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1 Introduction tween product architecture and supply chain has been addressed in

Understanding how product development organizations manat % operations and management science literafle-14. Few

the knowledge associated with the architecture of the product t ?rr] resst(::trghiif Qfaggssiu:]dggrnogé \E)ergdlué: t modularity may affect
design has been recognized as a critical challenge for establis ef} 9 9 9 o

. X . ; . . n the engineering design field a large stream of research has
firms facing architectural innovatiofll]. This paper presents a - .
f%cused on methods and rules to map functional models to physi-

method that allows engineering managers to identify modular an components. Researchers have developed several architecting

. . i )
integrative systems within a product, based on how systems sh;ér es to map function to physical modulés7—20. Other ap-

design interfaces. Furthermore, by studying the coupling betweeroaches view the functional model of a system as being de-

the product architecture and the development organization we gc_ribed by an abstract functional decomposition that may, but do

hance our understanding of the differences in designing modurﬁaort need to. have a direct manping onto phvsical decomposition of
versus integrative systems. The results of this work highlight the ' bpIng phy P

) ; e e . . _assemblies and subassembl[i2$—24.
importance of identifying design interfaces during the prOJeé'j} Ulrich and Eppingef25] claim that the product architecture is

planning stage so that corresponding design teams are managlgg the scheme by “which the churtisf a product interact.” In
efficiently during project execution. I ducts, the chunks of physical components ére com-
We are particularly interested in the development of compl sompiex pro ! phy P
; . . ex systems as well. They also argue that the challenge of estab-
products, such as automobiles, computers, or aircraft engnes. ﬁing the architecture of these systems “is essentially identical to
general approach when developing complex products is to deCQtWé architectural challenge posed at the level of the entire prod-

pose the product into syste_ms, and if the systems are still t88t." [[25]. pp. 183 However, we believe that the challenge of
complex, decompose these into smaller comporightel]. In the establishing the architecture of systerftee chunks is com-

organizational domain, de_sign teams in comple_x product devel yunded by the fact that components have design interfaces not
ment are commonly organized around the architecture of the pr: ily with other components within the system but also with com-

uct. In most technical prodycts we have observed a clear MapPihents that belong to other systems that comprise the product
between the product architecture and the development organi Se Fig. 1

tion which designs if4]. However, little research has focused on
understanding the ?ffect; on team dynamics involved with desigfize jiterature we can categorize systems as modular or integral
Ing various types of architectures. based on how their corresponding components share design inter-

Product Architecture Literature.  Ulrich [5] defines product faces(within the system However, we also need to categorize
architecture as “the scheme by which the function of a product &/stems according to how they share design interfaces with other
allocated to physical components.” A key feature of product afystems as a result of the product architecture. Hence, at the sys-
chitecture is the degree to which it is modular or integral. 1M levelin order to define system modularity we need to specify
modular architectures functional models of the product map on&hether we are looking at the systanternally, as an indepen-
to-one to its physical components. On the other hand, in integgnt entity, orexternally as an entity that interacts with other
architectures a large subset of the product's functional modélstems comprising the product. ) .
map to a single or small number of components. We introduce here the conceptsmbdul_arandmtegratlve sys-

Other researchers have investigated the implications of prod{@ns from an external perspective, that is, based on the existence
modularity on various aspects of product development. Newcorfihdesign interfaces between components of the same product that
et al. [6] study the effects of product modularity on product lifdoelong to different systems. We define modular systems as those
cycle. Other researchers have studied the relation between prodMagse design interfaces with other systems are clustered among a

architecture and product portfolio definitig@—9]. The link be- few physically adjacent systems, whereas integrative systems are
those whose design interfaces span all or most of the systems that

By using established concepts in the current product architec-

Contributed by the Design Theory and Methodology Committee for publication in—
the JDURNAL OF MECHANICAL DESIGN. Manuscript received July 2000; rev. Octo-  *Chunksrefer to the physical building blocks in which the components of a
ber 2002. Associate Editor: J. Cagan. product are organized. We will use the tesystemsnstead.
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order to integrate the componeritiesigned by each tearto

PRODUCT ’
assure the product works as an integrated whole.

This paper focuses on understanding the system-level integra-
tion efforts faced by both modular design teams and integrative

SYSTEMS design teams. In particular, we seek to better comprehend how
modular and integrative design teams face barriers imposed by
architectural system and organizational boundaries. We also want
to investigate whether design teams must apply greater effort to-

COMPONENTS

ward addressing certain types of design interfaces.

/

2 Our Research Approach
Within-system

design interface Across-system We summarize our research method in three steps. First, we
(INTERNAL) des;i"Té“R‘;ri‘fS capture the product architecture and identify modular and integra-
E ) tive systems. Second, we capture the development organization,
and third, we compare the product architecture with the develop-
ment organization to study the impact of system modularity on
team interactions.
) ) ) o 1. Capture the product architecture. By interviewing design
comprise the product due to their physically distributed or fungyperts who have a deep understanding of the architecture of the
tiona"y integrative nature throughout the pI’OdUC'[. Note that int%roduct' we |dent|fy how the product is decomposed into Systems'
grative systems may span design interfaces with other systems fQ these further decomposed into components. We then ask them
only due to physical proximitye.g., the main shaft system of anyg identify the design interfaces between the components required
aircraft engine spatially interfaces with the fan, compressor, difor their functionality. Lastly, we identify modular and integrative
fuser, and turbine systebut also due to functional dependencysystems by analyzing how design interfaces between components
with other componentée.g., engine external plumbing design ishat belong to different systems are distributed throughout the
defined by material transference needs of internal engine compgoduct.
nent requirements across all systgms ) 2. Capture the development organization We first identify
Based on these definitions we can argue that a “hypotheticallye design teams responsible to develop the product's compo-
perfect” modular system would be one whose components do n@ints. \We then survey key members of each team to capture the
share design interfaces with components that belong to other sianuency and importance of the technical interactions between
tems. Moreover, such a perfect modular system could potentiajiyem, and thus assess the integration effort of the development
exhibit an integral architecture internally depending on how itSrganization.
components share design interfaces among themselves. On thg Compare the product architecture and the development
other hand, a “hypothetically perfect” integrative system woulgyganization. We compare the design interfaces with the team
be one whose components are completely physically distributgferactions in order to study how the product architecture drives
throughout the product resulting in components that share int@sthnical communications in the development organization. More
faces with all the systems that comprise the product, even ifdpecifically, we study how modular and integrative systems differ

exhibits a modular architecture internally. Examples (#a) in the way they drive the system-level integration efforts of the
modular systems can be the engine block of a car, the micropgRsyelopment organization.

cessor system of a computer, and the fan system of an aircraft
engine. Examples dfea) integrative systems are the chassis of 8  An Example
car, the rotors, cases and airfoils of a compressor system, and th
fuel system of an aircraft.

Distinguishing modular and integrative systems can play a cri

Fig. 1 Internal and external system design interfaces

s\le apply our approach to the design of a large commercial

ﬁl_ircraft engine(Pratt & Whitney PW4098 The project chosen

cal role in planning the interactions of development teams. SoféS @ complex design that exhibited explicit decomposition of the

engineering teams may not be fully aware of or motivated gine into systems, and these into components. Furthermore’. the

address the design interfaces and needs for system-level intef2S19" Project involved the development of both modular and in-
tegrative systems. The engine was decomposed into eight systems,

tion. In this context, one of the hypotheses we test in this paper d th turther d di 54 i 5
thatteam interactions with design teams that develop integrative these further decomposed into components. Figure 2 ex-
IRits a cross-section diagram of the engine which highlights the

systems are more likely to be predicted by design interfaces t . -
Y y b y g ht systems that comprise the engine and Table 1 shows the

are team interactions between design teams that develop modtgéq -~ S .
systems ecomposition of the engine into systems and the systems into

components.

Product Development Organizations. From an organiza- On the organizational side, the development team was orga-
tional viewpoint, complex development projects usually involvaized according to the architecture of the product, with 54 cross-
the efforts of hundreds or even thousands of team membersfulictional teams assigned to design the 54 engine components. In
single team does not design the entire product at ditde too addition, there were six design teams responsible for system inte-
complex. Rather, many teams develop the components, or sygation who were not responsible for the design of any of those
tems, and work to integrate all of these components to create tt@mponents.
final product[2,4,26,27. We call modular design teamshose The direct mapping between the architecture of the engine and
which design modular systems whilgegrative design teamare the organizational structure facilitated the implementation of our
those which design integrative systems. approach. For more details of the project description and the data

An important challenge faced by development organizations ésllection process refer to Rowl¢29].
product integratiorf28]. Design teams face two important levels

of integration during the development of complex products: Capturing the Product Architecture. The engine studied

was decomposed into eight systems. Each of these systems was
e Function-level integration takes place within each cros$urther decomposed into five to ten components eaele Table
functional design team when they have to coordinate efforis.
in order to design their respective components. After documenting the general decomposition of the product,
» System-level integration takes place across design teamswia proceeded to identify the design interfaces between the 54
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Table 1 Engine decomposition into systems and components

System

Components

Fan

Low Iressure | l
Compressor b
\Ld e . ] o
. High Pressure JSE
£

High
Pressure &

Turbine

(LPO)

Me chanical Com ponents

Externals and Con trols (HPC)

Fig. 2 Large commercial aircraft engine

Combustion ChambdiCC)
components of the engine. Researchers in engineering design
[30,31] have modeled functional requirements of product designs
in terms of exchanges of energy, materials, and signals between
elements. Building upon the methodology presented by Pimmler )
and Eppingef3] we identified five types of design dependencie%gh":>ressure Turbine
between the 54 components which comprise the engine. The five
types are explained below, along with an example of each type.
Note that some interface relationships are symmetric, while others
are not. Low-Pressure Turbine

» Spatial dependency indicates that physical adjacency ps'PT)

needed for alignment, orientation, serviceability, assembly, or
weight. For example, the clearance between the tips of the
high-pressure turbinéHPT) blades and the HPT blade outer
air seals(BOAS) must be minimized for optimum perfor- Mechanical Components
mance. Note that in this example the dependency is symmet-
ric as the blades spatially depend on the seals and vice versa.
Structural dependency indicates the existence of a functional
requirement for transferring design loads, forces or contain-
ment. For example, the HPT casing geometry is dependent on
HPT blade loads and trajectory for containment capabilit¢xternals and Controls
even though the parts are not adjacent to one another. How-
ever, blades are not structurally dependent on the casing
(asymmetrical dependency
e Energy dependency indicates a functional requirement re-
lated to transferring heat energy, vibration energy, electrical
energy, or noise. For instance, when studying the energy de-
pendency between fan blades and fan exit guide vanes we

» Fan containment case

» Fan exit guide vanes & cases
* Fan blades

* Fan hubs

 Fan stub shafts

* Spinners & Nose caps

* Fan blade platforms

Low-Pressure Compressor ¢ LPC airfoils

e LPC stator

e LPC drum

* LPC splitter

e LPC liner

* Bleed BOM

* Intermediate case

High-Pressure Compressor « HPC blades

¢ HPC inner shrouds & seals
« Variable Vanes

» HPC fixed stators/cases

* HPC rubstrips & spacers

e HPC disks & drums

* Giggle tubes & blade locks

e Burner

« Diffuser

« Tobi duct

« Diffuser tubes
* Fuel nozzle

* HPT blades

« HPT 1V

e HPT 2V

e HPT rotor

* HPT case & blade outer air seal BOAS

e LPT shaft

e LPT case

* TEC

* LPT vanes

e LPT blades

* LPT OAS/Ducts insulation

* Mainshaft
» Gearbox
« Breather valve
* Oil pump
* Internshaft seal
* PMA
» Mech. Components of oil system

¢ External Tubes
2.5 Bleed Butterfly
 Externals/Controls air systems
» Externals/Controls oil system
« External/Controls fuel/drain
e Harness
* Ignition
« Electrical Controls
* Mechanical Controls
» Sensor Controls

found that abatement of fan flutter and nojpeoduced by the
fan bladeg drives the airfoil and platform design of both the
fan and the fan exit guide vane. Both airfoil counts and axial
spacing are designed to optimize fan vibration and Noises
which results in a symmetrical dependency.

Material dependency indicates a functional requirement r
lated to transferring air, oil, fuel, or water. For example, fuel
nozzles are dependent on fuel from the fuel control, and
from the diffuser, but not vice-vergasymmetrical dependen-
cies.

Information dependency indicates a functional requireme£
related to transferring signals or controls. For example,
system controls such as the fuel/oil cooler valve and oil tarf
valve are dependent on oil temperature and pressure send
(symmetrical dependencies

ss the criticality of each dependency using a five-point scale as
suggested by Pimmler and Epping&t. Table 2 shows the scale
éj_sed during the data collection. Note that the scale used captures
ot onlydesiredandrequireddependencieghe positive onesbut
oundesiredand detrimentaldependencie&he negative ones
n example of a negative dependency would be the undesired
transfer of energy(vibration) from the LPT vanes to the LPT
lades. However, the blades and vanes are positively co-
ependent for proper inlet and exit gas conditions to achieve op-
um aerodynamic efficiency. Hence, an important challenge
pse two design teams face is how to manage these conflicting
esign interfaces that are critical in opposing directions.
We mapped the design-interface data into a squdx54)

Design dependencies were captured by interviewing design ebesign interface matrix;The design interface matrix can be de-
perts who had a deep understanding of the product architectsibed as a special form of design structure matigM). For a
but were not directly involved in the design of the engine. Mordormal introduction to DSM refer to Stewaf®2] and Eppinger
over, for each design dependency we asked design experts toedsal.[33].) The identically labeled rows and columns of this ma-
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Table 2 Design dependency criticality

Level of design

dependency criticality Description Measure
Required Dependency is necessary for functionality +2
Desired Dependency is beneficial, but not absolutely necessary for +1
functionality
Indifferent Dependency does not affect functionality 0
Undesired Dependency causes negative effects, but does not prevent -1
functionality
Detrimental Dependency must be prevented to achieve functionality -2

trix correspond to the 54 components of the engine, and théiterface matrix that is not completely symmetric with respect to
(original) sequencing follows the physical arrangement of the sythe diagonal. Previous work in functional modeling
tems within the productThe 54 components are listed in the[21,30,34,35,3psuggests the possibility of non-reciprocal design
second column of Table 1Each off-diagonal cell of the design dependencies. Asymmetrical dependencies can be associated with
interface matrix contains a five-component vector correspondisgme assembly functions such as hold and support. For instance,
to the five types of design dependencies which categorize eahk frame of a gearbox may depend structurally on the weight of
design interface. the gears to support, but not vice versa. Some design dependen-
For graphical simplicity, Fig. 3 displays only the binary form ofties can be asymmetrical due to functional constraints. For in-
the design interface matrix of the engine studied. The off-diagonstance, the diameter of the shaft of an electric motor might be
elements of the binary matrix are marked with an “X” when aconstrained to the internal diameter of the bearings to be used
given component has at least one design dependency with anotfasymmetrical spatial dependency in which the shaft depends on
component. Reading across a row corresponding to a particulae bearing as its dimensions are fixedhich in turn usually
component indicates the other components upon which it depentépends on the loads transmitted from the sha&fulting in an
for functionality. The diagonal elements of the matrix are meamsymmetric structural dependency
ingless and are shown to separate the upper and lower triangulafor consistency between the physical product and the design
portions of the matrix. interface matrix, we first sequence the design interface matrix
The nonreciprocalasymmetri¢ nature of some design depen-following the spatial arrangements of the systems throughout the
dencies was captured during the data collection as we asked ¢émgine. More specifically, we sequence the matrix following
respondents how a given component depends on the other orlesairflow through the enginérom left to right in Fig. 2. The
The structural and material dependency examples described abiowgortant point about sequencing the design interface matrix is to
show typical cases of asymmetrical dependencies found in tblester components that belong to the same system together so
design interfaces of the aircraft engine. This results in a desigmt system boundaries could be easily identified. At the compo-

FANsystem | LPCsystem i HPCsystem !CCsystemi HPT |LPT system Mech. External and Controls
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Modular Systems Integrative Systems
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Fig. 4 Re-ordered design interface matrix

nent level(i.e., within each systemrows and columns were ar- matrix can be divided in two sections, the first columns and rows
bitrarily ordered. We highlight system boundaries with boxesorresponding to modular systems and the last ones assigned to
along the diagonal of the design interface matrix. Marks inside thgtegrative systems. In our example, the systems with more cross-
boxes represent design interfaces between components of fa@ndary design interfaces were the externals and controls, me-
same system, whereas marks outside the boxes indicate interfagghical components, and high-pressure compressor systems. Fig-
between components of different systefamss-boundary design yre 4 shows the re-ordered design interface matrix exhibiting the

interfaces. Light boxes throughout the matrix enclose the crosgjigh pressure compressor system sequenced third-last in the
boundary design interfaces between any two given systems. matrix

Identifying Modular and Integrative Systems. As men- By visually inspecting the design interface matrix we observe
tioned above, modularity at the system level can be categoriZét the first five systems are those in which cross-boundary de-
from an internal viewpoint by studying the design interfacesign interfaces are primarily clustered among adjacent systems
within the system, or from an external perspective by studying tlimodular systemsOn the other hand, it is clear that the externals
design interfaces across systems. In this paper we are interestegind controls system has a significantly large number of cross-
the latter categorization. boundary design interfaces well distributed among the other sys-

We define modular systems as those systems whose crassns (integrative system The question becomes: where do we
boundary design interfaces are concentrated among a few othgfw the line to separate modular systems from integrative sys-
systemgusually spatially contiguous system®n the other hand, tems? Are the mechanical components and the high-pressure com-
we define integrative systems as those systems whose deSigeré'ssor modular or integrative systems?
terfaces are scattered among componeni@limos} all the sys- "~ 5rder to answer these questions we compare the frequency

.ter?hs trlwat comprise the product. A(n: ex:r;]\mple of a modutlar f]ySt%ﬁ%tribution of cross-boundary design interfaces of the mechanical
is the low-pressure compress@iPC) whose components s arecomponents and the high-pressure compressor systems against the

design interfaces with components of the fan and high-pressur.

compressofHPQ) systems located adjacent to the LPC. An ex(_é)?ternals and controls system. Hence, we assume that the exter-

ample of an integrative system is the main shaft systehich is nals an(_j controls sy_stem is an integrative system and we use it as
a subsystem of the mechanical components systevhich has our ba5|s of comparison to dete(mlne w_hether the two other sys-
design interfaces with components of all other systems in tigMS in question are modular or integrative. In general, we should
engine. statistically test whether the difference in the proportions of cross-

Our approach to identify modular and integrative systems Roundary design interfaces between any two given systems is
facilitated when the design interface matrix is sequenced to revéalge enough to be attributed to a difference in system modularity
the system boundaries. In order to do so, we must sequence cé@ther than just random variation in the data. Hence, when com-
ponents that belong to the same system together. Then, we suggasing a modular system and an integrative system’s frequency
re-ordering the matrix so that the systems sharing a larger numbgtribution of cross-boundaries design interfaces the difference
of design interfaces across systems are sequenced last so thashioelld be statistically significant.
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Figures 5, 6 and 7 show the number of cross-boundary desifable 3 Chi-square test results—Comparing externals and
interfaces of the externals and controls system, the mechanié@trols system with high-pressure compressor system
components system and the high-pressure compr¢d&e), re- -
spectively. By visually inspecting these three freqyer]cy .distribu E)é’;es?gtﬁdi;::rcfg%gsc’f n?:ﬁﬁgtregf Acgufagenst:grl]ber
tions we can observe that the first two frequency distributions are based on design interfaces  interfaces
very similar to each other but different than the third one. Thisystem  Ext/Controls of HPC of HPC X2
visual inspection allows us to conjecture thmmth externals and

. . N 11.04% 6.403 8 0.398
qontrols system and mecha_nlcal components system are |nteg|F c 19.63% 11.385 30 30436
tive systems whereas the high-pressure compressor is a modulgc 20.86% 12.099 5 4.165
systemTo formally test that the difference in frequency distribu- HPT 10.43% 6.049 5 0.182
tions of cross-boundary design interfaces is due to system modiET zg-g%’ lg-ggg % i-ggg
larity rather than just random variation in the data we perform ag.7, 100.00% 58000 58 41.857

chi-square £?) test analysis on these frequency distributions.

Chi-square kz) tests are commonly used in analysis of fretThe fraction of design interfaces between the external and controls system and the
quencies. Analysis of frequencies are characterizedlpydata fan system is 18 out of a total of 163 design interfaces, that is, 11.04%. Hence, the

iati ; i H _ expected number of design interfaces between the HPC system and the fan system,
ConSIStmg of counts or frequenues, dmj |mpI|ed or stated hy under the null hypothesis, is the 11.04% of a total of 58 design interfaces, that is,

6.403. The rest of the expected values are determined in a similar way.

Externals and Controls potheses which determine the expected frequencies with which we
can compare the actual frequencig€37]. In this analysis we as-
40 34 sume that the cells in each of the matrices shown in this paper are
5 § :’:‘: — statistically independent. Using log-linear network analysis Sosa
g3 2 30 [38] shows that such an assumption does not affect the results of
%588 o9l 18 1_9 1718 the analysis presented in this paper.
8 ;:.% % ; Table 3 shows the results of the chi-square test performed to
ES 10 1 — 1 —|—I>—|—|> test the null hypothesis thattie frequency distribution of design
z = 0 : ; ! : ' inte_rfaces of the externals :_;mo! co_ntrols system is statistically
EAN LPC HPC CC HPT LPT equivalent to the frequency distribution of the high-pressure com-
pressor systemThe test resulted in &? equal to 41.857 which is
Sydeme greater than the critical value of 11.07fbr «=0.05 and five
degrees of freedomThis result allows us to reject the null hy-
Fig.5 Frequency distribution of design interfaces of the exter- pothesis stated above. The expected values shown in Table 3 are
nals and controls system determined based on the frequency distribution of the design in-

terfaces of the externals and controls system. That is, according to

Mechanical Components Fhe null hypothesis stated_ above, the expected fraction of design
interfaces between the high-pressure compressor and the other
é systems is equal to the fraction of design interfaces between the
14 13 3
E e externals and controls and the other systériibe actual values
59 12 are the number of design interfaces of the high-pressure compres-
2210 9 8 sor system with each of the other systems. Similar results were
g 2 8 7 7 found when comparing the frequency distribution of cross-system
58 61 il
2 9
g 3 4 1 e 2 2Chi-square %) statistic is computed as[Observed valueExpected
z ~‘é 2 et D valueP/Expected value
fé 0 T T T T T 8 Fraction dESign interfac%%ernal and controls, systein
FAN LPC HPC cc HPT LPT _ Number of deSign inteﬁac%ﬁtemal and controls, systeim
Systems 2a\ll other system{'umber of deSign interfac@&emal and controls, systekn
Fig. 6 Frequency distribution of design interfaces of the me- Table 4 Chi-square test results—Comparing externals and
chanical components system controls system with mechanical components system
. c Expected fraction of Expected Actual number
High-pressure Compressor design interfaces number of of design
based on design interfaces interfaces of
£a 40 % System Ext/Controls of Mech. Comps. Mech. Comps. x?
o o
85, 30 FAN 13.24% 6.088 9 1.393
S o g : LPC 23.53% 10.824 7 1.351
° 3 220 : HPC 13.97% 6.426 8 0.385
887 8 P cc 25.00% 11.500 13 0.196
e5 “ 10 3 0 v 7 HPT 12.50% 5.750 2 2.446
3, [ O LPT 11.76% 5.412 7 0.466
‘ ' ' ' ' Total 100.00% 46.000 46 6.237
FAN LPC HPC CC HPT LPT
Systems The fraction of design interfaces between the external and controls system and the
fan system is 18 out of a total of 136 design interfaces, that is, 13.24%. Hence, the
expected number of design interfaces between the mechanical components system
. o o and the fan system, under the null hypothesis, is the 13.24% of a total of 46 design
Fig. 7 Frequency distribution of cross-system design inter- interfaces, that is, 6.088. The rest of the expected values are determined in a similar
faces of the high-pressure compressor ~ (HPC) system way.
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Fig. 8 Team interaction matrix

design interfaces of the externals and controls system and @ach design team and asked them to rate the criticality and fre-
other five modular systemé&-or more details refer to So$a8].) quency of their interactions with each of the other teams during

We found that the design interfaces of the externals and cahe detailed design phase of the engine’s development project.
trols system and the mechanical components system are similarhis method is similar to the approach illustrated by Eppirfigér
distributed among the first six modular systems. Table 4 shows thée organize the team-interaction data in a squ@#x54)
results of the chi-square test performed to test the null hypothegam-interaction matrixsee Fig. 8 The labels of the rows and
that “the frequency distribution of design interfaces of the meolumns of this matrix contain the names of each of the design
chanical components system and the externals and controls sgmms. For comparison, we must sequence the matrix to match the
tem are statistically equivalehtNote that the expected values aresequence of the design interface matrix. The binary team interac-
determined following the same method used in Table 3. The tei&in matrix shows off-diagonal cells marked with an “O” to indi-
resulted iny? equal to 6.237 which is smaller than the criticacate each non-zero team interaction revealed. Reading across a
value of 11.070(for @=0.05 and five degrees of freedpnWe particular row indicates with which other teams the surveyed team
cannot, therefore, reject the null hypothesis of no difference in tiieracted.
frequency distribution of design interfaces for the two systems. It is important to emphasize that we documented coordination-

These results confirm our initial conjecture regarding systerfigoe communications only. Morelli et a[39] identified three
modularity, that is, the mechanical components and externals dpges of technical communication in development organizations:
controls are integrative systems while the high-pressure compreserdination-type, knowledge-type and inspiration-type. Since we
sor and other five systems are modular systems. were interested in capturing the integration effort of the develop-

. L . ment organization we focused our surveys upon the coordination-

_ Capturing the Development Organization. The organiza- ne interactions which took place during the design process to
tion responsible for the development of the aircraft engine Wagigress task-related issues. Since we captured the interactions re-

divided into sixty design teams. Fifty-four design teams wersoied from the respondent’s point of view, the matrix exhibits an
grouped into elght_ system (_jeS|gn groups according to the arc kymmetric structure with respect to its diagonal.
tecture of the engine described above. Each of those teams wags shown in Fig. 8, associated with the six modular systems are

responsible for developing one of the 54 components of the &fresponding six groups of design teams. Similarly, the two in-
gine. The remaining six design teams were system integratipfy ative systems have their two corresponding groups of design

teams, which had no specific hardware associated with them 8agms The highlighted boxes along the diagonal indicate the or-
whose main responsibility was to assure that the engine worked2sizational boundaries between the eight design groups. Marks

; - f1Side the boxes indicate within-boundary team interactions,
dynamics team and the secondary flow team. The six system ifrich we associate to within-boundary system-level integration
tegration teams were excluded from the analysis presented in gt On the other hand, marks outside the boxes indicate cross-

paper because they did not design either modular or integratiygngary team interactions, which we associate to cross-boundary
systems. Moreover, So§88] shows that the presence of thes%ystem-level integration effort.

teams did not influence the results presented in this paper.

We capture the system-level integration effort of the organiza- Comparing the Product Architecture with the Development
tion (both within groups and across groug®s/ documenting the Organization. The one-to-one assignment of the 54 compo-
technical interaction between the design teams involved in thents to the 54 design teams allows the direct comparison of the
development process. We surveyed at least two key members frdasign interface matrix with the team interaction matrix. Figure 9
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NO X
Team (2439) (220) (2219)
Interactions YES m I3)
(423) (349) (74)
(54x54)
: YES NO
Design Interface (569) (2293)
Matrix
Design Interfaces
(54x54)
Resultant Fig. 11 Results of the resultant matrix
Matrix
(54x54) corresponding reported team interactig@219 blank cells The
T In : unexpected cases accounted for 10% of the cells; those were the
eam Interaction cases when known design interfaces were not matched by team
Matrix interactions(220 “X” cells), and the cases when reported team
interactions were not predicted by design interfacé4 “O”
cells).
Fig. 9 Comparing design interfaces and team interactions Sosd 38] presents detailed analyses to test some of the hypoth-

eses that explain the existence of the unexpected ¢aseand

“O” cells of Fig. 11). The analysis presented in this paper focuses
. L L on the effects of system modularity on the communication pat-
shows how, by merging the design interface matrix with the teapg g of design teams. By analyzing the resultant matrix, we in-
interaction matrix, we obtain the resultant matrix. Note that ijegtigate the effects of architectural system and organizational

order to generate a valid resultant matrix both design interfagg, | jaries, and the effects due to the types of design interfaces on
matrix and team interaction matrix have to be sequenced |derm-e development of modular and integrative systems.
cally. In our example, we use the original design interface matrix

shown in Fig. 3. 4
The resultant matrix is exhibited in Fig. 10 and the four pos-
sible outcomes for each cell on that matrix are shown in Fig. 11. Effects of System Boundaries. System boundaries are the
The number of cases in each category is given in parenthesesrésult of product decomposition and are defined by the way com-
expected, the majority of the cell80% of the cellsare the cases ponents are grouped into systems. Similarly, organizational
where known design interfaces were matched by team interactidmindaries are defined by the way the design teams are grouped
(349 “#” cells), and the cases with no design interfaces with nmto system teams. Boundaries are highlighted in the resultant
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Fig. 10 Resultant matrix. Legend: X: Design interface with no team interaction; O: Team interaction with no design
interface; #: Both design interface and team interaction; *: Diagonal elements (meaningless ).
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Table 5 Chi-square test results—effects of system boundaries T

Expected cases Expected cases Actual cases of X2 of
of predicted of unpredicted  Actual cases of unpredicted X2 of unpredicted
team team predicted team team predicted team team
Total interactions interactions interactions interactions interactions interactions
Design interfaces 124 111.5 125 110 14 0.020 0.175
within system (89.9% (10.1% (88.7%9 (11.3%
boundaries
(Modular systems
Design interfaces 84 75.5 8.5 7 7 0.029 0.259
within system (89.9% (10.1% (91.79% (8.3%
boundaries
(Integrative systems
Total 208 187.0 21.0 187 21 0.049 0.434
Design interfaces 65 49.0 16.0 40 25 1.645 5.029
acrosssystem (75.3% (24.7% (61.5% (38.5%
boundaries
(Modular systems
Design interfaces 150 113.0 37.0 122 28 0.713 2.179
acrosssystem (75.3% (24.7% (81.3% (18.7%
boundaries
(Integrative systems
Total 215 162.0 53.0 162 53 2.358 7.208

TExpected values are determined with the pooled data which indicates that 89.9% of the 208 design interfaces within system boundaries predatttensitile 75.3%
of the 215 design interfaces across system boundaries predict team interagligns,oundarie= 0-483: X 2cross-boundariss 9-566, Xgri,ica|(0_9511)=3.841.

matrix by the boxes along the diagonal. Cells inside the boxesWe use the sample formed by the 423 team interactit’s
represent the interactions withiforganizational and system and “O” cells from Fig. 1]) to test whether the way design inter-
boundaries while cells outside the boxes represent the interactigages predict team interactions is statistically equivalent for modu-
across boundaries. System boundaries impose architectygdland integrative design teams. The chi-square tests shown in
knowledge barriers which inhibit design experts’ understanding ?Bble 5 resulted in &2 equal to 0.483 for the cases within system

certain design interfaces. This results in some team imeramio&?undaries which is well below the critical value of 3.84ar

that are not predicted by design interfaces. Indeed, $88h
shows that team interactions within system boundaries are m(ﬁ?éo'05 and one degree of freedpn®n the other hand, for the

likely to be predicted than team interactions across system bouff@M interactions across system boundariesythequaled 9.566,
aries. In this paper we are interested in testing the hypothesis thAtich is well above the critical value.

cross-boundary team interactions with integrative design teamsThese results do not allow us to reject the null hypothesis that
are more likely to be predicted by design interfaces than are croge portion of unknown design interfaces within system bound-
boundary team interactions between modular design teams  aries is equivalent for both modular and integrative systems

Table 6 Chi-square test results—effects of organizational boundaries T

Expected cases Expected cases X2 of X2 of
of design of design Actual cases of  Actual cases of cases of design cases of design
interfaces interfaces not  design interfaces design interfaces interfaces interfaces not
matched by matched by matched by not matched by matched by matched by
team team team team team team
Total interactions interactions interactions interactions interactions interactions
Design interfaces 137 110.9 26.1 110 27 0.007 0.031
within organizational (81.0% (19.0% (80.3%9 (19.7%
boundaries
(Modular systems
Design interfaces 94 76.1 17.9 77 17 0.011 0.046
within organizational (81.0% (19.0% (81.9% (18.1%
boundaries
(Integrative systems
Total 231 187.0 44.0 187 44 0.018 0.077
Design interfaces 110 52.7 57.3 40 70 3.070 2.826
acrossorganizational (47.9% (52.1% (36.4% (63.6%9
boundaries
(Modular systems
Design interfaces 228 109.3 118.7 122 106 1.481 1.363
acrossorganizational (47.9% (52.1% (53.5% (46.5%
boundaries
(Integrative systems
Total 338 162.0 176.0 162 176 4.551 4.189

TExpected values are determined with the pooled data which indicates that 81.0% of the 231 design interfaces within organizational boundactesdag team

interactions while 47.9% of the 338 design interfaces across organizational boundaries are matched by team int,eﬁmpjggl;,daﬂes: 0.095, Xﬁcmss-boundane:s 8.740,
2

Xecritical(0.95,1)~ 3.841.
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Table 7 Chi-square test results—effects due to type of design interfaces ¥

Expected cases Expected cases X2 of X2 of
of design of design Actual cases of  Actual cases of cases of design cases of design
interfaces interfaces not  design interfaces design interfaces interfaces interfaces not
matched by matched by matched by not matched by matched by matched by
team team team team team team
Total interactions interactions interactions interactions interactions interactions
Spatial-type design 24 11.7 12.3 15 9 0.926 0.882
interfaces (48.8% (51.2% (62.5% (37.5%
(Modular systems
Spatial-type design 17 8.3 8.7 5 12 1.307 1.245
interfaces (48.8% (51.29% (29.4% (70.6%9
(Integrative systems
Total 41 20.0 21.0 20 21 2.233 2.127
Transfer-type design 41 13.2 27.8 8 33 2.024 0.957
interfaces (32.1% (67.9% (19.5% (80.5%
(Modular systems
Transfer-type design 40 12.8 27.2 18 22 2.074 0.980
interfaces (32.1% (67.9% (45.09% (55.09%
(Integrative systems
Total 81 26.0 55.0 26 55 4.098 1.937

TExpected values are determined with the pooled data which indicates that 48.8% of the 41 spatial-type design interfaces are matched by tm@smihiier6til% of the
81 transfer-type design interfaces are matched by team imeraqiﬁmgmws 4.360, Xf,ansfe,_type: 6.035, Xgm,ca|(0.95‘1):3.841.

However, for interactions across system boundaries we were ablé&ffects of Types of Design Interface. According to the type

to reject the corresponding null hypothesis. Indeed, Table 5 showfsdesign dependency, we classify design interfaces into two ma-
that the portion of unknown design interfaces across modular sysr categories:

tems is statistically significant larger than for integrative systems.

Note that unknown design interfaces are characterized by unpres Spatial-type design interfaces, which involve spatial depen-
dicted team interaction$“O” cells of Fig. 10). Specifically, dencies only.

38.5% of the modular design team interactions across system Transfer-type design interfaces, which involve structural
boundaries were not predicted by design interfaces whereas only and/or energy and/or material dependendiegormation de-

18.7% of the integrative design team interactions across system pendencies are not included in this analysis because they are
boundaries were not predicted by design interfaces. not present in the modular systeins

b Effect;, c_)f Organlzatlonal _Boundarles. Qrga_nlzat_lonal . Henderson and Clarkl] refer to “communication filters” as
oundaries impose communication barriers which inhibit desqﬂ hanism f ina th il inf . d
teams interactionf40,41]. However, given the distributed nature € mechanism tor screening the most crucial in ormapon. Adapt-
of integrative systems we expect integrative design teams to 3 this concept to our context, we expect some design teams to
less affected by this type of barrier. Since the design interfaceshsndle a larger proportion of some types of design interfaces than
integrative systems are distributed throughout the engine, we &ther ones. Hence, we want to investigate whether there is a dif-
ticipate integrative design teams to be more accustomed to crosgence in the way modular and integrative design teams handle
ing organizational boundaries than are modular design teams. fihhese two types of design interfaces.
deed, we hypothesize thamtegrative design teams handle a A subset of 122 design interfaces, which could be categorized
statistically significant larger portion of design interfaces acrosgs either spatial-type or transfer-type, were used to answer this
or%nlzatlciﬂal 5b609undarle$ th"’;]'? (rj]oqudul_art d?5|gn teams_d ifduestion(see Table J The chi-square test resulted iny& equal

© use e cases In which design interiaces were IGentitecy 360 for spatial-type design interfaces, angf@qual to 6.035

(“#" and “X” cells of Fig. 11 ) to test whether both modular and ¢ desian interf h h he criti
integrative design teams handle a statistically equivalent portiff transfer-type design interfaces. Both are greater than the criti-

of design interfaces. Note that we are implicitly assuming that tif&! value of 3.841for a=0.05 and one degree of freedpiihese
coordination-type communication reflects handling the corréesults allow us to reject the null hypothesis tepatial-type de-
sponding design interface. sign interfaces and transfer-type design interfaces are equally
The chi-square tests shown in Table 6 resulted jf @qual to handled by modular design teams and integrative design teams
0.095 for the casewithin boundaries, which is well below the These results allow us to state thtams designing modular
critical value of 3.841(for «=0.05 and one degree of freedbm systems have a stronger preference, ability, or willingness, to deal
These results do not allow us to reject the null hypothesis thgith spatial-type design interfaces than do teams designing inte-
design interfaces within organizational boundaries are equally,ative systemsAs shown in Table 7, 62.5% of the modular
handled by teams that design modular systems as by teams %tﬁtial-type design interfaces analyzed were matched by team in-
design integrative systemSn the other hand, for the casewoss teractions, while 29.4% of the integrative spatial-type design in-

organizational boundariee” equaled 8.740(well above the criti terfaces were matched by team interactions. Similarly, we found

cal valug which allows us 1o reject the corresponding null hyﬂba&teams that design integrative systems are more likely or will-

potheses. Indeed, Table 6 shows that integrative design teams . ST

handle a statistically significant larger portion of design interfac#ad to deal with transfer-type design interfaces than modular de-

than do modular design teams. Specifically, integrative desi§fgn teamsTable 7 shows that 45.0% of the integrative transfer-

teams matched 53.5% of the cross-system design interfaces whige design interfaces analyzed were matched by team
modular design teams matched 36.4% of their cross-system tigeractions, while only 19.5% of the modular transfer-type design
sign interfaces. interfaces were matched by team interactions.
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. Identify design dependenciesCapture the various types of
design dependenciespatial, structural, material, energy,
and information among the product’'s components and
document the level of criticality of each of thefrequired,
desired, indifferent, undesired, and detrimental

3. Construct design interface matrix. Construct a design de-

pendency matrix for each dependency type. Each cell of

these matrices should contain the level of criticality of the
corresponding design dependency. Sequence the matrices by
clustering components of the same system together. Then,
aggregate all design dependency matrices into one binary
matrix for compact representatigsimilar to the design in-
terface matrix constructed in our example, Fig. Qutline

the system boundaries so that cross-boundary design inter-

5 Discussion

By studying the coupling of the architecture of an aircraft en-
gine and the development organization that designed it we have
gained important insights about the difference between designing
modular versus integrative systems. While we cannot claim the
generality of the results before completing similar studies in other
types of products in different industries, we expect to obtain
analogous findings in other projects developing complex systems
and where the development teams are organized according to the
product architecture. The analysis presented in this paper provides
three important resultésubject to further verificationwhich are
summarized here:

1. When analyzing the effects of system boundaries, we found

a statistically significant larger proportion of unpredicted
team interactiong“O” cells of Fig. 10) associated with
modular systems. Since unpredicted team interactions repre-
sent unrecognized design interfaces, we conclude that design
interfaces across modular systems are more difficult for de-
sign experts to recognize than interfaces with integrative
systems. In the context of the project studied, one of the
practical outcomes of this project was the creation of a new
design team dedicated to handle the critical cross boundary
design interfaces that were unattended before. This newly

created design team was implemented in the design process.

of the subsequent engine to be developed.

. The statistically significant differences in the way integrative
design teams handle design interfaces across boundaries
suggest that these teams are more effective at overcoming
the barriers imposed by organizational boundaries. The dis-
tributed nature of the integrative systems forces these design
teams to overcome organizational barriers in order to handle

4.

faces are easily determined.

Identify modular and integrative systems By visually in-
specting the design interface matrix identify the systems
with larger proportion of cross-boundary design interfaces.
If necessary, re-sequence the matak the system levekso

that potentially integrative systems occupy the last rows and
columns of the matrix. Clearly separate modular versus in-
tegrative systems. Perform chi-square analysis of frequen-
cies for the cases where it is not clear whether it is a modular
or integrative system.

Highlight critical cross boundary design interfaces By
examining the aggregated level of criticality of each design
interface highly critical design interfaces across systems can
be identified. Additionally, determine the type of depen-
dency(spatial-type or transfer-typef those critical design
interfaces. This step is particularly important to be carried
out between modular systems, as we learned that technical
interactions across their design teams are more difficult to

design interfaces with all the systems.

. The existence of various types of design interfaces and the
statistically significant difference in the way they were In general, however we believe engineering managers should
handled by modular and integrative design teams providke able to apply the insights provided in this paper without carry-
empirical support to the notion of “communication filters”ing out any detailed analysis. They only need to know which
introduced by Henderson and Claft]. We found that systems are modular and which are integrative ones, based on
spatial-type design interfaces are largely addressed in tHeir expertise and understanding of the types of interfaces each
design of modular systems while transfer-type design intesystem has. Then, this paper suggests key factors that they need to
faces are more likely to be handled in the design of integrdwatch out for” while planning and managing the process.
tive systems.

manage.

It is important to mention that a significant portion of design
These results suggest that managers should pay particular atigferfaces were not addressed by team interactitires“X” cells
tion to identifying modular and integrative systems so that th@ the resultant matrjx yet components involved in these inter-
critical design interfaces between modular systems are identifiggees still got designed and the entire system worked as a whole.

Since modular systems may not be perfectly modular, manageisme of the effects that explain the existence of these “unex-
should suspect the existence of cross-boundary design interfagRssted” cases aréefer to Sosd38] for details:

It is important to understand that greater effort is needed to iden-
tify and handle these design interfaces due to the effects of system
and organizational boundaries. Hence, managers should put spe-
cial emphasis on identifying critical cross-boundary design inter-
faces occurring between modular systems to facilitate technical
interactions between the corresponding design teams. On the other
hand, design teams that develop integrative systems appear to be
less vulnerable to organizational and system boundaries due to thg
physically distributed nature of the systems they design. Managers
should also identify critical design interfaces of unexpected type
(i.e., transfer-type for modular systems, and spatial-type for inte-
grative systemsin order to facilitate the technical interactions
associated to those design interfaces.

We recommend the method to capture the product architecture,
illustrated in this paper in order to identify critical design depen-
dencies during the planning stage of a development project. This
method can be summarized in five steps:

Design escapesThese design interfaces, indeed, do not get
addressed in the design phase, but they are addressed in the
test and refinement phase resulting on unplanned design it-
erations. In some cases design escapes are found during cus-
tomer use as well, which is expensive in terms of product life
cycle cost and customer satisfaction.

Noncritical design interfaces Some design interfaces are
desired, or undesired, but not required, nor detrimental, for
component functionality. These noncritical interfaces are less
likely to be addressed by design teams. In many of these
cases design teams assume the state of the interface instead of
interacting directly with the corresponding design team.
Carry-over effect. Some design interfaces did not change
with respect to previous engine generation and design teams
could have known about it, therefore no team interaction was
needed. We observed few instances of this effect, but not
enough to be statistically significant.

Design interface standardization Some design interfaces
may be considered standard for certain product designs and
teams know about it. In our example, and probably similarly

1. Document product decomposition By interviewing design
experts capture the decomposition of the product into sys-
tems, sub-systems, and components.
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for other such complex products, we observed very little afxtend this method to explore the evolution over time of both
this effect due to the multi-dependent nature of the desiglesign interfaces and team interactions for several generations in a
interfaces. product family.
Predefined design interfaces Some design interfaces are This study takes advantage of the direct mapping of the product
specified within interface control documents, boundary comrchitecture and the development organization in the project stud-
ditions, or product design requirements. Design teams assui@é. What if this were not the case? Which types of barriers are
that the other team involved in such interface will meet themost severdorganizational or system barrigPsls an organiza-
predefined criteria, or will initiate an interaction otherwise. tional design that mirrors the architecture of the product an opti-
Indirect team interactions. Some design teams do not inter-mum one? Studying various mappings of product architectures
act directly, however technical information related to theito development organizations may help answer these research
design interfaces flows indirectly via other design teams wittjuestions.
which they interact.
e Measurement errors Lastly, there are two kinds of mea-

surement errors that could have happened during the d&gknowledgments

collection. First, there is the possibility that some of the de- gynging of this research has been provided by the MIT Center
sign experts we interviewed might have erroneously reporteg |nnovation in Product Development. We appreciate the assis-
to us certain design interfaces that are really not presentin ii,ce of the engineers from Pratt & Whitney Aircraft during the

current engine design. Hence, no team interactions were fgsyelopment of the example presented in this paper. Finally, we

quired in these cases. Second, some team interactions gf|d like to thank three anonymous reviewers for their insightful
indeed took place during the design process to address ments on a previous version of this paper.

corresponding design interfaces might not have been reported
during the survey. This could have happened because the re-
spondent was not aware of other team members’ interactioReferences
or simply forgot to report them.
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