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Abstract. When technology opens up new domains or areas of research, such
as human-agent teaming, new challenges in assessments emerge. Assessments
may not be as systematically conducted as new measures develop, and the
research may not be as firmly grounded in theory since theories in newer
domains are still being formulated. As a result, research in these domains can be
fragmented. To address these, an empirically-driven network approach that is
complementary to the traditional theory-driven approach is proposed. The net-
work approach seeks to discover patterns and structure in the assessment
metadata (.e.g., constructs and measures) that can provide starting points and
direction for future research. This paper outlines the workflow of the network
approach which comprises three steps: (1) Data Preparation; (2) Data Analysis;
and (3) Structure Discovery. As most of the work has been on Data Preparation,
the paper will focus on the complexities and issues encountered in the first step,
and include broad overviews of the subsequent steps. Anticipated use and
outcomes of the network approach are also discussed.

Keywords: Network analysis � Structure discovery � Assessment
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1 Background

1.1 Problems in Assessment: Current and Future

Research in the military and other applied fields has seen tremendous growth in the past
decade [1]. With the rapid development of technology and proliferation of innovative
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technological ideas, this growth in research can be partly attributed to the increase in
research conducted in relatively new domains1. One such domain is the Human-Agent
Teaming (HAT) domain, where much research, especially in the military, has focused
on improving human performance and informing system design [1, 3–13]. However,
both at present and in the foreseeable future, there are challenges associated with
research in this and other domains, particularly in the area of assessments. For example,
research constructs are numerous and diverse, there is much variability in how
assessments are conducted, and there are multiple contexts and timespans for assess-
ment, among others [14].

Many of these challenges can be addressed to a large extent by (i) assessments that
are more standardized and systematic, which enable stronger conclusions and findings
that are more generalizable, and (ii) a strong theoretical foundation that organizes
constructs to show how construct relationships are moderated by different environ-
ments and contexts. However, in these newer domains, there are fewer established
theories that can provide the framework connecting the ideas and concepts underlying
the research. As a result, research direction in these newer domains can tend to be
overly driven by funding opportunity and expedient needs. This further exacerbates the
problem since research is not conducted in a programmatic manner that facilitates
building up a body of knowledge and theory development. To help address these,
efforts to systematize and standardize assessments in research would be needed. In
addition, a novel approach to link and cohere disparate research is proposed. The HAT
domain was selected for this effort as it is a relatively new and fast-growing area of
research in which many of these issues exist.

2 Overview of Network Analysis Workflow

2.1 The Network Analysis Approach

The goal of the proposed approach is to use network analysis to identify patterns and
structures from the metadata in HAT research that may reveal information that can
shape and improve assessments (see Table 1).

Table 1. Information that can shape and improve assessments

(a) Which constructs are most studied?
(b) Are there constructs that tend to be studied together?
(c) What measures have been used to operationalize the constructs?
(d) Are there measures more suited for certain research applications (e.g., tasks used in studies
to elicit behaviors of interest) than others?

(continued)

1 “Domain” is loosely defined as a system comprising the increasing aggregation of units, parts, and
subsystems that are interconnected and interrelated [2]. Examples of domains include the mining,
nuclear plant, space missions, marine transport, power grids, manufacturing, assembly-line
production domains [2].
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Such information may be used to suggest constructs that should be examined
together, or measures that may be more suited for various research applications, or even
potential research areas for collaboration among researchers, etc. Results of the net-
work analysis can provide some direction for research. For instance, we may identify
areas which are more and less researched, and new constructs may be suggested by
patterns in clusters of measures or indicators. In contrast to the “top-down” approach of
theory-driven research, this approach, which examines the links among metadata, is
more of a data-driven, “bottom-up” approach.

To enable the network analysis and structure discovery, the following network
approach workflow was proposed. It consists of three steps: (1) Data Preparation:
(2) Data Analysis; and (3) Structure Discovery. Thus far, only the Data Preparation step
has been accomplished. Hence the remainder of this paper will focus mainly on this
step and brief summaries of the intended work for the other steps.

2.2 Data Preparation

In the Data Preparation step, the goal was to extract the metadata on the assessments
conducted during HAT research. To do this, we determined the boundaries of what
constituted HAT research with the help of SMEs and reviewed the source literature.
A construct-measure grammar was needed to help with the data extraction in this step.

Fig. 1. Workflow of the network approach

Table 1. (continued)

(e) Are there commonly-used clusters of measures?
(f) Which tasks and environments are more successful for researching the different constructs?
(g) What constructs/measures tend to be associated to which authors?
(h) Which authors collaborate within the domain? Outside the domain?
(i) Which authors tend to open up new sub-areas of research?
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2.3 Data Analysis

In the Data Analysis step, we organized the data from the Data Preparation step. We
explored several database solutions that would accommodate the data type and facil-
itate the Structure Discovery step.

2.4 Structure Discovery

For the third step, methods and tools from network science and math (i.e., set theory,
graph theory) will be utilized for the structure discovery. This is in recognition that the
network approach is an exploratory attempt to derive structure from the data.

3 Data Preparation

This step involved understanding the assessment needs of researchers in the HAT
domain through SME interviews, preliminary organizing of metadata to be collected
with a Construct-Measure Grammar, and determining the bounds of the HAT domain
and extracting the data from Source Literature.

3.1 Subject Matter Experts Interviews

We engaged researchers in the HAT domain (i.e., SMEs) to understand the current
status and issues encountered in assessments so that the outcomes of the network
analysis and structure discovery will be helpful in systematizing assessments and
contribute to the direction of HAT research.

The SMEs were identified as researchers with notable publications on human-agent
teaming, human-machine, and human-robot teaming. The semi-structured interviews
were conducted with them to understand how assessments in the HAT domain have
been conducted. The interviews yielded information on their areas of research interest,
the variables, constructs, and measures examined in their research, the theories and
models in their research, research direction, challenges and barriers faced, and funding
sources, among others [14].

3.2 Construct-Measure Grammar

To address the questions in Table 1, the metadata extracted comprised information on:

• Author and co-authors
• Year of research
• Keywords (from the paper)
• Research questions
• Theories/Models cited
• Tasks and Environment used in research
• Sample characteristics
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• Study design and conditions
• Variable, constructs, measures and their use in the research
• Analysis and Results

A construct-measure grammar was put in place as a means to organize the metadata
in the Excel worksheet that it was saved into. The construct-measure grammar
described the relationship among selected data fields. For instance, an excerpt of a row
in the worksheet would read “the (i) Independent variable, (ii) Transparency, which is
a (iii) Construct (iv) Operationalized by (v) Level of Information provided by the
Agent: 3 levels, (vi) significantly affected the (vii) Scores on the NASA-TLX, which is
(viii) an operationalization of (ix) Workload, a (x) Construct that was used as a
(xi) Dependent Variable in the analysis.” The terms (i) to (xi) in italics are the values
entered in 11 columns/fields. Data entered this way captured the relationships among
the fields in the metadata.

3.3 Source Literature

The metadata of assessments in HAT research were obtained from a detailed review of
HAT literature. First, the following criteria (parameters) bound the literature to be
reviewed were set as:

(a) Research within the last 5 years (i.e., 2012–2017)
(b) Studies by DoD research laboratories (i.e., authors from the Army Research

Laboratory, Navy Research Laboratory, Air Force Research Laboratory)
(c) Empirical studies that are not meta-analyses since meta-analytic studies incorporate

several studies at once, leading to double counting
(d) Keywords that indicate that the study falls under the HAT domain
(e) Constructs that indicate that the study falls under or is relevant to the HAT domain

Unlike the first three criteria, the last two criteria were more difficult to implement.
The following sections describe the challenges, rationale, and decisions involved in
using these two criteria for bounding the literature from which the metadata was
extracted.

Challenge with Keywords: Multiple terms and synonyms. The working definition
for HAT involved the idea of human operators working in conjunction and/or col-
laboration with one or more machines (e.g., robot, agent, unmanned system). However,
as different researchers use different terms for similar ideas, the literature search used
various synonyms for common keywords found in HAT studies. The synonyms were
derived from literature and search engine suggestions.

This lack of standardization of keywords to be used in the literature search extended
to the concepts in the domain. Often, there were multiple terms used for similar
concepts across the studies (see Table 2). For example, in one study, “task difficulty”
was analyzed as a predictor of workload, yet in another study, this has been called “task
load.” Having multiple terms for the same concept would impede the network analysis
and structure discovery as it would be more difficult to find common concepts and
measures across studies.
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Decision: Creation of a Thesaurus to form Categories. Although to a large extent, the
data extracted preserved the author’s original verbiage, a thesaurus of terms (i.e.,
keyword or concept) and the associated synonyms was needed to enable structure and
patterns to be discovered from “commonalities” within the data. However, this con-
stituted a degree of pre-processing of the data as it invariably entailed some catego-
rization and renaming/coding of data. However, much care was taken to ensure that this
pre-processing was kept to a minimum to limit any unintended “bias” that may be
introduced. For instance, a term was only renamed when there was sufficient evidence
(e.g., from the measures used) to indicate that it denoted the same concept as an entry in
the thesaurus. A new thesaurus entry was created only for concepts that were more
common and well-understood, and for which there are other known synonyms.

Challenge with Constructs: Other Constructs relevant to HAT. The first challenge
with HAT constructs involved constructs from non-HAT studies. From the SME
interviews and early stages in the literature review, it became apparent that some of the
non-HAT studies, especially those also by HAT researchers, should be included in the
literature review. These studies had examined constructs that consistently surfaced in
HAT research or contributed to HAT research.

Decision: Including Other Relevant Constructs
Cyber Security

Although “cyber security” (synonym “cyber defense”) studies may not mention
human-agent teaming, almost all such studies entail the human operator/cyber defender

Table 2. Excerpt from the thesaurus of HAT keywords and concepts

Keyword/concept Synonyms

Human-agent teaming • Human-agent teams/teaming/interaction
• Human-robot teams/teaming/interaction
• Human-machine teams/teaming/interaction

Unmanned systems • Unmanned systems
• Unmanned vehicles (UVs)
• Unmanned aerial vehicles (UAVs)
• Unmanned aerial systems (UASs)
• Unmanned ground vehicles (UGVs)
• Remotely piloted aircrafts (RPAs)

Task load • Task load
• Task difficulty
• Task demand

Workload • Workload
• Mental workload
• Cognitive workload
• Cognitive load
• Real-time workload

Stress • Stress
• Task-induced stress
• Stress states
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working (teaming) with a system to identify and combat cyber threats. Given the real
possibility of cyber threats and hacking of robots, agents, and systems that drive
human-agent teaming, we decided to include the cyber security studies that were
conducted by the researchers with published HAT research.

Driving
Another set of studies to which this rationale was applied were the driving studies

published by notable HAT researchers. These studies were included as they contributed
to their author’s understanding of HAT since multiple HAT studies involved driving,
teleoperating, or navigating with a robot.

Vigilance
Vigilance is a construct that is associated with target and threat detection, a com-

mon task in many military operations undertaken by human-agent teams. Detection
tasks feature in many intelligence, surveillance, and reconnaissance missions, cyber
operations, search and rescue operations, etc.

Displays and human-computer interaction/interfaces
A few HAT researchers also conducted studies on various displays and

human-computer interfaces. These studies were included in the literature review
because results from such studies can inform the design of the system, agent, or robot.

Challenge with Constructs: Establishment of HAT Constructs. Since a major goal
for the network approach is to discover patterns and structures about constructs and
measures, it was important to set the parameters of what were labeled as “constructs” in
the metadata. However, this was challenging because in a relatively new domain such
as the HAT domain, there can be (i) constructs which have been “borrowed” from other
domains and research areas, but whose validity in the HAT domain has yet to be
established, and (ii) constructs which are purportedly assessed by new
researcher-developed instruments that have not been validated in as many ways. Not all
constructs in the data extracted are equally well-established. Inclusion of constructs that
are unestablished may affect the interpretation and “robustness” of the patterns and
structures in the subsequent steps in the network approach.

Construct validation is an ongoing process and some constructs are more validated
than others. Many of the issues related to assessments such as the use of different terms,
and different definitions for the same construct etc., can in part be attributed to the lack
of validation and establishment of some constructs. There are three broad phases in
construct validation (i.e., Substantive, Structural, and External), each of which is
associated with different validity evidence [15–21]. An example of Substantive validity
evidence is literature on construct conceptualization that covers the depth and breadth
of the construct [15, 21–24]. Structural validity can be evidenced from results of item,
factor, and reliability analysis, as well as measurement invariance testing [15, 25–28].
Examples of External validity evidence include convergent and discriminant validity,
and predictive/criterion-related validity [15, 29].

Decision: Differentiate Constructs from Variables. Although it is not possible to fully
evaluate how well-established the constructs in HAT research are, we adopted the
following criteria and labeled a variable as a construct if:
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• It has been described as a latent variable which is associated with indicators or
measures.

• It has been measured by an instrument/inventory that has especially been designed
to assess it (including researcher-created inventories).

• It has been referred to as a construct by the author(s).
• It has been widely-cited as being a construct in literature.

Variables that do not meet these criteria were simply labeled as “variable.”
Examples of variables include “Device type” (e.g., UAV 1 vs. UAV2), “UAS flight
path type” (e.g., straight vs. figure of 8), and “Cerebral hemisphere” (left vs. right).

4 Data Analysis: Data Analysis and Network Building

Unlike the Data Preparation step, the Data Analysis and Structure Discovery steps have
not been accomplished. The following sections will describe the overview of these steps.

The initial data analysis will focus on constructs and measures. It includes sum-
marizing the data in terms of the following:

• Number and type of constructs by author
• Number and type of measures by author
• Number and type of measures by construct

The data analysis that follows may include the application of set theory, graph
theory, and network analysis. The analysis can help identify the measures that are
commonly used for the different constructs, and constructs that have been most-widely
studied etc.

5 Data Analysis: Data Repository and Manipulation Tool

The manual data extraction resulted in an Excel file, which was converted into a .csv
file. With the data at hand, the next step was to identify a database management system
that (i) could accommodate the type and anticipated volume of data to be processed,
(ii) would enable ease of data manipulation, and (iii) would facilitate the network
analysis.

The Neo4j graph database management system [30], an open-source system written
in Java, was identified as a possible system meeting these criteria. The Neo4j database
schema was able to accommodate the various fields and relationships in the
manually-extracted data (see Fig. 2). Neo4j has been used in knowledge graphing,
social network, fraud detection, network and IT operations etc. [30].

Advantages of implementing the Neo4j as the database management system
included its ability to allow easy development and operations as it required no installs,
is readily configurable, and has a consistent environment. It also enables hosting of the
.csv data files on a web server, facilitating file sharing. Neo4j comes with several
visualization tools and allows cypher queries to be built to customize views into the
data (see Fig. 3).
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Fig. 3. Neo4j visualization of constructs and measures

Fig. 2. Graph database schema
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6 Structure Discovery: Best Fits and Small World
Classifications

6.1 Math Theory, Namespace, Distance Measures

Since there is less reliance on a theoretical framework, data analysis is expected to be
iterative and the results subject to close scrutiny by researchers. This “bottom-up”
approach seeks to discover a posteriori (e.g., bottom-up) data schemes. The math will
allow multiple schemes to be generated, although it is important that not many
assumptions be made about the underlying order or structure that may bias structure
discovery. The team intends to attempt multiple schemes and look for “best fit,” based
on inputs from researchers.

If the network approach results in “discoverable structure” in the data, we would
then seek to:

• Find not just one set of relationships and patterns in the data, but many, or all that
are there

• Find relationships that will allow us to suggest where new data fits in
• Find relationships that allow us to better categorize research
• Find relationships that may expose or confirm real-world cause and effect in

assessment phenomena of interest, especially constructs and their influencers
• Find relationships that suggest potential areas for collaboration among researchers

There are currently two methods to be explored: (i) graph theory [31] and network
analysis [32], and (ii) set theory [33, 34]. These methods were mainly selected as they
are “scale-free” and do not impose assumptions about the data. Table 3 outlines the
similarities and differences between these methods.

Table 3. Two possible methods for Structure Discovery

Graph theory and Network analysis Set theory

• Identify authors, concepts, constructs, etc.,
as nodes

• Look for relationships among and across
them

• Results must be interpreted
• Certain properties of networks are also
“scale-free” (e.g., small worlds) thereby
providing a degree of continuity for this
research framework as we incorporate more
and more data

• Describe constructs via set of
operationalizations

• Consider abstraction and generalization
• Explore various set similarity measures
• Can be complemented by other related
mathematical techniques such as the fuzzy
set theory and set similarity

• Possesses “neutral” organizing principles that enables an objective “lens” whereby to view
the state of the assessments

• By not forcing a rigid theoretical structure, method allows for continual adjustments and
“newcomers”

• Method can result in structures that further point to underlying concepts that in turn may lead
to increased theoretical systemization
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7 Conclusion

The network approach was proposed to address the specific challenges with current and
future assessments in newer domains. These are the lack of standardization and sys-
tematization of assessments and the presence of fragmented research that resulted from
the absence of strong theories to cohere research. The approach is an empirical,
“bottom-up” approach that seeks to discover structures and patterns in the metadata that
may provide insight into underlying relationships among constructs and concepts that
can suggest related areas of study. Anticipated outcomes of the network approach
include information about which measures have been most associated with which
constructs, which researchers have similar research interests and may be potential
collaborators, and which constructs could be examined together.
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