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Abstract

The psychology of science typically lacks integration between cognitive and social variables. We
present a new framework of team innovation in multidisciplinary science and engineering groups that
ties factors from both literatures together. We focus on the effects of a particularly challenging social
factor, knowledge diversity, which has a history of mixed effects on creativity, most likely because
those effects are mediated and moderated by cognitive and additional social variables. In addition,
we highlight the distinction between team innovative processes that are primarily divergent versus
convergent; we propose that the social and cognitive implications are different for each, providing a
possible explanation for knowledge diversity’s mixed results on team outcomes. Social variables
mapped out include formal roles, communication norms, sufficient participation and information
sharing, and task conflict; cognitive variables include analogy, information search, and evaluation.
This framework provides a roadmap for research that aims to harness the power of multidisciplinary
teams.

Keywords: Multidisciplinary; Teams; Social cognition; Group processes; Psychology of science;
Creativity; Innovation; Shared mental models

1. Introduction

The history, philosophy, and sociology of science and technology are long-standing and
active fields. The psychology of science and technology is much more nascent, having only
graduated in the last year to having a society, journal, and conference (Feist, 2008). It also
remains far from a coherent discipline: In particular, there has traditionally been a divide
between social psychology and cognitive science when it comes to studying creativity.
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Instead of working toward an integrated understanding of scientific discovery and techno-
logical innovation, social and cognitive psychologists have largely studied creativity and
innovation in isolation of one another. This divide seems particularly counterproductive
because cognitive psychologists of science and technology have begun to move from studies
of individuals working alone to studies of dyads (e.g., Okada & Simon, 1997) or teams
(Christensen & Schunn, 2007; Dunbar, 1997), and social psychologists studying creativity
have begun to borrow constructs from cognitive psychology such as the accessibility of
knowledge structures (Nijstad & Stroebe, 2006). Additionally, the choice of cross-disciplin-
ary constructs lacks integration: The constructs used by cognitive psychologists of science
and technology are usually not those used by social psychologists in borrowing from cogni-
tive science and vice versa. For example, analogy and fixation are the most salient con-
structs from the cognitive science of creativity, but those concepts are not used by social
psychologists positing connections from social variables to cognition.

Fortunately, there is movement toward bringing together insights from cognitive and
social psychology, particularly in group cognition (e.g., Smith, 2008). This paper integrates
theory from social psychology and cognitive science, focusing on the case of innovation in
multidisciplinary science and engineering teams, which is a theoretically rich case from both
cognitive and social perspectives.

Science and engineering teams are increasingly multidisciplinary. Funding agencies have
recognized that solving complex problems often requires teams from multiple disciplines,
and universities are continuing to develop cross-disciplinary programs (Derry & Schunn,
2005). On the social side, knowledge diversity has been implicated as a positive factor in
team innovation, but attempts to understand its effects have failed to find consistent results
(van Knippenberg, De Dreu, & Homan, 2004; Mannix & Neale, 2005). On the cognitive
side, knowledge diversity is thought to be critical to complex performance, but it is depen-
dent upon communication methods (Okada & Simon, 1997). For the purpose of this frame-
work, although we draw from a broad array of literature on team diversity, we use the term
“‘knowledge diversity’’ to mean diversity in domains of knowledge expertise, such as in
multidisciplinary science and engineering teams, rather than expert—novice or raw ability
differences. Much of the diversity literature examines homogeneous versus heterogeneous
teams, although it is clear that there can be degrees of heterogeneity (Paletz, Peng, Erez, &
Maslach, 2004). Taking from Harrison and Klein’s (2007) typology of diversity, we are
focusing on diversity as variety: in this case, variety of domains of expertise. This distinc-
tion is important, as groups diverse on levels of expertise within the same domain will have
a whole set of potentially different effects.

Before continuing, it is also important to define creativity and innovation. Although the
literature we review often focuses on one or the other, our broad framework focuses on
innovation. Creativity is generally defined as a person, process, product, or environment that
formulates, results in, displays, or encourages both usefulness (appropriateness, correctness,
or value) and originality/novelty (e.g., Amabile, 1983, 1996; Mayer, 1999). Innovation
additionally includes the elements of relative rather than absolute novelty, intentional bene-
fit to individual, group, organization, or wider society, and the application/implementation
of the creative idea (West & Farr, 1990). Given that creativity has been used to describe
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products, which are necessarily the application of ideas, and processes, which imply per-
sonal/relative novelty of ideas, it is not a surprise that the concepts of creativity and innova-
tion overlap somewhat. However, we take Anderson, De Dreu, and Nijstad’s (2004) lead to
stress that innovation includes implementation, a standpoint that has implications for which
variables will be important.

The goal of this paper is to create an initial framework of multidisciplinary team innova-
tion that begins to integrate theory from both cognitive science and social psychology. This
paper aims to open up the ‘‘black box’’ between team structures (specifically, multidiscipli-
narity) and innovative team outcomes, detailing some of the potentially important team and
cognitive processes that lie between the two. We propose that the previously inconsistent
results for multidisciplinarity can be explained by distinguishing between convergent and
divergent processes, which we suggest have different social and cognitive effects. Further-
more, we highlight formal roles as a possible team structure moderator on the effects of
multidisciplinarity. This framework is a first step. As research in this area progresses, we
anticipate further specific models arising from this framework, as well as more complete
accounts that include more concepts.

2. An overview of teams

Groups are often the unit within which modern science and engineering innovation
occurs (Levine & Moreland, 2004). Interdisciplinary groups in particular are becoming the
norm within certain areas of science and engineering (e.g., oceanography, space research,
physics; Klein, 2005). Time Magazine’s top ten scientific discoveries of 2007 (Mahr, 2007)
and the National Science Foundation’s highlighted 2006 scientific discoveries (National
Science Foundation, 2007) were all listed as originating from a team or collection of
scientists or researchers. The discovery of the double helix (Watson, 1968), the atomic
bomb’s Manhattan project, and the Apollo moon program are additional examples of how
dramatic modern achievements and discoveries depend on multidisciplinary teams of
scientists and engineers. Less dramatic but still vital innovation also originates from
everyday software development groups, labs within pharmaceutical companies, and
collaborations of scientists across universities.

Teams have been investigated within cognitive science. Hutchins’ (1995) groundbreaking
article conceptualized a cockpit, with both the technological system and the humans
involved, as a coordinated team of information processors: Memory was stored in the minds
of the two pilots as well as the speed card booklet and other representational devices. How-
ever, Hutchins’ detailed description focused on information processing, retrieval, and mem-
ory between the pilots and the airplane’s systems, rather than social processes. Other
cognitive scientists of science and technology have discussed knowledge diversity in groups
in terms of a broader base for analogical thinking (Dunbar, 1995) or gaps in disciplinary lan-
guage and goals that must be bridged using shared mental models (Epstein, 2005). Simi-
larly, Okada and Simon (1997) discuss the collaborative process that must be used for initial
knowledge diversity to lead to successful scientific discoveries, but the process concepts
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they discuss are cognitive rather than social. Nersessian and colleagues, using ethnographic
and cognitive-historical analyses to examine multidisciplinary biomedical engineering
teams, incorporate an understanding of context to describe in detail how reasoning can occur
across artifacts and researchers (e.g., Nersessian, 2006; Nersessian & Chandrasekharan, in
press).

The study of teams from a social and organizational psychological perspective has a long
history and rich literature (see Ilgen, Hollenbeck, Johnson, & Jundt, 2005; Kozlowski &
Ilgen, 2006; Levine & Moreland, 1998; for reviews). Team creativity researchers have
tended to focus on brainstorming (Thompson & Choi, 2006), which is a subset of what
scientists and engineers do in the service of innovation; they also problem solve, criticize,
debate, test, and get off topic. Most conceptual models of teamwork show some combina-
tion of four concepts: the broader environmental and organizational context, the team task
demands, team processes, and team outputs, generally in the input—process—output type of
model (e.g., Kozlowski & Ilgen, 2006; McGrath, 1984; West, 2002). Certain aspects of
group structure such as task design and organizational context may influence group
processes, which in turn influence group effectiveness (e.g., Cohen & Bailey, 1997).
Saunders and Ahuja (2006) have improved upon this model by suggesting that, in ongoing
distributed teams, structure influences and is influenced by both processes and outcomes.
Relevant team structures to science and engineering groups include whether the team is
distributed or co-located, what type of leadership roles are held by team members, the level
of formalism of those roles (are they implied or explicit), and how many people are on the
team. The same overall task (e.g., robotic geology on Mars; Squyres, 2005) can involve
organizational constraints, such as funding fluctuations, and task structures, such as daily
versus weekly planning. Therefore, we add organizational and task structures to Saunders
and Ahuja’s (2006) model (Fig. 1). Task structures refer to how the work itself is organized,
whereas team structures refer to how the people are organized and composed and the rela-
tionships between them (McGrath, Arrow, Gruenfeld, Hollingshead, & O’Connor, 1993).

Organizational, Task, and Processes:
Team Structures: Communication,
Resources, Team Conflict resolution, etc.
Composition, Task
Interdependence, etc.

Outcomes:
Productivity,
Satisfaction, etc.

Fig. 1. Conceptual illustration of team dynamics (based on Saunders & Ahuja, 2006).
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Within multidisciplinary science and engineering teams, task structures could include
whether the task requires decision making, planning, and/or brainstorming, and whether it
has a specific deliverable at the end of each meeting or the end of each week.

One weakness of models of team productivity is that they often do not make connections
between team and individual cognitive processes (exceptions being De Dreu, Nijstad, & van
Knippenberg, 2008; Nijstad & Stroebe, 2006). Not all social variables must play themselves
out through individual cognitive changes, nor do all individual cognitive changes occur
together with team changes. However, many social variables can produce differences in
individual cognition to affect overall team productivity indirectly, and situational variables
that may influence cognitive processes may also change team process variables and influ-
ence overall team productivity in this way. Because real science and engineering typically
happen within team contexts with both social and cognitive variables at play, thorough
descriptions must be developed that further integrate the social and cognitive processes.

With this integration goal in mind, we present a new framework of team innovation in
multidisciplinary science and engineering groups that ties together social and cognitive vari-
ables. We focus on the effects of a particularly challenging social factor, knowledge diver-
sity (as multidisciplinarity), which has a history of mixed results, most likely because it is
mediated and moderated by cognitive and additional social variables. The framework we
propose follows those team structures, team processes, and cognitive processes that are most
likely to be related to knowledge diversity. We also assume that this framework is most rele-
vant for long-term groups, the typical kind of group in action in science and engineering,
although perhaps the kind of group that is studied the least often by social psychologists.
Other high-level factors, such as those listed in Fig. 1, are, of course, potentially important
to scientific and engineering team innovation: clearly, culture, organizational structures, dif-
ferences in task structure, hierarchies, and other team processes may impact creativity in this
context. Long-term teams have processes of formation, maintenance, and dissolution
(Levine & Moreland, 2004), and there may also be feedback loops, such that outcomes
affect structure and processes and groups. This framework focuses on interactions within
teams, but we recognize that teams exist within social contexts such as organizations,
nations, and cultures, with their associated pressures, expectations, and norms. Consider-
ation of these factors lies beyond the scope of this article. However, there is heuristic value
in beginning with the simple case in this integration of cognitive and social variables, and
so we focus on a specific set of team structure, team process, and cognitive process variables
that are especially likely to cohere together.

3. A social/cognitive framework of multidisciplinary science and engineering team
innovation

Multidisciplinary teams both hold the promise of broad solutions and a great deal of diffi-
culty (Derry, Schunn, & Gernsbacher, 2005). Diversity in teams, particularly knowledge
diversity, has historically resulted in mixed effects on teamwork: It is not only often posi-
tively associated with divergent thinking but can also hinder convergent thinking via
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increasing unproductive conflict and making it difficult to achieve a shared vision (Gebert,
Boerner, & Kearney, 2006; Kurtzberg & Amabile, 2000-2001; see Mannix & Neale, 2005;
van Knippenberg & Schippers, 2007 for reviews). Attempts to unpack and delineate the
effects of diversity have served up weak or inconsistent results (van Knippenberg et al.,
2004; Mannix & Neale, 2005); as a result, some authors have suggested that new models
showing moderation and/or mediation are necessary (van Knippenberg & Schippers, 2007;
van Knippenberg et al., 2004).

In addition to unpacking cognitive mediators of team innovation process, we propose two
additional factors that may explain the difficulty in pinning down knowledge diversity
effects. First, formal roles, and more specifically, the formalization of roles, are a key mod-
erating factor. Formal roles are a type of team structure encompassing the behavioral norms
and scripts surrounding individuals’ roles. Furthermore, when a role has been formalized, it
carries the weight of team structure and organizational expectations behind it. An informal
note-taker at meetings may choose to forgo the role at any time, but a formal note-taker is
explicitly expected to keep track of what agenda items are addressed and disseminate
his/her notes to the rest of the group. For the purposes of this framework, we emphasize the
type of formal role that reifies expertise in addition to delineating specific tasks and respon-
sibilities. For example, the distinction between the pilot flying (PF) and the pilot not flying
(PNF) allows for a division of labor within the cockpit (Hutchins, 1995). Each pilot is
responsible for a different set of tasks, but even more importantly, is considered an expert to
be listened to on those tasks. Tasks that need to be remembered can be divvied up between
the two pilots, a type of social knowledge structure referred to as transactive memory
(Wegner, 1986). Transactive memory saves each individual from having to remember all of
the information, so long as that person is aware of what the other person should know. This
kind of memory has been shown to occur in dating couples and impromptu dyads in labora-
tory experiments (Hollingshead, 1998; Wegner, Erber, & Raymond, 1991), as well as in
interviews of what team members remember of design meetings (Lambert & Shaw, 2002).

Even more than the added efficiency of having those two roles, we contend that, in this
framework, the power of formal roles is that the team knows who the experts are in what
domains, and the team expects to listen to those people. Formal roles often are related to
power structures within the organizational environment. The development of Crew
Resource Management (or Cockpit Resource Management) was in large part an attempt to
reconfigure the norms regarding how a co-pilot could successfully challenge a senior pilot’s
action or assumed knowledge, something that was difficult given the traditional differences
in status between the two pilots (Wiener, Kanki, & Helmreich, 1995). In incorporating
meta-knowledge and expectations of who to listen to whom for what, formal roles can also
reify domain expertise. For example, in the case of the successful and innovative Mars
Exploration Rover (MER) NASA mission, a variety of tasks were tackled by separate engi-
neering and science subgroups; specific scientists and engineers were assigned to represent
their subgroups and assess the utility and feasibility of the plan together during the Science
Operations Working Group (SOWG) meeting when the separate plans were merged
(Mishkin & Larsen, 2006)." In addition to each daily plan being organized by the SOWG
chair, each disciplinary subgroup had a rotating representative for formal meetings that
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disseminated information to and from the rest of the group and served as an expert in the
SOWG meeting (Mishkin, Limonadi, Laubach, & Bass, 2006). These representatives can be
considered formal in that there were explicit expectations for attendance and making presen-
tations to the larger group. If created properly, formal roles may guide team processes and
manage the contradictory effects of knowledge diversity.

The second major factor that helps to explain the inconsistent results for knowledge
diversity is the distinction between convergent and divergent innovative processes. The
most commonly studied aspect of creativity is divergent thinking: the generation of many
ideas (fluency), ideas that are novel relative to prior solutions (originality), and the depth
and richness with which each idea is explored (elaboration; Torrance, 1988). The goal of
divergent thinking is to generate a wide variety of ideas or a list of possibilities (e.g., brain-
storming); the goal of convergent thinking is to come up with a single high-quality output or
a ‘‘right’”” answer (e.g., decision making, choosing among options). Most real-world tasks
involve a combination of both types of thinking, although some are primarily one or the
other. Similarly, most teams will use both types of thinking, usually in an iterative process
within the same meeting or day. Divergent thinking alone is as an incomplete view of crea-
tivity (Amabile, 1996; Hocevar & Bachelor, 1989). In addition, innovation, with its focus
on implementation (Anderson et al., 2004), must by definition rely on successful convergent
thinking processes. Creativity that is to be of use in science and engineering settings must
ultimately take into account the quality of ideas (Cropley, 2006). There must be divergent
thinking in which new ideas are generated, but there also must be convergent thinking in
which good ideas are selected from the generated set. Different team and cognitive pro-
cesses are important for both divergent and convergent thinking, and the prior lack of sepa-
ration of these two processes may explain inconsistent findings for knowledge diversity. For
the purposes of our framework, divergent thinking outcomes would be those high in fluency,
originality, and elaboration, whereas a convergent thinking outcome would be high in qual-
ity. What these outcomes are, specifically, depends on the domain. As a concrete example,
on the MER project, results from scientific investigations were published as research articles
(e.g., Squyres et al., 2004), and daily plans were formulated and implemented for each
rover. Quality can be evaluated based on publication success rate of articles, other research-
ers’ assessments of the teams’ articles, the ranking of the journals that accepted the articles,
and whether the findings of the team were later incorporated into textbooks. Fluency can be
assessed by the number of publications submitted by the group or the number of potential
plans for the rover created each day. Elaboration, as a measure of richness and detail, can be
evaluated by the number of words used within each daily plan or paper submitted for publi-
cation, the number of photographs and other figural details used within documents, and the
number of subheadings used. Finally, originality may be assessed based on peer researcher
assessments of novelty of documents, uniqueness of keywords used on the publications, and
uniqueness/rarity of specific daily rover plans.

Our social/cognitive framework addresses divergent and convergent aspects separately,
showing the different causal pathways for each aspect, although it should be kept in mind
that these occur one after another, sometimes quite quickly, within the same team. We do
not reduce social factors entirely to cognitive factors, although cognitive variables may
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Fig. 2. Social-cognitive pathways of multidisciplinary (A) divergent thinking and (B) convergent thinking
occurring within the same team. Squares are concepts, solid lines are positive relationships between concepts,

dotted lines are negative relationships (e.g., discouraging or inhibitory), and arrowed lines ending on another line
are moderators. Concepts in between others imply mediation.

Quality

mediate the relationship between certain social factors and innovation; rather, we show how
cognitive factors previously associated with innovation are also influenced by team factors.
Further, by integrating social and cognitive explanations, we can understand why interven-
tions aimed at the cognitive level in team settings may sometimes produce unexpected out-
comes. The rest of this section will explain the empirical and theoretical origins of each link
in the divergent path (Fig. 2A); the next section describes the convergent path (Fig. 2B). In
each case, the path is mapped from team structures to team processes to cognitive processes
to team outcomes. For this paper, we will focus specifically on task performance outcomes

(in this case, team innovation), rather than social outcomes (e.g., group cohesion, group
efficacy).

3.1. Social/cognitive framework—divergent path

When a group begins its work, it generally starts with divergent thinking (Fig. 2A) and
then chooses among ideas using convergent thinking. For example, in the case of the daily
planning of the MER mission, first the scientists would formulate possible draft plans before
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they would distribute assignments related to further development of each plan (Mishkin
et al., 2000).

3.1.1. Knowledge diversity

Following with the MER example, the science teams were fundamentally multidisciplin-
ary, being made up of atmospheric scientists, different types of geologists, and instrument
specialists. Generally, this type of diversity is thought to be positively associated with team
innovation via the team having access to a broader range of perspectives, information, and
opinions (for reviews, see Mannix & Neale, 2005; van Knippenberg & Schippers, 2007),
and thus it is theorized to be positively related to team performance when the task requires
information processing and innovative solutions (van Knippenberg et al., 2004; West,
2002). A diversity of opinions also increases perceived novelty and complex, integrative
thinking (e.g., Antonio et al., 2004). Furthermore, theoretically, the more knowledge struc-
tures available and accessible to members of the group, the more ideas that group can gener-
ate (Nijstad & Stroebe, 2006).

These different perspectives must, however, be communicated across the group. Only via
sufficient participation and information sharing, which is vital for groups whose members
hold unshared information, can the team take advantage of the diversity of background
information (Fig. 2A). Groups where individuals do not share unique information result in
poorer decision making. In a now famous study, Stasser and Titus (1985) gave some of their
participants partial information about potential candidates for student president such that
collectively the entire group had all of the information necessary to make the best decision.
Four-person groups were either in conditions where all the participants had the same infor-
mation (shared condition), or in one of two unshared information conditions. Results sug-
gested that discussion simply amplified pregroup preferences rather than correcting for the
initial biased information. This finding and its boundary conditions have been replicated and
extended in what are now called ‘‘hidden profile’” studies (e.g., Greitemeyer & Schulz-
Hardt, 2003; Greitemeyer, Schulz-Hardt, Brodbeck, & Frey, 2006; Schulz-Hardt, Brodbeck,
Mojzisch, Kerschreiter, & Frey, 2006). Although these studies usually involve decision
making and thus convergent thinking processes, they imply that broad participation is a
necessary condition for knowledge or disciplinary diversity to be innovative. In addition, in
a study of MBA student teams working on group projects, undergraduate major diversity
resulted in inverted U-shaped curvilinear relationships with both range of information and
depth of information in written case analyses (Dahlin, Weingart, & Hinds, 2005). This result
suggests that a moderate level of background multidisciplinarity leads to additional and
deeper information sharing (or at least expressing in their case analysis papers). Thus, we
suggest that participation and information sharing are a necessary mediator, and potentially
an outcome, of multidisciplinarity.

3.1.2. Task conflict

Simply sharing or even advocating for unshared information is not sufficient
(Greitemeyer et al., 2006); in manipulating prediscussion opinions using the hidden profile
paradigm, dissent led to better decision quality (Schulz-Hardt et al., 2006). Knowledge
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diversity has been generally found to increase performance via task conflict and disagree-
ments about ideas (e.g., Jehn, Northcraft, & Neale, 1999; Pelled, Eisenhardt, & Xin, 1999).
Models that link knowledge diversity to task conflict to innovation are common in the social
and organizational literature (e.g., West, 2002). Task conflict revolves around the work per-
formed by the group; process conflict relates to plans and delegation; and relationship con-
flict revolves around issues of interpersonal incompatibility and off-task social issues (Jehn
& Chatman, 2000). Distress, be it at the level of the individual, group (as task conflict), or
organization, has been theorized to spur innovation at any of those levels as well (Anderson
et al., 2004). The general view in the literature is that task conflict, when well managed, can
lead to positive team performance in complex tasks (Mannix & Neale, 2005) and to team
innovation (West, 2002). However, De Dreu and Weingart (2003) found in a meta-analysis
of studies primarily involving convergent thinking (e.g., decision making and project tasks)
that both task and relationship conflict lead to decrements in performance.

Although De Dreu and Weingart’s (2003) meta-analysis indicates that task conflict must
be carefully managed, hypotheses and social psychological models of the positive effects of
task conflict are in part supported by over two decades of studies showing the systematic
effects of minority opinion dissent on others’ cognitions (Hinsz, Tindale, & Vollrath, 1997).
In the context of group discussion, minority dissent occurs when the majority of the team
members have one opinion and one (or more) of the team argues for a different position. At
the level of and in the domain of scientific controversies (as opposed to small/medium
group real-time dynamics), Rosenwein (1994) argues that voicing a minority opinion may
elicit a range of reactions and interpersonal repercussions from the majority, depending on
the majority member’s commitment to their opinion (among other factors). A minority dis-
senter has been found to spark divergent thinking in others (Nemeth & Wachtler, 1983).
Dissent of any kind was also found to increase discussion intensity (Schulz-Hardt et al.,
2006). Additionally, De Dreu and West (2001) found that minority dissent has a positive
effect on team innovation, but only when participation was high (Fig. 2A). The mechanism
behind this effect seems to be that group disagreement causes uncomfortable cognitive dis-
sonance, which could then be reduced through attempting to persuade others, joining a like-
minded group, or yielding one’s own opinion (Matz & Wood, 2005). In particular, there is
evidence that having a minority dissenter promotes more original solutions (Nemeth &
Kwan, 1985) via a more thorough search for information by other members of the group
(Nemeth & Rogers, 1996; Fig. 2A). Information search is a cognitive processes of a system-
atic search through possible solutions, often guided by simple heuristics (e.g., simplicity
first, more available first). Information search is vital for team innovation: A good solution
can be implemented only if it is considered, and finding good solutions requires considering
many alternatives (Fig. 2A).

3.1.3. Formal roles

A second team structure described in detail above is formal roles. Bell and Kozlowski
(2002) suggest that for more complex and challenging tasks and team structures such as in
distributed teams, roles are likely to become more clearly defined, specialized, and fixed in
order to handle the complexity. In the MER mission, formal roles were used to organize a
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large, multidisciplinary team. Formal roles may emphasize expertise and/or power struc-
tures and enable transactive memory. In their study of groups of two participants and a con-
federate, Hart, Stasson, and Karau (1999) had undergraduate participants discuss and rate
hypothetical graduate school applications. The confederate argued for a position found in
pilot testing to be less popular, namely that research experience was a more important factor
than grade point average. Hart and colleagues varied the perceived expertise of the confed-
erate as well as physical proximity to the actual participants. In the far proximity conditions,
the confederate’s minority opinion had a stronger impact when the confederate was intro-
duced as an expert (in this case a senior who had been applying to clinical graduate school).
In a separate experimental study of face-to-face groups, when experts were assigned rather
than assumed, the tendency in groups not to discuss unshared information was significantly
overcome (Stewart & Stasser, 1995). We contend that these formal roles are influencing
group discussion via their associated communication norms and added formalized task struc-
ture. Thus, formal roles should influence the relationship between knowledge diversity and
task conflict, heightening knowledge diversity’s positive effect on task conflict and lessen-
ing the potential relationship conflict (Fig. 2A).

3.1.4. Communication norms

Communication norms are expectations and implicit rules regarding communication
behaviors, such as respecting expert opinion and tolerating expert-driven task conflict via
formal communication structures (e.g., turn taking, asking for concurrence). Caruso and
Woolley (2008) propose that emergent interdependence, where team members expect to
share task-relevant information and work interdependently, is particularly key for cogni-
tively diverse teams. In the previous example with the MER mission, subgroup representa-
tives act as experts within the context of the larger, multidisciplinary meetings (Mishkin &
Larsen, 2006). As suggested by the studies above, formal roles that reify and manage
domain expertise in cases of knowledge diversity may help promote productive task conflict
without the associated disruptive relationship conflict. Additional support for the importance
of communication norms was found by Lovelace, Shapiro, and Weingart (2001): team
diversity led to intrateam task disagreements that led to lower team innovation, but not when
team members felt free to express doubts and/or when the communication was collaborative
rather than contentious. During the various types of formal MER meetings, a communica-
tion norm was to ask for dissenting opinions from the different expert representatives before
ending the meeting. The related communication norms raised by formal roles could encour-
age broader participation and information sharing. If the norm is that certain individuals in
certain roles are both respected in those roles as experts and expected to share their exper-
tise, both the individuals and the team would encourage sharing of unique information
(Fig. 2A).

3.1.5. Cognitive processes

Even thorough models of team innovation still neglect individual cognitive processes
as studied by cognitive psychologists (e.g., West, 2002). In addition to information
search, many cognitive processes have been implicated in creativity in science and design.
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Analogies, in particular, might be involved in the connection between task conflict and inno-
vation via broader participation. Analogy is the process of drawing abstract relational com-
parisons between the current problem and prior problem/solutions to generate solutions for
the current problem. Analogy has been studied in depth in science (Dunbar, 1997;
Nersessian & Chandrasekharan, in press) and in design settings (Christensen & Schunn,
2007; Dahl & Moreau, 2002). In studies of group cognition, knowledge diversity has been
associated with an improved ability to generate useful analogies. For example, Dunbar
(1995, 1997) found that mixed-background microbiology laboratories were much more
successful than homogeneous microbiology labs: the mixed-background labs brought a
broader set of analogies to bear on a situation and were thus better able to solve problems.
We propose that task conflict will further increase this benefit of diverse backgrounds by
leading each individual to actively consider different perspectives, likely through the activa-
tion of a broader range of domains (e.g., Nijstad & Stroebe, 2006). In developing useful
analogies, the cognitive literature has found that the most difficult step is retrieving the right
analogy from memory. Once the right case is retrieved, the analogical mapping and produc-
tive inference is relatively easy (Forbus, Gentner, & Law, 1995). Thinking about different
perspectives will cue different knowledge within the individual. The previously discussed
participation/information sharing may further cue additional knowledge from memory
across individuals. Thus, conflict via information sharing creates opportunities to bring a
broader set of useful analogies to bear (Fig. 2A). Information search and analogy are primar-
ily associated with divergent thinking: They help problem solvers overcome mental blocks
or fixation on one particular solution (Christensen & Schunn, 2005) and therefore lead to
novel ideas, a wider variety of ideas, and more ideas (Fig. 2A).

In sum, we argue that knowledge diversity under formal roles leads to task rather than
relationship conflict and increased breadth of participation, which should then lead to infor-
mation search and analogies, which increase divergent thinking outcomes (e.g., originality,
quantity).

3.2. Social/cognitive framework—convergent path

Divergent thinking alone does not lead to team innovation. Group members must also
share information to select the most effective of their creative ideas (De Dreu & West,
2001) and persuade others of the importance of and feasibility of their ideas in order to
implement them (West, 2002). Taking the MER example, during the SOWG meetings, ini-
tial plans were refined and pared down during later meetings in the day (Mishkin & Larsen,
2006). Convergent thinking entails narrowing and selecting options, which involves differ-
ent social and cognitive processes than divergent thinking (Fig. 2B). When you narrow the
set of options, you focus on the criteria for success and weed out inappropriate responses,
whereas divergent thinking requires accessing a variety of information. In research on
analogies, retrieving an analogy to a case superficially dissimilar than a target is typically
difficult, but identifying one that is a good structural match among a provided set is rela-
tively easy (Forbus et al., 1995). In that case, the former scenario is a divergent thinking
task, whereas the latter is a convergent thinking one.



S. B. F. Paletz, C. D. Schunn/Topics in Cognitive Science 2 (2010) 85

3.2.1. Shared mental models

Social and organizational psychologists have discussed the importance of a shared vision
in the convergent aspect of team innovation (e.g., West, 1990). Cropley (2006) described
the importance of convergent thinking in effective creativity, discussing it as originating pri-
marily via established knowledge that defines, guides, and shapes what is considered crea-
tive. This established knowledge includes not only explicit knowledge but also implicit
knowledge such as heuristics and unspoken assumptions about a given scientific/technologi-
cal field. These are, in fact, shared mental models (Johnson-Laird, 1980). Shared mental
models are the similarity of schemas regarding tasks, teamwork, and norms held by group
members (Mathieu, Heffner, Goodwin, Salas, & Cannon-Bowers, 2000); they are
““‘dynamic, simplified, cognitive representations of reality that team members use to
describe, explain, and predict events’’ (Burke, Stagl, Salas, Peirce, & Kendall, 2006,
p. 1199). Shared mental models influence how individuals perceive their environment and
how they should react to it (Salas, Stagl, & Burke, 2004). For the purpose of this paper, we
will use the terms ‘‘shared schemas’” and ‘‘shared mental models’” interchangeably. Team
members use shared mental models to integrate and interpret new information about the
team, task, and the problem situation (Burke et al., 2006). Shared mental models help guide
effective team functions such as plan execution (Burke et al., 2006; Kozlowski & Ilgen,
2006) and are considered vital to timely problem solving (Jones, Stevens, & Fischer, 2000;
Orasanu, 1995). The sharing of mental models is not necessarily a dichotomous variable
(Cronin & Weingart, 2007): Mental models can be more or less shared, some aspects of a
model can be unshared, and a team can share some mental models but not others. Whether
different mental models (or aspects thereof) are shared may also be more or less problematic
(Cronin & Weingart, 2007). For example, the MER team developed and referred to a
document called the Rules of the Road that provided general guidelines about publishing to
guide authorship credit decisions in their diverse team; they also seem to share overarching
goals for the mission. As the mission progressed, the team learned more about each others’
idiosyncratic strengths and weaknesses, what to expect from their leaders, and the capabili-
ties of the rovers themselves. Even though they learned a great deal about each other and
how to work together, they assumedly still retain as nonoverlapping the specifics of their
domain expertise, be it in atmospheric science, soils, etc.

3.2.2. Knowledge diversity

There have been recent calls to examine shared mental models in diversity research (van
Knippenberg & Schippers, 2007) because diverse groups may have more difficulty in creat-
ing shared mental models. Members of diverse groups may agree on a simplified framework
of a problem, but, because of differences in focus and background knowledge, still have
gaps in how that problem is represented in detail (Cronin & Weingart, 2007). For example,
members of a multidisciplinary group examining science and engineering education held
different ideas about the role of using new software tools in their analysis: The team leader
expected the analyst would use new graphical tools, a computer modeler expected the ana-
lyst would create new tools and models, and the analyst himself expected to use the software
he/she knew well (DuRussel & Derry, 2005). In this case, they had a process breakdown
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based on a lack of shared expectations on this key issue. We therefore propose that knowl-
edge diversity may have a negative impact on shared mental models that are relevant to
innovative teamwork (Fig. 2B). Knowledge diversity offers a broader base of information to
be shared but also offers conflicting and contradictory norms and assumptions regarding
what might be considered optimal solutions or normal work practices. For example, mixed-
discipline oceanographers (i.e., biologists, geochemists, physical oceanographers) sharing a
seawater sampling mission may examine respective visualization tools to determine a depth
location in parallel, rather than in concert (Goodwin, 2005). Here, sufficient participation
and information sharing brought about via communication norms would be an important
moderator: Without broad information sharing about the tasks, roles, and processes of the
team itself, knowledge diversity would just result in a collection of diverse mental models
that may be unshared, insufficiently shared, or unevenly shared. Participation and informa-
tion sharing also leads directly to greater sharing of mental models. Hollingshead’s (1998)
study on transactive memory involved dyads of strangers or dating couples working together
on a recall task. Strangers who were allowed to communicate were more likely to delegate
categories to each other and perform better on the recall task than strangers who were not
able to communicate (Hollingshead, 1998). This result and the Stasser and Titus’s (1985)
study about unshared and shared information suggest that participation and information
sharing are essential for knowing what others in your team know. This type of meta-knowl-
edge is vital for managing and taking advantage of multidisciplinarity.

3.2.3. Formal roles and communication norms

Formal roles, through their associated communication norms, would therefore be a pow-
erful moderating force on the possible negative impact of knowledge diversity on social and
cognitive convergent thinking processes. Shared conceptions of team roles are the key to
coordinating activities and thus the key to performance (Kozlowski & Ilgen, 2006). In this
case, formal roles are a type of shared mental model or schema that can drive the communi-
cation and establishment of other shared schema. The misalignment in the conception of the
role of the analyst mentioned above eventually led to a breakdown in the work being pro-
duced by the group and the departure of the analyst. This breakdown was directly caused by
the group neither having a shared schema of the analyst’s role nor explicitly communicating
or coming to an agreement about it (DuRussel & Derry, 2005).

In addition, assigning experts can help increase a group’s tendency to share unique infor-
mation (Stewart & Stasser, 1995). Stasser, Stewart, and Wittenbaum (1995) further found
that groups where specific individuals were pointed out to everyone as assigned experts who
held unique information were more likely to mention and repeat unshared, critical informa-
tion than groups where these roles were not explicitly assigned. These results suggest that
formal roles, because of communication norms regarding those roles, may make (other)
shared mental models easier to obtain via broader participation and communication about
unshared information. Similarly, Postmes and colleagues found that critical thinking norms
improved the quality of decisions, mediated via valuing shared and unshared information
(quality being a convergent thinking outcome; Postmes, Spears, & Cihangir, 2001). These
communication norms should explicitly include broad participation, rather than isolation
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due to specialization. In student software development teams, role differentiation on its own
led to less interaction and less sharing of mental models (Levesque, Wilson, & Wholey,
2001). In the MER SOWG meetings, the goal was to refine the plans for the rover for the
next day, and membership included representatives from the science subgroups, the instru-
ment teams, and the relevant engineering team (Mishkin & Larsen, 2006). Communication
norms stemming from formal roles, if created explicitly and to encourage collaboration,
may serve to moderate (and lessen) the negative relationship between knowledge diversity
and shared mental models (Fig. 2B).

3.2.4. Cognitive processes

Gorman (2003) has argued that the ideal trading zone in which multidisciplinary teams
can work is the shared mental model trading zone based on a common understanding of the
task and work. This does not mean that each individual becomes an expert in each others’
domain, but that enough of a shared language exists to facilitate team work (Gorman, 2008).
For example, a multidisciplinary team of architects, structural engineers, and historical
preservationists realized that their improvement design violated specific structural code
criteria; the preservationists then raised historical issues regarding the arbitrariness of the
code criteria, giving the team a stronger case to bring to the city (Hall, Stevens, & Torralba,
2005). If mental models can become shared to this degree, they would then positively
influence evaluative cognitive processes, which are useful cognitive processes for innova-
tion quality. Evaluation here is defined as reasoning about constraints and tradeoffs on the
problem at hand. It is the process by which problem solvers examine the value of and select
among various generated ideas to determine which ideas best solve the task. Evaluation is
by its nature a convergent thinking cognitive process. Original ideas, richly elaborated ideas,
and many ideas all indirectly lead to better ideas, on average. Evaluation, however, is
critical to select among the various generated ideas to select out the better ideas. The
longer-term work innovations created and implemented by the MER science team could not
have occurred without both filling a need and an agreement that they were good ideas. For
example, a MER member of the long-term planning group worked with engineers to come
up with ways of visualizing the ground the rover traversed such that the power constraints
of different paths and patches of ground would become obvious. Between the solar-powered
nature of the rover, the incline of the ground, and the angle of the sun during the Martian
winter, different paths were more or less restrictive. After discussing with different members
of the MER team, combining different existing data, and iterating with members of the
imaging team, a color-coded map of the ground was accepted and became widely used for
planning across the greater science team. As with West’s (1990) suggestion that a shared
vision increases innovation quality, we draw the links from shared mental models to evalua-
tion to innovation quality (Fig. 2B).

Promoting shared mental models is considered a key leverage point for increasing team
effectiveness generally (Kozlowski & Ilgen, 2006; Mathieu et al., 2000), particularly if
those shared mental models are accurate (Edwards, Day, Arthur, & Bell, 2006). Shared
mental models act upon team innovation via creating a high-level or broad-stroke common
ground upon which fine-grained details can be effectively co-constructed across the team.
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Even though the diverse oceanographers in the previous example could work in parallel
rather than together, sharing visualization tools ended up being an effective way of deter-
mining the location of the sampling instruments in the depths of the water (Goodwin, 2005).
In this case, information sharing was necessary to come to a common understanding of
the tools’” outputs (Fig. 2B). Without a shared mental model of the problem constraints,
groups cannot come to a shared understanding of what constitutes a good quality innovative
solution.

In sum, knowledge diversity will generally negatively impact shared mental models. On
the other hand, established and explicit formal roles will increase the commonality and
accuracy of shared mental models via communication norms (i.e., regarding participation
and listening) and therefore reduce the negative relationship between knowledge diversity
and shared mental models. Shared mental models and broad participation would then
increase the cognitive process of evaluation, which would then lead to high-quality innova-
tive outputs.

3.3. Practical implications

The framework proposed here is assumed to be primarily for long-term science and
engineering teams. Unlike ad hoc groups, long-term teams develop norms and routines
over time (Ilgen et al., 2005; Levine & Moreland, 2004; McGrath et al., 1993). For exam-
ple, the positive benefits of formal roles may only come into play after the group has
grown accustomed to those different roles and has learned how to take advantage of them.
In a study of culturally diverse versus nondiverse teams, Watson, Johnson, Kamalesh, and
Critelli (1998) found that the diverse teams initially reported a lower team orientation, but
by the fourth month the diverse and nondiverse teams had similar orientations. In a sepa-
rate study, ethnically diverse teams outperformed nondiverse teams, but only at the end of
the teams’ lifecycles (Watson, Johnson, & Zgourides, 2002). Thus, we propose that our
framework’s relationships will be stronger for longer-term groups rather than short-term
groups.

Should this framework receive strong empirical support, then there are practical impli-
cations for harnessing the power of multidisciplinary teams. The framework suggests that
each of these factors should be taken as part of a complex whole. For example, although
task conflict can promote divergent thinking under certain circumstances, it also often
has a potentially negative relationship with group outcomes (De Dreu & Weingart,
2003), necessitating careful conflict management (De Dreu, 2008). Formal roles or com-
munication norms are, in the framework, an important method for productively harness-
ing group diversity and conflict. Furthermore, convergent and divergent processes are
both essential, occurring iteratively within the same team and the same task, but may
require different support methods. For example, the framework suggests that a diversity
of views and carefully controlled task conflict are important for divergent thinking, but
shared mental models are vital for convergent thinking. The formal roles and communica-
tion norms they bring must be set up to enable both the divergent and convergent thinking
phases.
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4. Conclusion

This proposed framework builds theory, allowing the field to progress in new ways. First,
it takes the best from the cognitive science and social psychology of team multidisciplinary
innovation. It brings to the distributed cognition perspective social variables such as breadth
of participation and formal roles; it brings to the social psychological approach cognitive
mediators. In other words, this approach enables us to gain a deeper understanding of the
interactive influence of social and cognitive factors. Prior social mediator/moderator models
of multidisciplinary teamwork and team innovation have neglected the cognitive factors
noted here, even if they do account for other social factors such as identity (Gebert et al.,
2006).

Second, and more importantly, prior attempts to explain multidisciplinary have failed to
distinguish between divergent and convergent processes (e.g., Gebert et al., 2006). Our
framework suggests different implications for convergent and divergent thinking, both in
terms of what cognitive and social processes are most relevant, and in terms of their rela-
tionships to each other. A factor that can be helpful to innovation in the divergent thinking
pathway can be harmful or irrelevant in convergent thinking, and vice versa. Science and
engineering team innovation requires both convergent and divergent phases, tasks, and pro-
cesses, but by drawing a distinction between convergent and divergent processes, we offer a
possible explanation for the historical difficulty of reaping the benefits of knowledge diver-
sity. It is thus important that future research analytically divide data from complex tasks into
phases that are primarily convergent or divergent to uncover the connections between social
and cognitive variables.

Third, our framework provides specific candidate relationships to be explored in focused
experimental studies. Using multiple research methods is important in innovation research
(Anderson et al., 2004). A program of research might include, first, an analysis of multi-
disciplinary and nonmultidisciplinary science/engineering groups in the process of team
innovation. Ideally, several kinds of data would be collected from these science teams: sur-
veys to ascertain perceptions of formal roles, communication norms, and shared mental
models, and also audio—video with which to examine process data such as conflict, partici-
pation and information sharing, analogy, information sharing, and evaluation (Weingart,
1997). Outcome measures could include information about the groups’ products, such as
publications, patents, and presentations. After that correlational study, experiments could
unpack specific links between smaller numbers of variables. Our framework helps to narrow
down the range to particular connections that should be examined further. For these experi-
ments, we would suggest testing these relationships within the context of innovation tasks
rather than decision-making tasks. In addition to conducting experiments on ad hoc teams,
long-term teams with their associated preexisting norms and structure could be brought
into the laboratory to participate in controlled experiments where other variables are
manipulated.

After the proposed relationships have been tested experimentally, additional
constructs relevant to team performance could be added. For example, social categoriza-
tion and identity may also be related to the effects of knowledge diversity (e.g., Gebert
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et al., 2006). Task structure and external demands could also be added to this frame-
work (West, 2002), as could affect as a mediator of conflict. Emergent interdependence
as well as task interdependence could also be examined in detail (Caruso & Woolley,
2008).

As research progresses testing this framework, some of the constructs proposed may need
to be refined; formal roles, for instance, could be divided up into the degree to which they
reinforce power structures versus those that simply serve to organize information across
individuals. Although this framework does not explicitly note the importance of multilevel
work, it implies relationships from the team level to the individual level and back, over time.
Conducting multilevel innovation research is important: Innovation may be measured and
analyzed differently (and have different effects) if it is at the individual versus team versus
organizational level (Anderson et al., 2004).

Cognitive science and social psychology, including related work in business, manage-
ment, and industrial/organizational psychology communities studying teams, have a long
history of ignoring each other. Surprisingly, of these three simple cognitive processes com-
monly associated with creativity in the cognitive literature, only information search has dis-
cussed in the social psychology creativity literature (Nemeth & Rogers, 1996). It is
particularly surprising because commonly discussed social variables underlying team crea-
tivity are likely connected to analogy and evaluation cognitive processes as well. Similarly,
the cognitive literature on innovation has not necessarily integrated social factors such as
formal roles and communication norms. If we seek to harness the power of multidisciplinary
science and engineering teams, it behooves us to unpack the interactions between social and
individual cognition.

Note
1. We have extensive video, interview, and ethnographic data from the MER mission.
When not otherwise cited, examples taken from this mission come from this source.
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