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Abstract

Coordination is important in large-scale software development because of the many people involved and the
complex dependencies present in software tasks. Even small improvements in productivity can lead to
substantial cost savings and competitive advantage. But despite great technological advances in software
engineering and collaboration tools in recent years, coordination in software development projects continues
to be problematic. Traditional theories suggest that team members coordinate by programming their tasks and
by communicating with each other, but more recent research also suggests that they coordinate through work
familiarity, and team cognition mechanisms like shared mental models. This paper reports on the results of a
multi-method research investigation of how shared mental models, work familiarity and geographic dispersion
affect coordination in software teams. This research is based on three studies conducted at a large
telecommunications company: face-to-face interviews, survey, and archival studies. Results show that shared
mental models have a positive effect on team coordination and that prior familiarity with the same software
parts and projects reduces software development time. Results also indicate that geographic dispersion
increases software development time and that the effect of work familiarity is stronger for geographically
distributed teams than for colocated teams.
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1 INTRODUCTION

Coordination is �the effective management of dependencies among sub-tasks, resources and people� (Malone and Crowston
1994).  Coordination is very important in large-scale software development because large software products and their development
processes contain complex dependencies (Crowston and Kammerer 1998; Curtis et al. 1988; Kraut and Streeter 1995) and involve
many teams and individuals working in parallel on the same product. But despite today�s advanced software engineering processes
and tools, coordination continues to be problematic in this domain, largely because of human and behavioral factors (Bohem 1981;
Brooks 1995; Curtis et al. 1988). Also, because of the need to find large numbers of skilled and specialized developers, and
because of the ease with which software parts can be exchanged through networks, large-scale software development often
involves people collaborating from more than one geographic location.  While this has some benefits, geographic dispersion brings
increased coordination overhead and more substantial delays in software development (Carmel 1999; Herbsleb et al. 2000, 2001).
Consequently, it is very important that we understand which factors contribute to coordination in this domain, and how distance
affects a software team�s ability to coordinate.

Large-scale software development projects are often supported by sophisticated workflow and collaboration tools like
configuration management systems.  However, some studies have found that software engineering tools only go so far in helping
these teams increase their productivity, and that when team members have familiarity with their application domain and shared
knowledge of the task and each other they are more coordinated and perform better (Crowston and Kammerer 1998; Curtis et al.
1988, Faraj and Sproull  2000; Walz et al. 1993).  This �organized knowledge that members share about things like the task, each
other, goals and strategies� is also referred to as shared mental models (Cannon-Bowers et al. 1993; Klimoski and Mohammed
1994).  It has been argued in the team cognition literature that these models help team members develop accurate explanations
and expectations about the task and members� behavior, which in turn helps them coordinate implicitly.  A related concept is work
familiarity, which is defined as �the specific knowledge that members have about aspects of the workplace (e.g., machinery,
materials, task environment, people)� (Goodman and Shah 1992).  Studies have found that familiar workers have higher levels
of performance (Goodman and Shah 1992;  Goodman and Leyden 1991; Goodman and Garber 1988).  It has been argued in this
literature that work familiarity is more beneficial in tasks with high levels of uncertainty and complexity such as large-scale
software development.

While many have suggested that shared mental models are beneficial for team performance, most of the related research has
focused on real-time, colocated teams working on synchronous tasks, with very little empirical evidence in other contexts (e.g.,
software tasks), particularly when teammates are separated by time (i.e., asynchronous) or distance. This research contributes to
fill this gap.  Therefore, our research question is:

How do shared mental models, work familiarity, and distance affect coordination in large-scale software
development?

2 SHARED MENTAL MODELS

The classic organizational research literature suggests that team members coordinate via task programming mechanisms (e.g.,
plans, specifications) or by communicating (March and Simon 1958; Thompson 1967; VanDeVen et al. 1976). However, the team
cognition research literature suggests that mechanisms like shared mental models also aid coordination.  A recent study of teams
working in a flight simulation task found that shared mental models had a positive effect on team processes (e.g., coordination),
which improved performance (Mathieu et al. 2000).  Studies of software teams have also found that their team members need to
acquire, share, and integrate substantial amounts of knowledge of the application domain to ensure positive outcomes in software
projects (Curtis et al. 1988; Walz et al. 1993).  Similarly, a recent study of software developers found that knowing where
expertise resided in their teams had a positive effect on performance (Faraj and Sproull  2000). Yet another study with software
requirement analysis teams found that teams that exhibited a �collective mind��i.e., a shared understanding of the group�s task
and each other (Weick et al. 1993)�were more coordinated because members understood how their work contributed to group
outcomes (Crowston and Kammerer 1998).

3 WORK FAMILIARITY

Shared mental models and work familiarity are related, but conceptually distinct constructs.  Shared mental models are based on
knowledge similarity within a team while work familiarity refers to knowledge that individual members possess.  Shared mental
models among team members develop from working and training together on similar tasks (Levesque et al. 2001; Mathieu et al.
2000; Rentsch and Hall 1994) and from things like team experience and common organizational familiarity (Rentsch and
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Klimoski 2001).  Consequently, team members with work familiarity in similar tasks are more likely to have stronger shared
mental models.  We argue in this paper that team members that are familiar with the same parts of the software code and with
the same software projects have more organized shared knowledge (i.e., stronger shared mental models) than those team members
that are familiar with different parts of the software code and different software projects. 

While there is evidence suggesting that familiar workers are more productive (Goodman and Shah 1992), we argue that in order
for work familiarity to help coordination (i.e., manage dependencies), team members need to have work familiarity in similar
aspects of the task.  For example, a study with airline pilots found that crews that had recently flown together performed better
and that familiarity between crew members made their communication and information exchange more effective, and helped them
tailor behaviors and interaction to particular situations, which reduced error rates (Kanki and Foushee 1989).  Two software
developers who are familiar with different application domains and different software projects may possess individual knowledge
to develop software competently.  However, two software developers who have work familiarity with the same software
processes, application domains, and projects will not only be able to perform well individually, but will also have more common
ground in their communications and more organized shared knowledge, which will in turn help them communicate more
effectively and anticipate future states of the task, thus helping them coordinate.  Thus, we posit that,

Hypothesis 1:  Shared mental models and similar work familiarity have a positive effect on coordination in
large-scale software development.

4 DISTANCE

There is some empirical evidence suggesting that distance makes it more difficult to coordinate software tasks (Carmel 1999;
Curtis et al. 1988; Herbsleb and Grinter 1999) and that developing software across locations takes longer (Herbsleb et al.  2001).
Distance makes it more difficult for team members to coordinate their work, even if they are only a few feet away from each other
(Allen 1977) because distributed teammates don�t have the benefits of spontaneous and frequent interaction and their
communication media is not very rich. Therefore, it takes longer to obtain responses and correct miscommunication.  This
suggests that,

Hypothesis 2:  Colocated teams are more coordinated than distributed teams.

Distance changes the task context and impacts the effectiveness of different coordination mechanisms. Team interaction in
distributed contexts tends to be less frequent and less spontaneous, affecting members� ability to coordinate through
communication (Curtis et al. 1988; Kraut and Streeter 1995). Also, these teams often don�t have the benefit of a shared workspace
or familiarity with the local work environment in other sites, which reduces common grounding in their communication.
Therefore, shared mental models and similar work familiarity can help distributed members compensate for their less effective
communication and information exchange.  On the other hand, colocated team members can communicate effectively when they
need to coordinate, so the incremental benefits of shared mental models and similar work familiarity may not be as great as for
distributed teams. Therefore,

Hypothesis 3:  The effects of shared mental models and similar work familiarity on coordination are stronger
for geographically distributed teams than for colocated teams.

5 RESEARCH METHODOLOGY
To evaluate our hypotheses, we conducted a field study in two separate divisions at a large international telecommunications
company.  One division produces software for the European GSM (global system for mobile communications) telephony industry
and the other division produces software for telephony switching equipment.  Both divisions are quite large and global, employing
several thousand software developers and support staff.  We adopted a multi-method approach involving three separate but related
studies, thus providing methodological and data triangulation. We used a two-phase sequential (i.e., qualitative-quantitative)
approach (Tashakkori and Teddlie 1998) in which results from the first phase informed the design of the second phase.  The first
phase involved an interview study undertaken to gain familiarity with the company�s software context and its coordination
challenges, evaluate and refine the theoretical framework, identify an effective unit of analysis, and define the main variables for
the study. The second phase involved two parallel studies, one of which was based on data collected from a survey of software
developers from a telecommunications company, and it examined the effects of shared mental models on coordination, controlling
for the use of other coordination mechanisms. The other study examined archival data from related software production records,
and was conducted to investigate the effects of similar work familiarity (i.e., a proxy measure for shared mental models) on
software development productivity to help validate findings across studies. 
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6 INTERVIEW STUDY

This study was conducted in two European countries through face-to-face, semistructured interviews of 36 developers and
managers from a software �release team� for wireless telephony equipment, which was responsible for the implementation of a
number of new features (i.e., a release or version) to the switch�s software. The team selected for the study had approximately
50 software professionals, who had completed over 70 percent of the release�s software, so its members had memories of recent
relevant experiences to discuss during the interviews. Most of the release�s software was developed at the two locations selected.
The interview transcripts were first analyzed to uncover general recurrent themes, which were then used to produce a codebook
for thematic coding (King 1998). The hierarchical coding scheme adopted had three main code categories and several related sub-
codes. The first code category identified attributions about the effect of different team cognition mechanisms on coordination.
Attributions were coded when a participant indicated that a particular mechanism was important (or that its absence was
detrimental) for coordination. The second code identified specific issues discussed for each context:  colocated (e.g., staff
overload) and cross-site work (e.g., little opportunity for interaction). The final code categorized instances of coordination
problems into more general types of coordination problems. The interview transcripts were then coded by the researcher and by
an independent rater (Cohen�s Kappa = 72.1%). 

Results:  Many participants (78%) attributed their coordination to shared mental models of the team (e.g., knowing who knows
what, familiarity with colleagues) and many (75%) attributed it to shared mental models of the task (e.g., shared knowledge of
concepts and products; common vision of goals), supporting Hypothesis 1.  However, results also revealed differences between
colocated and geographically distributed work.  More participants (78%) attributed shared mental models of the team as important
for geographically distributed work than for colocated work (13%), and many (69%) indicated that having prior knowledge of
colleagues in other sites helped offset problems associated with distance.  In contrast, more participants (63%) attributed shared
mental models of the task as important for colocated work than for geographically distributed work (31%), providing mixed
support for Hypothesis 3. The importance of shared task knowledge appears to be more salient in colocated work while the
importance of knowing colleagues� expertise and skills appears to be more salient in multi-site work. A possible explanation is
that while shared task knowledge may be important for distributed work, if team members don�t know their colleagues at other
sites, they can�t know how much task knowledge they have in common.

Results also show that coordination is less problematic for colocated than distributed developers. Many participants (53%)
explicitly mentioned that they did not see many coordination problems with colocated work because they knew their local
colleagues well and because they interacted frequently with them. In contrast, the majority (91%) mentioned problems affecting
geographically distributed work (e.g., little familiarity with colleagues, no presence awareness, few opportunities for interaction),
supporting Hypothesis 2. 

7 SURVEY STUDY

The survey study explored the effect of shared mental models on coordination using data collected with a Web survey.
Participants responded to items about specific software modifications in which they were involved, and about each developer that
collaborated in those modifications. The survey instrument included items on the use of task programming mechanisms, team
communication, shared mental models and coordination. Most shared mental models (SMMs) can be classified as knowledge
similarity about the task or about the team (Cannon-Bowers et al. 1993; Klimoski and Mohammed 1994; Rentsch and Hall 1994).
Thus, we measured SMM of the task (i.e., knowledge that team members share about the task) and SMM of the team (i.e.,
knowledge that team members share about each other).

The participants in this study developed software for digital telephony switching equipment. This equipment runs complex real-
time software containing several million lines of code. The software is updated with incremental releases (i.e., versions) through
modification requests (MRs). A change control board reviews all MRs and assigns priorities to the ones it approves. All software
developed is traceable to a formally approved MR, which is implemented by relatively small MR teams (2 to 12 developers),
making these teams effective units of analysis for this study. An MR contains one or many �Deltas��i.e., the addition, deletion,
and/or modification of one or many lines of code on a single file by a single developer.

The survey was administered in two sites (United States and England) where over 90 percent of the code for a main subsystem
of this switching equipment had been developed. The Web survey was dynamically generated for each respondent with questions
about one to three MRs in which the respondent recently contributed Deltas, and about each developer who collaborated in these
MRs. A total of 113 participants were identified and 97 of them completed the survey (85.8% response rate), providing usable
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data for 54 MRs. MR teams in the sample ranged in size from two to seven with an average of 3.5 members. Variables computed
at the individual level were averaged to the team level�analysis of intra-class correlation and within-team agreement (James et
al. 1984) statistics justified the aggregation of individual-level variables to the team level.  The main measures used in this study
are described in Appendix A. 

Results:  We used weighted least squares (WLS) regression with a general weighting procedure to correct for non-spherical
residuals. The beta values indicated below are standardized regression coefficients. Results provided partial support for Hypothesis
1. SMMTeam had a positive effect on team coordination ($ = 0.089, p = 0.035), but SMMTask was not significant. We attribute
this to the positive effect of the use of the software configuration management system (SCMS) on coordination ($ = 0.295, p =
0.008). Developers use this system to manage the integration of multiple versions of the software and to record MR technical
details and problems (e.g., error logs, developer comments). It appears that the SCMS helped these technical teams coordinate
their work through communication, so shared task knowledge did not provide incremental benefits for these small technical teams.
Surprisingly, neither the difference in coordination between geographically distributed teams and colocated teams nor the
interactions between distance and each of the shared mental model variables were significant. These results fail to support
Hypotheses 2 and 3 about the effects of geographic dispersion.

8 ARCHIVAL STUDY

This study explored the effect of similar work familiarity on software development time using data from the SCMS database,
which records data for each Delta and MR implemented. Shared mental model variables cannot be constructed from archival
software production data.  However, similar work familiarity between any two members in a team can be computed by counting
things like the number of files and modules in which both team members have developed software, and the number of software
projects in which both team members have collaborated.  A similar work familiarity variable can be computed for a software team
by averaging the similar work familiarity of each dyad in the team.  A team whose members have more similarity in their work
familiarity is more likely to have stronger shared mental models than a team in which members have individual work familiarities
in dissimilar aspects of the task.  For consistency with the survey study, the unit of analysis in the archival study was also MR
coding teams for the same software product. The sample came from all MRs implemented in the prior three years in which two
or more developers were involved, yielding data for 54,665 Deltas for 1,170 MRs.  The main measures used in this study are
described in Appendix B.

Results:  Development time intervals were substantially longer for geographically distributed MRs (97.3 days) than for colocated
MRs (48.3 days) (p = 0.003), supporting Hypothesis 2. Further analysis was conducted using WLS regression models to correct
for non-spherical residuals. The beta values indicated below are standardized regression coefficients. Three models were estimated
in a hierarchical fashion to study incremental effects. In the baseline model, which does not include the familiarity variables, we
found that team experience significantly reduced software development time ($ = �0.288, p < 0.001). The work familiarity
variables were added to the model next. Familiarity with the same modules/files ($ = �0.067, p < 0.001) and on the same MRs
($ = �0.046, p < 0.001) reduced software development time, supporting Hypotheses 1. Interestingly, the team experience
coefficient became non-significant ($ = �0.090, p = 0.137) when the familiarity variables were added. This result suggests that
while developer experience is an important factor in reducing software development time, joint developer experience with the
same MRs, modules, and files is more important when multiple developers are involved in an MR implementation. We then added
to the model interaction variables of geographic dispersion with each of the two familiarity variables. The significance levels of
both interaction variables of distance with familiarity with the same modules/files ($ = �0.027, p = 0.034) and on the same MRs
($ = �0.023, p = 0.073) were moderate.  Their negative signs support Hypotheses 3, that similar work familiarity helps reduce
software development time, but more so when the work is done across sites.

9 DISCUSSION 

Results are consistent across the three studies. They support the main hypothesis of this research that shared mental models help
coordination in large-scale software development. Furthermore, coordination and software development time were negatively
correlated (r = �0.39, p = 0.011), providing some assurance of convergent validity for the coordination measure used in the survey
study, and establishing a link between coordination success and software development time (i.e., survey and archival studies).
Familiarity with the same modules/files was also positively correlated with SMM of the task (r = 0.304, p = 0.036) and SMM of
the team (r = 0.285, p = 0.052). While the significance levels of these results are only moderate (partly due to the sample size of
the survey study), these results provide some validity for the measures used for shared mental models in the survey study. 
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Hypothesis 2, that distance has a negative effect on coordination, was also well supported in the interview and archival studies,
but not in the survey study. We attribute this lack of support in the survey study to the small number of observations available
for distributed work, which may have been insufficient to reveal its effects with sufficient statistical power. This also suggests
that software work in this organization is more likely to be distributed across sites under special circumstances (e.g., need to
service a remote client). In contrast, most of the hypothesized effects of distance were clearly supported in the interview and
archival studies. Consistent with prior studies, it is more difficult to coordinate and it takes longer to develop software when
working from multiple locations. Hypotheses 3, that the effects of shared mental models are stronger for geographically distributed
teams than for colocated teams, was supported in the interview and archival studies, but not in the survey study. Again, we
attribute this to the same reasons articulated earlier.  However, the negative interaction effects of distance and familiarity support
our argument that when software teams work across sites they do not have the benefit of frequent, rich, and spontaneous
communication, and therefore benefit more from shared knowledge developed from their similar work familiarity. 

Consistent with the software engineering literature (Bohem 1981; Brooks 1995), we found that individual experience in MR teams
helps reduce software development time. But, interestingly, and consistent with recent empirical evidence suggesting that sharing
and integrating individual knowledge is important (Crowston and Kammerer 1998; Curtis et al. 1988; Faraj and Sproull 2000;
Walz et al. 1993), we found that when multiple software developers collaborated in MRs, having team members with similar prior
experience was more effective in reducing software development time, particularly when the software was developed from
multiple sites. 

10 CONCLUSIONS

This study has a number of potential limitations. Some of the findings may be limited in scope to the company we studied and
the methods we used. The survey study relied on self-reports, although we reduced potential problems of common method
variance by measuring the dependent variable from responses about MRs, while constructing the main independent variables (i.e.,
shared mental models, team communication) from responses at the dyad level. The survey study was also limited because of the
small sample size, which was imposed by the logistical difficulties of collecting team data from the different software groups
involved. Finally, our focus in the survey and archival studies is on MR coding teams. Further research is needed to study teams
working on other development phases (e.g., designers, testers).

Nevertheless, this study makes a number of important contributions. Much of the prior research on shared mental models has been
theoretical and most of the related empirical work has taken place in laboratory experiments using real-time (i.e., synchronous)
simulated tasks. Similarly, most of the empirical research on familiarity has been conducted using synchronous tasks. This study
contributes to the empirical body of literature on shared mental models, familiarity, and coordination in asynchronous and
distributed collaboration. It is also the first to link the concepts of shared mental models and familiarity, and the first to combine
traditional organizational theories of coordination with team cognition theories into a single theoretical framework of team
coordination that includes geographic distance. Finally, ours is one of the few empirical studies that investigated the effect of
shared mental models and familiarity on coordination in a specific, asynchronous, real organizational context in the software
domain, using multiple research methods and data sources.
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Appendix A
Measures Used in Survey Study

Measure Description Notes

Coordination Ten survey items based on coordination problems uncovered in the
interview study (e.g, �we had a lot of integration problems with this
MR�, �we often had to do replanning because of missed delivery dates
and delays associated with this MR�).

Cronbach " =0.919

Shared Mental Model
of the Task
(SMMTask)

Consistent with prior studies, we asked participants to rate task-relevant
items about specific MRs in which they worked (e.g., �I was never
certain whether the code written for this MR would need further
rework�), and then computed the within-team agreement score (RWG).

Cooke et al. 2000,
James et al. 1984,
Levesque et al. 2001,
Mathieu et al. 2000,
Rentsch and  Klimoski
2001

Shared Mental Model
of the Team
(SMMTeam)

Similar to SMMTask, but we asked participants to rate statements about
each team member who worked on these MRs (e.g., �This teammate�s
knowledge of specifics about the MR was very high�).

Same as SMMTask

Geographic
Dispersion (0,1)

1 if the team operated in more than one location; 0 if the team operated
from a single location.

Most distributed teams
operated in only two
locations

Task Programming Use of a software configuration management system and other software
tools.

Team
Communication

Communication frequency with each teammate in the MR through
different media (e.g., e-mail, face-to-face) and aggregated to the team
level.

Cronbach " =0.844

Other control
variables

Member dependency (2 items), team size, and MR priority.
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Appendix B
Measures Used in Archival Study

Measure Description Notes
Software
Development
(Elapsed) Time

A proxy measure for team coordination�i.e., better coordinated
software projects are more likely to be implemented in shorter time
intervals, other things being equal.  Calculated as the time difference
between time stamps for the first and last Deltas of the MR. The
variable was transformed by taking logarithms to approximate a normal
distribution.

Similar Work
Familiarity

Similar work familiarity metrics were first computed for each dyad in
an MR team: familiarity with the same modules/files (number of
modules/files in which both dyad members had developed software) and
familiarity with the same MRs (number of prior MRs in which both
dyad members had collaborated). Familiarity measures with modules,
files, and MRs were reduced to two factors using factor analysis: one
factor loaded highly on the familiarity metrics for modules and files
(0.947 and 0.811 respectively), explaining 72% of the variance; the
second factor loaded highly on the familiarity metric for MRs (0.961),
explaining an additional 20% of the variance, for a total of 92% of the
variance explained. The dyad measures were then averaged across all
dyads in the MR team. Intra-class correlation and within-team
agreement statistics indicated that it was appropriate to aggregate dyad
data to the team level.

James et al. 1984

Geographic
Dispersion (0,1)

1 if the team operated in more than one location; 0 if the team operated
from a single location

Most distributed teams
operated in only two
locations

Other control
variables

Variables that may affect software development time: MR size, MR
complexity, MR team size, MR priority and team�s domain experience.




