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Abstract

Although the role of integrating application domain knowledge with technical knowledge is implicitly recognized in software engineering
practice, no large scale study has attempted to validate this empirically in a field setting. In this paper, a large-scale empirical study of 232
software development projects in 232 software development organizations shows that higher integration of business application domain
knowledge with technical knowledge during the software development process increases software development effectiveness, reduces defect
density throughout the development trajectory, lowers warranty defects, and increases software development efficiency. The findings
highlight the influence of knowledge integration on various dimensions of software development performance.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Knowledge management; Knowledge integration; Software development performance; Software quality

1. Introduction 1. How does integration of business application domain
knowledge with technical knowledge during the software

Integration of technical knowledge with business appli- development process influence the following dimensions

cation domain knowledge is central to effective software of development performance?

development. However, no empirical study to date has (1a) Software design effectiveness

assessed how and to what extent does knowledge integration (1b) Warranty and lifecycle defect density

affect various facets of software development performance. (1c) Software development efficiency

This paper develops and empirically validates a multi- 2. What is the relative influence of knowledge integration

dimensional model showing how knowledge integration on each of these dimensions of software development

influences software development performance. The model performance?

is tested using field data on 232 globally distributed
software projects in 232 software development companies.
The results demonstrate that higher levels of knowledge
integration enhance design effectiveness, lower defect
density, and increase software development efficiency. Its
relative influence on each of these performance dimensions
is also empirically assessed.

2. Prior research on knowledge management
in software engineering

2.1. Knowledge in software development

Software development is a knowledge intensive process

1.1. Research questions ’ ) - .
that involves the coordinated application of a variety of

Two research questions are addressed in this paper. specialized knowledge in conceptualizing and designing a
coherent software solution for a business problem.

* Tel.: + 1-404-727-6378: fax: + 1-404-727-2053. However, the interest in knowledge management as a
E-mail address: atiwana@bus.emory.edu (A. Tiwana). mechanism for improving software practice is recent,
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Fig. 1. Two key types of knowledge in software development.

much in response to the lackluster success rate of new
software projects [12,15]."

The role of knowledge in software development is
widely recognized in several papers in the software
engineering literature [1,6,14—16]. Rus and Lindvall [15]
identify two types of knowledge that central to the software
development process: (1) technical knowledge that is used
to develop a system and (2) knowledge about the business
application domain of a system. Technical knowledge refers
to knowledge about design (e.g. design patterns, heuristics,
best practices, technical constraints, and estimation
models), programming (e.g. programming languages and
development tools), and software processes (e.g. method-
ology, code testing and debugging procedures). Business
application domain knowledge refers to knowledge about
the customer’s business processes, business rules, activities,
stakeholder needs, and the customer’s business objectives
for the software. These are summarized in Fig. 1.

Although these two types of knowledge might be
available to the software development team, it is necessary
to integrate them in the design of the software. Such
knowledge integration, we argue, is critical for the resulting
system to meet its customer’s/end-users’ needs.

2.2. Knowledge integration in software development

A typical software development problem has multiple
requirements, whose interactions and equivocality make
them harder to satisfy. With growing complexity, even
requirements that appear to be straightforward become too
complex to grasp intuitively and early in the requirements
elicitation process. Moreover, the complexity and tacitness
of some requirements can make it difficult for the customer

! Of the $2.5 trillion spent on IT during 1997—2001, nearly $1 trillion
was wagered on unsuccessful projects [10]. One in four software projects
are canceled annually at a cost of $67 billion. Cost overruns account for
another $21 billion in the United States alone.

to convey them precisely enough for the development team
to formulate design specifications.

Achieving a good fit between the software design and
its business objectives, therefore, requires organizing and
integrating the specialized expertise, skills, and perspec-
tives of various project stakeholders into an appropriate,
coherent, and practical solution [7,12,13,15,16]. The two
types of knowledge summarized in Fig. 1 must, therefore,
be coherently integrated and embodied in the design of
software for it to meet the customer’s needs. Knowledge
about customer needs must be embodied not just in
the conceptual design, functionality, and features of
the system but also in intermediate design artifacts
such as contracts, development plans, requirements, and
specifications [2,14,16]. We define this process of
combining dispersed business domain and technical
knowledge and embodying it in the design as knowledge
integration.® Tt is essential that the two be integrated
(see Fig. 2 for an illustration).

The actual design of the software is based on technical
knowledge about programming languages, methodologies,
and software architecture applied to the requirements
expressed by or inferred from the customer organization.
It is through the integration of business application domain
knowledge and technical knowledge that they are converted
into declarative knowledge—facts and properties about
objects, persons, events, and relationships—that can be
embodied in the software’s design [14]. Therefore, knowl-
edge about the problem domain becomes amenable to use in
the development process through the process of knowledge
integration.

2 The importance of knowledge integration has implicitly been long
recognized in the software engineering literature because many software
engineering concepts such as information hiding, objects, patterns,
functions and procedures, and modularity aim to guide or ease the
processing of knowledge [14,17]. However, no prior study has empirically
examined its effects.
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Fig. 2. Knowledge integration in a software development project.

The benefits of such integration extend beyond con-
ceptualizing an effective preliminary design. As new
information about evolving customer needs or changing
project priorities surfaces during development, it is more
likely to be reflected into the software design if high levels
of knowledge integration are occurring [3]. Similarly, a
recent case study of software development practices at
NASA has suggested that coordination of effort during the
development process reduces system costs [11]. However,
the actual influence of knowledge integration on software
development performance has never rigorously been
empirically tested. Most evidence to date has either been
anecdotal or based on case studies. In this study, we
empirically assess how knowledge integration influences
three key dimensions of software development perform-
ance: design effectiveness, defect density, and development
efficiency.

We focus on these three variables because they are the
preoccupation of both software development organizations
(who seek to develop good products at the lowest possible
cost) and the end-users or customers who generally seek
to acquire the best possible solutions to their business
problems at a reasonable cost. Design effectiveness
captures the variable that determines whether the
delivered system meets the needs of the customer
organization. Defect density concerns both customers
and software development organizations since it captures
the number of defects that remain in the software per
thousand lines of code. Efficiency of the development
process concerns primarily the software development
organization and it captures the effectiveness with which
it can use its resources and skills to develop a system
within budget.

3. Methodology

The field study involved 232 customer application
development projects in 232 different software development
organizations in Russia, Ireland, and India for external
customer organizations, all of which were American
companies. Data on each project were collected from two
sources—the software development organization and the
customer organization for which the software was devel-
oped. Through the three largest global software consortia in
Russia (Russian National Software Development Alliance),
Ireland Irish Investment and Development Agency (IDA)),
and India (National Association of Software and Service
Companies (NASSCOM)) 818 potential participant soft-
ware development organizations were identified. Only
companies that had significant software development
partnerships with US firms were chosen for this study.
Throughout the study, recently proposed guidelines for
empirical research on software engineering were closely
followed [8].

3.1. Expert interviews and questionnaire development

The questionnaire used existing measurement scales
where possible. A new measure was developed for knowl-
edge integration based on detailed interviews with 19
software project managers (seven in Russia, six in the US,
two in Ireland, and four in India) and seven academic
experts. This measure was developed based on interviews
with managers to identify ways in which integration of
knowledge across the client—vendor boundary could be
observed. Following this preliminary field work, a pool of
scale items was generated. This pool was refined through
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pilot testing and further rounds of feedback. The final
measure utilized five questionnaire items that were all
reflective scales [5]. Reflective scales refer to measures that
tap into an unobservable concept (knowledge integration)
using measurement items that are caused by the existence of
that construct. An alternative approach is to use formative
measures, i.e. where the measurement items cause the latent
construct. The former approach was used because of
existing scale validation procedures such as inter-item
correlation can be used and no such reliability tests exist for
formative scales.

Responses were measured using multi-item seven-point
Likert scales and using objective data where possible. Five
questionnaire items were used for each Likert scale
construct to ensure reliable measurement. Principal com-
ponents analysis with orthogonal rotation was used to
confirm the factor loading patterns for each construct. All
scales exhibited unidimensionality, discriminant validity,
and reliably captured the underlying theoretical construct.
The questionnaire items, Cronbach alphas, and factor
loadings for each construct are summarized below.

1. Knowledge integration (Chronbach o = 0.74) was
measured using five questionnaire items on a seven-
point Likert scale. These questions were answered by the
software development organization. Each of these items
was reflective in design, i.e. if higher levels of knowledge
integration had occurred in the given project, they were
designed to elicit a higher response on the response scale.
A Chronbach Alpha value of 0.74 suggests that they
tapped into a convergently valid unobservable construct
[4]. The face validity of the scale items was assessed
through an iterative scale development approach invol-
ving project managers from 19 organizations as
described earlier. This ensured that the scale items
reliability and validly tapped into the domain of the
knowledge integration construct. The scale anchor was
‘For this project, please indicate the extent to which the
following statements describe your company’s working
relationship with this customer.” The following items
were used.

Factor loading

(a) We applied our expertise in 0.680
innovative ways

(b) We carefully made decisions to 0.636
maximize overall project outcomes

(c) We leveraged the customer’s 0.695
knowledge in many functional areas

(d) Many creative ideas came from 0.768
combining our unique perspectives

(e) We developed a clear 0.600

understanding of how each business
function should be coordinated

2. Design effectiveness (a = 0.91) was measured using five
questionnaire items on a seven-point Likert scale
answered by the customer organization. The scale anchor
was ‘Compared to other IT projects completed by your
company, how would you characterize this project’s
outcomes?’ The following items were used.

Factor loading

(a) System reliability 0.722
(b) Implementation of functionality 0.769
(c) Meeting project objectives 0.788
(d) Meeting functional requirements 0.800
(e) Overall fit with customer needs 0.813

3. Defect density was measured in terms of the total number
of defects discovered in the software in its installation
and acceptance testing stages (‘warranty defects’). The
lower the defect count in these stages, the higher is the
design quality.

4. Development efficiency was measured as the extent to
which the project was completed in its allocated budget.
This variable was measured inversely as the percentage
of cost overruns encountered in the project.

3.2. Data collection

Data for the study were collected from key project
managers in the software development organizations and
their customer-side liaison managers through a field survey.
The key informant technique, which relies on a highly
knowledgeable individual from each organization was used
[9]. Software development organizations in India, Ireland, and
Russia were chosen for the study because of the large variance
in software development practices, and therefore the large
variance in knowledge integration that was likely (the data
confirm this expectation). Alternatively, the phenomenon of
knowledge integration could have been studied within the IT
departments of organizations. However, the effects of knowl-
edge integration were more likely to be observable in a field
setting involving inter-organizational software development
projects. The data collection was done in two phases, which
were preceded by the questionnaire development interviews
discussed earlier (see Fig. 3).

In the first phase, the software development organization
questionnaire was forwarded to the lead manager of each
project in each software development organization. We also
separately collected objective archival data for each project
(defects recorded at each stage of the development process and
the percentage by which the project exceeded the original
budget). Following this stage, we asked the project manager to
forward a shorter survey to the primary liaison in the American
customer organization. The purpose of this step was to collect
data on the independent and dependent variables from
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Fig. 3. Research methodology and data collection.

different respondents in order to mitigate the threat of mono-
methods bias. Mono methods bias refers to bias in perceptual
evaluations that results from having the same respondent
evaluate both the dependent variables (performance) and the
predictor variable (knowledge integration) in the same survey.
Only projects for which complete matched-pair datasets were
collected are included in the final analysis.

The response rates across the sample are summarized in
Table 1. Various steps were taken to maximize response
rates.” Steps were also taken to ensure that non-response
bias was not a persuasive threat to the validity of our
findings.* Given the sensitive nature of the data and the
challenges associated with getting multiple assessments
from both the customer and software development organ-
izations, the overall response rate of 28.4% compares
favorably to typical field studies involving managers.

4. Analysis and results
4.1. Model specification

The influence of knowledge integration on software
development performance can be assessed by estimating
three simple regression models for software development
effectiveness (Eq. (1)), defect density (Eq. (2)), and develop-
ment efficiency (Eq. (3)). The corresponding B;; values in each
model represent the standardized path coefficients that

3 Three steps were taken to maximize response rates. First, we promised
complete confidentiality of responses and offered a summary of the key
findings of the study customized to each participating company. Second, we
send a pre-notification letter to all firms in the Russian and Irish cluster, and
to the Indian ones for which mailing addresses could be obtained. Then we
simultaneously sent the survey via email and in hard copy format with
international return envelopes. Three reminders were sent via fax,
telephone calls, and email. Third, preliminary comparative results and a
token gift were send to each responding firm along with the request for a
customer-side evaluation.

4 To test whether the non-responding organizations were biasing our
sample, we used follow-up calls to nine randomly selected non-responding
software developments (three each in Ireland, Russia, and India). Most non-
participating organizations declined to participate for lack of time, concerns
about sensitivity of the data, or because they were no longer in the custom
development business, thereby suggesting that non-response bias is not a
persuasive threat to our findings.

Russia Ireland India Full sample
Valid initial sample 176 183 459 818
Respondents 59 54 119 232
Response rate 33.5% 29.5% 25.9% 28.4%

indicate the relative influence on each of these dimensions
of software performance. The statistical significance of the
betas indicates the robustness of hypothesized effects

Design_effectivness = By + By effectiveness * Know_integ + &,

ey

Defect_density = By + By gefect * Know_integ + &, 2)

Design_efficiency = By + By efficiency * Know_integ + &3
3)

&1 —&3 represent the error terms.

Egs. (1)—(3) were estimated using the field data on each
of the 232 projects. Since the objective of this study is to
empirically assess the robustness and degree to which
knowledge integration influences each dimension of SD
performance (rather than build a comprehensive predictive
model), it is not necessary to complicate these equations
further by introducing additional predictors of performance.

4.1.1. Descriptive statistics

The average complexity of the projects was 2241
function points (FPs). The duration of the projects ranged
from one month to four years, with an average duration of
about 11 months (SD 9.6 months). On average, the projects
in the study had exceeded budget and schedule estimates by
15.7% (SD 16.1%) and 18.9% (SD 19.7%).

4.2. Model estimation

Three regression models corresponding to Egs. (1)—(3)
were estimated using the field data on all 232 projects. In
our discussion, we use an alpha level of P = 0.05 to denote
statistical significance. This corresponds to the 95%
statistical confidence level. One-tailed 7-tests were used
because the hypothesized relationships are unidirectional. In
our preliminary analysis, we found no statistically signifi-
cant differences between the Russian, Irish, and Indian
subsamples in our sample. The corresponding dummy
variables were non-significant, suggesting that rational
origin did not play an observable part in differentiating the
performance of these firms. The projects were therefore,
pooled in subsequent analyses. The path coefficients, their
standardized error terms, and statistical significance were
assessed using SPSS. The results are summarized in Table 2
and discussed next.
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Table 2

Results

Equation Performance dimension Beta Std. error T-value Statistical significance
1 Design effectiveness Bri_effectiveness 0.210 0.438 3.015 P <0.01

2 Design defects Bri_defect density —0.273 0.012 —3.997 P < 0.001

3 Cost overrun Bii_efficiency —0.238 0.04 —2.276 P <0.05

4.2.1. Effect on design effectiveness

Knowledge integration had a positive and statistically
significant path coefficient on 0.210 on software design
effectiveness (Eq. (1)). This provides evidence that higher
levels of integration of business application domain and
technical knowledge during the development process leads
to improved fit between the delivered software and customer
business needs. Recall that design effectiveness was
evaluated by the customer organization, lending high levels
of validity to this finding. This relationship is graphically
shown in Fig. 4a, which shows a linear increase in design
effectiveness as knowledge integration improves.

4.2.2. Effect on defect density

Estimation of Eq. (2) based on field data from 232
projects revealed that knowledge integration had a negative
and statistically significant effect on the number of recorded
defects in the installation and acceptance testing stages of
development. The defect density metric is adjusted for the
size of the project to allow comparisons across projects of
different levels of complexity. We also examined the defect
density patterns at each development stage—requirements,
high-level design, detailed design, development/coding,
installation and acceptance testing—and their relationship
with knowledge integration (Fig. 5). This reveals an
interesting pattern: the number of defects at each stage of
development is lower in projects with higher levels of
knowledge integration. This finding suggests that better
knowledge integration lowers the defect injection rate
throughout the entire development trajectory. Curiously, the
inverse-U shape of the curves suggest that as knowledge

(a) 8

Software Development Effectiveness
(4]

2

1.5 2.0 25 3.0 3.5 4.0 4.5 5.0 55

Knowledge Integration

(b)

integration increases, the recorded defects initially rise and
then fall. An explanation for this observation is that with
improved knowledge integration, the ability of the software
development organization to detect defects improves, as
suggested by the higher number of recorded defects. On the
other hand, these defects might otherwise simply go
undetected.

4.2.3. Effect on software development efficiency

Estimation of Eq. (3) revealed a negative and statistically
significant path coefficient between the percentage by which
the project costs overran the allocated development costs.
This implies that projects with higher levels of knowledge
integration are completed with less deviation from the
estimated budget, hence lead to more efficient utilization
of the allocated resources. This relationship is shown in
Fig. 4b, which reveals a linear downward trend in cost
overruns as knowledge integration improves.

4.2.4. Comparative effects on development effectiveness,
efficiency, and defect density

The path coefficients for the knowledge integration term
in Egs. (1)-(3) are standardized beta weights, which
indicate the comparative effects of knowledge integration
on development effectiveness, defect density, and develop-
ment efficiency. The results in Table 2 suggest that the most
pronounced influence of improved knowledge integration is
on lowering the density of defects in the development
process. The second dimension of performance that is most
heavily influenced by it is the efficiency of the development
process. This is followed closely by increased development
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Fig. 5. Knowledge integration reduces defect density throughout the development trajectory.

effectiveness. Fig. 6 further shows that higher levels of
knowledge integration are needed as the complexity of a
software project (measured in person hours of development
effort) grows.

5. Implications

Two key implications can be drawn from these findings.
First, software development organizations must pay atten-
tion and resources to improve integration of their knowledge
with the customer’s business application domain knowl-
edge. Even if a customer possesses a clear mental model of a
project’s objectives, unless it is integrated during the
development process, it is unlikely that the resulting
software will embody the customer’s actual needs. When
knowledge about customer needs is complex and sticky,
formal requirements are likely to capture only a subset of a
project’s true requirements. In such cases, ongoing vendor—
customer interaction throughout the development process
can improve knowledge integration which in turn can help
surface requirements that are not captured at the outset of
the development process. This approach is advocated in
iterative or evolutionary approaches for software develop-
ment. The chronic challenges in software development—
unmet user needs, requirements mismatches, and systems
that fail to meet customer expectations—plausibly arise
from inadequate integration of the business application
domain knowledge with technical knowledge in the soft-
ware development process. Since knowledge integration
enhances software development effectiveness, software

quality, and efficiency, this facet of knowledge management
can provide immediate impact in software development
organizations considering knowledge management initiat-
ives. Establishing a link between knowledge integration and
software project outcomes is therefore, the key contribution
of this study. Second, our findings also point to why
development coordination tools such as requirements
managers, architectural modeling tools, test case develop-
ment tools, configuration managers, and defect and change
request tracking tools enhance the software development
process. Our findings suggest that it is so because they

Knowledge Integration

’mﬂ

0

0

2000 2500 3000

Project Complexity (Development Person-Hours)

500 1000 1500

Fig. 6. Higher levels of knowledge integration are required in more
complex projects.
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enhance knowledge integration at the vendor-—customer
interface.

6. Summary

The objective of this research study was to assess
empirically how robustly and to what extent integration of
business application domain knowledge with technical
knowledge during the software development process
influences various dimensions of software development
performance. Based on field data from 232 projects in 232
software development organizations and project evaluations
by customer organizations, we found that knowledge
integration has a statistically significant effect on software
development performance. We found that knowledge
integration—in the order of its effect size—lowers the
density of warrant stage defects, lowers defect density
throughout the development trajectory, improves software
development efficiency, and increases design effectiveness.
The key contributions of the study are: (1) validating the
role of knowledge integration in the software development
process for the first time and (2) assessing the relative extent
to which each dimension of software development per-
formance is influenced by it. Given the global nature of the
dataset on which these results are based, these findings are
readily generalizable to various organizational and national
contexts.
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