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Abstract

Knowledge centric activities of developing new products and services are becoming the primary source of sustainable
competitive advantage in an era characterized by short product life cycles, dynamic markets and complex processes. We

Ž .view new product development NPD as a knowledge-intensive activity. Based on a case study in the consumer electronics
Ž .industry, we identify problems associated with knowledge management KM in the context of NPD by cross-functional

collaborative teams. We map these problems to broad Information Technology enabled solutions and subsequently translate
these into specific system characteristics and requirements. A prototype system that meets these requirements developed to
capture and manage tacit and explicit process knowledge is further discussed. The functionalities of the system include
functions for representing context with informal components, easy access to process knowledge, assumption surfacing,
review of past knowledge, and management of dependencies. We demonstrate the validity our proposed solutions using
scenarios drawn from our case study. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

As we move further into the information age,
knowledge is becoming a critical component of com-

w x w xpetitive success of firms 22 . Nonaka 50 observed
that, as markets shift, technologies proliferate, com-
petitors multiply and products become rapidly obso-
lete, successful companies are characterized by their
ability to consistently create new knowledge, quickly
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disseminate it, and embody it in new products and
w xservices. In the post-industrial era, Quinn et al. 54

maintain that the success of a corporation lies more
deeply embedded in its intellectual systems, as
knowledge based activities of developing new prod-
ucts and processes are becoming the primary internal
functions of firms attempting to create the greatest

w xpotential for a competitive advantage 20 . Iansiti and
w xMacCormack 35 contend that the consumer needs

that a product should satisfy and technologies used
in the development of such a product can change
radically, even as the product is under development.
This has necessitated a flexible product-development
process where designers can continue to change and
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shape products even after their implementation has
w xbeen initiated 35 . The impact of the aforementioned

forces is witnessed most prominently in high-tech-
Žnology environments, where according to a survey

w x.by National Research Council 14 , the cost of
development can account for up to 85% of the total
cost of the product. We posit that providing effective
decision support by making knowledge about past
and current development efforts readily available and
accessible can make a significant contribution to-
wards ameliorating this process. Iansiti and MacCor-

w xmack 35 suggest that as firms shift from a product
centric form to a knowledge centric form, support
that enables continuous flow of information about
stakeholder needs and evolving technologies can re-
duce both the costs and time required for develop-
ment.

w xBohn 8 observes that in dynamic environments
and industries, knowledge about the process of prod-
uct development is incomplete in the beginning and
develops gradually over time, through various modes
of learning. The process of design is characterized by
complex deliberations about a series of interdepen-
dent decisions that lead to design solutions. Based on
a study of concurrent product development activities,

w xRamesh and Sengupta 56 observe that knowledge
about these deliberations is typically lost as it is

w xnever recorded. Davenport and Prusak 20 suggest
that better knowledge of past, similar product devel-
opment processes can lead to assessable efficiencies
in product development and its consequent produc-
tion. Such knowledge utilization is innately a collab-

w xorative process 1 . Here, collaboration refers to in-
formal cooperative relationships that build a shared
vision and understanding. Neither within nor cross-
firm utilization and transfer of knowledge can suc-
ceed without effectively supporting collaboration
w x18–20 .

This paper addresses the problems faced in the
retention and maintenance of process knowledge that

Ž .is created in new product development NPD . We
define process knowledge as tacit and explicit
knowledge about activities, steps, and procedures.
Our research is based on the premise that current
product-development methodologies do not ade-
quately address the capture and use of this knowl-
edge. Since much of the formal and informal knowl-
edge along with the context associated with it is lost

after the process is completed, development teams
are unable to leverage knowledge actualized by ear-
lier teams. We address the creation and use of a
repository of information and knowledge derived
from sources such as recorded decisions, text docu-
ments, images, audio, and video specifically relating
to collaboration within teams.

The following section defines knowledge and
identifies various types of knowledge involved in the
new product-development process. We then examine
the role of information systems to support knowl-

Ž .edge management KM . We discuss NPD as a
knowledge-intensive activity. Then we discuss char-
acteristics of NPD by collaborative, cross-functional
teams, and identify the problems related to KM faced
by these teams. In Section 6, we map the problems
in Section 5 to general solutions. Further, we trans-
late these general solutions into specific KM system
requirements. This is followed by a description of
the functionalities of a prototype system designed to
meet these requirements. The functionalities of the
system are described using scenarios derived from a
case study on the development of a personal digital

Ž .assistant PDA . Here, we demonstrate the validity
our proposed solutions using scenarios drawn from
our case study. We discuss related work in Section 8,
and conclude with a discussion of our contributions
and directions for future research.

2. Toward a Definition and Understanding of
Knowledge

w xDavenport and Prusak 20 define knowledge as a
fluid mix of framed experience, values, contextual
information, and expert insight that provides a
framework for evaluating and incorporating new ex-
periences and information. They suggest that it origi-
nates and is applied only in the mind of knowers
Ž .holders of tacit knowledge in organizations. It is
embodied in documents, repositories, organizational
routines, processes, practices and norms. Leonard-

w xBarton and Sensiper 42 point to the subtle differ-
ence between knowledge and information suggesting
that knowledge in the business context comprises of
relevant, actionable information that is partially based
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on experience. We differentiate process knowledge
from process information in the sense that the former
is actionable.

2.1. Components of Knowledge

w xNonaka and Takeuchi 52 suggest that the corner-
stone of the Theory of Organizational Knowledge
Creation is the substantiate distinction between tacit
and explicit knowledge. Several researchers
w x18,20,50 , define tacit knowledge as personal, con-
text specific knowledge that is difficult to formalize,
record, articulate, or encode. Leonard-Barton and

w xSensiper 42 , extending Polyani’s concept of tacit
knowledge from an individual to a group level,
showed that the tacit knowledge is mainly developed
through a process of trial and error encountered in
practice. Explicit knowledge on the other hand, can
be codified and transmitted in a systematic and
formal representation or language. Nonaka and

w xTakeuchi 52 reduce knowledge creation to conver-
sion of tacit knowledge to explicit knowledge, often
achieved through externalization. Externalization,
defined as the process through which experiential
subjective tacit knowledge is converted into objec-
tive explicit knowledge, is often driven by metaphors
and analogy.

w xRuggles 59 suggests that KM creates value by
actively leveraging know-how, experience and judg-
ment resident within and outside an organization. We
posit that KM encompasses the activities surround-
ing the integration of this knowledge from different
sources, in different forms, and maintaining it. The
key to knowledge creation thus lies in the mobiliza-
tion and conversion of this tacit knowledge into a
form of explicit knowledge.

w xDavenport and Prusak 20 indicate that some
knowledge is complex and initially tacit, but it can,

however, be externalized and embedded in a firm’s
w xproducts and processes. Nonaka and Konno 51

point out that the cognitive dimension of knowledge
that shapes perception consists of beliefs, ideals,
values, schemata and mental models that are deeply
ingrained in participants and that these are often
taken for granted by them. They further suggest that
some, if not all, of this knowledge should be ex-
tracted to retain context and fullness of the explicit
component.

3. The Role of Information Systems in Managing
Knowledge

The development of systems to assist in managing
knowledge has been a topic of considerable interest
w x51 . Nonaka and Konno suggest information sys-

Žtems can assist knowledge activists proponents and
.champions of KM systems in serving as catalysts of

knowledge creation and as connectors of present
initiatives with those in the future. Teigland et al.
w x69 observe that facilities to capture, reuse, maintain
and transfer knowledge are essential elements of
such a system. They suggest that such a channel for
supporting the demand for knowledge within an

w xorganization will be very valuable 69 . Davenport et
w xal. 18 suggest three major categories of knowledge

repositories, as shown in Table 1. This paper is
primarily concerned with creating internal knowl-
edge repositories. Whereas project management tools
allow for capture of formally structured knowledge,
we focus on the processes underlying capture and
use of informal, internal knowledge including exter-
nalization of tacit knowledge. To transfer tacit
knowledge from individuals to a repository, Daven-

w xport et al. 18 suggest support for some form of
community-based electronic discussion. A key fea-

Table 1
Ž w x.Types of knowledge repositories based on Ref. 20

Type of repository Type of knowledge supported Examples

External knowledge Formal and informal Competitive intelligence
Structured, internal knowledge Formal Techniques, methods and reports
Informal, internal knowledge Informal Discussion databases, lessons learned
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ture that would differentiate a KM support tool from
a project management tool or organizational memory
store is its ability to capture and retrieve uncodified

w xor tacit knowledge. Hansen et al. 33 refer to this
strategy as codification as opposed to personaliza-
tion. Tacit knowledge, like explicit knowledge, can

w xalso become outdated 42 , hence invalid. Therefore,
it is critical for a KM system to ensure the applica-

w xbility of tacit knowledge to the current situation 42 .

4. New Product Development as a Knowledge-in-
tensive Activity

w xEder 24 suggests that much of the knowledge in
NPD, such as knowledge about the strategic design
approach, and knowledge about tactics and methods
for designing is primarily tacit. Several researchers
have described NPD as a knowledge-intensive activ-

w xity 20,35,52,64 . NPD often involves cross-func-
tional linkages, where different participants join a
team with differing viewpoints. Such teams are often
characterized by participants who achieve a high
level of at-stakeness and synergy resulting from their

w xinteraction with other team members 36 . Morrison
w xand Kennedy 47 suggest that this interaction brings

in the need to organize, integrate, filter, condense
w xand annotate 46 collaborative data and other rele-

vant information that these team members contribute.
w xCourt 15 identifies three categories of knowledge

that product designers use in the process of develop-
ing a new product.

Ž .1 General knowledge: Knowledge that people
gain through everyday experiences and apply with-
out regard to any specific domain that they might be
working in.

Ž .2 Domain specific knowledge: Knowledge
gained through study and experience within a spe-
cific domain. This is generally improved as the

Ž .person s involved in projects gain more experience.
Ž .3 Procedural knowledge: Procedural knowl-

edge, the primary focus of this paper, is gained from
experience of undertaking a task within the domain.

w xCourt 15 suggests that this is a combination of the
above two types of knowledge. In the NPD context,
this includes knowledge about the processes through
which tasks are accomplished.

4.1. Codification Õs. personalization centric knowl-
edge management

w xHansen et al. 33 have classified KM strategies
into two distinct categories: codification and person-
alization. The codification strategy is defined as
being more reliant on computers and networks. They
suggest that the value of codification lies in its
ability to create economics of reuse. The goal of

w xsuch an approach, they suggest 33 , is that of con-
necting people with reusable codified knowledge.
Personalization, on the other hand, relies more on
social networks that allow knowledge workers to
share tacit knowledge. They suggest that personaliza-
tion creates value by connecting people with relevant
knowledge. The role of technology in such KM
implementations is limited to that of enhancing so-
cial communications networks.

ŽPrevious research in product development such
w x.as Refs. 35,64 suggests that product development

often builds upon an existing base product and rarely
w xbegins from scratch. Iansiti and MacCormack 35

discuss the case of Netscape Corporation’s browsers
that build on previous versions. Similarly, Song and

w xMontoya-Weiss 64 provide examples of incremen-
tal products in several other industries. Further, per-
sonalization and codification strategies are not mutu-
ally exclusive, but can exist in combination even
though the primary focus should be on one of these
w x33 . We, in concordance with Hansen et al.’s sug-

w xgestion 33 , therefore, posit that technology support
for NPD must incorporate both these strategies;

Žhowever, the primary focus as also suggested in
w x.Ref. 33 should be one of these two.

Procedural knowledge is experiential and includes
explicit aspects such as fundamental design concepts,
criteria, specifications, theoretical tools, practical

w xconsiderations, and design instrumentalities 15 , as
well as tacit aspects which Davenport and Prusak
w x20 suggest ‘‘reside in the minds of people’’ in an
unarticulated format. Past design knowledge that can
help product designers include both prescriptive
knowledge such as knowledge about the general
strategic approach to design, knowledge about tech-

w xniques, and methods for designing 24 , or descrip-
tive knowledge such as knowledge about design

w xprocesses and knowledge about working means 24 .
Since a substantial portion of this knowledge is tacit,
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we focus on the development of KM tools to support
the creation of internal, informal knowledge reposi-
tories containing such knowledge.

5. Knowledge Management in Collaborative new
product Development

Collaboration is the centerpiece of product devel-
opment processes. It is essential to distinguish be-
tween collaboration and interaction for the purpose
of distinguishing knowledge involved in the two
processes. While interaction refers to formal, transac-
tional communication links, collaboration refers to
informal, cooperative relationships that build a shared
vision and understanding needed for conceptualizing

w xcross-functional linkages in NPD contexts 36 . Col-
laboration is therefore imperative in knowledge gen-

w xeration and transfer 59 .
In a well-managed development process, a ca-

cophony of perspectives foster creative abrasion,
w xwhich Leonard-Barton and Sensiper 42 define as an

intellectual conflict, between diverse viewpoints that
produces energy channeled into new ideas and prod-
ucts. We observe that to enable a high degree of
cross-functional collaboration supporting the devel-
opment of a shared vision and understanding is

w xcrucial. Jassawalla and Sashittal 36 state that in
comparison a firm with low levels of collaboration in
product-development teams, a firm with high levels
of such collaboration has an equitable distribution of
power among participants. This results in intrinsi-
cally motivated participants and synergistic out-

w xcomes. According to Ruggles 59 , managing knowl-
edge in collaborative teams allows cross-fertilization
among sources of internal expertise and creates net-
works of knowledge workers within and outside the
organization.

5.1. Need for Managing Knowledge in Product De-
Õelopment

w xDavenport and Prussak 20 suggest that innova-
tion and speed to market that are essential for busi-
ness success will become increasingly critical in the

w xfuture. According to Quinn et al. 54 , the intangibles
that add most value to these activities are knowledge
centric. Most product development is moving to-
wards team-based structures, since teams are be-

lieved to increase individual commitment and perfor-
w xmance, and as Galegher et al. 29 observe, are more

effective in bringing a new product to the market in
a short time-frame. As products and technologies
become increasingly complex, NPD requires effec-
tive collaboration and synergistically integrated skills
of several individuals.

5.2. Research Methodology

We have used the case study method for data
collection and subsequent validation. Orlikowski and

w xBaroudi 53 have suggested that this method is best
suited to understanding the interactions between in-
formation technology related innovations and organi-

w xzational contexts. Yin 75 describes this technique
as ‘‘an empirical inquiry that investigates a contem-
porary phenomenon within its real life context, espe-
cially when the boundaries between phenomenon
and context are not clearly evident and it relies on
multiple sources of evidence’’. Yin suggests that a
single case study is appropriate where it represents a
critical case or meets all criteria for testing a theory,
or where it is a revelatory case. A single case allows
us to investigate the phenomenon in depth to provide
rich description and understanding as suggested by
previous case study methodological literature
w x w x17,53,75 . Darke et al. 17 caution that statistical
generalization is not the goal of case studies; deep
insight into dynamics of processes and situations,

w xhowever, is 17,53 . For these reasons, we believe
that our use of a case study is appropriate as it
provides deep insights into knowledge related prob-
lems, albeit limited in generalizablity to a specific
type of organization.

The problems associated with NPD are more pro-
nounced in high-technology industries such as the
electronics industry. Firms in such industries face
considerably high rates of product obsolesce because
of rapid advances in technology coupled with inten-

w xsive competitive pressures 73 . Further, Von Glinow
w xand Mohrman 73 note that they also invest propor-

tionately larger sums into research and development
while relying on rapid, efficient new product intro-

w xductions to remain competitive. Teece 68 highlights
sectoral differences between process intensive high

Ž .technology industries such as electronics and tradi-
Žtional process intensive industries such as chemi-
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.cals . As shown in Table 2, high-technology prod-
ucts often involve a high degree of design complex-
ity, contextual dependency, limited intellectual rights
protection and short product life cycles. Further, the
development of high-technology products also in-
volves complex collaborative processes where KM is
critical. For these reasons, our study has focused on
NPD in the electronics industry.

5.3. DeÕeloping a Personal Digital Assistant: A Case
Study

In this paper, we discuss a typical NPD process in
the consumer electronics industry, viz., the PDA, to
illustrate the need for KM. Our observations are
based on a case study of one of the largest manufac-
turers in the industry and on existing literature
w x12,38 . Our study of this NPD effort involved a
series of discussions with members of NPD teams
involved in the development of a PDA. The data
from this case study is used in understanding the
characteristics of the NPD process, the problems

Žfaced by NPD teams specifically, related to manage-
.ment of process knowledge , and the requirements of

a KM system that can alleviate these problems, and
finally the development and validation of a prototype
implementation of a system to support KM through
the identification of typical scenarios of NPD activi-
ties that can be supported by such a system. The use
of such an approach to gain deep insight into the
dynamics present in single settings is particularly
useful when research and theory are at their early

w xformative stages 17 , as is the case with KM.

5.4. Characteristics of New Product DeÕelopment

A review of recent research suggests that collabo-
rative NPD processes have several key character-
istics that result in a variety of KM problems. In this

section we discuss the characteristics with examples
drawn from our PDA development case study.

Ø Short product and process life cycles: Bettis
w xand Hitt 6 observed that product life cycles in

certain markets have significantly shortened thereby
compressing the available time window for recoup-
ing the expenses associated with product develop-
ment.

Time-to-market is considered a critical factor in
the development of a PDA. Iansiti and Macormack
w x35 have demonstrated this for Internet products.
The industry has experienced the introduction of
nearly twenty competing products, three real time

Ž .operating systems RTOs , convergence of function-
ality of hand-held devices, palm devices, small
phones, and car communication systems within a
short time span of about 2 years. Frequent changes in
the RTOs, communication protocols supported, com-
munication and computing hardware and software

w xare common in this market 12 .
Ø Cross-functional collaboration: In order to re-

spond to competitive challenges, organizational units
have become more closely coupled than in the past,
often working in parallel to complete assignments

w xspanning traditional units 29 and functional areas.
w xLeonard-Barton and Sensiper 42 suggest that cre-

ation of today’s complex systems and products re-
quires merging of knowledge from diverse disci-
plinary and personal skills-based perspectives where
creative cooperation is crucial for innovation.

In the development of a consumer electronics
product, it is necessary to draw necessary expertise
from a variety of functional areas including techni-
cal, manufacturing and marketing. Specifically, the
development of a PDA requires technical expertise
from both hardware and software design and devel-
opment. In the hardware category alone, experts in
the following areas are expected to work very closely:

Table 2
Ž w x.Sectoral differences in knowledge for process intensive vs. high technology process intensive product development based on Ref. 68

Challenge Chemical industry Electronics industry

Recognition Manageable Extremely complex; often impossible
Disclosure Patents common More difficult
Interface issues Not critical Compatibility with other components is generally critical
Dependency of value on context Strong Very strong
Patent protectionrreplicability High Sometimes very limited
Development cycle Often long Generally extremely short
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Ž .design of radio frequency RF devices, digital signal
Ž .processing DSP , and printed circuit-board design.

Software development in communication protocols,
DSP, and user interfaces need to be closely coordi-
nated. The development process is characterized by
intricate interdependencies among all these areas, as
well as with others such as manufacturing, market-
ing, and packaging. Further, knowledge from other
independent groups that have experience with par-
tially similar subcomponent technologies, such as
voice paging is also needed.

Ø Cross-institutional collaboration: Besides
spanning multiple functional areas within an organi-
zation, development of complex products also re-
quires bringing together participants from across

w xmultiple collaborating organizations 1 . Expertise
and skills might be distributed both within and out-

w xside the developing organization 35 . Davenport and
w xPrusak 20 suggest that this brings in the need to

facilitate knowledge growth, knowledge sharing and
dissemination For example, in developing a PDA, it
is common to employ outside expertise in special-
ized areas such as DSP. Other examples of cross-in-
stitutional knowledge required include knowledge
about the protocols used by the organizations that
provide the communications services for the product,

Žknowledge about the operating system itself such as
.Windows CE , knowledge about the dimensions and

features of competing products, etc. Close collabora-
tion among these cross-institutional teams, we be-
lieve, is essential for product success.

Ø Transient existence of teams and high turnoÕer:
In large projects, membership in development teams
changes over time and across phases. A major threat
to the collective knowledge in organizations is per-
sonnel turnover, since much of this knowledge is

w x w xsituated in the minds of individuals 66 . Carley 10
observes that when there is no repository for knowl-
edge other than personnel, turnover leads to reduc-
tion in the organizational knowledge. Similarly,
March observes growth of organizational code under
conditions of low turnover and high socialization
w x44 .

Rapid market growth and the specialized skills
necessary are critical factors contributing to the se-
vere shortage of qualified personnel and high turnover
among PDA development teams. Further, members
of ad-hoc teams return to their organizational units

as their efforts are completed, causing loss of syn-
ergy developed over the course of the project.

5.5. Problems In the New Product DeÕelopment
process

The above characteristics of NPD lead to a variety
of problems that suggest the need for better KM. As
before, examples from PDA development are used to
illustrate these problems.

Ø Lack of shared understanding: Uncertainties in
NPD processes lead to dependencies among and
between different functional areas and require coop-
eration to accomplish individual and joint objectives
w x w x64 . Szulanski 67 conjectures that the conse-
quences of this problem are the lack of absorptive
capacity of the recipient, and the inability to contex-
tually understand ‘‘best practices’’ in development.

This problem is very pronounced in the develop-
ment of a PDA. The new PDA design calls for the
unification of features typically found in a personal
computing device and in a communication device —
products traditionally designed and manufactured in-
dependently. In addition to the traditional functional
barriers that exist between marketing, design, pur-
chasing, and manufacturing that can be observed in
most industrial organizations, the diversity of the
expertise needed to for NPD creates serious barriers
for shared understanding. As mentioned earlier, even
the design team consists of experts from a wide
variety of hardware and software disciplines. This
problem is exasperated as the degrees of freedom for
each of the teams is severely restricted due to con-
straints on total cost of the product, its size, its
weight, appearance, and time-to-market. The team
members drawn from different disciplines lack un-
derstanding of the critical design factors for other
areas. For example, the designers of the computing
platform need to be aware of the signal interference
problems that various components can cause for the
RF components.

Ø OÕerreliance on transmitting explicit rather
w xthan tacit design information 20,21,25,52 . Nonaka

w xand Takeuchi 52 have pointed out the importance
and value of recognizing and capturing tacit informa-
tion — such as know-how, judgment and intuition,
which make up a critical component of information
that needs to flow between members collaborating
within a team. This highlights the need for a method
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Žto effectively transfer such knowledge actionable
.information in addition to explicit knowledge.

During the design and development of a PDA,
participants from the manufacturing department
might not realize that on-board surface mount com-

Ž .ponent SMC chips cannot tolerate over a certain
soldering temperature during the process of manufac-
turing. Though the hardware design group is well
aware of this through their chipset specification liter-
ature, this knowledge was not shared with manufac-
turing.

Ø Repeated mistakes: Organizations have been
frustrated by reinventing solutions and repeating mis-
takes due to their inability to identify or transfer
lessons learned from failures from one location to
another or one function to another. Transfer of
knowledge from failed projects to new ones could
substantially reduce the expenditure of resources and

w xeffort. Teece 68 suggests that innovations in prod-
uct development involve a considerable degree of
uncertainty and that knowledge about failed ap-
proaches is frequently forgotten, resulting in their
repetition.

The designers of PDAs face a lot of uncertainties
due to the lack of de-facto ‘standards’ in the operat-
ing systems and communication networks that they
can chose from. To spread the risks, parallel devel-
opment for different platforms needs to be under-
taken. For example, several PDA manufacturers make
products for both the Windows CE and Palm OS
platforms. Many of the problems encountered by the
software designers are common across these devel-
opments. However, as the two groups come from
different backgrounds and use different software de-
velopment tools and platforms, the common mistakes
made by these teams are not readily shared. Simi-
larly, the development of the communication compo-
nents for the PDA shares similarities with the com-
ponents in voice paging products. Past knowledge
from the development of pagers such as design
problems and market reactions can be highly benefi-
cial to the PDA development effort. However, as the
development is done by different teams across inter-
departmental boundaries, such knowledge is not
readily accessible.

Ø ReinÕention of solutions during product eÕolu-
tion: Another problem in product development teams
is that they expend resources into solving problems

that might have already been solved either within or
outside their collaborative group. Based on empirical
observations in software development, Ramesh and

w xSengupta 56 conclude that work groups often re-
peatedly discuss the same issues that had been re-
solved earlier, as there may exist no reliable record
of these discussions.

w xTeece 68 indicates that the annual aggregate
‘reinvention’ costs in the United States range be-

w xtween US$2 billion and US$100 billion. Court 15
offers support for the suggestion that product design-
ers often tend to use the incomplete information they
already possess, rather than seek expertise that does
exist within the enterprise or is external to it.

In the organization where our case study was
done, the design team involved in the development
of a successful product has often been moved to the
next high-profile project when the previous project
was near completion. The expertise gained during
development of a product is not readily available to
design teams working the subsequent versions of the
same product during its evolution. For example, a
design team made critical design decisions about the
location of several RF components based on the
communication protocols that needed to be sup-
ported. However, as the product evolved, a new team
assigned to the project made changes to the commu-
nication protocols without realizing their adverse
effect on RF components.

Ø Skills deÕeloped due to collaboration may be
w xlost thereafter: Quinn et al. 54 suggest that profes-

sional know-how is developed most rapidly through
repeated exposure to the complexity of real prob-
lems. In a project-oriented team-based organizational
structure, skills developed during the collaboration
process might be lost after the team is broken up and
redistributed among other teams or groups working

w xon newer development projects 56 . When a team is
disbanded, the process knowledge acquired by the
team is lost and is not available for tasks such as

w xproduct modification or maintenance 32 .
Ad-hoc teams formed for NPD are often dis-

banded at the end of the development. Team mem-
bers often get assigned to other projects wherein
their functional expertise is more valued than the
knowledge gained during the process of their collab-
oration with other functional and technical areas. For
example, the domain knowledge gained by a RF
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engineer during the development of PDA may be
‘wasted’ if he is transferred to a project on voice
pagers to utilize his functional skills.

Ø Inability to transfer existing knowledge into
w xother parts of the organization 59 : Many organiza-

tions face difficulties in transferring knowledge from
one organizational unit to another. Galegher et al.
w x29 highlight the problem in the diffusion phase
wherein team members begin transferring technical
data as well as a sense of ownership to other groups
that must manufacture and market the new product.
Maintaining motivation for knowledge transfer at
this stage is challenging as all major product devel-
opment decisions have already been made and what
remains is the completion of product details. Contin-
uing with the example of the PDA, innovative design
solutions arrived at by the voice paging development

Žfor power management conserving battery life when
.not in transmitting mode is not shared with the PDA

team. Similarly, the team working on the Palm OS
version of the product is very experienced in devel-
oping hardware solutions for efficient power man-
agement, but does not share the core technology with
the Windows CE team.

Ø Inconsistency in multiple Õersions of informa-
Ž w x.tion: Recent research such as Refs. 3,4,9,15 sug-

gests that an enabling condition for knowledge cre-
ation is redundancy. Redundancy offers an overlap in
knowledge between different groups that promotes
cross-functional collaboration. The need for redun-
dancy, however, must be met simultaneously with
the need for maintaining consistency across different
versions of information that may be possessed by
different team members.

As problems are encountered in the design of
communication components during testing with pro-
tocol encoders, the hardware designers make ‘minor’
modifications to their designs. However, the hard-
ware–software interface specifications agreed to be-
tween the hardware and software designers are not
updated. The two teams, working with different ver-
sions of the specifications, run into serious incompat-
ibilities during integration testing. The problem of
integrating multiple sources of knowledge in a co-
herent manner that can be brought to bear upon

w xdesign is illustrated by Robillard 58 in the case of
software products, such as the PDA operating sys-
tem.

Ø EÕolÕing assumptions: Design decisions made
in the process of developing a new product, might be

w xbased on some critical assumptions 8 , both techni-
cal and nontechnical. Due to the dynamic nature of
product development activities these assumptions of-

w xten change 55 , necessitating reevaluation of the
decisions that depend on them.

The design team makes critical decisions about
the processing power and battery-consumption re-
quirements of the PDA. These are based on assump-
tions about the power-management functionalities
provided by the operating system. A recent upgrade
to the operating system significantly changes the
power management services. However, the change in
this critical assumption is not communicated to the
various design teams, resulting in duplication of
efforts to conserve power during both hardware and
software design.

w xØ Loss of tacit knowledge 59 : Tacit knowledge
is difficult to articulate in a way that is meaningful

w x w xand complete, hence it is often lost 68 . Teece 68
suggests that the larger the extent to which a unit of
knowledge has been codified, the lower are its trans-
fer costs. Uncodified or tacit knowledge is not only

w xslow to transfer, but also leads to ambiguity 68 .
The designers of the RF components assume that

the designers of the computing processors are aware
of the interference that the processor may cause with
the communication components. This knowledge
though obvious to the RF designers, is not com-
monly well understood by other team members. In
the absence of explicit requirements for the RF team,
the processor designers ignore the issue.

6. Requirements for a Knowledge Management
System

The focus of our research is the development of a
KM system to support collaborative NPD. As a first
step, we identify the requirements for such a system
by examining the various KM problems faced by
NPD teams. We then identify general solutions to
these problems suggested in the literature. Finally,
we identify specific requirements for a KM system
based on these general solution strategies. We pre-
sent the above analysis in Table 3. Here, specific
system requirements have been identified by func-
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Table 3
Mapping problems to system requirements to support process KM
Problem faced by NDP teams General solution System requirements

� 4Over reliance on transmitting explicit Convert a part of tacit design knowledge into explicit, Multimedia integration MM that forces users to
rather than tacit design knowledge articulated and stated knowledge by asking participants think through the process by articulating dependencies on cross functionally
w x w x18,33,42,51 to record assumptions and beliefs along significant aspects of the design 4,5,30 . Integration with underlying

w x � 4 w xwith decisional steps 25,26,50 assumptions IA 56 . This would allow for the creation of a strategic
agreement between the various participants.
Multimedia support to capture knowledge that can not be explicitly

� 4codified or written down IK . This would facilitate more superlative
w xknowledge transfer and exchange 49,56 . Support for recording assumptions

� 4 � 4 w xRA and recording beliefs RB 55 .
w xBarriers due to lack of absorptive Retain context along with information stored The context of each decision 18,20 in the process can be captured with

w x � 4capacity of the recipient 65,70 each concept DC . Multimedia support makes such context recordable
even when it can not be codified. Some researchers have identified
this type of knowledge as implicit knowledgethat can be captured but not
formalized or codified

Changing team membership Divorce knowledge from the holder, convert Each team member’s augmentation to the design
w x w x � 418,20,31 repeated mistakes 68 ; to explicit knowledge discussion process is captured in deliberation records DR .

w xreinvention of solutions 68 Change in team membership does not result in knowledge ‘walkouts’
as a significant portion of the team member’s contribution to the

Ž w xteam’s synergy see, for example, Refs. 28,30,37 and integrated
understanding is captured in the system.

� 4 � 4Capture past design experiences in a manner useful for Design information from past projects DP and current projects DN is
later reference during design processes accessible to the present team. Such information is available both for past and

ongoing projects throughout the enterprise by means of a distributed
� 4workspace enabled by a communications network NE .

Design information from both the past projects as well as the current
w xproject is retrievable online, in real time, across a distributed workspace 62

Ž .such as a client server implementation . This helps prevent
repetition of old mistakes.
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Create well-indexed knowledge of similar Design knowledge — both formal and a part of the informal
� 4 � 4problems faced in earlier groups and teams. — from past projects DP DN is readily available and captured within the

system. Ad-hoc retrieval of informal information is supported using meta tags.
� 4 ŽShared medium Shared medium between cross-cultural team Shared medium SM ; consistently interpretable across

.members provides a common discussion field. functional and national boundaries forms of representation using icons
� 4 ŽGI ; retention of credit to the original contributor for contribution

. � 4credit and reward matching are supported by the system AT
w x � 4Loss of collaborative skills 54,60,61 Support capture and reuse of knowledge Collaborative design dialog CD throughout the design process is captured as a

created during the collaborative process itself. process. Such a process can be replayed or reenacted to reveal the
� 4sequential and parallel activities and contexts of past design decisions RE .

w x � 4 w xVersioning of information 59,60 Store multiple and identifiable versions of Versioning of process knowledge is supported by the system VC 51,52,76 .
content at a single central remotely
accessible repository.

Process knowledge might be lost after Retain dialog between the members of the Preserve antecedent dialog between the members of the
w x � 4the project is completed 32 design team as a part of captured design team as a part of captured knowledge DR .

w xknowledge 26
w x � 4 � 4 � 4High development costs 14 Reuse knowledge, processes and design Decisions from both the current and past projects are available DP DN NE .

artifacts from past projects. This can potentially reduce the time spent in reinventing
w xsolutions and the costs incurred in the process 20,23 .

w xUnstated assumptions 55,56 Accommodate assumptions made in the Each decision made in the design process can based on multiple assumptions
� 4 w xdesign process and dynamically link them which are linked LA to it 25 . The effect of a change in any assumption

to decisions made throughout the process. automatically ripples through the rest of the design decisions and
Effects of changing assumptions must be by processes to show the effect of changing assumptions or levels of

� 4supported by a system supporting belief on the rest of the design process TA .
knowledge capture and codification, etc.
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Ž � 4.tionality codes within braces . Mapping of these
requirements with the functionalities of a prototype
system will be presented in Section 7.

7. Prototype System to Support Process Knowl-
edge Management

We have developed a prototype system to support
KM tasks in collaborative NPD. Functionalities of
this system are grounded in the ‘requirements’ iden-
tified in Table 4. Based on data collected from our
case study, we propose and validate using a proto-
type, system characteristics that can help overcome
KM problems faced by NPD teams. The discussion
in this section is organized around the critical func-
tionalities provided by the system. Table 3 maps
these functionalities to the requirements identified in
Table 4.

We describe our prototype system using scenarios
of usage of the system in the design of a PDA. The
scenarios were identified and refined by our case
study. They were validated by participants in our
study as representative of the situations encountered
by them in their tasks. As the focus here is on
illustrating the functionalities of the system, only
small snapshots from the complex product develop-
ment activities for a PDA are presented in the fol-
lowing discussion.

7.1. Implementation

The prototype system is based on ConceptBase,
an implementation of the high-level conceptual mod-

w xeling language Telos 48 . Telos is based on a first
order assertion language and provides facilities for
specifying meta-concepts, semantic integrity con-
straints temporal knowledge and deductive rules.
Using meta-concepts, meta models that represent
various classes of knowledge can be specified and
instantiated. The prototype is based on a client server
architecture and supports group work. Users of the
system spread across a network can communicate
with each other through a centralized knowledge
server. This server maintains the integrity of the
process knowledge components. The system pro-
vides a graphical user interface for communication
with the server to retrieve and modify the contents of
the knowledge base. Further, the browser provides
links to external tools such as a WWW gateway.

7.2. Definition of Concept Maps

As a first step in supporting the capture and use of
process knowledge for NPD involves the identifica-
tion of the critical components of knowledge. Our
prototype system provides the ability to define meta
models in terms of objects representing knowledge
components of interest. Further, associations among
these components can also be represented. Finally,
characteristics or attributes of concepts can also be

Ž .easily specified. Once a meta model or a schema is
defined, users of the system can instantiate these
models.

Based on discussions with members of the NPD
in our case study, the meta model shown in Fig. 1
was selected as a candidate scheme. In this model,

Table 4
System functionality and resulting requirements that are specified by such functionality

Ž .System functionality Requirement s based on Table 3

� 4 � 4 � 4Definition of concept maps GI , VC , DB
� 4 � 4 � 4 � 4 � 4 � 4Support for knowledge capture DR , NE , SM , NE , AT , CD
� 4 � 4Representation of context DC , NK
� 4Ø Links to sources MM
� 4Ø Informal and formal components MM
� 4Knowledge access NK
� 4 � 4Assumption surfacing IA , LA
� 4 � 4 � 4Review of past knowledge DP , DN , RE
� 4 � 4Agents for dependency management LA , TA
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Fig. 1. Concepts representing various knowledge components.

concepts are knowledge components that can be used
to represent the participants views of interests, con-

w xcerns and tasks 40 . A concept may suggest other
concepts, elaborate on others, and even depend on
others. A few specializations of concepts were also
identified. These include issues, alternatives, justifi-
cations and assumptions. Issues are questions or
concerns that need to be resolved to arrive at deci-
sions in NPD, and alternatives are various answers or
solutions to these issues. Justifications that are for or
against these alternatives are also included in the
model. Finally, assumptions underlying concepts are
also represented. This model is similar to the issue-

Ž .based information systems IBIS model of argumen-
w xtation 13 that has been used successfully in a wide

range of domains to represent complex problem solv-
ing processes. It should be noted that the choice of
the specific meta model is entirely up to the users of
the tool. The system supports the definition and
instantiation of any model chosen by the users.

ŽUsing parent–child relationships or IS-A hierar-
. Žchies and treating attributes as first-class objects so

.that they can have attributes of their own complex
models can be easily specified. Our system provides
a graphical editorrbrowser to define and navigate
through knowledge components. Context sensitive
menus are provided for the users to define instanti-
ate, modify, and link objects in the meta model.

7.3. Support for Knowledge Capture

After the meta model in Fig. 1 is defined, users
can create and modify process knowledge compo-
nents and relationships among them using a using
the graphical browserreditor. Each user may invoke
the client GUI and connect to the same knowledge
base maintained by the server. Thus, multiple users
connected to the same server may conduct ‘conversa-
tions’ in terms of the primitives specified in the meta
model. In these structured conversations each team
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member can add and modify various concepts and
relationships among them. They may seek clarifica-
tions of concepts proposed by others. Using this
facility, the team members can communicate their

w xviewpoints and expertise 27 and map their views of
the problem with those of others. In our example, the
users may propose, suggest, elaborate on various
issues, alternatives, justifications and assumptions.

ŽThese knowledge components may be viewed and
.modified, if permitted by other members of the

team. They may, in turn, respond by proposing other
concepts and relationships. With such a conversa-

tion, various viewpoints are exchanged among the
members of the NPD team.

Fig. 2 represents the output of such a conversation
derived from our case study, to represent a typical
scenario in PDA design. Here, three stakeholders
Žthe product manager, the marketing specialist and

.an RF engineer contribute to the definition of the
various concepts. First, the product manager pro-
poses a discussion between marketing and RF engi-

Ž .neer s on the factors that are critical in the develop-
ment of a PDA. He postsrraises the issue ‘‘What are
critical factors’’ in the system requesting responses

Fig. 2. Conversation among group members.
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from the two groups. Marketing proposes that size,
price, cellular communication capabilities, comput-
ing power, wide usage area, and battery life are all
important factors to the market segment that the
PDA is designed for. Many of these factors are
stated in a language that may not be readily under-
stood by the design team that needs to implement
appropriate design features. To foster better under-
standing, the product manager seeks clarifications
from marketing on the requirements for cellular
communication. Marketing elaborates with details on
the coverage desired, RF features desired, DSP fea-
tures, power management features, etc.

At this time, the product manager asks the RF
engineer to state how the RF features proposed by
marketing can be implemented. The RF engineer
elaborates on the specifications for the antenna, in-
terference requirements, and bandwidth requirements
that are to be addressed. He also wants to highlight
the fact that many of these requirements have strong
dependencies on others. For example, the bandwidth
requirements will have a strong influence on battery
usage and therefore is of critical importance while
developing power management features. This is fur-
ther related to the computing power that is required
by the user. These are identified using the ‘depends
on’ links between these components in Fig. 1. It
should be noted that each node in the diagram could
be linked to an external document, a Web page or an

Žartifact to provide further details as discussed in
.detail in Section 7.4 .

The discussions such as the above help the team
clearly state their viewpoints, understand the view-
points of others, map their views to those of others
such that the team develops a shared understanding
of the problem being solved. Even when the discus-
sions are conducted in the context of structured
processes like the development of a house of quality,
our system can be used to capture the process knowl-
edge behind these processes.

7.4. Representation of Context

The larger context in which a participant has
developed a particular perspective can be better un-
derstood by others if they have access to the details
such as work products, supporting documents, etc.

These ‘sources’ may also be available in various
Žlevels of formality ranging from hypermedia docu-

. w xments to formal definitions . Quinn et al. 54 refer
to this as an elevation from know how to know why
Žknowing why a given choice was made over an-

.other , which he argues, makes a team more flexible
and innovative when faced with a previously unseen
problem. Using our system, a user can specify an
exhaustive variety of information about concepts that
they specify; These knowledge chunks include:
Ø What information is represented — including

salient attributes or characteristics.
Ø How this information is represented both by for-

mal and informal means and how it relates to
other components of knowledge.

Ø Who are the stakeholders that played different
roles in its creation, maintenance, validation and
use.

Ø When this information was captured, modified
and evolved.

Ø Where it is represented—in terms of sources that
‘contain’ this information.

Ø Why a certain concept evolved, or was created.

7.4.1. Links to sources
Our system provides the ability to link most of the

above information as attributes of any concept. Also,
a user can link a concept to the sources that provide
additional information. For example, the RF engi-
neer, by viewing the video clip of a focus group
session in which the battery life of different compet-
ing products and the reactions of the consumers are
discussed, may better understand the requirements
proposed by marketing. This clip is attached to the
specifications from marketing as an important ratio-
nale.

Each object in the knowledge base can be linked
to static documents or to documents dynamically
created by searching the repository of hypermedia
documents on the WWW. Further, a context sensi-
tive menu provides the facility to invoke external

Ž .tools such as a WWW gateway to retrieve docu-
ments
Ø that have been explicitly linked to an object,
Ø that are indexed with the keywords defined as

attributes of the object, and
ŽØ that are considered ‘similar’ using a variety of

.search techniques .
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In our example, the RF engineer is interested in
reviewing details of FCC regulations on RF commu-
nication while finalizing the RF features. He may
readily retrieve all the documentation on the relevant
government regulations that is located in the depart-
mental or corporate Intranets or the WWW. He
invokes an indexing gateway provided by our system
that is available as a menu option on the concept RF
features. His search for related documents may be
guided by the following inputs:

Ž .Ø Keyword s
Ž .Ø Boolean search operators and, or, etc.

Ø Date relevancy
Ø Thesauri to be used

Ž .Ø Substring options word stemming
Ø Document hierarchy

It should be noted that the indexing gateway
provided with the system can be substituted with any
other search procedure or external tool that can be
invoked with a system command. Thus, our system
provides interfaces to knowledge chunks not cap-
tured within the system.

w xFinally, recent research 52 recognizes the impor-
tance of identifying the people involved in the cre-
ation and maintenance of organizational knowledge,
when explicit representation of such knowledge is
not feasible. In our system, such information is
maintained as attributes of concepts.

7.4.2. Informal and formal components
Informal information can be maintained using

hypermedia documents. Our system supports formal
definitions of hypermedia objects and linking them
to the relevant concepts. Several attributes can be
defined for each hypermedia object that can help in
classifying, indexing and retrieving them. Some ex-
amples of such attributes are: its creator, maintainer,

Ž .the other objects it is linked to, and the project s
that it is a part of.

In our case study, the marketing department is
interested in specifying a variety of information about
concepts they proposed. For example, they may pro-

Ž .vide details on the concept Battery Life BL with
the following information:
Ø What: The duration for which the PDA functions

without requiring a recharge. It does not refer to
the physical life of the battery.

Ø How: A chart comparing the battery life of vari-
ous competing products.

Ø Who: Created by marketing team
Ø When: Automatic time stamp by the system at the

time of creation
Ø Where: Reference to a marketing department

memo discussing implications of battery life on
customer satisfaction

Ø Why: A video clip containing a segment from a
focus group discussing the importance of battery
life. This can be especially useful where tacit or
informalizable components of knowledge such as
customer expressions and gestures are involved.
Our case study, in agreement with existing litera-

w xture 17,53,75 , suggests that such a rich definition of
concepts is considered invaluable by other partici-
pants in the NPD team.

7.5. Knowledge Access

Our system uses the deductive query language
provided by ConceptBase to define various types of
ad-hoc queries that could be used to retrieve infor-
mation of interest to different participants. Queries
are defined as special classes whose instances are
answers to the query. A graphical interface is pro-
vided for displaying queries and retrieving desired
answers. Recursive queries are very helpful in selec-
tively retrieving contents of the knowledge base.

In our case study, a representative query would
retrieve all documents that are related to a specific
design issue. The answer is constructed by first
identifying all alternatives that address the issue,
their attendant justifications and assumptions and
then retrieving all documents that are linked to any
of these. Our case study suggests that a variety of
such ad-hoc queries can be tailored to the specific
needs of the various team members.

7.6. Assumption Surfacing

The need to explicitly state the assumptions be-
hind concepts was repeatedly highlighted in our case
study. As described in our meta-model, assumptions
and their relationships to other assumptions and con-
cepts can be captured using our system.
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Fig. 3 provides a snapshot of a discussion during
the development of a PDA that illustrates the impor-
tance of assumption surfacing. In this figure, the
output of a design deliberation about a critical issue,
viz., the protocol to be used for cellular network
communication, is shown. Initially, the various team
members propose two alternatives. They are time

Ž .division multiple-access TDMA and code division
Ž .multiple-access CDMA . A designer proposes the

use of CDMA. His recommendation is based on the
assumption that the system will be marketed only in

Žthe US where this technology is used or that cover-
.age in Europe is unnecessary . Marketing however

suggests that upgradability is an important considera-
tion in the target market. That is, a PDA user must

be able to upgrade to any other cellular network that
may eventually replace CDMA as the primary option
even within the U.S. Given the high possibility of a
third generation cellular standard based on global

Ž .system for mobile communication GSM emerging
within a few years, another designer suggests support
for the GSM protocol. This option is objected by the
need for backwards compatibility with CDMA based
systems in the U.S. More importantly, to make this
critical decision, it is important for the designers to
understand the implicit assumptions behind the con-
sideration proposed by marketing. Marketing is asked
to clarify the total life span of the PDA during which
it should be upgradable. If it is a short duration, then
the option to support GSM is irrelevant, as the third

Fig. 3. Managing dependencies and assumptions as demonstrated by our PDA development case study. The figure illustrates how
dependencies between assumptions brought into the design decision by functionally diverse participants influences the final design decision
at each decision node.
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generation standard will not be ready. However,
marketing now states that the expected life of PDA
is about 3 years, requiring serious consideration of
GSM. During such a conversation, critical assump-
tions behind the various concepts such as issues,
alternatives, justifications, etc. are made explicit,
thereby helping the NPD team make better-informed
decisions.

7.7. ReÕiew of Experiential Knowledge

An important feature that was highlighted in our
case study is the ability to retrace the various steps
that were taken in the NPD process. This would help
take corrective action when past mistakes are re-
vealed. Further, such a review of knowledge is also
useful to facilitate understanding of decisions, as
well as for identifying the choice points where alter-
native decisions could lead to different solution paths.
The team would benefit from a review to understand
how the knowledge components were defined
chronologically. Finally, the ability to selectively
review the history focusing on select aspects of the
problem will also be very useful.

The functionalities of our system to support such
a feature is based on the premise that a NPD team
may be interested in revisiting a decision process,

Ž .including the dead ends, in the same time order in
which it happened. Such a review is used in explain-
ing the process and outcomes to new participants or
as a training mechanism. In our system, for each
assertion in the knowledge base a time stamp is
created. This information can be used to trace the

Ž .steps in the evolution of a concept say, an issue .
Such a replay could also facilitate reevaluation of
assumptions and decisions, leading to their revisions.
In our case study, when a new design engineer
wondered about the final decision to go with a
CDMA cellular network instead of a newer technol-
ogy, the system can present the various steps in the
decision process, in the order in which they oc-
curred.

Very often the users may be interested in focusing
their search through history to study the context in

w xwhich a specification or a decision was arrived at 2 .
Such ‘reasoning backwards from outputs’ is impor-

tant in complex decision making situations and is
more useful than the traditional ‘what-if’ analysis
involving ‘reasoning forward from data’. In the for-
mer, the decision-maker starts with the goal and
assesses whether ‘satisfying’ the goal can endure
changes in the inputs, whereas in the later case, the
sensitivity of the results to changes in the inputs are
assessed. In our case study, a design engineer may
just be interested in all the assumptions leading to
selection of a particular cellular standard rather than
a comprehensive history of the various alternatives
considered their justifications and their validity, etc.
This can be done by selecting a menu choice from

Ž .any concept to retrieve all direct or indirect as-
sumptions behind it. By selecting this option from
the node GSM, the user will retrieve the assumption
that the PDA’s expected life is 3 years.

7.8. Agents for Dependency Management

The meta model derived from our case study
provides ability to explicitly represent dependencies
among various concepts such as assumptions. The
case study also suggests that this information can be
made more valuable if mechanisms for managing
such dependencies are available. Our prototype sys-
tem employs autonomous agents for maintaining de-
pendencies at different levels of automation. For
example, when a concept depends on another, the
agents maintain the semantics of this dependency by
propagating relevant properties of one concept to
another. If a concept depends on an assumption, then
the belief in that concept is based on the belief in the
relevant assumption. Using deductive rules, the au-
tonomous agents propagate these beliefs.

A major concern for the NPD team is that often
the repercussions of changes in critical assumptions
are not well understood, leading to very costly mis-
takes and rework. For example, the change in the
validity of an assumption, for example, can have
serious repercussions throughout the development
process. Returning to the scenario discussed in Fig.
3, the critical decision on whether to use GSM or
CDMA hinges on, among other things, the life ex-
pectancy of the product. When the product life is
very short, the option to provide GSM service is not
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justified. The marketing team was asked to carefully
evaluate their assumption that customers indeed will
use the same PDA for 3 years. When their market
studies revealed that with rapid changes in the indus-
try, a typical consumer would not use the PDA more
than 2 years, the belief in this assumption was
revised. With such a revision in our system, the
support for the concept on upgradability and there-
fore, the option of a GSM based protocol will be
automatically withdrawn.

Similarly, the dependencies in the network of
issues that get discussed, the various alternative solu-
tions considered and their attendant justifications are
captured and maintained by autonomous agents with
different levels of formality. In the simple case, the
system warns the user about changes in relevant
concepts on which the concept of interest to himrher
depends. In the other extreme, changes to concepts
are automatically propagated. A network of depen-
dencies can be set up among any concept described
using our system. In our example above, instead of
automated propagation of the beliefs due to changes
in the assumption, the user may be notified to high-
light the decision about using GSM needs to be
reexamined.

8. Related Work

Our research has focused on providing support for
a collaborative task with emphasis on capturing pro-
cess knowledge in collaborative systems. Systems

w xsuch as gIBIS 13 and others that are inspired by
Ž w x.this work e.g., IBE 39 have a similar goal. They

advocate the representation of informal information
as a part of a comprehensive project knowledge.
These systems provide a hypertext interface to the
IBIS model and are constrained by the limitations of
IBIS such as the lack of representation of inputs and

w xoutcomes of argumentation. Synview 43 is an ex-
ample of a system that uses Toulmin’s argumenta-

w xtion framework 71,72 . This system provides facili-
ties for indexing, evaluating and synthesizing infor-
mation related to justifications for assertions. In con-
trast to these systems that are limited to a specific
model, we provide a generic framework with which

Ž .any model such as the IBIS and its extensions can

be easily developed to represent knowledge compo-
nents. Further, unlike these systems that focus pri-
marily on informal knowledge, we provide a much
tighter integration of formal and informal compo-
nents of process knowledge. Systems such as Con-

w xstellations 57 facilitate access to informal knowl-
edge by chunking multimedia information. However,
the need to integrate informal information in hyper-
text with formal models has also been suggested by

w xBhargava et al. 7 . A primary reason for providing a
formal representation of the argumentation process
Ž .whenever feasible is to facilitate automated reason-
ing with the captured knowledge. Our work, there-
fore, takes a comprehensive approach to dealing with
informal information advocating the creation of for-
mal models to facilitate better integration. As a
major objective of our research is to provide auto-
mated reasoning to support various stakeholder needs,
we provide functionalities similar to those offered by

w xSIBYL 40,41 . Our framework is generic enough to
support the DRL model proposed in SIBYL as well
as more comprehensive models of process knowl-
edge components.

Our approach for assigning attributes to multime-
dia objects for indexing and ease of retrieval is

w xsimilar to the scheme proposed in DEDAL 5 . Our
work, however, is much broader in scope in that
multimedia objects are used as adjuncts to and in
support of more formally defined knowledge compo-
nents. Unlike DEDAL whose functionality is limited
to multimedia information, we provide a wide range
of services to address the needs of NPD teams. Such
active support beyond passive capture of knowledge,
distinguish our system from several organizational

w xmemory systems such as gIBIS 13 .
Ž . ŽQuality function deployment QFD as defined

w x.by Hauser and Clausing 34 is commonly used in
w xNPD 16,34,45,63 . Our approach to capturing pro-

cess knowledge is highly complementary to this
approach. QFD can be used to represent decisions
made by a team along dimensions considered impor-
tant to the customer and the product development
team. We contrast our approach in the following
ways.

Ø The output of a QFD process leading to a
Ž .house of quality HoQ involves the consideration of

a variety of viewpoints and expertise. Only the final
outcomes of these deliberations are represented in
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QFD, say as a QFD correlation matrix. Our approach
can complement the QFD process by capturing these
rich deliberations as well. Thus, the output of delib-
erations in our system can be HoQ.

Ø Capture of process knowledge about the QFD
process itself can be very valuable in explaining as
well as evolving the HoQ necessitated by changes in
the alternatives considered in a QFD activity. For
example, a design characteristic used in an HoQ may
be based on an assumption about the availability or
implementability of the technology in the production
process. If this assumption is invalidated later in the
product development process, the repercussions of
this can be easily ascertained by our system. More
fundamentally, the explicit identification of knowl-

Žedge components such as assumptions which are not
.directly represented in a QFD process , can be ex-

tremely valuable.
Finally, in contrast to group decision support sys-

tems that focus on the capture of informal informa-
tion, we advocate semistructured capture of informa-
tion. These semistructured knowledge components
can contain informal information captured using such
systems. In this respect, our work is complementary
to such systems in that we provide mechanisms for
capturing and managing knowledge represented us-
ing richer media.

9. Discussion and Future Work

w xA field study 74 demonstrates the feasibility and
usefulness of capturing semistructured knowledge in
a complex problem solving situation, viz., design
decision making in large system development pro-
jects. The business value of codification and captur-
ing semistructured knowledge was also found in a
recent study of 120 projects across a cross section of

w xfirms 33 . However, some components of process
knowledge do not easily lend themselves to structur-
ing. Also, an organization may use a variety of

Ž .means such as groupware systems to facilitate in-
formal and formal interactions. Integration of our
system with outputs from such sources of knowledge
is essential for a comprehensive representation of
process knowledge. As an initial step, we provide
facilities for linking structured and unstructured

knowledge components. Extending this approach,
providing links to textual outputs of deliberations
from traditional groupware systems is the subject of
future work. We are currently investigating integra-
tion with a system designed to capture unstructured
discussions. Further, we are also developing mecha-
nisms to integrate the tool with document manage-
ment tools. Users will be able to highlight segments
of documents and create concepts directly from them
into the knowledge base. Such a non-intrusive cap-
ture and maintenance of process knowledge can miti-
gate the overhead involved. Another area of current
exploration is the use of concept classification tech-
niques for identifying candidate concepts from text

w xdocuments 11 . Using these techniques, text docu-
ments ranging from e-mail exchanges to group sup-
port system outputs to project documentation can be
used to identify potential concepts. Using the inter-
faces to document management tools, these concepts
can be imported into our knowledge base. We are
currently investigating the capture of process knowl-
edge from electronic mail exchanges. Future work
will include the use of concept learning techniques to
learn concept descriptions from past experiences of
commonly occurring design situations.

Our approach aids in sharing of knowledge and
experience to aid organizational learning. The
knowledge base of semistructured experiential
knowledge lends itself well to the use of induction
and case based reasoning approaches to learning. As
a first step, we are using concept learning techniques
to learn concept descriptions from past experiences
of commonly occurring design situations.

The empirical evaluation of the usefulness of our
approach is being carried out by incorporating our
models and mechanisms in several business environ-
ments. Our evaluation would focus on the feasibility
of capturing and maintaining product development
knowledge in information systems product develop-
ment activities.

The work presented here makes the following
contributions:
Ø We identify problems associated with KM specif-

ically in the context of NPD by cross-functional
collaborative teams.

Ø We map these problems to broad solutions and
subsequently translate these into specific KM sys-
tem characteristics and requirements.
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Ø A prototype KM system that meets these require-
ments is used to demonstrate the implementation
of our proposed solutions.

Ø We validate the relevance of the proposed ap-
proach by exercising the system with scenarios of
usage drawn from an industrial case study.

Ø The implementation illustrates an infrastructure
that can be tailored to support various models of
collaborative KM.
In conclusion, acquiring comprehensive contex-

tual knowledge about product development process
can be very valuable in supporting the needs of the
various participants. Such knowledge should inte-
grate both formal as well informal components. Fur-
ther, it should be able to represent the linkages or
relationships among various components. Due to the
high ‘overhead’ involved this process, intelligent
support for the capture, use, and maintenance of
process knowledge is essential for project success.
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