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1 Introduction
Complex products and large engineering systems require massive efforts to integrate designs at
various levels: product and production plans into components, components into sub-systems,
sub-systems into systems, and systems into a quality product. We define the product
development integration problem as the challenge to coordinate the engineering activities at each
level in order to achieve an integrated system in the final product.  We have developed a three-
step method to plan solutions to such integration challenges. The first step documents the
decomposition of the system into components. Second, the interactions between the components
are identified using methods based on various types of interactions.  Finally, the components are
clustered into systems around the integration challenges defined by the network of interactions.

2 Decomposition and Integration
In order to develop a complex product or large engineering system, it is common practice to
decompose the design problem into smaller sub-problems which can be handled more easily.  If
any of the sub-problems are still too complex, they may in turn be further decomposed.
Development teams are assigned to each design problem which may represent a component or
sub-system of the larger system.

One important level of integration takes place within each development team.  This is the now
common practice of concurrent engineering, in which a cross-functional team addresses the
many design and production concerns simultaneously.  However, to assure that the entire system
works together, the many sub-system development teams must work together.  This latter form
of integration is often called system engineering.  Figure 1 graphically depicts the relationship of
problem decomposition and system integration.

Figure 1. The decomposition and integration problems
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The premise of this paper is that the complexity of system integration is related to the pattern of
the relationships between the components.  Indeed it is these interactions which system
engineering must be planned to address.  Several scholars have proposed that the network of
task interdependency be considered in planning for system integration within development
projects [Alexander 1964; Simon 1970; von Hippel 1990]. Engineering design researchers have
recently been exploring methods for decomposition of design activities based on the
interdependencies of the design parameters involved in each [Altus, et al. 1995; Kusiak and
Wang 1993]. Many authors have recommended that problem decomposition be carried out so as
to minimize interactions between the sub-problems.  Unfortunately, this is rarely possible for
large system decomposition because practitioners may be limited to historical, familiar
approaches, or may be partially constrained to utilize existing sub-systems and components.

In this research, we assume that the designers have already developed such a decomposition.
This can be accomplished for novel design problems using formal methods for functional
decomposition [Pahl and Beitz 1984].  For more routine development problems, existing sub-
system or component decompositions suffice.  In the case of functional decomposition, many of
the (fundamental) interactions between the components would be documented on the function
diagram in the form of energy, materials, or signal interchanges between the sub-functions.  Still
other (incidental) interactions will arise due to the embodiment of the functions as physical
components [Ulrich and Eppinger 1995].  In the case of more familiar design problems, the
interactions between the sub-systems and components may be well known to the design teams
and can be documented using methods explained below.

We use a mapping of the physical interactions between the components to represent the structure
of the system integration problem.  In a similar manner, we can alternatively use a mapping of
the personal communications between the people who design the components to also capture the
structure of the integration problem for the system as a whole.  This paper extends our prior
research in which we have shown how to model design procedures using the design structure
matrix approach [Eppinger, et al. 1994], and in which we began to explore integration analysis of
architectures and organizations [McCord and Eppinger 1993; Pimmler and Eppinger 1994].  

3 Analysis Method
The integration analysis method is comprised of three steps: 
Step 1. Record the problem decomposition. 
Step 2. Document the interactions in a matrix. 
Step 3. Analyze the matrix to identify the structure of the interactions.

To record the problem decomposition, we create a list of the components or of the teams
responsible for designing the components.  To document the interactions, we have had success
with a scheme in which we ask the engineers directly how each of the components interact, using
the four-attribute scale shown in Figure 2a.  We have been able to model larger problems by
surveying the organization regarding frequency of interaction between the people on the
development teams, using the single-attribute scale shown in Figure 2b.

The interaction data are represented in graphical form using a matrix.  The idea of using a matrix
is derived from our earlier experience using the design structure matrix (DSM).  However, this
particular application features important differences not only in the type of DSM data we
include, but also in the type of analysis we perform.  Using the interaction scales given above, the
interaction matrix becomes quite symmetrical, which means that the type of sequencing analysis
common for DSM is not possible.  Instead, we perform a type of clustering analysis.  

The components are clustered into systems around the integration challenges defined by the
network of interactions.  We have explored many types of clustering algorithms [Romesburg
1984] and have found that typical algorithms assign elements into mutually exclusive groups.  In
the case of our integration analysis, we wish to allow overlapping clusters with cross
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membership where appropriate.  In the work presented here, we used heuristic clustering
approaches implemented by Excel macros and C programs.  We continue to develop improved
clustering algorithms suitable for this problem.

Detrimental Undesired Indifferent Desired Required
Spatial –2 –1 0 +1 +2
Energy –2 –1 0 +1 +2

Information –2 –1 0 +1 +2
Material –2 –1 0 +1 +2

Figure 2a. Scale used to represent component interactions

Daily Weekly Monthly None
Frequency of

Interaction ● ● ●

Figure 2b. Scale used to represent personal interactions

4 Applications and Results
We have developed and tested these methods in conjunction with projects in the automotive
industry.  Two examples will be presented here briefly.

4.1 Powertrain Design Example
In research with General Motors Powertrain Division, we studied the design of a new engine.
(Additional details can be found in a working paper [McCord and Eppinger 1993].)  The
development project was decomposed into 22 major components (also some larger sub-systems)
and a product development team (PDT) was assigned to each.  Based on the cross-functional
nature of each of the 22 PDTs, concurrent engineering was possible for each component.  The
concern of our analysis is how to assure integration of the components as a complete system
(the entire engine).  Using the survey method shown in Figure 2b, we assessed the necessary
interactions across the PDTs, which are documented in Figure 3a.

The team leaders had a plan for the system-level integration of the development results.  This
involved assigning each of the PDTs to a system team according to the clustering scheme shown
in Figure 3b.  Inspection of this exclusive clustering suggests that many of the interactions
across the teams would not be facilitated by the system team structure and that a more effective
clustering may be found.

Our analysis suggests the alternative assignment of system teams shown in Figure 3c.  By
allowing the system teams to have cross membership, we achieve a structure which facilitates the
more efficient exchange of information between the development teams.  Note that it is the
overall problem structure revealed by the data analysis which determines the assignments of
PDTs to system teams.  For example, the cylinder head and intake manifold PDTs (B and K) are
assigned to three system teams (2, 3, and 4).  This is due to their interactions with each of the
other PDTs and to the overall pattern of interactions which defined the system teams.

Furthermore, there remain five PDTs which are tightly coupled to so many of the other PDTs,
that we assigned these to an “integration team”.  This is to acknowledge their special role as
system integrators across the entire project, for which a more focused system team assignment
may not be appropriate.
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A B C D E F G H I J K L M N O P Q R S T U V
Engine Block A A               

Cylinder Heads B  B               
Camshaft/Valve Train C   C        

Pistons D    D         
Connecting Rods E    E    

Crankshaft F      F       

Flywheel G   G   

Accessory Drive H     H              

Lubrication I         I     
Water Pump/Cooling J       J       

Intake Manifold K       K          
Exhaust L       L        

E.G.R. M       M       

Air Cleaner N     N   
A.I.R. O         O    

Fuel System P        P    

Throttle Body Q         Q    

EVAP R    R  

Ignition S               S   
E.C.M. T                 T  

Electrical System U                  U 
Engine Assembly V                     V
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Figure 3a. Powertrain PDT interactions Figure 3b. Existing assignment of system teams
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Team 2

Team 3

Team 4

Figure 3c. Suggested system team structure

This example clearly illustrates the need for three distinct levels of integration within the project.
First, there are design, production, and other concerns which must be integrated by each
component-focused cross-functional team.  Second, there are specific system-level performance
issues to be addressed by the system engineering teams.  Finally, there are system-wide
performance issues which must be addressed by a system integration team with a broader
purview than the smaller system engineering teams.

4.2 Climate Control System Example
As the powertrain application showed that the integration analysis method can assist engineering
managers in assigning system team responsibilities, we looked next to test how the method
applies to the analysis of product architectures.  This example involves the design of an
automotive climate control system at Ford Motor Company and is more fully documented in a
paper with Pimmler [Pimmler and Eppinger 1994].

To conduct the integration analysis of the architecture of the climate control system, we
documented the interactions between components using the scheme shown in Figure 2a, which
was accomplished by interviewing the climate control engineers.  Since there are four
dimensions to the interaction scale (spatial, energy, information, and material), the clustering can
be carried out on any of the four dimensions or on any combination thereof.  We found that
each dimension offered an important perspective, and that these could be combined in the final
clustering display of the interaction matrix, shown in Figure 4.
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This analysis revealed four physical chunks in the climate control system architecture.  It
suggests the opportunity for certain types of modular design and identifies the need for system
engineering within three of the chunks and across all four chunks.

K J D ML A B E F I H C P O G N
1 0
0 0
1 0
0 0
1 0
0 0

1 0
0 0

1 0
0 0

-1 0
0 0

1 0
0 0

1 0
0 0
1 0
0 0

1 0
0 0

0 0
2 0

1 0
0 0

K

J

D

M

L

A

B

E

F

I

H

C

P

O

G

N

0 0 0 0 0 0 0 0
2 0 2 0 2 0 2 0

Refrigeration Controls

Heater Hoses

Command Distribution

Sensors

Radiator

Engine Fan

Condenser

Compressor

Accumulator

Evaporator Core

Heater Core

Blower Motor

Blower Controller

Evaporator Case

Actuators

Air Controls

0 0 0 0 1 0
2 0 2 0 0 0

-1 0 1 0
0 0 0 0

1 0 1 0 1 0 1 0 1 0 1 0 1 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0
2 0

2 0 2 -2
0 2 0 0

2 0 2 0
0 2 0 2
2 -2 2 0 0 2 -2 2
0 0 0 2 0 2 0 2

0 0 0 0 0 2 1 0 0 2
2 0 2 0 0 2 0 2 0 2

1 0 1 0 1 0
0 0 0 2 0 2

-2 2 0 2 1 0 -1 0 0 0 2 0
0 2 0 2 0 2 0 0 0 2 0 0

-1 0 0 0 2 0
0 0 0 2 0 0
0 0 0 0 2 0 2 0
0 2 0 2 0 2 0 2

0 0 2 0 2 0
2 0 0 2 0 0

2 0 2 0 2 0 2 0 2 0
0 0 0 0 0 2 0 0 0 0

0 0 2 0
2 0 0 0

Interior Air
Chunk

Refrigerant
Chunk

Front End
Air Chunk

  Controls /
Connections

Chunk

  

Legend:

:Energy
:Mat'ls.

Spatial:
Info.:

S E
I M

Figure 4. Integration analysis of the climate control system architecture

5 Discussion and Conclusion
In this stream of research, we have explored the analysis of large-scale engineering systems from
the perspective of difficulty to integrate the separately designed components into working
systems.  We base the analysis upon data representing the functional interactions between each
of the components or upon the personal interactions between the individuals or teams developing
each of the components.

The proposed method is certainly limited in a number of ways.  One important restriction is the
use of engineering interviews or surveys as the source of the interaction data.  It might be
preferable to utilize detailed engineering models which can reveal the technical interactions;
however, we have not studied problems with models rich enough to include the incidental
interactions arising from the many subtle effects which must be handled in integration.  Another
restriction is the decomposition itself.  Since our analysis begins with a problem decomposed
into components, the very definition of the components gives rise to many of the functional
interactions.  If alternative decompositions were considered, the analysis could be enhanced.

Nevertheless, the integration analysis has very practical impact and teaches important lessons
about both integration and decomposition.  The resulting models allow for efficient, data-driven
planning of system-integration team assignments and the critique of product architectures in
terms of integration complexity.  When clusters of highly interactive components comprise
physical chunks, sub-systems, or modules within the product architecture, with few well-
understood interactions between the chunks, this suggests a robust modular architecture with a
corresponding efficient development process.  Similarly, when clusters of highly interacting
people form system teams to handle the interactions between their components, an efficient
development organization is suggested.
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This line of research suggests several directions for future work.  In particular, we are
investigating three areas: 1. exploration of the duality of the product architecture and the
organizational architecture; 2. analysis of dense clusters of system-level interactions using a
richer vector of attributes in problem space for each interaction; and 3. development of efficient
and flexible clustering analysis algorithms.
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