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Standardized design approaches such as those embodied by concurrent design facilities
have many benefits, such as increased efficiency of the design process, but may also have
hidden costs. Specifically, when their standardized organizational decomposition is a
poor fit for the particular design problem, important design trades might be missed
or poor decisions made. Before we can understand how this lack of fit impacts the design
process, we must be able to empirically observe and measure it. To that end, this paper iden-
tifies measures of “fit” from the literature along with attributes likely to impact design
process performance, then evaluates the measures to determine how well the measures
can detect and diagnose potential issues. The results provide comparative insights into
the capabilities of existing fit measures, and also build guidance for how the systems engi-
neering and design community can use insights from the “fit” literature to inform process
improvement. [DOI: 10.1115/1.4055150]
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1 Introduction

The increasing complexity of engineered systems makes it criti-
cal to integrate expertise and knowledge from multiple disciplines
throughout the design process. To that end, concurrent design
approaches bring together multiple disciplines and speed up
design iterations [1]. These approaches are popular, since when
they work well, they support a fast and efficient design process
[1-3]. However, there are some potential hidden costs which
have not received enough attention. Specifically, this efficiency is
enabled by decomposing the design problem in a “standard” way
and routinizing the interactions across the decomposed subprob-
lems [4,5]. When this imposed standard structure is a good fit for
the particular design problem, efficiency improves because design-
ers can focus on the most difficult challenges without considering
irrelevant information or unnecessary interdependencies [6,7].
However, as we argued in Ref. [8], “even minor mismatches
between the organizational decomposition (people and tasks) and
product decomposition (the problem being solved) can cause
designers to miss important trades and make poor choices”
[7,9,10]. With the popularity of efficiency shortcuts like those
embodied by concurrent design facilities, it is important to under-
stand these potential hidden costs. This will enable us to enjoy
the advantages without the penalties.

Before we can understand how a lack of fit between the technical
product and the imposed organization impacts the design process,
we must be able to empirically observe and measure it. To that
end, this paper takes a critical look at how the concept of “fit”
has been defined and operationalized in the literature. Here we
draw extensively on work related to the so-called mirroring hypoth-
esis, which states that the structures of a technical product and the
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organization designing it should mirror each other [9] (see
Ref. [9] for a detailed overview). Motivated by the well-
documented failures that arise when a lack of fit is not identified
quickly enough [7,11], the mirroring literature has focused on char-
acterizing the phenomenon and collecting evidence to substantiate
it. However, there is not yet a systematic approach to formalizing
the measurement of fit. As a result, there are a wide variety of mea-
sures that all purport to measure fit, but take very different
approaches to doing so [11-13]. There is a need to systematically
study existing measures to assess whether, and under what condi-
tions, each can be appropriately adopted for our proposed
purpose: using fit measures to diagnose issues in the design
process and to provide guidance for how to improve it.

To accomplish this, we identified several representative fit mea-
sures from the literature, as well as a list of attributes of fit that the
literature expects to be important to design process performance.
We then tested how well the measures can detect and diagnose
these potential issues. Specifically, we developed a series of
generic product and organizational architecture pairs and systema-
tically perturbed them to represent the predefined fit attributes (or
problems). We then evaluated each pair with each of the fit mea-
sures and studied the measures’ ability to “see” different kinds of
fit problems. The results provide comparative insights into the capa-
bilities of existing fit measures, and also build guidance for how the
systems engineering and design community can use insights from
the “fit” literature to inform process improvement.

2 Background and Literature Review

This section frames the practical and theoretical basis for studying
the implications of fit (or lack thereof), reviews dominant conceptual
definitions and operational formulations of fit, and synthesizes the
attributes of fit that a good measure needs to be able to detect.

In practice, complex systems are designed by many specialized
engineers working together in a coordinated way. These engineers
need to communicate to transfer information about shared design
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variables and resolve design conflicts when they arise. The structure
of this communication is influenced by the technical system being
designed. For example, the power subsystem is sized based on its
anticipated utilization by every other powered subsystem. If one
subsystem needs more power than initially planned, design trades
must be made with other subsystems, either moderating power
usage or increasing the availability of power. This technical depen-
dency creates a need for an organizational dependency, whereby
engineers responsible for each subsystem design have a path for
communication with one another. On a small design team, this is
straightforward and happens naturally, but as the size of the team
increases (often reaching hundreds or thousands of engineers on
large projects), particular communication paths and liaising func-
tions need to be defined in advance. If every path is enabled,
teams can spend all their time talking (and none working), but if
too few are enabled, costly problems may not be identified until
later. For example, continuing the above example, if two subsys-
tems have both blown their power budgets and do not communicate
regularly, they may each (erroneously) assume that they can steal
margin from the other. The sections below formalize the theory
that defines these interactions.

2.1 Mirroring As a Strategy for the Design of Complex
Systems. The question of how closely the technical and organiza-
tional systems need to be matched to support effective design has
been studied across multiple disciplines. In the management litera-
ture, for example, this question was motivated by a number of
well-documented firm failures resulting from mismatches between
established organizational structures and the architecture of a new
technology [7,11]. From this effort emerged the realization that
“the formal structure of an organization will (or should) ‘mirror’
the design of the underlying technical system” (quoted from
Ref. [9], which cites Refs. [4,7,14—16]). Colfer and Baldwin [9]
labeled this the “Mirroring Hypothesis.” In its descriptive form it
states that: “In a complex technical system, organizational ties are
more likely to exist in places where technical interdependencies
are present (or dense). Organizational ties are likely to be absent
where technical interdependencies are absent (or sparse)” [9]. In
its normative form, it states that: “Mirrored systems achieve good
performance outcomes, and unmirrored systems achieve poor per-
formance outcomes” [9].

From a design process perspective, the key idea is that the core
organizational function of coordinating interdependent tasks is
fundamental to designing complex systems [17,18]. To that end,
Baldwin et al. [4,9] view design as an organizational
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problem-solving process that aims to conserve scarce cognitive
resources. A dominant strategy for achieving this is by partitioning
acomplex problem into loosely coupled subproblems, which Simon
[19,20] noted reduces complexity. From an organizational perspec-
tive, Thompson [17] argued that “reciprocally interdependent” tasks
should be placed within a common organizational group to achieve
efficiency in the face of underlying complex interdependencies.
From a product perspective, Parnas [6] explained that it is easier
for development work to be split across groups when their tasks
are independent, enabling them to work in parallel.

So far, the work on mirroring has been largely observational,
documenting the prevalence of mirroring in the field [4,9,21,22]
or measuring the effects of mirroring (or lack thereof) on organiza-
tional performance [23-25]. However, the underlying theory also
provides a basis for intentionally designing technical dependencies
to match organizational unit boundaries [6,26]. If technical modules
are isolated from other modules within a framework of “design
rules,” complex systems can be built efficiently without complex
coordination [4].

2.2 Conceptual Definition of “Fit”. Colfer and Baldwin [9]
documented an extensive body of literature that nominally com-
pares the structure of a technical product to the associated organiza-
tion that created it.

In formulating the mirroring hypothesis, Baldwin and colleagues
[4,9] define each of the conceptual components of a measure of fit.
Their definition of the technical architecture is largely consistent
with the literature on design structure matrices (DSMs) [27-29],
namely a representation of the system in terms of “what depends
on what.” By convention, the system is drawn as an N x N matrix
where rows and columns correspond to system components and off-
diagonal entries denote dependencies; see Fig. 1. Below the diago-
nal, dependencies are feedforward, and above the diagonal, they
are feedback. Two elements are considered interdependent when
there is both a feedforward and feedback relationship. Per Baldwin’s
theory of mirroring [30], the basic units of the technical system are
tasks (these are the components in the DSM) and transfers (the off-
diagonal entries). Transfers specify how material, energy, and infor-
mation [31] in the system must be exchanged by dependent tasks to
achieve a technological goal [30]. For example, in an observing sat-
ellite, the productive resolution of the telescope is limited by the
capacity to downlink data to a ground station.

They define the organizational architecture as the scheme by
which tasks in the technical architecture are assigned to organiza-
tional resources (e.g., people or teams) [9,30]. This representation
is an application of task contingency theory to complex technical
systems [17,18,32-35]. Adopting a DSM framework, each
element now corresponds to the unit of assignment (e.g., a
person, team, or business unit), with off-diagonal entries denoting
organizational ties (see Fig. 1). (Here we will focus on organiza-
tional in the context of the firm, but the same logic extends to enter-
prises and supply chains as well, defining the elements and ties at
the appropriate unit of analysis.) The function of an organizational
tie is to enable conflict resolution among interdependent tasks.
Organizational ties can take multiple forms depending on the
context. Common ones include co-location to facilitate direct inter-
action [36], communication links including both the mechanics and
understanding required to exchange information across boundaries
[30], social ties between actors to foster collaboration, which can
include past working relationships or employment contracts, and
conflict-resolution processes within an organization [30].

Mirroring is then a measure of fit between the technical and orga-
nizational architectures. Perfect mirroring would be seen as an
exact overlap between the technical and organizational DSMs. In
other words, every technical transfer would by matched by an orga-
nizational tie. Imperfect mirroring might include organizational
ties without corresponding product transfers (which we term
“overfit”) and/or product transfers without corresponding organiza-
tional ties (which we term “underfit”). Both cases are illustrated in
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Fig. 1. In practice, perfect mirroring rarely exists, therefore in
assessing the evidence for mirroring, Colfer and Baldwin [9]
applied a standard of strong “correlation” between transfers and
ties, classifying studies as demonstrating high mirroring, partial
mirroring and no correlation. Here, partial mirroring usually indi-
cated that part of the system exhibited mirroring, while the rest
did not, such as in a core-periphery structure.

2.3 Existing Operationalizations of Fit. As we described in
the previous section, the literature provides a clear theoretical defi-
nition of mirroring and “fit.” However, there is wide variation across
the literature in how mirroring is measured—i.e., in how the
concept of “fit” is operationalized.

Colfer and Baldwin’s [9] comprehensive analysis of the literature
focused on the extent to which each study offered support for the
mirroring hypothesis. As a result, they only noted whether the
approach to measurement was qualitative or quantitative and
whether the assessment tested the descriptive or normative
version of the hypothesis. They explicitly did not examine the meth-
odology used to compare product and organizational structures as it
was not relevant to their research question. However, if the goal is to
diagnose the extent of observed mirroring, taking stock of existing
measures is critical.

In the comprehensive sample developed by Colfer and Baldwin
[9], and the associated unpublished technical appendix, we
observed three main approaches to measurement of mirroring,
which we illustrate below with examples of each.

The first approach to measuring mirroring assesses the correspon-
dence between all of the technical transfers and their associated
organizational ties across the system. Typically, each of the techni-
cal and organizational architectures is represented as a DSM (or the
corresponding network), and the cells (edges) of the DSMs are com-
pared to assess whether each technical dependency is associated
with an organizational tie and vice versa. A quantitative measure
of the extent of correspondence is typically computed. Morelli
et al. [37] is an example of this type. They conducted interviews
and weekly surveys at a computer hardware company. Based
on an ex ante analysis of the technical architecture, they were
able to predict coordination-oriented communication among team
members with 81% accuracy. This suggested that technical depen-
dencies were strongly associated with organizational ties. Compar-
ing the locations of technical interdependencies and organizational
ties has been a popular approach among descriptive within-firm
studies (e.g., Refs. [25,37-40]).

The second approach assesses fit by comparing summary mea-
sures of the technical and organizational architectures, such as mod-
ularity or network centralization, rather than the correspondence of
particular technical transfers and their associated ties (as in the pre-
vious approach). For example, Fixson and Park [11] studied the
bicycle industry and found that changes to the modularity of the
technical architecture prompted restructuring of the industry. To
make this determination, they assessed the modularity of the
product and value chain separately before comparing them.
Across studies, the specific choice of summary measure varies
(e.g., Zhou [12] examined a product’s task complexity and decom-
posability and an organization’s divisionalization and hierarchy;
and Parraguez [41] compared the centralization and clustering of
information networks). Nonetheless, the common approach across
all of these papers is to compute a summary measure of each
network and assess the correspondence of those summary values.

The third approach focuses more narrowly on unpacking partic-
ular instances of technical-organizational correspondence or lack
thereof, rather than assessing correspondence across the entire
architecture (as in the previous two approaches). Several qualitative
studies elaborate key aspects of the system where rich interactions
were needed (or lacking). Gulati and Puranam [42] is an example of
this type. They performed a qualitative case study of major organi-
zational restructuring at Cisco, a networking firm. They observed
that when the new organization left key technical interdependencies
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unaddressed, employees informally maintained legacy information
practices. Eventually, parts of the old structure were integrated into
the new one to maintain desired cross-functional collaboration
(enabled by mirroring). In this type of study, the full system of tech-
nical and organizational architectures may not be explicitly repre-
sented; instead, the focus is on an in-depth explanation of what
the match (or mismatch) of a specific set of transfers-and-ties
enables (or limits).

While the last approach has been important in understanding the
phenomenon of mirroring, it does not constitute a systematic
approach to measuring fit; therefore, in the remainder of the discus-
sion we will focus on measures from the first two families of fit
measurement.

2.4 Attributes of Fit That Should Be Detected to Diagnose
Mirroring. While pluralism of measurement approach is appropri-
ate, and even preferred, when the goal is to establish the phenome-
non of mirroring, we contend that it can be detrimental for studies
that seek to use the mirroring construct to diagnose potential oper-
ational issues [43] or identify a need to transform an organization to
match a new product [7]. In such cases, there is a need for a more
careful consideration of what a measure captures or “sees.”

Our goal with this work is to identify a fit measure capable of
diagnosing fit in a given product-organizational pair as a basis
for improving the design process. Such a measure should be able
to satisfy the following conditions:

(1) Distinguish categorically between perfect fit and imperfect
fit. Baldwin [30] defines perfect fit as a one-to-one match
between each technical transfer and organizational tie. There-
fore, a valid measure must consistently measure perfect fit
(i.e., as zero difference) and distinguish it from every other
arrangement.

(2) Distinguish categorically between overfit, underfit, and
mixed. In explaining instances where the mirror “broke,”
Colfer and Baldwin [9] note that “over” and “under” fit
have different performance implications. Overfit, the situa-
tion where organizational ties exist in the absence of a tech-
nical transfer, can be a valid organizational choice, since it is
often efficient to have a co-located interdisciplinary team,
even if not every interaction is expected. On the other
hand, underfit, where technical transfers are not supported
by organizational ties, generally leads to negative design out-
comes since design conflicts might arise unobserved. Finally,
Camuffo and others [44,45] have explored more complex
hybrid conditions of “misted” mirrors, explaining the impli-
cations of partial mirroring, related to the nature of the depen-
dency. Therefore, it is important to know which kind of
mismatch is at play, because the kind of mismatch impacts
the desired corrective action.

(3) Report the extent of fit: for example, whether one situation
shows more or less fit than another (in the same direction).
Recognizing that perfect fit rarely manifests in practice,
Baldwin [9,30] proposed a standard of “extent” of fit based
on correlation among technical and organizational depen-
dency structures. In terms of using fit as a design heuristic,
it is important to know what level of mismatch becomes
problematic. Therefore, a useful measure of fit must show
scale, with sufficient spread to interpret meaningful differ-
ences. This means that if zero is a perfect fit, for most normal-
ized measures, an opposite fit should show up as one.

(4) Weight the sources of lack of fit. Within the design literature,
there is an understanding that certain types of dependencies
are more likely to create both more, and more disruptive,
re-work iterations [43]. This is the basis of many of the
DSM reordering algorithms that focus on maximizing lower-
triangular or diagonal-ness (see Ref. [29] for a comprehen-
sive review). As a result, it is desirable for a good measure
of fit to identify mismatches near the diagonal as less prob-
lematic than those far from it.
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Table 1 Summary of measures, with the systems to which they were applied in the original references

Measure Description Reference(s) System(s)
Alignment (a, @3) Compare DSMs for each of the product and organization cell by [39,47] Aircraft engine
cell; report the percent of unmatched product transfers (a,) and
unmatched organizational ties (a3) out of all cells in the DSM
Coordination deficit () Compare DSMs for each of the product and organization cell by [25] Automobiles

cell; report the percent of needed coordination that is missing

(unmatched product transfers out of all transfers)

Network: centralization
() & clustering (y,)

Reports the difference between summary measures of the product
and organization DSMs. Centralization is the extent to which some

[41] Renewable energy plant

nodes in the DSM-defined network are more central than others.
Clustering reflects the extent to which the neighbors of a node are

connected to one another

Modularity (5)
and organizational DSMs

Reports the difference between the modularity scores of the product

As a measure of fit: [11,12].
Modularity metric: [48-51]

U.S. equipment
manufacturers, bicycles

(5) Provide a measure that is easily interpretable, such that its
result has an intuitive meaning and its scale is sufficient to
distinguish different fit conditions.

3 Methods

To assess whether, and the extent to which, existing measures in
the literature are able to diagnose fit to inform design, we developed
a DSM-based testbed as suggested in Ref. [46]. As elaborated in the
sections below, we selected four measures that represent the two
“families” of measures described in Sec. 2.3 and applied them to
a series of synthetically generated product and organizational
DSMs. The DSMs were generated to embody systematic variation
along each of the types of mismatch enumerated in Sec. 2.4. The
resultant fit scores allow us to explore the advantages and disadvan-
tages of each family and each measure for diagnosing potential
mirroring-related challenges.

In the following subsections, all four measures are first intro-
duced, then the generation of test DSMs and their variations is
described, and finally five criteria are advanced for evaluating
what kinds of fit problems each measure can diagnose, within the
DSM-based testbed.

3.1 Measures. This section presents the four measures that
will be tested in the subsequent analysis. To select these mea-
sures, we relied on Colfer and Baldwin’s [9] systematic review
of the literature, which included papers that used a variety of
approaches to measuring fit. We identified three main families
of related approaches, described in Sec. 2.3, then chose two mea-
sures from each of the first two families that represented different
approaches within each family. (The third family involved deeper
qualitative comparisons rather than comprehensive measures of
fit, so it was not relevant to our goals.) The first two measures
are from the family that assesses the correspondence between
technical transfers and their associated organizational ties by com-
paring the cells (edges) in a DSM (or network), with a DSM rep-
resenting each of the product and organizational architectures. The
third and fourth measures are from the family that compares
summary measures of the overall architectures rather than charac-
teristics of specific interdependencies or components. The intent
with this selection was not to be comprehensive but rather to
select contrasting measures in each category to support a rich
comparison.

The measures are explained in more detail in the sections below
and summarized in Table 1. In all cases, they are defined to make
comparisons between a product DSM and an organization DSM
and to produce a score (or two scores) that measure the mirroring
or fit between these two matrices. The entries in the product DSM
indicate the presence or extent of transfers (dependencies) among

121401-4 / Vol. 144, DECEMBER 2022

product components or subsystems, and the entries in the organi-
zation DSM indicate the presence or extent of organizational
ties. For simplicity, we assume that the matrices are symmetric
and that they are the same size. Let the product DSM be an Nx
N matrix P=[P;] and the organization DSM be an N x N matrix
G=[Gyl

Note that implementing these measures in real systems might
require further work to either transform data into this simplified
format or to adjust the measures to work on less constrained
types of DSMs. For example, product and organization DSMs
may not be equally detailed, may not be the same size, and/or
may not be symmetric [46,52]. To use the simplified measures
described in this paper, one DSM may be expanded to match the
other (with little impact on the results), and both may be made sym-
metric (which could indeed impact the results by assuming two-way
dependencies or none where there are one-way dependencies—so
this must be done carefully). On the other hand, future work
could refine these measures to avoid requiring these transforma-
tions. For this paper, however, the value of a simplified testbed is
that it “controls for” these complex variations and simplifies the
interpretation of the results, to support our purpose of evaluating
the measures’ ability to “see” fit problems.

3.1.1 Alignment. The alignment measure is adapted from the
work of Sosa and colleagues [39,47]. Although the approach
varies slightly in their different papers, the general idea is to
develop DSMs for each of the product and the organization, in
which the entry in each cell indicates the presence or absence of a
transfer or tie, respectively. These two matrices are then overlaid
and compared. Many different analyses can be performed on these
results, but the most straightforward is to report the number of
matched and unmatched dependencies in four categories: matched
present dependencies (transfers and ties), matched missing depen-
dencies, dependencies present in the organization but not the
product, and dependencies present in the product but not the organi-
zation. We use this concept to develop our alignment measure of fit.

Because this measure operates on unweighted matrices that indi-
cate only the presence or absence of dependencies, the DSMs are
first converted to unweighted DSMs P, and G, by including an
arc only if the entry is greater than a threshold. Then, the alignment
a can be computed in a few ways.

The first and simplest, a;, is, roughly, the chance that the
product DSM and the organizational DSM will not align when
they should, or the number of mismatched cells divided by the
total number of cells (not including the diagonal). Thus, we first
compute the difference D between P, and G,, D=IP,—G,|,
then normalize to find a;

o = Zi,j:i;éj Dij (1
'""NXxN-N
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The second way to measure alignment produces two numbers:
ay, the chance that there will be unmatched product transfers,
and a3, the chance that there will be unmatched organizational
ties. We first compute the differences D¥ and DY

D’ =max(P, — G,, 0), D =max(G, — P,, 0) )

then the measures a, and az
o i Df o i O
2"NXN-N" P " NxN-N

These measures each range between 0 and 1.

3

3.1.2  Coordination Deficit. The coordination deficit measure
is adapted from Gokpinar et al. [25]. They create weighted networks
to represent the product and the organization, normalize them, and
compare the extent to which product transfers are unmatched by
organizational ties, for each subsystem. We adapt this measure to
generate a network-wide value rather than a value for each
subsystem.

Specifically, the product and organizational DSMs P and G are
first normalized to obtain P" and G", respectively, by dividing
each link by the total weight of all the links in its network. (This
is intended to enable the two networks’ weights to be measured
on very different scales)

P G
Pl=—r? — Gl=e2t— 4
P2t Y Gy/2 @

Then, the coordination deficit p; is defined for each subsystem i
(each row of the DSM) to measure the extent to which product
transfers are unmatched by organizational ties

Bi= Z max(P;; - Gi; 0) ©)
J

Note that this measure focuses only on the potentially more prob-
lematic situation in which organizational ties do not exist to coordi-
nate product transfers (dependencies), but does not “count” the less
problematic cases in which there are unneeded organizational ties
(i.e., ties without product transfers to coordinate).

We adapt this subsystem-level measure into a network-level
measure by defining the overall network-level coordination deficit
p as the sum of all the deficits network-wide, dividing by two to
avoid counting each deficit twice

1 1 i n
p=5D =5 max(P; - Gj, 0) ©)
i ij
This measure ranges from 0 (no deficit) to 1 (high deficit).

3.1.3 Centralization and Clustering. The network measures,
centralization and clustering, were adapted from the work of
Parraguez et al. [41]. They use measures of clustering and central-
ization in combination to characterize information flows in a com-
munication network. Here, we use the same measures to compare
whether the organization’s planned information flows match the
product’s needed information flows.

First, consider centralization. Eigenvector centralization is a
network-level measure that indicates the extent to which some
nodes are more central than others. A high value means “only
one or a few nodes intermediate most information exchanges”
[41]. Each node’s centrality, in turn, is computed from the eigenvec-
tor centrality, which measures how central or influential a node is;
connections to other influential nodes elevate a node’s centrality.

The eigenvector centralization is computed in the following
manner [41,53]. Let C4 be the network centralization value of
network A. Then,

2 [Ca(nw) = Ca(n)]
4= hax 3, [Cx(n) — Cx(m)] @
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Ca(n;) is the node-level eigenvector centrality value of node i, and
Cy(n*) is the maximum of all the node-level eigenvector centrality
measures in network A. Then, the numerator is a sum of the differ-
ence between the maximum and observed node-level centrality
measures. The denominator is that same quantity but for a bench-
mark network X, a maximally centralized network of the same
size as A. For eigenvector centralization, this theoretical
maximum is a network of the same size with only one edge
between two of the nodes (for other centrality measures, it is a
star). The resulting value for the denominator is v/2/2(N — 2).
The eigenvector centralization scores are computed for both the
product DSM, Cp, and the organization DSM, Cg. These values
range between 0 and 1. Then, the centralization measure y,, is the
difference between the centralization scores for each network

rn=Cp—Cg ®)

This value ranges from —1 to 1. The magnitude of the difference
reflects how different the centralization is across the networks. The
sign of the difference indicates which network is more centralized.

The weighted clustering coefficient is first computed at the node
level. It reflects the extent to which the neighbors of a node are con-
nected to one another [54,55]. Next, the network-level measure of
clustering is found as the average of the clustering coefficients of
all the nodes in the network [55]. The weighted clustering coeffi-
cient WCC is found separately for P and G, then the degree of fit
7, 1s the difference between them

7, = WCC(P) — WCC(G) )

The value ranges from —1 to 1. The magnitude of the difference
reflects how different the clustering is across the networks. The
sign of the difference indicates which network is more clustered.
(The measure is computed with available MATLAB code [56].)

3.1.4 Modularity. The modularity measure is inspired by
several mirroring studies that consider the relative modularity of
the product and organizational DSMs, respectively [11,12].
However, the modularity measures in these studies are not easily
compatible with the DSM-based format of our test cases, so we
instead implemented a modularity metric that is the basis of much
modularity work in the design literature [48-51].

Specifically, modularity is computed from a metric described by
Guo and Gershenson [48]. Modularity is computed for each matrix,
P and G, separately, then the difference is reported as the measure of
fit. We describe how to compute the modularity score for P, but the
calculations are performed in exactly the same way for G.

Computing the modularity score requires as input both the DSM
P and a description of the locations of modules, including M, the
number of modules in the DSM, py, the index of the first element
in the kth module, and g, the index of the last element in the kth
module. Recall that N signifies the number of rows (and columns)
in the DSM.

This measure is defined for unweighted matrices, so a weighted
matrix P is first converted to an unweighted matrix P* by including
an arc only if the entry is greater than a threshold. We also assume
that the entries along the diagonal are “1.”

The modularity measure is as follows:

M 4q 4q
dpu = i x iil’k .fl;/’k Pg'
M k=1 (Qk—Pk"‘ 1)2

(10)

-1 N 1]
B f Fa (Zfil P+ Py
~ @G-+ DN —ge+pe— 1

The measure d evaluates, roughly, the extent to which each
module is completely filled in and the extent to which the areas
outside the module (in the same rows) are not filled in. It subtracts
the proportion filled outside the modules from the proportion filled
inside the modules. The measure’s value is 1 for perfect modularity,
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0 for integral, and negative when it is denser outside the modules
than inside.

To measure the fit 6 between two DSMs P and G, we compute the
modularity dp« and dg« for each, then subtract

(Szdpu —dGu (11)

This measure ranges from —2 to 2, because the measure d ranges
from —1 to 1. However, in most realistic cases, the value of d should
be between 0 and 1 (since modules would typically be more densely
connected within than outside the modules), and therefore § should
typically fall between —1 and 1.

3.2 Generating Test Design Structure Matrices and
Variations. To test how each of the measures reports fit, we
designed test cases to have different degrees of fit.

First, we designed baseline test matrices to represent generic
structures. We designed a 9x9 test matrix of a simple product
with modules and a few off-module dependencies. Then, we
designed two 30x30 test matrices, roughly modeled on the
loosely coupled and tightly coupled DSMs from open-source and
traditional software companies, described in Ref. [57].

Each baseline test matrix has a weighted and an unweighted
version. The weighted versions, for simplicity, contain dependen-
cies of magnitude 1, 3, 6, and 9. Their approximate distribution
in the matrix is (1: 20%, 3: 50%, 6: 20%, and 9: 10%), based on
the notion that most dependencies require a moderate amount of
communication (3), some require a little more or less (6 or 1),
while only a few require a lot (9). All six baseline test matrices
are shown in Fig. 2.

We design four variations on these baseline test matrices, to rep-
resent organizations with different kinds of fit problems compared
to the baseline product. They are illustrated in Fig. 3. Consider
first an unweighted network. The opposite variation has edges
where there are none in the baseline, and no edges where there
are edges in the baseline. The overfit variation has the same edges
as the baseline, plus additional edges where there are none in the
baseline. The underfit variation has some of the baseline edges
removed, but no additional edges. The mixed variation is a mix of
over- and underfit, in that some baseline edges are missing and
some new edges are added. For weighted networks, rather than
adding or removing edges, a value m (for magnitude) is added to
or subtracted from existing or potential edges. In the overfit varia-
tion, this could result in larger weights on existing edges (if m is
added to an existing edge), or in new edges (if m is added to a pre-
viously nonexistent edge).

We generate these variations by randomly choosing the locations
to add or remove edges (as applicable). The magnitude m is fixed for
each set of test cases, but is varied as part of an experiment to learn
its effect on the results.

We also vary the extent by which the modified test matrix is
varied from the baseline, i.e., the number of edges that are
changed (removed or added in the case of unweighted networks,
and increased or decreased in the case of weighted networks). For
the “low” case, we make modifications to n; edges, where n; is com-
puted as the floor of 20% of the existing edges in the network. For
the medium case, n,, is the floor of 50% of the existing edges in the
network. Note that n depends on the baseline extent of communica-
tion in the network, so that more-connected networks have more
edges modified.

Finally, we design an additional specialized variation in which all
of the added edges are located in the most off-diagonal parts of the
matrix (upper right and lower left corners).

Note that we did not reorder any of the DSMs after perturbing
them, since the intention was to artificially create lack of fit in sys-
tematic ways.

3.3 Evaluating Measures of Fit. Next we evaluated how well
each of the four measures reports the extent of fit between the

121401-6 / Vol. 144, DECEMBER 2022

baseline and modified test matrices (representing the product and
organizational DSMs). Each baseline test matrix (from Fig. 2)
was compared to 100 randomly generated modified matrices for
each of the variations described in Sec. 3.2 (opposite, overfit, under-
fit, etc.). Recall that the goal is to understand how well each of
the proposed measures meets the five goals or criteria laid out in
Sec. 2.4: the attributes that a measure should detect to diagnose mir-
roring or fit problems. To accomplish this, we formulated the fol-
lowing five evaluation criteria:

(1) To meet the first criterion, distinguishing categorically
between mirrored or not mirrored, the measure should find
a different value for a perfect fit than for any imperfect fit.
To determine whether this criterion is met, we compare the
result for the perfect case to that of all the others.

(2) To meet the second criterion, distinguishing categorically
between overfit, underfit, and mixed, we should be able to
define mutually exclusive ranges of the measure value that
correspond to overfit, underfit, and mixed fit. To determine
whether this criterion is met, we compare the results for the
overfit test cases, the underfit test cases, and the mixed test
cases, to determine whether they fall within mutually exclu-
sive ranges.

(3) To meet the third criterion, reporting the extent of fit, the
measure should find a higher (or more extreme) value
when the fit is worse than when it is better. To determine
whether this criterion is met, we compare the results for all
of the low test cases to all of the medium test cases; the
returned value(s) for the medium cases should be more
extreme than those for the low cases. (Recall that the low
case varied 20% of the existing edges and the medium case
varied 50% of the existing edges.) In addition, we compare
the results for different magnitudes m of change in weighted
networks. The results for cases with higher-magnitude
changes should be more extreme than for those with lower-
magnitude changes.

(4) To meet the fourth criterion, reflecting differences due to the
sources of the fit problems, the measure should find a higher
(or more extreme) value when mismatches are located in the
off-diagonal locations than when they are located in less
problematic locations. To determine whether this criterion
is met, we compare the results for the off-diagonal test
case to those for the overfit medium case. In both cases, the
same number of dependencies were added, but in the off-
diagonal case, they were added specifically to the off-
diagonal corners. The results for the off-diagonal test case
should be more extreme than those of the overfit medium
case.

(5) To meet the fifth criterion, a measure must be easily interpret-
able. This requires a more subjective evaluation. We consider
whether the measure’s value has an intuitive meaning and
how much it reveals about the (lack of) fit. We also consider
whether the scale is meaningful: for example, if perfect fit
yields a zero, then opposite fit (or some other extremely
poor fit condition) should yield an extreme value (such as
a 1), depending on the measure.

4 Results and Discussion

The results from this computer experiment are summarized in
Table 2. For each measure, we show the results for one illustrative
test case in Fig. 4: 30x30 with loose coupling, unweighted.
The results for this and three additional test cases are provided
in Figures S1-S4, available in the Supplemental Materials (two
additional unweighted matrices—30x30 with tight coupling
and 9 x 9—and one weighted matrix—30 x 30 with loose coupling
with change magnitude m=3). Further additional variations
described in Sec. 3 were also examined but are not shown, for
brevity.
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Fig. 3 Baseline test matrixsu (a) with four variations that represent different kinds of fit problems: (b) opposite, (c) overfit,

(d) underfit, and (e) mix of over and underfit

Consider first the alignment measure. Results are shown in
Fig. 4(a) and Supplemental Figure S1 (available in the Supplemen-
tal Materials). On the first criterion (1), the measure distinguishes
categorically between perfect and imperfect fit in that perfect fit is
measured as zero for both @, and a3, and any lack of mirroring
will measure a, >0 and/or @3 >0. On the second criterion (2), the
measure distinguishes overfit, underfit, and mixed fit. Specifically,
the overfit cases show a, =0 and a3>0, the underfit cases show

fit in that a higher value is reported for the medium cases than for
the low cases, where more dependencies are mismatched.
However, this measure distinguishes only dependencies that are
missing, but does not detect mirroring problems where a depen-
dency is present in both matrices but is not of the same magnitude.
Therefore, the lack of fit is “under-counted” in the weighted test
cases (e.g., Figure S1(b), available in the Supplemental Materials).
On the fourth criterion (4), the measure does not reflect worse fit

a,>0 and a3 =0, and the mixed fit cases show both greater than
zero. On the third criterion (3), the measure reflects the extent of

Table 2 Summary of results

based on the location of fit problems. The off-diagonal case
reports exactly the same value as the overfit medium case, when it

Criterion

Evaluation

Alignment

C.D.

Cl. & Cent.

Modularity

1: Distinguish
fit from not-fit

2: Distinguish
between overfit,
underfit, and
mixed

3: Show
relative extent
of fit

4: Reflect worse
fit for harder

Compare perfect to all
other cases; perfect
should have a value
distinguishable from all
others

Compare overfit,
underfit, and mixed test
cases; values should fall
within mutually
exclusive ranges

Compare low and
medium test cases;
values for medium
should be more extreme
than for low

Compare off-diagonal to
overfit medium; values

Yes® Perfect fit makes
a; =a,=0; any lack
of mirroring makes

ay Or oy >0

Yes® Overfit shows a, =
0, a3 >0; underfit shows
a, >0, az =0; mixed
show a,>0, a3 >0

Partial” Higher values
for medium than low test
cases, but only detects
missing, not inadequate,
fit problems

No. Value for
off-diagonal is equal to

locations for off-diagonal should overfit medium but

be more extreme should be higher
5: Easily Subjective judgment of  Easiest. The value is,
interpretable intuitive meaning, and roughly, the chance that

how much value and
scale reveal about
differences between test
cases

a given cell will be
“unmirrored,” though
values may be
misleadingly small

Yes. For perfect fit, =0,
while any lack of fit gives
p>0

No. Positive values are
returned for overfit,
underfit, and mixed when
they should be
distinguishable

Yes. Higher values for
medium than low test cases

No. In the unweighted
cases, value for
off-diagonal is equal to
overfit medium but should
be higher

Only for underfit. For
underfit, value reflects
proportion of needed
communication that is
missing; but misleading
values for other cases

Yes. Value is zero
for perfect and
nonzero for all other
cases

No. Wide variation
in values depending
on random
variability of
perturbed test
matrices

No. Wide variation
in values depending
on random
variability of the
perturbed test
matrices

No. Registers
different fit between
off-diagonal and
other cases, but not
always worse fit

No. No intuitive
link between values
of 7, and y, and the
implications for
mirroring

Yes® Value is zero for
perfect and nonzero for all
other cases

No. The overfit, underfit,
and mixed cases return
indistinguishable positive
values

Partial” Higher values for
medium than low test cases,
but only detects missing,
not inadequate, fit problems

No. In the unweighted
cases, value for
off-diagonal is equal to
overfit medium but should
be higher

Somewhat. Value reflects
difference in how modular
the matrices are, but there is
no clear link to implications
for mirroring

Detects mismatched edges but not edge weight.
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Fig.4 Results for all four measures, in the 30 x 30 loosely coupled unweighted test case: (a) results for the alignment measure
(a2 on left, a3 on right), (b) results for the coordination deficit measure, (c) results for the centralization and clustering mea-

sures, and (d) results for the modularity measure

should report a higher value to meet this criterion. In general, these
results are not sensitive to the specific baseline structure: the same
trends were obtained for all three baseline matrices—small
(Figure S1(d), available in the Supplemental Materials), large
loosely coupled (Figures S1(a) and S1(b), available in the Supple-
mental Materials), and large, tightly coupled (Figure S1(c), avail-
able in the Supplemental Materials).

For the fifth criterion (5), the measure is fairly easy to interpret.
The value is, roughly, the chance that a given cell will be “unmir-
rored,” i.e., the percent of all pairs of nodes that are not mirrored.
The scale is also easy to interpret: perfect fit returns zero, and oppo-
site fit returns @; + a, =1. On the other hand, the values may be
misleadingly small. Because the denominator is all pairs of nodes
rather than only those with existing dependencies, the measure
gives “credit” for matched noninteractions (node pairs with no orga-
nizational ties and no product transfers), which can lead to fairly
small values of the measure even when there are a large number
of mismatches compared to the number of existing dependencies.

Consider next the coordination deficit measure. Results are
shown in Fig. 4(b) and Supplemental Figure S2 (available in the
Supplemental Materials). On the first criterion (1), the measure dis-
tinguishes categorically between perfect and imperfect fit in that
perfect fit is measured as zero and any lack of fit is measured as a
positive value. (Because the measure is defined to measure only
coordination deficits, one might expect it to “miss’ fit problems in
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the overfit case. However, extra organizational ties still result in
coordination deficits, because the values are normalized to the
total amount of communication in each network. Adding an organi-
zational tie increases the denominator slightly, and therefore
decreases the value in each cell in the organizational network,
resulting in small coordination deficits throughout the network.)
On the second criterion (2), the measure does not distinguish
overfit, underfit, and mixed fit. In all test cases, overfit, underfit,
and mixed fit return positive values. (See the explanation above,
under criterion 1.) On the third criterion (3), the measure reflects
the extent of fit in that a higher value is reported for the medium
cases than for the low cases, where more dependencies are mis-
matched. It also reflects the extent of fit where there is a difference
in the dependency magnitude m (not shown in the figure). On the
fourth criterion (4), the measure does not reflect worse fit based
on the location of fit proble. In the unweighted cases (Fig. 4(b), Sup-
plemental Figures S2(c) and S2(d), available in the Supplemental
Materials), the off-diagonal variation reports exactly the same
value as the overfit medium variation, when it should report a
higher value.

For the fifth criterion (5), the measure is easy to interpret when
the problems result from underfit, but can be misleading when the
problems result from overfit or mixed fit. For the underfit cases,
the measure is very intuitive: it reflects the proportion of needed
communication that is missing. For example, in the unweighted
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cases (such as Fig. 4(b)): the underfit low and medium cases
removed 20% and 50% of the required organizational ties, respec-
tively, and the measure returns precisely that percentage; the oppo-
site variation returns 1 (100%). On the other hand, the measure is
not intuitive for cases of overfit, because a positive value is returned
even though there are excess organizational ties in the network (see
the explanation in the previous paragraph).

Consider next the centralization and clustering measures. Results
are shown in Fig. 4(c) and Supplemental Figure S3 (available in the
Supplemental Materials). The box-and-whisker results show the vari-
ability across the 100 randomly generated instances (there was no var-
iability for the previous two measures). On the first criterion (1), the
measure distinguishes categorically between perfect and imperfect
fit in that perfect fit is measured as zero and any lack of fit is measured
as either a positive or a negative value. On the second criterion (2), the
measure does not distinguish overfit, underfit, and mixed fit. There is
wide variation in the measure’s value based on the random variability
of the modified test matrices, with many of the distributions overlap-
ping zero, so it would be difficult to interpret the measure for any
given instance. Furthermore, even in the average, there is no pattern
that could distinguish these cases: for example, in Fig. 4(c), the
overfit, underfit, and mixed fit cannot be distinguished because they
all show positive clustering and negative or zero centrality. On the
third criterion (3), the measure does not reliably reflect the extent of
fit. Again, there is wide variability based on the randomly constructed
matrices, making the measure unreliable. Furthermore, even in the
average, sometimes the medium cases show higher-magnitude
values than the Jlow cases (e.g., Fig. 4(c) and Supplemental
Figure S3(d), available in the Supplemental Materials), but sometimes
this is not the case (in Figure S3(c), available in the Supplemental
Materials, the overfit low and overfit medium do not have this
pattern). Indeed, unlike the other measures considered so far, the oppo-
site test case does not always show the worst value of the measure. On
the fourth criterion (4), the measure does not clearly show worse fit
based on the location of fit problems. Unlike the other measures, it
does clearly register that the fit is different between the off-diagonal
and overfit medium test cases, but it does not show a worse fit in
these cases: there is no pattern to the results for the off-diagonal test
cases that could indicate worse fit.

On the fifth criterion (5), this measure does not appear to be easily
interpretable. Specifically, there is no intuitive link between a
“more/less clustered” or “more/less centralized” network and the
implications for mirroring. Moreover, given the wide variability
in the value of the measure for different randomly generated matri-
ces, and without distinguishing overfit from underfit and more mir-
roring from less, it is hard to interpret the meaning of the values.

Consider finally the modularity measure. Results are shown in
Fig. 4(d) and Supplemental Figure S4 (available in the Supplemen-
tal Materials). On the first criterion (1), the measure distinguishes
categorically between perfect and imperfect fit in that perfect fit is
measured as zero, and imperfect mirroring shows as nonzero. (In
these test cases, it is always positive, but it could also be negative
if the organization were more modular than the product.) On the
second criterion (2), the measure does not distinguish overfit, under-
fit, and mixed fit. Supplemental Figure S4 shows that in all the test
cases, the overfit, underfit, and mixed fit return positive values that
are not distinguishable from one another. On the third criterion (3),
the measure reflects the extent of fit in that a higher value is reported
for the medium cases than for the low cases, where more dependen-
cies are mismatched. However, this measure distinguishes only
dependencies that are missing, but does not detect mirroring prob-
lems where a dependency is present in both matrices but is not of the
same magnitude (see Figure S4(b), available in the Supplemental
Materials). On the fourth criterion (4), the measure does not
detect worse fit based on the location of fit problems. In all the
unweighted cases (Fig. 4(d), Supplemental Figures S4(c) and
S4(d), available in the Supplemental Materials), the off-diagonal
case reports the same value as the overfit medium case, when it
should report a higher value to meet this criterion.
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For the fifth criterion (5), the measure is somewhat interpretable.
The value is, roughly, the difference in how modular (versus inte-
gral) each of the two matrices are. Smaller values mean the two
matrices are more similar in modularity. However, there is no
easy interpretation of the value itself in terms of how well mirrored
two matrices are. Moreover, this measure requires that modules be
defined in advance of measuring. This may not always be feasible,
and/or could lead to misleading results if the module definitions
themselves are incorrect.

Among all of the measures considered here, none meet all of the
criteria laid out in Sec. 2.4 (see Table 2). The alignment measure
comes closest: it can distinguish overfit from underfit and mixed
fit, shows the relative extent of fit in cases where ties or transfers
are missing, and it is easy to interpret. Minor modifications might
alleviate one potential interpretation challenge—that the values
may be misleadingly small—which could be considered in future
work. The main weakness of this measure is that it cannot detect
fit problems where dependencies exist in both cases but are mis-
matched in magnitude. The coordination deficit measure, on the
other hand, detects differences in the magnitude of associated
dependencies, but is only intuitive when measuring underfit, and
cannot distinguish underfit from overfit and mixed fit. (Note that
this problem only applies when a network-level measure is com-
puted, not when the measure is used for its original purpose of mea-
suring deficits at the subsystem level [25]).

The clustering and centrality measures, surprisingly, only detect
perfect fit but otherwise do not meet any of the criteria. We had
hoped they would detect complex structural problems such as the off-
diagonal case, but the results were inconsistent across the test cases.
The modularity metric is also limited in its ability to detect fit prob-
lems, only identifying the relative extent of fit with the same weak-
nesses as alignment. These measures are powerful in assessing
network characteristics but seem less appropriate for detecting mir-
roring problems. We believe this is due to the wide variety of ways
in which fit problems might manifest. These measures are sensitive
to minor variations in the network’s structure and do not focus on
specific features as required to satisfy the criteria we defined.

5 Conclusions

This study set out to assess and characterize the ability of existing
measures of fit to inform improvements in the context of system
design. A first essential step was to understand what such a fit
measure must detect in order to support this purpose. Based on a
review of the literature on product-organizational mirroring, we
extracted four specific types of mismatches that a measure must
be able to identify. Not all mismatches are equally problematic,
and an actionable result needs to accommodate this phenomenon.
In other words, to be able to correct “fit” problems, we need to
know their nature, their extent, and where they are.

Next, we selected four measures that are representative of the
current perspectives in the literature, and evaluated their ability to
identify these types of fit problems. Specifically, we considered
two types of measures: those that make an element-to-element com-
parison between a product and organizational DSM, and those that
abstract the structure of each DSM first before comparing.

We found that none of the measures satisfied all of the defined
criteria, and some were able to detect surprisingly few types of mis-
matches. Specifically, the second family of measures, those which
assess summary measures on the product and organization sepa-
rately before comparing, showed notable weaknesses in assessing
“fit” for improving system design. The first family of measures
showed more promise; however, even the best-performing
measure, alignment, has some relevant “blind spots” for informing
improvements for system design. Specifically, these include (1) the
inability to detect differences in the magnitude of associated depen-
dencies, (2) the potentially misleading small values returned, and
(3) an inability to detect the severity of off-diagonal mismatches.
The first and second issues could be alleviated relatively easily—
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by normalizing appropriately and/or by integrating aspects of the
coordination deficit measure. The third issue is much harder to
address, as will be elaborated below.

In summary, this work made two important contributions. First, it
clarified and provided a theoretical basis for how “fit” issues impact
the design process, formalized in terms of the test conditions.
Second, it performed a neutral comparison of existing fit measures
and found that, while one comes close, none of the measures can
identify all of the relevant fit-driven problems the literature identi-
fies. Our literature-derived criteria and testbed-based evaluation
approach outline a path for developing a useful measure for
future studies aiming to diagnose fit in the context of design
improvement.

These contributions also lay the foundation for future work. A
clear first step is to build on these results to develop an appropriate
metric for measuring fit in system design processes. One weakness
we identified was in distinguishing different sources of lack of fit.
Understanding whether misfits occur near or far from the diagonal,
for example, could be very important in environments where the
work is more distributed and separated by higher organizational
boundaries than is typical in concurrent design. An improved
measure might draw on some less algorithmic measurement
approaches like that of Ref. [11]. This class of measure relies on
additional pre-processing of the input data to apply designer knowl-
edge of the importance of different features and their hierarchy
within the system, as in Guo and Gershenson’s [48] modularity
metric which defines a module structure in advance. The same
could be done with, for example, the off-diagonal distance. An addi-
tional step for future work is to adapt these measures and test them
on more realistic systems, such as those that are differently struc-
tured (e.g., buses rather than modules), those with asymmetric trans-
fers and ties, and those for which the product and organizational
DSMs are not the same size and structure.

More broadly, measures of fit enable many further investigations
of the role of organizational and product structure in the design
process. While the literature provides ample evidence for the
premise that fit should lead to improved design outcomes, further
empirical investigation in the specific context of system design
would be worthwhile. The measures developed in this paper enable
such investigations by providing a way to observe and measure fit.
Future work can thereby explore empirically whether and how differ-
ent fit problems impact real design processes, and how fit interacts
with other drivers of design performance. Based on such investiga-
tions, approaches can be developed for mitigating such problems,
along with thresholds for when a technical problem is so novel that
an alternative organizational structure should be employed. As
systems engineers and designers continue to engage in more rigid
upfront decomposition necessary to adopt efficiency-oriented
design practices (such as concurrent design) and further distribute
work across supply chains, we hope to enable more careful study of
both the costs and benefits of these practices. Furthermore, measures
of fit could even enable studies of how agile or flexible organizations
restructure to meet novel challenges. Agreed-upon and trusted mea-
sures of core constructs like fit play an important role in enabling
many streams of future research.
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