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State of Science: Models and methods for understanding and

enhancing teams and teamwork in complex sociotechnical systems

This state of the science review brings together the disparate literature of
effective strategies for enhancing and accelerating team performance. The review
evaluates and synthesises models and proposes recommended avenues for future
research. The two major models of the Input-Mediator-Output-Input (IMOI)
framework and the Big Five dimensions of teamwork were reviewed and both
will need significant development for application to future teams comprising non-
human agents. Research suggests that a multi-method approach is appropriate for
team measurements, such as the integration of methods from self-report, observer
ratings, event-based measurement and automated recordings. Simulations are
recommended as the most effective team-based training interventions. The
impact of new technology and autonomous agents is discussed with respect to the
changing nature of teamwork. In particular whether existing teamwork models
and measures are suitable to support the design, operation and evaluation of

human-nonhuman teams of the future.

Keywords: team; teamwork; measurement; team training; interventions

Practitioner summary: This review recommends a multi-method approach to
the measurement and evaluation of teamwork. Team models will need to be
adapted to describe interaction with non-human agents, which is what the future is
most likely to hold. The most effective team training interventions use simulation-

based approaches.

Introduction

The ability of a group of agents (which could be both human and non-human) to
come together to perform beyond the sum of their parts is fundamental to the safety,
security, and comfort of society (Salas, Reyes, & McDaniel, 2018). Organisations
depend on teams to successfully undertake increasingly intricate tasks. This is
particularly true of complex, dynamic and fast-paced technological environments such

as aviation (Svensson & Andersson, 2007), emergency services (Salas, Rosen, & King,



2007), healthcare (Flin & Maran, 2004), intelligence analysis (Stanton et al, 2012),
military (Goodwin, Blacksmith, & Coats, 2018), process control (Stanton and Ashleigh,
2000) and sport (Carron, Bray, & Eys, 2002). In such contexts, the consequences of
poorly designed and malfunctioning teams range from the inefficiencies and economic
costs associated with inadequate work processes to the catastrophic personal, social and
economic costs associated with large-scale loss of life incidents. For example, recent
catastrophic incidents such as the Air France 447 tragedy (Salmon et al., 2016), the
Black Hawk friendly fire incident (Snook, 2000), the Stockwell shooting incident
(Jenkins et al., 2010), and the Alton Towers rollercoaster incident (HSE 2015a, HSE
2015b) all involved poorly functioning teams as a contributory factor. On the contrary,
heroic recoveries such as the Hudson River landing (Sullenberger & Zaslow, 2009), the
Apollo 13 mission (Trotter et al., 2014), the Qantas Flight 32 incident (De Crespigny,
2012), and the Thai soccer team cave rescue (Aronson, 2019) all achieved successful
outcomes largely due to well-functioning teams. The importance of effectively

functioning teams cannot be understated.

Unfortunately, effective team performances are not merely the result of bringing
together highly skilled individuals. Team members must display proficient taskwork
and engage in various teamwork processes such as coordination and communication to
ensure that all members can synchronise their actions and work towards a common goal
(Dalenberg, Vogelaar, & Beersma, 2009). Significantly, effective teamwork “creates
knowledge, minimises errors, promotes innovation, saves lives, enhances productivity,
increases job satisfaction, and ensures success” (Salas, Reyes, & Woods, 2017, p. 22).
As Annett and Stanton (2000) point out: “A team is a group, but not all groups are
teams. The key distinction lies in whether or not the members share a common goal,

which they pursue collaboratively.” (p. 1045-1046). Team members also have different



roles and responsibilities requiring interdependence and interaction with one another

(Stanton 2014; Stanton et al, 2017).

A fundamental difference between teams and groups is that team members
collectively share in the benefits or costs of successes and failures, whereas group
members may not. Consequently, it has become increasingly important to understand
the means by which underperforming teams can improve their teamwork skills, well
performing teams can sustain levels of achievement, and mature teams can grow and
maximise their capabilities (Shuffler, DiazGrandos, Maynard, & Salas, 2018).

Fortunately, the science of teams and teamwork has advanced significantly over
the last century (cf. Mathieu, Hollenbeck, van Knippenberg, & Ilgen, 2017), with Salas,
Cooke and Rosen (2008) even describing contemporary times as the ‘Golden Age’ of
team research. There is no lack of theory, models, research, or consultants that
specialise in the field of teams and the development of team effectiveness (Cannon-
Bowers & Bowers, 2010). There are numerous reviews and meta-analyses which
assimilate knowledge regarding the precise makeup of effective teams (e.g., Bell, 2007;
Bell, Brown, Colaneri, & Outlant, 2018), the factors that shape team effectiveness
(Marks, Mathieu, & Zaccaro, 2001; Ilgen, Hollenbeck, Johnson, & Jundt, 2005; Salas,
Sims, & Burke, 2005; Rousseau, Aube, & Savoie, 2006), methods of developing such
factors (e.g., Hughes et al., 2016; McEwan, Ruissen, Eys, Zumbo, & Beauchamp, 2017,
Lacarenza, Marlow, Tannenbaum, & Salas, 2018), and the means by which teamwork
and team effectiveness can be measured (e.g., Havyer et al., 2013; Valentine,
Nembhard, & Edmondson, 2015; Waterson et al, 2015; Marlow, Bisbey, Lacarenza, &
Salas, 2018).

Despite the vast body of literature, there are two pressing issues that provide the

impetus for this state-of-science review. First, whilst the existing body of work provides



an invaluable resource from which to inform the most effective and efficient strategies
to enhance and accelerate team performance, the literature is somewhat disparate
(Shuffler et al., 2018). It is challenging therefore, to draw general conclusions about the
variety of interventions and methods of assessment available.

Second, the environments, organisations, and systems in which teams work are
changing dramatically, as are the nature of teams themselves. Work is becoming
increasingly technology centric in nature and current and forthcoming advances such as
autonomous agents, artificial intelligence (Al), artificial general intelligence (AGI),
robotics, machine learning and big data systems are changing how teams are organised
and how they operate (Walker et al, 2017). The topic of Al can be quite abstract but Al
already plays an explicit role in our daily life. Al based advances in image and speech
recognition underpin technology such as google lens (Lucia, Vetter, & Moroz, 2021)
and voice-based assistants such as Amazon’s Alexa (Pitardi, & Marriott, 2021). The
introduction of such technology has changed the way that humans live their lives
providing non-human based assistance with a range of tasks from the compiling of
shopping lists to identification of unfamiliar animal species. Al is increasingly playing
an important role in less explicit aspects of our daily life from the design of novel drug
based therapies we consume (Hessler, & Baringhaus, 2018) and disease detection we
rely upon to stay healthy (Rauschecker, Rudie, Xie et al., 2020); to the management of
airport operations enabling safe, efficient travel (Donadio, Frejaville, Larnier, &
Vetault, 2018) and waste management which greatly impacts the environment in which
we live (Abdallah, Talib, Feroz, Nasir, Abdalla, & Mahfood, 2020). These innovations
are posing challenging questions for our existing human-centric models and measures.
For example, the extent to which state-of-the-art models and measures are suitable for

designing and evaluating human and non-human agent teams requires consideration.



This is for various reasons, not least because most of the models and measures available
were developed largely based on teams comprising only human operators (Paris et al,
2000).

This State of Science review is a response to these issues and aims to 1) synthesise
and evaluate the varied models and methods available for describing and assessing
measuring teamwork, 2) question the extent to which existing models and measures are
suitable to support design, operation and evaluation of human-nonhuman teams of the
future; and 3) discuss the numerous approaches to team development in order to provide
a state of the science review. We commence with a series of definitions of some of the
key terms that relate to teamwork and team development before progressing into a
discussion of some of the teamwork models that have shaped much of the current
thinking. We then review the various methods of measuring teamwork, examining the
extent to which these approaches have been utilised and validated within the literature.
Next, the team development interventions with the strongest evidence of effectiveness are
evaluated, before concluding with some anticipated challenges and recommendations for

the future.

Definitions

The ability of individuals to work together to attain superior team performance
is critical to the success of organisations and is commonly referred to as teamwork. A
large number of constructs associated with teams have been investigated over the years.
Many of these constructs are used interchangeably throughout the literature; therefore, it
is important at the outset to adopt a set of key definitions for this review.

Teams have been defined in a number of different ways across the years, yet

there are certain pervasive elements to most definitions; the composition of two or more



individuals (Dyer, 1984; Annett and Stanton, 2000), some level of interdependence
(Salas, Dickinson, Converse, & Tannenbaum, 1992), and the presence of shared goals
(Annett and Stanton, 2000; Salas et al., 2005). The following definition compiled from a
number of sources is adopted for the purpose of this State of Science review: Groups of
two or more individuals who have specific roles and interact adaptively,
interdependently, and dynamically toward a common and valued goal (Dyer, 1984;
Salas, Dickinson, Converse, & Tannenbaum, 1992; Annett and Stanton, 2000; Salas et
al., 2005).

Teamwork has been referred to simply as ‘what teams do’ (Carron, Martin, &
Loughead, 2012). However, there is an important distinction to be made between
taskwork as the functions that individuals must perform to accomplish the team’s task,
and teamwork which describes the “interdependent components of performance
required to effectively coordinate the performance of multiple individuals™ (Salas,
Cooke, & Rosen, 2008, p. 541). Teamwork is the most extensively studied construct
related to teams in the literature (Paris et al, 2000; McEwan & Beauchamp, 2014).
Studies have focused on numerous mechanisms that transform team inputs to valued
team outcomes (Marks et al., 2001). These include interactions that take place among
team members, for example, communication (e.g., Neville, Salmon, & Read, 2018) and
coordination (e.g., Grote et al, 2018); as well as the dynamic properties of a team, such
as situation awareness (e.g., Stanton et al, 2017) mental models, trust (e.g., Costa, Roe,
& Taillieu, 2001) and additional emergent states (Coultas, Driskell, Burke, & Salas,
2014). For the purpose of this review, the following definition of teamwork is adopted:
The knowledge, skills, and attitudes critical for team members to interdependently
interact with one another effectively in such a way that leads to positive team-based

outcomes (Salas, Rosen, Burke, & Goodwin, 2009).



The terms effectiveness and performance, as consequences of teamwork, are
often used interchangeably (Kendall & Salas, 2004). However, team performance — the
most salient and valued indicator of team effectiveness (Kozlowski, Grand, Baard, &
Pearce, 2015) — fails to account for how the team interacts to achieve its outcome, and
can be influenced by external factors outside of the team’s control (Salas et al., 2005). It
has therefore been suggested that the outcomes of team performance are better
represented by multiple, complementary indicators. Cohen and Bailey (1997), for
example, conceptualised team effectiveness as comprising of performance, attitudes,
and behaviours.

Finally, the term team development interventions (TDI) has been used in the
literature to encompass all activities ‘aimed at improving team competencies, processes,
and overall effectiveness’ (Lacerenza et al., 2018, p. 518). Numerous types of TDIs are
employed by organisations, including changes to team composition, team building, team
training, and leadership training, amongst others. These will be discussed in more detail

later in the review.

Models of teamwork

The field of team research dates back nearly a century to the seminal Hawthorne
studies of the 1920s and 1930s (Mathieu et al., 2017). Since then a considerable body of
literature has accumulated, with a recent special edition of the American Psychologist
on ‘The Science of Teamwork’ (Vol. 73, No. 4, May—June 2018) and numerous
published reviews testament to the advances in knowledge acquired over this period
(e.g., Paris et al, 2000; Ilgen et al., 2005; Kozlowski & Bell, 2003; Mathieu, Maynard,
Rapp, & Gilson, 2008; Kozlowski, 2018; Schmutz et al, 2019). Much of this research

has concerned the specification and subsequent conceptualisation of the many variables



thought to enable teams to function proficiently, resulting in a plethora of models of
team effectiveness. Indeed, the number of models, constructs and conflicting findings
has led researchers to describe the field as ‘messy’ (Kozlowski, 2018). Whilst it is
impossible to review all of the numerous frameworks available (Salas, et al. (2005)
reviewed 138 and Rousseau et al. (2006) reviewed 29), it is our view that a small
number have been critical to the scientific development of the field. In particular, a
selection of models have been highly cited in Human Factors and Ergonomics (HFE)
applications.

Despite little consensus on how best to conceptualise the many variables that
influence team performance, most frameworks adopt a largely Input-Process-Outcome
heuristic (IPO; McGrath, 1964). In this paradigm organisational, team, and individual
resources (inputs) are converted by team member interactions (processes) into the by-
products of team activity (outcomes). More recent conceptualisations have sought to
address some of the shortcomings of such a simplistic model, notably that the multilevel
and dynamic nature of teams is overlooked. For example, a paper by Ilgen and
colleagues (2005) recommended that the range of variables influencing the transmission
of inputs into outcomes are not merely processes, but include a range of cognitive,
motivational and attitudinal states that develop over time (emergent states). Marks et al.
(2001) proposed the first episodic approach to team effectiveness, presenting a model
whereby teams execute different processes at different times during task execution. For
example, during Transition phases team members employ processes such as mission
analysis and goal specification in order to plan for future work. Within Action phases,
processes such as monitoring and coordination enable the successful accomplishment of
team tasks. Finally, Interpersonal processes such as conflict management and motivation

building are salient across every episodic phase. This taxonomy of team processes,



supported by meta-analytic evidence (LePine, Piccolo, Jackson, Mathieu, & Saul,

2008), has influenced much of the current thinking around teamwork, and has been

cited nearly 3000 times (Scopus, June, 2020).

The development of team processes over time is also accounted for by the Input-

Mediator-Output-Input (IMOI) framework (Ilgen et al., 2005). This model, illustrated in

Figure 1, represents the cyclical nature of team functioning, capturing both feedback
loops and the multiple levels of influence that team inputs have on mediators and

outcomes (Mathieu et al., 2008).

INPUTS

Organisational Context

MEDIATORS

Team Context

Members

Processes
Emergent States

OUTCOMES

Episodic Cycles

Multiple
Criteria

Developmental Processes

Figure 1 Caption. Input-Mediator-Outcome-Input Framework (From: Ilgen et al., 2005;

Mathieu et al., 2008).

Figure 1 Alt Text: A series of three box, which contain the inputs, mediators and

outcome of teamwork, connect by large arrows that represent the flow of the model

from left to right. The ‘inputs’ box is on the left of the diagram and contains additional

boxes inside to demonstrate that organisational context, team context and team
members represent inputs. A series of arrows are contained within the boxes to
represent that the three inputs are related in a bi-directional manner. The ‘mediators’
box in the centre contains process emergent states and the ‘outcomes’ box on the right

contains multiple criteria. A series of additional arrows connect the boxes to
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demonstrate that outcomes feedback into mediators and sometimes inputs as part of an

episodic cycle.

Furthermore, the adoption of the term mediators acknowledges that there are a
number of variables that convert inputs into outcomes, which might include processes
(e.g., communication, coordination), or emergent states (e.g., trust, cohesion). These
two landmark theoretical papers have both been cited nearly 2000 times (Scopus, June
2020), and encourage a multilevel and dynamic approach to studying teams. By way of
example, Stanton and Ashleigh (2000) conducted a practical study using the IMOI
framework in fieldwork to evaluate four teams in the energy distribution industry. Data
on each aspect of the IMOI framework were collected over several months. The main
finding from this work showed that team structure appeared to have the largest effect on

the mediators but no effect on outcome measures.

One model that does not subscribe to the traditional IPO heuristic is that of Salas
and colleagues (2005). In an attempt to assimilate the “unmanageable” literature and
identify the variables most commonly discussed as having the greatest effect on team
performance, Salas et al. (2005) proposed the Big Five of teamwork based on a
synthesis of over 130 models (see Figure 2). According to Salas et al. (2005) effective
teams engage in five key teamwork processes that are facilitated by three additional
coordinating mechanisms. The Big Five include: leadership, the ability to direct,
motivate, and coordinate the activities of members; mutual performance monitoring, the
application of strategies to track teammate performance; backup behaviour, the ability
to balance workload among members in conditions of high workload/pressure;
adaptability, the ability to recognise deviations from expected action and adjust

collective actions; and team orientation, belief in the importance of the team’s goals
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over individual goals.
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Figure 2. Graphical representation of high-level relationship between the Big Five

teamwork dimensions and Coordinating Mechanisms (From: Salas et al., 2005).

Figure 2 Alt Text: The ‘Big Five’ teamwork dimensions of team leadership, mutual
performance monitoring, team orientation, adaptability and back-up behaviour are
represented as connected nodes with relationships that feed into the team effectiveness
node. The nodes are encapsulated by a larger circle that has the co-ordinating
mechanisms of shared mental models, mutual trust and communication embedded to

represent the moderating influence these nodes have upon the five teamwork

dimensions.

The three coordinating mechanisms include shared mental models, the shared
knowledge about key task and team related elements within a team’s environment;
mutual trust, the shared belief that team members will perform their roles and protect

the interests of their teammates; and closed loop communication, the process by which
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information is exchanged between two or more team members (Salas et al, 2005; King
et al., 2008). In terms of the IMOI framework, these teamwork variables could be
categorised as two emergent states and one process, and are believed to vary in
importance across the stages of a team’s development and context of operation (Ilgen et

al., 2005).

Salas et al. (2005) make a series of propositions about the nature of relationships
between the variables and their relative impact upon performance, although research in
support of these propositions has been limited. Nevertheless, the model has been cited
over 14000 times (Scopus,June, 2020) and has been applied in various domains
including healthcare (e.g., Mayer et al., 2011; Lisbon et al., 2014; Weld et al., 2016),
aviation (Malakis et al., 2010), defence (Rafferty et al., 2012), and elite sport (Neville et
al., 2018; Salmon et al., 2017). Furthermore, the practical, applied recommendations
made by Salas et al. (2005) make the model far more functional in a real-world context
than most other models.

Whilst the aforementioned models (all captured in Table 1) address some of the
limitations associated with the traditional IPO heuristic, it is increasingly apparent that
these models do not accurately represent modern teams; teams that are constantly and
dynamically ever-changing in terms of their processes, tasks, and context (Delice et al.,
2019). Extant frameworks provide a structure from which to think about and manage
team dynamics, but they do not account for the complexity of modern teams (Benishek
& Lazzara, 2019). Consequently, Delice and colleagues argue that more work regarding

the theoretical nature of teams is still needed.
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Table 1. Comparison of teamwork models.

Model Citation Count  Conceptualisation Strengths Weaknesses
Input- 1326 Inputs (characteristics of A unifying framework for =~ Does not account for
Process- members, organisation, research on small groups transformative variables that
Outcome and environment). and teams. are not processes (i.e.,
(IPO; Processes (actions that Simple heuristic. emergent states).
McGrath, combine resources to Underpins the majority of ~ Unidirectional. Adopts a static
1964) address team goals). teamwork models. perspective which overlooks
Outputs (Performance, Valuable guide for the dynamic nature of teams.
member satisfaction, and  researchers. Has led to cross-sectional
team viability). Recognises that collective  research with limited causality
‘actions’ are required to established.
translate member Does not account for
characteristics into valued ~ multilevel nature of teams.
outcomes. Works for situations where
teams operate within a clearly
defined
boundary for a set period of
time and produce some
quantifiable output — this is
not modern teams.
Marks et 4275 Transition phases: Highly cited. Oversimplification of the
al. (2001) e Mission Meta-analytic evidence timing of teamwork
analysis supports the phases behaviours; transition phase in
e Goal proposed and a positive particular could be examined
specification relationship with team at more fine-grained level.
e Strategy performance and cohesion  No measure for 20 years,
formulation (LePine et al., 2008). therefore not tested in entirety.
Action phases The first episodic model Only focuses on team
e Monitoring that addresses the temporal ~ processes and emergent states.
e  Coordination aspect of team functioning.  There is still a lack of research
Interpersonal processes Was the first model to examining the relationships
e Conflict discuss the concept of among different teamwork
management emergent states as processes.
S different to processes.
e  Motivation
building Recent measure deyeloped
e Affect to assess Fhe model in full
(cf. Mathieu et al., 2020).
management
Input- 2818 IM: forming stage Account for the The structure of the model has
Mediator- e Trust development of team been adopted far more readily
Output- e Planning processes over time — than the proposed processes.
Input e  Structuring particularly the cyclical Works for situations where
(IMOI; MO: functioning stage nature of team functioning. teams operate within a clearly
Ilgen et e Bonding Captures the multiple defined
al., 2005; e Adapting levels of input variables boundary for a set period of
Mathieu o Learning (e.g., organisational, team  time gnd produce some
et al., O finishing stage and member). quantifiable output — this is
2008) Acknowledges the not modern teams.

presence of emergent
states as different to
processes; captured in the
reference to mediators.
Incorporates feedback
loops that capture the
influence of mediating
variables on both outputs
and subsequent inputs.
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Big Five
(Salas et
al., 2005)

2288

Mutual trust

Shared mental models
Closed loop
communication
Leadership

Mutual performance
monitoring

Backup behaviour
Adaptability

Team orientation

Not an IPO model, but
focuses more on the
mediating variables of
teamwork.

Reviewed a number of
models to delineate the
core components of
teamwork.

A parsimonious set of
teamwork components.

Makes clear propositions

about the effect of

variables on performance.

Used as the basis for
TeamSTEPPS team
training.

Greater real-world
applicability.

Model as a whole has not been
validated/tested.

Propositions have not been
empirically tested.

No, widely accepted, single
measure that captures all
elements of the model.
Appears superseded by other
Salas models (e.g., Salas et al.,
2008).

Regardless of the framework adopted, team processes and emergent states have

received the most frequent research attention to date. These mediating variables enable

the integration of individuals’ effort towards the accomplishment of shared goals, and

represent the very essence of teamwork (Kozlowski, 2018). Many of these processes are

cognitive in nature. The importance of cognitive processing at the team level, or team

cognition, became very clear after the USS Vincennes incident in 1988 in which the US

ship mistakenly shot down Iran Flight 655 killing 290 passengers (Rogers & Rogers,

1992). The TADMUS (Tactical Decision Making Under Stress) Naval program was

initiated as a result. Much of that program was devoted to understanding how teams

understand a situation and make decisions, especially under duress (Cannon-Bowers &

Salas, 1998). From that program, shared mental models were proposed as a team

construct associated with team effectiveness with increasing model similarity being key

to team effectiveness (Cannon-Bowers & Salas 1990; Cannon-Bowers, Salas, &

Converse, 1993). Other related cognitive constructs were also explored such as team

situation awareness (Dekker, 2000). Measures were developed for these constructs that

were associated with team effectiveness (Cooke, Salas, Cannon-Bowers, & Stout, 2000;

Gorman, Cooke & Winner, 2006). Team cognition research also attracted Human
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Factors and cognitive engineering researchers to the study of teamwork (Salas & Fiore,
2004). Other theories or models have been developed to account for team cognition
including distributed cognition (Hutchins, 1995), distributed situation awareness
(Stanton et al, 2006; Stanton et al, 2017), macrocognition (Fiore, Rosen, Smith-Jentsch,
Salas, Letsky, & Warner, 2010; Roberts & Stanton, 2018) and interactive team
cognition (Cooke, 2015; Cooke, Gorman, Myers, & Duran, 2013).

The empirical literature supporting the role of team cognition and processes in
general and emergent states on valued team and individual outcomes is abundant and
mature, with numerous supporting meta-analyses (Mathieu et al., 2017). Therefore, it is
unsurprising that the various measurement instruments available assess either individual
and group processes or emergent states, or a combination thereof. Furthermore, TDIs
are generally employed with the principal aim of improving specific team processes or
emergent states, with the hope of enhancing overall team performance. However, given
the number of frameworks of team effectiveness available and lack of consensus on the
precise factors that teamwork consists of, the measurement and development of

teamwork is correspondingly diverse.

Teamwork Measurement

The measurement of teamwork and team performance underlies the capacity for
organisations to manage, improve, and sustain high levels of team effectiveness. If
teamwork is not well defined and measured, it cannot be improved in any systematic
way (Salas, Rosen, Held, & Weissmuller, 2009). The wide range of processes assumed
to facilitate teamwork compounded by the lack of single, unifying theory of the exact

dimensions of teamwork, has made measurement challenging as associated measures

16



are correspondingly diverse (Valentine et al., 2015). Instruments such as the Team
Climate Inventory (TCI; Anderson & West, 1996) measure a collection of team related
competencies (e.g. participative safety, task orientation), whereas others, such as the
widely utilised Psychological Safety questionnaire (Edmondson, 1999), measures
specific processes or emergent states. A number of reviews have been conducted to
collate the various measurement tools available (see Table 2 for an overview of a
selection of these articles). Collectively these reviews identified well over 220 measures
of teamwork. Although a diverse and vast set of measures are discussed, these reviews
demonstrate an over reliance on self-report measures, inconsistent reporting of
reliability and validity testing, and an almost exclusive focus on the measurement of

teamwork in healthcare settings.
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Table 2. Overview of reviews conducted on teamwork and associated measures.

Author & date  Context No. of Types of measure Psychometrics Teamwork competencies
measures
Marlow, Healthcare 70 48 self-report, Thirty-four studies revealed ~ Approximately 30 teamwork competencies were
Bisbey, 20 observer-rated, strong construct validity, 18  assessed. Competencies were categorised as
Lacerenza, & 1 patient-rated measure, & 1 moderate construct validity, representing either: Attitudes (e.g., team
Salas (2018). study that utilised multiple 18 provided no information. ~ orientation, mutual trust), behaviours (e.g.,
measurement sources. Forty-four studies adaptability, backup behaviour), or cognitions
represented high internal (e.g., shared mental models, team mission).
consistency, five had
moderate, four were low, and
17 provided no information
about internal consistency.
Weingart, Healthcare 9 All studies reviewed used All tools evidenced interrater ~ The items on different tools addressed similar
Yaghi, observational measures. Trained  reliability or construct domains. These included team structure,
Wetherell, & observers used each of the tools validity. There was variation  leadership, situation monitoring, mutual support
Sweeney to evaluate the teamwork of in rating of teams assessed & communication.
(2018). medicine house staff teams on by single observer using

morning rounds.

multiple instruments. There
was also little consistency
across tools in distinguishing
high & low performing
teams.
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Onwochei, Obstetrics Nine tools All measurement tools were Eight of the studies reported ~ The objective was to evaluate team training &
Halpern, & identified applied to the assessment of team  reliability testing. Only two improve teamwork, performance, & attitudes.
Balki (2017). from 13 simulations or scenarios. Team reported validity measures. Most studies incorporated communication,
studies. assessment used videos of leadership & role responsibility, & situational
simulations in all except one awareness.
study.
Dietz et al. Healthcare Thirty-eight ~ Behavioural marker systems Reliability evidence was Seventy-nine constructs were measured across

(2016). articles (BMS) measure concrete & reported for 15 BMS (75%)  the BMS reviewed. The quantity of constructs
describing observable examples of some & evidence of validity was precluded comparison of behaviours assessed
20 unique aspect of effective or ineffective reported for 14 marker across marker systems. However, constructs
marker performance. Fourteen BMS systems (70%). included leadership and team coordination as
systems. reviewed used Likert scales, three examples. Multiple sources of validity evidence
used checklists & one used a were reported for 12 marker systems (60%).
frequency count (two were unable
to determine).
Shoemaker et Primary care 48 Forty-four surveys, & four All 48 measures reviewed Review of the measures was based on the

al. (2016).

checklists that were developed for
simulation exercises or field use.

had some psychometric
testing; reliability, validity,
factor analysis or pilot
testing, or a combination of
these. Thirty-nine reported
reliability testing. Twenty-
nine included validity
testing, & factor analysis
used in 31

of the measures.

classification of measured competencies into the
IMOI framework (Ilgen et al., 2005).
Competencies were categorised as: Affective
(e.g., trust), behavioural (e.g., communication,
adaptability), cognitive (e.g., shared goals,
mental models), and leadership.
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Ford et al. Trauma & 16 The type of measures reviewed Most leadership The studies assessed quality of leadership &
(2016). rescue was unclear & not referred to. measurement tools were various components of teamwork behaviour &
However, the 10 studies subject to rigorous team performance. Teamwork behaviours
explicitly reviewed appeared to psychometric validation. The  included situation monitoring, mutual support,
include observational measures. Leader Behaviour and communication skills
Description Questionnaire The LBDQ, as the most widely used measure
(LBDQ) represented the reviewed, includes items relating to: Initiating
most widely used & structure (includes task-oriented behaviours) &
validated. consideration (includes people-oriented
behaviours).
Valentine, Healthcare 39 All 39 measures reviewed were Only 16 of the 39 surveys The authors report that they do not promote a
Nembhard, & surveys. (41%) were reported with all  single conceptual model, although processes &
Edmondson Sixteen assessed teamwork in four psychometric properties ~ emergent states in concordance with Ilgen et al.
(2015). bounded teams. (content validity, structural (2005) were considered. The most commonly
Fourteen assessed teamwork in validity, internal consistency, assessed behavioural dimensions were
unbounded groups in which & interrater reliability). Ten ~ communication & coordination. The emergent
teamwork mattered. surveys satisfied the states most commonly assessed were respect &
minimum standards for all social support.
four criteria set out by the
authors.
Rosenman, Healthcare 61 tools Most tools were structured as Seventy-five studies (90%) Review of the measures was based on Marks et
Ilgen, action teams (from 83 global rating scales (36; 59%) or  reported evidence of content  al. (2001) teamwork taxonomy. This framework
Shandro, studies). checklists (11; 18%). validity, & this evidence was  includes mission analysis, goal specification,
Harper, & Thirteen (21%) measured team commonly in the form of a strategy formulation, reflection, monitoring,
Fernandez leadership as the primary focus, literature review (73; 88%). coordination, conflict management, affect
(2015). 48 (79%) tools assessed Sixty-one studies (73%) management, motivation, & communication.

leadership as a subcomponent.

provided evidence of internal
structure, this was most
frequently interrater
reliability testing (57; 69%).
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Whittaker, Surgical 8 All the tools assessed observable  Only three of the tools Various constructs were assessed by the different
Abboudi, practice behaviours using a skills reported reliability testing. assessment tools.
Khan, taxonomy & behavioural marker ~ Seven tools reported some NOTSS included: Situation awareness, decision-
Dasgupta, & system. Five were assessor rated,  form of validity. making, communication & teamwork, &
Ahmed (2015). one psychologist rated, one peer NOTSS and leadership.
assessment, & one involved a NOTECHS reported multiple NOTECHS included: Leadership &
structured interview. validities. management, teamwork & cooperation, problem-
solving & decision-making, & situation
awareness.
Brennan, Primary care 81, 40 All measures were self-report. A quarter of studies reported  The review of measures was based on Marks et
Bosch, included for  Forty-five measured aspects of independent assessment of al. (2001) framework. This framework includes:
Buchan, & full review.  organisational context, 57 content validity. For most Regulation of performance (e.g., goal
Green (2013). measured team processes, & 59 instruments, evidence of specification, monitoring), collaboration (e.g.,
measured proximal team construct validity was communication, coordination), team
outcomes (some instruments derived from one or two maintenance behaviours (e.g., conflict
covered more than one domain). studies. Most studies management), team leadership, emergent states
reported Cronbach’s alpha. (e.g., cohesion), & perceived team effectiveness.
About one-half of the studies
assessed some form of inter-
rater reliability.
Havyer et al. Internal 73 tools Most studies (140, 79%) relied Ten (6%) studies fully The authors do not refer to any model or set of
(2013). medicine (from 178 on subjective assessments of satisfied Medical Education teamwork competencies in text. Therefore, the
articles). teamwork. ResearchStudy Quality review did not examine the teamwork constructs

There were 22 objective
measurement tools reviewed.

Instrument quality criteria,
59 (33%) partially satisfied,
and 109 (61%) did not satisfy
the quality criteria for study
design. The majority (153,
86%) of studies fully
satisfied at least one validity
criterion. Reliability
estimates for most tools were
very good (> 0.7).

that were assessed by each measure.
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The utilisation of self-report inventories has proliferated in recent decades, but a

number of additional methods exist to assess teamwork and team performance. These

include behavioural observations (e.g., Mishra, Catchpole, & McCulloch, 2009 - some

rate behaviours of individual team members whereas others rate behaviours of the team

as a whole), event-based measurement which generates behavioural checklists that are

linked to scenario events (e.g., Fowlkes, Lane, Salas, Franz, & Oser, 1994), and

automatic performance measurement such as audio recording (e.g., Andersson, Rankin,

& Diptee, 2017). The relative strengths and weaknesses of each measure type, as well as

some examples of state-of-the-art measures in each category, are presented in table 3

and discussed in the following sections.

Table 3. Comparison of teamwork measures.

Method Description Teamwork Advantages Disadvantages
specific example
Self-report Team members Team Climate Straightforward to ~ Data is only

measures provide ratings Inventory administer and lend  captured at a static
about themselves,  (Anderson & West, themselves to the point in time. For
other team 1996). assessment of individual ratings,
members (i.e., the = Teamwork Quality affective teamwork aggregation to the
team leader), or (Hoegl & properties such as team level is
the team as a Gemunden, 2001).  trust. problematic.
whole. Often Subject to bias.
scored on a Likert-
type scale.

Observer- Behavioural Observer survey Rates performance  Observer training

rated observation scales  items of the at the level of the is critical to ensure

measures use Likert-type Psychological team (although the interrater
scales, rating Safety scale NOTECHS rates reliability of
scales or (Edmondson, behaviours of observational
frequency counts 1999). individual pilots in  measures. This can

for expert-trained
observers to rate
teamwork
behaviours of
individual
members or the
group as a whole.
Rating scales
provide brief
descriptions of
teamwork

Non-technical
skills system
(NOTECHS; Flin
etal., 2003).
Comprehensive
Assessment of
Team Member
Effectiveness
(Ohland et al.,
2012).

a crew setting, with
no team level
assessment).
Slightly more
objective
perspective of
teamwork-
behaviourally
anchored scales
provide concrete

be time consuming.
Observer ratings
are not free from
bias & may be
influenced by
primacy & recency
effects. For
individual ratings,
aggregation to the
team level is
problematic.
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behaviours that

examples of

serve as anchors behaviours.
for a variety of
rating scales
Event-based  Specific events are  Event-Based Explicitly links Development of

measurement introduced into Approach to measurement to the checklists and
training Training (EBAT; training objectives.  scenarios is labour
exercises that Fowlkes, Dwyer, Facilitates the intensive.
provide known Oser, & Salas, observation of Checklists are
opportunities to 1998). complex scenario specific.
observe specific Targeted performance Focusing the
teamwork Acceptable scenarios by observer on
behaviours. A Responses to focusing on specific event
behavioural Generated Events specific events. increases the
checklist is linked  or Tasks likelihood that
to the scenario to (TARGET; other teamwork
score whether Fowlkes, Lane, behaviours of
behaviours Salas, Franz, & interest are missed.
occurred. Used in  Oser, 1994).
conjunction with
simulation-based
training.
Automated Collect teamwork  Social network Provide unbiased Challenging to
measures related data analysis and unobtrusive establish
through the (Wasserman & means of assessing  psychometric data
computer systems  Faust, 1994). team performance.  for automated
that teams interact  Event Analysis of =~ Reduce disruption,  measures of
with Systemic minimise error, and performance. In
Teamwork decrease the particular, the
(Stanton et al., demand on validity of such
2013,2019). experimenter measures needs to
Use of resources. be established.
communication Can provide real- Advisable to use in
data to infer team time measures of conjunction with
functioning (e.g., performance that alternative methods
Cooke, 2015). capture the of measurement.
dynamic nature of
team functioning.
Self-report measures

Questionnaires and rating scales are a common method of assessing both
individual and team-level teamwork processes; particularly valuable for those qualities
that are more affective (e.g., trust) in nature and not readily observable (Rosen,
Schiebel, Salas, Wu, Silvestri, & King, 2012). Instruments such as the Team Climate
Inventory (TCI; Anderson & West, 1996), which appeared most frequently in the

reviews documented in Table 1, assess multiple teamwork competencies. Other tools
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measure single constructs associated with teamwork, such as the Psychological Safety
scale (Edmondson, 1999). This scale appears to be one of the most widely utilised
measures of team functioning, having been cited in excess of 7000 times (Google
Scholar, 2020). A significant challenge for the assessment of teams using self-report
instruments is the aggregation or translation of individual responses into team-level
characteristics. Even with a detailed theoretical understanding and careful analysis of
the respective constructs, the various methods of aggregation are likely to yield very
different results that fail to capture the unique variance in individual responses. In
addition, self-report measures often yield inflated scores, as individuals are likely to rate
themselves more favourably than an observer might (Marlow et al., 2018). Self-report
measures are often administered pre- or post-team task, failing to capture the dynamic
nature of team performance that occurs whilst a team is performing their taskwork

(Rosen et al., 2012).

Observational measures

Observational measures, on the other hand, can be collected in real-time or with
video recordings of activities, thus have the potential to capture the dynamic nature of
team functioning. Indeed, accurately capturing observable behaviours is considered to
be fundamental to assessing the attributes of a team (Salas, Reyes, & Woods, 2017).
Behaviourally anchored rating scales (BARS) represent an observational technique
typically employed; consisting of brief descriptions of behaviours that serve as anchors
for excellent, acceptable, and poor performance. These behaviours can be assessed at an
individual level and aggregated to a team score or at a team level. If the former method
is used, the same problems of aggregation discussed above apply. The Non-technical

Skills system for rating pilots’ behaviour in a crew setting (NOTECHS; Flin et al.,
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2003) is a good example of a widely utilised BARS that has been applied to the
assessment of team functioning in healthcare settings (Mishra et al, 2009). Whilst the
concrete descriptions provided contribute to more accurate ratings, there is also a risk of
observers becoming blinkered and focusing only on the behaviours on the list (Murphy
& Constans, 1987). Behavioural observation scales (BOS), alternatively, avoid such
problems through the application of Likert-type scales to rate the frequency of certain
team processes (e.g., Brown & Latham, 2002; Thomas, Sexton, & Helmreich, 2004;
Burtscher et al, 2010). This type of measure is summative, relying on the memory of the
observer to evaluate performance across time, potentially making it susceptible to
recency and primacy effects (Rosen et al., 2012). Observational measures are not free
from bias. To mitigate such issues any observational measurement system requires a
plan for developing and calculating inter-rater reliability, including rater training and

scoring guides (Weaver, Rosen, Salas, Baum, & King, 2010).

Event-based measurement

Event-based measurement (EBAT) is a structured observation technique which
is commonly applied to team simulation scenarios. Through the systematic introduction
of events into training exercises, EBAT provides opportunities to observe specific
behaviours of interest that are then marked as being either present or absent (Fowlkes,
Dwyer, Oser, & Salas, 1998). For example, situation awareness might be assessed in an
aviation scenario by staging an event where the aircraft is deliberately steered off course
by the trainer. The target behavioural response would be for the pilot to call a code word
for ‘check navigation’ (Fowlkes, Lane, Salas, Franz, & Oser, 1994), which would be
scored as a hit or a miss. Through the use of such approach, learning objectives can be
clearly quantified, and the specific focal set of teamwork competencies to be trained can

be defined. This is particularly valuable, as observers are only able to accurately assess
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four to five team-based constructs before they start to correlate and become redundant
(Salas et al., 2017). However, due to the staging of specific events, EBAT can only be
used in training scenarios and not in real-world performance contexts. Furthermore, the
development of EBAT measures is both time consuming, and unique to the context and

scenario for which they have been designed.

Automated measurement

Whilst observational methods offer some degree of unobtrusive assessment, the
holy grail of team measurement are tools that capture the affective, behavioural, and
cognitive properties of teamwork unobtrusively and dynamically, in real time (Gorman
et al, 2012; Salas et al., 2017). Automated assessment collects data pertaining to a team
through the computer systems they interact with and has the benefit of reducing
disruption, minimising measurement errors, and lessening experimenter resources
(Cooke, Salas, Kiekel, & Bell, 2004). This type of measurement has most frequently
and successfully been applied to the assessment of team performance (e.g., Martin &
Foltz 2004; Frank, Evens, Hubal, & Whiteford, 2008; LaVoi, Foltz, Rosenstein,
Oberbreckling, Chatham, & Psotka, 2008). For example, LaVoie et al. (2008) analysed
recorded speech via statistical machine learning technologies to determine military unit
performance and identify critical incidents that could be included in after action
reviews. Whilst such measures reflect effectiveness in their simulated environments,
ideally embedded measures should also evaluate team behaviours.

Communication, as one of the most critical team behaviours (Marlow,
Lacerenza, Paoletti, Burke, & Salas, 2018), lends itself well to embedded measurement,
as it can be automatically and continuously recorded during team tasks (Stanton &
Roberts, 2019). Measurement of communication can pertain to the physical properties

(i.e., frequency, duration, volume), content (what is being said), or sequential flow of
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information exchange between team members (Kiekel, Cooke, Foltz, Gorman, &
Martin, 2002). Research has failed to demonstrate a consistent relationship between
communication frequency and team outcomes (Marlow, Lacerenza et al., 2018),
suggesting that it is communication quality (i.e. the extent to which communication
adequately distributes pertinent information among team members) that is more integral
to team performance than frequency (Marks, Zaccaro, & Mathieu, 2000; Manser et al,
2013). This can only be assessed by analysing the content and flow of communication.
Therefore, the derivation of any meaningful metrics from communication requires an
element of human processing and can best be described as semi-automated (Granasen,
2018). A further consideration is the evaluation of the extent to which the physiological
state of an operator impacts their cognitive function and in turn effects their capacity to
communicate Roberts & Cole, 2018). Whilst such an approach may not be an explicit
teamwork measure it can certainly help to promote understanding and prediction of how
and when communications breakdowns are likely to occur.

Communication analysis has also been used to infer other team-based properties
such as team cognition. The theory of interactive team cognition reasons that through
interactions, team members coordinate cognitively with one another and create
knowledge by integrating ideas (Cooke, 2015). Therefore, cognition can be inferred
through observing the processes and interactions between members (Cooke, Gorman,
Myers, & Duran, 2013). Cooke and colleagues have leveraged communication data and
interaction analysis to assess team cognition. The observation of team behaviour and
communication in the face of unexpected change was used to measure team situation
awareness (Gorman, Cooke, & Winner, 2006). Research employing these measures
reveals that high-performing teams exhibit consistent patterns of communication both in

what they say (content) and who they say it to (flow).
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Social network analysis (SNA) encompasses a set of methodological techniques
that describe and explore patterns apparent in the social relationships between
individuals and groups (Wasserman & Faust, 1994). SNA has the potential to be
developed as an automated measure, the raw data can certainly be captured with a high
degree of autonomy but at present it typically relies upon a degree of human data
processing and interpretation of output. SNA has also been utilised to study team
communications, and various other team-related constructs. It is worth noting that SNA
has become popular as a measure of teamwork in ergonomics applications, with recent
applications in emergency service operations (Houghton et al., 2006), healthcare (Barth
et al., 2015; Salwei et al., 2019), railway maintenance (Walker et al., 2006), aviation
(Stanton et al., 2019), and defence (Stanton, 2014). In addition, Stanton and colleagues
have built upon the idea of networks to develop the Event Analysis of Systemic
Teamwork (EAST; Stanton et al., 2019) framework for measuring team performance as
well as aspects of team cognition such as distributed situation awareness. EAST
involves the use of three related networks for understanding teamwork and distributed
cognition: task, social and information. Stanton (2014) shows how these networks
explain the work of the team (task networks), the relationships between the agents in the
team (the social network documents communications between human and technological
agents) and the content of what is communicated in pursuance of the tasks (the
information network). For each of these networks, the global and nodal SNA metrics
have been applied, which is an extension of SNA beyond the social network.
Additionally, the efficiency gains for teams produced by restructuring the networks may
be demonstrated (Stanton & Roberts, 2019).

Evidently, the application of technology represents the future of team process

and performance measurement due to the automated, dynamic, and unobtrusive nature
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of data collection afforded. Novel applications of technology include the use of digital
trace data (e.g., analysis of electronic mail data; Anderson & Kieszewski, 2018),
wearable sensors (e.g., sociometric badges which use accelerometers, microphones,
and/or optical sensors; Zhang, Olenick, Chang, Kozlowski, & Hung, 2018), and
computer-based laboratory simulations which emulate the behaviour of systems of
interest (e.g., Kennedy & McComb, 2014). These innovative approaches can all offer
unique insight into team dynamics, but pose new ethical challenges regarding the
collection and management of ‘big data’ (Rosen, Dietz, Yang, Priebe, & Pronovost,
2014), can be costly, and require rigorous construct validation prior to application (cf.

Braun & Kuljanin, 2015).

State of science: Teamwork measurement

Traditional measurement approaches (i.e., surveys and observations) are
problematic and ill-equipped to capture emergent team processes and process dynamics
(Kozlowski & Chao, 2018; Salmon et al, 2017). New technologies have the potential to
address many of the aforementioned limitations inherent in traditional methods, yet the
relative infancy of these automated measures necessitates a more considered method of
assessment. The requirements for demonstrating validity may need to adapt in order to
capitalise on the use of big data (Braun & Kiljanin, 2015). Research needs to focus on
more than just the processes subsumed within an IPO conceptualisation of team
effectiveness to better capture the dynamic nature of teams. For example, research using
sociometric badge data has demonstrated that uniform speaking time across members,
proximal contact, and proximity time all predict team performance (Olguin & Pentland,
2010). This new direction of research suggests that understanding patterns of team

behaviour may reveal more about team performance than merely assessing static
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representations of teamwork processes. For example, Stanton et al (2012) showed how
teams shifted dynamically between ‘attractors’ in phases space for an intelligence

analysis task.

As with many HFE challenges, there does not appear to be a simple solution to
the measurement of team functioning; because not all teams are created equally.
Therefore, a one-size fits all approach would be inappropriate. For example, in future
teams that include robots and artificial intelligence, self-report on the part of the
technology is not feasible at least in its more traditional form. In terms of an optimal
approach to measuring teamwork in ergonomics applications, it is clear that there are
many options available, and that the methods adopted depend on various factors
including the specific aims of the assessment, the resources available, and the level of
access to the team in question. It is possible, however, to provide some general
guidance. It is likely that a toolkit approach (such as the TeamSTEPPS approach
developed by King et al, 2008) will be useful whereby various methods are used to
capture data on the different team processes of interest. A toolkit approach has also
worked well with the EAST framework (Stanton, 2014) and indeed the concept could
be pursued in future research to develop a toolkit of methods that cover each of the Big

Five teamwork behaviours and coordinating mechanisms (Salas et al, 2005).

In terms of study design, many authors have also offered recommendations for
the measurement of team performance (cf. Marlow, Bisbey et al., 2018; Salas et al.,
2017), the most pertinent of these are summarised by Kozlowski and Chao (2018):

(1) Collect data unobtrusively;
(2) Collect data from multiple sources;

(3) Measure teams over time; and
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(4) Test the reliability and validity of measures.
To continue to progress the science of teamwork, future research needs to adopt these

four principles.

Team development interventions

Teamwork is essential for the success of organisations across a variety of
contexts (Lacarenza et al., 2018). However, teams often do not have the requisite skills
to perform effectively as a collective from the outset. In addition, team members change
over time, and even well-established teams may, over time, start to fail or underperform
(Langan-Fox et al, 2007). Given the potential consequences of teamwork failures (e.g.,
miscommunication), there is a compelling need to employ psychologically sound,
empirically tested, TDIs. Team development interventions are defined as systematic
activities designed to improve team competencies, processes, and effectiveness,
generally falling within the categories of Team Building (TB) or Team Training (TT;
Lacerenza, Marlow, Tannenbaum, & Salas, 2018). Whilst the principle aims of TB and
TT are similar, the terms are not synonymous. Team building interventions have a more
prominent focus on interpersonal relations and social interactions and are often
employed to solve task-related problems (Klein et al., 2009; Shuffler et al., 2011).
Common TB strategies include goal setting, interpersonal relationship management,
role clarification, and problem solving. All have been found to have a moderately
positive effect on team outcomes, but role clarification appears to be the most effective
(Klein et al., 2009). More recently, however, TB has been used as a catchall for a
variety of team-based interventions that have very little scientific underpinning
(Shuffler, DiazGrandos, Maynard, & Salas, 2018). Team training interventions,
conversely, adopt a more structured approach to developing the relevant knowledge,

skills, and attitudes that underlie effective teamwork (Tannenbaum et al., 1996). It is
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perhaps unsurprising, therefore, that in all the TDI research, the evidence for TT is the

strongest. For this reason, the present review focuses on TT rather than TB

interventions.

Team training interventions

Various TT strategies have been employed across organisations, military,

education, and healthcare, with those most commonly cited in the literature detailed in

Table 4.

Table 4. Commonly cited team training interventions

Intervention  Definition Pertinent research Key findings
Team Aims to improve Burke, Stagl, Salas, Significant independent
coordination  teamwork processes Pierce, & Kendall contribution to team
& adaptation  under periods of high (2006); Salas, Nichols, effectiveness.
training stress. Teams are & Driskell (2007)
(TCAT) taught to recognise
signs & symptoms of
stress & alter
coordination strategies
to be successful. Often
integrates simulation.
Crew The most well O’Dea, O’Connor, & Evidence suggests CRM training
resource recognised & well- Keogh (2014); works. A quantitative review of
management  researched form of O'Connor et al. (2002); 58 studies indicated that CRM
(CRM) TCAT. Originally Salas, Wilson, Burke,  produces enhanced learning &
designed to improve & Wightman (2006) desired behavioural changes in
teamwork in aviation individual team members.
by applying
appropriate training
methods targeted at
specific teamwork
skills.
Cross- Team members rotate Salas et al. (2007); Improves team processes,
training (CT) positions during Volpe, Cannon- communication, & performance.
training to develop an Bowers, Salas, & BUT no significant independent
understanding of the Spector (1996); prediction of team effectiveness.
knowledge & skills Cannon-Bowers,
required of other Salas, Blickensderfer
members. Provides & Bowers (1998)
members with an
overall framework for
understanding the team
task & importance of
others’ roles.
Debriefs Training strategy built ~ Tannenbaum & Found to assist in diagnosing
(Guided team around guided Cerasoli (2013); team problems & developing
self- debriefings. Members Smith-Jentsch, Zeisig, effective solutions. Accounts for
correction; learn to diagnose team  Acton, & McPherson up to 37% of variance in team
GTSO) problems and develop (1998); Smith-Jentsch, performance. Debriefs improve

effective solutions.

Cannon-Bowers,
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Generally led by team

Tannenbaum, & Salas

effectiveness over control by

leader probing the 2008): Macquet et al, approximately 25%.
quality of team 2015
interactions.
Leadership Programmes Lacerenza, Reyes, Nearly 100 years of research
training (LT)  systematically designed Marlow, Joseph, & demonstrates the efficacy of
to enhance team leader ~ Salas (2017); Avolio, leadership training. Such
knowledge, skills, & Walumbwa, & Weber  training accounts for 31%
abilities. E.g., (2009) variance in targeted outcomes.
communication,
decision making, &
coaching, as well as
concepts like self-
awareness &
introspection.
Interaction- Simulation-based Gorman, Cooke, & Perturbation training involves
Based training designed to Amazeen (2010); introducing perturbations or
Training improve coordination McNeese, Demir, roadblocks in the course of a

among team members
such as coordination
coaching and
perturbation training.
Has been applied to
teams with Al agents.

Cooke, & Myers
(2018); Fouse, Cooke,
Gorman, Murray,
Uribe, & Bradbury
(2011); Hinski, Cooke,
McNeese, Sen, &
Patel (2016)

simulation forcing teams to
adapt to a new way of
coordinating. Coordination
coaching involves modelling and
subtly coaching coordination by
requesting information not
received in a timely manner.
Both have been shown to
improve coordination among
team members.

Non-technical
skills training
(NTS) - note
this is a form
of CRM

“The cognitive

and interpersonal skills
that complement an
individual’s clinical
knowledge and
facilitate the

effective delivery of
safe care” (Gordon,
Darbyshire, & Baker,
2012, p., 1043). Often
trained through the
application of CRM or
educational
interventions.

Flin et al. (2003);
Fletcher et al. (2003);
Yule, Flin, Paterson-
Brown, & Maran,
(2006)

Interventions commonly
addressed error; communication;
teamwork & leadership;
systems, & situational
awareness. Significant variation
in outcome measures used limits
the strength of conclusions,
although most studies report
positive results.

The research pertaining to TT interventions is broad and varied, with in excess

of 60 scientific reviews undertaken to understand precisely what interventions work, for

whom, and in what context. For example, one of the first meta-analyses regarding the

efficacy of TT examined the relative contribution of four different TT strategies (CRM,

TCAT, CT, and GTSC) on performance (Salas et al., 2007). Evaluated collectively, TT

demonstrated a significant, small to moderate tendency to improve team performance.

Specifically, TCAT was found to make the most significant contribution to the
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effectiveness of TT. Consequently, many of the TT interventions delivered since this
meta-analysis bears the hallmarks of TCAT (e.g., teaches teamwork skills and tests
them in a variety of challenging scenarios) without necessarily terming the intervention
as such. Indeed, CRM is considered to be one of the most well-known and well-
researched forms of team coordination training (Weaver, Rosen, Salas, Baum, & King,
2010). CRM, originally designed in response to a number of fatal aviation accidents, is
a skills training programme which aims to normalise error and generate strategies for
the management of error principally through the improvement of teamwork (Flin,
O’Connor, & Mearns, 2002; Kanki et al 2019). Meta-analyses have shown that CRM
can have a significant positive effect on knowledge, attitudes, and behaviour in both the
aviation (O’Connor et al., 2008) and healthcare (O’Dea et al., 2014) industries.

CRM programmes were designed to increase the use of non-technical skills (the
cognitive, social and personal resources that complement technical skills) to improve
safety critical behaviours on the flight deck. These principles have subsequently been
applied within the medical profession in the form of non-technical skills training. Non-
technical skills training is broader than TT in that it focuses on improving situation
awareness, decision-making, teamwork, leadership, and the management of stress and
fatigue. Nonetheless, evidence suggests that nontechnical skills training courses reduce
the rate of surgical errors, improve teamwork and communication skills within the
operating theater, and improve understanding of leadership (Wood et al., 2017).

Guided team self-correction training tends to fall under the guise of team
debriefs or after-action reviews (AAR) in the modern TDI literature, which are often
included as part of a broad, multifaceted intervention (Shuffler et al., 2018). Debriefs,
pioneered by the military decades ago, encourage teams to discuss, interpret, and learn

from recent team events (Allen, Reiter-Palmon, Crowe, & Scott, 2018). There is robust
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evidence for the effectiveness of team debriefs, with a meta-analysis revealing a 25%
improvement in team performance following the application of appropriately structured
debriefs (Tannenbaum & Cerasoli, 2013). The meta-analysis recommends that AARs
should promote active self-learning, have a developmental intent, focus on specific
events, and use multiple information sources in order to have the greatest impact on
teamwork and performance.

The application of systematic programmes designed to enhance leader
knowledge, skills, and abilities represent an important TDI with potential to enhance
overall team performance (Day, 2000; Avolio et al., 2009). A recent meta-analysis
suggests that Leadership Training (LT) is more effective than previously thought; likely
to improve team outcomes by up to 29% regardless of design, delivery, or elements
trained (Lacerenza, Reyes, Marlow, Joseph, & Salas, 2017). The most effective LT
programmes are based on an analysis of needs of the team leader, the provision of
feedback, and use of multiple delivery methods (information, demonstration, and
practice) (Lacerenza, et al., 2017).

Collectively, the state of science on TDIs provides meta-analytic evidence that
TT improves teamwork and team performance in medical (Hughes et al., 2018),
organisational (McEwan, Ruissen, Eys, Zumbo, & Beauchamp, 2017), and military
contexts (Goodwin et al., 2018). Team debriefs can improve team performance
(Tannenbaum & Cerasoli, 2013), and LT improves leader capabilities and provides
numerous positive outcomes for followers, teams, and organisations (Lacerenza et al.,
2017).

Team training delivery methods
Whilst there is strong empirical support for TT, the practice of TT is extremely

broad, encompassing a range of learning strategies, methods and teamwork
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competencies (Cannon-Bowers & Salas, 1997). The means by which TT programs are
delivered has been found to be a significant moderator of effectiveness (McEwan et al.,

2017; Weaver, Dy, & Rosen, 2014). These are described in detail in Table 5.

Table 5. Team training methods

Method Description

Information- Such methods seek to improve knowledge of team performance and teamwork skills
based or through the provision of training content via PowerPoint, lecture, or in computer-
didactic based modules. This educational approach represents the most basic, but widely
methods utilised TT method due to the convenience and low cost of implementation. Used in

38% of reviewed programmes, often in combination with simulation (Weaver, Rosen,
Salas, Baum, & King, 2010).

Demonstration Demonstration methods represent more active forms of learning that provide

methods opportunities to observe teamwork competencies by viewing contextualised examples
in videos or through behavioural modelling. Such methods are not widely employed,
however, with only 35% of TT programmes reporting demonstration-based activities
(Weaver et al., 2010).

Simulation Simulation-based training, adopted in 68% of TT programmes (Weaver et al., 2010),

methods is widely considered the most critical TT method (Weaver, Rosen et al., 2010).
Simulation methods involve experiential activities that require teams to enact various
teamwork skills and provide the opportunity to learn from mistakes and refine their
skills in a safe environment (Salas, Zajac, & Marlow, 2018). These methods have
been successfully employed with human-machine teams, as well as all-human teams.

Although there is reasonable evidence to suggest that classroom-based TT
interventions can improve teamwork processes (Weaver et al., 2014), recent research
has found that TT interventions that targeted didactic instruction alone did not result in
significant improvements in teamwork (McEwan et al., 2017). Demonstration methods,
despite representing more active forms of learning, are not widely employed, with only
35% of TT programs reporting demonstration-based activities (Weaver et al., 2010).
Conversely, simulation-based training, adopted in 68% of TT programs, is widely
considered the most critical TT delivery method (Weaver, Rosen et al., 2010).
Compared with no intervention, simulation-based training has been found to improve
knowledge, technical skills, and behavioural learning (Cook et al., 2011). Consequently,
simulation is considered a powerful tool to enhance teamwork (Salas, Reyes, &
McDaniel, 2018). Simulation training is considered a subset of the broader practice-
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based TT methods, yet simulation activities predominate the literature and have the
strongest evidence of effectiveness (Buljac-Samardzic et al., 2020). As such, the term is
commonly used to represent all experiential activities that enable teams to enact
teamwork skills (as is the case in McEwan et al., 2017), thus the term is adopted
accordingly throughout this review.
State of Science: Team Development Interventions

Team training works when ‘done right’ and appropriately informed by the
scientific literature (Salas, Reyes, & Woods, 2018). This requires an initial assessment
of the individual and teamwork behaviours necessary for successful team performance
(Shuffler et al., 2018). Whilst there are some team-generic, transportable teamwork
competencies (e.g., Smith-Jentsch et al., 2008), no two teams are the same. Therefore, a
thorough team-level needs analysis should be undertaken to ensure that the TDI
delivered appropriately targets the specific team competencies needed for success.
Various ergonomics methods have been used to support this, including Work Domain
Analysis (WDA; Naikar, 2013), Hierarchical Task Analysis (HTA; Stanton, 2006), and
Team Task Analysis (TTA; Burke, 2004). Multifaceted TDIs appear to be most
successful at improving team performance, as long as they focus on the most pertinent,
context-specific teamwork skills. Furthermore, the most effective TDIs adopt a multi-
method delivery approach, including appropriate instructional strategies, demonstration
of skills, simulation of teamwork activities, and team debriefs. Finally, the application
of robust measurement tools is required for the diagnosis of team functioning, and
evaluation of overall effectiveness (Driskell, Salas, & Driskell, 2018; Salas, Reyes, &
McDaniel, 2018).

Many recent reviews of the teamwork literature discuss the relative value of

novel, technology-based measures of teamwork. However, there does not appear to be
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corresponding interest in the utilisation of technology in TDIs. Distance learning,
computer-based training, and computer-assisted instruction (Salas, Reyes, & Woods,
2018) are examples of methods that require further evaluation. Many teams are
geographically dispersed (especially during the current COVID-19 pandemic), thus
advances in technology need to be exploited in order to provide TT solutions that cater
to the increasing complexity and diversity of teams.

Another concern that has not received a great deal of research attention is the
sustainability of changes in teamwork. Currently very little is understood about the half-
life of interventions, or indeed the methods and techniques required to ‘top up’ both
individual and team-based competencies. Feedback, as a critical feature of TT (Weaver
et al., 2010) has been identified as a potential means of providing individuals and teams
with ongoing insight into their performance. However, it is unknown whether this
would be sufficient to maintain any improvements in teamwork obtained as a result of
TT.

Those responsible for implementing TDIs also need to consider the relative
value of delivering individual versus collective TT. Ellis and colleagues (2005)
provided evidence that generic teamwork skills training could promote team
effectiveness, yet teams were trained and assessed as a collective. It would be
particularly insightful to compare the effects of members trained individually or
collectively, and to evaluate these approaches when members are placed back into either
established or augmented teams. Large scale military training exercises could,
potentially, utilize synthetic teammates so that individuals can get TT anytime,
anywhere without having to utilize mass human and technology resources (Myers et al,

2018).
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Finally, there is a growing field of literature dedicated to understanding multi-
team systems (MTS: see Stanton et al, 2010) and the ways in which such systems are
similar and/or different to standalone teams in regard to the teamwork competencies
required for success. An MTS is defined as a network of teams that interact to complete
a general collective goal, while simultaneously pursuing various immediate and
interdependent goals (Flestea, Fodor, Curseu, & Miclea, 2017). An interesting avenue
of research is evolving around the development of these nested, hierarchical structures,
and whether the scientific principles of TDIs can be applied to improve the performance

of MTS.

On the future of teams and teamwork

A secondary aim of the current review was to evaluate the extent to which existing
models and measures are suitable to support team design, operation and evaluation in
future systems. Advanced automation, robotics Al are already with us (Hancock, 2019),
and the next generation of Al, AGI, may soon arrive (Salmon et al., 2018). Teams are
changing as a result. In road transport, for example, we already have driver and
automated vehicle teams (Banks and Stanton, 2018), and this will soon expand to teams
comprising multiple connected vehicles (Banks et al, 2019). Likewise, in defence non-
human agent team members are increasingly being introduced to teams in areas such as
land warfare and aviation (Ball et al, 2010). The capabilities of these non-human agents
are also increasing dramatically. With AGI, for example, non-human team members
will be able to perform all of the intellectual tasks that humans can, and they will have
the capacity to learn, solve problems, self-improve, and undertake tasks that they were
not originally designed for (Everitt et al., 2018; Gurkaynak et al., 2016; Kaplan &

Haenlein, 2018). There is an opportunity to enhance and optimise teams and teamwork
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through such technologies; however, it is important to question whether existing
human-focussed models can direct this evolution, or whether they will in fact restrict it.
A clear observation from the current review is that there is a dearth of literature
concerning how contemporary models and approaches to the measurement of teamwork
may be applied to teams incorporating non-human agents. That is not to say that human-
machine teaming research does not exist, it clearly does. However, such work is
typically focused on task work and/or does not appear to build upon existing knowledge
of human-human teamwork processes.

There is controversy concerning whether Al or robots (embodied Al) are tools
or teammates (Groom & Nass, 2007; Klein, et al., 2004; Seeber, et al., 2020). A large
part of the concern is over the degree of human control that is possible over nonhuman
teammates (Shneiderman, 2020). Taking into account the aforementioned definition of a
team — a group of individuals with specific roles who interact interdependently toward a
common goal — it is not clear that AGI is the answer. Why replicate humans when what
we need is for Al to do the jobs that humans are either incapable of doing or do not
want to do because the task is dull, dirty, or dangerous? In addition, to speak to the tool
vs. teammate argument, it has been acknowledged that there are teams of humans and
animals (e.g. bomb sniffing dogs and dolphins that find ordinance) and so it may be
time to start thinking about technology as a team member of a different species. This
makes a great difference regarding how we assess these teammates and intervene to
improve these teams. Some of our models, theories, measures, and interventions for
teamwork need to evolve to accommodate these new teammates.

In the case of teamwork models, it seems apparent that work is required both to
test models and to extend them to enable consideration of technology-based team

members. With the Big Five model, for example, it is not clear how well the five
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behaviours and three coordinating mechanisms apply to human and non-human agent
teams. Indeed, problems have been found when applying the Big Five model to consider
only the most basic of non-human agent team members such as radio communications
technology (Neville et al., 2018). For more advanced technologies such as Al, AGI and
robotics, there has been no examination of how behaviours such as team orientation and
back-up behaviour should occur. Likewise, the sharing of mental models between
human and non-human agents is difficult to either achieve or test. In addition, it may be
that new important behaviours and coordinating mechanisms need to be introduced.
Trust (Lee, 2019), reliability (Hancock, 2019) and automation transparency (Krunze et
al., 2019), for example, will become far more important and transactions in situation
awareness between human and non-human agents will also be prevalent (Stanton et al.,
2006, 2017; Stanton, Plant, Roberts, & Allison, 2019). It is logical then to argue that
further work is required to build on state-of-the-art models and ensure that they remain
fit for purpose. In the case of Salas and colleagues’ model, it is likely that there will
more than just a Big Five for human and non-human agent teams.

A route forward for describing and measuring human-automation/Al-agent
teaming may initially be via the effective synthesis of research with seemingly different
objectives, a route well-trodden by Human Factors. The success of an automated system
artefact is reliant on a successful partnership between a human operator and automation
(Endsley, 2017). The disuse of automation refers to circumstances in which automation
is underutilised by an operator or there is a rejection of its capabilities (Lee, & See,
2004; Parasuraman, & Riley, 1997). The correct usage of automation depends on the
attitudes of the operator, such as trust, knowledge of the automation, but also features of
the automation itself, such as data feedback, reliability and usability. Trust in this

context refers to the attitude that an automated agent will help achieve an individual’s
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goals in a situation characterised by uncertainty and vulnerability (Lee, & See, 2004).
Operator’s subjective trust in automation is largely based upon their perceptions of its
competence (Muir, & Moray, 1996). This certainly appears to have parallels with the
manner in which trust is cultivated in human teams. The usability of a system is defined
in ISO 9241-11 as the extent to which a product can be used by specified users to
achieve specified goals with effectiveness, efficiency and satisfaction in a specified
context of use (Jokela, Livari, Matero, & Karukka, 2003). The concept of usability is
multifaceted and includes constructs such as simplicity, visual acuity, feedback,
learnability, efficiency, satisfaction and memorability. The vast amount of such
constructs centre around efficacy of communication. It certainly appears that factors
such as trust and communication which play a significant role in human-human
teamwork efficacy are also fundamental considerations during the design and
integration of automated agents. A question concerns whether the application of such
work could be extended to serve as a framework within which human- Al-agent
teamwork can be evaluated. Is an automated agent with a high degree of usability
considered to be a better team member, or even have higher team orientation? Is the
manner in which automation state data is communicated to a human operator more
likely to engage performance monitoring behaviours, leading to back-up behaviours?
Can the construct of human trust in technology provide insights into the establishment
of bi-directional trust between human and Al agents working in a team based
environment? It is clear that at present we are left with more questions than answers.
However, consideration of how to train and measure effective human—automation
interactions and assess human performance in systems with varying degrees of

automation will continue to grow (Roberts, Stanton, Plant, Fay, & Pope, 2020).
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The need for extension is even more critical with teamwork measures. The
reliance to date on self-report measures raises pertinent questions regarding the capacity
to assess teamwork in human and non-human agent teams. Indeed, questions can be
legitimately raised regarding the applicability of existing human-centred measures to
teams comprising human and increasingly intelligent non-human team members. For
example, it will be difficult to gather self-report ratings of teamwork from non-human
team members unless this is explicitly considered when designing them. Important
dimensions of teamwork will also become critical measures, such as trust and
transparency. Likewise, the capacity of non-human team members to gather data during
team performance (e.g. communications logs, sensing data) creates new possibilities for

additional measures, including new automated measures using big data.

Conclusions

The literature review has revealed that a vast number of frameworks of team
effectiveness are available and lack of consensus exists with respect to the precise
factors that underpin teamwork. Regardless of the framework adopted, team processes
and emergent states have received the most frequent research attention to date. These
mediating variables, which are often cognitive in nature enable the integration of
individuals’ effort towards the accomplishment of shared goals, and represent the very
essence of teamwork (Kozlowski, 2018). It is clear from the review that team training
works when ‘done right” and is appropriately informed by the scientific literature (Salas,
Reyes, & Woods, 2018). This requires an initial assessment of the individual and
teamwork behaviours necessary for successful team performance. The state of science
on TDIs provides meta-analytic evidence that TT improves teamwork and team

performance across a wealth of domains and contexts. Team debriefs can improve team
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performance (Tannenbaum & Cerasoli, 2013), and LT improves leader capabilities and
provides numerous positive outcomes for followers, teams, and organizations.

The vast number of frameworks of team effectiveness available and lack of
consensus on the precise factors that teamwork consists of, has resulted in the
measurement and development of teamwork being correspondingly diverse. The various
measurement instruments available assess either individual and group processes or
emergent states, or a combination thereof. Well over 220 measures of teamwork were
identified with a number of general issues identified. This included an over reliance on
self-report measures, inconsistent reporting of reliability and validity testing, and an
almost exclusive focus on the measurement of teamwork in healthcare settings.
Traditional measurement approaches (i.e., surveys and observations) are problematic
and ill-equipped to capture emergent team processes and process dynamics (Kozlowski
& Chao, 2018; Salmon et al, 2017). New technologies and novel measurement
approaches (e.g. SNA) have the potential to address many of the shortfalls inherent in
traditional methods, yet the relative infancy of these automated measures necessitates a
more considered method of assessment.

A secondary aim of the review was to determine whether state-of-the-art
teamwork models and measures remain fit for purpose given the changing nature of
teams, teamwork and the environments in which they operate. The current review has
indicated that the models (such as IMIO and the Big Five) that are being used to
describe human teams will need to change in order for them to describe the work of
human-Al-agent teams. New factors and interactions will need to be identified and
defined to account for human-Al-agent teaming and teamwork. It is perhaps on the
topic of teamwork measurement that the greatest synergy can be found with respect to

the current state of science in human teams and future requirements for teams
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containing non-human agents. The current review of the literature suggested that tools
which capture the affective, behavioural, and cognitive properties of teamwork
unobtrusively and dynamically are the holy grail of teamwork measurement (Gorman et
al, 2012; Salas et al., 2017). Automated assessment collects data pertaining to a team
through the computer systems they interact with and has the benefit of reducing
disruption, minimising measurement errors, and lessening experimenter resources
(Cooke, Salas, Kiekel, & Bell, 2004). The drive towards technology supported
measurement of teamwork and team performance will not only help to promote greater
efficacy, objectivity and reliability to advance contemporary understanding of human
centred teams. It will also provide a window of opportunity to identify and develop our
understanding of new factors and interactions to account for human-Al-agent teaming

and teamwork.
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