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Abstract
The vast scale and inaccessibility of large-scale infrastructures necessitate remote robotic application to minimize
human risk and improve efficiency. This position paper explores the development of a resilient and trustworthy
human-robot collaboration framework tailored for such large-scale facilities. We analyze three core dimensions
of the design space based on literature review: level of robot autonomy, level of immersion, and interaction
modalities. By synthesizing these themes, we identify the trade-offs between system performance, safety-critical
reliability, and usability.
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1. Introduction

Critical large-scale infrastructures are vast, complex, and high-value physical infrastructures—such as
particle accelerators, nuclear plants, and cable landing station—that are essential for national security,
economic stability, and scientific advancement. Maintaining these facilities normally requires remote
control due to hazard and inaccessibility. Still, human operators might have to enter the facility when
faults occur, resulting in costly machine shut-down and possible harm on human safety [1].

Recently, the advancements in robotics allows deployment of robots to this critical and extreme
environment [2], while the control panel enhanced by mixed reality facilitates user’s presence of the
remote environment and can improve operation precision [3]. Nonetheless, many challenges remain in
developing a reliable and usable mixed reality-based human-robot collaboration platform. On one hand,
these challenges involve technical aspects, such as latency [4], the dimensionality gap between input
and output [5], and the need for robust robot performance in cluttered and extreme environments [6];
on the other hand, they also stem from human factors, such as unpredictable error commands [7],
cognitive load [8], stress [9], cybersickness [10], and mistrust of the robot [11].

To build up a high-performance, resilient, and trustworthy human-robot collaboration platform for
large-scale infrastructures, this position paper explore three major themes based on literature review:
i). Level of Robot Autonomy, ii). Level of Immersion, and iii). Interaction Modalities.

2. Level of Robot Autonomy

Previous research has presented diverse discussion and insights regarding level of robot autonomy [12,
13, 14, 4]. Although phrased differently, three main paradigms can be summarized:

• Low-Level Autonomy: Robotic systems with low-level autonomy rely primarily on manual control.
They may execute predefined motions or perform limited reactive behaviors, such as emergency
collision avoidance, but lack task-level planning capabilities and self-adaptability to changing
environments [2].
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Figure 1: Design Variables of Human-Robot Collaboration for Critical Large-Scale Infrastructures and Their
Impacts on Human Factors and the Final Outcome

• Shared Autonomy: Robotic systems with shared autonomy combine human guidance with
autonomous capabilities. While operators specify high-level goals or provide supervisory input,
the system autonomously handles subtasks such as motion planning, navigation, and obstacle
avoidance [15, 16].

• Full Autonomy: Robotic systems with full autonomy operate without real-time human interven-
tion. They are capable of perceiving the environment, planning and executing tasks independently,
and adapting to unforeseen changes through integrated perception, reasoning, and control mech-
anisms [17].

Currently, to our best knowledge, most of robots deployed in critical large facilities are situated in low-
level autonomy with concern of safety [7, 2], although robots with higher autonomy can significantly
alleviate problems related to latency, cognitive load, and unpredictable human errors [13, 18, 4]. While
reporting support for increased autonomy, Smith et al. [13] highlight the necessity of human involvement
in complex tasks and safety-critical environment as experienced human operators can provide holistic
understanding of the situations and therefore are more reliable to deal with unexpected events. Overly
high robot autonomy can diminish the operator’s situation awareness and, in the long term, may even
lead to incapacitation [19, 13, 18]. Therefore, adopting shared autonomy offers significant potential
benefits to improve usability and enhance resiliency in challenging operational environment.

As robots and humans collaborate as a team, trust becomes a critical factor in effective human–robot
interaction. Overtrust may lead to complacency and insufficient monitoring, potentially resulting in
catastrophic safety failures when the robot encounters situations beyond its capabilities; conversely,
undertrust can cause disuse or unnecessary intervention, where users fail to leverage the robot’s
advantages, thereby reducing efficiency and increasing operator workload [20]. The level of autonomy is
one factor influencing trust [11]. Nonetheless, research indicates that trust is not necessarily proportional
to the level of autonomy—a low-autonomy system may still earn users’ trust [21]. Rather, trust depends
on whether the complexity of tasks autonomously handled by the robot remains within its actual
capabilities. Therefore, defining appropriate task allocation and responsibility boundaries for robots in
critical large-scale infrastructure requires close collaboration between robotics engineers and domain
experts of such facilities.



3. Level of Immersion

As operators have limited access to the facilities during the machine runtime, the scene, audio, and
other physical information inside are perceived by sensors and presented to operators via computer
displays. Immersion is a metric to measure the capability of the displays to deliver an inclusive, extensive,
surrounding, and vivid illusion of reality [22]. Displays are normally categorized in three immersion
levels [10, 23]:

• Low-Immersion Displays normally only presents information of one sensory modality with limited
field of view without depth sensing, such as traditional 2D monitors. The visualized scene does
not match the user’s proprioceptive feedback.

• Moderate-Immersion Displays normally presents information of one or two sensory modalities
with extended field of view, such as concave displays [24]. The visualized scene can match the
user’s proprioceptive feedback.

• High-Immersion Displays normally presents information of more than two sensory modalities
in 3D, such as Extend Reality Head-Mounted Display (HMD) or Cave Automatic Virtual Envi-
ronment (CAVE) [25] with surround projection. The visualized scene closely match the user’s
proprioceptive feedback.

While low-immersion displays have traditionally served as the primary interface between the control
room and the field, recent research has demonstrated the positive effects of high-immersion displays in
collaboration with remote robots, particularly in improving task performance and reducing cognitive
load [26, 27, 28]. Buss et al. [29] highlights multi-modal feedback is beneficial for telepresence and
teleaction systems in large-scale environment. It is therefore reasonable to anticipate that immersive
display technologies may become a mainstream interface for collaboration with telepresence robots.

However, existing studies also reveal that display with overly high immersion can lead to cybersick-
ness, cognitive tunnel, and anxiety in emergency [10, 30, 31]. Especially, Souchet et al. [32] notes that 1/3
users experience discomfort during VR usage, and Kenan et al. [7] highlights that virtual reality is not
suitable for extended use for teleoperating robots in nuclear facilities at the current state. Therefore, we
suggest that the immersion level of displays should be adjustable according to the user comfort and the
robotic tasks. For example, for people searching and rescuing which requires long-distance navigation
and overview awareness, moderate immersion level would be more suitable than high immersion level;
for fine manipulation requiring depth sensing for positioning, high immersion level would be beneficial.

4. Interaction Modalities

In critical large-scale infrastructures, the choice of interaction modalities between users and robots
results in significant influence on operator’s cognitive load, performance, trust, and operation safety [11].
Modalities include embodied interaction such as speech, gesture, gaze, and haptic control as well as
disembodied interaction such as keyboard input and joystick input. The choice of the modality is related
to the level of robot autonomy and the level of immersion. For instance, gaze and gesture control are
only applicable if the robot has a certain level planning skills.

Advancements in robotics and extended reality communities facilitates applications with shared
autonomy and high-immersion displays, presenting the opportunities to design more intuitive robot
commands and feedback methods [26]. For example, gestural control allows operators to more intuitively
and naturally provide commands to robots [16]. However, in critical facilities with complex structure
and expensive equipments, designing gesture-based controls requires carefully balancing the trade-off
between intuitive interface design and potential losses in operational safety.

Speech interaction could complement manual control by enabling hands-free operation, which is
essential when the operator needs to multi-task in a mission [33]. Rogalla et al. [34] demonstrated
early on that combining speech with gestures can significantly reduce command ambiguity. However,
reliability and the ambiguity of speech control shall remain a concern for critical infrastructure . As



Zinchenko et al. [35] investigated in the context of surgical robotics, speech recognition could be
susceptible to errors caused by latency or changes in operator’s voice pitch during high-stress situations.
Therefore, speech command might best suited for discrete, high-level commands (e.g. "stop", "switch
camera") rather than continuous, fine-grained control where a recognition error could lead to unintended
robot actions.

Ultimately, a resilient teleoperation platform could not rely on a single modality. Therefore, we
propose multi-modal redundancy for human-robot collaboration in critical large-scale infrastructures,
where different inputs and outputs modality support each other in forming operator’s final decision
making [36]. For example, Gustavsson et al. [37] demonstrated the efficiency of combining speech
recognition with haptic control, showing that multi-modal inputs could better support collaborative
tasks. For critical large-scale infrastructures, this implies a design where operators could seamlessly
switch modalities based on the context and scenarios of the tasks. For example, using gaze or gesture
for coarse navigation, haptic control for fine manipulation, and speech control for system commands.

5. Conclusion

This position paper has examined three critical pillars—robot autonomy, immersion level, and interaction
modalities—for developing a high-performance and resilient human-robot collaboration framework in
critical large-scale facilities. While current robotic interventions remain largely restricted to low-level
autonomy due to safety concerns, we argue that transitioning toward shared autonomy is essential
to mitigate the negative effects of latency and operator cognitive load while maintain high situation
awareness. Regarding immersion, we propose an adaptive strategy according to specific tasks and user
comfort. This balanced approach leverage the benefits of enhanced spatial perception for operation
precision while address the limitations of cybersickness, cognitive tunnel, and anxiety. Furthermore,
the integration of multi-modal interaction combining gestures, speech, gaze, and haptic controls could
potentially provide the necessary redundancy to ensure reliable and intuitive command execution in
high-stress, safety-critical scenarios. The synergy between these three dimensions is fundamental
to solve challenges of developing human-robot collaboration platforms in both technical and human
aspects. Ultimately, the successful deployment of such a platform requires continuous, cross-disciplinary
collaboration between robotics engineers, specialists in mixed reality, and domain experts of the facilities.
As a future step, we plan to extend this position paper to a larger literature review to provide a broader,
more comprehensive analysis of the current and future research of human-robot collaboration in
complex and inaccessible environments.
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