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Abstract 
 

The engineering of complex systems-of-systems requires management of dependencies and 

coordination between multidisciplinary teams-of-teams.  Coordination strategies and the 

understanding of supporting mechanisms are critical in the execution.  Mental models are 

cognitive structures used to describe system form and function and predict outcomes.  The 

concept of shared mental models, the influence of shared mental models, and the methods of 

elicitation and analysis are all relatively recent and active areas of study.  This thesis reviews 

past work in these domains and proposes a treatment to stimulate the development of two 

attributes of shared mental models in the context of mid-stage project development of R&D 

teams.  This work explores the influence of structured context tools on sharedness and breadth 

of team shared mental models and in turn, team shared mental model influence on team 

performance within the mid-stage R&D context.  An experiment was designed placing 

participants in a team-based, role-play scenario where they were asked to work as a team-of-

teams developing a system-of-systems, in particular the verification and validation activity of 

that development.  Information was collected on team mental models utilizing a concept 

similarity rating elicitation method and analyzed utilizing Pathfinder network and pairwise 

comparison methods.  Performance data was collected via custom software and analyzed 

utilizing a Pareto fitness ranking method.  Trends were detected in the data indicating the 

importance of shared mental model development.  Limitations, recommendations, and future 

areas of study are provided, including recommendations to:  adjust the application of the 

treatment, include additional instrumentation in the experiment, and explore additional attributes 

of the teams’ mental models. 
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Glossary 
 

Mental model – “… a mental model is a cognitive structure or network of associations between 

concepts in each individual’s mind.” (Ward and Reingen, 1990) 

 

Sharedness – “knowledge that is held by all members of a team” Badke-Schaub 

 

Shared mental model – “A team mental model refers to an organized understanding or mental 

representation of knowledge that is shared by team members” (Cannon-Bowers et al, 1993) 

 

Solution space – The set of all possible designs under the constraints of a model. 

 

Problem space – The set of all possible model performance outcomes achievable from the set of 

designs within the solution space. 

 

Design Structure Matrix (DSM) – “The DSM is a network modeling tool used to represent the 

elements comprising a system and their interactions, thereby highlighting the system’s 

architecture (or designed structure).” (Eppinger and Browning, 2012) 

 

Pareto fitness rank – Successive ordinal ranking and removal scheme in which all pareto optimal 

solutions among a set are assigned a rank before removal for subsequent ranking steps 

 

Pareto optimal – a state in which a solution cannot be improved upon by measure of any single 

evaluation metric without degrading at least one other evaluation metric 
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Chapter 1 

Intro (Background & Related Work) 
 

Teamwork has become ubiquitous in the workplace.  The development of complex systems 

requires expertise in a multitude of disciplines.  The depth of one’s understanding of a system 

only highlights greater complexity.  The complexity of the system under development is often 

paralleled by the complexity of the sociotechnical system executing that development.  It is the 

team that is part of that development system that is the focus of this study.  The pervasiveness of 

teamwork has required understanding of factors that lead to the emergence of team performance 

and spawned decades of research.  The introductory section of this document will provide a brief 

overview of some of this research to provide context to the research questions under study and 

the motivation thereof.  

 

First, defining “team” – The definition of a team generally includes three elements:  multiple 

members with interdependencies and a common goal. 

 

In 2015, Eduardo Salas et al. provided what they describe as an “…overarching, practical 

heuristic of the most critical considerations for teamwork.” (Salas et al., 2015).  Within this 

heuristic, they discuss six core processes & emergent states, including cooperation, coordination, 

cognition, conflict, coaching, and communication.  They also discuss three influencing 

conditions including context, composition, and culture.  The heuristic is described as not all-

encompassing but rather a consolidated set of key findings and the most critical considerations in 

the reviewed literature.  Salas et al. are clear in their statements that there is no hierarchy or 

sequence as the factors are highly interdependent. 
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Figure 1:  Heuristic of the Critical Considerations of Teamwork (Salas et al., 2015) 

 

 

While remaining cognizant of these interdependencies, this thesis focuses on the coordination 

element of this system.  Many definitions of coordination have been proposed, including “The 

enactment of behavioral and cognitive mechanisms necessary to perform a task and transform 

team resources into outcomes.” (Salas et al. 2015), “Coordination involves orchestrating the 

sequence and timing of interdependent actions” (Marks et al, 2001), and “Coordination is 

managing dependencies among activities.” (Malone and Crowston, 1994).  These defining 

statements underscore commonly held notions of the value of coordination.  As the complexity 

of the task increases, the impact of coordination on team performance also increases (Butchibabu 

et al., 2016) and coordination is further emphasized in its importance when working within a 

team-of-teams environment. (Mathieu et al., 2008). 

 

The motivation of this study is driven by both personal interest and a lack of identified 

comprehensiveness in the existing literature.  The majority of literature discovered in the review 

generally focused on team performance in situations of defined tasks to be executed with certain 

environmental uncertainties.  Though many of the learnings are translatable to the R&D 
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environment to varying degrees, this has only started to be explored in recent years and adding 

uncertainty to the task goal is of particular interest.   

 

The uniqueness of the R&D environment in this context is highlighted by Thayer et al. who 

reviewed the challenges faced by innovative teams (Thayer et al. 2018).  They discuss idea 

creation and idea implementation stages of innovation, and the paradox between the differing 

knowledge, skills, abilities, and other attributes that are antecedent to performance at each stage. 

They define the innovation process and the critical considerations of innovative teams to enable 

navigation between the divergent thinking associated with creative idea generation and the 

convergent thinking associated with implementation.   Thayer et al. discuss the benefits of 

ambidextrous organizations and leaders navigating the transition between these intertwined and 

interdependent stages.  This transition phenomenon further focuses the subject of this thesis to 

mid-cycle stages of development. 

 

A topic being explored within much of the reviewed literature and this study is that the 

underlying phenomenon of team coordination influences performance.  In Professor Bryan 

Moser’s Global Teamwork Lab (GTL) at the Massachusetts Institute of Technology such 

phenomena are studied within teams-of-teams (meso-scale level) working on systems-of-

systems.  The meso-scale is differentiated from the individual team (micro-scale) level and the 

total project/portfolio/organization (macro-scale) level.  This study focuses on interactions at that 

meso-scale level and the influence of those interactions on coordination phenomenon.  Many 

factors have been suggested as causal in the emergence of coordination.  The motivation for this 

study draws on the elements of “behavioral and cognitive mechanisms” and “manage 

dependencies” in the defining statements above.  In doing so, the convergence of shared mental 

models was selected as the focus of investigation.  Can a focus on shared mental models more 

effectively transition a team from divergent idea generation to convergent implementation?  Can 

a team use a structured context tool to converge on a shared mental model more efficiently?  Can 

these items improve team performance in the mid-cycle phases of an R&D project? 
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Given these motivations, questions, and narrowed focus, the following section investigates 

current literature in the areas of coordination influence on team performance and shared mental 

model influence on coordination. 

Literature Review 

Influence of coordination on team performance  
 

In 1976 Van de Ven et al. proposed three classifications for coordination modes of work activity 

in an organization (Van de Ven et al. 1976).  These categories included impersonal, personal, 

and group.  The impersonal mode (or programming mode) includes plans, schedules, rules, 

policies, and procedures.  The personal mode (or feedback mode) includes adjustments based on 

feedback conducted by an individual in either vertical or horizontal communication chains.  The 

group mode includes adjustments based on feedback conducted by a group in either formal or 

informal settings.  The study evaluated various factors that may explain the use of alternative 

mechanisms of coordination.  Amongst the findings was that “…as task interdependence 

increases, more elaborate coordination mechanisms are required…”. 

 

As noted above, Malone and Crowston define coordination as the process of managing 

dependencies among activities (Malone and Crowston, 1994).  They promote the value of 

characterizing dependencies to facilitate selection between a cross-disciplinary set of methods 

for managing them and emphasize application in complex systems.  They highlight the need to 

adapt coordination methods driven by advancements in enabling technologies.  They state that 

key to the enablement of the proposal is group decision-making and communication with a 

common language and standards with a goal of common knowledge. 

 

In 1999 Entin et al. tested the adaptive nature of team coordination.  Through experimentation, 

they demonstrated that effective coordination strategies can be trained.  The strategies allow 

teams to maintain performance levels in high-stress situations and draw on shared mental models 

to shift to implicit communication and reduce coordination overhead.  

The elements of the enabling training program included “…(a) preplanning, (b) use of idle 

periods, (c) favoring information transmission over action/task coordination, (d) anticipation of 
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information needs (implicit communication), and (e) dynamic redistribution of workload among 

team members.”  The training coordination strategies help to exercise shared mental models. 

This is an example of programming feedback.  A set of rules and procedures are used to guide 

and improve efficiency of information transfer during feedback to facilitate adjustments.  Along 

similar lines, this thesis aims to evaluate the addition of a support tool for coordination similar to 

the guides described by Entin. 

 

Concurrent engineering requires an overlap of development activities. Dependent processes run 

in parallel, enabling reduction of overall project timelines but presenting risk. Strategically 

managing information exchange and the tradeoff between precision and stability of that 

information can help mitigate the costs incurred by downstream users from work starvation and 

rework (Terwiesch et al., 2002).   Starvation can occur when downstream users must wait on the 

necessary precision before beginning dependent tasks, and rework can occur due to a lack of 

stability of the received information.  These teamwork effects can be traded off.  If precision is 

offered at the expense of stability, rework risk is increased.  The correct strategy for a given 

situation should be selected based on the relative cost of starvation vs. rework.  The 

quantification of these costs can be the source of great debate and begs several questions.  Can 

specific information exchange be interjected to accelerate multiple parties to agree on the 

stability vs. precision of a given data set and collectively be more accurate in the assessment?  

How efficiently can the understanding of the context of the problem from each discipline be 

aligned/calibrated to collectively establish bounds on the risk and stability of modeling 

assumptions?  A team-of-teams can develop concurrently with structured information exchanges 

without a wholistic understanding of the system under development.  Can structured contextual 

information effectively motivate a shift from task concurrency to a mode of cross-disciplinary 

support with implicit communication around system dependencies? 

 

In 2015 Moser et al. explored a broadened view of dependencies in coordination and complex 

engineering projects (Moser et al. 2015).  They expanded beyond the traditional consideration of 

task sequencing and highlighted the dependence of system consequence on scope, quality, 

schedule, and cost.  Where Malone and Crowston highlighted new coordination methods created 

by technology, Moser et al. explore the emergence of challenges in team dynamics generated by 
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dispersion of teams and automation of workflow coupled with increasingly complex systems.  

These challenges can have a negative effect on teams’ abilities to anticipate needs within the 

team and are a result of narrowed focus on structured tasks rather than on interactions across 

dependencies.  Moser et al. present a framework modeling dependence as a constraint on 

independent performance, e.g., if two tasks are independent, then each can progress without 

burden from the other.  Dependent tasks should generate demands, and if needs are not satisfied, 

the process should trigger corrective action or “exception handling behavior.” Maintaining 

continuous unconstrained progress requires effective coordination.  Coordination requires 

awareness, attention, allocation, abilities, and experience to be well performed.   

 

The image below from Moser et al.’s “Mechanisms of Dependence in Engineering Projects as 

Sociotechnical Systems.” (Moser et al. 2015) depicts the mechanism for the satisfaction of 

dependence.  Awareness is cited as one of the significant factors determining if and how 

interaction occurs.  The classical means of bringing awareness to demands include tools mainly 

in the programming mode of coordination like PERT, DSM, IDEF, etc., which can generate too 

narrow of a focus and misrepresent the interactions. This thesis will explore the supplemental 

value of shared mental models and the development of a structured context tool.  Can such a tool 

help address some of the challenges presented in this paper? 

 

 

Figure 2:  Mechanisms of Dependence from Cause to System Effects (Moser et al., 2015) 
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Influence of shared mental models on coordination 
 

This review now shifts to explore mental models as a variable for coordination. 

 

Trevelyan states, “…the prominence of coordination strongly suggests that engineering relies on 

a social process at the microscopic level of individual interactions between people… 

Coordination also relies on an accurate appreciation of both individual and shared technical 

knowledge domains and ways to represent technical knowledge in the working context.” 

(Trevelyan, 2007) 

 

Group decision making, common knowledge, shared understanding, shared notions, collective 

consciousness – the concept of shared mental models, if not explicitly stated, is prevalent in 

literature on coordination.  

 

Definitions… 

Mental model –  

“At the simplest level, a mental model is a cognitive structure or network of associations 

between concepts in each individual’s mind.” (Ward and Reingen, 1990) 

 

“…to generate descriptions of system purpose and form, explanations of system functioning and 

observed system states, and predictions of future system states.” (Rouse and Morris, 1986) 

 

Sharedness –  

“…knowledge that is held by all members of a team.” (Badke-Schaub et al., 2007) 

 

Shared mental model –  

“A team mental model refers to an organized understanding or mental representation of 

knowledge that is shared by team members” (Cannon-Bowers et al., 1993) 
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Cannon-Bowers et al. describe shared mental models and their importance on expectations and 

decision making (Cannon-Bowers et al., 1993).  Mental models are described as knowledge 

structures that enable teams to explain and predict system behavior.  They generate value by 

enabling team members to coordinate and adapt to the task, environment, and team demands.  

The level of value is related to the ability of the model to generate accurate explanations and 

expectations of the task and team.  Cannon-Bowers et al. do not offer a definitive position on 

what models are required but compile a taxonomy of common mental models cited as 

influencing team performance that include:  task, equipment, team, and team interaction. These 

are not independent and the appropriateness of the focus within these or others is likely 

dependent on the task and situation.   

 

Mental models are constructs capable of running hypothetical scenarios and guiding behavior in 

active scenarios.  Experience alone does not guarantee accurate mental model development 

(Cannon-Bowers et al., 1993).  Training with conceptual models of a system can improve the 

accuracy of mental models (Mayer, 1989).  There is also empirical evidence that teams that 

engage in high-quality planning form better team interaction shared mental models (Stout, 1999) 

These findings motivate hypotheses that the process of creating and sharing as well as the 

resulting artifact of a structured context tool may influence mental models.  

 

When working within a multidisciplinary team on complex systems, there is not likely to be a 

single mental model but rather a distribution of mental models (Cooke et al., 2000).  This is 

supported by a transactive memory system and team interaction mental model.  Transactive 

memory systems are “the collection of knowledge possessed by each team member and a 

collective awareness of who knows what” (Mathieu et al., 2008).  Multidisciplinary R&D teams 

working on complex systems commonly start a project with a sizeable conceptual solution space 

and then narrow it for early parallel development of a few solution sets before converging on a 

single path.  The solution space is influenced by team members’ areas of expertise and 

experiences.  As referenced above, this divergent thinking can be beneficial in the early stages.  

However, when converging on a single concept architecture, if team members continue to utilize 

divergent mental models, divergent thinking can generate confusion (Badke-Schaub et al., 2007).  

Badke-Schaub et al. propose three factors that influence the quality of mental models:  
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Sharedness, accuracy, and importance.  The appropriateness of the focus or weighting is, again, 

likely situation-specific.  For example, tasks with a defined set of optimal strategies are more 

influenced by accuracy (Edwards et al., 2006) and within novel environments sharedness could 

be more important (Marks et al., 2000). 

 

  



18 

© 2022 Nathan E. Krehbiel  MITsdm Thesis 

  



19 

© 2022 Nathan E. Krehbiel  MITsdm Thesis 

Chapter 2 

Research Question & Hypotheses 
 

To summarize the findings in Chapter 1: 

 

• Coordination is a critical consideration for team performance. 

• Innovative teams need to be able to navigate the transition between idea generation and 

implementation stages of development. 

• Coordination involves managing dependencies. 

• The management of these dependencies influences program cost, quality, and timeline. 

• Traditional up-front planning tools alone can drive too narrow of a focus. 

• Mental models allow a team to explain and predict system behavior. 

• Collaborative planning promotes the development of mental models. 

 

If a team is aligned on how a system is to behave, perhaps confusion around the demand for 

dependencies can be mitigated, and coordination improved.  Perhaps a structured exercise to 

represent system architecture can accelerate and improve this alignment.  Directly stated: 

 

Research Question:  Shared mental models are an underlying factor in team coordination that 

influences team performance.  Can discipline-specific, task operational concepts accelerate the 

development of shared mental models and alignment on execution plans for the middle phases of 

R&D projects? 
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In order to test these questions, the following hypotheses are proposed: 

 

H1:  Mid-stage performance of R&D teams increases with the level of sharedness of mental 

models. 

 

H2:  Mid-stage performance of R&D teams increases with increasing levels of comprehensive 

breadth of shared mental models (i.e., teams’ mental models that broadly consider elements of 

all team member disciplines will perform better). 

 

H3:  Teams that develop and socialize specific, structured context tools will converge faster 

on mental models than those that socialize concepts in a freeform nature. 

 

H4:  Teams that develop and socialize specific, structured context tools will develop more 

holistic mental models than those that socialize concepts in a freeform nature. 
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Chapter 3 

Research Method 
 

Context and Definitions 
 

The data collected to test the proposed hypothesis was collected through an empirical study.  In 

order to structure this study, a few essential items required definition/selection:  1) structured 

context tool, 2) mid-stage, and 3) breadth. 

 

For this study, the structured context tool selected was a combination of an Operational Concept 

Document (OPSCON) and a context diagram.  An OPSCON is “An abstract model of the 

operations of a specific system or group of systems, usually developed as part of the acquisition 

process and used throughout the system life cycle.” (Rebentisch, 2017)  The OpsCon is used to 

capture stakeholder needs, capture expectations, form requirements, and develop architecture.  It 

is typically developed early in a program to help reveal items that might otherwise be 

overlooked.  The study is not proposing moving this activity to the mid-stages of a program but 

instead replicating the activity at the lower system level at the mid-stages.  Elements mentioned 

such as needs, expectations, and requirements highlight dependencies present amongst 

stakeholders that the act of discussing or making explicit may help with the development of 

mental models. A context diagram highlights interactions with external domains relevant to the 

system (NASA, 2007). 

 

As mentioned above, the mid-stage of an R&D project is intended to focus on the segment of the 

project where the team must transition from idea generation to implementation.  To add context, 

the classical V-model is referenced.  As indicated in the image below, this model is intended to 

be recursive.  However, the transition from divergent to convergent modes is likely required near 

the bottom of the V, where a shift is made between project and concept definition to verification 

and commissioning.  This study, therefore, focuses on the V&V planning activity. 
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Figure 3: "V-Model" of Systems Engineering (Rebentisch, 2017) 

 

As mentioned above, importance has been identified as a factor influencing the quality of mental 

models (Badke-Schaub et al., 2007).  Badke-Schaub et al. propose centrality, or the number of 

links an attribute has in a network representation of a mental model, as quantification of 

importance.  In a somewhat related manner, the metric of breadth is being introduced in this 

study to capture the level of consideration an individual gives across sub-teams in the team-of-

teams scenario during development.  

 

Experiment Design 
 

Overview 

 

To test the hypotheses mentioned above, an experiment was designed to enable individual mental 

model assessment pre- and post-activity and continuous team level performance tracking 

throughout.  The design included a single treatment and placed participants into a team-based, 

role-play scenario where teams-of-teams were asked to develop a system-of-systems.  The 

experiment was executed in two phases.  In phase 1, participants were randomly assigned to 

teams (separated spatially within the room), assigned an area of focus (discipline) for their team, 

and asked to work within that context toward stated objectives.  The software system with which 
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participants interacted to execute their work structured the decisions for and limited content to 

the teams’ respective areas of focus.  In phase 2, participants were reassigned to a team that 

included members from all disciplines.  Objectives for participants during phase 2 were 

consistent with that of phase 1, except participants were asked to work in the greater context of 

all disciplines.  The software interface was adjusted for phase 2 to include work content for all 

disciplines.  The model problem for the experiment was introduced during phase 1 after teams 

were formed and just prior to beginning work. The model problem was introduced via pre-

recorded video, and all introductory content was also included in packets of information received 

by participants upon their arrival at the workshop.  The packets also included the initial survey, 

and treatment groups were provided a context tool specific to their assigned discipline within 

their packets. 

 

The experiment was designed around a generic engineering product development project.  The 

design intent was to separate the focus between sub-teams enough to: 

 

• Provide an appropriate gap requiring convergence between sub-system teams during 

phase 2, i.e., provide discrete cognitive, team relevant concepts 

• Maintain a tractable case for consideration during a workshop timeframe 

 

Badke-Schaub et al. warn, “There is a point where full sharedness (of mental models) is not 

achievable due to complexity of the project and transactive memory systems increase in 

importance.” (Badke-Schaub et al, 2007).  This was considered in this work and the design of the 

experiment.  Systems design and systems engineering methods will continue to influence the 

continuum described by Badke-Schaub et al.  The ability of an individual to comprehend the 

complexity of a system is related to the depth of system layers under evaluation. 

Given these objectives and balanced considerations, three disciplines were identified for a team-

of-teams scenario and included:  mechanical systems, controls systems, and manufacturing 

operations. 
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Phase Content 

 

In phase 1, participants were assigned to a sub-system team where they focused on one of three 

sub-systems.  Sub-system teams were tasked with developing a verification plan for the project 

by allocating verification tests to a pre-determined set of opportunities ranging from early-stage 

component level bench tests through late-stage production test runs.  Each test could be 

conducted at all opportunities or omitted entirely but could be conducted only once per 

opportunity.  Each test execution resulted in an increase in cost and an increase in product 

confidence.  Non-linearities were introduced into the confidence results based on test weightings 

and sequence dependencies and introduced into the cost results based on individual test costs and 

shared fixed costs of selected opportunities.  The cost and confidence values associated with 

each individual selection were unknown to the participants prior to the selection.  Any single 

configuration of test selections constituted a test plan.  Each plan could be simulated via 

software, with results displayed immediately.  Participants were provided 30 minutes in phase 1 

to execute the sub-system level test planning and simulation runs.  After sub-system level test 

planning was complete, participants were reallocated to form full project teams to develop a 

project level test plan in a similar fashion. 

 

Software 

 

The software utilized for the experiment consisted of the system model and a customized 

interface displaying the problem space and solution space, as well as a data log of all previous 

simulations within the session.  A visual of the software interface is shown below in Figure 4.   
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The image above shows the software configured for input from all disciplines, each discipline 

displayed in one of the segmented portions on the left.  The software can also be configured for a 

single sub-system focus.  The rows on the left correspond to a predetermined set of tests and the 

columns correspond to a predetermined set of prototypes.  Each prototype represents an 

opportunity to run each test.  A test is selected for execution on a prototype by simply selecting 

the box corresponding to the intersecting row and column.   

 

Tests and prototypes were selected to correspond to industry or organizational standards testing 

practices.  Test selections are binary, they can be executed or omitted, but they can only be run 

once per prototype for a given test plan. 

 

Test lists for each discipline were targeted to be comprehensive at a similar level of abstraction.  

The list was targeted to be extensive enough to drive focus on technical content and avoid 

“gaming” while remaining short enough for full consideration during the allotted workshop time.  

The number of possible test plan configurations is simply 2(# of selectable test, prototype pairs).  The table 

below shows the total number of possible test plan configurations by phase by team. 

 

Phase Team Possible Configurations 

1 

Mechanical Systems 3.4028 x 1038 

Controls Systems 2.2301 x 1043 

Operations 2.0282 x 1031 

2 Full Team 1.5391 x 10113 

Table 1:  Test Plan Configuration Possibilities by Phase and Team 

 

The solution space is displayed on the righthand side of the screen.  Each time a proposed plan is 

simulated, the corresponding cost and confidence values are plotted in the results pane.  The user 

can input notes for each simulation run for future reference.  The solution space also includes a 

running list of all simulations in the lower right-hand portion of the screen.  The table populates 

with a sequential ID number for each simulation, the user notes, and a timestamp for the run.  

When a historical run is selected (either in the graph or table in the solution space), the run is 

highlighted on the graph, in the table, and a summary of selections is listed to the right of the 

table.  See the solution space example below in Figure 5. 
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Figure 5:  VnV Challenge Software Solution Space 

 

 

The system model was constructed to run in the background and generate cost and confidence 

values for each simulation.  Confidence values were generated via a pairwise comparison of all 

tests.  The resulting weightings were scaled to a maximum achievable system confidence of 0.9.   
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Test interactions were identified in an asymmetric DSM where selected cells indicate the test 

associated with the respective column influences the test associated with the respective row.  The 

system model identifies situations where these dependencies occur, and if the influencing test is 

not conducted at or before the time of the influenced test, a confidence penalty is incurred.  

Penalties increase in weight progressively through the time series of prototypes. 
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Incremental cost values were established for each instance of a test and fixed cost values were 

established for each prototype.  Incremental costs were incurred for each box selected.  Fixed 

costs were only incurred when one or more boxes in the respective prototype column were 

selected, but the cost incurred was the same regardless of the number of boxes selected in that 

column. 

 

The resulting potential performance outcomes (problem space) were encompassed by black 

dashed lines in the figure below. 

 

 

 

 

 

 

 

Data Collection 

 

As stated in the hypotheses, the attributes of interest include the sharedness and comprehensive 

breadth of mental models and team performance.   

 

Data collection activities were conducted by multiple means.  A similarity ratings approach was 

used to elicit data associated with mental models.  Participants were requested to individually 

complete surveys just after the introduction of the project scenario and again just prior to 

completion of the workshop.  The surveys presented participants with seven concepts associated 

Figure 8:  VnV Challenge Software Problem Space Outlined 
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with the project work.  The term “concept” in this context refers to elements of the cognitive 

structure used to describe system behavior.  Participants were asked to assess the level of 

dependency between concept pairs and the relative importance of concept pairs by populating the 

upper half of N2 matrices with provided Likert scale values.  See Appendix A below for visuals 

of the surveys.  These survey results were utilized to measure the sharedness and breadth of 

mental models for analysis and testing of H1 and H2, respectively.  Throughout the workshop’s 

working sessions, each time a team ran a software simulation on a proposed verification plan the 

plan details, team label, and performance outcomes were timestamped and stored.  The 

simulation and survey data were analyzed for testing H3 and H4.  Performance in the context of 

this study is measured by the level of advancement of product concepts (reduction of 

uncertainty) while consuming the fewest amount of resources. 

 

In 2000, Mohammed et al. compared and critiqued methods of eliciting and analyzing mental 

models in an attempt to promote the advancement of empirical research into team mental models 

(Mohammed et al., 2000).  A lack of agreement on methods and growing demand for empirical 

work to support a relatively large body of conceptual work was cited as motivation.   

Mohammed et al. explain the importance of a clear specification of the phenomenon to be tested 

in order to select a measurement technique.  They make subtle distinctions between knowledge 

and belief structures and structure and process.  The phenomenon of interest in this thesis could 

be categorized according to definitions by Schneider and Angelmar, (1993) as related to the 

cognitive structure or “representations of knowledge that contain and organize information” (p. 

349) rather than a cognitive process which is how “knowledge is selected, organized, 

transformed, stored, and utilized” (p. 351).  And further refined according to definitions by 

Mohammed et al., (2000) as a knowledge structure “descriptive states of nature that one knows 

to be true“(p. 3) rather than beliefs which are defined as “desired states that one prefers, expects, 

or demands” (p. 3).  These distinctions helped guide the elicitation method to seek symmetric 

relationships of abstractions of the test planning categories. 
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Chapter 4 

Quasi-Experiment 
 

A quasi-experiment is an experiment “in which the investigator cannot randomly assign units or 

participants to conditions, cannot generally control or manipulate the independent variable, and 

cannot limit the influence of extraneous variables” (APA, n.d.) 

 

A natural experiment is an “observational study in which an event or a situation that allows for 

the random or seemingly random assignment of study subjects to different groups is exploited to 

answer a particular question” (Messer, 2016). 

 

Given the developmental nature of this experiment and the population count, the empirical study 

was conducted as a quasi-experiment.  It was conducted to determine if a signal could be 

detected from the selected methods/sensors in a small-scale academic setting to provide insight 

and guidance to further study.  Given the potential population count driven by the complexity of 

the problem, it is not feasible to scale at this stage.  It is the intent that the method and reflection 

enable further refinement of this area of study for added scaling.  See the Chapter 8 for 

recommendations on full experiments. 

 

Workshop 
 

Participants for the study were identified through the Massachusetts Institute of Technology 

Gordon Engineering Leadership program.  Twenty-two individuals participated in the 2-hour 

event.  Upon arrival, participants were provided an individually assigned number (IAN) and 

randomly allocated to teams based on the sequence of their arrival.  Figure 9 shows participant 

assignments for Phase 1.  
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Figure 9:  Workshop Participant Assignments Phase 1 

 

Once teams were formed, the participants were introduced to the model problem – development 

of a verification and validation plan of a pick-and-place machine used in the production of 

printed circuit boards.  The pick-and-place machine was selected as the system of focus due to 

the relative ease of describing its base function and high-level sub-system interactions.  The 

introduction was given with the intent of level setting contextual knowledge and motivations 

across participants.  It presented an overview of the product under development, the company for 

which it was being developed, and the verification and validation activity as well as the 

following detail which provided context on the project state: 

 

• A customer need has been identified that presents a viable business opportunity. 

• Primary value drivers have been identified, but not all stakeholders and use cases have 

been determined.  

• A basic concept architecture is selected in alignment with stakeholder needs and the 

business’s core competencies. 

• Detailed design is in progress, but many design decisions have yet to be made. 

• The project requires completion on a tight timeline. 

• You have been selected to the project team and asked to draft a verification plan.  
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• The project team has collectively identified various prototype opportunities and a set of 

required tests.  

 

A software demonstration was then completed to avoid any confusion associated with the 

interface or objectives and help ensure equal time available across teams for verification plan 

development. 

 

Participants were then asked to complete the initial set of surveys. After survey completion, 

teams were provided 30 minutes to work on phase 1 verification plan development. 

 

This concluded phase 1 of the workshop and participants were provided a break.  Workstation 

computers were reset over the break and configured for visualization and interface with all 

subsystems.  Upon returning from break, the participants were re-allocated to multi-disciplinary 

project teams as shown in Figure 10 below.  Participants were then asked to build a full program 

verification plan, including test allocations for all disciplines.  System teams were provided 30 

minutes to build the full program plans and were informed of a minimum viable confidence 

target of 0.7. 

 

 

Figure 10:  Workshop Participant Assignments Phase 2 
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At the conclusion of the 30-minute allocation, participants were asked to stop working with the 

software.  Surveys identical to the initial surveys were then distributed to participants and 

requested to be completed.  This marked the conclusion of phase 2 of the workshop.  The 

workshop concluded with a short debrief with an open discussion on participant feedback.  The 

workshop was followed by a brief lecture from Dr. Bryan Moser, Director of the Global 

Teamwork Lab, on the experiment’s objectives and the mission of the Global Teamwork Lab. 
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Chapter 5 

Analysis Method 
 

In order to test the hypotheses, data were collected in an attempt to quantify individual mental 

model states and team performance.  Individual mental model information was then used to 

assess two metrics associated with team shared mental models:  sharedness and breadth.  In 

accordance with the hypotheses, the analysis seeks to detect the influence of the treatment 

(structured context tool) on the state of the mental models (sharedness and breadth) and, in turn, 

the state of the shared mental model influence on team performance. 

 

In the 2000 study previously referenced by Mohammed et al., they evaluated four analysis 

methods based on the following metrics (Mohammed et al., 2000): 

• Treatment of content 

• Treatment and evaluation of the structure 

• Standardization and acceptance level of the approach 

• Evidence of reliability 

• Ability to capture mental models 

• Availability of special features 

• Utilization method for team-level analysis 

 

Given the desire for structured representation, the efficiency of paired comparison of fixed 

concepts, and identification of symmetric relationships, the evaluation by Mohammed et al. 

guided method selection toward either Pathfinder or Multidimensional Scaling (MDS).  

 

In 2010 DeChurch et al. completed a meta-analysis to examine three aspects of shared mental 

model measurement as potential moderators to team process and performance (DeChurch et al., 

2010).  They observed similar positive relationships between similarity in mental models and 

team performance across elicitation methods, structure representation approaches, and 

representation of emergence.  Their work included data from 23 independent, empirical studies 

and included Pathfinder and MDS analyses amongst the methods of structure representation and 
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representation of emergence.  It also included similarity ratings amongst the methods of 

elicitation. 

 

Given the findings cited above and its prevalence in recent literature, the Pathfinder analysis 

technique was selected for use.  Pathfinder is a network modeling and scaling technique based on 

graph theory utilizing proximity data (Schvaneveldt, 1990).  Schvaneveldt offers the abbreviated 

overview of the method, “Essentially, Pathfinder networks are determined by identifying the 

proximities that provide the most efficient connections between the entities by considering the 

indirect connections provided by paths through other entities.” (Schvaneveldt, 1990).  For the 

application within this study, the entities correspond to the concepts in the user surveys.  These 

are the nodes in the network.  The patterns of proximities are used to generate the links in the 

network.  For this application the proximities are derived from participant survey responses on 

similarities between concepts. Two parameters are utilized to create the network - q and r.  The r-

parameter (Minkowski r-metric) is used to calculate the distance between nodes where the 

weight of a path is calculated as: 

 

𝑊(𝑃) =  (∑ 𝑤𝑖
𝑟

𝑘

𝑖=1

)

1/𝑟

 

  

The q-parameter limits the number of links in the path examined during the construction of the 

network.  The algorithm then finds the minimum weight path(s) with no more than q links. 

For this application, the data was elicited as relative paired comparisons, so the weight matrix is 

symmetric, and all network links are undirected (symmetric) between entities.  The derived 

networks can then be compared between participants to determine similarity (sharedness of the 

mental model).  An example of a network diagram output for this study is shown below. 
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Figure 11:  Pathfinder Network Diagram Example Output 

 

 

Similarity was used as a quantitative index to determine the sharedness of mental models in the 

evaluation of H1 and H3.  The survey question related to the level of dependency between 

concepts was utilized for assessment.  Similarity is determined by the correspondence of links in 

the two networks (Schvaneveldt, n.d.).  It is calculated as the total number of links in common 

divided by the total number of unique links.  An example output of the quantitative indices is 

shown below. 

 

 

Figure 12:  Pathfinder Network Quantitative Indices Example Output 

 

Data analysis was completed with JPathfinder software, and a minimum links approach was used 

with r = ∞ and q = n-1 (Schvaneveldt, n.d.) 
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Mental model breadth was determined by evaluating the distribution of participants’ responses 

on the relative importance of concepts.  Hypotheses H2 and H4 attempt to expand on whether 

team members have similar mental models and evaluate to what degree team members consider 

all elements of the model.  This is related to Badke-Schaub et al.’s discussion on importance as a 

major factor influencing the quality of a mental model (Badke-Schaub et al., 2007).  They 

propose the centrality of a node in a network as a measure of its importance due to the number of 

links the node has within the overall network.  Rather than reference the number of influences a 

node has as a measure of its importance, this study directly inquires about participants’ perceived 

weightings of concepts and evaluated the distribution of those weightings as a measure of 

breadth.  A smaller standard deviation of concept weightings was used to indicate more even 

consideration of concepts in the mental model.  A broad distribution was used as an indication of 

a more narrowly focused model. Weights were derived from survey responses on the “relative to 

importance” related question using an averaging over normalized columns procedure. 

 

Performance data was collected in process as indicated above.  Each time a configuration was 

simulated, the associated configuration, sequence, and results data was stored.  Performance was 

measured using the Pareto fitness ranking method.  This method allows the data to be analyzed 

without assigning weights to individual objectives.  The method progressively ranks and 

removes data points.  For the first iteration of analysis, all non-dominated points are assigned a 0 

ranking and then removed from consideration during future iterations.  The second iteration 

considers the remaining points and assigns all non-dominated points a 1 ranking and so on.  A 

non-dominated point, in this case, is one that is in a position where no other point would be 

considered superior by both cost and confidence metrics.   
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Chapter 6 

Results 
 

Twenty-two individuals participated in the event.  Not all participants completed all survey 

questions in the entirety, and the table below shows the resulting sample sizes available for full 

analysis for each hypothesis. 

 

Hypothesis Sample Sizes 

H1, H3 

21 individuals, 5 teams, 28 teammate pairs 

2 control teams, 10 teammate pairs 

3 treatment teams, 18 teammate pairs 

H2, H4 

13 individuals, 3 teams 

1 control team 

2 treatment teams 

Table 2:  Workshop Sample Sizes 

 

Performance results were compiled for all teams with the exception of team B due to a lack of 

available survey data.  The chart below shows how generative each of the applicable teams was.  

 

Team Datapoints Generated 

A 34 

B N/A – Incomplete Survey Data 

C 33 

D 51 

E 19 

F 79 

Table 3:  Workshop Simulation Count by Team 

 

The following images illustrate the “design walk” taken by each team.  The design walk is the 

ordinal sequence of solutions generated by a team.  It illustrates the path of exploration taken by 
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that team in the problem space. The lines in the charts connect sequential iterations, and the line 

weight increases with each step.  These graphs were generated for context and to give insights 

into team behaviors.  The first graph provides a comparison of all teams, and subsequent graphs 

provide a zoomed-in view of the later stages of the exploration for each team. 



43 

© 2022 Nathan E. Krehbiel  MITsdm Thesis 

 

F
ig

u
re

 1
3
: 

 W
o
rk

sh
o
p
 P

a
rt

ic
ip

a
n
t 

T
ea

m
 D

es
ig

n
 W

a
lk

s 
(A

ll
 T

ea
m

s)
 

 

 



44 

© 2022 Nathan E. Krehbiel  MITsdm Thesis 

 

 

 

 

Figure 14:  Workshop Participant Team Design Walk - Team A 
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Figure 15:  Workshop Participant Team Design Walk - Team C 

 

 

Figure 16:  Workshop Participant Team Design Walk - Team D 
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Figure 17:  Workshop Participant Team Design Walk - Team E 
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Figure 18:  Workshop Participant Team Design Walk - Team F 

 

 

Figure 19 shows Pathfinder similarity data for all participants from both pre- and post-activity 

survey questions related to the level of dependency of concept pairs.  The control group pre- and 

post-activity data are plotted in the first and third column respectively and the treatment group in 

the second and fourth columns, respectively.  Higher correlation values are being evaluated as an 

indication of greater sharedness of mental models. 
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Figure 19:  Workshop Team Mental Model Similarity for All Teammate Pairs 

 

Figure 20 shows pairwise comparison results for all participants from pre- and post-activity 

survey questions related to the relative importance of concept pairs.  The plotting scheme is 

similar to Figure 19 above.  Lower standard deviation values are being evaluated as an indicator 

of greater breadth in mental models.  For reference, the analysis method enables a range of 

between 0 and approximately 0.496 for the standard deviation. 
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Figure 20:  Workshop Team Mental Model Deviation of Concept Weightings 

 

Figure 21 shows results from all simulation runs from all teams, again with the exception of team 

B. 
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Figure 21:  Workshop Team Plan Performance for All Simulations – Teams with filled markers 

represent treatment teams, those without fill represent control teams 

 

Figure 22 is a zoomed-in version of Figure 21.  In this figure vertical and horizontal lines extend 

from sample points as a visual representation of Pareto optimal points in the Pareto fitness 

ranking method.  If there were any other points in the upper left quadrant extending from a given 

point, then that given point would be considered dominated. 
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Figure 22:  Workshop Team Plan Performance for Simulations Meeting Acceptance Criteria –

The lines extending up and to the left of various points provide examples of Pareto optimality.  If 

there were any other points in the upper left quadrant extending from a given point, then that 

given point would be considered dominated. 

 

Table 4 summarizes the Pareto fitness ranking results.  The column label indicates the ranking 

iteration in sequential order.  The row label indicates the team.  For example, team A had 12 

points that were nondominated in the first round (“0” round) of ranking and 5 points that were 

nondominated in the second round (“1” round).  Remember, all nondominated points from the 

“0” round from all teams are removed from consideration during ranking in the “1” round. 
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Table 4:  Pareto Ranking of Simulation Results by Team 

 

Figure 23 shows the Pareto Fitness Ranking from the table above plotted by team against the 

team’s average Pathfinder network similarity score.  Each team has a column of plotted points.  

The lowest point corresponds to Pareto scores from the “0” round only.  The next point up 

corresponds to the “0” round plus the “1” round and so on until rounds “0” through “3” are all 

included in the uppermost point. 

 

 

Figure 23:  Workshop Team Mental Model Convergence vs. Performance Results 
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Figure 24 is similar to Figure 23 except it shows the Pareto Fitness Ranking plotted against the 

team’s average standard deviation of concept weights. 

 

 

Figure 24:  Workshop Team Mental Model Breadth vs. Performance Results 
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Chapter 7 

Discussion/Interpretation 
 

The following section revisits the hypotheses in light of the results shared above. 

 

H1:  Mid-stage performance of R&D teams increases with the level of sharedness of mental 

models. 

 

Figure 23 shows a generally positive association between increasing team average similarity of 

Pathfinder networks and team performance.  This becomes more dramatic as additional iterations 

of Pareto ranks are included.  However, Team C (a control team) stands out as having the highest 

average similarity yet low performance.  The design walk does indicate Team C has amongst the 

most thorough exploration above the confidence minimum.  They did, however, generate a 

relatively low number of results. Their design walk was somewhat chaotic and trended toward 

the utopian (low cost, high confidence) direction which led to more dominated points.  This was 

an interesting general trend for all control teams.  In contrast, the treatment teams’ design walks 

had more tendency toward iso-performance type exploration or exploration parallel to the Pareto 

curve. 

 

Team F was a clear, strong performer in this analysis.  They were highly generative and had 

broad exploration of the area near the Pareto front.  It should be noted that Team F generally had 

high similarity amongst team members.  However, the team did include two individuals with the 

highest single pairing score in the experiment (approximately 2.7 standard deviations above the 

mean). 

 

H2:  Mid-stage performance of R&D teams increases with increasing levels of 

comprehensive breadth of shared mental models. 

 

The analysis results for H2 are not clear but do show a general trend toward supporting H2, 

especially within the treatment group.  As the team average standard deviation of concept 

weights goes down, the performance tends to increase, again however with a control group 
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outlier.  Team A had consistently low standard deviation across the group but low performance.  

They had fairly chaotic exploration of the solutions space as well and, at one point, began to 

reduce cost in small increments as they maintained approximately 0.7 confidence.  This walk 

toward lower cost while maintaining confidence led to many dominated points.    

 

H3:  Teams that develop and socialize specific, structured context tools will converge faster 

on mental models than those that socialize concepts in a freeform nature. 

 

Analysis results for H3 indicate very limited if any movement in the sharedness of mental 

models over the course of the experiment.   

 

H4:  Teams that develop and socialize specific, structured context tools will develop more 

holistic mental models than those that socialize concepts in a freeform nature. 

 

Analysis results for H4 also show only a slight trend toward increased breadth for treatment 

groups.   

 

See Chapter 8 for further discussion. 
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Chapter 8 

Conclusions, limitations, and considerations for future work  

 

This thesis has empirically explored the application of relatively recent concepts and analysis 

techniques in team dynamics to a focused situation.  The situation of mid-stage development of 

R&D teams is a fundamental situation that has challenged many organizations.  How can a 

complex engineering development project be efficiently transitioned between critical phases?  

Various tactics are often employed, including phase gates, shifts in governance, structured entry 

points for additional teams into the team-of-teams, layered metrics, and handoffs between 

completely separate teams of like disciplines to list only a few.  Often the efforts are heavily 

focused in the domain of process controls.  This thesis aims to extend the exploration of 

detection and feedback of behavioral phenomena and enhance awareness and response to factors 

in the domain of industrial and organizational psychology.  

 

The quasi-experiment was designed for execution in a student workshop scenario.  It had the 

architectural elements of the situation described above and was carried out in a relatively rapid 

fashion.  This enabled insights into elements of the phenomenon being studied as well as 

elements of the design of the experiment, both of which are discussed in this section for future 

consideration. 

 

Data collected during this experiment indicate trends supporting the hypothesis that mid-stage 

performance of R&D teams increases with both increasing convergence and increasing 

comprehensive breadth of shared mental models.  Based on these findings, it is concluded that 

there is significant potential for focused development of shared mental models within R&D 

teams to support critical mid-phase transitions. 

 

However, the experiment was unable to identify support for the hypothesized method by which 

mental models can be developed.  This could be indicative of the limitations of the experiment.  

In order to investigate further, additional sensors are proposed for future experiments.  The 

analysis was conducted with the treatment as a binary input.  Teams were either in the control 
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group or the treatment group, but there were no quantitative means of assessing the teams’ level 

of interaction with the treatment materials.  Future experiments should consider instrumenting 

this interaction.  They should also consider eliminating the tension between time demands on 

activities.  In the existing structure of this experiment, participants had dedicated time blocks to 

develop test plans.  It was at the discretion of the team how this time was divided between 

activities such as information review, strategizing, software familiarization/experimentation, 

reflection/analysis of results, etc.  Future experiment design should consider dedicated, 

instrumented blocks of time for these activities where treatments could be implemented in a 

controlled fashion, e.g., requesting teams generate deliverables such as structured context tools 

from early sessions. 

 

Additional Questions 
 

The data that was collected from the experiment also highlighted aspects that raise additional 

questions.   

 

When teams had high average mental model sharedness but high standard deviation (resulting 

from a few individuals with very highly aligned mental models), how did this affect team 

dynamics?  Were other elements from the Salas et al. heuristic highlighted, and how did this 

affect the development of the team shared mental model? 

 

There appeared to be a treatment-specific trend in the design walks where treatment teams 

exhibited a tendency toward iso-performance type exploration vs. a more chaotic exploration 

from the control groups that generally trended toward the utopia point.  What were the 

differences in strategies that led to this behavior?  Were the control teams attempting to “game” 

the software?  How might this be further instrumented for insights? 

 

Could there be additional ways to interpret the patterns of exploration as somehow indicative of 

treatment?  For example, were treatment teams exploring solution elements within a single or 

subset of concepts that might indicate exploration of some aspect of concept links/proximities?  

Could the selections themselves indicate team perception of different concepts (nodes)? 
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Is there an indication of what might have led to the control group outliers?   These teams were 

assessed as having aligned mental models but low performance.  Did they have aligned but 

inaccurate mental models?  How might an exploration of the teams’ perception of systemic 

criticality of the presence of nodes and the topological significance of specific proximities be 

altered, i.e., is the generalization of average similarity of network representations too structured 

or too abstract to draw meaningful conclusions?  Can integration of feedback within teamwork 

enable identification of a need to not just align but possibly re-architect team mental models?   

 

How does the variation in perceived relatedness (presence or absence of specific links) affect the 

topology of the remaining concepts that are perceived dependent?  Can differing mental models 

be measured as more or less complimentary based on the topological variations, i.e., can 

differing constructs compensate for known differences? 

 

These concept questions represent potential next steps in further developing the teamwork 

experiments in this domain. 
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Appendix A – Surveys 
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Appendix B – Workshop Materials 
 

Controls Team Member Content 
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Mechanical Systems Team Member Content 
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Operations Team Member Content 
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