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Abstract. Humans and intelligent machines increasingly collaborate on complex
tasks, although significant challenges remain before machines can function as ef-
fective teammates. The human-machine teaming research community attempts to
address these challenges by developing and testing methods that identify and en-
hance the factors essential for successful teaming. However, this community suffers
from a lack of requirements for effective research, numerous methods without cen-
tralized documentation, and a disconnect between research and real-world applica-
tions. These challenges hinder progress and limit the generalizability of research
outcomes. To address these issues, we argue that the human-machine teaming re-
search community should establish a more structured and systematic approach to
studying and advancing the field. This paper identifies and discusses several key
research directions and actionable outputs for such an approach. These include tax-
onomies and guidelines to streamline research, team design patterns to describe
reusable solutions, modular testbeds to facilitate comparability and reuse, and study
templates to foster creativity and encourage sharing. We believe that these elements
can help formulate requirements for effective human-machine teaming research and
foster the development of modular and well-documented testbeds. Achieving these
goals can contribute to more ecologically valid human-machine teaming research
and, thus, a stronger connection between research and real-world applications.
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1. Introduction

Humans and intelligent machines increasingly collaborate on complex tasks, ranging
from firefighting to manufacturing. As the capabilities of intelligent machines grow, they
will increasingly act as full-fledged team members instead of tools. The ultimate goal
of human-machine teams is combining the strengths of both parties to accomplish tasks
that neither can do alone [1]. The success of these human-machine teams can be affected
by many factors, such as mutual trust, coordination, and co-adaptation [2,3].

Despite ongoing advancements in human-machine teaming, significant challenges
remain before machines can function as truly effective teammates for humans [4]. Intel-
ligent machines often operate as opaque “black boxes”, making their inner workings and
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behaviors difficult for humans to comprehend and trust appropriately [5,6,7,8]. Further-
more, these systems still lack the necessary knowledge, skills, and strategies to manage
interdependencies with humans effectively [4]. To address these challenges, the human-
machine teaming research community plays a critical role by developing and testing
methods that identify and enhance the factors essential for successful teaming.

Currently, this community suffers from a lack of requirements for effective research,
numerous methods without centralized documentation, and a disconnect between re-
search and real-world applications. Therefore, in this work, we propose that the human-
machine teaming research community prioritize establishing a more structured and sys-
tematic approach to studying and advancing the field. More specifically, by identifying
the requirements for human-machine teaming research and emphasizing reusable and
comparable methods and testbeds. We discuss several concrete research directions and
actionable outputs for the community to focus on, such as taxonomies and guidelines,
team design patterns, modular testbeds, and study templates. Ultimately, we believe these
efforts can accelerate progress in the field and contribute to a common platform with
essential tools and resources for human-machine teaming research.

2. Human-Machine Teaming (Research)
2.1. Background and Definitions

Several terms and concepts related to human-machine teaming exist, such as hybrid in-
telligence [1], human-centered artificial intelligence (AI) [9], and human-machine inter-
action [10]. In this subsection, we review these concepts in detail. It is important to note
that we do not intend to endorse any single definition over the others. Instead, we aim
to capture emerging trends and highlight the nuances we observe. First, many human-
machine alternatives, such as human-agent/Al/automation/autonomy/computer/robot in-
teraction, are used. We believe human-machine interaction encompasses all these alter-
natives, as they specify the type of machine interacting with a human. This interaction
can be of any kind, complexity, or modality and does not even have to be goal-oriented.

Human-machine teaming is a type of human-machine interaction and can be defined
as at least one human and machine working together toward a shared goal [2]. Interaction
becomes teamwork when there is a degree of 1) interdependence between the activities
and outcomes of humans and machines and 2) machine agency involving independence
of actions and proactivity [10,11,12,13]. Human-machine teams focus on augmenting
human and machine capabilities by combining the unique strengths of both parties to ac-
complish what neither could do alone [1]. These teams are generally involved in cogni-
tive and/or physical work, where the former consists of mental or information processing
activities, while the latter relates to manipulating tangible objects in the world [14]. Team
members usually have explicit roles during this work, such as supervisor, performer, or
supporter [2]. These roles often result in different interdependencies between humans
and machines, such as required or optional collaboration [2]. The application domains
of human-machine teams include emergency response, healthcare, manufacturing, and
defense. For example, firefighters that teleoperate explore-and-extinguish robots because
of mutually exclusive dependencies to extinguish and navigate [15].

Hybrid intelligence is another type of human-machine interaction and can be de-
fined as combining human and artificial intelligence to augment their isolated operations
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[1,16,17]. This type of interaction is also described as symbiotic artificial intelligence in
other works [18]. Most existing works on hybrid intelligence adopt a technology-centric
perspective when augmenting human and/or machine intelligence to achieve human or
machine goals [16,19,20]. Hybrid intelligence systems are primarily involved in cogni-
tive work, such as supporting human learning [21] and computer vision [22]. Another
example is combining machine processing with human understanding and reasoning to
extract arguments from opinions [19].

In contrast to this technology-centric perspective, recent research on hybrid in-
telligence emphasizes the collaboration between humans and Al toward shared goals
[16,17,23]. This team-oriented perspective even frames hybrid intelligence systems as
hybrid intelligence teaming, providing an overlap with human-machine teaming [10].
However, hybrid intelligence teams are primarily involved in cognitive work, such as
complementing expertise for joint object identification [23] or determining temporary
navigation destinations. Since hybrid intelligence teams are rarely involved in physical
work, we consider them a subset of human-machine teaming.

Another type of human-machine interaction is human-centered artificial intelli-
gence, which can be defined as augmenting human capabilities with embedded Al meth-
ods while ensuring human control [9]. This perspective places humans and their goals at
the center, focusing on user needs, explainable systems, and meaningful human control
[9,24,25,26]. Human-centered Al can augment human capabilities during both cognitive
and physical work, such as augmented reality helmets to improve situational awareness
or exoskeletons to enhance physical strength [9].

These examples illustrate machines that enhance human capabilities but not neces-
sarily human intelligence. If human-centered Al systems augment human intelligence
by integrating human and artificial intelligence, this can be considered hybrid intelli-
gence. We define this overlap between hybrid intelligence and human-centered Al as
human-centered hybrid intelligence. Like hybrid intelligence, human-centered hybrid in-
telligence is primarily involved in cognitive work, such as personalized Al support for
firefighters by highlighting how mission characteristics differ from their experience [27].

In Figure 1, we visualize the relationships between all discussed concepts above.
Moreover, in Table 1, we summarize the conceptual differences between these concepts.
In summary, hybrid intelligence augments intelligence and focuses primarily on cogni-
tive work, while human-machine teaming and human-centered Al can also augment other
capabilities and focus on physical work. Furthermore, human-centered Al merely aug-
ments humans, while human-machine teaming and hybrid intelligence can augment both
humans and machines. Finally, human-machine teaming merely tries to achieve shared
team goals, while hybrid intelligence and human-centered Al can also try to achieve only
human goals.

2.2. Current State and Challenges

Human-machine teaming is increasingly studied across disciplines such as computer sci-
ence, engineering, and social sciences [28]. It is common to conduct human-machine
teaming experiments in simulated and/or controlled environments because studying
human-machine teams in the real world can be both time and cost-expensive. Several
human-machine teaming testbeds have been used for such experiments, although only a
few more frequently [28]. For example, in the Mixed Initiative eXperimental testbed, a
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Figure 1. Venn diagram of human-machine interaction, hybrid intelligence, human-centered artificial intelli-
gence, human-machine teaming, hybrid intelligence teams, and human-centered hybrid intelligence.

Table 1. Summary of the conceptual differences between human-machine interaction types.

Concept Augments Goals Focus Example
Human-Machine Human capabilities Shared Cognitive | Robot teleoperation
Teaming Machine capabilities Physical
Hybrid Human intelligence Human | Cognitive Data annotation
Intelligence Machine intelligence | Machine
Shared
Hybrid Intelligence Human intelligence Shared Cognitive Joint decisions
Teaming Machine intelligence
Human-Centered Human capabilities Human | Cognitive Augmented reality
Artificial Intelligence Physical
Human-Centered Human intelligence Human | Cognitive | Personalized support
Hybrid Intelligence

human operator detects targets in collaboration with a RoboLeader that collects informa-
tion from subordinate robots with limited autonomy [29]. In the Cognitive Engineering
Research on Team Tasks testbed, a team of three members, with specific roles such as
navigator, photographer, and pilot, must collaborate effectively to achieve the team ob-
jective of capturing ground targets [30]. Finally, in the Blocks World 4 Teams testbed,
participants must collaboratively deliver blocks in a specific sequence [31].

Some popular research topics facilitated by these testbeds include transparency
and explainability [32,33,34], trust calibration and repair [35], and co-learning [36] in
human-machine teams. For example, how interdependence relationships or communica-
tion modalities affect human-machine teaming [10,28]. In contrast, research and testbeds
on multiple humans and machines, machine leadership roles, and communication meth-
ods beyond text are still lacking [28].
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While these testbeds have facilitated significant progress, human-machine team-
ing research still faces key challenges. Creating realistic, reusable, and widely adopted
testbeds has proven challenging despite the variety of testbeds. Currently, the field lacks
(consensus on) effective and comparable research requirements. This often results in
a disconnect between human-machine teaming research and its practical applications.
Furthermore, it has resulted in numerous methods and testbeds without centralized doc-
umentation [37]. For example, most of the identified testbeds in [28] have only been
used once or twice and emerged in the past ten years. Moreover, the modalities of these
testbeds range from 2D grid worlds to 3D games and augmented to virtual reality. Team
characteristics also often vary, especially regarding team composition, task interdepen-
dence, leadership structure, and communication structure [28].

2.3. Goals

The lack of widely adopted and highly diverse testbeds suggests that many human-
machine teaming researchers try to reinvent the wheel. Instead, we argue that this re-
search community should aim for more reusable, comparable, and modular methods
and testbeds. The community already adopted this goal during a recent workshop? that
we organized at the Lorentz Center (Leiden, The Netherlands) in the summer of 2024.
Here, we established and discussed several community goals, such as developing human-
machine teaming as a methodology and achieving consensus on the community’s posi-
tioning. However, the ultimate goal is a common platform with essential tools and re-
sources for human-machine teaming research. Ideally, this platform should contain re-
search guidelines and requirements for experiment design, a library with reusable and
comparable team design patterns, modular testbeds, and templates for describing and
comparing studies. However, the requirements of such a platform should first be identi-
fied and formalized before actually building it.

3. Reusable, comparable, and modular human-machine teaming research

To achieve its goals, we believe the human-machine teaming research community should
prioritize reusable, comparable, and modular research. Tasks, environments, and mea-
sures could be adapted across different studies and domains instead of reinventing the
wheel and starting from scratch. The community should examine what has worked well
for others and identify key requirements and customizable characteristics for human-
machine teaming research. Moreover, it could benefit from templates for describing,
comparing, and designing studies across domains and teams.

Most importantly, however, the community needs more modular methods and
testbeds at a common platform to build upon existing research. Ideally, a platform where
users can easily browse through modular testbeds that allow customization of tasks, ma-
chines, and teams to meet specific research needs. Before the community can achieve
these goals, we believe it should first take a step back and study how to conduct reusable,
comparable, and modular human-machine teaming research. This way, the requirements
for such research can be identified and formalized, contributing to a more structured
and systematic research approach. In the next subsections, we outline several concrete
directions and outputs to focus on when establishing this approach.

2https ://lorentzcenter.nl/research-environments-for-human-machine-teaming.html
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3.1. Taxonomies and Guidelines

Identifying requirements and guidelines for human-machine teaming research can pro-
vide a baseline framework for researchers and support comparable studies. Therefore,
we believe these to be a good starting point towards a more structured and systematic re-
search approach. Such requirements and guidelines can also contribute to characterizing
realistic and reusable human-machine teaming tasks, environments, and scenarios, pro-
viding a stronger connection between research and real-world applications. We believe
literature reviews on human-machine teaming research to be crucial for this, such as the
review on testbeds in [28] and independent and dependent variables in [10].

One particularly valuable contribution would be a literature review that results in
a taxonomy of human-machine teaming tasks. This taxonomy could include task, ma-
chine, human, and team-related categories with examples from literature. Task-related
categories could include domain, type, and goal; human and machine-related categories
could include behavior and communication; and team-related categories could include
design, roles, and interdependencies. These categories could even be structured accord-
ing to the stages of experiment design at which they are defined. For example, determin-
ing the task domain, such as firefighting or warehousing, generally precedes decisions
about team roles, such as supervisor, performer, or supporter. This taxonomy should help
human-machine teaming researchers to identify and determine their task, machine, hu-
man, and team-related categories. Moreover, it would allow people to compare human-
machine teaming studies more easily. Such a taxonomy with guidelines can be iteratively
refined during community workshops. By establishing this baseline framework, human-
machine teaming methods and research can become more reusable and comparable.

3.2. Team Design Patterns

Another desired output should be team design patterns that describe generic, reusable,
and proven solutions for human-machine teaming [14,38]. These patterns can then be
(re)used during experiment design and compared to others during user studies. Several
team design patterns already exist with varying levels of abstraction, such as abstract
patterns for Al advisors collaborating with humans [39]. However, more concrete pat-
terns also exist, for example, for humans and machines collaborating in morally sensitive
situations by allocating moral decisions to humans and non-moral decisions to machines
[15,40,41]. Creating more team design patterns based on stakeholder involvement and
realistic use cases can strengthen the connection between research and real-world appli-
cations, enhancing both translation and generalization [39]. For example, realistic team
design patterns for firefighters collaborating with their explore-and-extinguish robots.
We believe the human-machine teaming research community would also greatly
benefit from a library with all created team design patterns. Such a team design pattern
library can facilitate reusing and comparing human-machine teaming methods. Ideally,
a library that is divided between more abstract and concrete patterns and where more
abstract and generalizable patterns can be created from more concrete ones. More con-
crete patterns could also be categorized into common and popular research topics, such
as transparency and explainability, trust calibration and repair, and co-learning in human-
machine teams. These more concrete patterns can describe generic reusable behaviors of
humans and machines for supporting effective and resilient teamwork in these scenar-
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ios. For example, what information explore-and-extinguish robots should explain, and at
which moments, to firefighter supervisors during semi-autonomous victim search tasks.

3.3. Modular Human-Machine Teaming Testbeds

Ultimately, these taxonomies and team design patterns should contribute to modular
human-machine teaming testbeds accessible on a common platform. They can inform the
community about which aspects of human-machine teaming testbeds can be standard-
ized but configurable to allow comparisons, such as interdependence and role distribu-
tion. The community recently started moving in the right direction by sharing customiz-
able testbeds. For example, a customizable testbed in a 2D grid world where participants
collaborate with an autonomous, rule-based, explainable artificial moral agent during a
firefighting task [42]. In addition to these fixed characteristics, the testbed is customiz-
able with respect to explanation type (technical, ethical, or none) and artificial moral
agency (low or high). Other important elements are currently fixed, such as explanation
modality (hybrid) and role distribution (human supervision). Customizing these would
further strengthen this testbed and facilitate reuse and comparisons with other studies.
For example, allowing textual explanations or machine supervision. Ultimately, this can
accelerate progress in the field of moral decision-making in human-machine teams.

Another example is a modular testbed in a 3D environment where participants col-
laborate with an autonomous, rule-based robot that violates their trust during a ware-
housing task [43]. This testbed allows researchers to alter robot reliability (100% or
70%), physical form (human- or machine-like), and trust repair strategy (apology, de-
nial, promise, explanation, or none). Other important elements are currently fixed, such
as trust violation type (competence-based) and communication modality (audio). Cus-
tomizing these would further strengthen this testbed and enhance reusability and compa-
rability. For example, adding integrity-based trust violations or textual communication.

This testbed is similar to studies in different environments on the influence of trust
repair strategies [44] and interdependence [35] on human trust development. However,
the former concerns a 3D first-person shooter game and the latter a 2D search and rescue
task. The results of these studies would have been more comparable if performed in the
same testbed. Moreover, building upon this customizable testbed prevents researchers
from starting from scratch and reinventing the wheel. We believe this would accelerate
progress in the field of trust calibration and repair in human-machine teams.

These recent customizable testbeds show that the community is moving in the right
direction. However, these examples only allow for the adjustment of some machine-
related settings. Instead, we consider modular testbeds to allow the adjustment of en-
tire task, team, or machine-related components, such as modifying machines regarding
autonomy, behavior, and communication. A starting point could be to create modular
testbeds for the most common human-machine teaming topics, such as trust calibration
and repair, and transparency and explainability in human-machine teams. Creating these
testbeds based on stakeholder involvement, realistic use cases, and real-world applica-
tions could greatly benefit both research and practice. We believe hackathons at confer-
ences could be great opportunities to work towards such modular testbeds.
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3.4. Templates for Describing and Comparing Studies

Finally, the community could benefit from templates to describe, compare, and design
studies across domains and teams. Such templates could be used on a common platform
for contributors to facilitate sharing research and for users to foster creativity by brows-
ing through and comparing prior research. They should prioritize essential information
over supplementary details, such as task descriptions and variables over autonomy lev-
els and hypotheses. So, key characteristics of human-machine teaming studies should be
identified first. We believe the aforementioned taxonomies and guidelines can contribute
to this identification, while team design patterns and testbeds can be template categories.

An example could be a template with dropdown options and tags for contributors to
facilitate uploading their human-machine teaming research. This template could include
the categories of team design pattern, task, and research environment. The team design
pattern category could specify the number of humans and machines and their roles and
relationships. The task category could specify the domain, task type, and interdependen-
cies. Finally, the research environment category could specify the modality, measures,
variables, machine embodiment, machine behavior, communication modality, and link
to the testbed. Platform users could then enter search queries to find their studies of in-
terest. For example, a user interested in VR studies on trust repair in triads with two
humans and one machine. Such templates can facilitate reusable, comparable, and repli-
cable human-machine teaming research. We believe they can be constructed based on
literature reviews and domain expertise, and iteratively refined during workshops based
on feedback from both researchers and practitioners.

4. Conclusion

We identified three significant challenges for the human-machine teaming research com-
munity: a lack of requirements for effective research, numerous methods and testbeds
without centralized documentation, and a disconnect between research and real-world
applications. To address these challenges, we proposed that the community establish a
more structured and systematic research approach. We outlined four key research direc-
tions and actionable outputs of such an approach: taxonomies and guidelines to stream-
line research, team design patterns to describe reusable solutions, modular testbeds to
facilitate comparability and reuse, and study templates to foster creativity and encourage
sharing. We believe these elements can help formulate requirements for effective human-
machine teaming research and foster the development of fewer but more modular, well-
documented methods and testbeds. Achieving these two goals can contribute to more
ecologically valid human-machine teaming research and, thus, a stronger connection be-
tween research and real-world applications. Ultimately, all these efforts can accelerate
progress in the field and lay the foundation for a common platform with essential tools
for human-machine teaming research.
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