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ABSTRACT
Effective operation in direct-control telerobotics relies heavily on
real-time communication between the operator and the robot, as
the operator retains full control over the robot’s actions. However,
in scenarios involving long distances, communication delays dis-
rupt this feedback loop, creating significant challenges for precise
control. To investigate these challenges, we conducted a user study
where participants operated a TurtleBot3 Waffle Pi under vary-
ing delay conditions. Post-experiment brainstorming and analysis
revealed recurring challenges, including over-correction, unpre-
dictable robot behavior, and reduced situational awareness. Po-
tential solutions identified include improving robot behavior pre-
dictability, integrating feedforward mechanisms, and enhancing
visual feedback. These findings underscore the importance of de-
signing intelligent interfaces to mitigate the impact of delays on
telerobotic performance.

CCS CONCEPTS
• Human-centered computing → Graphical user interfaces; •
Computing methodologies → Robotic planning; • Computer
systems organization→ Robotics.
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1 INTRODUCTION
Mobile robots, such as Unmanned Ground Vehicles (UGVs), are
steadily advancing in capabilities, enabling them to operate in chal-
lenging environments [15]. As a result, they are increasingly being
deployed in scenarios where human intervention is difficult or
impractical, such as urban search and rescue, mining, and space
exploration [3, 8, 13, 17, 22].

One common method for controlling remote robots is through
direct-control teleoperation, in which the operator maintains full
control over the robot’s decisions and actions. In practice, this in-
volves the operator interpreting video feedback from the robot’s en-
vironment and then issuing commands for the robot to execute [23].
In theory, such teleoperation should be feasible anywhere, provided
a reliable communication medium, such as a wireless network or
satellite link, is available.

In real-world scenarios, the effectiveness of direct-control sys-
tems is significantly affected by the physical distance between the
operator and the robot. This means that as the distance increases,
the time required for signals to travel through the communication
medium also increases, resulting in communication delays [11].
This communication delay, often in the order of milliseconds to
seconds, is formally defined as the time between issuing a command
and observing its outcome [4, 14, 22].

Previous research has already shown that delay negatively affects
the operator’s ability to control the robot effectively. Delays as
short as 200 milliseconds can disrupt natural movement patterns,
reduce the effectiveness of the operator’s actions, and undermine
the reliability of remote operations [1, 9–11, 21]. Recent research
suggests incorporating some level of automation when the remote
environment is constrained due to delayed teleoperation [3, 12],
thereby shifting towards a shared-control teleoperated system.

While current robots can perform complex tasks without con-
tinuous human input, they are still limited in their adaptability
and decision-making abilities outside of narrowly defined situa-
tions [20]. Additionally, the shift from a direct, to a shared-control
approachwould reduce the operator’s control over decision-making,
which further amplifies the existing trust issues humans have with
fully autonomous systems [17].

This paper identifies key challenges and opportunities for advanc-
ing delay-invariant telerobotics within the direct-control paradigm,

https://orcid.org/0009-0002-1255-0838
https://orcid.org/0000-0002-0644-3254
https://orcid.org/0000-0001-6466-0663
https://orcid.org/0000-0002-4194-1101
https://doi.org/10.1145/3708557.3716332
https://doi.org/10.1145/3708557.3716332


IUI Companion ’25, March 24–27, 2025, Cagliari, Italy Cardinaels et al.

where operators retain full authority over the robot’s actions. To
investigate these, we conducted an exploratory user study to inves-
tigate the cognitive and operational challenges faced by operators
under delayed conditions. Insights from the experiment, along with
participant feedback gathered during post-experiment brainstorm-
ing sessions, revealed critical challenges and potential solutions for
mitigating the effects of delay. These findings provide a foundation
for designing future systems and interfaces that enhance operator
performance, improving applications in planetary exploration, dis-
aster response, and other high-delay environments. Ultimately, this
work seeks to navigate the complexity of direct-control teleopera-
tion rather than avoiding it.

2 EXPLORATION OF DELAY-INVARIANT
TELEROBOTIC INTERACTION

To explore the key challenges and opportunities in delay-invariant
telerobotics, we first sought to understand where the primary chal-
lenges arise andwhy they remain insufficiently addressed in current
research. To achieve this, we conducted an exploratory study in
which 8 participants operated a UGV remotely, navigating a prede-
fined path under four delay conditions: (1) 250 ms (baseline), (2) 500
ms, (3) 750 ms, and (4) 1250 ms. Following the trials, a brainstorming
session was held to gather participants’ insights and suggestions,
identifying strategies to address the challenges posed by delay.

Experimental Setup and Apparatus. The experimental set-
up was designed to simulate a teleoperation scenario in a delay-
invariant environment. Participants were instructed to operate a
UGV along a predefined path, aiming to keep it as closely aligned
with the given route as possible (see Figure 1 left). To assist with
this, the interface displayed a red cross at the center of the camera
view, which participants were instructed to keep on the path’s line
as accurately as possible.The testing area and path layout were stan-
dardized for all participants, while the onboard camera provided
continuous, but delayed, video feedback. Environmental factors,
such as lighting and surface conditions, were controlled. The scene
was well-lit, ensuring all elements of the path were clearly visible,
and the surface was clean and smooth to minimize external factors
that could introduce additional deviations.

For our experiment, we used the TurtleBot3 Waffle Pi (TB3) from
Robotis1 as UGV. The standard Raspberry Pi Camera Module v2.1
was replaced with an OAK-D Pro camera from Luxonis2, utilizing
only its RGB video stream. To achieve a first-person perspective
(see Figure 1, right), we created a custom 3D-printed mount for
the camera. The Qualisys Tracking System3 was used to collect
precise positional data. Five infrared markers were placed on the
TB3, and data was collected using eleven tracking cameras: three
Arqus4 cameras and eight Miqus5 cameras. This setup ensured
accurate motion capture and positioning information throughout
the experiment.

User Tasks and Procedure. Before each session, we positioned
the TB3 at the starting spot in the testing area and ensured that all
1https://emanual.robotis.com/docs/en/platform/turtlebot3/features/
2https://shop.luxonis.com/products/oak-d-pro
3https://www.qualisys.com/
4https://www.qualisys.com/cameras/arqus/
5https://www.qualisys.com/cameras/miqus/

Figure 1: An overview of the setup. Left:The testing area with
a predefined path marked on the floor, showing the user
where to navigate the UGV. Right: The TurtleBot3 equipped
with a custom 3D-printed camera mount and OAK-D Pro
camera.

relevant systems—tracking, video feed, and input capture—were
communicating with each other. Participants then received a brief
introduction to the setup, including a short demonstration of the
TB3 controls, an explanation of the video feed and interface, and a
description of how input signals and video feedback were communi-
cated.This introduction also clarified the focus of our data capturing
process and provided an overview of the post-task brainstorming
session.

We used keyboard keys for navigation, allowing participants
to operate the TB3 using familiar keyboard inputs. The operator
interface (see Figure 2) included a toolbar for initializing the system,
and the video feed was displayed at a resolution of 1280x720 pixels.
After the introduction, participants began their navigation task,
following a trapezoidal path. This shape was chosen to incorporate
diverse driving challenges, including straight and sloping segments,
sharp turns, and varying path lengths. Each participant performed
the task under four conditions: one baseline condition with a delay
of 250 ms, and three additional levels of delay—500 ms, 750 ms, and
1250 ms. We selected 250 ms as the baseline because it was the low-
est stable delay achievable, where stable is defined as fluctuations
remaining within a maximum range of 20 ms [5].

Methodology. In total, 8 participants (6 male, 2 female) were re-
cruited at our research institute. None of them had prior experience
with teleoperating a UGV, ensuring that learning effects would be
minimized. Every participant was informed about what data would
be captured during the study.

In each trial, we recorded the UGV’s trajectory, the time taken
to complete the task, and the degree to which the vehicle deviated
from the intended path. At present, these deviations are assessed
visually, though future work will explore automated methods for
quantifying them. After completing the trials, participants took
part in a brief brainstorming session. They were asked three ques-
tions: (1) What did you find most challenging about controlling
the robot? (2) What would have helped you control it more effec-
tively? and (3) What types of visual feedback would be useful?
Their responses highlighted common challenges (see Section 3) and
potential approaches for improvement (see Section 4).
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Figure 2: The operator’s interface displaying the video feed
from the UGV’s onboard camera. A red cross at the center
of the view serves as a reference marker, helping operators
align the UGV with the path. The interface also shows the
system delay in the top-right corner.

3 CHALLENGES WITH DELAY-INVARIANT
TELEROBOTIC INTERACTION

Teleoperation relies heavily on video feedback, as operators de-
pend on visual information to control a robotic system remotely.
In direct-control teleoperation, this video feedback is essential for
interpreting the robot’s environment and issuing commands. How-
ever, delays significantly affect the usability of the video feed, as
the real state of the environment may have already changed by
the time the operator receives the visual information, introducing
challenges for direct-control. The challenges highlighted in this
section are directly informed by the findings of our study (Section
2) and the associated brainstorming session, where participants
shared their experiences.

Understanding Delay. Delay in telerobotics, often in the order
of milliseconds to seconds, is defined as the time between issuing a
command and observing its outcome [1, 2, 4, 6, 14, 22]. This delay
has two main sources: computation and transmission delay [1].
The computation delay represents time spent in processing, while
transmission delay is the time spent to transfer data of the com-
munication media between the operator and the robotic system.
Computation delay can be seen as something that is kept at a spe-
cific level, while transmission delay is highly susceptible to the
distance between the operator and the robotic system [11].

A significant challenge in teleoperation is the delay caused by
long distances between the operator and the robot. In ideal condi-
tions, communication signals travel at the speed of light. However,
even under these ideal circumstances, additional delays occur due
to the time required to close the feedback loop and process signals
through various systems. As these delays accumulate with increas-
ing distance, they become particularly problematic in scenarios like
outer-space teleoperation. This growing delay severely limits the
operator’s ability to maintain precise and effective control over the
robotic system.

Challenges. Our study (Section 2) identified several recurring
challenges in performing direct interactions with a remote robot
under delayed conditions. These challenges were derived from par-
ticipant feedback on the most difficult aspects of controlling the
UGV. They can be broadly categorized into two areas: challenges
related to the control interface and challenges associated with main-
taining situational awareness.

Control Interface. A common challenge observed was the ten-
dency for participants to over-correct the UGV’s movements [24].
When participants noticed the UGV deviating from the intended
path, they sent corrective inputs to adjust its trajectory. By the time
the UGV responded to an input, it had already moved further along
its trajectory than anticipated, causing the corrective commands to
overshoot the intended position. This back-and-forth adjustment
cycle disrupted smooth operation [15, 19], which not only hindered
task completion but, in some cases, led to a complete loss of control.

Another significant challenge participants encountered was re-
lated to the UGV’s behavior when responding to control inputs.
While linear movements (e.g., moving forward and backward) were
relatively predictable, rotational movements (e.g., moving left and
right) proved problematic for all participants. This is critical for
two main reasons. First, when participants struggled to control the
UGV’s rotation to achieve the desired outcome, they often reverted
to the oscillatory behavior described above. Second, the unpre-
dictability of rotational movements exacerbates the learning curve
for operating a UGV under delayed conditions. Research has shown
that operators can adapt to a constant delay over time, but vary-
ing or unpredictable system responses make this adaptation much
harder. Consequently, rotational unpredictability could steepen
the learning curve, making it even more difficult for operators to
control the UGV effectively.

A final challenge identified was the uncertainty about whether
control inputs were successfully transmitted to the UGV. This prob-
lem highlights the need for clear feedback within the control in-
terface. In our study, participants received no feedback confirming
their input commands, which led to notable behavioral responses.
Some participants pressed keys more aggressively or repeatedly
when they did not observe immediate movement, interpreting the
lack of motion as a failure to transmit their input.This often resulted
in further oscillations, as the delayed and unpredictable motion of
the UGV did not align with participants’ expectations. Such situ-
ations have also been shown to increase frustration and anger in
operators navigating a UGV under delay, further compounding the
challenges of maintaining control [25].

Situational Awareness. In teleoperation, the operator must
maintain situational awareness of the environment in which the
robotic system is operating. This requires gathering information
about the remote environment primarily through video camera
feeds. Such awareness is crucial for the operator to provide accurate
and informed instructions to the robot [15, 18]. However, if situa-
tional awareness is compromised—for instance, due to delays—it
can have severe consequences for performance. This happens be-
cause the operator may misinterpret or misidentify the situation,
leading to suboptimal commands and reduced effectiveness [4].

Our study (Section 2) highlights similar challenges. When oper-
ators navigated the path, approaching corners proved particularly
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difficult to manage. Here, corners initially fell outside the visible
area of the video feed, making it challenging for operators to assess
whether the robot was positioned correctly. This lack of visibility
led to difficulties in managing and fine-tuning turns, requiring mul-
tiple corrective commands to realign the robot with the intended
path. The inclusion of corners in the path was intended to observe
how operators managed rotational movements and how the camera
placement and video feed influenced their ability to control the
UGV. The findings clearly demonstrate that operators are heavily
constrained by the quality and coverage of the video feed, under-
scoring its critical importance when designing teleoperated UGV
systems.

Additionally, Operators encountered difficulties in estimating
the robot’s path deviations during straight-line navigation, as the
robot’s forward movement did not result in perfectly linear mo-
tion due to inherent physical limitations. Although these devia-
tions were small, their inconsistency in magnitude and direction
required constant attention, making alignment challenging. This
unpredictability not only complicated navigation but also prevented
operators from forming a reliable mental model of the robot’s be-
havior. Consequently, the absence of predictable motion patterns
increases the cognitive load, steepens the learning curve, and un-
derscores the inherent difficulty of direct-control systems under
these conditions.

4 OPPORTUNITIES FOR DELAY-INVARIANT
TELEROBOTIC INTERACTION

Despite the challenges outlined in Section 3, delay-invariant teler-
obotics offers significant opportunities for advancement. Drawing
on findings from our study and insights gathered during a brain-
storming session, we identified key areas for improvement. Partici-
pants were asked two questions: (1) What would have helped you
control it more effectively? and (2) What types of visual feedback
would be useful? Their responses revealed several opportunities,
which we evaluate in terms of their advantages and limitations.

More Predictable Behavior. A major challenge in delayed tele-
operation is that the relationship between input commands and
actual movement is often inconsistent, making it difficult for opera-
tors to anticipate how the system will respond. By improving the
consistency of the UGV’s response to commands—ensuring that
the same input leads to the same motion—the operator can better
predict how the system behaves, even under delay. While this does
not eliminate the challenges of delayed feedback, it reduces addi-
tional sources of unpredictability, such as oscillatory corrections or
drift. However, achieving greater predictability requires advanced
control mechanisms, adding complexity to the system. Additionally,
in highly dynamic environments, delays may still pose significant
operational limitations despite more stable behavior.

Incorporate Feedforward. Incorporating feedforward to dis-
play the robot’s intended path and behavior provides operators with
a clear visual reference, improving their ability to anticipate move-
ments [16]. This visualization helps operators understand the imme-
diate consequences of their inputs, reducing errors and unnecessary
corrections. By offering a clearer picture of the robot’s trajectory,
feedforward enhances decision-making and promotes smoother

control. However, generating accurate feedforward projections re-
quires modeling the robot’s dynamics, which adds complexity to
the system. To address inherent deviations or the effects of rough
terrain, projections should include a degree of uncertainty, indicat-
ing possible areas where the robot might end up. The language used
in these visualizations must be intuitive, requiring minimal training
for operators to understand while also avoiding excessive cognitive
load that could hinder their ability to perform intended actions [7].
This balance ensures that operators can effectively interpret the
feedforward information and assess potential risks, especially in
scenarios where precise path control is critical to achieving the
desired outcome and avoiding hazards.

Visualization of Command Transmission. Providing visual
feedback to confirm that a command has been transmitted and to
display the time estimated time for its execution can significantly
help operators manage delays.This type of feedback ensures that op-
erators are aware when their input has been sent and acknowledged
by the system, reducing frustration caused by uncertainty about
whether a command was successfully registered. Additionally, it
allows operators to plan corrective movements more effectively,
enhancing overall control and reducing unnecessary errors. How-
ever, incorporating this feature could increase the cognitive load on
operators, especially if the interface already presents a high volume
of information. Furthermore, misinterpreting the feedback can lead
to mistakes, particularly in critical situations where precise actions
and timely actions are essential.

5 CONCLUSION AND FUTUREWORK
This paper has explored the challenges and opportunities in achiev-
ing robust, delay-invariant telerobotic systems using a direct-control
paradigm. By conducting a user study with varying delay condi-
tions, we identified key challenges faced by operators, such as over-
correction, unpredictable robot behavior, and decreased situational
awareness. These challenges underscore the critical need for intelli-
gent control interfaces and enhanced visual feedback mechanisms.
Opportunities such as reducing delay, incorporating feedforward
visualization, and improving predictability present promising path-
ways for mitigating the effects of delay in telerobotic interactions.

Future work will focus on developing and evaluating system
prototypes that integrate these opportunities to validate their effec-
tiveness in real-world applications. Specifically, we aim to design
intelligent interfaces that minimize cognitive load while providing
operators with clear, actionable feedback. By building on the in-
sights gained from this study, we aim to advance the capabilities
of delay-invariant telerobotic systems, ensuring improved opera-
tor performance and broader applicability in challenging remote
scenarios.
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