Mikko

Kerttula
Cybelius
Software

Timo
Tokkonen
Nokia Mobile
Phones

Virtual Design of
Multiengineering -

COVER FEATURE

Electronics Systems

A virtual design and prototyping environment offers a solution for
companies marketing products that depend on a fast development cycle,
user satisfaction, and localized customization.

orporations that create high-technology

applications or operate in the consumer elec-

tronics and telecommunications markets

must be particularly adept at reacting to

changing business circumstances. Tightening
global competition, distributed organizations, advanc-
ing technology, shortened product life cycles, active
study of user preferences, and increasing product com-
plexity all require new methods for conducting prod-
uct development and related business operations. We
can classify these general business demands under
three main trends that also affect the development of
computer-based systems.

First, in many product areas, user satisfaction has
become increasingly important to staying competitive.
User satisfaction is important not only in consumer
electronics products, but also in original equipment
manufacturing and industrial electronics. Given the
close competition in many technological areas, which
laws and standards sometimes further impact, com-
panies have increasingly shifted their focus to user
interface design, usability, and an appealing appear-
ance. For example, in a mobile terminal business,
implementing a new product or features may no longer
be the problem. Often, the problem now is how to
form an optimal product variation for different cus-
tomer segments in international markets.

Second, effective communication has become
increasingly important. Modern computer-based sys-
tems result from a multidomain development process
that incorporates several engineering disciplines and
sciences. Successful organization and management of
this work requires developers to communicate, coop-
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erate, and coordinate effectively. Given that product
development increasingly involves nonengineering
teams that undertake usability-engineering and indus-
trial-design activities that support early linking of
product development to other company operations,
the need for more general, nontechnical communica-
tion skills also increases.

Third, global and distributed business operations
place new demands on organizations and product
development. Geographically dispersed development
teams must communicate effectively. Distance and time
differences provide the first obstacles, but businesses
also must overcome linguistic and cultural challenges.
Multinational markets create special needs for inter-
nationalization from the product marketing and devel-
opment viewpoints. In addition to taking the local
language into account, specific designs and product fea-
tures must accommodate cultural and geographical
preferences. Businesses also must configure their prod-
ucts to fit with local regulations and laws. To address
these concerns, companies must implement methods
and processes to efficiently develop product variants.

Our work focuses on developing consumer electron-
ics and telecommunications products that reflect the
design decisions these three trends inspire. We base these
efforts on solutions and practices derived from systems
engineering and software engineering research, inte-
grated with the results of several case studies conducted
between 1996 and 2001 by VTT Electronics, a unit of
the Technical Research Center of Finland. We con-
ducted these case studies in several joint research and
contract research projects, in which our partners were
both international companies and small- to medium-
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sized enterprises operating as subcontracting partners.
Research in these projects focused primarily on small-
sized products such as cellular phones, other personal
terminals, set-top boxes, and wrist computers.

SOFTWARE-INTENSIVE
MULTITECHNOLOGY PRODUCTS

The role of software has increased dramatically in
electronics products since the 1990s. In mobile
phones, for example, the size of software has risen
from a few kilobytes in analog phones to about 1
Mbyte in digital GSM phones.! Significantly, the
weighting of this software has shifted from lower-level
system software to user interface components: In some
consumer products, the Ul can account for more than
50 percent of all software.

To develop a successful, high-quality, desirable
product, however, developers must integrate software
development with expertise from other engineering
and expert domains. This focus must extend beyond
more traditional disciplines—such as mechanical and
electrical engineering—to include the increasingly
important areas of industrial design, usability engi-
neering, and other disciplines.

Further, the entire product development process
must be efficiently integrated with other company
functions, such as marketing, manufacturing, and cus-
tomer support. Developing modern, software-inten-
sive electronics and telecommunications products in
highly competitive markets equates with demanding
systems engineering tasks such as developing a com-
plex process-control or advanced-weapons system.
Only the technologies used and their weightings dif-
fer. The “Focused Development” sidebar summarizes
the characteristics of software-intensive multitech-
nology electronics products.

Focused Development

Product development requirements

Product development strives to increase customer
satisfaction and achieve better quality. Other business-
and company-specific objectives can be defined, such
as shorter product development times, support for
global operations, and so on. Our industrial-partner
cases indicate that the requirements for implementing
better product development in software-intensive mul-
tiengineering products fall into three categories, as
described in the “Efficient Product Development”
sidebar: product development process, tool support,
and simulation and prototyping support.

These requirements resemble many basic concur-
rent engineering requirements.2 Concurrent engineer-
ing is synonymously known as simultaneous engi-
neering, integrated product and process development,
or integrated product development. These approaches,
supported by various standards,®* have been used suc-
cessfully in military systems, shipbuilding, automo-
bile manufacturing, and the aviation and space
industries. They address issues such as total product
visibility, multiengineering cooperation, concurrent
work, and effective communication. Likewise, they
also set demands for the tools they use and recognize
the value of prototyping technologies.’

However, using these approaches as base practices
for the development of software-intensive multitech-
nology electronics products presents two challenges.
First, the approaches usually focus on large systems
in relatively stable business areas, where established
standards and national or international regulations
typically guide the work. We must determine how to
implement them in areas of rapidly changing tech-
nology and market dynamics.

Second, concurrent engineering and systems engi-
neering do not focus on software development—they

The software-intensive multitechnology consumer
electronics products we develop exhibit the follow-
ing characteristics.

Software development focus

Usually, software development takes a major part
of the product development effort and integrates
other technologies and sciences. These include the
traditional technologies—hardware, mechanical, and
telecommunications design—along with newer ones,
such as industrial design and usability engineering.

We also incorporate application-specific tech-
nologies in our development process: For example,
value-added service development for a mobile busi-
ness application, or physiology for a wrist-computer

Computer

business. As developing technologies mature, we will
incorporate them as well, including ubiquitous com-
puting, intelligent environments, and context-aware-
ness applications.

Business area focus

To fully integrate technology and business
requirements, our development process maintains
a strong business focus. Business factors that
demand attention include developing for a global
and highly dynamic market, succeeding against
strong competition, maintaining an innovative high-
technology edge, establishing highly dynamic orga-
nizations and processes, and emphasizing a user-
centered design process.



regard software as only one component of a system. We
must decide how to make these approaches recognize
the software’s dominant role in the system’s final fea-
tures, as is the case with software-intensive products.

Process support

Because we focus on software-intensive products,
we cannot disregard the role of software development
processes. Software process models such as the clas-
sic waterfall model and its extensions, software pro-
totyping and incremental and evolutionary develop-

ment models,®® serve well in their specific application
or technology areas. These models inherit several
objectives from concurrent engineering and systems
engineering practices and thus meet many of our
requirements. The challenge in applying these models
to our needs lies mostly in the early integration of soft-
ware engineering with other engineering areas and
business operations. Recognizing the importance of
user interface design and usability, we must also
emphasize the role of user-centered design within the
models and throughout the design process.

Efficient Product Development

tools, methods, and technologies. Likewise, it should allow
changes to the project’s organization and business strategy.

We have found that products can be developed efficiently by
meeting the following requirements.

Core development
Efficient development begins with these activities.

Tool support

Implementing the following measures can increase the effi-
ciency of development tools.
e Early validation. Validating product concepts, versions,

and features early is vital. You can achieve better customer ¢ Tools should use standardized interfaces, both when access-

satisfaction by validating design alternatives efficiently at
the beginning of the design cycle. Reducing the number of
costly mistakes through efficient early validation can result
in better product quality and shorter development times as
well.

Efficient communication. A process model should support
effective communication at both the technical and human
level. In practice, this means that product development
goals and particulars must be communicated clearly
between technical teams, other company operations, and
partners and customers.

Multidisciplinary cooperation. A process model should sup-
port multidisciplinary cooperation by providing common

ing data and interfacing with other tools. If no standardized
or de facto standard interfaces exist, tools should provide flex-
ible and open interface components that allow customization
of the tool to different data formats and other tools.

If possible, tools should be customizable to new tasks. They
should also have some programmable capabilities that per-
mit building new features into them. This capability lets
existing tools adapt to new design tasks until specific tools
can be developed for them.

Tools should be built upon flexible base technologies.
Doing so helps them adapt to different design methods and
notations easily, without undergoing extensive updates.

Simulation and prototyping support
Building the following capabilities into simulations and pro-
totypes can make this phase of the design process more efficient:

and integrated views of the design target. The model should
also provide updates on the design’s status.

o Concurrent operations. Integrating design disciplines dur-
ing the development cycle’s early phases can achieve support

for concurrency in operations. The interfaces between dif- ® More realistic simulation of software-intensive multiengi-

ferent technology areas in a product must be defined as soon
as possible. Concurrency should extend beyond the design
itself. For example, market tests and protoseries manufac-
turing can be implemented in parallel with detailed product
design.

Component and document reuse. The development
process should explicitly support component reuse.
Pretested and preused components normally exhibit higher
quality than ad hoc components. Further, component reuse
decreases the amount of work and thus shortens develop-
ment time.

Adaptivity and flexibility. The development process model
should be flexible enough to accept the adoption of new

neering products and new technology areas is a core design
goal. To achieve realistic simulation, prototyping should
combine different technologies and simulate various prod-
uct features in an extensive product model presentation.
Prototyping tools should support heterogeneous simula-
tions so that different simulation tools and components
with different maturity levels can combine to create an
extensive product or system simulation.

It should be possible to use prototypes and their compo-
nents in real product components. No extra effort should
be needed to build simulations for different purposes.
Instead, simulations should evolve incrementally toward
real product components.
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Figure 1. Virtual
reality prototyping.
VRP can use virtual
and physical models
in combination to pro-
vide the most effec-
tive simulation of the
prototyped product’s
features. (CyPhone
model courtesy of JP
Metsévainio Design
Oy, Finland.)

Visual user interface
e Graphics, texts

e Displays, animations
* Menus

External functionality
o Network access

¢ Value-added services
e Sensor interfaces

Product functionality
and behavior

e Embedded software
® Embedded hardware

As the ongoing standardization work with the
ISO/IEC 15288 standard’ for System Life Cycle
Processes—scheduled for publication in October
2002—shows, the special nature of software-inten-
sive multitechnology products has been widely rec-
ognized. This work strives to provide a new standard
suited to modern systems, including digital computers
and software, by combining project management, sys-
tems engineering, and software engineering ap-
proaches. The standard also emphasizes the role of
human interfaces in component-based software.

VIRTUAL REALITY PROTOTYPING

We base our approach to meeting the requirements
for developing software-intensive multitechnology
electronics and telecommunications products on a vir-
tual product design process and virtual reality proto-
typing technology. Virtual reality prototyping (VRP)
can be viewed as a process or technology description.

Process and technology

A VRP process combines simulation models and
virtual reality techniques to simulate a product or a
product concept and its behavior. In a technological
approach to VRP, the focus usually shifts to realizing
the virtual reality prototype. The prototype simulates
a real target object and strives to portray its physical
and logical functionality and appearance adequately.
It achieves this goal by combining different simula-
tion models and virtual reality techniques.

We base our definition of VRP on the work of
Edward J. Haug and colleagues'® on virtual proto-
typing simulation (VPS) of mechanical systems. Our
approach conforms with many of their ideas and find-
ings, but it has a different focus. When concentrating
on software-intensive consumer products, we empha-
size the simulation of embedded behavior, such as soft-
ware, and realistic appearance. VR techniques play

Computer

Audio user interface
e Alarms, signals
¢ \/oice control

Physical user interface

e Buttons, controls

* Mechanical functionality
e Textures, materials

an important but not exclusive role in the realization
of a virtual reality prototype. In general, implement-
ing a virtual reality prototype does not rely on com-
puter models alone, but it can include, for example,
partial hardware mockups. Using virtual and physical
models together helps provide customers with useful
information about the overall quality and various fea-
tures of the prototyped product.

Thus, VRP integrates advanced modeling, multi-
discipline simulation, interactive user interface, and
VR techniques. To allow concentration on a particu-
lar aspect of a product, VRP combines VR and visu-
alization techniques with various simulation models
to provide different levels of reality. In fact, VRP intro-
duces heterogeneous prototypes, but in the wider
sense as it is understood in software engineering,
where heterogeneous means different abstraction lev-
els of software, not abstraction levels of complete
product features such as mechanics, design, and elec-
tronics.

Simulated features

To support the special characteristics of software-
intensive multitechnology electronics and telecom-
munications products—especially, cross-engineering
and heterogeneous prototyping of these areas—we
found the following simulated product features to be
significant: visual appearance, audio properties, user-
interface functionality, internal functionality and
behavior, and external functionality.

In addition to connections to and from the outside
world, external functionality encompasses stimuli
and functions reacted to or accessed through hard-
ware or software, but not directly by the user. For
example, value-added services, software agents, and
sensory input represent external functionality in a
mobile phone. As Figure 1 shows, VR technology can
combine attributes from virtual and physical models
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in a simulation. For example, combining tactile and
force feedback sensing with stereoscopic viewing in
user-to-product interaction can provide new simula-
tion properties.

VIRTUAL PRODUCT DESIGN PROCESS

To further study the possibilities that derive from
introducing VRP into an organization, we extended
our approach to include virtual product design. In this
context, we define virtual design as a product devel-
opment and business process framework that applies
VRP in selected process phases and tasks.

The design task extends beyond formal engineer-
ing practices to include innovative and creative design
work and decision making, especially when the prod-
uct must achieve high levels of customer satisfaction
and appeal. In this sense, our understanding of design
parallels Kaneo Akiyama’s viewpoint,'' which empha-
sizes creative information manipulation and decision
making in transforming abstract customer needs into
product specifications and components.

Because we believe that product development should
have versatile links to and active cooperation with
other internal business operations, we do not restrict
our definition of virtual design to product development
alone. Depending on a company’s organizational
model, the boundary between product development
and other activities can vary. In addition, in the high-

technology industry, product development often plays
a central role in the organization, and other business
activities build upon it to ensure that the business oper-
ates profitably. However, product development’s role
will often change as the company matures.

Basic process model

Figure 2 shows the basic virtual design process
model. We describe the model with only one diagram
and a very simple notation. The notation does not
include any software or other engineering-specific
process-flow notations because engineers, managers,
and other experts from differing backgrounds should
be able to easily understand our general-process
framework. This is only a reference process model: In
the real world, the implementation and realization of
a model always need organization- and business-
dependent modifications.

The virtual design process includes two phases.
During the first phase, developers create the initial
design concept and place it in the VRP environment.
The second phase is the actual virtual design process,
which finalizes the product. We built this two-phase
process model with five main component types:

o Virtual-reality prototype environment. This envi-
ronment forms the core of the process that inte-
grates design information and components into
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Figure 2. Virtual
design process
model. The process
includes two phases.
During initial concept
design, developers
create the first product
concept and place it in
the VRP environment.
During the virtual
design process,
developers refine and
finalize the product.
The numbered circles
indicate steps in the
design process.




The information from
prototyping and the
total product
visibility that VRP
offers help to
advance the design
and manufacturing
processes.

a common functional and interactive prod-
uct presentation. It provides participating
actors with views of the design target and its
status.

e Actors. These elements include develop-
ment teams, company departments, or
functions that use design data and the com-
ponent repository to process information
and material and update the virtual reality
prototype.

o Information and material flows. Light-blue
arrows in Figure 2 show the kinds of in-
formation or material transferred between
actors.

Design data and component repository. The
building blocks for the virtual reality prototype
include parts produced during the current design
process or existing parts recycled from earlier
products and projects. The repository content can
vary from design documentation to actual prod-
uct components and can even include external
tools and simulation systems.

Design target view and status. This component
emphasizes the total product visibility that the
integrated virtual prototyping environment and
virtual product models offer to design teams and
other participating actors.

The numbered circles in Figure 2 denote the steps
that comprise our process and the order in which they
execute, as follows:

1. Concept design. We base the initial concept design

2.

3.

Computer

on existing business knowledge combined with
product versions tailored to match new customer
needs. If no existing material is available, we pro-
duce the first concept based on new product ideas
and visions alone. The amount of effort needed
for this phase varies considerably, depending on
whether we are designing a completely new prod-
uct or updating an existing product. This phase
produces the initial requirements and specifica-
tions for the target product and its first 3D indus-
trial and mechanical design models.

VRP environment. VRP prototypes simulate and
visualize the design results for all participants in a
development project. We build the first prototypes
from initial 3D CAD drawings, using software
engineering tools that support rapid logical mod-
eling to add mechanical functionality and define
the product’s logical behavior. We add more pre-
cise implementation components to these higher-
level descriptions later, when, for example, we
integrate existing software components and hard-
ware simulations into the prototype.

Total product visibility. The VRP environment’s

6.

7.

functional product prototypes offer a base for
cross-engineering communication and further
product development. Team members can see
immediately what they are expected to build and
how their own contribution fits into the process.

. Development teams. During iterative develop-
ment cycles, development teams receive more
detailed specifications for their work, mainly from
the prototyping system and the marketing depart-
ment, which can use virtual reality prototypes to
acquire precise customer feedback via the Web.
This approach also supports user-centered design
by continuous usability testing, including
ergonomic studies—an activity that benefits from
the evolving virtual reality prototype.

. Design results. Development work produces new
components, documents, and other material for
the design data and component repository. The
process model does not restrict implementation
to different design areas, but allows spreading the
detailed design work across the various teams and
expertise areas, matching the work to those most
suited to do it at any given time.
VRP environment inputs. An advanced prototyp-
ing system can benefit from several different input
sources. Depending on the state of development
work for a particular product prototype, the ses-
sions can use existing or new software and hard-
ware components, external and third-party design
tools and simulation systems, and existing prod-
ucts or earlier versions of the product under devel-
opment.
Other company operations. The full digital prod-
uct models that VRP provides are useful in early
marketing activities. For example, new product
versions or ideas can be advertised in advance on
the Web. Later, functional models can support
e-commerce by providing potential customers with
a more concrete concept of the company’s prod-
uct. In addition, the greater detail that virtual real-
ity prototypes provide can enhance Web-based
customer support and online user training. The
information from prototyping and the total prod-
uct visibility that VRP offers help to advance the
design and manufacturing processes. Similarly, vir-
tual reality prototypes can provide more detailed
and clearer specifications for subcontractors.

. Exit to production. Once the developers have
evaluated a sufficient number of research-and-
development cycles and designed and tested the
manufacturing process, production can begin.

VIRTUAL PRODUCT DESIGN TOOL SUPPORT

Although we can use current design tools and IT

systems to apply virtual design, taking full advantage
of the process requires new tools and methods. VIT



Electronics initiated the development of VRP tools in
1996 with demonstrations and evaluations of differ-
ent VR technologies. During this early phase, as Figure
3 shows, VTT sought to clarify the possibilities of VR
devices: stereoscopic glasses, a data glove for manip-
ulating objects such as a physical mockup of the prod-
uct, and a haptic device to give tactile and force
feedback about objects.

This work revealed that, in addition to being expen-
sive, the available devices were not yet sufficiently
practical or efficient for industrial use. For example,
the haptic device’s point-based touch feedback could
not naturally approximate the normal use of a mobile
terminal. Over time, the research focus shifted increas-
ingly to an open architecture simulation and design
environment for developing electronics and telecom-
munications devices—the VRP environment.'* This
environment retains the earlier idea of using VR tech-
nology, but now as only one of many options for sim-
ulating a product’s look and user interface.

The VRP environment uses a Java-based toolset
that can build a functional system-level simulation of
a target product during the very early phase of the
development process. The environment supports the
following functions:

o Component-based design. The environment can
integrate existing software and hardware com-
ponents, user interface components, external sim-
ulation systems, and design tools.

e Different user interface simulation levels.
Developers can use 2D or 3D presentations, VR-
based simulations, physical hardware mockups,
or combinations of these approaches.

e Heterogeneous and iterative simulations. The
environment supports using both real product
components and simulations. Software simula-
tion components can evolve into real product
components.

o Plug-in architecture. Developers can easily add
new tools, features, design tasks, and areas to the
environment.

o User interface design. Developers can customize
the product’s graphical user interface and its
physical user interface components. GUI com-
ponent accuracy equals that of real product com-
ponents. For example, a developer can define a
display’s resolution and incorporate the resulting
user interface text, icons, and animations directly
into real products.

¢ Behavior modeling. A graphical design notation
that describes instances of virtual components
and their connections can model the product
architecture. Likewise, the developer can use a
hierarchical state machine formalism to build a
product’s behavior.

e Code generation and simulation-model execu-
tion. Developers use the behavior model to gen-
erate classes in Java, and can select from different
options—such as the user interface simulation
type—for the final model.

VIRTUAL DESIGN CASE STUDY

We have demonstrated VRP technology and tools
in several publicly conducted pilot projects. These pro-
jects covered ground applicable to many industries in
which a new product’s design must begin before all
necessary implementation techniques are available.
For example, developing a real-life functional model
of the ComPen, a wireless interface device for the cel-
lular phone,"® was impossible given the technology
available when we initiated the project.

Specifying the design flow of a mobile-phone user
interface provided one of the first opportunities to apply
VRP technology and the virtual design process at Nokia
Mobile Phones. We customized VTT’s VRP environ-
ment for this design domain and tested it with selected
design cases developed in concept projects. Figure 4
shows the virtual design process we implemented.

Implementing this process gave us valuable feed-
back from the industrial world and proved that our
virtual design approach and VRP technology did
indeed offer advantages by fulfilling many of the prod-
uct development requirements described in the
“Efficient Product Development” sidebar. That a vir-
tual reality prototype can evolve through a design
process proved to be the most promising finding. The
model, starting from a relatively simple concept
design, matured into a functional and detailed proto-
type, some parts of which actually mirrored the capa-
bilities of real product components.

Comparing the case study results with our require-
ments demonstrates that virtual design supports the
following features:
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Figure 3. Virtual
reality prototyping
system used at VTT
Electronics in 1996.
Built around stereo-
scopic glasses,

a data glove, and

a haptic device that
gave tactile feed-
back, this early system
proved impractical.




Figure 4. Virtual
design phases in the
development of a
mobhile-phone user
interface. One of the
first industrial appli-
cations of VRP tech-
nology, this project
used a customized
VRP environment.
(Copyright Nokia
Mobile Phones Ltd.,
2001.)

1. Initial design

2. Components for the prototype

Changes and additions

e Industrial design
* Mechanical design
e Features defined

4. Prototype in

o Specifications

documentation and

—»| 5. New components
communication

Changes| Functionality added

3. Prototype in usability tests

* Multidiscipline cooperation. In the case study, team
members with mechanical, software, and usability
engineering; industrial design; and documentation
backgrounds developed the user interface.

e User-centered design. The technology showed
great potential in usability engineering, especially
when testing complex product features. For
example, when we combine value-added services
with usability testing, the role of VRP tools
becomes even more promising from the view-
point of already implemented case designs.

o Concurrent development. To cite an example
from the user-interface case study, once develop-
ers set the screen-size specifications, they could
begin the layout design in parallel with the
detailed mechanical design.

e Component reuse. Developers took advantage of
component reuse when, for example, documen-
tation writers and user-manual editors trans-
ferred the user-interface layouts from the design
directly to their documents.

® Design domain integration and cooperation
between tools. The VRP tools we used in the case
study combined different design phases into a flu-
ent workflow. Likewise, the VRP tools functioned
as an integrative platform for other design and
IT tools.

o Cross-engineering simulations and heterogeneous
prototyping. Developers used integrated compo-
nents from mechanical and software design to build
the functional simulations of the mobile phone con-
cept. They also simulated some user interface lay-
outs with hardware mockups that attached real
display components to the simulation.

Even though the virtual design of the mobile-phone
user interfaces represents only one subprocess of an
actual product development process, the experience
and results achieved with it were so promising that
Nokia Mobile Phones and VTIT Electronics contin-
ued developing the tools until their commercialization
by Cybelius Software. Currently, the use of these tools
and practices is expanding from concept to actual
products, and from user-interface development to
other design areas.

Computer

and advancing technology within the consumer

electronics special product group, companies
must increase concept innovation, shorten the
concept-to-market time, reduce development costs,
and improve the accuracy and quality of develop-
ment. We base our solution to these requirements on
VRP and virtual product design approaches that
facilitate designing, testing, and evaluating concepts
and products in advance—before creating any phys-
ical design models. Further, these simulations can
incorporate expected but yet-to-be-developed tech-
nology implementations. In general, in addition to
the case study we describe, we have found promis-
ing results in testing our approach in several other
case studies.

Virtual prototype technology also can benefit other
company operations: marketing, manufacturing, sub-
contracting, and distributed work management.
Extending the use of interactive, functional, and pho-
torealistic 3D product models into these domains can
facilitate effective business practices that cover the
entire value chain, from simulated product idea to
Web-based customer support of the final product. This
wider adoption of the VRP technology and process
offers ample scope for further research.

T o take advantage of rapidly changing markets
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