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Abstract. Future lunar and planetary missions are expected to rely
on remotely operated surface robots, making communication delay
unavoidable. Because this delay degrades teleoperation, researchers
develop and evaluate interfaces and control techniques for working
under delayed feedback. These evaluations often use custom setups
that are difficult to reconstruct, compare, and reuse. To identify the
parts a reusable setup must capture, we conducted a scoping review
of 83 studies of delayed human-in-the-loop mobile teleoperation. The
review identified seven requirements, covering communication, input,
feedback, vehicle behavior, assistance, task and environment, and data
capture. We used these requirements to build UNITE, an openly avail-
able modular Unity simulation testbed for human-in-the-loop space
teleoperation that captures the apparatus as a shareable configura-
tion. We demonstrate UNITE by reconstructing a prior lunar-scale
delay study. In the reconstruction, UNITE represented it without
extension, while making three apparatus choices explicit that the
original study had left underspecified. UNITE is available at https:
//github.com/UHasselt-DigitalFutureLab/unite-teleoperation.

Keywords: Space teleoperation · communication delay · human-in-the-
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1 Introduction

Future space exploration is expected to rely on robots for surface work between
and alongside crewed missions, including inspection, transport, maintenance,
construction, and science operations [43,36]. Depending on the task and oper-
ating context, a human operator may directly control the robot, share control
with autonomous functions, or supervise actions performed with limited inter-
vention [59,20]. Even as rovers gain greater onboard autonomy in areas such
as navigation and fault response, human teams remain responsible for defin-
ing goals and constraints, assessing returned information, resolving failures, and
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preparing subsequent plans [21,54]. When this involvement occurs remotely, com-
mands and sensor feedback are subject to round-trip communication delays
ranging from seconds for Earth–Moon operations to minutes for Earth–Mars
operations [37,57]. Because this delay results from physical distance rather than
limitations in communication technology, it cannot be eliminated and remains a
central challenge for effective remote robotic operation.

Because this delay cannot be removed, research aims not to eliminate it but
to help operators stay in control [39,30]. Delay has long been shown to degrade
remote operation of a mobile robot: it slows operators down, increases error,
and leads them to adopt a cautious move-and-wait strategy [13,18]. In response,
previous research developed ways to compensate for delay. A long-standing ap-
proach is the predictive display, which shows the operator a prediction of the
robot’s near-future state so they can act on where the robot will be rather than
where it was [4,45]. Others share control with onboard autonomy or augment the
operator’s view [46,63]. These techniques are studied through human-participant
experiments, in which participants operate a robot under a chosen delay while
their performance is measured [9]. Running such an experiment requires building
an apparatus: a vehicle, an environment, a way of applying the delay, and a way
of presenting the task to the operator.

Experimental apparatuses for delayed teleoperation are typically developed
for the needs of individual studies. This is understandable, given differences in re-
search questions, tasks, vehicles, environments, and assistance techniques. How-
ever, such study-specific development can make it difficult to reuse or directly
compare experimental setups across studies. Researchers wishing to build on ear-
lier work may need to reconstruct important aspects of a setup from published
descriptions, which may not fully specify details such as delay implementation,
vehicle dynamics, camera views, control mappings, training procedures, or metric
definitions. Our scoping review of 83 empirical studies of delayed ground-vehicle
teleoperation indicates that many of these experimental choices recur across the
literature, but are built and described differently from study to study. As a re-
sult, reproducing a prior setup, evaluating a method under matched conditions,
or extending it with a new assistance technique can require substantial reimple-
mentation and interpretation. Similar concerns have been raised more broadly in
human–robot interaction, where custom study designs, inconsistent metrics, and
inconsistent reporting have been identified as barriers to replication, compari-
son, and reuse [72], prompting recent calls for more formalized and standardized
reporting frameworks [3].

Reporting standards do not make experimental setups reusable; researchers
also need shared technical infrastructure. Gazebo and CARLA provide robotics
and driving simulation [32,14], DUST provides a lunar environment [5], and
TELECARLA extends CARLA for networked teleoperation [25]. PsychoPy and
UXF structure trials and participant-data collection [50,6]. These tools address
separate parts of the apparatus but do not provide a common representation of
the simulator, communication delay, operator interface, task logic, and logging.
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The missing layer is a reusable substrate that captures the complete delayed-
teleoperation apparatus as a shareable configuration.

To support more comparable, reproducible, and reusable research on delayed
space teleoperation, we make three contributions that together give researchers
an evidence-based foundation for specifying, sharing, reproducing, and extending
experiments in space teleoperation under communication delay:

– a scoping review of 83 empirical studies of delayed human-in-the-loop mobile
teleoperation, characterizing recurring experimental elements and variation
that matters for reuse in how those elements are implemented and reported;

– UNITE, an openly available modular testbed that represents communication
conditions, operator input, feedback, vehicle behavior, assistance techniques,
task and environment, and data capture as configurable components of the
delayed-teleoperation apparatus; and

– a demonstration of UNITE through the reconstruction of an experimental
setup grounded in a prior human-participant study conducted under lunar-
scale delay.

2 Related Work

UNITE lies at the intersection of three topics: interaction techniques for oper-
ating robots under communication delay, operational arrangements for human
involvement in space robotics, and infrastructure for constructing and reproduc-
ing human-participant experiments.

2.1 Telerobotics and Communication Delay

Communication delay decouples operator action from observed robot re-
sponse: commands take effect later, while feedback represents an earlier system
state [18,59]. Its effects depend not only on magnitude, but also on task, vehicle
speed and control behavior, and whether communication delay is fixed or vari-
able [66,28,30]. As delay increases, continuous control degrades and operators
may adopt move-and-wait control [18,30].

Predictive displays address delay by presenting an estimated future state of
the remote system. Early phantom-robot displays visualized a predicted robot
pose [4]; later implementations evaluated predictive vehicle overlays for lunar-
rover driving [39], low-cost predictive displays [15], transformed delayed video
showing an estimated future view [45], and predictive corridors [22]. Their effec-
tiveness depends on what is externalized: under a fixed 2.56-second round-trip
delay, trajectory visualization shortened task time and reduced perceived cogni-
tive load, whereas command-timing visualization had no measurable effect [9].

A second strategy reallocates control between operator and robot. Supervi-
sory and collaborative control redistribute authority between operator and robot:
humans provide goals, commands, or advice, while autonomous functions execute
or safeguard parts of the task [59,20]. Local autonomy can improve teleopera-
tion productivity [33]; adjustable-autonomy interfaces support direct, skill-level,
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and task-level control [58]; and shared control blends operator and automated
commands for obstacle avoidance under delay [63]. Model-based approaches in-
stead compensate for delayed execution by predicting or tracking reference vehi-
cle states [53,52]. These approaches occupy different points in the teleoperation
loop: prediction acts on operator-side feedback, command assistance may act
before or after transmission, and local autonomy executes onboard.

Their evaluation also depends on the surrounding apparatus. Delay may af-
fect command or feedback paths, remain fixed or vary over time, and be allocated
differently between uplink and downlink [66,30,53]. Vehicle dynamics, command
mappings, viewpoints, environment geometry, and metric definitions introduce
further variation. Meaningful comparison therefore requires both the interaction
technique and its experimental conditions to be specified.

2.2 Operational Contexts for Human-in-the-loop Space
Teleoperation

Operator location determines how responsibilities are divided between humans
and robots. Earth-based Mars rover teams use downlinked data, visualization
and planning tools, and distributed operations to plan rover activities [47,67].
This process requires substantial operational effort and constrains mission pro-
ductivity [21]. During drives, real-time intervention is impossible, so Curiosity
relies on onboard navigation, visual odometry, and fault protection [54].

Nearby orbital control permits a different allocation. HERRO and lunar
Gateway concepts place astronauts in orbit to operate surface robots with low
communication delay without requiring crew to land at the worksite [57,8].
NASA’s Human Exploration Telerobotics project and subsequent ISS tests eval-
uated communications, control modes, and operations for crew-controlled surface
robots [19,7]. ESA’s ANALOG-1 similarly evaluated an ISS-based interface for
controlling a mobile robot and coordinating an astronaut with ground scien-
tists [68].

Mission demonstrations provide operationally grounded evidence, but rely on
mission-specific hardware, procedures, and operational contexts [19,7,68]. Ter-
restrial analogs instead test technologies, communication conditions, and op-
erational concepts under selected mission constraints [55,16], while simulation
permits tighter control of the apparatus. Litaker et al. [37], for example, evalu-
ated a simulated Lunar Terrain Vehicle under 0-, 4-, 6-, and 8-second delays and
identified workload, driving strategy, workstation ergonomics, and training as
factors in remote-driving performance. Recent SpaceCHI position papers further
propose human-in-the-loop AI, digital twins, and edge AI [41], and dynamically
varying autonomy and interface immersion [29]. These proposals broaden the
conditions an experimental system must represent, but do not provide a shared
basis for comparing them under controlled conditions.
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2.3 Experimental Infrastructure and Reproducibility

Robotics simulators provide important parts of a teleoperation apparatus.
Gazebo supports physics-based robot and environment simulation [32], while
CARLA provides vehicles, configurable sensors and environmental conditions,
and controlled driving scenarios [14]. TELECARLA extends CARLA for tele-
operated driving and compressed-video stream configuration [25], and DUST
models lunar south-pole terrain and lighting for mission analysis [5]. Simulator
capabilities and intended uses differ substantially [10]; these systems there-
fore provide apparatus components, but do not themselves define a reusable
delayed-teleoperation experiment.

Behavioral-experiment software addresses a complementary layer. PsychoPy
and OpenSesame support graphical or scripted experiment construction and
stimulus–response handling [50,40], while jsPsych defines and executes browser-
based task sequences [34]. Within Unity, UXF represents studies as sessions,
blocks, and trials and supports behavioral and continuous-data capture [6]. These
tools organize study execution, but do not specify the teleoperation pipeline con-
necting operator input, communication delay, vehicle behavior, assistance, feed-
back, and task state. UNITE complements them by representing that apparatus
within each experimental condition.

Reproducibility requires both explicit reporting and executable configura-
tions. Steinfeld et al. [62] call for common HRI metrics and attention to biasing
factors; Zimmerman et al. [72] show that decentralized methods and custom
measures limit baseline comparison; and Bagchi et al. [3] propose formalized re-
porting for study details often omitted from publications. These works clarify
what should be reported, but do not provide a technical system for instantiating
and sharing the reported apparatus.

Adjacent benchmarks address narrower infrastructure problems. M4Bench
supports comparison across users, robots, goals, and input devices in simulated
manipulation [69], while the Space Robotics Bench provides an open-source sim-
ulation benchmark for autonomous robot learning in space environments [48].
Neither targets delayed, human-operated mobile robots. The remaining gap is
an executable layer that makes communication conditions, input mapping, feed-
back, vehicle behavior, assistance, task and environment, and synchronized log-
ging independently configurable and shareable. This is the layer implemented by
UNITE and derived from the scoping review that follows.

3 Scoping Review: Characterizing Experimental Design

To base UNITE’s modules on what actually varies between studies rather than on
our own assumptions, we conducted a scoping review of how empirical delayed
human-in-the-loop (HITL) mobile-teleoperation studies are built. The review
characterized the design space of these experiments and identified the recurring
components that UNITE represents as configurable modules.
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3.1 Objective and Research Question

We looked at how delayed HITL mobile-teleoperation studies describe the con-
ditions under which a technique is tested. Our goal was to find out what a study
must report for others to do three things: rebuild the original setup, test a new
technique against an existing one under the same conditions, and change one
factor, such as communication delay or environment, without unintentionally
changing anything else. We therefore asked:
RQ: Which experimental elements recur across delayed HITL mobile-
teleoperation studies, and how does variation in how those elements are realized
affect the reproduction, comparison, and reuse of teleoperation techniques?

3.2 Review Methodology

We searched ACM Digital Library (n=30), IEEE Xplore (n=371), Scopus
(n=341), and Web of Science (n=176) for all records indexed up to and in-
cluding 2025, resulting in 918 records before deduplication. Additional eligible
studies were identified through other search methods, including targeted manual
searching, and were recorded separately from the database-search output. We
restricted the upper bound to 2025 so that the search captured only complete
publication years. Duplicates were removed in two stages: automatic dedupli-
cation with ASySD [23] removed 318 records, and a subsequent manual review
removed a further 9 that the automatic stage had missed, leaving 591 unique
records for screening.

Inclusion Criteria. We defined eligibility as five inclusion criteria. A record was
eligible if it (IC1) involved teleoperation, remote operation, or supervisory con-
trol by a human operator; (IC2) used a ground or surface mobile platform such
as a rover, unmanned ground vehicle, or comparable embodied system; (IC3)
reported an empirical study in which real human operators performed the task,
shown by a described procedure, a description of the participants, participant-
level results, or a reported number of operators; (IC4) treated communication
delay as an experimental condition rather than as motivation or as an inciden-
tally measured network property; and (IC5) was a peer-reviewed publication
available in English. We excluded work that addressed only autonomous learn-
ing, that evaluated control or stability methods without a participant study, or
that mentioned delay merely as motivation without reporting an experimental
setup.

Screening. As illustrated in Fig. 1, all 591 records were screened against the
eligibility criteria; records that could not be judged from the title and abstract
were retained for full-text review [35]. This stage excluded 399 records, leaving
192 reports sought for retrieval. Full texts could not be retrieved for 21 reports,
which were excluded. The remaining 171 reports were assessed in full text, of
which 79 were excluded. Fig. 1 gives the number excluded under each criterion.
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This left 92 studies eligible from the database search. We then used other search
methods, including manual search, to identify 6 additional eligible records, giving
98 studies for full-text data charting.

Fig. 1. PRISMA 2020 flow diagram [49] detailing the database searches, deduplication,
screening, and final inclusion of studies.

While charting the full texts, we found that IC3 needed a clearer test. Some
papers had a real human operating the system, but only to demonstrate a control
or interface method, with no study of the operator. We therefore required each
included study to show at least one clear sign of a user study: a described pro-
cedure, a description of the participants, participant-level results, or a reported
number of operators. Applying this test to the 98 charted reports, we found 15
that were demonstrations of a control, stability, or interface method: a human
closed the control loop, but no user study was reported, and the reported results
described the method rather than the operator. We removed these 15 reports,
so the final corpus comprised 83 studies for data charting.
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Data Charting. We charted each study at the level of its explicitly reported
experimental choices. Studies containing multiple experiments were charted sep-
arately. Charting proceeded in two passes. First, one reviewer conducted an open
discovery pass over 10 studies randomly selected from the 83 included studies.
Within a fixed set of components, we recorded the properties reported by each
study using the study’s own terminology and retained supporting quotations.
These components correspond to stages of the human-in-the-loop teleoperation
loop [59], extended with the technique evaluated and the outcomes measured.

Semantically equivalent properties were consolidated into a provisional code-
book. Fields were retained when they described an experimental choice relevant
to reconstructing a study, comparing studies, or understanding how a technique
was implemented or evaluated. The same reviewer then re-charted the 10 pilot
studies using this codebook to validate its definitions and coverage. In the second
pass, the codebook was applied to all 83 studies. Reported values were extracted
and normalized into separate fields together with the supporting quotation. In-
formation absent from a study was coded as not reported. Cases that could not
be mapped reliably to a codebook field were provisionally marked as unclear and
subsequently revisited using the field definition and relevant evidence. All such
cases were resolved as either reported or not reported.

Synthesis and Requirement Derivation. We compared the charted data
across studies using the components of the teleoperation loop. We identified re-
curring elements, variations that affect reconstruction, and reporting gaps. We
retained only information explicitly reported by each source at the required level
of specificity; missing mappings, viewpoints, communication directions, vehicle
geometries, and feedback modalities were not derived from hardware descrip-
tions or contextual assumptions. Recurring elements and variations informed
the scope and configuration options of seven general requirements for UNITE.
These requirements were subsequently used to define UNITE’s modules and their
configurable interfaces.

4 Design Requirements

From the synthesis of the charted data, we derived seven requirements covering
communication conditions, operator input, operator feedback, vehicle behav-
ior, assistance techniques, task and environment, and data capture. The studies
cited below illustrate the variation underlying each requirement; they are ex-
amples from the corpus rather than its sole basis. The charting also recorded
study-protocol properties, such as participant numbers, training, and experi-
mental design, together with subjective measures. These describe how a study
is run and analyzed rather than the apparatus it runs on, and are supported
by dedicated experiment-management software. UNITE therefore represents the
conditions under which a study is run, not the study protocol. UNITE must
allow the elements covered by the requirements to be configured independently
while saving the fully specified setup as a shareable Unity project. This enables



UNITE: Reproducible Delayed Space Teleoperation 9

researchers to reproduce an existing setup and extend or adjust it by modifying
only the elements relevant to a new study.

DR1: Configurable communication conditions. Delay was applied to con-
trol commands [64], video feedback [39], and vehicle telemetry [71]. Delay mag-
nitude and directional allocation also varied. Maag et al. [38] compared 200/0,
0/200, and 100/100ms uplink/downlink conditions, demonstrating that the same
total delay can be distributed differently across the teleoperation loop. Delay
could be fixed [64], follow predefined time-varying functions [61], or be sampled
from distributions [64]; some studies additionally measured or manipulated other
communication impairments, such as packet loss [65]. Reporting conventions also
differed, with delay expressed either as separate directional components [38,63]
or as a round-trip communication time [42]. A reported delay magnitude alone
is therefore insufficient to reconstruct the implemented condition. UNITE must
represent each communication condition through explicit configuration of the
affected stream, communication direction, delay magnitude, temporal behav-
ior, and any additional implemented impairment, such as packet loss. Separate
uplink and downlink configurations must preserve the directional allocation of
delay. UNITE must generate these conditions within Unity to avoid dependence
on external network infrastructure.

DR2: Operator input and command mapping. Studies varied in the phys-
ical input device, the control modality, and the mapping from device signals to
vehicle or subsystem commands. Matheson et al. [39] explicitly mapped the
left analog stick of an Xbox controller to longitudinal translation and the right
stick to yaw. Storms et al. [63] used condition-specific mappings from a con-
troller trigger and joysticks to forward speed, turn rate, and waypoint position.
Abubakar et al. [1] reported velocity-to-velocity coordination between a haptic
device and rover linear and angular velocities. Other studies identified an input
device without reporting a complete mapping. Dybvik et al. [15], for example,
reported keyboard arrow-key control but not how presses translated into mo-
tion commands, such as the commanded speed or whether input was held or
toggled. A device name or general command category is therefore insufficient to
reconstruct control behavior. UNITE must support independently configurable
input devices and control modalities together with explicit device-to-command
mappings, including the relevant keys, axes, buttons, scaling, and command vari-
ables.

DR3: Operator feedback channels and viewpoint. Operator feedback var-
ied in modality, delivery device, displayed information, and camera viewpoint.
Visual feedback included reconstructed 3D views [31], communication delay in-
dicators [56], and telemetry such as current speed [38]. Viewpoints included
two displayed camera feeds, one from an operator-steerable top camera [42],
additional mirror views [38], and explicitly manipulated elevated and normal
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views [27]. Haptic and auditory channels were also manipulated experimentally:
studies compared force-feedback conditions under delay [60], haptic steering as-
sistance on and off [26], and visual with visual-plus-auditory feedback across
delay levels [17]. In bilateral systems, force feedback could itself be delayed [51].
UNITE must therefore support explicitly configured visual, haptic, and auditory
output channels, their delivery devices, displayed information, interface layout,
and selectable camera viewpoints. Camera placement and optical parameters
such as field of view must be stored when configured, and each feedback stream
must be independently connectable to the communication configuration in DR1.

DR4: Configurable vehicle behavior. The same operator command can pro-
duce different motion depending on the platform, steering geometry, dynamic
model, actuator response, and wheel–terrain interaction. Some papers specified
these elements in detail: a simulated large UGV with a 14-DoF model, Pacejka
tires, a diesel engine, and an automatic transmission [44], soft-terrain slippage
modeled as part of the vehicle [1], and a deliberate distinction between the
controller-internal model and the simulated plant [63]. Other papers described
the apparatus without specifying its motion behavior: a three-wheel robot with
two motor-driven wheels and a caster, without explicitly naming the steering
mode or specifying how commands produced turning [15], or game physics char-
acterized as realistic without a model type or parameters [45]. In both cases
the vehicle behavior cannot be reconstructed from the description. UNITE must
support configurable vehicle or robot models with parameterized dynamic behav-
ior, including actuator response and wheel–terrain interaction where applicable,
and must treat steering geometry as an explicit configuration field rather than
a property implied by vehicle construction.

DR5: Configurable assistance techniques. Assistance techniques differed in
their function, attachment point in the teleoperation loop, and required inputs.
Predictive displays transformed or overlaid visual feedback [39,22]; shared control
corrected steering on the operator side before transmission [12]; model predic-
tive control compensated delay and avoided obstacles on the remote side [24];
and predictor frameworks placed coordinated functions on both sides of the
loop [1]. Their reported dependencies included command history and LiDAR
point clouds [70], as well as vehicle state, route information, and current de-
lay [12]. Placement may also vary by experimental condition: Storms et al. [63]
evaluated the same shared-control function located onboard the robot and at
the operator control unit as separate interfaces. UNITE must therefore support
assistance techniques as configurable modules with a loop attachment point,
required inputs, and dependencies.

DR6: Configurable task and environment. Task and environment defi-
nitions combined goals, course geometry, terrain, obstacles, and ambient condi-
tions. Cross et al. [11] varied corridor width and lighting as experimental factors;
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Storms et al. [63] specified arena geometry, obstacle placement, and a search
goal; Mellinkoff et al. [42] distributed target rocks across a lunar-analog crater
course and ended the trial on target identification. UNITE must therefore sup-
port configurable task goals and explicit completion, failure, and termination
rules. Course content is provided as shareable Unity assets, with each condition
shared as a self-contained scene. Properties stored as component values, such
as lighting intensity, are recoverable from that scene. Properties that emerge
only from authored geometry, such as corridor width, are not automatically
represented as named experimental factors or levels. Recording those semantics
remains a study-reporting requirement rather than a system requirement.

DR7: Data capture and metric definition. A path-following score was
calculated by averaging normalized robot scores at each timestep; a score of 1
indicated perfect center-line following and 0 indicated that the robot was off-
track for the entire path [64]. Cornering time was computed as exit time minus
entry time after excluding curves with minimum speed at or below 0.005m/s [2].
Time to discovery was measured from operator movement start to successful tar-
get identification [42]. For failed tasks, adjusted completion times were assigned
using successful times from the same condition [11]. The required data capture
depends on the metric definition and requires synchronized logging of the opera-
tor commands, vehicle states, and task events used by those definitions. UNITE
must therefore record timestamped raw variables and events required for selected
objective and system measures and retain each metric’s definition, units, formula
or calculation procedure, thresholds, aggregation rule, and start and stop events.

5 The UNITE Environment

We implement the teleoperation loop as a staged orchestrator with separate
uplink and downlink paths. Uplink denotes information flowing from the operator
station to the robot, while downlink denotes information flowing from the robot
to the operator station. Figure 2 provides a conceptual overview of the operator
station, communication paths, and remote platform in this architecture.

5.1 Input Provider

What. Acquires device-specific operator actions and exposes typed signals.
Why. Implements DR2 by separating hardware access from command seman-
tics. How. Reports relevant inputs, values, states, and timestamps through a
declared output contract. Boundary. It does not assign command meaning,
plan motion, or control the vehicle. Providers are directly interchangeable only
when their output contracts match.

5.2 Command Mapping and Encoding

What. Converts typed provider signals into a study-defined command represen-
tation. Why. Implements DR2, as device signals do not determine their control
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3 uplink operator-side assistance*
2 command mapping and encoding*
1 input provider

uplink communication4

12 task goal and termination
11 operator presentation

13 data capture and logging*7 remote observation and state capture

5 uplink remote-side assistance*
6 vehicle/robot model

8 downlink communication

10 downlink operator-side assistance
9 operator-side state reconstruction*

10

1

4

6

7

4

8
8

11

internal modules, not visualized*

12

Fig. 2. Conceptual overview of the UNITE telerobotic loop. Numbers identify module
contracts rather than execution order; asterisks denote internal modules not shown.

meaning. How. A selected implementation consumes the output contract of the
Input Provider (5.1) and explicitly configures the relevant keys, axes, buttons,
input states, scaling, and resulting command variables. It publishes the mapped
commands through a declared output contract. Boundary. It represents oper-
ator intent but does not plan, constrain, transmit, or execute motion. Provider–
mapping combinations are compatible only when their declared contracts match.

5.3 Uplink Operator-side Assistance

What. Optionally processes mapped commands before uplink transmission.
Why. Implements the operator-side attachment point of DR5. How. A selected
implementation processes packages from Command Mapping and Encoding (5.2)
using its declared dependencies. It may suppress each package or publish one with
a preserved or transformed payload. Boundary. It neither generates command
sequences, manages communication, nor executes motion. Without assistance,
mapped packages pass unchanged to the Uplink Communication module (5.4).

5.4 Uplink Communication

What. Applies a configurable communication condition to local-to-remote pack-
ages. Why. Implements the uplink component of DR1. How. Consumes pack-
ages from the Operator-side Assistance module (5.3), or directly from Command
Mapping and Encoding when no assistance is selected. The selected implementa-
tion defines delay magnitude, temporal behavior, and supported non-delay degra-
dation. The module schedules and queues the resulting transmissions, releasing
all due packages; outcomes may also suppress transmission, such as for packet
loss. Boundary. It treats payloads as opaque and owns only local-to-remote
communication. It neither executes commands nor represents the downlink.
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5.5 Uplink Remote-side Assistance

What. Optionally processes received command packages before vehicle control.
Why. Implements the remote-side uplink attachment point of DR5, including
shared control, safeguarded execution, delay compensation, and obstacle avoid-
ance. How. A selected implementation processes packages released by the Uplink
Communication module (5.4) and may read declared dependencies such as vehi-
cle state, sensor data, or environment models. It may preserve, modify, replace,
or suppress a command. Boundary. It does not manage communication, own
remote state, or generate actuator outputs. Without assistance, packages pass
directly to the Vehicle/Robot Model (5.6).

5.6 Vehicle/Robot Model

What. Applies received commands through the selected vehicle behavior and
updates the authoritative remote state. Why. Implements the configurable steer-
ing geometry, dynamic behavior, actuator response, and wheel–terrain interac-
tion required by DR4. How. It consumes packages from the Uplink Remote-
side Assistance module (5.5), or directly from the Uplink Communication mod-
ule (5.4) when no assistance is selected. Each implementation declares its ac-
cepted command contract and explicitly configures its steering geometry, kine-
matic or dynamic model, actuator response, and wheel–terrain interaction where
applicable. Boundary. It does not map operator-device signals, manage com-
munication, or implement assistance techniques. Its authoritative state may be
read by remote-side assistance and observation modules.

5.7 Remote Observation and State Capture

What. Coordinates the capture of configured remote observations as typed,
stream-labeled packages. Why. Implements the configurable feedback sources
required by DR3 while distinguishing the robot’s local state from the delayed
information available to the operator. How. Each control step uses two observa-
tion refreshes. Before remote-side assistance processes released commands, the
module captures the current remote state and makes the resulting observations
available locally without downlink delay. After the Vehicle/Robot Model up-
dates, it captures the resulting state again, replaces the local observation, and
optionally publishes the post-control package to the downlink. A source may be
configured as local-only, or may publish its post-control package to a selected
downlink stream. Boundary. It defines the capture and publication lifecycle,
while each source implementation defines the observed data and sampling be-
havior. It does not apply communication conditions, reconstruct operator-side
state, or present feedback.
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5.8 Downlink Communication

What. Applies configurable communication conditions to remote-to-local feed-
back packages. Why. Implements the downlink component of DR1 and the in-
dependently configurable feedback-stream connections required by DR3. How.
The module routes each package to a configured downlink channel according to
its declared feedback stream. Each channel applies its selected communication-
condition implementation, queues the resulting transmissions, and releases all
due packages. Only observations selected for downlink publication enter this
module; locally consumed observation streams remain outside the delayed feed-
back path. Boundary. It routes and schedules packages using their metadata
without inspecting or modifying the contained feedback data. Each channel im-
plementation defines its delay and supported non-delay degradation.

5.9 Operator-side State Reconstruction

What. Reconstructs operator-side information from feedback packages released
by the Downlink Communication module (5.8). Why. Provides the delayed re-
mote information required for reconstructed views and other visual feedback
under DR3. How. Selected reconstruction implementations consume declared
feedback-package contracts and update corresponding local data representations.
For example, vehicle-state, depth-data, and video-frame packages may update
a local pose, reconstructed map, and frame buffer, respectively. Boundary. It
does not apply communication conditions, process assistance, update operator-
visible Unity objects, select interface layouts, or access current authoritative re-
mote state. Each implementation defines how released observations are converted
into operator-side information, which is made available to Operator Presenta-
tion (5.11) and, where needed, Downlink Operator-side Assistance (5.10).

5.10 Downlink Operator-side Assistance

What. Optionally processes or augments feedback available on the operator
side before presentation. Why. Implements the operator-side downlink attach-
ment point of DR5, including prediction, state estimation, feedback filtering,
and warning generation. How. A selected implementation may consume recon-
structed operator-side information from the Operator-side State Reconstruction
module (5.9) and may read declared local dependencies such as command his-
tory, pending uplink commands, vehicle models, route information, configured
communication delay, or reconstructed maps. It may publish transformed or
augmented information, or one or more supplementary packages; any replace-
ment or suppression of reconstructed feedback is defined by the study-specific
presentation implementation. Each output package is a stream-labeled Package
carrying a study-defined payload. Boundary. It does not apply communication
conditions, update authoritative remote state, or directly determine the inter-
face layout. Without assistance, reconstructed operator-side information is made
directly available to the Operator Presentation module (5.11).
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5.11 Operator Presentation

What. Maps reconstructed or assisted operator-side information to configured
operator-side output sources. Why. Implements the feedback modalities, dis-
played information, interface layout, output-device connections, and selectable
viewpoints required by DR3. How. The module receives reconstructed operator-
side information from the Operator-side State Reconstruction module (5.9) and
combines it with output from the Downlink Operator-side Assistance mod-
ule (5.10) when selected. A study-specific presentation implementation routes
the available operator-side information to configured local sources and updates
those sources during subsequent presentation steps. These sources may provide
visual, auditory, or haptic output, but their device-specific behavior and layout
are defined by the selected study implementation. Boundary. It determines how
available feedback is delivered to the operator but does not capture remote ob-
servations, apply communication conditions, update authoritative remote state,
or compute assistance.

5.12 Task Goal and Termination

What. Evaluates configured task criteria and terminates the active trial when a
terminal condition is met. Why. Implements the completion, failure, and termi-
nation rules of DR6. How. Selected criterion implementations are evaluated dur-
ing each fixed-rate control step. When a criterion returns a terminal result, the
module accepts the first result, ends the active trial through the staged orches-
trator, and makes a timestamped trial-ended event available to other modules.
Boundary. It defines the criterion interface and termination lifecycle, while each
implementation defines the condition that constitutes success, failure, timeout,
or abort.

5.13 Data Capture and Logging

What. Records configured raw variables and events produced during each trial.
Why. Implements the synchronized data-capture and metric-definition require-
ments of DR7. How. Selected capture implementations record timestamped ob-
servations from declared module outputs, state variables, and experiment events.
The module stores metric definitions, including units, calculation procedures,
thresholds, aggregation rules, and start and stop events, for downstream anal-
ysis. Boundary. It records the experiment without controlling communication,
vehicle behavior, assistance, task execution, or termination; downstream analysis
converts observations into reported measures.

5.14 Coverage

Table 1 maps each requirement to the modules or configuration assets that im-
plement or represent it. Four requirements (DR1, DR2, DR3, and DR5) span
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Table 1. Mapping from design requirements to implementing modules and represented
scene content.

DR Implemented or represented by

DR1 Uplink Communication (5.4), Downlink Communication (5.8)
DR2 Input Provider (5.1), Command Mapping and Encoding (5.2)
DR3 Remote Observation and State Capture (5.7), Downlink

Communication (5.8), Operator-side State Reconstruction (5.9),
Operator Presentation (5.11)

DR4 Vehicle/Robot Model (5.6)
DR5 Uplink Operator-side Assistance (5.3), Uplink Remote-side

Assistance (5.5), Downlink Operator-side Assistance (5.10)
DR6 Task Goal and Termination (5.12), condition scene
DR7 Data Capture and Logging (5.13)

several modules because the review identified separable stages within those parts:
delay can be configured independently on the uplink and downlink; input de-
vices are separated from command mapping; feedback is observed, transmitted,
reconstructed, and presented as distinct stages; and assistance can attach before
uplink transmission, after uplink reception on the remote side, or after downlink
reception on the operator side. The Downlink Communication module is shared
between DR1 and DR3 because the same channel carries delayed feedback. DR6
is split between the Task Goal and Termination module and the condition scene:
the module defines task goals and termination rules, while the scene holds course
and environment content. No dedicated module owns that scene content, al-
though vehicle, assistance, observation, and task-criterion implementations may
read or act on it.

6 Demonstration

To demonstrate UNITE, we used it to reconstruct an existing study: Cardinaels
et al. [9], which compared three feedforward visualizations (Network, Path, and
Envelope) against a baseline with delayed video feedback, with 24 participants
driving a simulated rover across lunar terrain under a fixed delay. It was not
part of our corpus, so the study demonstrating the requirements was indepen-
dent of those used to derive them. We charted it with the same codebook as
in the review and mapped each charted element onto a UNITE module. The
apparatus fit the UNITE Core and Kernel without architectural extension. The
four conditions were reproduced as separate scenes differing only in the selected
downlink operator-side assistance component; the shared Operator Presentation
module renders its output. Every other module was configured identically, and
all four scenes shared the same vehicle and terrain. Reconstruction also revealed
three points where the study’s description, though otherwise detailed, does not
fully specify the apparatus, each corresponding to a requirement that calls for
the missing information: DR1, DR4, and DR5.
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Directional allocation (DR1). The study reports a fixed 2.56 s round-trip
delay but does not state how it divides between the uplink and downlink. Re-
construction requires a specific split, so we assumed an uplink-only allocation. In
our UNITE reconstruction, we consequently configure a 2.56 s uplink delay and
a 0 s downlink delay, assigning the full delay to the command path. The resulting
rover response and video feedback are therefore delayed by the command-path
communication delay, even though the configured downlink delay is zero.

Disturbance parameters (DR4). The study describes its disturbance model
in structural detail, naming six sources and identifying which use Perlin noise,
but reports no parameter values, describing them as iteratively calibrated. Our
UNITE implementation ports the described disturbance mechanisms using the
original implementation, available to the author team, as a provenance refer-
ence. However, the configuration values used in the reconstruction are explicit
choices rather than values reported in the paper. They are intended to produce
comparable trajectory variation, not to claim the original calibration.

Route keeping (DR5). The study attributes the constraint that keeps oper-
ators on the route to course geometry, stating that cliffs and boundaries pre-
vented off-path driving. It does not specify whether this is enforced by terrain
alone or by an assistance mechanism acting on operator commands. Using the
original source project available to the author team, we resolved this ambigu-
ity in our UNITE implementation by porting the boundary-detection behavior
as a slope-based remote-side assistance component, including its threshold and
reverse-on-contact response. A reader with the paper alone could not recover
that implementation choice.

None of these gaps required extending the UNITE Core or Kernel; each re-
quired an explicit value or implementation choice to run the reconstruction. Even
a recent, carefully reported study left three apparatus details underdetermined
in the publication. This is exactly the reproduction problem the requirements
target, now concrete: specific configuration fields rather than a vague concern.

7 Conclusion

Research on delayed space teleoperation often relies on custom experimental se-
tups, making prior work difficult to reconstruct, compare, and reuse. UNITE
addresses this problem with a shared foundation for delayed human-in-the-loop
mobile teleoperation. We grounded its design in a scoping review of 83 empir-
ical studies, identifying recurring variation in communication, operator input,
feedback, vehicle behavior, assistance, task and environment, and data capture.
UNITE translates these aspects into independently configurable components.
Reconstructing a previous lunar-scale delay experiment showed that UNITE
could represent the setup without extending its architecture, while making ex-
plicit three details left open in the original study: the allocation of delay between
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uplink and downlink, the disturbance parameters, and the route-keeping imple-
mentation.

The literature review was charted by a single reviewer, which may introduce
subjective judgment. To reduce this risk, we used a fixed codebook, distinguish-
ing unreported from unclear information, and applying consistent criteria across
all 83 studies. The reconstruction provides initial evidence of UNITE’s appli-
cability, but broader validation remains necessary. Future work should evaluate
UNITE across different vehicles, interaction techniques, communication condi-
tions, and tasks. As an openly available testbed, UNITE enables researchers to
share setups as configurations rather than prose descriptions, supporting the
reconstruction, reproduction, and extension of prior experiments.
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