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ABSTRACT
In product architecture design, designers assign forms

to functional elements of the product.  While many methods
exist to define a product’s architecture in terms of modules or
platforms, few address the embodiment issues of module
interfaces, i.e. the connections between modules.  In this paper
guidelines for redesign to reduce assembly costs are distilled
from a study of existing product layouts.  Module interface
complexity and number are found to directly affect final costs
and a representation scheme is developed to monitor the
interface state of a product.

INTRODUCTION
The development of product architecture is a critical

phase in the design process.  Occurring from functional to
embodiment design, the architecting process is the step where
functional ideas begin to incur spatial effects, and specific
configurations are selected among the many possible workable
solutions.  The result of product architecture is the layout and
connectedness of parts and assemblies as illustrated by Figure
1 which highlights the main assemblies of a drill.  The process
is important because the choice of physical layout will
strongly influence product performance in several areas of
interest including manufacturing, assembly, product variety,
serviceability, product design management, and future product
development (Cutherell, 1994; Otto and Wood, 2000; Ulrich
and Eppinger, 2000).

1Corresponding author: ETC 4.132-C2200, The University of Texas at Austin,
Austin TX 78712.

Currently, no highly proven method for the
architecting process exists.  This reflects a lack of basic
understanding of relationships among design aspects that
influence product architecture.  One aspect commonly called
interfaces, involves the nature of how parts and assemblies are
connected.  Mainly, this paper is intended to address the issue
of how interfaces can be
 used effectively in the product architecting process rather than
being viewed as constraints or loose ends relegated to detailed
design where they must be finally sorted out.

Figure 1.  Example of Product Architecture (DeWalt drill)
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In order to appreciate the direction of this paper, it is
useful to consider the stages of product architecture design.
Sometimes referred to as “configuration design,” the
architecting process is the mapping of function to form.  The
endpoint is a specification of physical layout that is ready for
detailed design.  Initial conditions are given in terms of
customer needs and then a functional model.  The midpoint
represents an architecture development phase where topology
of subsystems and modules are arranged spatially.  We
suggest that interfaces can be used in these intermediate
architecting stages to control the configuration toward a
desired layout.

It seems this layout process is currently more ad hoc
than systematic.  This problem has been recognized in the past
and interpreted from several perspectives.  The majority of
previous work proposes new methods and processes while a
minority of research has attempted to observe and understand
the relevant factors involved in the transformation from
function to form.  In this paper, we seek to generate a better
understanding of this transformation by empirically studying
the layout of a variety of existing devices.  Many problems are
addressed including how to represent architecture and
interfaces together.  The main problem addressed in this paper
is to investigate existing products to determine what role
interfaces play in the architecture development process,
answering the question “Do interfaces drive a design?”  We
first look at the range of previous work that gives rise to this
paper.

BACKGROUND
Attention to product architecture has increased in the

1990’s.  It is evident that architecture is a highly influential
factor to a product’s success (Cutherell, 1996; Otto and Wood,
2000; Stone, et al., 1998; Stone and Wood, 1999; Ulrich and
Eppinger, 2000).  Given the awareness of the significance of
architecture, recent work has developed using the basic
concepts of architecture that were established long ago.
Pimmler and Eppinger (1994) point to the early work of
Alexander in 1964, which held that some part of the design
process is characterized by the act of partitioning elements
into some arrangement.  Using the development of functional
modeling (Otto and Wood, 2000; Pahl and Beitz, 1991), a set
of architecture studies in both functional and physical domain
emerged in the early 1990’s.  Today, a collection of work
exists that includes proposed methods, metrics,
representations, and observational studies of architecture.

With a common goal of developing a useful method
for determining product architecture, several researchers have
proposed methods for this purpose.  Some emphasize module
identification within the functional domain.  Stone, et al.
(1998) developed three heuristics for this purpose.  They argue
that working with the functional domain will allow
development of the architecture earlier in the design process.
Similar work proposed a method for architecture development
in order to address product portfolio and family platforms
(Gonzalez-Zugasti, et al., 1998).  Other researchers have

focused on metrics that allow assessment and control of
architecture.  Allen and Carlson-Skalak (1998) have defined
measures for describing modularity.  Steiner (1999) included
geometric issues in his proposed metrics, while Maupin and
Stauffer (2000) addressed simplicity, direct cost, and delayed
differentiation effects in their metrics.  In some cases,
researchers have focused on the physical domain.  Soderberg
and Johannesson (1998), Yin and Cagan (1998), and Adams
and Fadel (1998) have each addressed spatial aspects of the
physical domain in their proposed methods.  Recently,
Siddique and Rosen (2000) accounted for both functional and
form issues in their partitioning method which involved
combinatorics.

In contrast to method development, some previous
work has involved studies of the basic relations and
descriptions of architecture effects.  Sosa, et al. (2000)
investigated the relation between architecture and design team
organization.  Jensen (2000) applied the German language of
Wirk elements to the notion of “function integration” which
essentially is the architecting process.  Many of these studies
have looked closely at interfaces as an important aspect of
architecture.  Liedholm (1999) recently argued that
identification of interactions as early as possible in the design
process is important.  Blackenfelt (2000) proposes robust
design of interfaces in order to increase interface commonality
with a variety of products.  Eppinger (1998) points clearly to
interfaces when arguing that architecture definition is
tantamount to interface definition.  Hillstrom (1994) also
argues that interfaces play a key role in architecture
development.  Beyond recognition of interfaces as a
significant item, authors have created different views of
interfaces in an effort to take advantage of that significance.
Rosen (1996) creates three design spaces including material
compatibility, connections, and covers.

Other work includes the distinction among interfaces
in terms of energy, material, spatial aspects, and informational
aspects (Sosa, et al. 2000).  Because of the importance of
interfaces in the architecting process, this paper presents a
study of how interfaces relate to architecture and their effect
on cost.  Our contribution is in showing how designers can
improve their architecture design process by using the effects
of interfaces to their advantage.

METHODOLOGY
Our vision of architecture design is directing this

work to solve a particular set of problems that we feel are
critical to developing a good understanding of how
architecture design can occur.  Based on previous work that
attempts to find methods to describe, represent, and partition
functionality and component layout, we can scope the overall
challenge.  We envision a process where both functionality
and form information are used to develop architecture.  This is
a general case of design where some form constraints such as
Industrial Design aspects are established early in addition to
functionality.  The designer, beginning with these two primary
informational items can incorporate spatial, assembly, and
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other aspects with an appropriate representation of relevant
parameters.  During architecture development, the designer
develops layouts based on how various tradeoffs lead to a
range of alternatives.  Essentially, the designer controls the
architecture to a desired outcome as opposed to hit-and-miss
style iteration that typify current practices generate.

This paper leads to this vision by developing a more
concrete understanding of how interfaces relate to
architecture.  To this end, we seek three items with regard to
interface and architecture parameters: significant relations
among them, a means of representing and thus observing these
aspects, and finally a strategy for controlling these parameters.

How does the selection of interfaces and modules
affect assembly cost?  Can we represent architecture,
modularity, and interfaces together as they are intertwined?  Is
there a reasonable solution to increasing part count through
careful architecture design?  Do interfaces drive design?  What
is the relationship between architecture, cost, and complexity?
These are some questions we hope to answer through our
work as we develop our vision of product architecture design.
Details of each step of our approach are presented next.

This paper seeks to understand how interfaces can be
used during architecture development to enhance the product
design process.  A secondary goal is that ultimately a method
for architecture development can be crafted which uses the
influence of interfaces.  In order to obtain an accurate account
of the effect of interfaces on a product, we choose to perform
an empirical study of multiple consumer products.  Our basis
for choosing products is to span a moderate range of scale in
terms of size, complexity, and cost.  This is not an exhaustive
study although it is a significant step forward to collecting
empirical data on architecture characteristics of existing
devices.

The main goal of this research is to develop a formal
measure of interfaces and the dependent effects of interfaces.
Since we are selecting existing products on which to perform
this study, the general method is product disassembly and
inspection of layout and parts.  Based on work from Sosa, et
al. (2000) and related work by Steiner (1999) that defines
interactions within a physical device, we develop a reasonable
definition for interfaces so that repeatable identification of
interfaces can be achieved.  We define an interface as:

Interface:  A spatial region where energy and/or
material flow between  components or between a
component and the external environment.

This definition differs somewhat from some previous
work where researchers included information, spatial, or
structural aspects to define an interface.  In order to simplify
the interface definition, we use only the fundamental types of
flows to avoid redundancy and confusion.  For example, the
“information” quality of interfaces referred to in Sosa, et al.
(2000) is physically a subset of material and energy flow since
informational signals must necessarily manifest themselves
through energy or material flow.  Similarly, spatial and

structural aspects of interfaces are refined physical
descriptions that depend on the magnitude and nature of the
energy and material flowing in a given region.  While a
thorough taxonomy of interfaces is important, our goal, for the
purposes of the study here, is simply to capture the existence
of interfaces in real designs.

Figure 2.  Example of interfaces

An application of this definition to a DeWalt drill
shown in Figure 2 illustrates how interfaces can be identified.
Three types are highlighted although many more exist within
the picture.  Note that interfaces are identified when two
components make physical contact since this constitutes force
flow between these parts.  Although the majority of interfaces
occur at a contact surface between components, several types
of interfaces exist where parts do not touch such as field
effects and material flow.

Since architecture definition essentially results in
interface definition (Eppinger, 1998), any of the architecture
dependent factors are possibly dependent on the arrangement
of interfaces.  So effects on assembly, serviceability, family
variety, etc. are potential sources for metrics.  Remembering
that we are interested in taking measurements via existing
products, evaluating many of the above metrics would be
difficult.

A simple, obtainable, and important metric is the cost
of production.  An additional benefit of this metric is that
production cost may also indicate the relative complexity
between a given set of products or designs.  In the context of
this work, the definition of complexity is based on the
observations of Hinckley (1994).  According to this definition,
product complexity has two parts:  the number of elements
and the difficulty of generating those elements.  More
generally, this means complexity due to quantity a n d
complexity due to difficulty.  Hinckley defines the two
elements as:

1. quantity measure - identifying the number of
elements which contribute to complexity.
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2. difficulty measure - a relative measure of the
difficulty in generating or executing each of the
elements.

One often used technique for reducing complexity
due to quantity is to reduce the part count by combining once
separate components into a single component (Boothroyd and
Dewhurst, 1984).  It is relatively easy to determine the
quantity measures in the form of the number of features or
components.  The difficulty measure, on the other hand, is
generally harder to quantify.  According to Suh (1990), those
emphasizing manufacturing define complexity in terms of the
amount of effort required to produce a product, while the
definition used by those in design is: “complexity is defined as
a measure of uncertainty in achieving the specified functional
requirement.” (Suh, 1999).  The design definition is based
upon probability and information theory and is consistent with
Hinckley’s observation.  For example, a product with many
parts is thought to be more complex than a product with few
parts because the uncertainty of satisfying the functional
requirements increases with the number of parts used to satisfy
those functional requirements, as there are more opportunities
for defects or failure.  Additionally the more difficult the
process of producing a functional requirement, the more
uncertain the outcome of the process.  The measurement of
complexity using the “quantity” and “difficulty” measures is a
consistent underlying theme throughout the literature, yet no
single measure of product complexity has been universally
accepted.

For this work, the measure of complexity will be the
cost of production as it combines the quantity and difficulty
measures.  One of the best tools presently available for
predicting and analyzing production costs is known as Design
For Manufacturing and Assembly, or DFMA®, from
Boothroyd and Dewhurst (1994).  Because of the widespread
use of DFMA®, we will focus on the assembly costs
determined using the DFMA® process.  The scope of this
work will be limited to looking at the costs associated with
manual assembly using DFMA®, but the concepts are
applicable to automated assembly as well.  In analyzing the
costs associated with assembling multi-component products,
the evaluation process is divided into two sections; one
addresses the difficulty of handling the individual components
of the product, and the other the difficulty of assembling the
pieces.  The result is a numerical index for part and handling
complexity that is correlated to the overall time, and hence the
cost, to assemble the product.

Documentation of cost data, interface data, and the
correlation between the two requires the development of a
representation scheme. We use a component-component style
matrix.  This Design Structure Matrix (DSM) is useful
because it facilitates a complete view of the product
configuration in a reasonably concise format (Sosa, et al.
2000).  In addition, the DSM allows us to attribute cost
information to different regions within the product according
to the number of interfaces that are present.  A full description

and illustration of a DSM for this purpose is discussed in a
later section, which provides an example product evaluation.

EMPIRICAL STUDY EXAMPLE AND METHOD
Consumer products are selected as the data set

because they represent a significant aspect of design focus in
industry (McAdams, D. A., et al. 1998).  Additionally, these
types of items are readily available and are easy to
disassemble and study.  In order to make a fair interpretation
of data, each product in the data set was matched with a
competitive or similar product.

One of the products in this study is a common
Swingline® desktop stapler.  We now discuss the complete
data collection procedure of this product to show how the
investigation of interfaces occurs.  The procedure begins with
disassembly during which time a list of components is
compiled.  As each part is removed, the relevant information
is determined in order to estimate assembly costs.  The data
table for the Swingline® stapler is given in Table 1.  Handling
and insertion times per part are determined using Boothroyd
and Dewhurst assembly time tables.  Total time per part and
the final assembly costs are calculated by the same method.

Table 1.  Component information following  disassembly
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1 base 1.13 1.5 2.63 0.011

1 staple die 1.84 5.5 7.34 0.029

1 open lever 1.13 5.5 6.63 0.027

1 die spring 1.13 10.5 11.63 0.047

1 die pin 1.88 5.5 7.38 0.03

1 flat back plate 1.69 10.5 12.19 0.049

1 btm pad 1.13 3.5 4.63 0.019

1 arm lower 1.13 1.5 2.63 0.011

1 staple guide 1.13 10 11.13 0.045

1 staple follower 1.13 1.5 2.63 0.011

1 front brace 1.13 9.5 10.63 0.043

1 upper housing 1.13 9.5 10.63 0.043

1 upper cap 1.13 5.5 6.63 0.027

1 upper spring 1.13 9.5 10.63 0.043

1 upper arm 1.13 9.5 10.63 0.043

1 spacer 1.13 9.5 10.63 0.043

1 arm pin 1.84 12 13.84 0.055

1 follower spring 1.13 10 11.13 0.045

153.6 0.614

Following the teardown stage, a DSM style structure
is created for each product in order to document the
partitioning of assemblies and components.  A consistent
method for identifying assemblies is used for all products.  A
set of parts is considered an assembly if the set of parts could
be assembled in parallel with the assembly of the rest of the
product.  For example, an electrical PCB set of parts is an
assembly to a disposable camera since the board can be put
together separately from other assembly steps.  The
documentation of this physical structure for a stapler is given
in Figure 3.  The outer box is the whole product while each
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smaller box is an assembly.  A tree structure of the assemblies
and components is derived from the DSM so that the hierarchy
of parts is clear.  This also allows one to easily count the
number of branches between assemblies and components.

Once the component-component layout matrix is
created, the identification of interfaces is recorded by marking
a “1” whenever two components possess an interface as
previously defined.  Since there is no implication of causal

effect or direction of material or energy flow with respect to
two components sharing an interface, the matrix is symmetric.
As a result, we only show the lower triangular portion.  A “1”
in the shaded diagonal indicates that a part has an interface
with the external environment.  Representing the product in
this manner allows one to fully view the layout of the product
in a succinct format.

Figure 3.  Physical assemblies, components, and interfaces of a Swingline® stapler in a DSM with corresponding tree structure

base 7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
staple die 5 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
open lever 6 0 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
die spring 10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
die pin 7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
flat back plate 0 0 0 9 6 6 0 0 0 0 0 0 0 0 0 0 0 0

btm pad 6 0 0 0 0 0 6 0 0 0 0 0 0 0 0 0 0 0

arm lower 6 4 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0

staple guide 0 8 0 0 0 0 0 8 0 0 0 0 0 0 0 0 0 0

staple follower 0 0 0 0 0 0 0 4 8 0 0 0 0 0 0 0 0 0

front brace 0 7 0 0 0 0 0 8 0 0 0 0 0 0 0 0 0 0

upper housing 0 0 0 0 0 0 0 0 0 0 0 10 0 0 0 0 0 0
upper cap 0 0 0 0 0 0 0 0 0 0 0 7 5 0 0 0 0 0

upper spring 0 0 0 0 0 0 0 6 0 0 0 8 6 0 0 0 0 0

upper arm 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0
spacer 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10 0 0 0
arm pin 5 0 0 0 0 0 0 4 0 0 0 7 0 0 6 7 0 0

follower spring 0 0 0 0 0 0 0 0 0 5 0 0 0 0 7 0 5 0base
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Figure 4.  Cost distribution allocated among interfaces

Following interface identification, the costs obtained
in previous steps are allocated to interfaces.  The method for
doing this is achieved by first dividing the cost of a component
by the number of interfaces associated with that component.
For example, the “base” in the stapler is associated with eight
interfaces.  The cost contribution of the “base” to each interface
where the base is one of the two components, the base cost is
divided by eight.  The cost distribution among interfaces matrix
is given in Figure 4 where each cell represents the cost in cents
for that interface.

RESULTS AND DISCUSSION
The products in this study include fourteen consumer

devices that ranged in domain from mechanical pencils to
disposable cameras and electric drills.  Table 2 shows a
summary of results obtained from analyzing the interface
matrices and component information from each product.  The
table column denoted by “# Branches” refers to the number of
branches from the tree structure as illustrated in Figure 3.  By
considering these branches and the number of parts, a metric
can be produced from the ratio of these two measures.  A plot
of this metric is given in Figure 5.  Several interpretations are
taken from this and other graphs as they are discussed next.
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Figure 5 shows that the ratio of branches to parts is
about 1.10-1.30 for most of the products, while the two
mechanical pencils are noticeably higher.  Alone this figure
suggests at least that the pencils are different than the rest of the
set.  One obvious difference in the pencils is their scale in terms
of size although the pencils have part counts similar to the
stapler group.  Figure 6 gives additional information about
nature of the branches / part ratio metric.  Of the six groups of
competitors, half show an increase in assembly cost with an
increase in (# branches / # parts) while the other half show a
decrease.  Figure 6 can be divided into two regions, with the
staplers and pencils in the lower region and everything else
higher.  In this view, the upper region exhibits a positive slope
overall and vice versa.  Given this contradiction with the data
available, it is not clear what the general relation is between
assembly cost and (# branches / # parts) although for smaller
scale products such as the staplers and pencils, it appears that
assembly costs decrease with an increase in the (# branches / #
parts) ratio.   The reason why the larger scale products do not
share the characteristics of the smaller ones is an open issue and
should be resolved with data collection.

Table 2.  Summary of cost and interface data
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Mini stapler 8 10 1.25 0.18 15 5 0.33

Pentel Forte 13 19 1.46 0.29 29 12 0.41

Side pencil 15 21 1.4 0.41 31 15 0.48

Swingline small 17 21 1.24 0.48 33 13 0.39

Swingline large 18 22 1.22 0.62 37 12 0.32

Kodak 47 53 1.13 1.07 103 23 0.22

Driving Force 56 60 1.07 1.43 112 43 0.38

DeWalt Drill 56 64 1.14 1.68 134 41 0.31

Skill Twist 57 67 1.18 1.1 91 26 0.29

Fuji 58 68 1.17 1.58 156 40 0.26

Conair Supermax 58 70 1.21 1.75 122 60 0.49

Remington Vortex 61 72 1.18 1.71 193 79 0.41

B&D Drill 68 87 1.28 1.96 144 39 0.27

Conair Quitetone 69 84 1.22 2.04 190 95 0.5

Figure 7 does not show an obvious overall trend
among all products but there is some consistency between
competitive products.  A comparison within the groups of hair
dryers, power screwdrivers, and cameras exhibit a decrease in
assembly cost with a decrease in (#inter-module/#total)
interface ratio.  The drills contradict this trend while the smaller
scale products including staplers and mechanical pencils have
nearly zero slope.  Despite the drill exception, Figure 7
suggests that for larger scale products, a reduction in (#inter-

module/#total) interface ratio corresponds to a decrease in
assembly costs.

Figure 8 shows the expected trend of assembly cost
rising with part count although there is one anomaly that is
evident in the two power screwdrivers.  Surprisingly, the Skil
Twist screwdriver has a lower assembly cost even with a
slightly higher part count than the Driving Force screwdriver.
How did the makers of Skil Twist manage to have a nearly
similar part count and achieve less assembly cost?  Based on
visual inspection of the screwdrivers, the Skil Twist model has
its components arranged in a more orderly modular fashion.
The following shows how the data supports this concept.

By comparing Figures 8 and 9, one can see a good
correlation between the two plots.  It appears that the number of
inter-module interfaces is correlated to assembly costs and that
decreasing the number of inter-module interfaces can help
reduce assembly costs even when relatively higher part counts
are present.  Of course, this requirement is subject to other
constraints.  For example, this concept implies that reducing the
number of modules is one way to achieve lower assembly cost
since losing these assemblies will lower the inter-module
interfaces.  However, a minimal or needed level of modularity
may be required for a number of reasons such as serviceability
or product portfolio needs.  It appears that the tradeoff for
lowering assembly costs is to reduce the number of inter-
module interfaces while maintaining the necessary level of
modularity.  Perhaps this can be achieved by defining a
minimum number of modules.

The previous assessment from Figures 8 and 9 is also
explained in terms of complexity.  The inter-module interface
metric is a representation of the quantity measure of
complexity.  In essence, the Skil® screwdriver has reduced the
complexity of the product by reducing the number of inter-
module interfaces.  This is accomplished while another
measure of complexity, part count, is slightly increased.  The
observation here is that the reduced number of inter-module
interfaces is also likely related to the difficulty of assembling
the inter-module interfaces.  The product with fewer inter-
module interfaces is the one that has a lower measure of
difficulty complexity as well.

In addition to the screwdrivers, the hairdryers exhibit a
case where the Remington Vortex model has similar assembly
costs as the Conair Supermax model despite the relatively large
number of inter-module interfaces present in the Remington.
Just as in the screwdriver case, the Remington model appears to
have a relatively well executed layout that involves a higher
number of interfaces being assembled in essentially less time.

Figures 10 and 11 show the relation between assembly
cost, the total number of interfaces, and the number of inter-
module interfaces.  A clear trend in the overall data is evident
which supports the notion that interfaces drive design.  Beyond
the overall trend in the whole data set, a view of each
competitive family of products shows an increase in assembly
cost with respect to both total number of interfaces, and the
number of inter-module interfaces.  Given these interpretations
of data, we can answer the questions that were posed earlier:
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1.  How does the selection of interfaces and modules affect
assembly cost?

From the data we present, the selection of modules
affects the assembly cost as indicated through the
(#branches / #parts) ratio in Figure 6 which shows that
a higher ratio generally lowers assembly cost in
smaller scale products.  Similarly, the reduction of
(#inter-module /# total) interface ratio, as indicated in
Figure 7, decreases the assembly cost for larger scale
products.

2.  Is there a convenient representation for architecture,
modularity, and interfaces together as they are
intertwined?

A reasonable visual representation for product
architecture is the application of the DSM to product
assemblies while including interfaces as DSM
elements.  Additionally, the tree structure allows
another view of the degree of branching among parts
and assemblies.  Both of these representations allow
direct calculation of relevant metrics.

3.  Is there a reasonable solution to increasing part count
through careful architecture design?

According to Figures 8 and 9, one guideline for
accomplishing this difficult task is to reduce the
number of inter-module interfaces.  This is consistent
with previously established heuristics and generally
held beliefs that modular design should exhibit a
higher degree of connectedness among parts within

modules relative to the degree of connectedness across
module boundaries (Stone and Wood, 1999; Rechtin,
1997; Sosa, et al., 2000)

4.   Do interfaces drive design?
With the evidence from Figures 10 and 11, there is a
clear trend showing that assembly cost follows the
presence of both inter-module interfaces and the total
number of interfaces.  The extent to which interfaces
act as a causal agent for the cost increase is uncertain
although it is clear that indirectly or directly, interfaces
drive design.

5.  What is the relationship between architecture, cost, and
complexity?

The number of inter-module interfaces reflects both
the quantity and difficulty measures of complexity.
As the number of inter-module interfaces grows,
assembly cost increases.  Similarly the total number of
interfaces follows the same trend.

From the results developed, we have learned that particular
aspects of architecture can be represented and evaluated to
assess the value of the layout in terms of assembly cost.
Developing empirical evidence of these trends impacts the
design community because it allows for predictive and
subsequent corrective steps to be taken during architecture
design before unnecessary assembly costs are incurred.
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CONCLUSIONS AND FUTURE WORK
The overall objective of this paper is to understand

how interfaces can be used to the designer’s advantage in
order to improve the quality product.  We show through an
evaluation of fourteen consumer products that particular
metrics of interfaces are correlated to assembly cost.  We
show that (i) increasing the (#branches/#parts) ratio in small
scale products, (ii) reducing the (#inter-module / #total)
interface ratio in larger scale products, and (iii) decreasing the
number of inter-module interfaces all have the effect of
reducing assembly cost.  It appears that these measures are a
description of product complexity.  By adopting these three
observations as guidelines, the designer can exercise improved
control of the design toward a reduced cost layout.

In addition to illustrating the trends describing the
relation between interfaces and assembly cost, this work also
demonstrates how the DSM and tree representations can be
used to facilitate observation of modules, components, and
interfaces.  This allows timely assessment of the layout at both
early and late stages of the architecting phase.

The information in this paper is a significant step
toward collecting data on how certain products are designed
better than others.  This empirical study is a productive
approach towards understanding good designs.  However,
many questions remain for future work such as the following.
How can we couple the DSM and tree representations of
physical modules and components with functional
representations in order to provide a more holistic view of
architecture?  Can the effects of interfaces be used to develop
notions of supporting functionality in order to describe these
effects early in the design process?  Can a method for product
architecture design be developed to more seamlessly transition
from function to form?
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