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Figure 1: Three predictive visualizations for delayed teleoperation. Left: Network visualization shows when commands will
take effect. Middle: Path visualization projects the robot’s intended trajectory. Right: Envelope visualization extends the path
with worst-case deviation bounds indicating possible divergence from environmental disturbances.

Abstract

Delays in direct teleoperation decouple operator input from robot
feedback. We frame this not as a unitary problem but as three facets
of operator uncertainty: (1) communication, when commands take
effect, (2) trajectory, how inputs map to motion, and (3) environmen-
tal, how external factors alter outcomes. We externalized each facet
through predictive visualizations: Network, Path, and Envelope.
In a controlled study with 24 participants (novices in telerobotics)
navigating a simulated robot under a fixed 2.56 s round-trip delay,
we compared these visualizations against a delayed-video baseline.
Path significantly shortened task time, lowered perceived cognitive
load, and reduced reliance on reactive “move-and-wait” behavior.
Envelope lowered cognitive load but did not significantly reduce
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reactive behavior or improve performance, while Network had no
measurable effect. These results indicate that predictive support is
effective only when trajectory uncertainty is externalized, enabling
operators to move from reactive to more proactive control.
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1 Introduction Technical countermeasures, such as network compensation, can

Telerobotics has long served as a way to extend human action into "eéduce network variability, yet operators remain respolnsible for
environments that are dangerous or inaccessible, ranging from han- control under delay. Framing delay as temporal uncertainty rather

dling radioactive material to military usage and exploring planetary
surfaces 20 23 35 4(. Rather than replacing people, robots aug-
ment human capability 17, 21, 54: they provide mobility, precision
and endurance, while humans contribute perception, judgment, and
adaptation. This complementary relationship keeps human intelli-
gence at the center of critical tasks and has made remote operation

than a communication defect shifts design focus from elimination
to adaptation, motivating interface techniques that externalize the
timing, consequences, and reliability of control actions [5, 22].
One long-standing interface approach to temporal uncertainty
is the predictive display. These systems compute and visualize the
robot's near-future state3, 4, 11]. By projecting likely behavior,

indispensable in high-stakes domains such as disaster response andPredictive displays clarify the link between action and feedback

planetary exploration.

The value of this partnership relies on prompt feedback between
operator and robot. With increasing distances, communication de-
lay becomes a de ning constraint for interaction: round-trip com-
munication delays from hundreds of milliseconds to many seconds

and help operators anticipate outcome; B7]. Predictive displays
embody feedforwardg(, providing perceptual cues that support
projection in Endsley's model of situational awarened€[and nar-
rowing Norman's gulfs of execution and evaluatiod§. At design
time, tools such as Choreobdd§ help identify where feedforward

decouple command and feedback. This leaves operators uncertain should be placed along task timelines to improve intelligibility in

about when inputs take e ect and whether their inputs lead to the
expected outcomes.

Increasing levels of autonomy can mitigate the impact of de-
lay, particularly in structured tasks where actions and outcomes
are predictable38 61]. However, even advanced systems require
oversight B9, and humans remain more exible in unpredictable
environments f9. In these settings, delay forces operators to act
under temporal uncertainty, where the timing and consequences of
their actions are no longer immediately observable. Even modest
delays of around 30@scan degrade performance by misaligning
operator expectations with actual system behavi8f 26 42. In-
terfaces must therefore support humans in maintaining e ective
control under delay rather than removing them from the loop.

To understand why delays are so disruptive, it is useful to con-
sider how operators normally learn to control a robot under delay-
free conditions. In these settings, they gradually build a mental
model of how input commands translate into robot behavior. For
instance, pressing a forward key moves the robot a speci c dis-
tance, or a turn input results in a predictable rotation. This control-
to-motion mapping depends not only on kinematics but also on
environmental factors such as terrain roughness or wheel slippage.
Over time, operators re ne their internal model through observa-
tion and adaptation, even accounting for visual cues such as soft
soil or obstacles that signal potential changes in system response.

Delay fundamentally disrupts this calibration process. It obscures

human-robot interaction.

While predictive displays have demonstrated clear bene ts in
helping operators anticipate delayed responses, most have treated
delay as a single, monolithic challengd89. However, delayed tele-
operation exposes operators to multiple, interacting forms of uncer-
tainty: when actions will take e ect (communication delay), how
issued commands will unfold over time (trajectory uncertainty),
and how the environment will alter or disrupt expected outcomes
(environmental uncertainty). Treating delay as a unitary phenome-
non obscures how these sources interact and how interface support
should be tailored to each.

Studying how interfaces can address these distinct uncertainties
requires operating at a delay that is both cognitively challenging
and still feasible for human-in-the-loop control. Delays in the two-
to-ten-second range are known to mark a transition zone in which
direct control becomes fragile and operators must increasingly rely
on predictive or supervisory strategie3]. We position our study at
the lower bound of this intermediate range, using &8 s round-trip
delay, equal to the theoretical minimum for Earth Moon communi-
cation [41]. This allows us to probe how uncertainty-aware support
performs under demanding but still interactive conditions, which
establishes a controlled, reproducible baseline: if addressing uncer-
tainty meaningfully assists operators here, it provides a principled
starting point for identifying when such support might begin to
break down, creating clear opportunities for future work on longer

the immediate consequences of each action, weakens the temporal @1d more variable delays.

link between input and feedback, and slows operators' ability to
adjust their inputs. This makes it harder to re ne a mental model

of the system, especially in dynamic or uncertain environments. As
a result, e ective control under delay becomes not only a technical
challenge, but a cognitive one [12, 27, 56].

One well-established mitigation strategy is move-and-wait be-
havior [14], where operators issue a command and then pause until
delayed feedback con rms the result. While stabilizing, this behav-
ior increases task time and cognitive load. From a cognitive perspec-
tive, temporal uncertainty forces operators to wait before feedback
resolves, disrupting perception, comprehension, and projection of
system state12 and widening Norman's gulfs of execution and
evaluation @5, making it harder to know whether an action was
e ective or to anticipate the next state.

To investigate how uncertainty can be externalized in practice,
we introduce three visualization strategies that each target one
of the identi ed uncertainty sources. The Network visualization
reveals the timing of command execution, clarifying when inputs
will take e ect. The Path visualization projects the robot's expected
motion based on queued operator inputs. The Envelope visualization
communicates how environmental variability may cause deviations
from that projection. Together, these designs allow us to examine
how di erent uncertainty representations support operators' ability
to plan, predict, and act under delayed feedback.

Therefore in this paper, we contribute:

(1) A decomposition of delay as operator uncertainty, distin-
guishing three key facets that a ect control in delayed tele-
operation: communication, trajectory, and environmental
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uncertainty. This extends prior work on predictive displays, cautious, stepwise controB[l]. Move-and-wait has therefore be-
which has often treated temporal delay as a single, unied come a common benchmark for evaluating new interfaces. These
problem. adaptations demonstrate that delay is not only a systems constraint

(2) Three visualization techniques that explicitly externalize  but also a cognitive challenge [56].
these uncertainty facets: a Network visualization to expose
command timing, a Path visualization to project predicted 2 2 Cognitive E ects of Delay
motion, and an Envelope visualization to visualize potential
deviations caused by environmental variability.

(3) A controlled study with 24 participants navigating a mobile
robot under a xed round-trip delay (56 s). We compared
the three visualizations to a delayed-video baseline in terms
of task performance, reactive behavior, and perceived cogni-
tive load.

(4) Empirical evidence that trajectory-based feedforward (Path)
signi cantly improved control performance by reducing task
time, supporting more proactive input, and lowering cog-
nitive load. The Envelope visualization reduced perceived
cognitive load but did not yield stable performance bene-
ts, while the Network visualization showed no measurable
improvement over the baseline.

Empirical studies show that communication delay a ects both con-
trol and cognition. Even relatively short delays of about 388

can create mismatches between operator expectations and the ac-
tual robot state P6 42, increasing errors and perceived cognitive
load. Experiments in lunar construction con rm that delay reduces
control accuracy and increases mental demand compared to zero-
delay conditions $3. Dybvik et al. [11] similarly nd that vehicle
teleoperation under delay diminishes situational awareness and
substantially increases perceived cognitive load. Comparable e ects
are reported in surgical teleoperatio29, 48 and in autonomous
vehicle teleoperation€, where delay undermines operator con -
dence and adds cognitive strain.

The mechanism underlying these e ects is a disruption of situa-
tional awareness. Operators perceive the environment only through
cameras and displays; when feedback is delayed, their mental model
2 Related Work of the remote state is updated with stale informatio8, 7. This
Early work by Ferrell and Sheridarilp, 54 established a frame-  temporal misalignment introduces uncertainty about the robot's
work for human robot control, distinguishing direct, shared, and  actual state. Prior work shows that uncertainty can accumulate
supervisory modes. As robots moved from tethered to remote en- even when operators act correctly, forming uncertainty loops that
vironments, physical separation introduced communication delay. erode trust and performancesp]. Interfaces that make a robot's
Every command and sensor update must traverse a link, breaking uncertainty visible can help preserve operator agency and deci-
the immediate coupling between action and feedback and making sion quality [52, but poorly designed uncertainty visualizations
it harder for operators to maintain a reliable mental model of the risk confusion or mistrust 5, 27. In telerobotics, delay exacer-

robot's state. bates these issues by forcing reliance on memory and prediction;
in extraterrestrial contexts, sparse visual cues further intensify the
2.1 Communication Delays in Telerobotics burden [53].

These outcomes align with established cognitive theory. In Ends-
ley's model, delay disrupts perception and comprehension, weaken-
ing projection of future states1d. In Norman's framework, delay
widens the gulfs of execution and evaluation: Operators must issue
commands before the e ects of their previous inputs become visi-
ble, while delayed feedback prevents timely con rmatiodq. To-
gether, these accounts underscore the need for interface techniques
that make uncertainty visible, sustain awareness, and support an-
ticipation under delay.

All mobile telerobotic systems introduce communication delay,
whether on Earth or in spacedd. On Earth, applications such as
search and rescueB, 40 or mining [57 encounter delays ranging
from 100msto several seconds depending on network infrastruc-
ture. In space, the issue is more severe because communication
is bounded by the speed of light: the Earth Moon distance im-
poses a minimum round-trip time of about®6 s [, 41]. Actual
operational gures are higher; for example, NASA's VIPER rover
is expected to experience & 10 s round-trip delay via the Deep
Space Network1§. Beyond these physical limits, real networks L .
introduce variability through processing, routing, and bandwidth ~ 2-3 ~ Delay Mitigation Strategies

constraints b5 63. Many laboratory studies simplify experiments  Various control strategies have been proposed to mitigate the ef-

by treating delay as a xed constanB] 36 37, although in practice fects of communication delay. Surveys highlight control-theoretic
operators must cope with both predictable and variable del8ly [ approaches that can improve stability and transparency of control
Delay also a ects domains such as surgical teleoperati?® #6 48 under communication delayl[3 2§. Their performance, however,

and UAV control 5, where it reduces precision and safety. While  depends on accurate delay models and careful tuning, and they do
this paper focuses on mobile teleoperation, these examples demon-not focus on the operator's temporal uncertainty when directly
strate that delay is a pervasive challenge across telerobotics. interacting with the robot [L3 2€. A line of research targets the
Delay also alters operator behavior. Ferrell's experimerit§ [ perception side via predictive displays, which render the robot's
showed that under delay, operators adopt a move-and-wait be- near-future state from current commands and motion models to
havior: issue a command, wait for con rmation, then act again. The  clarify the action to outcome loopd, 4, 51]. Building on early work
strategy reduces instability but increases task time in proportion thatintroduced wire-frame and trajectory projection8[4] and sub-
to the delay L0, 13. Similar patterns are reported in space tele- sequent variants such as ghost overlapg] trajectory lines [1§,
operation, where delays beyond human cognitive timescales force and hybrid approaches [28, 66].
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Moniruzzaman et al.39 survey predictive displays extensively
and report that they can reduce perceived communication delay, yet
mostimplementations remain limited to rst-order state predictions
like a position or direction, and rarely represent uncertainty or the
probabilistic nature of future events; mismatches between predic-
tions and outcomes can undermine operator trust, consistent with
broader ndings on automation trust3d. Consequently, existing
predictive displays often emphasize what will happen without dif-
ferentiating the distinct uncertainty sources that shape and support
direct operator control. Our work addresses this gap: we decompose
operator uncertainty into when commands take e ect (communi-
cation), how input maps to motion (trajectory), and what external
factors may alter outcomes (environmental), and we systemati-
cally evaluate facet-speci c visualizations under xed upper-bound
delay.

Predictive displays are feedforward interfacéf that commu-
nicate the likely, but in this case not guaranteed, consequences of
an action before execution, thereby narrowing Norman's gulf of
execution by making action-outcome relations visiblq. Recent
work formalizes the design space of feedforward cues: Yu etd). [
characterize variations in level of indirection (explicit, implicit,
abstract) and update strategy (discrete, continuous, autonomous);
trajectory overlays instantiate implicit feedforward (showing the
future indirectly), whereas ghost projections exemplify explicit
feedforward (depicting the future directly and unambiguousliy).[
Complementing these taxonomies, Van Deurzen et provide
a framework and dashboard that help developers to include feed-
forward for working with (semi)-autonomic robots, highlighting
where and when predictive cues are required, desired, or optional.

3 UNITE: A Teleoperation Simulation and
Control Environment

To study teleoperation under delay, we developed UNITE, a Unity-
based simulation environment. It provides reproducible conditions
while allowing con gurable manipulation of uncertainty factors
such as noise, delay, and terrain. This ensures that visualization
e ects can be evaluated independently of uncontrolled variability.

3.1 Robot Dynamics

In UNITE, robot dynamics are implemented as modular compo-
nents. This means that the motion equations and physical limits
of the robot are encapsulated in interchangeable models. For our
study we used the Turtlebot3 Wa e Pj, a di erential-drive robot,
with kinematics based on its wheelbase and motor speci cations.
To support more precise control in our environment, we reduced
the maximum rotational speed from82rads?® to 0’30rads? . Be-
cause dynamics are modular, di erent robots can be loaded without
altering the interface details.

3.2 Noise Model

To approximate imperfections in real robot motion, we implemented
a deterministic noise model aligned with the kinematics of a di er-
ential drive robot. This model introduces variation in the robot's
motion by adjusting the commanded left and right wheel velocities

Lhttps://emanual.robotis.com/docs/en/platform/turtiebot3/features/
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according to six uncertainty sources, applied before each update of
the robot state:

(1) Wheel slip: traction is reduced on rough terrain or at higher
speeds, lowering e ective velocity.

(2) Motor variation: small, time-varying di erences between the
left and right motors introduce drift.

(3) Terrain vibration: uneven ground causes oscillations that
momentarily disrupt wheel-ground contact.

(4) Encoder noise: measured wheel velocities include small inac-
curacies, simulating sensor error.

(5) Slope bias: when traversing inclines, load shifts unevenly
across wheels, producing asymmetric motion.

(6) Wheel performance dynamics: time-varying factors including
thermal e ects, material deformation, and debris accumula-
tion create oscillating di erences in e ective wheel perfor-
mance.

E ects (3 4) are generated using Perlin noise, a smooth noise
function that produces gradual rather than abrupt chang&§)[
Unlike random noise, which jumps unpredictably, Perlin noise cre-
ates continuous patterns over space and time, which better matches
how disturbances such as terrain roughness or motor noise occur.
E ects (1 2, 4, 6) are based on velocity data, whereas e ects (3, 5)
are based on positional data.

The noise model is seeded deterministically so identical inputs
produce identical deviations across conditions. Its parameters were
iteratively calibrated to produce clear, realistic trajectory variations
representative of normal rough-terrain motion. The role of this
approximation is to introduce enough variability for environmental
uncertainty to matter, while keeping that variability constrained
so the visualization conditions (see Section 4) can be compared
reliably.

3.3 Fixed-delay model and implementation.

To isolate the e ect of delayed feedback, UNITE applies a constant
256 s round-trip delay. Real networks often have variable delay,
which can cause jitter, bu ering, and dropped frames. This makes it
harder to tell whether performance di erences stem from the delay
itself or from its uctuations [42 63. A xed delay removes this
ambiguity. With a stable communication delay, we can compare
how each visualization supports operator control [5, 22].

A xed delay also re ects a practical abstraction. When delay
varies within a known and bounded range, the system can treat
the largest observed value as its e ective delay (see Figure 2). This
creates a consistent reference value for applying delay in the con-
trol loop. In UNITE, the xed value is 56 s, which corresponds
to the theoretical lower bound round-trip time for Earth to Moon
communication f1], providing a concrete reference point for the
scale of temporal separation implemented in the system. By enforc-
ing a xed delay, all interface conditions operate under the same
temporal separation between action and feedback.

Technically, the delay is realized through a time-stamped com-
mand queue: inputs are stored with their execution times and ap-
plied only after 256 s. During this waiting period, queued com-
mands are also used to generate the lookahead trajectories (Sec-
tion 4), ensuring consistent delayed dynamics across all visualiza-
tion conditions.
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Figure 2: Round-trip communication delay. Real-world de-
lay uctuates over time (blue). In UNITE, variability was
replaced by a xed upper bound (dashed red), excluding the
uctuation margin (shaded).

3.4 Environment Generation

Two terrains were generated in advance from publicly available
displacement maps (MoonscageOne terrain is used for training,
and the other serves as the navigation environment. Both terrains
remain xed within the simulation, ensuring that rendering, physics
integration and terrain-aware noise operate over consistent surface
geometry.

The terrain supports two roles in the system. First, it provides
the visual surface onto which trajectory predictions are projected
so that visualizations follow local ground topology (see Section 4).
Second, it acts as the collision and support surface for robot motion.
The robot's vertical position is updated via raycasting, while slope
and roughness are estimated in real time using a three-point trian-
gulation method. These terrain-derived values drive the position-
based components of the noise model (e ects 3 and 5), ensuring
that disturbances originate from structured features of the surface
rather than arbitrary perturbations.

To approximate lunar and space conditions, UNITE uses a single
directional light (sun analog), no atmospheric scattering, and a
dark sky. Figure 3 shows the simulated robot traversing one of the
generated terrains. For clarity in this paper, lighting in Figure 3 was
adjusted to make details of the robot and terrain more visible.

4 Externalizing Uncertainty in Teleoperation
Interfaces
E ective teleoperation requires operators to form a reliable mental

model of how their inputs a ect robot behavior. Under delay, this
becomes increasingly di cult: the temporal gap between input

CHI 26, April 13 17, 2026, Barcelona, Spain

Figure 3: Simulated robot on a lunar-like terrain. Terrains
were generated from displacement maps and used for both
rendering and physics simulation.

Figure 4: Control loop in delayed teleoperation. Operator
inputs pass through the interface, network delay, and com-
munication channel before reaching the robot, with delayed

video feedback returning to the operator. This introduces
three uncertainties: when input takes e ect (communication),

how input maps to motion (trajectory), and what external

factors do to the outcome (environmental).

To support operator reasoning under delay, we designed three
visualizations that each target one of these uncertainty sources (see
Figure 4). The Network visualization makes the timing of command
execution visible, externalizing communication delay. The Path vi-
sualization projects the robot's expected trajectory based on current
input, clarifying the mapping between control and motion through
feedforward prediction. The Envelope visualization builds on the
same predictive model but augments it with a visual representation
of potential deviations caused by environmental variability. By ex-
ternalizing distinct facets of uncertainty, these visualizations aim
to support reduced reliance on reactive move-and-wait behavior,

and feedback obscures the consequences of each action, weakeningeduce cognitive load, and help operators maintain an accurate

the ability to predict outcomes or adapt to changing conditions.
These di culties, however, originate from multiple sources, includ-
ing ambiguity about when commands are enacted (communication
uncertainty), how inputs translate into motion given the robot's
dynamics (trajectory uncertainty), and how environmental condi-
tions such as terrain or slippage may alter the robot's response
(environmental uncertainty).

and adaptable mental model, even when immediate feedback is
unavailable.

4.1 Network Visualization

The Network visualization targets communication uncertainty:
the ambiguity about whether a command has been sent, and when
its e ects will become visible in the delayed camera feed (Figure 5).

2Moonscapes 8K displacement maps, available at: https://ftp.mantissa.xyz/resources/ Under delayv this uncertainty forces operators to rE|y on mem-

moonscapes/

ory or guesswork to keep track of input timing, which weakens
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(a) Simulation view with network visualization overlay.

(b) Schematic of externalized command pipeline.

Figure 5: Network visualization. (a) Simulation environment
with timelines overlaid at the bottom of the interface, show-
ing pending input commands as blocks progressing toward
execution. (b) Schematic view illustrating the externalized
command pipeline across four input channels, clarifying the
relationship between operator actions and delayed robot re-
sponses.

their ability to coordinate actions e ectively. For example, when
approaching a turn, the operator must anticipate the delay and
issue the turn command early enough for the robot to respond in
time. To reduce this ambiguity, the Network visualization applies
established HCI principles of system transparency and status visi-
bility [ 43 45. It externalizes the command pipeline by visualizing
the delay between input and execution, making command timing
explicit and allowing operators to anticipate when their actions
will take e ect.

The Network visualization presents four parallel timelines, one
for each arrow key, aligned spatially to match the layout of the
physical keyboard. This spatial arrangement follows Norman's
principle of natural mapping 45, reinforcing intuitive associations
between the user actions and the visualizations on the timelines.
Each timeline functions as a communication channel, with the left
side representing the operator's input, and the right side repre-
senting the robot's execution point. When a control signal is sent

Cardinaels et al.

(arrow is pressed), a green block appears at the left end of the cor-
responding timeline. The block's length encodes the duration of
the keypress, and it animates rightward across the timeline, sim-
ulating the time it takes for the command to reach the robot, and
the video feedback to propagate back corresponding to the xed
communication delay (36 s). Once the block reaches the far end,
the command is assumed to have taken e ect and is observable
in the delayed video feed. These timelines make the otherwise in-
visible delay visible and predictable. The steady animation speed
provides a rhythmic, perceptible timeline that allows operators to
0 oad timing calculations and anticipate when a command will
take e ect. Overlapping commands are displayed sequentially on
their respective key channels.

Data Requirements. The visualization requires only input
timestamps, keypress durations, control mappings, and the known
xed round-trip delay. It does not require access to robot pose,
motion data, or kinematic models. As such, it o ers a lightweight
way to surface temporal uncertainty without introducing spatial
prediction.

4.2 Path Visualization

The Path visualization addresses trajectory uncertainty: the dif-
culty of inferring how input commands will translate into robot
motion under delay. Path visualization (Figure 6) does this by ren-
dering a prediction in real-time of how input could translate into
movements of the robot. Without explicit support, operators must
mentally simulate the robot's motion dynamics, which becomes
increasingly error-prone as the delay grows. Such predictive over-
lays are an established design practice in vehicle interfaces (e.g.,
reversing camera path projections), where they help users antici-
pate the spatial outcome of steering. In delayed teleoperation, such
feedforward cues allow operators to predict the robot's behavior
without waiting for delayed video feedback, thereby reducing the
cognitive e ort needed to maintain situational awareness.

The visualization projects where the robot will move next by
applying an idealized motion model. It assumes perfect conditions:
no wheel slippage, no external disturbance, and no environmental
variability. The result is a feedforward prediction, an estimate of
the robot's path if the current command were executed exactly as
intended. As shown in Figure 6, the interface overlays three trajec-
tory lines on the video feed: one for each wheel and a third through
the instantaneous center of rotation. These overlays update contin-
uously with input: forward keypresses extend the lines outward,
backward keypresses extend them inward, and left/right inputs
bend them accordingly. Each segment is drawn cumulatively, so
prior forward extensions remain visible when subsequent backward
inputs are added. The trajectory length scales with the duration
of keypresses and is capped by the xed round-trip delay &@&s,
which de nes the maximum lookahead window.

Kinematic Model. Trajectory prediction is computed using
standard di erential-drive kinematics: linear velocitfg = 1k ,
E %2 and angular velocity = 1E: E, °3, wherek andE are
the left and right wheel velocities and is the wheelbase. These
values are integrated forward in time to generate a continuous
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