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Abstract
In this paper we present the findings of an exploratory study about the effects of
communication variety on performance in collaborative software development communities. Performance was defined separately for the two generic activities that cover most of
participants in a software development community: ‘knowledge creation‘ and ‘knowledge
brokerage‘. This study attempts to combine different, and conflicting theoretical lenses
to understand effects of communication on these intertwined processes. In this attempt
we introduce measures to assess variety of communication sources within and across subcommunities, which represents knowledge domains within a larger community, and build
hypothesis in line with theoretical synthesis proposed. We have tested these hypotheses
using electronic repositories from one large and one relatively smaller virtual software development community. Our results confirm the hypothesised effects for the most part.
Deviations suggest that the community scale matters in terms of how communication variety corresponds to information variety, hence effects differing with respect to community
size in knowledge creation process.

Introduction
Virtual communities are becoming increasingly commonplace with the advent of information and communication technologies (ICTs), and knowledge management systems
(KMSs) built upon them. Besides well known cases like Facebook where the virtual replaces and/or complements the old ways we are connected in our private lives, many areas
of professional life is effected by this change. Certain areas of work, where the subject
of work is a digital good, is quite amenable to penetration of ICTs. An extreme case
is software production, particularly open source software (OSS) communities, where not
only all the subjects of work are digital but also the objects, programmers, are extremely
comfortable with ICTs.
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The volume, variety, and quality of information experienced by the participants of a virtual community varies with respect to the scale of the community and structural design
of information exchange mechanisms in a KMS. However, the effect of such features of
communication on outcomes of knowledge processes, such as productivity of individuals,
is not well understood. For example, information variety to which an individual is subjected to may be thought of as a useful thing generally, but software engineers consider
it as harmful, and instead subscribe to the principle of hiding information within the
boundaries of software modules Parnas (1976). In general, the problem relates to several
research areas such as knowledge management, informetrics, innovation, and organisation
research, but its proper empirical treatment is missing in most, if not all.
In this paper, we report results of an empirical study concerning the effects of communication variety in virtual software development communities. We have tested our hypotheses
on two separate communities of different sizes. While designing the research, we adopt a
perspective which acknowledges heterogeneity of activities in such communities. In the
next section, we develop a theoretical position to build hypotheses concerning the effects
of communication variety in two particular types of knowledge processes (while there may
be more): knowledge brokerage/dissemination, and knowledge creation. Then we present
research data set and analysis methods, followed by a summary of findings. Finally we
discuss the findings in relation to theory and further work, followed by conclusions.

Theoretical Background and Hypothesis
With the increasing emphasis on innovation, rather than production, in the business
world, organisation and management research started to engage on the studies concerning knowledge processes in –work– organisations. Being a research thread in the early
period of its development, organisational knowledge and learning research fails to resonate
with theory and findings in related fields such as social networks and informetrics, and it
is particularly underdeveloped beyond the level of business organisation (i.e. teams and
individuals level) (Kostopoulos and Bozionelos, 2011). Furthermore, as Styrhre notes
(2003) the uni-dimensional understanding of knowledge in the rationalist tradition of
management studies is a stumbling block for development and refinement of theoretical constructs which is suitable to analyse and interpret the great variety of knowledge
processes around us.
A relatively consistent finding in organisational knowledge research is differentiation of
knowledge exploration and knowledge exploitation processes. Separate treatment of these
two types of processes goes back to March (1991). Powell (1998) also notes knowledgeseeking and knowledge-creation as two generic types in inter-organisational knowledge
processes. However, these and consequent approaches does not address the individual
level dynamics of knowledge processes. Recent research literature on open source communities particularly address the individual level (i.e. the developers), but is largely
detached from the theoretical concepts of organisational knowledge field.
In investigating the effects of communication on performance in open collaborative open
source software development, we focus on two stereotypes among the most active participants in such a software community: (1) those who are focused on coding and improving
particular parts of software, and (2) those who assist others in finding information. Here
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we label the corresponding activities as ‘knowledge creation‘ and ‘knowledge brokerage‘,
respectively. It is worth noting that these labels reflect a different cut regarding actor
versus process oriented views of the two generic processes noted earlier by March (1991)
and Powell (1998).
Few perspectives in the broader field of organisational research are suitable to approach
the problem, each with their own merits to examine certain aspects. One group of approaches subscribe to the value of information variety in knowledge processes. One of
these approaches is the social networks literature which point to advantages of variety of
ties for performance in networks. This advantage stems from access to scarce information and is articulated in various forms in the literature under terms such as ‘strength
of weak ties’ (Granovetter, 1973) and ‘structural holes’ (Burt, 1992). The notion of absorptive capacity (Cohen and Levinthal, 1990), although commonly applied at business
organization level, similarly emphasizes importance of previous exposure to variety of
information for adaptation and problem solving. Taken broadly, these approaches reflect
a perspective which considers knowledge as a commodity which is passed around. As a
consequence, variety of knowledge sources to which an individual or an organisation is
exposed to is generally considered as a stimulator of learning or innovation performance
in these perspectives.
A different approach to knowledge processes comes from the communities of practice
framework (Orr, 1986, 2006; Lave and Wenger, 1991; Wenger, 1998). Contrary to a commodified view of knowledge, these studies emphasise that collective knowledge processes
in expertise groups require socialisation with the group, establishment of common meanings and language, etc. By focusing on the life-cycle of participation and integration of
individuals to a community, this approach points to usefulness of information coming
from familiar, rather than novel, sources as it is more likely to adhere to a common language, and hence better facilitating knowledge transfer between individuals (Brown and
Duguid, 2001). Brown and Duguid (2001) suggest that in knowledge processes which require combination of in-depth expertise of various individuals, knowledge transfer across
team boundaries are more problematic.

Hypotheses
Our study attempts to combine these two different lenses in understanding the effects
of communication variety on individuals’ performance where separate types of knowledge processes (with their corresponding performance definitions) take place in the same
community. For this purpose we have used two different performance outcome measures corresponding to the knowledge creation and knowledge brokerage processes in the
context of software development. For those individuals engaged in knowledge creation,
performance is associated with their contribution to changing the software. For those
engaged in knowledge brokerage, on the other hand, performance is associated with how
much others care about information disseminated by these individuals.
Organisation of large scale virtual software development communities are based on separation of work domains for communication efficiency. This generally means that there
are several mail-groups formed to accommodate communication related to different parts
or aspects of software development or use. The basis of our approach for combining two
different theoretical approaches concerns the information exchange across sub-community
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boundaries. Sub-communities are loci of relatively separated domain knowledge. In other
words each sub-community is a community of practice which is relatively separated from
others. For this reason we hypothesise that communication variety within, but not across
sub-community boundaries increases performance in knowledge creation process. These
dual qualities of communication ensure that an individual is exposed to the wealth of
information needed to participate in a sub-field of practice, but not distracted with nonrelevant information coming from other sub-fields. In using the communities of practice
perspective in such a manner, we implicitly consider the amount of expertise of an individual as a controlling factor:
Hypothesis 1 Knowledge creation process requires access to knowledge variety within
a focused domain, and thus its performance is associated with higher peer-diversity
and lower domain-diversity in communication, in addition to experience in the
domain.
For the knowledge brokerage process, the line of reasoning is reversed. We suggest that
this process is more appropriate to apply a commodified view of knowledge. Individuals
who are able to match and deliver a higher variety of knowledge across domain boundaries
would be more successful in brokerage. As a consequence, better performance in knowledge brokerage is associated with communication variety across sub-communities. On the
other hand, as social networks research points to, different sources within the boundary
of a sub-community are unlikely to provide novel information as the information they
provide is somewhat similar:
Hypothesis 2 Knowledge brokerage process requires knowledge variety across different
domains, thus its performance is associated with lower peer-diversity in presence of
higher domain-diversity.

Research data and methods
There are various measures of contribution to software development used in software
engineering (Ghezzi et al., 2002). In this study we have preferred a less controversial and
easily accessible measure of bug-solving performance. Thus performance in knowledge
creation process is operationalised as the number of software bug-fixes by an individual,
i, denoted by bi .
As a measure of performance in knowledge brokerage, we consider how responsive is the
community to information disseminated by an individual. Thus we resort to measures
of centrality in the communication network emerging from e-mail exchanges. Although
various network centrality measures are available (Wasserman and Faust, 1994), in-degree
centrality measure (i.e. the number of replies to e-mails sent by the individual) is the
proper metric with a straightforward interpretation in this case. The knowledge brokerage
performance operationalized as the in-degree centrality of an individual, i, is denoted by
cin
i .
Apart from these two performance measures which are taken as the dependent variables in
our hypotheses, we have developed measures for communication variety to operationalize the independent variables. Our hypotheses required assessment of communication
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diversity of an individual both in terms of its heterogeneity across peers, and also in
terms of its heterogeneity across different domains (sub-communities, and corresponding
mail-groups in the software community with different subject focus). Following are the
measures we define on per individual basis:
in-degree, out-degree centrality : Counts of e-mails addressed-to or originated-from
out
the individual, denoted as cin
i and ci .
peer-diversity : To assess heterogeneity of one’s communication with different peers,
we have used Herfindahl-Hirschmann Index (HHI) (Hirschmann, 1964) commonly
used in economics to compute homogeneity. The peer-diversity is computed using
the counts of e-mails sent by an individual to each of his/her peers, and denoted as
dpi . Assuming that an individual have a set of communication peers, communication strength with each of whom are denoted as xi1 , xi2 , · · · , xini , and whose sum is
P
i
i
xi = k=n
k=1 xk , HHI gives us the homogeneity of this distribution of communication
among peers as follows:
!
k=n
Xi xik 2
HHIi =
xi
k=1
Thus the HHI index is bounded between 0 and 1. Simply computing 1 − HHI,
gives us a bounded measure of heterogeneity/diversity. Thus one can compute the
dpi measure defined above as:
dpi

= 1 − HHIi = 1 −

k=n
Xi
k=1

xik
xi

!2

domain-diversity : Obtained by collating e-mails originated from the individual with
respect to the sub-communities/mail-groups, and using HHI as described above for
peer diversity. Similar to peer-diversity, this measure is also computed from counts
of e-mails sent by an individual in each mail-group, and denoted as ddi .
time in community is the amount of time passed since an individual’s participation to
the community to time of performance measurement, denoted as ti .
We have constructed data sets to test our hypothesis using publicly available electronic
repositories of two separate open source software communities of different scales:
Eclipse is a project started in 2001. This data set covers the bug solving and e-mail
exchange records from the beginning of the project until the end of 2010. There were
75.000 people in this large data set who have participated in the Eclipse community,
and exchanged e-mails in 149 mail-groups/sub-communities. There were 1.2 million
bug solving records for this project.
Jakarta has started in 2002, and the data set contains records from the beginning of
the project until the end of 2010. There were 8.500 people in this relatively smaller
data set, with 19 sub-communities, and 48.000 bug solving records for this project.
To construct the data sets we have used custom software to both retrieve mail-group
e-mail records and bug-fix records, and also to produce the necessary measures. In each
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of the two cases e-mail traffic was divided into multiple mail-groups which correspond to
different sub-communities, each with its own focus on a different aspect or component
of the software being developed. To produce the social network stemming from e-mail
communication we have used the e-mail headers indicating ‘who replies to who’. Although
messages in mail-groups reach all registered users, it is reasonable to think that the
immediate reference indicated in messages capture the actual correspondence that takes
place in these mail-groups.
Since all dependent and independent variables are measured as bounded scalars We have
used generalised linear models to test our hypotheses, using R statistics software (R
Development Core Team, 2009).

Findings
In testing hypothesis 1, we have normalized an individual’s bug solving performance
with respect to the size of his/her time-frame of participation to the community, because
this performance measure is cumulative. Concisely the linear model used in testing this
hypothesis is:
bi ∼ dpi + ddi + ti
The results of applying this generalised linear model to data are shown in Table 1. These
Table 1: Effect of communication peer and sub-community diversity on bugsolving performance in knowledge creation process, normalized with respect
to time spent in the community.
ECLIPSE DATA-SET Coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept)
-6.029e+01 1.529e+01 -3.942 8.15e-05 ***
peer-diversity 1.632e+02 2.803e+01
5.822 6.01e-09 ***
domain-divers. -8.174e+01 3.759e+01 -2.174
0.0297 *
time-in-comm.
3.313e-09 2.007e-10 16.509 < 2e-16 ***
JAKARTA DATA SET Coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept)
-8.989e+00 2.070e+01 -0.434
0.6642
peer-diversity 1.906e+01 4.076e+01
0.468
0.6402
domain-divers. 1.301e+02 7.856e+01
1.655
0.0984 .
time-in-comm.
1.641e-09 3.389e-10
4.843 1.62e-06 ***
--Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

results support hypothesis 1 in the larger (Eclipse) data set because model coefficient
for peer-diversity is positive and for domain-diversity it is negative as hypothesised, in
6

addition to being significant at p < 0.001 p < 0.05 levels, respectively. But the model is
not affirmative of the hypotheses in the smaller (Jakarta) data set.
In consideration of testing hypothesis 2, it was apparent that the performance measure
of in-degree was related to out-degree. In other words, those who work harder in terms
of communication with others, would be responded back. In order to normalise the data
in terms of this effect we have built a linear model accordingly:
cin
i
∼ dpi + ddi
out
ci
The results of applying this generalised linear model to data are given in Table 2. These
Table 2: Effect of communication peer and sub-community diversity on information value performance in knowledge brokerage process.
ECLIPSE DATA-SET Coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept)
1.73583
0.01580 109.89
<2e-16 ***
peer-diversity -1.16924
0.02773 -42.16
<2e-16 ***
domain-divers. 0.83635
0.03552
23.55
<2e-16 ***
JAKARTA DATA-SET Coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept)
1.9776
0.1517 13.039 < 2e-16 ***
peer-diversity -1.9071
0.2753 -6.926 1.08e-11 ***
domain-divers.
1.9045
0.5520
3.450 0.000598 ***
--Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

results confirm hypothesis 2 for both large and small data sets, with high significance
levels. For both data sets, the model gives a negative coefficient for peer-diversity and a
positive coefficient for domain diversity, as hypothesised, and all are significant at p < 0.05
level.

Discussion
Perhaps the most substantial implication of the empirical evidence presented here is confirmation of the applicability of ostensibly conflicting lenses to collaborative knowledge
processes. We have developed an approach which considers collaborative software development communities as the loci of a multitude of processes. In articulation of this
approach we have considered two generic knowledge processes: knowledge creation and
knowledge brokerage. In developing our hypotheses we have combined social network
theory, which generally considers knowledge as a transferable commodity, and communities of practice theory which suggests that knowledge is sticky and its transfer is possible
7

between members of a community with a history, a common language and understanding
of the affairs specific to a domain. Our combination of these theories was based on the
assumption that a commodified view of knowledge was applicable for knowledge brokerage, but a sticky view of knowledge is appropriate for the deeper process of knowledge
creation. As a result of this approach we have hypothesised that diversity of communication in across and withing knowledge domains has adverse effects, and the effect on
performance of individuals depend on the process type in question. Despite relatively
long history of acknowledgement of generic knowledge process types, application of such
critical synthesis of different approaches is rather rare in organisational knowledge research. Further development of understanding knowledge processes will require novel
empirical designs as well as critical evaluation of existing concepts and theories about
organisational knowledge and learning (Styhre, 2003).
As part of our approach we have used commonly known performance measures for the two
generic knowledge process types, but proposed rather novel measures to operationalise
knowledge variety within and across domains. Although our application of these measures may seem specific to e-mail communities, it is quite generic. The only underlying
assumption here is that the knowledge community in perspective is divided into multiple,
recognisable sub-communities corresponding to knowledge domains. This is indeed the
case for most communities of considerable size. Such communities (virtual or otherwise,
concerned with software or some other professional subject) are almost always structured
into groups with respect to work focus due to reasons of organisational efficiency.
An important deviance in the empirical analysis in this study is the difference in the
nature of knowledge creation process between large and small community cases, where the
hypotheses failed for the small community case. These results indicate the community size
(and structure) as a mediator of how knowledge variation effect performance. A possible
cause of the findings may lie in the fact that knowledge landscape in the larger community
is more ‘compartmentalized‘ compared to the smaller community case. As a consequence
domain diversity in the smaller community may essentially be equivalent to peer diversity
within the same field. In other words, small worlds phenomena (Watts, 1999), may be
more involved in larger communities in terms of how novel information reaches different
places of the communication network. However, we content that substantiating any
possible reasons for this difference requires a different research design.

Conclusion
This paper presented results of an empirical study on the effects of information source variety in communication on performance of individuals, separately for knowledge creation
and knowledge brokerage processes as two generic knowledge process types. We have
developed a theoretical framework combining alternative theories, and produced hypothesis considering counter-veiling effects of peer and domain diversity. The hypothesis
were confirmed on two data-sets from different sizes of open source software development
communities, with some deviations which bear on the importance of scale in terms of
interaction between the community structure and knowledge processes.
The theoretical articulation, measures proposed, and empirical evidence presented in
this study contribute to somewhat disparate literature on organisational knowledge and
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learning processes at the individuals level. We suggest that differing perspectives on organisational knowledge (or rather knowledge organisation) such as social networks theory
or communities of practice theory may well be combined with a critical synthesis to understand and empirically validate the nature of collective knowledge processes in large
communities.
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