. Steele, S. Macmillan, P. Kirby, and R. Spence, "Mapping the
Conceptual Design Activity of Interdisciplinary Teams," Design Studies,
vol. 22, pp. 211-232, 2001.

Lo Storto, C., G. D'Avino, P. Dondo, and V. Zezza, "Simulating
Information Ambiguity during New Product Development: A Forecasting
Model using System Dynamics," Int. J. of Modelling, Identification and
Control, vol. 3, pp. 97-110, 2008.

Ko, Y.-T., "A Dynamic Planning Method for New Product Development
Management," Journal of the Chinese Institute of Industrial Engineers, vol.
27, pp. 103-120, 2010.

Luh, D.-B., Y.-T. Ko, and C.-H. Ma, "A Dynamic Planning Approach for
New Product Development,” Concurrent Engineering, vol. 17, pp. 43-59,
2009.

Clarkson, P.J. and J.R. Hamilton, "'Signposting’, A Parameter-driven Task-
based Model of the Design Process," Research in Engineering Design, vol.
12, pp. 18-38, 2000.

Lévardy, V. and T.R. Browning, "An Adaptive Process Model to Support
Product Development Project Management,” IEEE Trans. on Eng. Mgmt.,
vol. 56, pp. 600-620, 2009.

Yassine, A.A., "Investigating Product Development Process Reliability and
Robustness Using Simulation,” Journal of Engineering Design, vol. 18, pp.
545-561, 2007.

Browning, T.R., "Managing Complex Project Process Models with a
Process Architecture Framework," Int. J. of Project Management, vol. 32,
pp. 229-241, 2013.

Kumar, P. and G. Mocko, "Modeling and Analysis of an Ontology of
Engineeirng Design Activities Using the Design Structure Matrix," ASME
International Design Engineering Technical Conferences & Computers and
Information in Engineering Conference, Las Vegas, NV, Sep 4-7, 2007.
Frost, R.B., "Directed Graphs and their Adjacency Matrices:
Misconceptions and More Efficient Methods," Engineering Optimization
vol. 20, pp. 225-239, 1992.

Tarjan, R., "Depth-First Search and Linear Graph Algorithms,” SIAM
Journal on Computing, vol. 1, pp. 146-160, 1972.

Meier, C., A.A. Yassine, and T.R. Browning, "Design Process Sequencing
with Competent Genetic Algorithms," Journal of Mechanical Design, vol.
129, pp. 566-585, 2007.

English, K., C.L. Bloebaum, and E. Miller, "Development of Multiple
Cycle Coupling Suspension in the Optimization of Complex Systems,"
Structural and Multidisciplinary Optimization, vol. 22, pp. 268-283, 2001.
Bashir, H.A., K. AlZebdeh, and J. Abdo, "An Eigenvalue Based Approach
for Assessing the Decomposability of Interdependent Design Project
Tasks," Concurrent Engineering: Research & Applications, vol. 17, pp. 35-
42, 2009.

David, M., "Organising, Valuing and Improving the Engineering Design
Process," Journal of Engineering Design, vol. 24, pp. 524-545, 2013.
Chen, S.-J.G. and L. Lin, "Decomposition of Interdependent Task Group
for Concurrent Engineering," Computers & Industrial Engineering, vol. 44,
pp. 435-459, 2003.

Liang, L.Y., "Grouping Decomposition under Constraints for Design/Build
Life Cycle in Project Delivery System," Int. J. of Technology Management,
vol. 48, pp. 168-187, 2009.

Su, J.C.-Y., S.-J.G. Chen, and L. Lin, "A Structured Approach to
Measuring Functional Dependency and Sequencing of Coupled Tasks in
Engineering Design," Computers & Industrial Engineering, vol. 45, pp.
195-214, 2003.

Xu, C.-j., A.-p. Li, and X.-m. Liu, "Tearing Method of Coupled Activity
Set Within Concurrent Design Process (in Chinese)," Journal of Tongji
University (Natural Science), vol. 38, pp. 427-431, 2010.



[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

Aleisa, E. and L. Lin, "Sequencing of Design Tasks Based on the Degree
of Permissible Concurrency," Int. J. of Applied Management Science, vol.
1, pp. 367-387, 2009.

Chen, S.J.G. and E. Huang, "A Systematic Approach for Supply Chain
Improvement Using Design Structure Matrix," Journal of Intelligent
Manufacturing, vol. 18, pp. 285-299, 2007.

Wang, T., S. Guo, B.R. Sarker, and Y. Li, "Process Planning for
Collaborative Product Development with CD-DSM in Optoelectronic
Enterprises," Advanced Engineering Informatics, vol. 26, pp. 280-291,
2012.

Martinez Ledn, H.C., J.A. Farris, and G. Letens, "Improving Product
Development Performance Through lteration Front-Loading," IEEE Trans.
on Eng. Mgmt., vol. 60, pp. 552-565, 2013.

Lin, J., K.H. Chai, Y.S. Wong, and A.C. Brombacher, "A Dynamic Model
for Managing Overlapped lIterative Product Development,” European
Journal of Operational Research, vol. 185, pp. 378-392, 2008.

Xiao, R. and S. Si, "Research on the Process Model of Product
Development with Uncertainty Based on Activity Overlapping,” Integrated
Manufacturing Systems, vol. 14, pp. 567-574, 2003.

Yang, Q., X. Zhang, and T. Yao, "An Overlapping-based Process Model
for Managing Schedule and Cost Risk in Product Development,"
Concurrent Engineering, vol. 20, pp. 3-17, 2012.

Meier, C., T.R. Browning, A.A. Yassine, and U. Walter, "The Cost of
Speed: Work Policies for Crashing and Overlapping in Product
Development Projects," IEEE Trans. on Eng. Mgmt., vol. 62, pp. 237-255,
2015.

Yan, H.-S., B. Wang, D. Xu, and Z. Wang, "Computing Completion Time
and Optimal Scheduling of Design Activities in Concurrent Product
Development Process," IEEE Trans. on Systems, Man, and Cybernetics,
Part A: Systems and Humans, vol. 40, pp. 76-89, 2010.

Yang, Q., T. Yao, T. Lu, and B. Zhang, "An Overlapping-Based Design
Structure Matrix for Measuring Interaction Strength and Clustering
Analysis in Product Development Project,” IEEE Trans. on Eng. Mgmt.,
vol. 61, pp. 159-170, 2014.

Austin, S., A. Baldwin, B. Li, and P. Waskett, "Analytical Design Planning
Technique (ADePT): A Dependency Structure Matrix Tool to Schedule the
Building Design Process," Construction Management & Economics, vol.
18, pp. 173-182, 2000.

Chen, C.-H., S.F. Ling, and W. Chen, "Project Scheduling for Collaborative
Product Development Using DSM," Int. J. of Project Management, vol. 21,
pp. 291-299, 2003.

Karniel, A. and Y. Reich, "Multi-level Modelling and Simulation of New
Product Development Processes," Journal of Engineering Design, vol. 24,
pp. 185-210, 2013.

Ma, C.-H., Y.-T. Ko, and D.-B. Luh, "A Structure-Based Workflow
Planning Method for New Product Development Management,” Int. J. of
Management Science and Eng. Mgmt., vol. 4, pp. 83-103, 2008.
Sunnersjd, S., M. Cederfeldt, F. Elgh, and 1. Rask, "A Transparent Design
System for Iterative Product Development,” Journal of Computing and
Information Science in Engineering, vol. 6, pp. 300-307, 2006.
Venkatachalam, S. and K. Varghese, "Analysis of Workflow on Design
Projects in India," Gestdo & Tecnologia de Projetos, vol. 5, pp. 86-103,
2010.

Wang, W.-C., J.-J. Liu, and T.-S. Liao, "Modeling of Design Iterations
through Simulation,” Automation in Construction, vol. 15, pp. 589-603,
2006.

Smith, R.P. and S.D. Eppinger, "A Predictive Model of Sequential Iteration
in Engineering Design," Management Science, vol. 43, pp. 1104-1120,
1997.

Smith, R.P. and S.D. Eppinger, "ldentifying Controlling Features of
Engineering Design Iteration," Management Science, vol. 43, pp. 276-293,
1997.

Smith, R.P. and S.D. Eppinger, "Deciding Between Sequential and Parallel
Tasks in Engineering Design," Concurrent Engineering: Research &
Applications, vol. 6, pp. 15-25, 1998.

Browning, T.R., "Modeling and Analyzing Cost, Schedule, and
Performance in Complex System Product Development,” Ph.D., TMP,
Massachusetts Institute of Technology, Cambridge, MA, 1998.

Cho, S.-H. and S.D. Eppinger, "A Simulation-Based Process Model for
Managing Complex Design Projects," IEEE Trans. on Eng. Mgmt., vol. 52,
pp. 316-328, 2005.

Abdelsalam, H.M.E. and H.P. Bao, "A Simulation-based Optimization
Framework for Product Development Cycle Time Reduction," IEEE Trans.
on Eng. Mgmt., vol. 53, pp. 69-85, 2006.

16

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

Lancaster, J. and K. Cheng, "A Fitness Differential Adaptive Parameter
Controlled Evolutionary Algorithm with Application to the Design
Structure Matrix," Int. J. of Production Research, vol. 46, pp. 5043-5057,
2008.

Sered, Y. and Y. Reich, "Standardization and Modularization Driven by
Minimizing Overall Process Effort," Computer-Aided Design, vol. 38, pp.
405-416, 2006.

Wang, A.-h. and M.-1. Yang, "Optimization of Process System Based on
Design Structure Matrix (in Chinese)," Industrial Engineering Journal,
vol. 8, pp. 71-76, 2005.

Whitfield, R.l., A.H.B. Duffy, G. Coates, and W. Hills, "Efficient Process
Optimisation," Concurrent Engineering: Research & Applications, vol. 11,
pp. 83-92, 2003.

Meier, C., "Time-Cost Tradeoffs in Product Development Processes,"
Doktor-Ingenieurs (Dr.-Ing.), Institute of Astronautics, Technische
Universitat Miinchen, Munich, Germany, 2011.

Wang, T., S. Guo, and Y. Liu, "Pareto Process Optimization of Product
Development Project Using Bi-Objective Hybrid Genetic Algorithm,"
Advances in Engineering Software, vol. 65, pp. 12-22, 2013.

Kim, D., "On Representations and Dynamic Analysis of Concurrent
Engineering Design," Journal of Engineering Design, vol. 18, pp. 265-277,
2007.

Schlick, C.M., S. Duckwitz, and S. Schneider, "Project Dynamics and
Emergent Complexity," Computational and Mathematical Organization
Theory, vol. 19, pp. 480-515, 2013.

Schlick, C.M., S. Terstegen, and S. Duckwitz, "Estimation of Work
Transformation Matrices for Large-Scale Concurrent Engineering
Projects," Journal of Modern Project Management, vol. 3, pp. 72-79, 2015.
Yassine, A.A., N. Joglekar, D. Braha, S. Eppinger, and D. Whitney,
"Information Hiding in Product Development: The Design Churn Effect,"”
Research in Engineering Design, vol. 14, pp. 145-161, 2003.

Collins, S.T., JA. Bradley, and A. A.Yassine, "Analyzing Product
Development Task Networks to Examine Organizational Change," IEEE
Trans. on Eng. Mgmt., vol. 57, pp. 513-525, 2010.

Collins, S.T., A.A. Yassine, and S.P. Borgatti, "Evaluating Product
Development Systems Using Network Analysis," Systems Engineering,
vol. 12, pp. 55-68, 2009.

Chen, S.-J. and L. Lin, "A Project Task Coordination Model for Team
Organization in Concurrent Engineering,” Concurrent Engineering:
Research & Applications, vol. 10, pp. 187-203, 2002.

Kusiak, A., "Integrated Product and Process Design: A Modularity
Perspective," Journal of Engineering Design, vol. 13, pp. 223-231, 2002.
Gomes, P.J. and N.R. Joglekar, "Linking Modularity with Problem Solving
and Coordination Efforts," Managerial and Decision Economics, vol. 29,
pp. 443-457, 2008.

Dzeng, R.-J., "ldentifying a Design Management Package to Support
Concurrent Design in Building Wafer Fabrication Facilities,” Journal of
Construction Engineering & Management, vol. 132, pp. 606-614, 2006.
Gomes, P.J. and S. Dahab, "Bundling Resources across Supply Chain
Dyads: The Role of Modularity and Coordination Capabilities," Int. J. of
Operations & Production Management, vol. 30, pp. 57-74, 2010.
Micaélli, J.-P. and E. Bonjour, "Are Skill Design Structure Matrices New
Tools for Automotive Design Managers?,” in New Trends and
Developments in Automotive Industry, M. Chiaberge, Ed., ed: InTech,
2011, pp. 255-264.

Gaertner, T., S. Terstegen, and C.M. Schlick, "Applying DSM
Methodology to Improve the Scheduling of Calibration Tasks in Functional
Integration Projects in the Automotive Industry," Journal of Modern
Project Management, vol. 3, pp. 46-55, 2015.

McMahon, C.A. and M. Xianyi, "A Network Approach to Parametric
Design Integration,” Research in Engineering Design, vol. 8, pp. 14-32,
1996.

Pektas, S.T. and M. Pultar, "Modelling Detailed Information Flows in
Building Design with the Parameter-Based Design Structure Matrix,"
Design Studies, vol. 27, pp. 99-122, 2006.

Saridakis, K.M. and A.J. Dentsoras, "Case-DeSC: A System for Case-
based Design with Soft Computing Techniques," Expert Systems with
Applications, vol. 32, pp. 641-657, 2007.

Nunez, M., V.C. Datta, A. Molina-Cristobal, M. Guenov, and A. Riaz,
"Enabling Exploration in the Conceptual Design and Optimisation of
Complex Systems," Journal of Engineering Design, vol. 23, pp. 849-872
1, 2012.

Browning, T.R. and A.A. Yassine, "Managing a Portfolio of Product
Development Projects under Resource Constraints," Decision Sciences,
vol. forthcoming, 2015.



[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

Laverghetta, T. and A. Brown, "Dynamics of Naval Ship Design: A
Systems Approach,"” Naval Engineers Journal, vol. 111, pp. 307-324, 1999.
Lewis, W.P. and L. Cangshan, "The Timely Allocation of Resources in the
Concurrent Design of New Products,” Journal of Engineering Design, vol.
8, pp. 3-17, 1997.

Xiao, R., T. Chen, and W. Chen, "A New Approach to Solving Coupled
Task Sets Based on Resource Balance Strategy in Product Development,”
Int. J. of Materials and Product Technology, vol. 39, pp. 251-270, 2010.
Cheng, H. and X. Chu, "Task Assignment with Multiskilled Employees and
Multiple Modes for Product Development Projects,” Int. J. of Advanced
Manufacturing Technology, vol. 61, pp. 391-403, 2011.

Cheng, Q., G. Zhang, P. Li, X. Shao, and P. Gu, "ldentification of Key
Coupled Design Parameters in Axiomatic Design (in Chinese)," Journal of
Mechanical Engineering, vol. 45, 2009.

Khalaf, F., "An Engineered Testing Strategy: Part 1l: Axiomatic Design
Approach for Balanced Strategy,” Int. J. of Product Development, vol. 3,
pp. 419-431, 2006.

Hilmola, O.-P., P. Helo, and A. Maunuksela, "The Economic Nature of
Feedback Loops in Product Development," Int. J. of Innovation and
Learning, vol. 2, pp. 297-209, 2005.

Lee, S., F. Pefia-Mora, and M. Park, "Web-Enabled System Dynamics
Model for Error and Change Management on Concurrent Design and
Construction Projects," Journal of Computing in Civil Engineering, vol. 20,
pp. 290-300, 2006.

Karniel, A. and Y. Reich, "From DSM Based Planning to Design Process
Simulation: A Review of Process Scheme Verification Issues," |IEEE
Trans. on Eng. Mgmt., vol. 56, pp. 636-649, 2009.

Karniel, A. and Y. Reich, "Formalizing a Workflow-Net Implementation
of Design-Structure-Matrix-Based Process Planning for New Product
Development " IEEE Trans. on Systems, Man, and Cybernetics, Part A:
Systems and Humans, vol. 41, pp. 476-491, 2011.

Kassem, M., N. Dawood, and D. Mitchell, A Structured Methodology for
Enterprise Modeling: A Case Study for Modeling the Operation of a British
Organization," Journal of Information Technology in Construction, vol. 16,
pp. 381-410, 2011.

Liu, T., X. Chen, X. Chen, and X. Zou, "R&D Task Programming of
Electromechanical Product in Networked Manufacturing Environment,"
Int. J. of Industrial and Systems Engineering, vol. 3, pp. 3-17, 2008.
Susarla, A., A. Barua, and A.B. Whinston, "Multitask Agency, Modular
Architecture, and Task Disaggregation in SaaS," Journal of Management
Information Systems, vol. 26, pp. 87-117, 2010.

Worren, N., "Hitting the Sweet Spot Between Separation and Integration in
Organization Design," People & Strategy, vol. 34, pp. 24-30, 2011.

Chua, D.K.H. and M.A. Hossain, "Predicting Change Propagation and
Impact on Design Schedule Due to External Changes," IEEE Trans. on
Eng. Mgmt., vol. 59, pp. 483-493, 2012.

Oloufa, A.A., Y.A. Hosni, M. Fayez, and P. Alexsson, "Using DSM for
Modeling Information Flow in Construction Design Projects,”" Civil
Engineering & Environmental Systems, vol. 21, pp. 105-125, 2004.

Zhao, Z.Y., Q. Lei, J. Zuo, and G. Zillante, "Prediction System for Change
Management in Construction Project,” Journal of Construction
Engineering & Management, vol. 136, pp. 659-669, 2010.

Li, W. and Y.B. Moon, "Modeling and Managing Engineering Changes in
a Complex Product Development Process," Winter Simulation Conference,
Phoenix, AZ, Dec 11-14, 2011.

Cronemyr, P., A.O. Rénnbéck, and S.D. Eppinger, "A Decision Support
Tool for Predicting the Impact of Development Process Improvements,"
Journal of Engineering Design, vol. 12, pp. 177-199, 2001.

Nepal, B.P., O.P. Yadav, and R. Solanki, "Improving the NPD Process by
Applying Lean Principles: A Case Study," Eng. Mgmt. Journal, vol. 23, pp.
52-68, 2011.

Pessda, M.V.P., W. Seering, and E. Rebentisch, "Understanding the Waste
Net: A Method for Waste Elimination Prioritization in Product
Development,” ASME International Design Engineering Technical
Conferences, New York, NY, Aug 3-6, 2008.

Chang, C.-W., D.M. Chiang, A.W.-D. Wu, and Y.-C. Chang, "ldentifying
Critical Features of Complex Systems under Prior Known Conditions,"
Computers & Industrial Engineering, vol. 61, pp. 788-793, 2011.

Sacks, R., C.M. Eastman, and G. Lee, "Process Model Perspectives on
Management and Engineering Procedures in the Precast/Prestressed
Concrete Industry," Journal of Construction Engineering & Management,
vol. 130, pp. 206-215, 2004.

Jain, R., A. Chandrasekaran, L. Castro, and M. VanLeer, "Feasibility of a
Rapid Systems Engineering Framework: An Exploratory Study," Int. J. of
Industrial and Systems Engineering vol. 7, pp. 45-65, 2011.

17

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

Rogers, J.L. and A.O. Salas, "Toward a More Flexible Web-based
Framework for Multidisciplinary Design," Advances in Engineering
Software, vol. 30, pp. 439-444, 1999.

Sindi¢i¢, 1., S. Bogdan, and T. Petrovi¢, "Resource Allocation in Free-
Choice Multiple Reentrant Manufacturing Systems Based on Machine-Job
Incidence Matrix," IEEE Trans. on Industrial Informatics, vol. 7, pp. 105-
114, 2011.

Wang, F., Z. Jia, W. Liu, and G. Zhao, "Genetic Algorithms with a New
Repair Operation for Assembly Job Shop Scheduling,” Int. J. of Industrial
Engineering, vol. 18, pp. 377-385, 2011.

Rogers, J.L., A.O. Salas, and R.P. Weston, "A Web-Based Monitoring
System for Multidisciplinary Design Projects,"” 7h
AIAA/USAF/NASA/ISSMO Symposium on Multidisciplinary Analysis
and Optimization, St. Louis, MO, Sep. 2-4, 1998.

Tang, D., Y. Peng, and Z. Liu, “Execution Sequence Planning of
Computational Models Based on Incidence Matrix and Design Structure
Matrix (in Chinese)," Chinese Journal of Mechanical Engineering, vol. 12,
pp. 173-179, 2008.

Zhao, M. and W.-c. Cui, "System Synthesis Model for a HOV in
Conceptual Design (in Chinese)," Journal of Ship Mechanics, vol. 13,
2009.

Arcade, J., M. Godet, F. Meunier, and F. Roubelat, "Structural Analysis
with the MICMAC Method & Actors' Strategy with MACTOR Method,"
Laboratory for Investigation in Prospective and Strategy (LIPS), Paris,
France, AC/UNU Millennium Project Report2010.

PMI, A Guide to the Project Management Body of Knowledge, 5" ed.
Newtown Square, PA: Project Management Institute, 2013.

Bergel, A., S. Ducasse, J. Laval, and R. Piers, "Enhanced Dependency
Structure Matrix for Moose," 2" Workshop on FAMIX and Moose in
Reengineering (FAMOOST), Antwerp, Belgium, Oct 17, 2008.

Sosa, M.E., J. Mihm, and T.R. Browning, "Linking Cyclicality and Product
Quality," Manufacturing & Service Operations Management, vol. 15, pp.
473-491, 2013.

Danilovic, M. and T.R. Browning, "Managing Complex Product
Development Projects with Design Structure Matrices and Domain
Mapping Matrices," Int. J. of Project Management, vol. 25, pp. 300-314,
2007.

Lagerstrom, R., C. Baldwin, and A. MacCormack, "Visualizing and
Measuring Software Portfolio Architecture: A Power Utility Case,"
Journal of Modern Project Management, vol. 3, pp. 114-121, 2015.
Coates, G., A.H.B. Duffy, I. Whitfield, and W. Hills, "An Integrated Agent
Oriented Approach to Real-time Operational Design Coordination,"
Artificial  Intelligence for Engineering Design, Analysis and
Manufacturing, vol. 17, pp. 287-311, 2003.

Salado, A. and R. Nilchiani, "Assessing the Impacts of Uncertainty
Propagation to System Requirements by Evaluating Requirement
Connectivity," 23 International Symposium of INCOSE, Philadelphia,
PA, Jun 24-27, 2013.

McLellan, J.M., "A Proposed Method to Identify Requirements Significant
to Mass Reduction " M.S., M.E., Clemson University, Greenville, SC,
2010.

Chen, Y., P. Cheng, and J. Yin, "Change Propagation Analysis of
Trustworthy Requirements based on Dependency Relations," 2" IEEE
International Conference on Information Management and Engineering
(ICIME), Chengdu, China, Apr 16-18, 2010.

Morkos, B., P. Shankar, and J.D. Summers, "Predicting Requirement
Change Propagation, using Higher Order Design Structure Matrices: An
Industry Case Study," Journal of Engineering Design, vol. 23, pp. 902-923,
2012.

Mullens, M.A., M. Arif, R.L. Armacost, T.A. Gawlik, and R.L. Hoekstra,
"Axiomatic Based Decomposition for Conceptual Product Design,"
Production & Operations Management, vol. 14, pp. 286-300, 2005.

Lee, W.-T., W.-Y. Deng, J. Lee, and S.-J. Lee, "Change Impact Analysis
with a Goal-driven Traceability-based Approach,” Int. J. of Intelligent
Systems, vol. 25, pp. 878-908, 2010.

Eelman, S. and S. Foller, "A Novel Modeling Approach Enhancing Classic
Scenario Generation Techniques," 16" Annual International Symposium of
INCOSE, Orlando, FL, Jul 9-13, 2006.

Fang, C. and F. Marle, "A Simulation-based Risk Network Model for
Decision Support in Project Risk Management," Decision Support Systems,
vol. 52, pp. 635-644, 2012.

Fang, C. and F. Marle, "Dealing with Project Complexity by Matrix-Based
Propagation Modelling for Project Risk Analysis," Journal of Engineering
Design, vol. 24, pp. 239-256, 2013.



[234]

[235]

[236]

[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]

[250]

[251]

[252]

[253]

[254]

[255]

[256]

[257]

Marle, F., L.-A. Vidal, and J.-C. Bocquet, "Interactions-based Risk
Clustering Methodologies and Algorithms for Complex Project
Management,” Int. J. of Production Economics, vol. 142, pp. 225-234,
2013.

Nguyen, T.H. and D. Gourc, "Project Risk Management: How to Take into
Account Dependence Between Risks? (in French),” 16" Congres de
Martrise des Risques et de Foncttionnement, Avignon, France, Oct 7-9,
2008.

Fang, C., F. Marle, M. Xie, and E. Zio, "An Integrated Framework for Risk
Response Planning Under Resource Constraints in Large Engineering
Projects,” IEEE Trans. on Eng. Mgmt., vol. 60, pp. 627-639, 2013.
Pointurier, C., F. Marle, and H. Jaber, "Managing a Complex Project Using
a Risk-Risk Multiple Domain Matrix," Journal of Modern Project
Management, vol. 3, pp. 32-37, 2015.

Stamelos, 1., "Software Project Management Anti-Patterns,”" Journal of
Systems and Software, vol. 83, pp. 52-59, 2010.

Kornish, L.J. and K.T. Ulrich, "Opportunity Spaces in Innovation:
Empirical Analysis of Large Samples of Ideas," Management Science, vol.
57, pp. 107-128, 2011.

Farsad, M. and S.M.-B. Malaek, "Application of Dependency Structure
Matrix to Airspace Sectorization and Improving the Distribution of the
Workload Among Controllers," Journal of Modern Project Management,
vol. 3, pp. 94-99, 2015.

Shankar, P., B. Morkos, and J.D. Summers, "Reasons for Change
Propagation: A Case Study in an Automotive OEM," Research in
Engineering Design vol. 23, pp. 291-303, 2012.

Wyatt, D.F., D.C. Wynn, and P.J. Clarkson, "A Scheme for Numerical
Representation of Graph Structures in Engineering Design," Journal of
Mechanical Design, vol. 136, p. 011010, 2014.

Hamraz, B., N.H.M. Caldwell, and P.J. Clarkson, "A Holistic
Categorization Framework for Literature on Engineering Change
Management,"” Systems Engineering, vol. 16, pp. 473-505, 2013.
Vaishnav, C., N. Choucri, and D. Clark, "Cyber International Relations as
an Integrated System," Environment Systems and Decisions, vol. 33, pp.
561-576, 2013.

Gronevall, R. and M. Danilovic, "Designing an Integrated Project, Program
and Portfolio System - A Case Study of Healthcare," Journal of Modern
Project Management, vol. 2, pp. 78-85, 2014.

McKenna, N., "The Micro-foundations of Alignment among Sponsors and
Contractors on Large Engineering Projects,”" Ph.D., ESD, Massachusetts
Institute of Technology, Cambridge, MA, 2006.

Suh, N.P., The Principles of Design. New York: Oxford University Press,
1990.

Deubzer, F., M. Kreimeyer, U. Herfeld, and U. Lindemann, "A Strategy for
Efficient Collaboration in Virtual Product Development Environments,"
16" International Conference on Engineering Design, Paris, France, Aug
28-31, 2007.

Bonjour, E., S. Deniaud, and J.-P. Micaelli, " A Method for Jointly Drawing
Up the Functional and Design Architectures of Complex Systems during
the Preliminary System-Definition Phase," Journal of Engineering Design,
vol. 24, pp. 305-319, 2013.

Jankovic, M., V. Holley, and B. Yannou, “"Multiple-domain Design
Scorecards: A Method for Architecture Generation and Evaluation through
Interface Characterisation," Journal of Engineering Design, vol. 23, pp.
743-763, 2012.

Michelena, N.F. and P.Y. Papalambros, "A Network Reliability Approach
to Optimal Decomposition of Design Problems,” Journal of Mechanical
Design, vol. 117, pp. 433-440, 1995.

Hong, E.-P. and G.-J. Park, "Collaborative Design Process of Large-scale
Engineering Systems using the Axiomatic Design Approach,” Journal of
Mechanical Engineering Science, vol. 225, pp. 2174-2188, 2011.

Guenov, M., "Covariance Structural Models of the Relationship Between
the Design and Customer Domains," Journal of Engineering Design, vol.
19, pp. 75-95, 2008.

Li, S. and M. Mirhosseini, "A Matrix-based Modularization Approach for
Supporting Secure Collaboration in Parametric Design," Computers in
Industry, vol. 63, pp. 619-631, 2012.

Tang, D., G. Zhang, and S. Dai, "Design as Integration of Axiomatic
Design and Design Structure Matrix," Robotics & Computer-Integrated
Manufacturing, vol. 25, pp. 610-619, 2009.

Tang, D., R. Zhu, S. Dai, and G. Zhang, "Enhancing Axiomatic Design
with Design Structure Matrix," Concurrent Engineering: Research &
Applications, vol. 17, pp. 129-137, 2009.

Rizzuti, S., L.D. Napoli, F. Giampa, and F. Lofranco, "Axiomatic Design
as a Means to Find Contradiction in an Integrated Approach for Product

18

[258]

[259]

[260]

[261]

[262]

[263]

[264]

[265]

[266]

[267]

[268]

[269]

[270]

[271]

[272]

[273]

[274]

[275]

[276]

[277]

[278]

[279]

[280]

Design," 5" International Conference on Axiomatic Design (ICAD),
Campus de Caparica, Mar 25-27, 2009.

Sarkar, S., A. Dong, and J.S. Gero, "Learning Symbolic Formulations in
Design: Syntax, Semantics, and Knowledge Reification,” Artificial
Intelligence for Engineering Design, Analysis and Manufacturing, vol. 24,
pp. 63-85, 2010.

Yoshimura, M., K. lzui, and Y. Fujimi, "Optimizing the Decision-making
Process for Large-scale Design Problems According to Criteria
Interrelationships,” Int. J. of Production Research, vol. 41, pp. 1987-2002,
2003.

Dong, Q., "Predicting and Managing System Interactions at Early Phase of
the Product Development Process," Ph.D., M.E., Massachusetts Institute of
Technology, Cambridge, MA, 2002.

Maier, J.R.A. and G.M. Fadel, "Affordance-based Design Methods for
Innovative Design, Redesign and Reverse Engineering," Research in
Engineering Design, vol. 20, pp. 225-239, 2009.

Brown, N., R.L. Nord, I. Ozkaya, and M. Pais, "Analysis and Management
of Architectural Dependencies in Iterative Release Planning," 9" Working
IEEE/IFIP Conference on Software Architecture (WICSA), Boulder, CO,
2011.

Browning, T.R., J.J. Deyst, S.D. Eppinger, and D.E. Whitney, "Adding
Value in Product Development by Creating Information and Reducing
Risk," IEEE Trans. on Eng. Mgmt., vol. 49, pp. 443-458, Nov. 2002.
Kreimeyer, M., F. Deubzer, M. Danilovic, S.D. Fuchs, U. Herfeld, and U.
Lindemann, "Team Composition to Enhance Collaboration between
Embodiment Design and Simulation Departments,” International
Conference on Engineering Design, Paris, France, Aug 28-31, 2007.
Eppinger, S.D. and V. Salminen, "Patterns of Product Development
Interactions,” International Conference on Engineering Design (ICED),
Glasgow, Aug 21-23, 2001.

Lockledge, J.C. and F.A. Salustri, "Design Communication using a
Variation of the Design Structure Matrix," International Conference on
Engineering Design (ICED), Glasgow, Scotland, Aug 21-23, 2001.
Bonjour, E., M. Dulmet, S. Deniaud, and J.-P. Micaélli, "Propagating
Product Architecture Decisions onto the Project Organisation: A
Comparison Between Two Methods," Int. J. of Design Engineering, vol. 2,
pp. 451-471, 2009.

Chen, S.-J.G., "An Integrated Methodological Framework for Project Task
Coordination and Team Organization in Concurrent Engineering,"
Concurrent Engineering: Research & Applications, vol. 13, pp. 185-197,
2005.

Giordano, V., P. Ballal, F. Lewis, B. Turchiano, and J.B. Zhang,
"Supervisory Control of Mobile Sensor Networks: Math Formulation,
Simulation, and Implementation " IEEE Trans. on Systems, Man, and
Cybernetics, Part B: Cybernetics, vol. 36, pp. 806-819, 2006.
Efatmaneshnik, M. and C. Reidsema, "A Complex System Engineering
Design Model," Cybernetics and Systems, vol. 41, pp. 554-576, 2010.
Salhieh, S.e.M. and L. Monplaisir, "Collaboration Planning Framework
(CPF) to Support Distributed Product Development " Journal of Intelligent
Manufacturing vol. 14, pp. 581-597, 2003.

Marle, F. and J. Le Cardinal, "Risk Assessment Method in Project Actor
Choice," Int. J. of Product Development, vol. 12, pp. 21-48, 2010.
Thomas, R.J. and N. Worren, "Applying the Dependency Structure Matrix
to High-Level Organizational Architectures,” 2" International Design
Structure Matrix Workshop, Cambridge, MA, Sep 18-19, 2000.
Christensen, L.C., T.R. Christiansen, Y. Jin, J. Kunz, and R.E. Levitt,
"Object—Oriented Enterprise Modeling and Simulation of AEC Projects,"”
Microcomputers in Civil Engineering, vol. 12, pp. 157-170, 1997.

Jootar, J., "A Risk Dynamics Model of Complex System Development,"
Ph.D., Mgmt., MIT, Cambridge, MA, 2002.

Hung, H.-F., H.-P. Kao, and Y.-S. Juang, "An Integrated Information
System for Product Design Planning,”" Expert Systems with Applications,
vol. 35, pp. 338-349, 2008.

Tang, D., R. Xu, J. Tang, and R. He, "Design Structure Matrix-based
Engineering Change Management for Product Development,” Int. J. of
Internet Manufacturing and Services, vol. 1, pp. 231-245, 2008.

Bonjour, E. and J.-P. Micaélli, "Design Core Competence Diagnosis: A
Case From the Automotive Industry," IEEE Trans. on Eng. Mgmt., vol. 57,
pp. 323-337, 2010.

Yassine, A.A., R.H. Chidiac, and I.H. Osman, "Simultaneous Optimisation
of Products, Processes, and People in Development Projects,” Journal of
Engineering Design, vol. 24, pp. 272-292, 2013.

Huang, C.-Y., A. Holt, J. Monk, and K. Cheng, "The Application of
Dependency Management in an Integrated Manufacturing Network



[281]

[282]

[283]

[284]

[285]

[286]

[287]

[288]

[289]

[290]

[291]

[292]

[293]

[294]

[295]

[296]

[297]

[298]

[299]

[300]

[301]

[302]

Framework," Int. J. of Advanced Manufacturing Technology, vol. 33, pp.
354-364, 2007.

Yassine, A.A. and J.A. Bradley, "A Knowledge-Driven, Network-Based
Computational Framework for Product Development Systems," Journal of
Computing and Information Science in Engineering, vol. 13, 2013.
Lindemann, U., M. Maurer, and T. Braun, Structural Complexity
Management. Berlin, Germany: Springer, 2009.

Maurer, M.S., "Structural Awareness in Complex Product Design," Ph.D.,
Lehrstuhl fiir Produktentwicklung, Technischen Universitdat Miinchen,
Munich, Germany, 2007.

Sosa, M.E., "A Structured Approach to Predicting and Managing Technical
Interactions in Software Development," Research in Engineering Design,
vol. 19, pp. 47-70, 2008.

Koh, E.C.Y., N.H.M. Caldwell, and P.J. Clarkson, "A Method to Assess
the Effects of Engineering Change Propagation,” Research in Engineering
Design, vol. 23, pp. 329-351, 2012.

Mikaelian, T., D.H. Rhodes, D.J. Nightingale, and D.E. Hastings, "A
Logical Approach to Real Options Identification with Application to UAV
Systems," IEEE Trans. on Systems, Man, and Cybernetics--Part A: Systems
and Humans, vol. 42, pp. 32-47, 2012.

Hamraz, B., N.H.M. Caldwell, D.C. Wynn, and P.J. Clarkson,
"Requirements-based Development of an Improved Engineering Change
Management Method," Journal of Engineering Design, vol. 24, pp. 765-
793, 2013.

Hamraz, B., N.H.M. Caldwell, and P.J. Clarkson, "A Multidomain
Engineering Change Propagation Model to Support Uncertainty Reduction
and Risk Management in Design," Journal of Mechanical Design, vol. 134,
2012.

Pasqual, M.C. and O.L. de Weck, "Multilayer Network Model for Analysis
and Management of Change Propagation,” Research in Engineering
Design, vol. 23, pp. 305-328, 2012.

Amirreze, K., D. Marzieh, S. Foad, and A. Fatemeh, "A New Systematic
Approach in UAV Design Analysis Based on SDSM Method," Journal of
Aeronautics & Aerospace Engineering, vol. 2, 2013.

Tang, D., R. Zhu, J. Tang, R. Xu, and R. He, "Product Design Knowledge
Management based on Design Structure Matrix," Advanced Engineering
Informatics, vol. 24, pp. 159-166, 2010.

Bauer, W., D. Kasperek, S. Maisenbacher, and M. Maurer, "Application of
Structural Domain-Spanning Criteria in an Industrial Case-Study," Journal
of Modern Project Management, vol. 3, pp. 86-93, 2015.

Kherbachi, S., Q. Yang, and Y.S. Hong, "Multi-Domain Matrix as a
Framework for Global Product Development Project Process," Journal of
Modern Project Management, vol. 3, pp. 108-113, 2015.

Osman, K., D. Stamenkovi¢, and M. Lazarevi¢, "Robust Product
Architecture Development Combining Matrix-Based Approaches and
Function-Based Failure Propagation Method - M-FBFP Framework," FME
Trans. (Faculty of Mechanical Engineering, Belgrade), vol. 39, pp. 145-
156, 2011.

Braun, S.C., W. Biedermann, and U. Lindemann, "Design to Cost: New
Impulses for Target Costing,” 10" International Design Conference,
Dubrovnik, Croatia, May 19-22, 2008.

Kristianto, Y., P. Helo, and R.J. Jiao, "A System Level Product
Configurator for Engineer-to-Order Supply Chains,” Computers in
Industry, vol. 72, pp. 82-91, 2015.

Diepold, K.J., F.J. Winkler, and B. Lohmann, "Systematical Hybrid State
Modelling of Complex Dynamical Systems: The Quad-I/HS Framework,"
Mathematical & Computer Modelling of Dynamical Systems, vol. 16, pp.
347-371, 2010.

Karthaus, C., D. Roth, M. Schenk, H. Binz, and B. Bertsche, "Approach for
Recirculation of Testing Knowledge into Product Development Supported
by Matrix-Based Methods," Journal of Modern Project Management, vol.
3, pp. 56-63, 2015.

Oizumi, K. and K. Aoyama, "Product Oriented Organization of People
Toward Foster Capabilities in Product Design," 12" International Design
Conference, Dubrovnik, Croatia, May 21-24, 2012.

Westermeier, M., G. Reinhart, and M. Steber, "Complexity Management
for the Start-up in Lithium-ion Cell Production,” Procedia CIRP, vol. 20,
pp. 13-19, 2014.

Kasperek, D., S. Maisenbacher, and M. Maurer, "Structure-Based
Compilation of System Dynamics Models for Assessing Engineering
Design Process Behavior,” Journal of Modern Project Management, vol.
3, pp- 100-107, 2015.

Cole, M., "Towards Proactive Airport Security Management: Supporting
Decision Making through Systematic Threat Scenario Assessment,”
Journal of Air Transport Management, vol. 35, pp. 12-18, 2014.

19

[303]

[304]

[305]

[306]

[307]

[308]

[309]

[310]

[311]

[312]

[313]

[314]

[315]

[316]

[317]

[318]

[319]

[320]

[321]

[322]

[323]

[324]

[325]

[326]

Xiao, R. and T. Chen, "Research on Design Structure Matrix and its
Applications in Product Development and Innovation: An Overview," Int.
J. of Computer Applications in Technology, vol. 37, pp. 218-229, 2010.
Schmidt 1ll, R., J. Deamer, and S. Austin, "Understanding Adaptability
through Layer Dependencies,” 18" International Conference on
Engineering Design (ICED), Denmark, Aug 15-18, 2011.

Alizon, F., S.B. Shooter, and T.W. Simpson, “Improving an Existing
Product Family Based on Commonality/Diversity, Modularity, and Cost,"
Design Studies, vol. 28, pp. 387-409, 2007.

Cai, Y., "Modularity in Design: Formal Modeling and Automated
Analysis," Ph.D., Computer Science, University of Virginia, Richmond,
VA, 2006.

Kittild, K., "Analysing and Managing Software Dependencies with a
Dependency Structure Matrix Tool," Master's, Information Processing
Science, University of Oulu, Finland, 2008.

Selva, D. and E.F. Crawley, "Exploring Packaging Architectures for the
Earth Science Decadal Survey," |IEEE Aerospace Conference, Big Sky,
MT, Mar 5-12, 2011.

English, K., A. Naim, K. Lewis, S. Schmidt, V. Viswanathan, J. Linsey, et
al., "Impacting Designer Creativity Through IT-Enabled Concept
Generation,"” Journal of Computing and Information Science in
Engineering vol. 10, 2010.

Owens, B.D., M.S. Herring, N. Dulac, N.G. Leveson, M.D. Ingham, and
K.A. Weiss, "Application of a Safety-Driven Design Methodology to an
Outer Planet Exploration Mission," IEEE Aerospace Conference, Big Sky,
Montana, Mar 1-8, 2008.

Zakarian, A. and G.J. Rushton, "Development of Modular Electrical
Systems," IEEE/ASME Trans. on Mechatronics, vol. 6, pp. 507-520, 2001.
Bjornfot, A. and L. Stehn, "A Design Structural Matrix Approach
Displaying Structural and Assembly Requirements in Construction: A
Timber Case Study," Journal of Engineering Design, vol. 18, pp. 113-124,
2007.

Stevens, M., "Design Structure Matrices for Software Development,”
Licenciate, C.S., Vrije Universiteit Brussel, Brussels, Belgium, 2007.
Abello, J. and F. van Ham, "Matrix Zoom: A Visual Interface to Semi-
External Graphs," 10" IEEE Symposium on Information Visualization,
Austin, TX, Oct 10-12, 2004.

Stryker, A.C., "Development of Measures to Assess Product Modularity
and Reconfigurability,” Ph.D., Eng./Mgmt., Air Force Institute of
Technology, Wright-Patterson Air Force Base, OH, 2010.

Rocco, C., S. Rizzuti, and L.D. Napoli, "A Procedure for Early
Environmental Assessment of Industrial Products,” International
Conference on Innovative Methods in Product Design (IMProVe), Venice,
Italy, June 15-17, 2011.

Holmqvist, T.K.P. and M.L. Persson, "Analysis and Improvement of
Product Modularization Methods: Their Ability to Deal with Complex
Products," Systems Engineering, vol. 6, pp. 195-209, 2003.

Shamsuzzoha, A.H.M., "Modular Product Architecture for Productivity
Enhancement,” Business Process Management Journal, vol. 17, pp. 21-41,
2011.

Zakarian, A., "A New Nonbinary Matrix Clustering Algorithm for
Development of System Architectures,” IEEE Trans. on Systems, Man, and
Cybernetics—Part C: Applications and Reviews, vol. 38, pp. 135-141,
2008.

Li, S., "A Matrix-based Clustering Approach for the Decomposition of
Design Problems," Research in Engineering Design, vol. 22, pp. 263-278,
2011.

Stiassnie, E. and M. Shpitalni, "Axiomatic Modular System Design for
Service-oriented Products,” 6" International Conference on Axiomatic
Design (ICAD), Daejeon, Mar 30-31, 2011.

Li, S., "Matrix-based Decomposition Algorithms for Engineering
Applications: The Survey and Generic Framework," Int. J. of Product
Development, vol. 9, pp. 78-110, 2009.

Pandremenosa, J. and G. Chryssolourisa, "A Neural Network Approach for
the Development of Modular Product Architectures,” Int. J. of Computer
Integrated Manufacturing, vol. 24, pp. 879-887, 2011.

Corsten, H., R. Gossinger, and H. Salewski, "Design of Modular Services
with Routing Flexibility," 17" International Working Seminar on
Production Economics, Innsbruck, Austria, Feb 20-24, 2012.

Li, Z., Z. Cheng, Y. Feng, and J. Yang, "An Integrated Method for Flexible
Platform Modular Architecture Design," Journal of Engineering Design,
vol. 24, pp. 25-44, 2013.

Behncke, F.G.H., D. Maurer, L. Schrenk, D.M. Schmidt, and U.
Lindemann, "Clustering Technique for DSMs," Journal of Modern Project
Management, vol. 3, pp. 8-16, 2015.



[327]

[328]

[329]

[330]

[331]

[332]

[333]

[334]

[335]

[336]

[337]

[338]

[339]

[340]

[341]

[342]

[343]

[344]

[345]

[346]

[347]

[348]

[349]

Sarkar, S. and A. Dong, "A Spectral Analysis Software to Detect Modules
in a DSM," Journal of Modern Project Management, vol. 3, pp. 16-23,
2015.

Liu, J.,, X. Han, N. Wang, X. Qian, and A. Ma, "Clustering and
Reorganization of Product Architectures Based on Genetic Algorithm (in
Chinese)," Mechanical Science and Technology, vol. 25, pp. 1318-1321,
2006.

Yu, T.-L., A.A. Yassine, and D.E. Goldberg, "An Information Theoretic
Method for Developing Modular Architectures using Genetic Algorithms,"
Research in Engineering Design, vol. 18, pp. 91-109, 2007.

Wang, W.-d., X.-s. Qin, X.-t. Yan, and J. Bai, "Visual Design Structure
Matrix Method for Product Design Modules Identification (in Chinese),"
Computer Integrated Manufacturing Systems, vol. 13, pp. 2345-2350,
2007.

Maurer, M. and U. Lindemann, "Individualized Product Design by
Evolutionary Algorithms ™ Lecture Notes in Computer Science, vol.
3683/2005, pp. 1359-1365, 2005.

Whitfield, R.1., J.S. Smith, and A.H.B. Duffy, "ldentifying Component
Modules," 7" International Conference on Avrtificial Intelligence in Design,
Cambridge, UK, July 15-17, 2002.

Nikanjam, A., H. Sharifi, and A.T. Rahmani, "Efficient Model Building in
Competent  Genetic  Algorithms using DSM  Clustering,” Al
Communications, vol. 24, pp. 213-231, 2011.

Llora, X., K. Sastry, T.-L. Yu, and D.E. Goldberg, "Do not Match, Inherit:
Fitness Surrogates for Genetics-based Machine Learning Techniques," 9™
Annual Conference on Genetic and Evolutionary Computation, London,
UK, July 7-11, 2007.

Cheng, Q., G. Zhang, P. Gu, and X. Shao, "A Product Module Identification
Approach Based on Axiomatic Design and Design Structure Matrix,"
Concurrent Engineering, vol. 20, pp. 185-194, 2012.

Jung, S. and T.W. Simpson, "A Clustering Method using New Modularity
Indices and a Genetic Algorithm with Extended Chromosomes," Journal of
Modern Project Management, vol. 3, pp. 38-45, 2015.

Meng, X., Z. Jiang, and G.Q. Huang, "On the Module Identification for
Product Family Development,” Int. J. of Advanced Manufacturing
Technology, vol. 35, pp. 26-40, 2007.

Engel, A., Y. Reich, T.R. Browning, and D.M. Schmidt, "Optimizing
System  Architecture for Adaptability,” 12" International Design
Conference, Dubrovnik, Croatia, May 21-24, 2012.

Ethiraj, S.K. and H.E. Posen, "Do Product Architectures Affect Innovation
Productivity in Complex Product Ecosystems?," in Collaboration and
Competition in Business Ecosystems. vol. 30, R. Adner, J.E. Oxley, and
B.S. Silverman, Eds., ed, Bingley, West Yorkshire, UK: Emerald Group
Publishing Ltd, 2013, pp. 127-166.

Eckert, C., P.J. Clarkson, and W. Zanker, "Change and Customisation in
Complex Engineering Domains," Research in Engineering Design, vol. 15,
pp. 1-21, 2004.

Lee, H., H. Seol, N. Sung, Y.S. Hong, and Y. Park, "An Analytic Network
Process Approach to Measuring Design Change Impacts in Modular
Products,” Journal of Engineering Design, vol. 21, pp. 75-91, 2010.
Eckert, C.M., R. Keller, C. Earl, and P.J. Clarkson, "Supporting Change
Processes in Design: Complexity, Prediction and Reliability," Reliability
Engineering and System Safety, vol. 91, pp. 1521-1534, 2006.

Hamraz, B., N.H.M. Caldwell, and P.J. Clarkson, "A Matrix-Calculation-
Based Algorithm for Numerical Change Propagation Analysis,” IEEE
Trans. on Eng. Mgmt., vol. 60, pp. 186-198, 2013.

Hamraz, B., O. Hisarciklilar, K. Rahmani, D.C. Wynn, V. Thomson, and
P.J. Clarkson, "Change Prediction using Interface Data,” Concurrent
Engineering, vol. 21, pp. 141-154, 2013.

Farid, A.M., "Facilitating Ease of System Reconfiguration through
Measures of Manufacturing Modularity," Journal of Engineering
Manufacture, vol. 222, pp. 1275-1288, 2008.

Holtta-Otto, K. and O.d. Weck, "Degree of Modularity in Engineering
Systems and Products with Technical and Business Constraints,"
Concurrent Engineering: Research & Applications, vol. 15, pp. 113-126,
2007.

Holtta-Otto, K., N.A. Chiriac, D. Lysy, and E. Suk Suh, "Comparative
Analysis of Coupling Modularity Metrics," Journal of Engineering Design,
vol. 23, pp. 787-803, 2012.

Sosa, M.E., J. Mihm, and T.R. Browning, "Degree Distribution and Quality
in Complex Engineered Systems," Journal of Mechanical Design, vol. 133,
p. 101008, 2011.

Becker, O., J. Ben-Asher, and I. Ackerman, "A Method for System
Interface Reduction Using N2 Charts,” Systems Engineering, vol. 3, pp. 27-
37, 2000.

20

[350]

[351]

[352]

[353]

[354]

[355]

[356]

[357]

[358]

[359]

[360]

[361]

[362]

[363]

[364]

[365]

[366]

[367]

[368]

[369]

[370]

[371]

[372]

[373]

Suh, E.S., M.R. Furst, K.J. Mihalyov, and O.d. Weck, "Technology
Infusion for Complex Systems: A Framework and Case Study " Systems
Engineering, vol. 13, pp. 186-203, 2010.

Smaling, R. and O. de Weck, "Assessing Risks and Opportunities of
Technology Infusion in System Design," Systems Engineering, vol. 10, pp.
1-25, 2007.

Baldwin, C.Y. and K.B. Clark, "Between 'Knowledge' and ‘the Economy":
Notes on the Scientific Study of Designs," in Advancing Knowledge and
the Knowledge Economy, B. Kahin and D. Foray, Eds., ed, Cambridge,
MA: MIT Press, 2006.

Baldwin, C.Y. and K.B. Clark, "Modularity in the Design of Complex
Engineering Systems," in Complex Engineered Systems: Science Meets
Technology, D. Braha, A.A. Minai, and Y. Bar-Yam, Eds., ed, New York,
NY: Springer, 2006, pp. 175-205.

Baldwin, C.Y., "Where Do Trans. Come From? Modularity, Trans., and the
Boundaries of Firms," Industrial and Corporate Change, vol. 17, pp. 155-
195, 2008.

Yassine, A.A. and L.L. Wissmann, "The Implications of Product
Architecture on the Firm," Systems Engineering, vol. 10, pp. 118-137,
2007.

Leung, P., K. Ishii, J. Abell, and J. Benson, "Distributed System
Development Risk Analysis," Journal of Mechanical Design, vol. 130,
2008.

Le, Q. and J.H. Panchal, "Modeling the Effect of Product Architecture on
Mass Collaborative Processes-An  Agent-based Approach,” ASME
International Design Engineering Technical Conferences & Computers and
Information in Engineering Conference (IDETC/CIE), San Diego, CA,
Aug 30 - Sep 2, 2009.

Querbes-Revier, A., “The Collective Construction of Digital Platforms for
Mobile Services: The Mobile OS for Smartphones," 7" European Meeting
on Applied Evolutionary Economics (EMAEE), Pisa, Italy, Feb 14-16,
2011.

Cai, Y. and S. Huynh, "An Evolution Model for Software Modularity
Assessment," 5" International Workshop on Software Quality (WoSQ'07),
Minneapolis, MN, 2007.

Zolghadri, M., C. Baron, and P. Girard, "Modelling the Mutual
Dependencies between Product Architectures and a Network of Partners,"
Int. J. of Product Development, vol. 10, pp. 62-86, 2010.

Park, J., D. Shin, P. Insun, and H. Hyemi, "A Product Platform Concept
Development Method," Journal of Engineering Design, vol. 19, pp. 515-
532, 2008.

Shamsuzzoha, A. and T. Kekale, "Platform-Oriented Product
Development: Prospects and Limitations,” Int. J. of Business Innovation
and Research, vol. 4, pp. 179-194, 2010.

Shamsuzzoha, A.H.M. and P.T. Helo, "Managing Product Variety through
Component Commonality: Concept and Application,” Int. J. of
Management and Enterprise Development, vol. 7, pp. 183-199, 2009.
Alizon, F., C. Williams, S.B. Shooter, and T.W. Simpson, "Merge-based
Design: A New Method for Managing Variety and Improving
Customisation " Int. J. of Mass Customisation, vol. 3, pp. 1-17, 2009.
Kang, C.M. and Y.S. Hong, "A Framework for Designing Balanced
Product Platforms by Estimating the Versatility of Components,” Int. J. of
Production Research, vol. 47, pp. 5271-5295, 2009.

Ko, Y.-T. and P.-H. Kuo, "Modeling Concurrent Design Method for
Product Variety," Concurrent Engineering, vol. 18, pp. 207-217, 2010.
Luh, D.-B., Y.-T. Ko, and C.-H. Ma, "A Structural Matrix-based Modelling
for Designing Product Variety," Journal of Engineering Design, vol. 22,
pp. 1-29, 2011.

Zhang, Y., G.N. Qi, Y.J. Ji, L.W. Song, and P. Jiang, "Modular Product
Family Design for Pumping Unit Based on Design Structure Matrix,"
Advanced Materials Research, vol. 479-481, pp. 2420-2423, 2012.
Baldwin, C.Y. and K.B. Clark, "The Option Value of Modularity in
Design," Harvard Business School, Boston, MA, Working PaperMay 16
2002.

Liu, ZJ., H.F. Teng, and Q.H. Hu, "Adaptable Redesign of Existing
Equipment Responding to Unanticipated Environment Changes," Applied
Mechanics and Materials, vol. 37-38, pp. 77-81, 2010.

Sharman, D.M. and A.A. Yassine, "Architectural Valuation using the
Design Structure Matrix and Real Options Theory," Concurrent
Engineering: Research & Applications, vol. 15, pp. 157-173, 2007.

Silver, M.R. and O.L. de Weck, "Time-Expanded Decision Networks: A
Framework for Designing Evolvable Complex Systems,” Systems
Engineering, vol. 10, pp. 167-186, 2007.

Zaeh, M.F., G. Reinhart, U. Lindemann, F. Karl, and W. Biedermann,
"Evaluating the Innovation Ability of Manufacturing Resources," World



[374]

[375]

[376]

[377]

[378]

[379]

[380]

[381]

[382]

[383]

[384]

[385]

[386]

[387]

[388]

[389]

[390]

[391]

[392]

[393]

[394]

[395]

Academy of Science: Engineering & Technology, vol. 72, pp. 142-148,
2010.

Helo, P.T., A.H.M. Shamsuzzoha, and O.-P. Hilmola, "Design Structure
Matrix Based Value Analysis of Software Product Platforms,” Int. J. of
Business Excellence, vol. 3, pp. 261-278, 2010.

Engel, A. and Y. Reich, "Architecting Systems for Optimal Lifetime
Adaptability," Tel Aviv University, Israel, Working Paper2014.

Sullivan, K.J., W.G. Griswold, Y. Cai, and B. Hallen, "The Structure and
Value of Modularity in Software Design," ACM SIGSOFT Symposium on
the Foundations of Software Engineering, Vienna, Austria, Sep 10-14,
2001.

Lopes, C.V. and S.K. Bajracharya, "Assessing Aspect Modularizations
using Design Structure Matrix and Net Option Value," in Trans. on Aspect-
Oriented Software Development I, A. Rashid and M. Aksit, Eds., ed, Berlin:
Springer, 2006, pp. 1-35.

Shamsuzzoha, A.H.M., P. Helo, and T. Kekale, "Applying Design
Structure Matrix (DSM) Method in Mass Customizations," Operations and
Supply Chain Management, vol. 1, pp. 57-71, 2008.

Shamsuzzoha, A.H.M. and P.T. Helo, "Reconfiguring Product
Development Process in Auto Industries for Mass Customisation " Int. J.
of Productivity and Quality Management, vol. 4, pp. 400-417, 20009.
Shamsuzzoha, A.H.M. and P.T. Helo, "Modular Product Architecture: The
Role of Information Exchange for Customization " Rapid Modelling and
Quick Response vol. 2010, pp. 195-212, 2010.

Yasseri, S., "Interface Management of Subsea Field Development,”
Underwater Technology, vol. 33, pp. 41-57, 2015.

Salhieh, S.E.M., "Developing Manufacturing Response Models to Predict
the Manufacturability of New Modular Products,” Int. J. of Advanced
Manufacturing Technology, vol. 39, pp. 599-611, 2007.

Gavel, H. and J. Olvander, "A Quantified and Interactive Relationship
Matrix Applied to Aircraft Fuel System Conceptual Design," International
Review of Aerospace Engineering, vol. 3, pp. 9-18, 2010.

Tang, D.-B., X.-M. Qian, X.-Y. Wang, and P.-H. Lou, "Coevolution
Mechanism Between Axiomatic Design Matrix & Design Structure Matrix
(in Chinese)," Computer Integrated Manufacturing Systems, vol. 13, pp.
1465-1469, 2007.

Wang, W., P. Jiang, J.Q. Wang, and R.H. Tan, "A Method about Functional
Coupling Based on Trimming," Advanced Materials Research, vol. 328-
330, pp. 75-80, 2011.

Guenov, M.D. and S.G. Barker, "Application of Axiomatic Design and
Design Structure Matrix to the Decomposition of Engineering Systems,"
Systems Engineering, vol. 8, pp. 29-40, 2005.

Schulz, A.P., D.P. Clausing, E. Fricke, and H. Negele, "Development and
Integration of Winning Technologies as Key to Competitive Advantage,"
Systems Engineering, vol. 3, pp. 180-211, 2000.

Parashar, S. and C.L. Bloebaum, "Decision Support Tool for
Multidisciplinary Design Optimization (MDO) Using Multi-Domain
Decomposition,” 46"  AIAA/ASME/ASCE/AHS/ASC  Structures,
Structural Dynamics & Materials Conference, Austin, TX, Apr 18-21,
2005.

Helo, P., T. Kekéle, and S. Lautamaki, "Usability Analysis and Design
Structure Matrix," Int. J. of Business Information Systems, vol. 4, pp. 233-
244, 2009.

Urbanic, RJ., H.A. ElMaraghy, and W.H. ElMaraghy, "A Reverse
Engineering Methodology for Rotary Components from Point Cloud Data,"
Int. J. of Advanced Manufacturing Technology, vol. 37, pp. 1146-1167,
2008.

Alcaraz, J.M.G., S.W.H.d. Haan, and J.A. Ferreira, "System Integration of
a Variable Speed Generator Set: Challenges and System Design " 14"
European Conference on Power Electronics and Applications (EPE),
Birmingham, UK, Aug 30 - Sep 1, 2011.

Eppinger, S.D., N.R. Joglekar, A. Olechowski, and T. Teo, "Improving the
Systems Engineering Process with Multilevel Analysis of Interactions,"”
Artificial Intelligence for Engineering Design Analysis and Manufacturing,
vol. 28, pp. 323-337, 2014.

Yassine, A.A., "Investment Decisions in Modular Product Development,"
Journal of Modern Project Management, vol. 3, pp. 80-85, 2015.

Garrett, R.K., Jr., S. Anderson, N.T. Baron, and J. James D. Moreland,
"Managing the Interstitials, a System of Systems Framework Suited for the
Ballistic Missile Defense System," Systems Engineering, vol. 14, pp. 87-
109, 2011.

Tripathy, A. and S.D. Eppinger, "Organizing Global Product Development
for Complex Engineered Systems," IEEE Trans. on Eng. Mgmt., vol. 58,
pp. 510-529, 2011.

21

[396]

[397]

[398]

[399]

[400]

[401]

[402]

[403]

[404]

[405]

[406]

[407]

[408]

[409]

[410]

[411]

[412]

[413]

[414]

[415]

[416]

[417]

Chang, T.-R., C.-S. Wang, and C.-C. Wang, "A Systematic Approach for
Green Design in Modular Product Development,” Int. J. of Advanced
Manufacturing Technology, vol. 68, pp. 2729-2741, 2013.

Rogers, B. and E. Gilbert, "Identifying Architectural Modularity in the
Smart Grid: An Application of Design Structure Matrix Methodology,"
Grid-Interop Forum, Phoenix, AZ, Dec 5-8, 2011.

Hosono, S., K. Kimita, F. Akasaka, T. Hara, Y. Shimomura, and T. Arai,
"Toward Establishing Design Methods for Cloud-Based Business
Platforms,” 3™ CIRP International Conference on Industrial Product
Service Systems, Braunschweig, Germany, May 5-6, 2011.

Musharavati, F., "A Method For Optimizing the Reconfiguration Design
Task in Manufacturing Systems," International Conference on Industrial
Engineering and Operations Management, Kuala Lumpur, Malaysia, Jan
22-24,2011.

Hu, K.-s., B.-y. Ye, and W.-p. Wang, "Study on the Open Modular Design
Method of Products for Enterprise-Cluster Manufacturing,” Journal of
Kunming University of Science and Technology (Science and Technology),
vol. 31, pp. 36-41, 2006.

Bradshaw, K.A., M. Robinson, F. Scazzuso, S.M. Gallagher, and T.
Browning, "Incorporating Modularity into Ship System Designs for
Increased Adaptability,” Maritime Systems and Technologies (MAST)
Conference, Malmd, Sweden, Sep 11-13, 2012.

Shamsuzzoha, A.H.M. and P.T. Helo, "Information Dependencies within
Product Architecture: Prospects of Complexity Reduction,” Journal of
Manufacturing Technology Management, vol. 22, pp. 314-329, 2011.
Sturtevant, D.J., "System Design and the Cost of Architectural
Complexity,” Ph.D. Ph.D., ESD, Massachusetts Institute of Technology,
Cambridge, MA, 2013.

Herrmann, A., B. Paech, and D. Plaza, "ICRAD: An Integrated Process for
the Solution of Requirements Conflicts and Architectural Design," Int. J.
of Software Engineering and Knowledge Engineering, vol. 16, pp. 917-950,
2006.

Bradley, J.A. and A.A. Yassine, "On the Use of Network Analysis in
Product Development Teams," ASME International Design Engineering
Technical Conferences and 18" International Conference on Design Theory
and Methodology (DTM), Philadelphia, PA, Sep 10-13, 2006.

Liberati, M., F. Munari, P. Racchetti, and T. Splendiani, "Social Network
Techniques Applied to Design Structure Matrix Analysis: The Case of a
New Engine Development at Ferrari SPA," 9" International DSM
Conference, Munich, Germany, Oct 16-18, 2007.

Makumbe, P.O., "System Development Technical Interactions and
Innovation: A Networks-Based Investigation,” Master's, ESD,
Massachusetts Institute of Technology, Cambridge, MA, 2006.

Hsieh, M.-H. and C.L. Magee, "An Algorithm and Metric for Network
Decomposition from Similarity Matrices: Application to Positional
Analyses," Massashusetts Institute of Technology, Engineering Systems
Division, Cambridge, MA, Working Paper ESD-WP-2007-13, Feb. 2007.
Kratzer, J., H.G. Gemiinden, and C. Lettl, "Balancing Creativity and Time
Efficiency in Multi-team R&D Projects: The Alignment of Formal and
Informal Networks," R&D Management, vol. 38, pp. 538-549, 2008.
Browning, T.R., "Designing System Development Projects for
Organizational Integration,” Systems Engineering, vol. 2, pp. 217-225,
1999.

Worren, N., Organization Design: Re-Defining Complex Systems. Essex,
UK: Pearson Education, 2012.

Danilovic, M., "Bring Your Suppliers into Your Projects - Managing the
Design of Work Packages in Product Development,” Journal of Purchasing
& Supply Management, vol. 12, pp. 246-257, 2007.

Helper, S. and M. Sako, "Management Innovation in Supply Chain:
Appreciating Chandler in the Twenty-first Century," Industrial &
Corporate Change, vol. 19, pp. 399-429, 2010.

Bonjour, E., G. Harmel, J.-P. Micaélli, and M. Dulmet, "Simulating Change
Propagation  between  Product Architecture and Development
Organisation," Int. J. of Mass Customisation, vol. 3, pp. 288-310, 2010.
Rivkin, JW. and N. Siggelkow, "Balancing Search and Stability:
Interdependencies among Elements of Organizational Design,"
Management Science vol. 49, pp. 290-311, 2003.

Ethiraj, S.K. and D. Levinthal, "Bounded Rationality and the Search for
Organizational Architecture: An Evolutionary Perspective on the Design of
Organizations and Their Evolvability," Administrative Science Quarterly,
vol. 49, pp. 404-437, 2004.

Zhou, Y.M., "Designing for Complexity: Using Divisions and Hierarchy to
Manage Complex Tasks," Organization Science, vol. 24, pp. 339-355,
2013.



[418]

[419]

[420]

[421]

[422]

[423]

[424]

[425]

[426]

[427]

[428]

[429]

[430]

[431]

[432]

[433]

[434]

[435]

[436]

[437]

[438]

[439]

[440]

Glynn, S.V. and T.G. Pelland, "Information Flow & Knowledge Capture
Lessons for Distributed Integrated Product Teams," Master's, SDM, MIT,
Cambridge, MA, 2000.

Halonen, N., T. Juuti, and P. Luostarinen, "DSM Made Easy," International
Design Conference, Dubrovnik, Croatia, May 21-24, 2012.

Saridakis, K.M. and A.J. Dentsoras, "A Fuzzy Rule-Based Approach for
the Collaborative Formation of Design Structure Matrices " 25" SGAI
International Conference on Innovative Techniques and Applications of
Artificial Intelligence (Al-2005), Cambridge, UK, Dec 12-14, 2005.
Zhang, W. and S. Jia, "Software Process Integration Based on Design
Structure Matrix," Advanced Research on Computer Science and
Information Engineering, vol. 153, pp. 188-193, 2011.

Sharif, S.A. and B. Kayis, "DSM as a Knowledge Capture Tool in CODE
Environment," Journal of Intelligent Manufacturing, vol. 18, pp. 497-504,
2007.

Austin, S.A., A. Newton, J. Steele, and P.R. Waskett, "Modelling and
Managing Project Complexity," Int. J. of Project Management, vol. 20, pp.
191-198, 2002.

lo Storto, C., "Assessing Product Development Performance Analyzing the
Information Flows Structure using Social Network Analysis
Measurements," World Academy of Science, Engineering and Technology,
vol. 65, pp. 271-278, 2010.

Shafiei-Monfared, S. and K. Jenab, "Fuzzy Complexity Model for
Enterprise Maintenance Projects," IEEE Trans. on Eng. Mgmt., vol. 59, pp.
293-298, 2011.

Saridakis, K.M. and A.J. Dentsoras, "Integration of Fuzzy Logic, Genetic
Algorithms and Neural Networks in Collaborative Parametric Design,"
Advanced Engineering Informatics, vol. 20, pp. 379-399, 2006.

Sharon, A., O.L. de Weck, and D. Dori, "Project Management vs. Systems
Eng. Mgmt. - A Practitioners' View on Integrating the Project and Product
Domains," Systems Engineering, vol. 14, pp. 427-440, 2011.

Park, H. and M.R. Cutkosky, "Framework for Modeling Dependencies in
Collaboratve Engineering Processes,” Research in Engineering Design,
vol. 11, pp. 84-102, 1999.

Yassine, A. and D. Braha, "Complex Concurrent Engineering and the
Design Structure Matrix Method," Concurrent Engineering: Research &
Applications, vol. 11, pp. 165-176, 2003.

Kim, J.H. and Y.-W. Park, "Research of Integrated System Design Process
for Minimize Iteration Time of System Design Activities (in Korean),"
Journal of the Society of Korea Industrial and Systems Engineering vol.
27, pp. 31-36, 2004.

August, E., C. Eckert, and P.J. Clarkson, "Using Design Structure Matrices
in Visualising Design Processes,” in Multidisciplinary Approaches to
Visual Representations and Interpretations, G. Malcolm, Ed., ed: Elsevier,
2005, pp. 305-317.

Avnet, M.S. and A.L. Weigel, "An Application of the Design Structure
Matrix to Integrated Concurrent Engineering," Acta Astronautica, vol. 66,
pp. 937-949, 2010.

Ahmadi, R.H., T.A. Roemer, and R.H. Wang, "Structuring Product
Development Processes," European Journal of Operational Research, vol.
130, pp. 539-558, 2001.

Baldwin, A., C.-S. Poon, L.-Y. Shen, S. Austin, and I. Wong, "Designing
Out Waste in High-Rise Residential Buildings: Analysis of Precasting
Methods and Traditional Construction," Renewable Energy, vol. 34, pp.
2067-2073, 2009.

Banerjee, A., J.E. Carrillo, and A. Paul, "Projects with Sequential Iteration:
Models and Complexity," I1E Trans., vol. 39, pp. 453-463, 2007.

Denker, S., D.V. Steward, and T.R. Browning, "Planning Concurrency and
Managing Iteration in Projects," Project Management Journal, vol. 32, pp.
31-38, Sept. 2001.

Qian, Y., J. Lin, T.N. Goh, and M. Xie, "A Novel Approach to DSM-Based
Activity Sequencing Problem," IEEE Trans. on Eng. Mgmt., vol. 58, pp.
688-705, 2011.

Yuan, H. and D. Wang, "The New Approach of Applying DSM to
Topology," Advances in Electric and Electronics vol. 155, pp. 789-795,
2012.

Yassine, A.A., "An Introduction to Modeling and Analyzing Complex
Product Development Processes using the Design Structure Matrix (DSM)
Method," Quaderni di Management (Italian Management Review), vol. 9,
pp. 71-88, 2004.

Seol, H., C. Kim, C. Lee, and Y. Park, "Design Process Modularization:
Concept and Algorithm,” Concurrent Engineering: Research &
Applications, vol. 15, pp. 175-186, 2007.

22

[441]

[442]

[443]

[444]

[445]

[446]

[447]

[448]

[449]

[450]

[451]

[452]

[453]

[454]

[455]

[456]

[457]

[458]

[459]

[460]

[461]

[462]

[463]

Koga, T. and K. Aoyama, "Design Process Guide Method for Minimizing
Loops and Conflicts,” Journal of Advanced Mechanical Design, Systems,
and Manufacturing, vol. 3, pp. 191-202, 2009.

Shaja, A.S. and K. Sudhakar, "Optimized Sequencing of Analysis
Components in Multidisciplinary Systems,” Research in Engineering
Design, vol. 21, pp. 173-187, 2010.

Wei, H.-Q., "Concurrent Design Process Analysis and Optimization for
Aluminum Profile Extrusion Product Development,” Int. J. of Advanced
Manufacturing Technology, vol. 33, pp. 652-661, 2007.

Xiao, R., T. Chen, and Z. Tao, "Information Modeling and Reengineering
for Product Development Process," Int. J. of Management Science and Eng.
Mgmt., vol. 2, pp. 64-74, 2007.

Zhang, H., W. Qiu, and H. Zhang, "An Approach to Measuring Coupled
Tasks Strength and Sequencing of Coupled Tasks in New Product
Development,” Concurrent Engineering: Research & Applications, vol.
14, pp. 305-311, 2006.

Lei, C., Z. Rui, and J. Fang, "Process Planning Method of DSM-based
Collaborative Design (in Chinese),” Journal of Lanzhou University of
Technology, vol. 35, 2009.

Li, X., L. Zhao, and Z. Xu, "Research on Improved DSM Algorithm for
Coupling Task Order Programming (in Chinese)," China Mechanical
Engineering, vol. 21, 2010.

Maheswari, J.U. and K. Varghese, "Modeling Design Iteration Using DSM
and Simulation," 24" International Symposium on Automation & Robotics
in Construction, Kochi, India, 2007.

Qian, Y. and J. Lin, "Organizing Interrelated Activities in Complex Product
Development," IEEE Trans. on Eng. Mgmt., vol. 61, pp. 298-309, 2014.
Ummer, N., U. Maheswari, V.A. Matsagar, and K. Varghese, "Factors
Influencing Design Iteration with a Focus on Project Duration," Journal of
Management in Engineering, vol. 30, pp. 127-130, 2014.

Lin, J., Y. Qian, W. Cui, and T.N. Goh, "An Effective Approach for
Scheduling Coupled Activities in Development Projects,” European
Journal of Operational Research, vol. 243, pp. 97-108, 2015.

Wang, Z. and Y. Zhang, "A Dynamic Decision Model for the Complex
Coupled System's Design Process (in Chinese)," Computer Engineering
and Applications, vol. 41, pp. 117-120, 2005.

Campos Silva, D.D., L.P. Santiago, and P.M.S. Silva, "Impact of Premature
Information Transfer on Cost and Development Time of Projects,” IEEE
Trans. on Eng. Mgmt., vol. 59, pp. 692-704, 2012.

Srour, .M., M.-A.U. Abdul-Malak, A.A. Yassine, and M. Ramadan, "A
Methodology for Scheduling Overlapped Design Activities Based on
Dependency Information," Automation in Construction, vol. 29, pp. 1-11,
2013.

Wang, J. and Y.-1. Lin, "An Overlapping Process Model to Assess Schedule
Risk for New Product Development,” Computers & Industrial
Engineering, vol. 57, pp. 460-474, 2009.

Hossain, M.A. and D.K.H. Chua, "Autogeneration of Simulation Network
of the Design Process," Journal of Computing in Civil Engineering, vol.
24, pp. 452-461, 2010.

Lahdenperd, P. and V.-P. Tanhuanp&i, "Creation of a New Design
Management System based on Process Optimization and Proactive
Strategy," Engineering Construction & Architectural Management vol. 7,
pp. 267-277, 2000.

Maheswari, J.U., K. Varghese, and T. Sridharan, "Application of
Dependency Structure Matrix for Activity Sequencing in Concurrent
Engineering Projects,” Journal of Construction Engineering &
Management, vol. 132, pp. 482-490, 2006.

Whitfield, I., A.B. Duffy, G. Coates, and W. Hills, "Distributed Design
Coordination,” Research in Engineering Design, vol. 13, pp. 243-252,
2002.

Lee, J., W.-Y. Deng, W.-T. Lee, S.-J. Lee, K.-H. Hsu, and S.-P. Ma,
"Integrating Process and Work Breakdown Structure with Design Structure
Matrix," Journal of Advanced Computational Intelligence and Intelligent
Informatics, vol. 14, pp. 512-522, 2010.

Kreimeyer, M., S. Braun, M. Gdrtler, and U. Lindemann, "Extending
Multiple Domain Matrices to Allow for the Modeling of Boolean Operators
in Process Models," International Conference on Engineering Design,
Stanford, CA, Aug 24-27, 2009.

Gunawan, I. and K. Ahsan, "Project Scheduling Improvement using Design
Structure Matrix," Int. J. of Project Organisation and Management, vol. 2,
pp. 311-327, 2010.

Lin, M.-C., K. Chen, W. Chang, and C.-H. Chen, "A DSM-Based Project-
Scheduling System for Collaborative Product Development,” Int. J. of
Simulation and Process Modelling, vol. 3, pp. 183-194, 2007.



[464]

[465]

[466]

[467]

[468]

[469]

[470]

[471]

[472]

[473]

[474]

[475]

[476]

[477]

[478]

[479]

[480]

[481]

[482]

[483]

[484]

[485]

[486]

Maheswari, J.U. and K. VVarghese, "Project Scheduling Using Dependency
Structure Matrix," Int. J. of Project Management, vol. 23, pp. 223-230,
2005.

Choo, H.J., J. Hammond, 1.D. Tommelein, S.A. Austin, and G. Ballard,
"DePlan: A Tool for Integrated Design Management,” Automation in
Construction, vol. 13, pp. 313-326, 2004.

Lee, H. and H.-W. Suh, "Workflow Structuring and Reengineering Method
for Design Process," Computers & Industrial Engineering, vol. 51, pp. 698-
714, 2006.

Tuholski, S.J. and I.D. Tommelein, "Design Structure Matrix
Implementation on a Seismic Retrofit," Journal of Management in
Engineering, vol. 26, pp. 144-152, 2010.

Huang, E. and S.-J.G. Chen, "Estimation of Project Completion Time and
Factors Analysis for Concurrent Engineering Project Management: A
Simulation Approach,"” Concurrent Engineering: Research & Applications,
vol. 14, pp. 329-341, 2006.

Shi, Q. and T. Blomquist, "A New Approach for Project Scheduling using
Fuzzy Dependency Structure Matrix," Int. J. of Project Management, vol.
30, pp. 503-510, 2012.

Lee, S.G., K.L. Ong, and L.P. Khoo, "Control and Monitoring of
Concurrent Design Tasks in a Dynamic Environment,” Concurrent
Engineering: Research & Applications, vol. 12, pp. 59-66, 2004.
Platanitis, G., R. Pop-lliev, and B. Ahmad, "Development of a DSM-Based
Methodology in an Academic Setting," Journal of Mechanical Design, vol.
134, 2012.

Feng, G. and C. Wang, "Product Design Process Management Based on
Design Structure Matrix (in Chinese)," Information and Control, vol. 4, pp.
470-475, 2005.

Johnson, E.W. and J.B. Brockman, "Measurement and Analysis of
Sequential Design Processes,"” ACM Trans. on Design Automation of
Electronic Systems vol. 3, pp. 1-20, 1998.

Ong, K.L., S.G. Lee, and L.P. Khoo, "Homogeneous State-space
Representation of Concurrent Design," Journal of Engineering Design, vol.
14, p. 221, 2003.

Xu, C.j.,, A.-p. Li, and X.-m. Liu, "Time Model in Overlapped
Development Process of Coupled Activities (in Chinese)," Computer
Integrated Manufacturing Systems, vol. 15, pp. 1914-1920, 2009.

Gértner, T., N. Rohleder, C.M. Schlick, and L. Schulz, "A Simulation
Model for the Planning and Optimization of Product Development Projects
based on the Design Structure Matrix," 3 International Conference on
Changeable, Agile, Reconfigurable and Virtual Production (CARV),
Munich, Germany, Oct 5-7, 2009.

McGill, E.A., "Optimizing the Closures Development Process Using the
Design Structure Matrix," Master's, Sloan/ESD, Massachusetts Institute of
Technology, Cambridge, MA, 2005.

Martinez Leén, H.C., J.A. Farris, G. Letens, and A. Hernandez, "An
Analytical Management Framework for New Product Development
Processes Featuring Uncertain Iterations," Journal of Engineering and
Technology Management, vol. 30, pp. 45-71, 2013.

Wynn, D.C., N.H.M. Caldwell, and P.J. Clarkson, "Predicting Change
Propagation in Complex Design Workflows," Journal of Mechanical
Design, vol. 136, 2014.

Yang, Q., T. Yao, T. Lu, and B. Zhang, "The Impact of Uncertainty and
Ambiguity Related to Iteration and Overlapping on Schedule of Product
Development Projects,” Int. J. of Project Management, vol. 32, pp. 827-
837, 2014.

Feng, Q., S.-k. Zeng, Y. Ren, and B. Sun, "Simulation Assessment for
Technical Risk of Complex Product Development Process (in Chinese),"
Journal of System Simulation, vol. 21, pp. 5207-5211, 2009.

Suss, S. and V. Thomson, "Optimal Design Processes under Uncertainty
and Reciprocal Dependency," Journal of Engineering Design, vol. 23, pp.
826-848, 2012.

Maier, J.F., D.C. Wynn, W. Biedermann, U. Lindemann, and P.J. Clarkson,
"Simulating Progressive lteration, Rework and Change Propagation to
Prioritise Design Tasks," Research in Engineering Design, vol. 25, pp. 283-
307, 2014.

Zhang, H. and W. Qiu, "Product Development Two-factor Risk Model and
Simulation Based on DSM (in Chinese)," Journal of Beijing University of
Aeronautics and Astronautics, vol. 33, pp. 627-630, 2007.

Abdelsalam, H.M.E. and H.P. Bao, "Re-sequencing of Design Processes
with Activity Stochastic Time and Cost: An Optimization-Simulation
Approach," Journal of Mechanical Design, vol. 129, pp. 150-157, 2007.
Lin, J., Y. Qian, AA. Yassine, and W. Cui, "A Fuzzy Approach for
Sequencing Interrelated Activities in a DSM," Int. J. of Production
Research, vol. 50, pp. 7012-7025, 2012.

23

[487]

[488]

[489]

[490]

[491]

[492]

[493]

[494]

[495]

[496]

[497]

[498]

[499]

[500]

[501]

[502]

[503]

[504]

[505]

[506]

[507]

[508]

[509]

McCulley, C. and C.L. Bloebaum, "A Genetic Tool for Optimal Design
Sequencing in Complex Engineering Systems," Structural Optimization,
vol. 12, pp. 186-201, 1996.

Othman, M., N. Bhuiyan, and L. Kong, "Developing a Dynamic
Wheelchair Using the Design Structure Matrix Method," Concurrent
Engineering, vol. 19, pp. 235-243, 2011.

Chen, D.-Y., W.-H. Qiu, M. Yang, and H.-P. Zhang, "DSM Based Product
Development Process Modeling and Simulation Optimization (in
Chinese)," Computer Integrated Manufacturing Systems, vol. 4, pp. 661-
666, 2008.

Jiao, J.R., Y. Zhang, and Y. Wang, "A Heuristic Genetic Algorithm for
Product Portfolio Planning," Computers & Operations Research, vol. 34,
pp. 1777-1799, 2007.

Zhao, Z., W. You, and Q. L, "Design Process Sequencing Optimization of
Concurrent Engineering Projects based on Genetic Algorithm and Monte
Carlo Simulation (in Chinese)," China Civil Engineering Journal, vol. 42,
pp. 139-144, 2009.

Forbes, G.A., D.A. Fleming, A.H.B. Duffy, and P.D. Ball, "The
Optimisation of a Strategic Business Process," 20" International
Manufacturing Conference, Cork, Ireland, Sep 3-5, 2003.

Chen, S.-J., LM. Mazur, and M. Sgsiadek, "Project Task Flow
Optimisation and Departmental Flow Analysis Using Design Structure
Matrix and Genetic Algorithm," Int. J. of Logistics Systems and
Management, vol. 15, pp. 68-92, 2013.

Yang, Q., J. Lv, and J. Huang, "Project Process Sequencing Based on
Dependency Structure Matrix (DSM)," 1% IEEE International Conference
on Information Science and Engineering Nanjing, China, Dec 26-28, 2009.
Zhang, Y., "A Simulation-Based Resource Optimization and Time
Reduction Model using Design Structure Matrix," Computation for Design
and Optimization Program, Massachusetts Institute of Technology,
Cambridge, MA, 2008.

Kang, C. and Y.S. Hong, "Evaluation of Acceleration Effect of Dynamic
Sequencing of Design Process in a Multiproject Environment," Journal of
Mechanical Design, vol. 131, 2009.

Nonsiri, S., F. Christophe, E. Coataneé, and F. Mokammel, "A Combined
Design Structure Matrix (DSM) and Discrete Differential Evolution (DDE)
Approach for Scheduling and Organizing System Development Tasks
Modelled using SysML," Journal of Integrated Design and Process
Science, vol. 18, pp. 19-40, 2014.

Devendorf, E. and K. Lewis, "The Impact of Process Architecture on
Equilibrium Stability in Distributed Design,” Journal of Mechanical
Design, vol. 133, 2011.

Devendorf, E. and K. Lewis, "Incorporating Process Architecture in the
Evaluation of Stability in Distributed Design," ASME International Design
Engineering Technical Conferences & Computers and Information in
Engineering Conference, Washington, DC, Aug 28-31, 2011.

Matthews, P.C. and C.D.W. Lomas, "A Methodology for Quantitative
Estimates for the Work and Disturbance Transformation Matrices,"
Journal of Engineering Design, vol. 21, pp. 413-425, 2010.

Wang, Z. and C.L. Magee, "Convergence Analysis and lteration Estimation
for a Coupled Design Process with Overlap in Redesign," IEEE Trans. on
Eng. Mgmt., vol. 59, pp. 621-633, 2012.

Harrison, N.B. and J.O. Coplein, "Patterns of Productive Software
Organizations," Bell Labs Technical Journal, vol. 1, pp. 138-145, 1996.
Fang, D., J. Liu, and W. Zhao, "Process-oriented Business Service Design
Method (in Chinese)," Computer Integrated Manufacturing Systems, vol.
15, 2009.

Efatmaneshnik, M., C. Reidsema, J. Marczyk, and A.T. Balaei, "Immune
Decomposition and Decomposability Analysis of Complex Design
Problems with a Graph Theoretic Complexity Measure," Studies in
Computational Intelligence, vol. 260, pp. 27-52, 2010.

Phoomboplab, T. and D. Ceglarek, "Design Synthesis Framework for
Dimensional Management in Multistage Assembly System," CIRP Annals-
Manufacturing Technology, vol. 56, pp. 153-158, 2007.

Sen, C., F. Ameri, and J.D. Summers, "An Entropic Method for Sequencing
Discrete Design Decisions," Journal of Mechanical Design, vol. 132, 2010.
Chen, D.-y., W.-h. Qiu, H.-p. Zhang, and M. Yang, "Product Development
Process Simulation Model Under Resource Constraint (in Chinese),"
Computer Engineering, vol. 34, pp. 15-17, 2008.

Chen, W.-m., T.-g. Chen, and R.-b. Xiao, "Coupled Sets Solving Method
Based on Hybrid Iteration under Dynamic Environment (in Chinese),"
Computer Integrated Manufacturing Systems, vol. 16, pp. 271-279, 2010.
Kondoh, S. and T. Salmi, "Strategic Decision Making Method for Sharing
Resources among Multiple Manufacturing/Remanufacturing Systems,"
Journal of Remanufacturing, vol. 1, 2011.



[510]

[511]

[512]

[513]

[514]

[515]

[516]

[517]

[518]

[519]

[520]

[521]

[522]

[523]

[524]

[525]

[526]

[527]

[528]

[529]

[530]

[531]

[532]

[533]

[534]

Braha, D., "Partitioning Tasks to Product Development Teams," ASME
International Design Engineering Technical Conferences (Design Theory
& Methodology Conference), Montreal, Sep. 29 - Oct. 2, 2002.

Helo, P.T., "Product Configuration Analysis with Design Structure
Matrix," Industrial Management & Data Systems, vol. 106, pp. 997-1011,
2006.

McLain, D., "Quantifying Project Characteristics Related to Uncertainty,"
Project Management Journal, vol. 40, pp. 60-73, 2009.

Huberman, B.A. and D.M. Wilkinson, "Performance Variability and
Project Dynamics," Computational & Mathematical Organization Theory,
vol. 11, pp. 307-332, 2005.

Singh, S.K., S. Sabharwal, and J.P. Gupta, "Event-Based Metric for
Computing System Complexity,” Communications in Computer and
Information Science, vol. 95, pp. 46-61, 2010.

Huang, H.-H., F.L. Lewis, O.C. Pastravanu, and A. Girel, "Flow-shop
Scheduling Design in an FMS Matrix Framework " Control Engineering
Practice, vol. 3, pp. 561-568, 1995.

Jenab, K. and D. Liu, "A Graph-based Model for Manufacturing
Complexity," Int. J. of Production Research, vol. 48, pp. 3383-3392, 2010.
Li, M. and D. Li, "Process Modeling for Production System Based on
Matrix Mapping," Advanced Materials Research, vol. 156-157, pp. 1497-
1500, 2011.

Pulm, U. and J. Clarkson, "The Meaning and Coherence of Process,
Organisation and Product in Engineering Design," Journal of Integrated
Design and Process Science, vol. 7, pp. 1-11, 2005.

Kerns, C., "Naval Ship Design and Synthesis Model Architecture Using a
Model-Based Systems Engineering Approach,” Master's, Ocean Eng.,
Virginia Polytechnic Institute and State University, Blacksburg, VA, 2011.
Jung, S., G.-b. Park, and D.-H. Choi, "A Decomposition Method for
Exploiting Parallel Computing Including the Determination of an Optimal
Number of Subsystems," Journal of Mechanical Design, vol. 135, 2013.
Saridakis, K. and A. Dentsoras, "Integration of Genetic Optimisation and
Neuro-fuzzy Approximation in Parametric Engineering Design," Int. J. of
Systems Science, vol. 40, pp. 131-145, 2009.

Schmid, B., C. Schroth, M. Miche, and T. Janner, "Valuating Modular
Architectures for Cross-Company Electronic Interaction,"
Communications of the IBIMA, vol. 9, pp. 128-140, 2009.

Schroth, C. and B. Schmid, "A Modular Reference Architecture
Framework for Electronic  Cross-Organizational Interoperation,"”
Electronic Government, vol. 5184, pp. 303-314, 2008.

Schroth, C., "Global Industrialisation of Information-intensive Services: A
Reference Architecture for Electronic Business Media," Int. J. of Product
Lifecycle Management, vol. 3, pp. 191-210, 2008.

Shekar, B., R. Venkataram, and B.M. Satish, "Managing Complexity in
Aircraft Design using Design Structure Matrix," Concurrent Engineering,
vol. 19, pp. 283-294, 2011.

Pan, Z.-y., X. Huang, and Y.-g. Li, "Intelligent Navigation Method for
Product Design based on Extended Adjacency Matrix of Directed Graph
(in Chinese)," Computer Integrated Manufacturing Systems, vol. 15, pp.
445-451, 2009.

Noor, M.J. and D.E. Whitney, "Achieving Excellence in Product
Development by Resolving Quality and Warranty Issues Upstream, while
Reducing Lead-time," Int. J. of Product Development, vol. 12, pp. 296-310,
2010.

Corby Jr., R.J., "Using the Design Structure Matrix and Systems Thinking
to Develop a Requirements Driven Automotive Closures Design Process,"
Master's, Massachusetts Institute of Technology, Cambridge, MA, 2008.
Hassan, T.M., "Macro and Micro Models for Large Scale Engineering
Processes," Int. J. of Computer Applications in Technology, vol. 18, pp.
189-202, 2003.

Huovila, P. and K.-J. Seren, "Customer-oriented Design Methods for
Construction Projects," Journal of Engineering Design, vol. 9, pp. 225-238,
1998.

Chua, D.K.H., A. Tyagi, S. Ling, and S.H. Bok, "Process-Parameter-
Interface Model for Design Management,” Journal of Construction
Engineering & Management, vol. 129, pp. 653-663, 2003.

Gunasekaran, A. and P.E.D. Love, "Concurrent Engineering: A Multi-
disciplinary  Approach for Construction,” Logistics Information
Management, vol. 11, pp. 295-300, 1998.

Koskela, L., P. Huovila, and J. Leinonen, "Design Management in Building
Construction: From Theory to Practice,” Journal of Construction Research,
vol. 3, pp. 1-16, 2002.

Akram, S., J. Kim, S. Pi, and J. Seo, "Design Structure Matrix: A Model
Proposal and Implementation on Harbor and Building Design Project,"

24

[535]

[536]

[537]

[538]

[539]

[540]

[541]

[542]

[543]

[544]

[545]

[546]

[547]

[548]

[549]

[550]

[551]

[552]

[553]

Korean Journal of Construction Engineering and Management, vol. 14, pp.
144-152, 2013.

Chen, Y.M. and M.-Y. Chen, "Social Network Analysis Aided Product
Development Project Management: IC Substrates Case Study,"
Management Science Letters, vol. 1, pp. 107-114, 2011.

Gunawan, |., "Application of Numerical Design Structure Matrix Method
in Engineering Projects Management," Operations and Supply Chain
Management, vol. 2, pp. 1-10, 2009.

Sandhu, M. and P. Helo, "A Network Approach to Project Business
Analysis," Engineering Construction & Architectural Management, vol.
13, pp. 600-615, 2006.

Sandhu, M., "Project Logistics with the Dependency Structure Matrix
Approach - An Analysis of a Power Plant," Int. J. of Logistics Systems and
Management, vol. 2, pp. 387-403, 2006.

Al-Hakim, L., "Modelling Information Flow for Surgery Management
Process," Int. J. of Information Quality, vol. 2, pp. 60-74, 2008.

Coates, G., A.H.B. Duffy, W. Hills, and R.l. Whitfield, "A Generic
Coordination Approach Applied to a Manufacturing Environment,”
Journal of Materials Processing Technology, vol. 107, pp. 404-411, 2000.
Chin, K.-S., X. Zu, C.K. Mok, and H.Y. Tam, "Integrated Integration
Definition Language 0 (IDEF) and Coloured Petri Nets (CPN) Modelling
and Simulation Tool: A Study on Mould-making Processes,” Int. J. of
Production Research, vol. 44, pp. 3179-3205, 2006.

Linebarger, J.M., M.J. De Spain, M.J. McDonald, F.W. Spencer, and R.J.
Cloutier, "The Design for Tractable Analysis (DTA) Framework: A
Methodology for the Analysis and Simulation of Complex Systems," Int.
J. of Decision Support Systems Technologies, vol. 1, pp. 69-91, 2009.
Bulloch, B. and J. Sullivan, "Information - The Key to the Real Estate
Development Process,” Cornell Real Estate Journal, vol. 8, pp. 78-87,
2010.

Staats, B.R., D.J. Brunner, and D.M. Upton, "Lean Principles, Learning,
and Knowledge Work: Evidence From a Software Services Provider,"
Journal of Operations Management, vol. 29, pp. 376-390, 2011.

Staats, B.R. and D.M. Upton, "Lean Knowledge Work," Harvard Business
Review, vol. 89, pp. 100-110, 2011.

Kalyanasundaram, V. and K. Lewis, "A Function Based Approach for
Product Integration," ASME International Design Engineering Technical
Conferences & Computers and Information in Engineering Conference
(IDETCICIE), Washington, DC, Aug 28-31, 2011.

Holley, V., M. Jankovic, and B. Yannou, "Physical Interface Ontology for
Management of Conflicts and Risks in Complex Systems," Concurrent
Engineering, vol. 22, pp. 148-161, 2014.

Navarro, I., N. Leveson, and K. Lunqvist, "Semantic Decoupling: Reducing
the Impact of Requirement Changes," Requirements Engineering, vol. 15,
pp. 419-437, 2010.

Smith, B.V. and M.G. lerapepritou, "Modeling and Optimization of
Product Design and Portfolio Management Interface,” Computers &
Chemical Engineering, vol. 35, pp. 2579-2589, 2011.

Petz, A., S. Terstegen, S. Duckwitz, and C.M. Schlick, "Modeling and
Simulation of Service Systems with Design Structure and Domain Mapping
Matrices," Journal of Modern Project Management, vol. 3, pp. 64-71,
2015.

Aldanondo, M., E. Vareilles, and M. Djefel, “Towards an Association of
Product Configuration with Production Planning " Int. J. of Mass
Customisation, vol. 3, pp. 316-332, 2010.

Galvao, A.B. and K. Sato, "Affordances in Product Architecture: Linking
Technical Functions and Users' Tasks,” ASME International Design
Engineering Technical Conferences & Computers and Information in
Engineering Conference, Long Beach, CA, Sep 24-28, 2005.

Elgh, F., "Supporting Management and Maintenance of Manufacturing
Knowledge in Design Automation Systems,” Advanced Engineering
Informatics, vol. 22, pp. 445-456, 2008.



	1 Introduction
	2 Advances in and Opportunities for Traditional DSM Applications
	2.1 Product Architecture DSMs
	2.1.1 Building Product DSMs
	2.1.2 Displaying Product DSMs
	2.1.3 Analyzing Product DSMs
	2.1.4 Otherwise Benefiting from Product DSMs

	2.2 Organization Architecture DSMs
	2.2.1 Building Organization DSMs
	2.2.2 Displaying Organization DSMs
	2.2.3 Analyzing Organization DSMs
	2.2.4 Otherwise Benefiting from Organization DSMs

	2.3 Process Architecture DSMs
	2.3.1 Building Process DSMs
	2.3.2 Displaying Process DSMs
	2.3.3 Analyzing Process DSMs
	2.3.4 Otherwise Benefiting from Process DSMs


	3 Beyond Product, Process, and Org DSMs
	4 Cross-domain Applications with Domain Mapping Matrices (DMMs)
	5 Multidomain Matrices (MDMs)
	6 Conclusion and Outlook
	7 References

