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THE VALIDATION OF A DOMAIN-GENERAL SYSTEMS THINKING ASSESSMENT TEST
FOR PERSONNEL SELECTION AND CLASSIFICATION

EXECUTIVE SUMMARY

Research Requirement:

A “system” could be a biological organism or a profit-making organization, an ecology or
an employee, a religious faith or a job, a computer network or a professional network. “Systems
thinking” (ST) is the tendency and ability to think about entities as systems—and to view
systems as wholes whose components display complex causal patterns of interdependence.

Extant ST research is prolific but is greatly fragmented across a variety of intellectual
disciplines and is frequently conceptual/speculative rather than empirical. Moreover, extant
empirical work is frequently constrained to a particular intellectual discipline or even a particular
system within an intellectual discipline; in other words, it is domain-specific. Furthermore, this
work often involves self-report measures of ST, which may be susceptible to socially desirable
(vs. honest) responding and measure a dispositional tendency or preference toward ST rather
than an ability or skill associated with ST.

Procedure:

We reviewed the extant research literature on ST and, on this basis, proposed a more
inclusive four-component conceptualization for ST. Then, consistent with practical needs
associated with employee selection and (re-)classification (in the Army and civilian
organizations), we developed, pilot-tested, and provided preliminary validity information for a
domain-general, behavioral (i.e., skill-based) individual differences measure of ST. We selected
the Air Force Multi-Attribute Task Battery (AF-MATB), itself modified from an original task
developed by NASA, as our simulation of interest because of the inherent domain-general nature
of the task and the ease with which the tasks could be modified to be interconnected. The MATB
was originally developed to examine cognitive load and multitasking ability, though it has been
used in general decision-making and systems research. We modified the AF-MATB to create the
MATB-Systems Thinking (MATB-ST), which generated scores on four components of ST:
holistic thinking, closed loop thinking, forecasting, and adaptive/flexible thinking.

Separately, we also examined the criterion-related validity of two existing measures of
ST (an ability/skill measure and a dispositional tendency/preference measure) vis-a-vis job
performance, using a larger-sample survey.

Findings:
Preliminary, small-sample validation work on the MATB-ST yielded promising results:

scores on the operationalizations of the four components of ST exhibited adequate variability
(thereby ameliorating concerns that the task was too easy or difficult), the operationalizations



were often moderately positively correlated with each other (but not so strongly as to be
redundant), and the operationalizations were related to several conceptually related skill/ability
and dispositional tendency/preference variables.

Findings from the larger-sample criterion-related study using previously existing
measures of ST yielded the following findings: (a) The dispositional tendency/preference
measure of ST mediated the impact of ability/skill and dispositional tendency/preference
antecedent variables on job performance; (b) The ability/skill measure of ST did not exhibit
appreciable criterion-related validity, pointing to the need for better ability/skill measures of ST
(such as, perhaps, the MATB-ST); and, (c) Interestingly, and although we call for additional
research on this topic, ST did not predict job performance better on more complex jobs than on
simple jobs, despite the fact that one might expect complex jobs to require the most “systems
skills.”

Future Directions:

Future research should: (a) refine the MATB-ST operationalizations of ST; (b) further
explicate the conceptual nomological network for ST at multiple levels of analysis (e.g.,
individual employee level, team level, organization level); (c) examine convergent validity,
criterion-related validity, fakability, trainability, and adverse impact of the MATB-ST
operationalizations of ST compared to self-report operationalizations and other skill-based
operationalizations; (d) further examine the impact of job complexity on the criterion-related
validity of ST; (e) examine validity in both non-Army and Army settings; and (f) construct a
shorter version of the MATB-ST that can be used for mass testing in an employee selection
context.
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The Validation of a Domain-General Systems Thinking Assessment Test for Personnel
Selection and classification

Introduction/Problem Statement

It is appropriate to conceptualize a system as “an interacting combination, at any level of
complexity, of people, materials, tools, machines, software, facilities, and procedures designed to
work together for some common purpose” (Chapanis, 1996, p. 22). Examples of weapons
systems include missiles, tanks, and bombers. Loosely defined, our current understanding of
systems thinking (ST) is that it is “an approach that views systems as wholes rather than
compilations of individual components and allows one to see the interconnectedness and
interdependencies of agents within systems, to frame problems as patterns, and to get at
underlying causality” (Davis, Dent, & Wharff, 2015, p. 335). Systems thinking was developed as
a conceptual framework more than 25 years ago (Senge, 1990), and has been applied broadly
across many fields. The need to assess ST is becoming increasingly important, primarily because
the systems in which military and civilian personnel are immersed are becoming much more
complex. The need for ST is best illustrated by its relevance to multiple fields and disciplines,
such as health care (Adam & de Savigny, 2012), social policy (Sterman, 2002), and information
systems (Checkland, 1997). Even though the ST construct is represented across many fields, all
representations of the construct converge upon one primary theme: the need to adapt human
thought to the complexity of the world around us. Thus, it is necessary to shift from linear
reductionist approaches to non-linear dynamic approaches that can address the multifaceted and
interconnected relationships among several components.

Peter Senge’s (1990) best-selling management book popularized the concept of ST.
Because this book was written for a popular audience, however, researchers and practitioners are
more inclined to work on ST that emphasizes construct validity and scientific rigor. Much
academic work has certainly been conducted, but the work is greatly fragmented and in need of
organization and review. Moreover, when discussing the putative outcomes of ST, both
academic and practitioner sources have predominantly made a conceptual case rather than an
empirical one. What is necessary for advancement in understanding ST, and for establishing the
basis for selection, classification, and training of personnel in this capacity, is a comprehensive
and integrated framework that provides a basis for effective measurement development and
specification of its antecedents and outcomes. The present work is an initial step in that direction.

The current research report details the efforts made by George Mason University and the
U. S. Army Research Institute to operationally define ST and make it amenable to measurement.
The document will begin by discussing the specific goals of this effort. Next, we describe our
specific approach to addressing those goals, followed by a description of our experimental
methods and results. Finally, we discuss how this work is relevant to the Army and make
suggestions as to how the work can be extrapolated.



Problem Statement

Given the recognized importance of ST, researchers have attempted to create
interventions to enhance complex systems training. One approach to the measurement of ST has
been to develop paper- or computer-based assessments. For example, Sweeney and Sterman
(2000) created a series of tests that described a system and asked participants to draw a graph
that forecasted the change in system behavior over time. Some of these assessments have
become extremely well known in the ST community, such as the “bathtub” problem, which
requires participants to graph the rise and fall of the water level in a bathtub with an open drain
as the flow of water increases and decreases.

Several criticisms have been raised regarding measurement of the ST construct. Some
authors suggest that these measures have not extended beyond cursory, anecdotal, and
conceptual conjecture as opposed to submitting these ideas and concepts to empirical evaluations
(cf. Cavaleri & Sterman, 1997). Cavaleri and Sterman (1997) also criticize the apparent
disconnect between laboratory-based interventions and the way in which they can be applied to
organizational performance. Unfortunately, as the aforementioned section suggests, not many
empirical efforts have been made to combat these criticisms.

Many evaluations of ST have assessed cognitive change by asking participants to review
their experience and describe how the intervention has altered their thinking (e.g., Cavaleri &
Sterman, 1997). However, there are several issues with the validity of this type of retrospective
self-report of mental events. Nisbett and Wilson (1977), for example, report the results of several
experiments in which people were unable to accurately report on the factors that affected their
cognitive processes. This is corroborated by general criticism of self-report that suggests that
there is always some question as to whether any form of self-report accurately reflects
respondents’ true perceptual experiences of task performance (Natsoulas, 1967). More recent
critiques are offered by Moroney, Biers, and Eggemeier (1995), who claim that self-report can
interfere with task performance. Further, asking participants their opinion about the effectiveness
of interventions involves providing them with detailed information about the purpose and
hypotheses behind the project, which can lead to operator bias (Moroney et al., 1995).

Scope of Effort

Two principles guided our approach in developing and testing our measure of ST. The
first was to adopt a skill-based approach rather than the knowledge-based approaches used in
previous work. To that end, we sought to identify cognitive, metacognitive, and dispositional
tendency/preference constructs that have practical and theoretical relevance in their ability to
estimate ST. The second guiding principle was a focus on process-level assessment that is not
tied to a particular domain. To achieve this goal, we attempted to select cognitive, metacognitive,
and dispositional constructs that we thought would be associated with our ST variables. These
constructs were used for content validation in our simulation. Our vision is that the constructs in
our simulation will constitute our ST assessment test and that the simulation will represent a
microworld (a rich computer-based simulation of a work or decision-making environment) that
represents our conceptualization of the ST process (our conceptualization will be described in the
“revised model” section of the Literature Review section of this document).



First, we conducted an extensive literature search on ST to develop our conceptual
framework. Next, we thoroughly examined the literature for existing cognitive and dispositional
constructs that were practically and theoretically related to the components of our conceptual
model. The next step was to identify and develop a microworld that we could adapt as our
measure of ST. Finally, we conducted content (and face) validity (Lawshe, 1975; Mosier, 1947)
and convergent and discriminant validity (Campbell & Fiske, 1959) studies involving our
cognitive and metacognitive predictors. We also ran a supplementary Mechanical Turk (MTurk)
study to further explore our conceptual model and ST as a predictor of job performance. Specific
steps made towards each of these will be detailed in subsequent sections of this report. It should
be noted that throughout the duration of the research, we consulted with a subject matter expert
(SME) at several stages of the project to ensure the face validity of our Systems Thinking
Assessment Test (STAT).

Literature Review

One of the first tasks of the research was to conduct an extensive literature review, which
involved two efforts. The first effort was to further develop our operational definition of ST. This
effort required a literature review at two phases: upon the initial construction of the proposal and
a “deep dive” into the ST literature upon starting the project. The literature review conducted at
the beginning of the project required a much more in-depth foray into the literature. Using
PsycINFO, the search term “systems thinking” brought up hundreds of articles, and we limited
our search to articles with “systems thinking” in the title. Definitions were taken from articles in
the first nine pages of the search. Next, two separate raters went through the 32 separate
definitions that were obtained, listed key concepts from each one, and kept track of how many
times each key concept was repeated. When ratings were completed, the raters came together to
reach a consensus on the most important and the most often repeated key concepts that were
related to ST. After this literature review iteration, we concluded that our original model required
revision.

The next effort was to find existing cognitive, metacognitive, and dispositional tendency
measures for ST. Importantly, the focus was on finding measures that were representative of our
conceptual model. A nomological net of 47 variables that could be included was cast. Using
methods advanced by Anderson and Gerbing (1991), the set was reduced to a list of 25 variables
that the researchers felt were highly relevant to ST. The list was further reduced to 13, using
input received from the SME in conjunction with those variables deemed most relevant by the
research team. Both efforts will be described in more detail below.

Literature Review on Conceptual Model

Original model. From our preliminary investigation into this area, we believed that ST
could be characterized, and thus measured, through three core components. Our preliminary
literature review suggested that most of the definitions of ST cohered around three primary
themes: (a) planning/learning a system, (2b) strategic management of the system, and (c) an
awareness of the emergent properties of the system that are driven by changes in the



environment, as shown in Figure 1. What follows is a detailed description of our original
conceptualization of the three components.

Planning/orientation style. This variable was included because what often emerged in
the ST literature was a reference to the learning orientation of operators. Here, what is
emphasized is an approach to training that is called learner control, in which trainees have the
opportunity to select the method, timing, practice, or feedback, on all aspects of training
(Milheim & Martin, 1991). It is proposed that operators who focus more on task “mastery,” that
is, becoming familiar with the information processing elements of performing a task, tend to
have superior performance on a transfer task that requires these same process elements. Thus,
what is emphasized here is the similarity of the information processing between the training and
transfer tasks (Bransford & Franks, 1976). This view can be contrasted with older conceptions of
task transfer, such as identical elements theory, that assert that transfer from one task to another
is greater if more elements (task characteristics) are shared between two tasks (Woodworth &
Thorndike, 1901). By ensuring that the information processing elements are shared between
training tasks and transfer tasks, one can thus have a domain-free estimator of transfer task
performance.

Strategic management. Often referred to in the ST literature as “operational thinking” or
“closed-loop thinking,” strategic management of the system is of critical importance to the
management of complex systems. For example, Richmond (1994) viewed this as incorporating
three ST skills: system-as-cause thinking, closed-loop thinking, and operational thinking.
System-as-cause thinking is the notion that the structure of a system can be viewed as the
underlying cause of what is driving operator behavior rather than the behavior being driven by
external factors. Closed-loop thinking, then, raises the question that if the structure is the cause
of behavior, what does the structure look like and how is it represented? The answer to this
question, according to Richmond (1994), is that causal relations do not run one way but are
instead reciprocal, in that patterns of system behavior feed back into changes in performance of
the system. Operational thinking posits a structure for the way in which loops are composed.
Taken together, the three thinking skills can be viewed as a way of (a) examining system
structure to determine how operators will behave; (b) understanding the nature of how feedback
will drive and alter behavior; and (c) having an understanding as to how the structure and the
closed-loop system will constrain the feedback loops. Thus, strategic management is an
understanding of the causal-loop relation and how system feedback drives performance and is
primarily concerned with strategy maintenance.

Anticipation of emergent properties. Also embedded in many conceptualizations of ST
is the need to predict system change and adapt accordingly. For example, Checkland (1997) has
noted that understanding “the adaptive whole” is the central tenet of ST. Checkland (1997)
points out, for example, that psychologists concerned with human performance often examine
individual differences that affect reactions to automation failures. One problem with this
approach, however, is that it is necessary to wait until a failure occurs to understand which
operators cannot adequately rectify the system failure. Recently, the field has moved towards
finding other ways to predict which operators are likely to be “out of the loop”—a process that
makes operators more susceptible to performance decrement when system changes occur. To this
end, work by Bahner, Hauiper, and Manzey (2008) has indicated that you can successfully predict



failure detection by examining self-efficacy and performance indices. For example, “sampling
behavior,” or the degree to which operators verify the appropriate functioning of system
parameters even when the system is fully automated, has been linked to increased failure
correction rate. In that study, the authors were able to simulate this activity by using a complex
microworld (Sauer, Wastell, & Hockey, 2000) that allowed for all system parameters to be
automated. Sampling behavior of system parameters was thus used as an index of “in the loop”
thinking. It should be noted, however, that the emergent properties variable of ST is not limited
to the occurrence of automation failures; it can be also related to changes in environmental
structure that require a previously adopted strategy to be abandoned in favor of a new one. Thus,
this variable is primarily concerned with strategy adaptation.

Planning/
Orientation
style

Emergent
properties

Strategic
Management

Figure 1. Original model of the proposed relationship between the three systems thinking (ST)
variables.

Revised model. Upon initiation of the project, the first goal was to revisit our original
conceptualization with a more in-depth literature review. To that end, we sharpened the search
criteria and did a “deep dive” into the ST literature. The reason for this was simply to ensure that
we had a construct that (a) synthesized the bulk of the literature as precisely and concisely as
possible, and (b) was able to define the construct in such a way that made it amenable to
measurement. Because of this in-depth literature review, our model changed slightly.
Specifically, due to internal discussions and verbiage that had been used in the ST literature, we
renamed most of our original variables and divided one component into two. What we arrived at
was a four-component model of ST. The first step was to thoroughly examine the literature to
uncover the way ST was usually defined. The second step was geared towards extracting what
we thought were the major themes from the definitions. Finally, independent raters tallied the
frequency with which each of the variables in the four-component construct was mentioned in
definitions of ST. From our in-depth literature review, our new model of ST now has four
components (a) holistic thinking tendency, (b) closed-loop thinking, (c) forecasting, and (d)
adaptability. What follows is a description of the four components of our revised model, which is
shown in Figure 2.



Holistic thinking tendency. Originally considered the planning/orientation variable in
the old model, the holistic thinking tendency variable broadens that notion by not only
characterizing this construct as planning and learning orientation, but also as an understanding of
how overall system status is affected by its individual elements. For example, Olszewski (2014)
refers to ST as “a holistic attitude, seeing interrelationships rather than seeing components
separately.”

Closed-loop thinking. Originally referred to as the “strategic planning” variable, closed-
loop thinking has many of the elements of the original variable. Again, Richmond (1994)
suggests that this incorporates three ST skills: system-as-cause thinking, closed-loop thinking,
and operational thinking. System-as-cause thinking is the notion that the structure of a system
can be viewed as the underlying cause of what is driving operator behavior rather than the
behavior being driven by external factors. Closed-loop thinking, then, raises the question that if
the structure is the cause of behavior, what does the structure look like and how is it represented?
The answer to this question, according to Richmond (1994), is that causal relations do not run
one way but are instead reciprocal, in that patterns of system behavior feed back into changes in
performance of the system. Hence, this variable characterizes a person’s understanding of the
direct causal and cyclical relationships among subsystems.

Forecasting. The forecasting variable is the first of two offshoots of what was originally
considered to be the emergent properties variable. The components of the original variable that
can be retained here are those that refer to “in the loop” and *“out of the loop” processes. As
described earlier, the “out of the loop” phenomenon is a process that makes operators more
susceptible to performance decrement when system changes occur. It has been thought that
“sampling behavior,” or the degree to which operators verify the appropriate functioning of
system parameters even when the system is fully automated, has been linked to increased failure
detection rate. Sampling the behavior of system parameters can thus be used as an index of “in
the loop” thinking. Forecasting, then, is a time-relevant variable that refers to how system change
and unanticipated occurrences are handled by the operator.

Adaptability. The second offshoot from the emergent properties variable from the
original model is referred to as adaptive thinking. This would be what Checkland (1997) refers to
as “the adaptive whole” component of ST. Many would define this as that variable that is
concerned with action or change. The reason it is distinct from forecasting is that it requires an
operator to change or alter a strategy based on feedback, whereas forecasting would have more to
do with how the operator’s current strategy can be projected into the future.



Holistic
Thinking
Training/whole
greater than
sum of parts

Closed-loop N
thinking T Adaptability
Complex € Flexibility in
Problem l thought/

solving approach

Forecasting
Understanding

of future
system
dynamics

Figure 2. Revised model of systems thinking (ST) and proposed relationship among the four
variables. Double-headed arrows are intended merely to indicate an expectation that the four
constructs are interrelated. They are not intended as indicators of causal directionality (or bi-
directionality).

Differences Between the Original and Revised Models

Two changes are easily apparent from the first to the current model. One, the model now
consists of four components instead of three. Second, the interrelationships that we had proposed
are now left open-ended, or bi-directional. It should be stated that there is nothing that says that
all the components in the model are orthogonal—indeed, many of our variables will overlap and
have shared variance. However, we think that (a) there will be sufficient unique variance
contributed to the construct of ST as a whole, and (b) it was necessary to be consistent with the
current nomenclature that persists in the ST literature.

Literature Review on Relevant Measures

The second effort of our literature review was to select what we originally called
cognitive and metacognitive measures that were to be included in STAT. We have since changed
our characterization of these measures to cognitive and dispositional measures. These measures
were selected on the basis of assessments of cognitive processes that we determined were linked
to our conceptualization of ST ability. Selection of these variables was driven by their theoretical
relevance and empirical history.

In the selection of the initial set of variables to be included, we followed two approaches.
The first approach was inspired by Cronbach and Meehl’s (1955) seminal text in construct
validation. In that approach, the goal is to first cast a set of measurable variables that will
constitute the theoretical framework for what should be measured and the methodological



framework for how it will be measured. This constituted our nomological network. Development
of a nomological network is constrained by a few key considerations. The first goal of the
formation of a nomological network is to make clear what something is or means. Next, the
majority of the measures and constructs in your network have to be measurable, or observable,
and predict the latent constructs. Finally, operations that are qualitatively different or not related
to the construct of interest should be eliminated from the definition of the construct variable.
Consistent with this approach, the 11 team members were tasked with coming up with a set of
measures theoretically related to the constructs in ST. We chose this approach because this
would give us sufficient variability in measure selection, which we could later exploit to pare
down the list into a workable set. The next section describes our approach to paring down the list
of predictor variables.

Filtering for the most relevant measures. We sought to use existing methods to reduce
the set of measures in our network to those deemed the most relevant. A team of 11 experts (i.e.,
the principal investigators and graduate students working on the project) were presented with
these key concepts and agreed on a four-pronged definition of ST. The experts then compiled a
list of other constructs that they believed would be related to one or more of the four aspects of
ST, or ST as a whole. Thus, a set of predictor variables that was hypothesized to load on our
four-factor model of ST was derived. The purpose of this step was to make the construct
amenable to measurement.

The experts were instructed that while making their selections, they should think as
broadly as possible, with the restriction that a brief definition and short justification for why the
component should be included should be provided. To that end, 47 different cognitive and
dispositional variables were included.

Clearly, 47 predictor variables are too many to be used for research purposes. Hence, the
next step was to pare down the list using existing scientific methods. To that end, we followed
the recommended advice from Anderson and Gerbing (1991), whose method is defined formally
as a pretest methodology for predicting the performance of measures in a confirmatory factor
analysis. Pretesting is an “activity related to the development of the questionnaire or
measurement instrument to be used in a survey or an experiment.” It has been used as a means
for reducing ambiguity in the meaning of measures. The reason for using this guide was to
ensure that the measures we have selected for estimating our ST construct will tap the intended
factor and not tap unintended constructs in the set. This procedure is especially recommended for
field research because time and cost considerations prohibit continued access to samples of
subjects large enough to permit meaningful empirical assessment of construct validity. Anderson
and Gerbing (1991) support these claims by showing compiled results from two pretest samples
of 20 respondents, which showed that use of their two established coefficient values could
adequately discriminate measures that would be retained in a subsequent confirmatory factor
analysis from those that would not. Thus, the authors have developed a pretest methodology that
assesses the substantive validity of individual measures or constructs.

Substantive validity, as defined by Anderson and Gerbing (1991), is the degree to which
a measure is judged to be reflective of, or theoretically linked to, some construct of interest.
Assessment of substantive validity rests on judgments that are made by (a) experts, and (b)



individuals (judges) considered representative of a population of interest. To that end, the authors
developed an “item-sort” task in which respondents were given a set of constructs defined in
everyday language and were asked to assign each item to the one component (or overall ST) that
in their judgment the item best described. Substantive validity is then assessed by two indices:

1. Substantive-validity coefficient (Cs): an index that reflects the extent to which
respondents assign an item to its posited construct more than to any other construct.
Formula: Csv = (Nc'Na)/N

Nc = number of respondents assigning a measure to its posited construct
Na = the highest number of assignments of the item to any other construct in the set
N = total number of respondents

Values range from —1 to 1, with larger values indicating greater substantive validity.
Large, negative values for Csy also would indicate that an item has substantive validity, but for a
construct other than the one posited by the researcher.

2. Proportion of substantive agreement (Psa): the proportion of respondents who assign an
item to its intended construct.
Formula: Psa = N¢/N

Nc = number of respondents assigning a measure to its posited construct
N = total number of respondents

Values range from 0 to 1, with larger values indicating greater substantive validity.

Survey Development and Administration to Narrow the List of Systems Thinking (ST)
Constructs

In developing the survey, certain characteristics needed to be taken into account. The
first was how to specifically classify how each component would map onto the variable of
interest. To that end, a classification scheme was developed in which all the variables could be
classified in one of the following ways:

e Antecedent: An event preceding or occasioning another event; that is setting the stage for
a particular response;

Component: A constituent element, as of a system;

Outcome: An end result; a consequence;

Not closely related: We do not expect even a small correlation between this and ST, and
Multiple: Can load on multiple components.

The first survey administration consisted of an n of 11, whereas the second consisted of
an n of 18. The survey was administered online and took about 45 minutes to complete.

Initial findings to narrow the list of ST constructs. We applied the aforementioned
procedure to our set of constructs. We took a two-stage approach (consistent with what was
mentioned above) to dwindle down the list. The first stage was to have the original team of 11
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researchers (defined by the principle investigators and students working on the project) take the
survey that was constructed (in an item-sort fashion). Variables from the earlier literature review
that were found to not have been closely related to the ST variable were considered to be a
candidate for elimination. The experts judged other variables to be either an antecedent or a
component of ST, which qualified those variables as candidates for retention. These are based on
the criterion of a .5 for the proportion of substantive agreement coefficient.

Based on the results of the first stage, the goal of the second stage was to further pare
down the list by having individuals (judges) who were considered representative of the
population of interest follow the same procedure as before. Because our target population was
college-aged individuals 18 to 23 years of age, we constructed a new survey based on the
outcomes of the initial stage and distributed it to George Mason University graduate students.
Once this stage was completed, we were in a position to assess which predictor variables should
be retained and which should be excluded. This stage helped us further pare down the list and
arrive at a manageable set.

After using the procedures above, we identified a preliminary set of candidate measures
for our final results from the expert ratings and the graduate students as shown in Table 1 below.
The initial set of candidate measures can be viewed in Table 1. We refined the list further to
include only those measures that we thought were most relevant to ST. In addition, we compiled
a set of instruments that can capture each measure. These measurement instruments were
required to meet the following criteria:

e Procedures used to assess validity and reliability,

e Use in empirical studies/citation count, and

e Practicality/feasibility.

The complete list of the final measures can be found in Table 1.
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Table 1

Final List of Cognitive and Dispositional Measures Used in the Survey

List of tasks

Construct represented

Construct definition

Fletcher cognitive
flexibility

Paper folding

Zimbardo Time
Perspective Inventory

Gestalt completion

Adaptive expertise

Martin and Anderson
Cognitive Flexibility

Analysis-Holism Scale

Conscious presence

Measures of ability to
form spatial mental
imagery

Word series

Cognitive reflection
questions

Letter sets

Operation Span Task
(OSPAN)

Cognitive complexity

Visualization

Time perspective

Speed of closure

Adaptive thinking

Cognitive flexibility

Holistic thinking
tendency

Situation awareness

Pattern recognition

Inductive reasoning
(fluid intelligence)

Analytic thinking

Inductive reasoning
(fluid intelligence)

Working memory

A tendency to understand constructs using a greater number of individual
components (i.e., un-simplified). In other words, greater cognitive
complexity is associated with more highly differentiated depictions of
constructs in memory (Bieri, 1955).

Ability to imagine how something will look when it is moved around or
when its parts are moved or rearranged (Fleishman, Buffardi, Allen, &
Gaskins, 1990).

Psychological perception that orients people towards either the past,
present, or future; a big-picture perspective: the tendency to understand
present events in terms of how they might eventually impact future ones
(Zimbardo & Boyd, 1999).

Degree to which different pieces of information can be combined and
organized into one meaningful pattern quickly (Fleishman, Quaintance, &
Broedling, 1984).

The ability to critique a situation in order to identify potential problems...
and generate a set of alternative actions (Joung, Hesketh, & Neal, 2006).

Acknowledgement of possible adjustments based on situational factors
(Martin & Rubin, 1995).

Tendency to think that every element of a task may be interconnected and
cannot be understood in isolation from the whole (Choi, Dalal, Kim-Prieto,
& Park, 2003).

The perception of the environmental elements within a volume of time and
space, the comprehension of their meaning, and the projection of their
status in the near future (Endslev, 1995).

The process [in] which a person distinguishes a pattern he [or she] percepts
with others and identifies what it means (Pi, Liao, Liu, & Lu, 2008).

Fluid intelligence: Ability to think logically and identify underlying
patterns and relationships in novel problems (Ren et al., 2013).

Inductive reasoning: Ability to combine separate pieces of information...to
form general rules or conclusions (Fleishman, Quaintance, & Broedling,
1984)

Analytic thinking involves understanding a system by thinking about its
parts; The tendency to understand the behavior of an object in terms of
cause-and-effect, applying logic and reasoning to predict and explain
outcomes (Nisbett, Peng, Choi, & Norenzayan, 2001).

Fluid intelligence: Ability to think logically and identify underlying
patterns and relationships in novel problems (Ren et al., 2013).

Inductive reasoning: Ability to combine separate pieces of information...to
form general rules or conclusions (Fleishman, Quaintance, & Broedling,
1984)

Ability to block out irrelevant information and control attention (Engle,
2002); A system that provides temporary storage and manipulation of
information needed for complex tasks such as language comprehension,
learning, and reasoning (Baddeley, 1986).
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MATB-ST Adaptation and Development

Description of Air Force Multi-Attribute Task Battery (AF-MATB)

One major task for us was to select and refine a microworld environment that we could
adapt to develop a measure of ST. An effective microworld environment would be both skill-
based and domain-general. A skill-based assessment is vital, as it is exponentially more difficult
for an individual to intentionally skew results towards the desired outcome. A domain-free
measure of ST was sought because it does not limit the assessment to those individuals who are
already training in a particular occupation or organization. It was also necessary to simulate our
four process-level variables in a microworld environment. Our research, driven by these
principles, allowed us to make a shift from a domain-dependent, knowledge-based self-report
assessment to a domain-free, skill-based, behavioral assessment of ST,

To do this, we chose the Air Force Multi-Attribute Task Battery (AF-MATB, Miller,
Schmidt, Estepp, Bowers, & Davis, 2014; Miller, 2010), a modifiable computer-based
simulation, because of its domain-free nature and the ease by which the tasks can be made to be
interconnected and yield data on component subtasks. The AF-MATB provides the user with six
windows displaying a set of subtasks and usable resources that the user must operate and
maintain simultaneously while his or her performance is tracked and recorded (Miller et al.,
2014).

The AF-MATB was originally developed as the Multi-Attribute Task Battery by NASA
to examine cognitive load and multitasking ability (Comstock & Arnegard, 1992), though it has
been used in general decision-making and systems research. For example, since its inception, the
MATB has been used to examine physiological driven adaptive task allocation (Prinzel,
Freeman, Scerbo, Mikulka, & Pope, 2003), the influence of cognitive abilities on decision-
making, the performance implications of goal-setting and mental effort regulation (Venables &
Fairclough, 2009), and the effect of workload transitions on neurophysiological states (Bowers,
Christensen, & Eggemeier, 2014).

As part of the current research, we mapped the features of the AF-MATB onto the
components of ST that we have identified and then modified the simulation to create the MATB-
ST (Appendix B shows which systems-thinking subconstructs each MATB-ST subtask
measures). Thus, it is not the specific features of the MATB that are of interest, but rather that
the MATB requires the processes that are part of our ST conceptual model. A schematic of the
MATB-ST can be viewed in Figure 3.

The original simulation consists of four subtasks. The scheduling and pump status
windows (no longer a part of MATB-ST) could be set to inform the operator of the current status
of the system, as well as the future behavior of the system (note that all of these subtasks can be
turned off or automated). The four active subtasks require management of different aspects of the
system as a whole. The system monitoring subtask requires the operator to monitor gauges for
the occurrence of a system failure. The communications subtask requires the operator to monitor
for crucial communications (once received, the operator has to take action to adjust frequencies).
The goal of the resource management subtask is to balance and maintain the two consumption
tanks (Tank A and Tank B) at a specific volume, using the eight pumps and four supply tanks.
The tracking subtask requires the use of a joystick to keep the circular crosshair centered within
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the larger crosshair. Most of the time, it is easy to do this, except when there are occasional
periods of turbulence. During these periods of turbulence, the location of the circular crosshair is
substantially more difficult to control, as it tends to move very quickly and typically outside of
the confines of the larger crosshair. Participants with higher levels of systems thinking will be
able to pick up on particular task interdependencies and use that information to achieve a higher
level of performance on some of the subtasks.

B 57 maTe V112 - i
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Figure 3. Screenshot of the MATB-ST. In this screenshot, automation for the tracking subtask
has been engaged.

Modification of the AF-MATB to the MATB-ST

Through an iterative testing and development process, we modified the original AF-
MATB framework to create the MATB-ST (MATB-ST, Figure 3) as our skill-based, domain-
general assessment of ST. The following is a description of the end state of the ST constructs
after modifications were made to the original framework:

1. The system monitoring subtask (upper left) requires the operator to monitor gauges

for a system failure and repair the malfunction. Performance is assessed via the
percentage of malfunction gauges correctly identified.
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2. The communications subtask (lower left) requires the operator to monitor
communications, select the channel, and press [Enter]. Performance is assessed via
percent correct.

3. The goal of the resource management subtask (lower middle) is to balance and
maintain the two consumption tanks (Tank A and Tank B) between 2,000 and 3,000
liters in volume, using the pumps and supply tanks. Performance is assessed via the
proportion of time both tanks are appropriately balanced.

4. The tracking subtask (upper middle) requires the use of a joystick to keep the green
reticle within the yellow circle, with performance calculated via the proportion of
time participants were successful. The scheduling window (upper right) is linked to
the tracking subtask as it provides information regarding upcoming turbulence in
order to plan for and address these periods of difficulty by engaging automation.
Participants are also able to engage the automation in the absence of turbulence
events.

5. The mission score (lower right) provides real-time performance feedback on each
subtask and on the MATB-ST as a whole.

We would like to note that the approach we took was one that involved iterative testing

and development of the MATB-ST.

MATB-ST Performance Metrics of Systems Thinking

As previously stated, the modifications made to the AF-MATB platform to create the

MATB-ST were made specifically to assess the four components of ST defined by our literature
review. Systems thinking operationalizations were decided by consensus among a team of
human factors and 1/O psychologists. The following gives a broad overview of the
operationalizations for each component.

1.

Holistic thinking is measured by the participant’s overall ability to maximize his or her
score for each epoch by responding to malfunctions (system monitoring),
communications, and to maintain subtask elements within normal ranges (tracking and
resource management).

Closed-loop thinking is indicated by the participant’s performance on the resource
management task. This is a measure of closed-loop thinking because it contains all of the
elements that closed-loop thinking requires: an understanding of causal relationships, an
understanding of the interrelationships of components of a system, and a responsiveness
to feedback.

Forecasting is measured by two aspects of the scheduling of the automation: (a) the
ability to correctly manage the turbulent events, and (b) engaging automation in the
absence of a turbulent event.

Adaptive/flexible thinking is measured by the speed at which the participant recognizes
changes in task priority from one epoch to the next.
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MATB-ST Experimentation

This section describes two studies that were conducted. The first study describes data
collected for the purposes of validation and development of the MATB-ST. We conducted a
second study on Amazon’s Mechanical Turk (MTurk), an online data collection platform that
gives researchers access to an on-demand, scalable workforce, who complete online surveys in
exchange for payment. We conducted this study to attempt to further explore our conceptual
model and to ensure that our MATB-ST concept operationalizations measure the ST constructs
they were intended to measure. In the section that follows, we will first describe the
methodology and results of the MATB-ST study, followed by the description and the results of
the MTurk study.

MATB-ST Content Validation Procedure

Before participants arrived, they were asked to fill out informed consent online and all
of the survey items in Table 1, which took up to 4 hours to complete. If they had not been
completed, participants were given informed consent in the lab and were asked to subsequently
complete the survey items at home. Once a participant had been assigned a Participant 1D, he or
she began the Operation SPAN (OSPAN) working memory task. The participants read through
the OSPAN instructions in the lab and were given the opportunity to ask questions.

Upon completion of the OSPAN, participants were then trained on the MATB-ST.
Training was primarily conducted in PowerPoint and practice missions of the individual MATB-
ST components. The PowerPoint slides were equipped with videos and instructions about how to
complete each subtask. After each PowerPoint presentation, participants completed a series of
training missions. Mission 1 was the communication and resource management tasks only.
Mission 2 was the tracking task and the system monitoring task. During this mission, participants
learned how to engage the automation of the tracking task at the appropriate times. If participants
did not engage the automation, the tracking task became extraordinarily difficult (indicated by
when the red box on the upper right reaches the top; Figure 3). Participants also needed to
consider the warm-up and cool-down times for the automation. During Mission 3, participants
were trained on all four tasks. The performance assessment began during this period.
Participants’ scores were penalized for randomly hitting buttons. In Mission 4, participants also
trained on all four tasks and then were introduced to the deprioritization of subtasks. During each
epoch (the simulation is divided into epochs, which each last 2 minutes), one of the tasks was
deprioritized, and the participant was required to identify that task as quickly and accurately as
possible. Mission 5 was the final testing mission; it consisted of six 2-minute epochs, for a total
of 12 minutes. Performance during Mission 5 determined scores for each of the ST constructs as
well as an overall ST score. A subtask was deprioritized during each epoch. The entire testing
session (not including time to complete the survey), lasted 75 to 90 minutes. The variability in
time is attributable to differences in the time taken to adequately train participants.

Survey demographics. The final sample size was 58 participants. The majority of
participants were in their early- to mid-20s (19-59, M = 24.2, SD =5.8) and evenly divided
between male and female (31 of 58 male; 52%). Most were right-handed (55 of 58; 92%), and
currently enrolled as students (81%). Consistent with their status as students, the majority of
participants reported receiving at least some college education (78%), but a few either had only a
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high-school education (19%) or did not specify their level of education (2%). Most participants
were White (36%) or Asian (43%), with United States citizenship (74%). The majority also
reported English as their first language (63%). Table 2 through Table 5 present detailed
demographic data on our sample.

Table 2
MATB-ST Study Education

Education Number
High school 9
Some college 25
College graduate 11
Post graduate 10
Other 3
No answer 1
Table 3

MATB-ST Study Vocation

Vocation Number
Craft work 1
Office or clerical 2
Professional 6
Service worker 2

Student 47
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Table 4

MATB-ST Study Racial Identification Group

Group Number

Asian 25

Black 4

Hispanic 3

Other 5

White 21
Table 5

MATB-ST Study Nationality

Country Number
India 8
Other 7
U 43

MATB-ST results. Table 6 includes the descriptive statistics for the survey data. The
majority of the scales collected on Qualtrics had acceptable internal consistency.
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Table 6

Descriptive Statistics for Survey Data

Scale Mean SD Min Max a  Abs. Abs.
Min  Max
Analysis holism scale 4.87 52 3.67 6.08 A7 1 7
Adaptive expertise 4.65 54 3.38 6.93 .83 1 7
Analytic thinking 1.25 1.15 .00 3.00 .66 0 3
Cognitive complexity 4.33 52 2.96 529 91 1 6
Cognitive flexibility 2.39 12 1.08 475 .85 1 6
Conscious presence of 2.55 .56 1.30 4.00 .83 1 4
self-control
Gaming experience 1290 2245 .00 102.00 .44 0 168
Gestalt completion 12.31 2.38 6.00 17.00 .68 0 20
Paper folding 5.88 2.76 .00 10.00 .82 0 10
Spatial mental imagery 16.76  16.65 -4.00 46.00 .87 -46 46
Time perspective (future) 3.36 43 2.25 442 72 1 5
Word series 17.47 5.91 .00 27.00 91 0 30
Inductive reasoning -1.31 82  -2.50 50 .34 -3.75 15

Table 7 includes the correlations between the raw performance variables.
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Table 7

Intercorrelation Matrix for Raw Performance Values

2 3 4 5 6 7
1. System monitoring performance A2 .28 .30 .20 20 -11
2. Communications performance 20 -12 A3 14 -29
3. Resource performance .01 .20 22 -04
4. Tracking control performance 45 43 .02
5. Tracking automation event performance 96  -.09
6. Tracking automation time performance -12

Note. Bold font indicates p < .05.

Here is a description of each performance metric:

System monitoring performance: Percentage of malfunction gauges correctly
identified by the participant.

Communications performance: Percentage of critical communications correctly
identified. Participant must manually select the channel and press [Enter].

Resource management performance: Percentage of time both of the key consumption
tanks (Tank A and Tank B) are appropriately balanced between 2,000 and 3,000 liters
in volume using the pumps and supply tanks.

Tracking control performance: Percentage of time the participant accurately kept the
green reticle within the yellow circle, with performance calculated via the proportion
of time participants were successful. Note that this is an overall measure of tracking
performance and incorporates all metrics associated with tracking and automation.

Tracking automation event performance: Percentage of time participants successfully
engaged automation to overlap a turbulence event. The scheduling window indicates
to the participant when a turbulence event occurs; this metric reflects the ability of the
participant to automate the tracking subtask to maintain performance on that task
during turbulence.

Tracking automation time performance: Percentage of time the participants engaged
automation in general, including during and in the absence of a turbulence event.
More specifically, participants could engage automation between turbulence events,
effectively maintaining performance on the tracking subtask without having to control
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it manually. This would allow them to allocate attention to the other subtasks,
potentially achieving higher performance on these tasks.

Note that tracking automation time performance and time and event performance are
essentially the same things as they’re highly correlated with one another. The significant
correlations between tracking control and tracking automation event performance suggest two
possibilities. One possibility is that participants’ engagement of automation significantly
impacted their control scores (keeping the task in the center of the screen). At first glance, this
seems relatively obvious, but participants only engaged 58% of all turbulent events and only
12% of possible extra engagements. When you consider that average performance on the control
portion of the tracking subtask was 87% (626/720 seconds), and that total engagement time
based on ballpark numbers is 63 seconds, there is no way automation engagements alone can
account for the relatively high performance. Another interpretation, given the sum of all of the
data, is that participants who paid more attention to the tracking subtask also ended up paying
more attention to the automation component of that subtask. The significant negative correlation
between communications and extra automation time is unusual, but it could be a function of
participants reaching a workload ceiling in which they had to choose between the
communications subtask and the engagement of extra automation. In other words, it could be a
result of task shedding.

Table 8 presents the descriptive statistics for each subtask (raw performance). Raw
performance scores for each subtask were not made available to participants at any time. Note
that the raw scores in Table 8 represent proportion data (i.e., theoretical range of 0 to 1) and were
subsequently used for the analysis of performance data. To provide participants with
performance feedback, the raw performance scores were aggregated into task scores, which were
displayed to the participants while they performed the simulation (see Table 9). The displayed
scores were not used in the analysis of performance data. The displayed score was important for
measuring holistic thinking (see above sections) because the participant needed performance
feedback to determine how each subtask contributed to overall performance on the task. As a
result, the raw performance scores were simplified for the display and were reset after each
epoch, which is the reason the displayed scores differ from the raw performance scores. The
purpose of resetting the displayed score was that a different task was prioritized at the start of
each epoch. As stated earlier, when a different task was prioritized at the start of each epoch,
participants should adapt their strategy to better allocate their attention to the tasks that
contributed to a higher score.
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Table 8

Descriptive Statistics for the Raw Performance on the Task

Performance Mean SD Min Max
System monitoring performance 0.81 0.14 0.27 1.00
Communications performance 0.84 0.32 0.50 1.00
Resource management performance 0.79 0.24 0.02 1.00
Tracking control performance 0.87 0.19 0.15 0.99
% Turbulence events addressed 0.59 0.33 0.00 1.00
% Turbulence time addressed 0.48 0.28 0.00 0.93
% Extra automations 0.13 0.23 0.00 0.78
Table 9

Descriptive Statistics for the Displayed Scores

Score value Mean SD Min Max

System score 67.80 12.19 23.33 83.33
Communications score 70.06 20.03 -6.25 83.33
Resource score 63.55 19.49 2.08 81.26
Total score 201.40 35.07 91.63 245.38

Next, we present the descriptive statistics for each of the four ST components as
assessed by the MATB. We have one metric each for holistic thinking (total performance score),
adaptive/flexible thinking (correctly answering deprioritized questions) and closed-loop thinking
(resource management score), and a measure of forecasting (frequency and accuracy of
automation engagements). These descriptive statistics are shown in Table 10.
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Table 10

Component Descriptive Statistics

Scale M SD Min Max
Holistic thinking 0.81 0.06 0.12 1.00
Adaptive/flexible thinking 0.53 0.23 0.00 1.00
Closed-loop thinking 0.78 0.11 0.00 1.00
Forecasting 0.54 0.38 0.00 1.00

Relation of MATB-ST and survey data. Table 11 shows simple (linear) mixed-effects
results. The betas contained inside can be interpreted like zero-order correlation coefficients but
have the added benefit of accounting for nesting effects. The cells for the individual differences
variables (and the facets of ST) are color-coded according to their consistency with our priori
predictions (see Appendix B). Italicized cells refer to relationships we expected to be positive,
and non-italicized cells refer to those we had no predictions for or expected to be non-significant.
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Table 11
The Relation of 14 Scales/Ability Metrics With our Four Systems Thinking (ST) Components

Holistic Adaptive Closed—loop Forecasting
p p p p p p p p

Epoch .01 736 .00 97 -.02 A48 .03 44
Holistic — — .20 .00 54 .00 .05 32
Adaptive 27 .00 — — 12 01 15 .00
Closed loop .59 .00 .00 97 — — 01 .86
Forecasting .06 29 .20 .00 01 91 — —
Analysis holism scale -.07 51 -.01 .93 -.03 78  -.08 48
Adaptive expertise .06 53 -.08 .39 -.04 .69 .03 .78
Analytic thinking 23 .03 16 .06 27 01 29 .01
Cognitive complexity .05 .62 10 .28 .08 46 -.04 .67
Cognitive flexibility -21 .05 -.13 15 -.22 .04 .07 .50
Conscious presence A1 27 -.06 49 -.10 .35 .07 54
Gaming .09 41 .06 .50 .09 40  -10 .38
Gestalt completion -.01 92 .03 12 .06 56  -.26 .01
Paper folding 10 .35 10 27 13 24 15 15
Spatial mental imagery 22 .03 .06 52 23 .03 A1 .30
Time perspective .09 37 .03 73 -.02 .86 -.24 .02
Word series .20 .05 10 .25 .28 01 -.06 .59
Inductive reasoning -.01 .89 -.03 7 -.01 91 -12 .28
OperationACC 12 .26 A1 22 18 10 17 A1
OperationRT -.09 37 01 .89 -.02 87 .00 .99
MathACC 12 27 13 14 -.06 57 12 .26
MathRT -.19 .06 -.09 32 -.06 56  -.16 13

Note. The data above the dashes represent the intercorrelations among the four components. OperationACC,
OperationRT, MathACC, and MathRT are all metrics from the OSPAN. Cells italicized refer to relationships we
expected to be positive, and non-italicized cells refer to those we had no predictions for or expected to be non-
significant.
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General conclusions of the MATB-ST Study. The goal of data collection conducted
with the MATB-ST was two-fold. First, we wanted to get a sense of how participants generally
performed with the MATB-ST. Importantly, we wanted to ensure that the collection of tasks did
not induce an unreasonable amount of workload. A perusal of the demographics of the MATB-
ST subtasks reveals that average performance exceeded 75% in most cases, suggesting that all
the subtasks can be performed reasonably well. The data also revealed that participants sparingly
used the tools related to the engagement of automation. There are two possible explanations for
this finding. First, it could be the case that participants felt they had achieved mastery over this
task and didn’t recognize an added benefit of using the automation. Indeed, there are studies that
show that motor learning can occur quite rapidly, and mastery can be achieved in as little as 30
minutes (e.g., Hill & Schneider, 2006). Another possibility is that participants experienced a
cognitive tunneling effect because of the labor-intensive nature of the MATB-ST, thereby
limiting any additional resources to allocate to additional tasks.

A couple of points are worth noting. The gaming experience is unrelated to all four of our
subscales, which combats any claim that the MATB-ST measure is convoluted by computer
skills and motor ability. One exception worth noting is that if all four subscales were high to start
with, then the range restriction might cover game experience effects. Also, our measures of
working memory and inductive reasoning are unrelated to any of our four components. This
suggests that we are tapping a construct that cannot be considered general mental ability or
intelligence. Likewise, the same range restriction argument may apply as an alternate explanation
about why our measures of working memory and inductive reasoning were unrelated to the four
ST components.

There were also some surprising and perhaps counter-intuitive findings in the current set
of data. For example, the MATB-ST derivation of holistic thinking is unrelated to scores on the
analysis holism scale. Additionally, the MATB-ST derivation of adaptive/flexible thinking is
unrelated to scores on the cognitive flexibility scale. A possible explanation for these findings
could be that the cognitive and dispositional-type individual differences measures don’t map on
well to our ability-based assessment of ST. For example, common measures of cognitive
flexibility are ability-based metrics that require task and goal switching (e.g., Youmans,
Figueroa, & Kramarova, 2011). Perhaps a measure that taps cognitive flexibility and holistic
thinking as an ability, and not self-report or disposition, would produce better correlational
mappings between those predictors and the MATB-ST.

Overall, the general conclusion that can be drawn is that the MATB-ST is showing
promising correlations with our variables. The logical next step is to examine how the MATB-
ST predicts a criterion such as job performance. Next steps and future directions are discussed
under General Discussion, beginning on page 29.
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ST Criterion Validation Research Using an MTurk Sample

We conducted an additional study. The purpose of the second study was to examine
convergent validity, as well as criterion-related validity, by examining extant measures of ST and
how adept current measures of ST are at predicting job performance. The research on ST to date
has been primarily conceptual, and the majority has focused on how leaders’ usage of ST can
improve organizational performance (Davis et al., 2015; Dzombak, Mehta, Mehta, & Bilén,
2014). However, empirical work that connects ST as an individual difference to individual-level
outcomes (e.g., job performance) is important to empirically demonstrate the benefit of ST for
selection across a variety of jobs.

In this follow-up study, we examined the effects of two domain-general
conceptualizations: one in which ST is viewed more as an ability/skill (i.e., the ability/skill to
“represent and assess behavior that arises from the interaction of a system’s agents over time”;
Sweeney & Sterman, 2000, p. 250), and another in which ST is viewed more as a dispositional
tendency/preference (i.e., “an implicit tendency to recognize various phenomena as a set of
interconnected components that interact with one another to make up a dynamic whole”; Davis
& Stroink, 2015, p. 3). We assessed the impact of these two conceptualizations of ST together
with our other cognitive and dispositional individual differences (see Table D-2 in Appendix D).
This allowed us to examine whether ST mediates the effects of these variables on, and explains
incremental variance beyond, these variables in job performance.

We hypothesized that ST will relate positively to job performance. Individuals higher in
ST are more likely to identify connections between work task components and to consider them
from a dynamic and holistic view. These individuals should understand and solve work-related
problems more successfully and, therefore, achieve higher job performance. It has previously
been found that domain-specific ST benefited performance within corresponding domains
(Davidz & Nightingale, 2008; Frank, 2006). The present study seeks to evaluate this relationship
with ST conceptualized as an individual difference whose effects on job performance generalize
across domains. It was also hypothesized that ST will not only explain incremental variance
beyond the cognitive and dispositional measures but also mediate the effects of these variables
on job performance. Finally, we hypothesized that job complexity will moderate the ST-
performance relationship, such that this relationship will be stronger for more complex jobs. The
full model can be viewed in Figure 4.
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Future Time Perspective

Holistic Thinking Tendency Job Complexity

Cognitive Complexity

Cognitive Flexibility
Situation Awareness
Adaptive Thinking STQ Job Performance
Speed of Closure ST Task Received Praise

Visualization
Pattern Recognition
Word Series

Letter Series

Analytic Thinking

Figure 4. Full model for the criterion validation research.!

ST criterion validation research procedure. We recruited 406 participants through
Amazon.com’s Mechanical Turk, of which 49.6% were female, and the ages of all participants
range from 18 to 45. All participants were employed in the U.S. and had held only one job
(position) at one organization in the past year (these restrictions were felt to be necessary to give
employees the potential to develop an understanding of the systems associated with their job).
We used two extant measures for ST: the 15-item ST Questionnaire (STQ; Davis & Stroink,
2015), in which ST is conceptualized as a dispositional tendency/preference, and the ST Task
that included four graph-reading questions (Sterman, 2002), in which ST is conceptualized as an
ability or skill. The ST Task measured basic ST concepts such as stocks and flows. Job
performance was measured using a single item and, to ameliorate concerns about the validity of
self-rated measures of performance, using several biodata-like (and hence open to less subjective
interpretation) items about how often employees were praised for their performance in the last
year (see Table 12).

Note that numeracy (Peters, Dieckmann, Dixon, Hibbard, & Mertz, 2007) was measured
as a control variable. Job complexity was computed from three sets of questions: O*NET Job
Zones questions (see https://www.onetcenter.org/), job requirements of the systems skills, and
managerial status (see Table 12).

1 STQ = 15-item ST Questionnaire (Davis & Stroink, 2015) in which ST is conceptualized more as a dispositional
tendency/preference. ST Task = 4 graph-reading questions (Sternman, 2002) measuring basic ST concepts (e.g.,
stocks and flows, time delays) in which ST is conceptualized more as an ability or skill.
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Table 12

Items Used for Measuring Moderator and Outcome Variables

Variable

ltems

O*NET Job Zones
(multiple choices)

What is the highest level of education required to do your job?

Does someone need to attend vocational school, have related on-the-
job experience, or receive some kind of specialized training to do
your job?

How much experience does someone need to do your job?

How much formal training after being hired is required to do your
job?

Job Requirements
of Systems Skills 2
(5-point Likert scale)

Indicate how often your job requires you to do the following:

- Consider the relative costs and benefits of potential actions to
choose the most appropriate one

- Determine how a system should work and how changes in
conditions, operations, and the environment will affect outcomes

- ldentify measures or indicators of system performance and the
actions needed to improve or correct performance, relative to the
goals of the system

Managerial Status

How many employees do you manage?
How many managers do you manage?
How many units/departments do you manage?

Job Performance
(7-point Likert scale)

On average, how well do you perform the core tasks associated with
your job? Please compare your performance to that of the average
person who holds a similar job in your organization.

Received Praise
(5-point Likert scale)

In the past year, how many times have you:

- Been praised by your supervisor because of your performance on
one or more projects?

- Received a very positive formal performance review?

- Finished projects more quickly than your peers?

- Received complaints about your performance on one or more
projects? (R)

- Been taken off one or more projects because of inadequate
performance? (R)

Note. (R) indicates reverse-coded items. ®*We used systems skills listed on O*NET (see

https://www.onetcenter.org/).
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ST criterion validation research results. All results from the MTurk criterion validation
research are included in Appendix D. What follows is a brief description and interpretation of the
results.

Simple regression analyses revealed that after controlling for numeracy, the 15-item
dispositional preference/tendency measure of ST (also known as the ST Questionnaire or STQ)
was a significant predictor of job performance (p = .17, p <.01) and received praise
(B=.25,p <.01). In contrast, the graph-reading ST Task (the ability/skill measure of ST) was
not a significant predictor. Therefore, hierarchical regression and moderation analyses were
conducted only for the STQ.

Hierarchical regression analyses revealed that STQ demonstrated incremental validity
in relation to job performance and received praise over and above most of the antecedents.
Mediation analyses showed that STQ was a partial mediator for all the significant antecedents of
received praise, and for half of the significant antecedents of job performance, suggesting that ST
was an important mediator between individual differences and performance. In contrast, the ST
Task was not a significant mediator of any relationship.

Moderation analyses revealed that job complexity was not a significant moderator of
either the STQ-Job Performance or the STQ-Received Praise relationship. Due to the large
sample size, the absence of significant moderation results cannot be attributed solely to low
statistical power.

General conclusions: ST criterion validation research. The results of this follow-up
study provided empirical evidence of the importance of ST for job performance at the individual
employee level. In other words, ST can predict performance over and above more distal
individual differences, but also, as a mediator, can partially explain the effects of these
antecedents. In addition, the effects of ST did not differ between complex jobs and simple jobs,
suggesting that ST is equally important for a variety of job types, even those that are low in
complexity and that do not, on their face, appear to require “systems skills.” These results
provide preliminary support for the idea that a measure of ST could be used to select employees
for a variety of jobs. Moreover, if ST is malleable (i.e., a skill rather than an ability), training ST
(e.g., via mental models; Senge, 1990) could be useful for a variety of jobs.

Considering the disadvantages (such as fakability; King & Bruner, 2000) of self-report
disposition measures (e.g., STQ), a skill/ability (or competency) measure of ST is at least equally
needed. However, the skill/ability measure we used (i.e., the ST Task) did not predict
performance-related outcomes. Such a skill-based measure should assess multiple components of
ST (e.g., holistic thinking vs. forecasting) and should probably involve a larger “system” with
more opportunities to demonstrate ST (e.g., multiple trials, multiple ST-relevant responses per
trial). This also speaks to the need to develop alternative skill-based measures of ST, which was
the goal of the MATB-ST study.
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General Discussion

Although ST has been a focus of systematic study across multiple disciplines over many
years (Frank, 2012; Senge, 1990; Smuts, 1926; von Bertalanffy, 1968), a clear conceptual
framework and operationalization have been lacking. Accordingly, we sought to (a) refine the
conceptual definition and framework of the ST construct; (b) develop a skill-based measure of
system-thinking; and (c) provide some initial validation of both the conceptual framework and
measure of this construct. The current research used a review of the literature to derive four
components of ST: holistic thinking, adaptive/flexible thinking, closed-loop thinking, and
forecasting. The first project in this effort provided a measure of these components, the MATB-
ST. The second project, involving the ST criterion validation research, provided support for the
criterion-related validity of ST relative to job performance, as well as some initial confirmation
of some proposed antecedents. Taken together, these projects provide a conceptual foundation
for future research on ST, as well as a possible skill-based measure to assess this construct. The
present and ensuing research also offers a number of significant potential applications for the
U.S. Army. In this section, we discuss future research possibilities, as well as implications of our
findings in this project for the Army. Before doing so, though, we summarize some limitations in
this work.

Limitations

Our findings from both studies may be limited in some ways. The MATB-ST study was
completed primarily with college students. Although the age range for this sample parallels that
of Army recruits, some may argue that this sample is more skilled in computer-based games than
older samples, skewing potential results. Our measure of gaming experience was not correlated
with any of the component scores, suggesting that such experience was not a bias. However,
future research should test the MATB-ST with a more variable sample, as a more homogeneous
sample with most individuals having gaming experience is another possible reason why we did
not see any relationship with the component scores. Also, given its intended application in the
Army, it should also be tested with a range of military samples.

The results of the ST criterion validation research should be treated with caution, as it is
susceptible to common method variance because of its self-report methodology. Such a bias
would raise the probability of observing direct and mediated relationships among measured
variables. We would note that some researchers have argued that common method variance may
be reduced when participants know their responses are confidential (Aquino, Galperin, &
Bennett, 2004), as was the case in this study. Also, while our measures of performance in this
study were both self-report, one set of measures (“received praise”) was a biodata assessment.
Kilcullen (1993) reported that such biodata measures were as accurate, or more so, than objective
records. Nonetheless, future studies that seek to replicate these results should use a longitudinal
design to assess predictors, mediators, and outcomes of ST. Thus, the current ST criterion
validation research project should be viewed as a preliminary demonstration that ST can predict
job performance.
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Future Research

This project has yielded promising findings that provide a foundation for several future
research directions. We will enumerate in this section some of the directions we feel are most
critical. These directions concern both the conceptualization of ST and the continued validation
of the MATB-ST.

Our framing of the systems thinking construct argues for four components. The results of
the MATB-ST study indicated that the proposed measure provides distinct assessments of each
component. As is the case with the structure of the ST model, further research will need to
provide additional validation for these components as necessary elements of ST. Doing so will
require a demonstration of (a) the convergent validation of the components themselves, as well
as (b) their relatively equal relationships with other assessments and outcomes of ST. The ST
criterion validation research study provided some initial evidence in that several measures that
were related to the four components as antecedents (i.e., future time perspective, holistic
thinking, cognitive flexibility, adaptive thinking, and situation awareness) were also significantly
related to measures of job performance. Furthermore, four of these five measures were related to
the dispositional measure of ST. Future research will need to test whether the four subscales of
ST that we identified are necessary and sufficient for an individual to possess ST capacity. In
other words, subsequent research might test whether the absence of any one component means
the lack of the overall capacity. Such tests would involve evaluating the measure against ST
criteria and noting whether the multiplicative combination of the components provides greater
predictability than their additive combination.

We have also argued that the components of ST represent skills that are relatively
malleable and can be developed through focused learning activities. However, other researchers
have argued that constructs related to ST, such as conceptual capacity (Jaques, 1986, 1989), are
relatively immutable, with change only possible within certain limited capacity bands. Future
research will need to explore further the question of the malleability of ST. Such studies may
entail the testing of particular instructional strategies designed to enhance each component and
examine evidence of possible growth. A key research question for such research would be
whether some but not all of the components are malleable. Evidence of differential malleability
would have significant implications for training and development programs targeting ST. The
malleability of the ST components would also indicate whether the ST assessment would best be
used for selection (if the components are non-malleable) or within a training context. Research
on how much of ST reflects malleable skills or immutable abilities is necessary before
implementing efforts to develop ST.

The ST criterion validation research study included measures of job performance as
criterion variables for ST. The results were promising, indicating evidence of its criterion-related
validity. However, future research is necessary to (a) specify more clearly what kinds of
performance are most likely to be predicted by ST capacities (e.g., might forecasting skill lead to
proactive behavior?), and (b) determine what types of work tasks are most likely to yield higher
predictive validities of ST with performance. Our assessment of job performance included a self-
report measure of general job performance and biodata-type measures of received praise for
several performance-related outcomes. These are distal outcomes of ST. Future research should
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provide additional tests of the effects of ST capacity with such distal outcomes. However, such
research should also examine more proximal outcomes that may be related to complex problem
solving. We would argue that ST should facilitate several processes associated with complex
problem solving, including situation scanning and awareness, sense-making, solution generation,
solution evaluation, and solution implementation planning (Byrne, Shipman, & Mumford, 2010).
Studies to test this assertion will need to carefully parse a skill-based measure such as the
MATB-ST from other indicators of complex problem solving. We would expect that ST capacity
demonstrated on the MATB-ST should be associated with effective performance in other
complex problem domains, as evidenced by solution speed and solution quality. Such research
would also test our assumption that the MATB-ST represents a domain-general assessment of
ST. For similar reasons, we believe that ST capacity should also predict other outcomes related
to complex problem solving such as creativity, innovation, and adaptive performance (Byrne et
al., 2010; Zaccaro, Weis, Chen, & Matthews, 2014).

Work tasks vary in terms of their requisite complexity. Tasks that are ill-defined, with
multiple components and dynamic elements, are more complex than well-defined and static
tasks. The components of ST should be more necessary for performance on more complex tasks
(Jacobs & Jaques, 1987; Zaccaro, 2001). We would argue, therefore, that job complexity should
moderate the relationship between ST and job performance. Note that the MTurk study did not
provide support for this assertion. However, our measures of job complexity in that study were
self-report. This raises the question of whether job incumbents could reasonably construe the
complexity of their jobs and whether such scores were susceptible to perceptual biases. Thus,
future research will need to use more objective measures of job complexity to assess whether it
acts as a moderator of the effects of ST.

The ST criterion validation research study examined a range of cognitive and
dispositional individual differences as potential antecedents of ST. However, prior research has
suggested that additional personality and motivational attributes may also be important
precursors to ST (Mumford, Zaccaro, Harding, Jacobs, & Fleishman, 2000). Such qualities as
drive, ambition, and achievement motivation would predispose individuals to engage the more
effortful cognitive resources associated with ST. Likewise, dispositional attributes such as
tolerance for ambiguity and openness to experience would provide a foundation for proactive
engagement in the complex task situations that require ST. Accordingly, future research should
expand the nomological network of variables predicting ST beyond those examined in the ST
criterion validation research study.

The present research provided promising evidence for MATB-ST as a viable assessment
of ST capacity. However, several key questions remain. First, additional evidence is needed to
support the construct validity of the MATB-ST. Preliminary evidence from our effort suggests
modest convergence with some related constructs. Measurement differences and potential self-
report biases likely attenuated these validity coefficients. Accordingly, future research will need
to construct a tighter network of measures that can provide a more accurate assessment of the
respective convergent and divergent validity of the MATB-ST. Additional work is also needed to
further refine and improve the MATB-ST operationalizations of the four components of ST.
Such studies should be completed with both non-Army and Army samples, as the former can
provide a basis for refinement of the MATB-ST before going to an Army sample.
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Another research question pertains to whether the MATB-ST outperforms other measures
of ST in predicting targeted criteria. Accordingly, further research will need to examine the
criterion-related validity of the MATB-ST. The current effort provided evidence from the ST
criterion validation research study that ST is a predictor of job performance. However, the
MATB-ST study did not provide a similar assessment. For the MATB-ST to be a viable
assessment tool for the Army, future studies will need to define both proximal and distal
performance criteria and demonstrate significant criterion-related validities in an Army sample.
Such studies will also need to demonstrate that the MATB-ST can provide stronger validities
than current measures of ST. This research direction will also allow tests of research questions
raised earlier, including whether (a) the four components of ST assessed by the MATB-ST are
equally predictive of performance, and (b) whether job complexity is a moderator of such
validities.

Also, future research may examine the extent to which the MATB-ST is a measure of
more than simply multi-tasking ability. However, this may be challenging, given that the MATB
necessarily is measuring multiple ST constructs at the same time.

Finally, after establishing the construct and criterion-related validity of the MATB-ST,
future efforts should turn to developing the web-enabled operational version for use in Army
mass assessments. This version will need to demonstrate acceptable practicality (e.g., not
requiring overly burdensome time commitment; fitting within current Army mass assessment
protocols; engaging to participants) with no significant reduction in construct and criterion-
related validities over the prototype version.

Implications for the U.S. Army

A validated skill-based measure of ST can provide significant benefits to the U.S. Army.
A key question is its utility for selection as well as classification. If subsequent studies
demonstrate that success on the MATB-ST is associated with higher performance across a broad
spectrum of Army military occupational specialties (MOSs), then this measure may conceivably
be used as an entry level selection tool. However, we would still argue that the MATB-ST is
likely to be more predictive of performance in more complex jobs. Accordingly, this measure
can be valuable as a classification tool for Army MOSs that are rated higher in job complexity.

We would add that job complexity refers to both information and social complexity
(Zaccaro, 2001). Thus, for example, MOSs related to cyber security, intelligence, and strategic
planning may all exhibit higher levels of informational complexity. Alternatively, MOSs related
to foreign affairs, civil affairs, joint operations, and others that entail extensive liaising and
interactions with external Army stakeholders will likely have higher levels of social complexity.
Both forms of complexity require a greater understanding of systems, albeit of different kinds. A
key research objective should be validating the MATB-ST under both kinds of complexity. If
such evidence is procured, then the MATB-ST may serve as a valuable classification tool for
MOSs possessing both forms of job complexity. It is also important to note that the goal of this
project was to develop a domain independent measure of ST rather than a domain specific
measure of ST. A domain independent measure of ST would have far more value to the Army
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than a domain specific measure of ST, as it could be applicable across a wide variety of MOSs
where ST is important.

To the extent that research on the MATB-ST indicates that one or more of the
components of ST are malleable, this would have significant implications for Army training and
development. If all four components are malleable, then instructional protocols for their
development could be constructed and applied in the Army for Soldiers entering certain MOSs
(assuming that the MATB-ST is a stronger predictor of performance in some MOSs than in
others). If any of the components of the ST are immutable, then assessments of those
components may serve as assessments of developmental readiness for training on the more
trainable elements of ST.

Finally, a validated MATB-ST measure may be a valuable tool for officer selection,
classification, and development. Several researchers have argued that informational and social
complexity are key elements of leadership positions and that such complexity increases as
leaders ascend organizational ranks (Jacobs & Jaques, 1987; Mumford, Campion, & Morgeson,
2007; Mumford, et al., 2000; Zaccaro, 2001). This argument suggests that measures can be used
as potential selection and classification tools for entry noncommissioned and commissioned
officer positions. Alternatively, a potentially powerful use of a ST measure could be to provide
officers with a tool to self-assess their capacity for ST and have them use the results to compare
and contrast officer development plans that target growth in overall ST or in one or more of its
components.

Conclusion

Historically, ST has become an increasingly more critical work skill for personnel to have
in the U.S. Army. However, the construct has suffered from an imprecise definition and
inadequate measurement. The projects described in this report provide a foundation for
improving the conceptualization, operationalization, and assessment of this construct. Future
research that builds on this foundation can be of substantial benefit to understanding and
measuring ST.
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Appendix A: Comparison With Other Measures of Systems Thinking

Table A-1

How MATB Features Map Onto the Systems Thinking Components

MATB

Components

e Pumps turn on/off and break randomly
e Using automation at the right time
e Knowing when certain tasks are de-emphasized

MATB is a “stock” and each task’s contribution to
the total score is a “flow”

Forecasting
Adaptive and flexible thinking

e Interdependencies in resource management task
e Timing automation

Closed-loop thinking
Forecasting

e Changing fuel levels in resource management

e Valves on/off and reserve tanks empty/not
empty

e Turbulence (temporal changes)

MATB is a “stock” and each task’s contribution to
the total score is a “flow”

Closed-loop thinking
Forecasting
Adaptive/flexible thinking

e Automation
e Interdependencies in resource management

Closed-loop thinking
Forecasting

e Resource management

Closed-loop thinking
Holistic thinking
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Appendix B: Construct Definitions and Experimental Hypotheses

ST Final Definitions

Systems thinking: The capacity to understand and capitalize on the interconnectedness of
individual components of a system, both in the short-term and in the long-term.

Holistic thinking: The capacity to perceive a system as being greater than the sum of its parts,
and to recognize how each component contributes (both directly and indirectly) to the output of
the whole.

Closed-loop thinking: The capacity to detect causal relationships and feedback loops between
and within components of a system.

Forecasting: The capacity to extrapolate current system state information to inform an
understanding of likely future system inputs and outputs.

Adaptive and flexible thinking: The capacity to maintain awareness of holistic and causal
relationships in the face of changing rules and/or goals and to alter plans and projections in light
of changing information.

Hypotheses
Holistic Thinking

Positive relationship:

e Analysis-holism scale (holistic thinking tendency) will have the strongest positive
relationship with holistic thinking, because it is essentially measuring holistic thinking.

e Gestalt completion, which measures speed of closure, will have a strong positive
relationship with holistic thinking because the purpose is to combine pieces into one
complete pattern.

e The word series task, which measures inductive reasoning and fluid intelligence, will
have a strong positive relationship with holistic thinking because it is about pulling pieces
together into one picture.

e Cognitive complexity will be moderately positively related to holistic thinking, because
it considers parts of a system but will be more closely related to closed-loop thinking.

e Pattern recognition will be moderately positively related to holistic thinking because it
involves understanding the meaning of patterns, which requires understanding a system
as a whole.

e Visualization will be moderately positively related to holistic thinking because it is
similar to speed of closure in the Gestalt task and requires an understanding of the whole.
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e Situation awareness will have a positive relationship with ST because it considers an
entire system in time and space.

Negative relationship:

Analytic thinking will be negatively related to holistic thinking, because it is the opposite —
thinking of a system in terms of its parts instead of as a whole.

Unrelated:

e Time perspective will be unrelated to holistic thinking and will be closer related to
closed-loop thinking.

e Adaptive thinking/adaptive expertise will be unrelated to holistic thinking. It will be
most related to adaptive/flexible thinking and more related to closed-loop thinking or
forecasting than holistic thinking.

e Cognitive flexibility will be unrelated to holistic thinking because it is about flexible
thinking and does not require seeing a system as a whole.

e Working memory will be unrelated to holistic thinking.

Closed-Loop Thinking
Positive relationship

e Pattern recognition will be strongly positively related to closed-loop thinking because it
requires seeing relationships between parts of a system.

e Inductive reasoning will be strongly positively related to closed-loop thinking because it
requires seeing patterns and relationships.

e Visualization will be moderately positively related to closed-loop thinking because it
requires seeing relationships between parts of a system when they are moved.

e Cognitive complexity will be moderately positively related to closed-loop thinking
because it requires understanding cause and effect. However, it will be more related to
forecasting because it regards predicting the future.

e Analytic thinking will be moderately positively related to closed-loop thinking because
it involves breaking down a system into its parts.

e Situation awareness will be positively related to closed-loop thinking because it
involves changing status in a system.
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Holistic thinking will be positively related to closed-loop thinking because seeing all
cause and effect relationships within a system requires the ability to consider the entire
system.

Time perspective will be weakly positively related to closed-loop thinking because there
is a temporal component to understanding cause and effect.

Cognitive flexibility will be weakly positively related to closed-loop thinking because
there is a component of change in cause and effect.

Working-memory will be weakly positively related to closed-loop thinking because it
requires only looking at the important information while blocking everything else out,
which is necessary for understanding cause and effect.

Unrelated

Speed of closure will be unrelated to closed-loop thinking because closed-link thinking
does not in itself require speed.

Adaptive thinking will be unrelated to closed-loop thinking because it requires coming
up with an action in response to a system, not understanding effects in a system.

Forecasting

Strong positive relationship

Inductive reasoning should be strongly and positively related to forecasting. Individuals
high in inductive reasoning ability can identify the rules of the tasks quickly. Based on
these rules, they should be able to predict the changing pattern of the task and prepare to
take actions beforehand.

Future time perspective should be strongly and positively related to forecasting.
Individuals high in future time perspective care more about the future than other people.
They are more likely to consider problems that are likely to happen in the future;
therefore, they are more likely to utilize information they currently have to predict future
events.

Cognitive complexity should be strongly and positively related to forecasting.
Individuals higher in cognitive complexity tend to integrate information about a larger
number of individual components and use that information to make conclusions and
predictions about events around them. Therefore, they should be better at predicting
future events because they can better understand the interconnections among task
components.
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Speed of closure should be strongly and positively related to forecasting. Individuals
high in speed of closure can combine and organize individual pieces of information and
identify meaningful patterns of events from the information. In an ST context, they
should be better at integrating information about details to understand how things are
likely to proceed; therefore, they should be able to make more accurate predictions about
the future.

Moderate positive relationship

Pattern recognition should be moderately and positively related to forecasting. Similar
to speed of closure, individuals high in pattern recognition ability are better at identifying
meaningful patterns; therefore, it should be positively related to forecasting. However, in
contrast to speed of closure, pattern recognition focuses more on spatial-relevant ability
and focuses less on dynamic events. Therefore, its relationship with forecasting should be
weaker than speed of closure.

Working memory should be moderately/strongly and positively related to forecasting.
Individuals high in working memory can process a larger amount of information at the
same time. Working memory can amplify the effects of cognitive complexity. Cognitive
complexity increases the tendency to understand the events by analyzing a larger amount
of information, and larger working memory increases the maximum amount of
information that can be analyzed. This is a moderation rather than direct effect, so it may
not be as strong; but considering that working memory could also relate to inductive
reasoning and speed of closure, the relationship could also be very strong. Therefore,
working memory could be moderately/strongly positively related to forecasting.

Situation awareness should be moderately and positively related to forecasting.
Individuals high in situation awareness can collect more information about current events
than others. This information can be used to understand how events may change and to
make predictions for the future. Situation awareness is also likely to amplify the effects
of other variables that influence forecasting by facilitating the understanding of
current/individual pieces of information (i.e., inductive reasoning, cognitive complexity,
and speed of closure). With a larger amount of information, the accuracy of predictions
made through inductive reasoning and complex thinking should be more accurate.
Therefore, situation awareness should be positively related to forecasting, but the
relationship may not be very strong because it is a moderation effect rather than a direct
effect.

Weak relationship or unrelated

Holistic thinking could be slightly and positively related to forecasting or it could be
unrelated. Considering that the tendency toward thinking about the whole may be
positively related to speed of closure, there may be a weak positive relationship between
holistic thinking and forecasting. Other than that, there is no obvious relationship
between holistic thinking and forecasting.
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Analytic thinking could be slightly and negatively related to or unrelated to forecasting.
Considering that analytic thinking is the opposite end of holistic thinking, there may be a
weak negative relationship with forecasting. Other than that, there is no obvious
relationship between analytic thinking and forecasting.

Cognitive flexibility should be unrelated to forecasting.

Adaptive thinking should be unrelated to forecasting.

Visualization should be unrelated to forecasting.

Adaptive and Flexible Thinking

Strong positive relationship

Cognitive flexibility is the “acknowledgment of possible adjustments based on
situational factors” (Martin & Rubin, 1995). It should be highly positively related to
adaptive and flexible thinking, because adaptive and flexible thinking involve the ability
to alter cognitions in the face of changing information, which is based on acknowledging
possible adjustments.

Adaptive thinking is the ability to “critique a situation in order to identify potential
problems...and generate a set of alternative actions"” (Joung, Hesketh, & Neal, 2006, p.
283). It should be highly positively related to adaptive and flexible thinking, because
identifying potential problems and generating alternative solutions may result from an
awareness of holistic and causal relationships in the system and may also lead to
maintenance of awareness of these relationships.

Working memory has been defined as the ability to block out irrelevant information and
control attention (cf. Engle, 2002). It should be highly positively related to adaptive and
flexible thinking, because it may facilitate maintaining awareness of important
relationships in the face of changing information, by allowing a person to focus on the
relevant information and not be distracted by losing or gaining superfluous information.

Pattern recognition is “the process [in] which a person distinguishes a pattern he
percepts with others and identifies what it means” (Pi, Lu, Liu, & Liao, 2008). It should
be highly positively related to adaptive and flexible thinking, because recognizing
patterns is part of recognizing and understanding holistic and causal relationships. It may
also help with recognizing the signs of change and understanding what fundamental
changes will be most impactful, and adjustments they might require.



Somewhat positive relationship

e Visualization is the “ability to imagine how something will look when it is moved
around or when its parts are moved or rearranged” (Fleishman, Buffardi, Allen, &
Gaskins, 1990). It may be somewhat positively related to adaptive and flexible thinking
because imagining rearranged appearances might help with maintaining awareness of
relationships in a visually-represented system. However, many systems do not have
relationships that are visually-based, so the relationship is not likely to be strong.

e “Analytic thinking involves understanding a system by thinking about its parts”
(Nisbett, Peng, Choi, & Norenzayan, 2001). It has been defined as “the tendency to
understand the behavior of an object in terms of cause-and-effect, applying logic and
reasoning to predict and explain outcomes” (Nisbett et al., 2001). It should be somewhat
positively related to adaptive and flexible thinking because it involves the ability to
predict cause and effect, which will help with adapting to changes in the system. It is also
likely inversely related to having a holistic view of the system and seeing relationships,
so the correlation is probably not extremely high.

e Cognitive complexity is “how individuals understand and predict the events happening
around them,” and a tendency to understand constructs using a greater number of
individual components (i.e., un-simplified). In other words, greater cognitive complexity
is associated with more highly differentiated depictions of constructs in memory (Bieri,
1955). It may be somewhat positively related to adaptive and flexible thinking because
understanding and predicting events may lead to better adjustments. However, it is
possible that a person could understand a system by seeing it holistically, rather than
understanding the individual components, so the relationship may not be extremely high.

e Inductive reasoning is the “ability to combine separate pieces of information...to form
general rules or conclusions” (Fleishman, Quaintance, & Broedling, 1984). It should be
somewhat positively correlated with adaptive and flexible thinking, because combining
new information with what already exists in the system may help with forming new
solutions. However, this doesn’t appear to be related to understanding the relationships in
the system, so the relationship may not be extremely high.

e Time perspective is a psychological perception that orients people towards either the
past, present, or future. It is a big-picture perspective: the tendency to understand present
events in terms of how they might eventually impact future ones (Zimbardo & Boyd,
1999). It may be somewhat positively related to adaptive and flexible thinking, because it
might help with understanding causal relationships and predicting change, but it does not
provide any help with generating new solutions, so the relationship may not be extremely
high.

e Situation awareness is “the perception of environmental elements within a volume of
time and space, the comprehension of their meaning, and the projection of their status in
the near future” (Endsley, 1995a). It may be somewhat positively related to adaptive and
flexible thinking, because perceiving elements may lead to an earlier or more complex-
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recognition and understanding of change. It might also lead to a better understanding of
existing relationships within the system. However, it does not imply the ability to
generate alternative solutions in the changing environment, so the relationship may not be
extremely high.

Unrelated

Speed of closure is the “degree to which different pieces of information can be combined
and organized into one meaningful pattern quickly” (Fleishman, Quaintance, &
Broedling, 1984). We are not expecting a significant correlation with adaptive and
flexible thinking. Although combining information into a meaningful pattern can help
with seeing relationships within a system, and doing so quickly may help with the
integration of new information, one must also recognize the change, alter his or her
cognitions in response, and react in order to be employing adaptive and flexible thinking.
Speed of closure has very little to do with the totality of what is required here.

Holistic thinking tendency is the tendency to think that every element of a task may be
interconnected and cannot be understood in isolation from the whole (Choi, Dalal, Kim-
Prieto, & Park, 2003). While this may help with understanding existing relationships
within a system, it has nothing to do with the ability to recognize new information and
react to it, which is required for adaptive and flexible thinking, so we are not expecting a
significant correlation here.
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e Appendix C: Pilot Test Results

Preliminary Analyses
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Figure C-1. MATB analyses of first nine participants (May 31, 2016). Represents change in
score over time. This graph depicts the point changes over time for each participant, split by
MATB subtask. Tracking seems to be the most consistent source of points, while
communications seems to be the most variable (frequently going negative).



RM Deviation - 42

Correct System- -.28 258

Correct Comms- = .60 -.56 -.52

Figure C-2. Correlation matrix, subtasks (performance aggregated over epochs). All values are
non-significant. Correlations between subtasks are moderate-to-high. Lack of significance is
likely attributable to small sample size. Note that Comms = Communications, and RM =
Resource Management.
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Participant # 100% - 100%-
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Figure C-3. Data for each pilot participant showing the overlap of turbulent events with
engagement of automation. The blue shading indicates when there was no turbulence and the
automation was technically not required, whereas the red shading shows when turbulence was on
and automation was required. The x-axis displays the action taken by the participant; in other
words, whether the automation was turned “on” or “off.” The y-axis in each figure represents the
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percent of time automation was engaged and not engaged during a turbulence event. To further
explain, consider the first figure in the sequence. This graph shows that when automation was
“on” (right side of figure), the participant was able to overlap a considerable portion of the
turbulence event, indicated by the red shading. When the automation was “off,” meaning the
participant took no action (left side of the figure), it can be seen that there was a portion of time
when the participant should have engaged automation but didn’t (indicated by the red) and a
much larger portion when the participant didn’t engage the automation and wasn’t required to
(indicated by the blue).
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Figure C-4. Closed loop thinking correlation matrix. Correlations are rounded to the nearest
tenth; * indicates significant values (p > .05). Deprior Index = Deprioritization Index.

Limitations

At the current stage of development of the ST model, there are a few ideas about
additional changes that could be made to the model in the future. First, there is a need to
brainstorm closed-loop thinking further. Currently there are only a few, if any, dependencies for
the closed-loop thinking measure. Secondly, pumps breaking is not currently recorded. It would
be useful to have this information for the adaptive/flexible thinking score gain post-break. Last, it
might be useful to record the “reserve tank” capacity for use as a measure for forecasting and/or
holistic thinking. The only reason to keep the reserve filled is to modulate the speed of refill
down the line.
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Appendix D: ST Criterion Validation Research Study Tables and Figures

Table D-1

Means, Standard Deviations, Reliability, and Correlations

Variable M SD 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

1. Future time

perspective 409 68 (73)
2 ;z‘(;setr']‘é;h'”k'”g 487 57 34 (76)
3. Sgg}’;)':;‘fty 425 67 34 37T (91)
4. Cognitive flexibility 4.58 .82 .34 .23 31 (.90)
5. Situation awareness 2.65 .54 42 .18 14 18  (.81)
6. Adaptive thinking 4.43 .60 10 25 -04  -11 13 (.86)
7. Speed of closure 12.88 2.99 A2 .04 A7 .16 .00 -.25 NA
8. Visualization 5.01 2.66 .00 A2 .04 .09 -.08 -.09 .30 NA
9. Pattern recognition 12.17 15.69 -.03 .06 .04 .06 -.04 -.07 .26 .58 NA
10. Word series test 18.22 6.07 .08 14 .10 21 -.10 -.07 19 .39 41 NA
11. Letter series test 36.71 8.71 .01 .06 -.03 .02 -.05 .05 .01 -.04 .01 14 NA
12. Analytic thinking 1.73 1.24 .01 -.01 .04 .02 .02 -.05 A1 27 .28 .24 -.06 NA
13. Numeracy 11.22 2.44 12 .22 .16 12 .00 -.01 .23 42 .34 .36 -.05 31 NA
14. STQ 76.74 10.71 .30 42 .53 .34 .00 -.19 .23 .26 .18 .32 -.01 14 .35 (.76)
15. ST task 1.78 .89 .03 .10 .05 .05 -.01 -.13 .28 .36 31 .25 -.05 .26 .36 .19 NA
16. Job performance 5.31 1.09 .26 17 .10 .27 .19 14 -.06 .01 -.02 15 .03 -.01 .06 17 -.02 NA
17. Received praise 18.87 2.83 .30 .26 .27 .23 17 -.01 A1 .09 .00 13 .05 .03 12 .26 .07 .35 NA
18. Job complexity .00 2.10 .16 .04 13 .08 .25 .15 -.18 -11 -.09 -.05 -.02 -.02 =12 .01 -.06 .16 .16 NA

Note. N = 406. Coefficient alphas appear on the diagonal. NA indicates where reliability is not applicable for competency measures or computed variables. STQ
= 15-item ST Questionnaire (Davis & Stroink, 2015) in which ST is conceptualized more as a dispositional tendency/preference. ST Task = 4 graph-reading
questions (Sternman, 2002) measuring basic ST concepts (e.g., stocks and flows, time delays), in which ST is conceptualized more as an ability or skill.
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Table D-2

Hierarchical Regression Results for Incremental Validity and Moderation Effects Involving STQ

Job performance  Received praise

Antecedent variable Step 1 Step2 Stepl Step 2
Future time perspective 26** 23%* 29%* 25**
Numeracy .03 .00 .09 .03

STQ .10 18**
R? .07 .08 .10 13
AR? .01 03**
Holistic thinking tendency A7 A13* 25** 18**
Numeracy .02 .02 .07 .02
STQ J12* 18**
R? .03 .04 .07 10
AR? .01* 02**
Cognitive complexity .09 .02 25%* 18**
Numeracy .05 .00 .08 .04
STQ .16* 15*
R? .01 .03 .08 .09
AR? .02* .02*
Cognitive flexibility 26%* 24%* 22%* 15**
Numeracy .03 .00 10* .04
STQ .09 20**
R? .07 .08 .06 .09
AR? .01 03**
Situation awareness 19** 19** A7 A7
Numeracy .06 .00 A12* .03
STQ A7 25**
R? .04 .07 .04 10
AR? 02** .06**
Adaptive thinking 14** A8 -01 .04
Numeracy .06 -.01 A2* .03
STQ 20** 26%**
R? .02 .06 .02 .07
AR? 04** .06**
Speed of closure -.08 -11* .08 .05
Numeracy .08 .02 10* .03
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STQ 18** 24%*
R? .01 .04 .02 .07
AR? .03** .05**
Visualization -.01 -.04 .05 .02
Numeracy .07 .01 10 .03
STQ A7 25**
R? .00 .03 .02 .07
AR? .03** .05**
Pattern recognition -.05 -.06 -.04 -.06
Numeracy .08 .02 14%* .05
STQ A7 26**
R? .01 .03 .02 .07
AR? .03** .06**
Word series test for inductive 15** 2% .10 .05
reasoning
Numeracy .01 -.03 .09 .02
STQ 14 24**
R? .02 .04 .02 .07
AR? .02** .05**
Letter series test for inductive .04 .03 .05 .05
reasoning
Numeracy .06 .00 A2* .03
STQ 18** 26**
R? .01 .03 .02 .08
AR? .03** .06**
Analytic thinking -.03 -.03 -.01 -.02
Numeracy .07 .01 A13* .04
STQ A7 25%**
R? .00 .03 .02 .07
AR? .02** .06**
STQ 16** 24**
Job complexity 16** 16**
Numeracy .02 .05
STQxJob complexity -.01 .07
R? .05 .10
Adjusted R? .04 .09

Note. N = 406. *p < .05. **p < .01. STQ = 15-item ST Questionnaire (Davis & Stroink, 2015) in
which ST is conceptualized more as a dispositional tendency/preference.

Table D-3
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Direct and Indirect Effects Mediated by STQ

Outcome Job performance Received praise

Antecedent Direct effect Indirect effect Total effect Direct effect Indirect effect Total effect
Future time perspective 37 .00 37 1.03** .06** 1.09**
Holistic thinking tendency 23* .00 24* .86** .06** 92**
Cognitive complexity .03 .00 .03 6** 04** 80**
Cognitive flexibility 32** .00 32** BS1** 04** B55**
Situation awareness 36** 01** 37 .88** .06** 94**
Adaptive thinking 33** 01** 34** 14 -01 14
Speed of closure -.04* .00 -.04* .04 .00 .04
Visualization -01 .00 -01 .02 .00 .02
Pattern recognition .00 .00 .00 -.01 .00 -.01
Word series test for inductive 02** .0003** 02** .02 .00 .03
reasoning

Letter series test for inductive .00 .00 .00 .02 .00 .02
reasoning

Analytic thinking -.03 .00 -.03 -.06 .00 -.06

Note. N = 406. Numeracy was included as a control variable in all analyses. *p < .05. **p < .01. STQ = 15-item ST Questionnaire (Davis & Stroink, 2015) in
which ST is conceptualized more as a dispositional tendency/preference



Table D-4
Direct and Indirect Effects Mediated by ST Task

Outcome Job Performance Received Praise
Antecedent Direct Effect Indirect Effect  Total Effect Direct Effect Indirect Effect Total Effect
Future time perspective A1** -.02 39%* 1.22** 14 1.36**
Holistic thinking tendency 33** -.02 31** 1.24** .09 1.33**
Cognitive complexity 14* -.01 14 1.05** .09 1.14**
Cognitive flexibility 36** -.02 34** J1** .05 16%**
Situation awareness 39** -.02 36** .84** 11 .94**
Adaptive thinking 24* -.01 24* -.06 -.01 -.07
Speed of closure -.03 .00 -.03 .09 .00 .09
Visualization .00 .00 .00 .05 .01 .06
Pattern recognition .00 .00 .00 -.01 .00 -.01
Word series test for 03** .00 03** .05 .00 .05
inductive reasoning

Letter series test for .00 .00 .00 .02 .00 .02
inductive reasoning

Analytic thinking -.02 .00 -.02 -.05 .00 -.05

Note. N = 406. Numeracy was included as a control variable in all analyses. *p < .05. **p < .01. ST Task = 4 graph-reading questions (Sternman, 2002)
measuring basic ST concepts (e.g., stocks and flows, time delays), in which ST is conceptualized more as an ability or skill.
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