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interaction quality, and how learning-based methods support authority allocation and adap-
tation. Unilateral, bilateral, and multilateral feedback architectures are analysed to elucidate
their implications for stability, transparency, communication burden, and cooperative task
execution. Latency compensation and passivity-based stabilisation strategies are reviewed
to clarify how delayed communication influences energetic coupling and closed-loop sta-
bility. Recent advances in learning-based approaches to authority allocation, model media-
tion, and link-aware adaptation are analysed as emerging mechanisms for enhancing inter-
action quality. The synthesis indicates that teleoperation performance emerges from tightly
coupled interactions among communication dynamics, stability constraints, perception fi-
delity, and human authority allocation, indicating that reliable operation requires integrated
system-level co-design.

1. INTRODUCTION

Teleoperation is widely used to control robots in environments that are inaccessible or hazardous to humans[1].
Originating in the mid-1940s with the first master—slave teleoperator developed by Goertz, teleoperation has
evolved from investigations of human-robot interaction into a discipline that is largely based on control the-
ory[2l. Teleoperation supports a wide range of safety-critical applications, such as nuclear decommissioning,
space exploration, deep-sea intervention, and heavy industrial applications[>+56]. In a teleoperated system,
a human operator and a remote robot form a closed interaction loop in which motion commands are trans-
mitted to the robot while sensory information is returned to support perception and decision-making. The
effectiveness of this loop critically depends on the control and feedback architecture that governs how motion
and interaction signals are exchanged. Teleoperation architectures are commonly categorised as unilateral, bi-
lateral, and multilateral, reflecting increasing levels of interaction coupling, which range from purely perceptual
supervision to force-reflective control and coordinated multi-agent cooperation (1], These architectural choices
influence the achievable stability, transparency, and operator workload. They also shape how accurately the
remote environment can be perceived and how intuitively the system can be controlled.

Although autonomy has expanded robotic capabilities, fully autonomous operation remains challenging in de-
manding real-world tasks, motivating teleoperation as a practical solution in several application domains[7-8]. Ef-
fective teleoperation can also be constrained by communication latency. Time delays introduce a well-established
stability—transparency trade-off, whereby control strategies that guarantee passivity and stability typically add
damping or impedance, thereby reducing the fidelity of force reflection and degrading the operator’s percep-
tion of contact!79]. In practice, these delays are rarely constant. Instead, teleoperation links may involve time-
varying latency, jitter, and packet loss, further complicating stability and limiting the achievable interaction
quality[l. Beyond control effects, network limitations can also degrade perception, as delayed or intermittent
video streams may no longer accurately reflect the robot’s current state, reducing situational awareness and in-
creasing the risk of operational errors or task failure 8], Human-subject studies further demonstrate that latency
can degrade teleoperation performance, increasing tracking errors, workload, and perceived stress, with round-
trip delays of approximately 300 ms already causing measurable deterioration in task execution[1°], while delays
exceeding 700 ms may render remote operation nearly infeasible (1], Thus, teleoperation performance depends
not only on control-design constraints but also on network reliability and human cognitive factors. The overall
structure of a typical teleoperation system, comprising the operator (master) side, the communication chan-
nel, and the remote slave robot with multimodal sensory feedback, is illustrated in Figure 1, highlighting the
principal research themes reviewed in this paper.

Several solution directions have been explored, including interface design, communication-aware control, per-
ceptual reconstruction, and learning-based adaptation. On the operator side, shared-control and constraint-
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Figure 1. Overview of teleoperation systems and research themes addressed in this review.

mediated frameworks use haptic guidance, virtual fixtures, and task-space constraints to support safer and
more manageable operation [!21314]. From a perceptual perspective, virtual-reality and digital-twin interfaces
can reconstruct remote workspaces using real-time 3D sensing and streaming, providing immersive represen-
tations that can improve spatial awareness when direct video feedback is delayed or incomplete[6:1516]. At the
control level, stabilisation strategies, including passivity-based and wave-variable formulations, predictive com-
pensation, impedance shaping, and model-mediated teleoperation, regulate the energy exchanged through the
communication channel or locally render environment dynamics to support closed-loop stability while seek-
ing to preserve transparency (721718191 More recently, learning-based approaches have been explored as a
complementary strategy to address uncertainties that are difficult to capture through analytical models alone.
Data-driven estimation techniques have been used to infer human motion intent and interaction states from
noisy sensory cues, enabling adaptive assistance, context-dependent feedback modulation, and shared task ex-
ecution [20]. Nevertheless, these strategies are often investigated separately, making it difficult to analyse their
combined effects and to establish a coherent system-level understanding of reliable and high-quality interaction.

Despite substantial progress, the teleoperation literature remains distributed across control theory, human-
robot interaction, perception, communication, and machine learning. Many studies optimise individual com-
ponents, while fewer examine their interactions from an integrated, system-level perspective. Consequently,
stability, transparency, perceptual fidelity, and operator workload are often analysed independently, limiting un-
derstanding of their interdependencies in safety-critical and communication-constrained environments. This
paper provides a structured review of teleoperation control and interaction design for hazardous environments.
The survey synthesises feedback architectures, delay-robust control strategies, perceptual interfaces, and emerg-
ing learning-based adaptation from an integrated human-robot-environment system perspective. This clari-
fies how these components collectively influence stability, transparency, and operator performance. By con-
solidating findings across disciplines, the review offers a comparative understanding of existing approaches,
highlights key trade-offs, and identifies open challenges and future research directions. Compared with ex-
isting teleoperation surveys, which often focus on specific control methods, feedback modalities, autonomy
levels, or application domains, this review emphasises the relationships between these elements. In particular,
it connects feedback architectures, interaction-quality challenges under delayed communication, and learning-
enabled adaptation within a common hazardous-environment teleoperation context. This positioning helps
clarify how architectural design, stability-preserving control, perceptual feedback, and adaptive autonomy col-
lectively influence teleoperation performance in safety-critical settings. This paper is an extended version of 1],
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incorporating expanded analysis, additional literature coverage, and a broader system-level synthesis.

2. TELEOPERATION FEEDBACK ARCHITECTURES

Teleoperation systems can be classified according to how command and interaction information are exchanged
between the operator and the remote robot[!]. The feedback architecture influences stability, interaction fidelity,
communication burden, and operator workload. In the reviewed literature, architectures are grouped into uni-
lateral, bilateral, and multilateral paradigms, reflecting different levels of feedback richness and coordination
complexity.

2.1 Unilateral teleoperation

Unilateral teleoperation refers to human-robot interaction architectures in which control commands flow exclu-
sively from the operator to the remote robot, without transmitting robot-environment interaction forces back to
the human. Unilateral architectures, therefore, implement one-way command transmission, and the operator
closes the loop primarily through perceptual feedback rather than force reflection [22]. This approach can reduce
the risk of delay-induced energetic instabilities associated with force feedback, but it reduces contact observabil-
ity and increases the operator’s reliance on visual interpretation during manipulation. However, unilateral tele-
operation may be sensitive to communication latency because control relies predominantly on delayed visual
feedback. When feedback is delayed, the operator must act on outdated information without kinaesthetic cues.
In controlled driving experiments, round-trip latencies of approximately 300 ms have been reported to degrade
closed-loop human control, increasing steering oscillations, out-of-lane events, and subjective workload [1°]. In
the reported unmanned ground vehicle setup, higher latencies approaching 900 ms were associated with severe
overcorrection-induced oscillations, increasing task completion time[23]. Similar effects are observed in out-
door agricultural environments, where low-bandwidth wireless links result in delayed and inconsistent video
feeds that misrepresent the robot’s actual viewpoint and can lead to task failure[24]. Collectively, these findings
indicate that perceptual latency is a major constraint in unilateral teleoperation, degrading controllability and
elevating operator workload. The corresponding unilateral architecture and information flow are illustrated in
Figure 2.
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Figure 2. Conceptual unilateral teleoperation architecture.

To mitigate perceptual closure under delay while preserving unilateral interaction, predictive and augmented vi-
sual feedback has emerged as a prominent strategy. Predictive video transformation interfaces overlay estimated
future states onto delayed camera streams, suppressing oscillatory control and reducing task completion time by
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up to 26% under high latency[23]. Learning-based generative pipelines further reconstruct delay-compensated
camera frames through monocular depth estimation and point-cloud rendering, enabling predictive displays
under 250-500 ms network delay(8l. Similarly, XR-based predictive overlays visualise intended task outcomes
ahead of delayed physical execution, reducing execution errors in irreversible manipulation tasks by more than
50% [25]. Beyond temporal compensation, unilateral systems also address perceptual limitations through en-
hanced spatial reconstruction. Conventional camera-based interfaces may provide limited depth perception
and are sensitive to occlusion, vibration, and adverse weather. During the dismantling of a nuclear cooling
tower, camera-based teleoperation suffers from visibility loss under fog, wind-induced vibration, and high video-
stream latency, motivating the replacement of video streaming with LiDAR-based 3D scene reconstruction and
digital-twin visualisation (6], Similarly, mobile manipulators in mining environments employ real-time digi-
tal twins reconstructed from RGB-D sensing and joint encoders to provide immersive VR-based teleoperation
with enhanced depth perceptionlé]l. Related VR frameworks fuse point clouds and camera streams into dy-
namic meshes to improve operator spatial understanding under hazardous conditions[*5]. Collectively, these
approaches can improve temporal and spatial perception, yet interaction forces and contact states remain un-
observable to the operator.

To compensate for missing force feedback without introducing energetic coupling, several unilateral teleoper-
ation systems embed local contact intelligence on the robot side. For example, gripper-integrated touch and
slip detection modules locally regulate grasping force during delicate fibre-handling tasks, reported to achieve
high success rates in the evaluated setup while the operator continues to rely purely on vision-based control [26].
In construction robotics, unilateral teleoperation is similarly used to collect expert demonstrations, after which
learned policies reduce dependence on continuous operator intervention [27]. These strategies show that unilat-
eral systems can partially compensate for missing haptic feedback by placing contact monitoring and low-level
regulation on the robot side. Overall, unilateral teleoperation remains a robust and widely adopted interaction
medium, particularly where force-reflective coupling is impractical or undesirable. Predictive displays, digital-
twin reconstruction, XR interfaces, and robot-side contact intelligence partially alleviate its limitations, yet they
do not provide direct force reflection to the operator. This motivates the exploration of bidirectional feedback
architectures that enhance contact observability while maintaining stability. To synthesise the discussion above,
Table 1 summarises the key constraints of unilateral teleoperation.

2.2 Bilateral teleoperation

In contrast to the use of pure perceptual feedback in unilateral teleoperation [22], bilateral teleoperation adds
mechanical force feedback that can improve interaction awareness and support contact detection, safer manip-
ulation, and more stable force regulation [28]. However, it also introduces stability and transparency challenges
under communication delay and uncertain contact dynamics. Across reported studies, the reviewed literature
identifies some recurring challenges. First, degraded force transparency due to communication imperfections
can disrupt synchronisation between master and slave and may disturb closed-loop stability. This is explicitly re-
ported in space-based and underwater teleoperation studies[>1429], Second, complex and uncertain interaction
dynamics introduce modelling errors that compromise system stability and operator perception. These include
free-floating base coupling in spacecraft manipulators, hydrodynamic disturbances in underwater arms, flexi-
ble support structures in nuclear manipulators, and variable cutting or impact forces in industrial and mining
tasks[31330], Third, limited operator situational awareness and cognitive burden emerge consistently as per-
formance bottlenecks due to visual feedback delay, poor depth perception, and dense task constraints 133132,
These studies demonstrate that bilateral teleoperation requires not only reliable force feedback, but also careful
maintenance of stability, transparency, and human interpretability. The corresponding bilateral master—slave
architecture and bidirectional information flow are illustrated in Figure 3.

Bilateral systems are typically formulated as a coupled master—slave loop in which the slave executes the opera-
tor’s motion commands and the master reflects processed interaction forces. Within this structure, three recur-
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Table 1. Summary of unilateral teleoperation: structural properties, dominant limitations, and representative mitigation strategies

Topic Core problem Representative mitigation Key references
approaches
Perceptual closure Operator acts on outdated visual feed- Predictive video transforma-
under delay back; no mechanical cues; increased tion; learning-based future- (510,25.25]
oscillations, reduced controllability, in- frame synthesis; XR predic-
creased cognitive load tive overlays
Limited spatial ~Camera-based interfaces provide incom- LiDAR and RGB-D-based
awareness plete depth perception; occlusion and vi-  digital twins; ~ VR/Unity- [6:13,16]
bration degrade situational awareness in ~ based immersive visualisa-
unstructured environments tion; fused point-cloud and
video rendering
Lack of contact ob- Interaction forces and contact states are ~ Robot-side contact and slip
servability not directly reflected to the operator; detection; autonomous force 2¢]
contact is often being inferred from vi- regulation modules; shared
sual or task cues autonomy
Hazardous Safety constraints limit force-reflective ~Robust visual teleoperation
environment coupling; reliance on unilateral visual —frameworks; collision moni- S
deployment feedback; high training burden and oc- toring; remote scene recon-
casional task failures struction
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Figure 3. Conceptual bilateral teleoperation architecture showing bidirectional coupling between operator and robot.

ring solution families are observed, each associated with specific channel and task constraints. Passivity-based
bilateral architectures regulate energy exchange through time-domain passivity observers/controllers or wave-
variable transformations that can support stability under communication delay and are frequently considered
in long-delay environments such as space and underwater teleoperation [>14]. Shared-control and constraint-
mediated schemes embed local autonomy or virtual fixtures into the bilateral loop, modifying operator com-
mands only when safety or feasibility limits are approached, which can reduce cognitive burden and is partic-
ularly suited to manipulation under dense physical or safety constraints, often implemented using online plan-
ners or nonlinear model predictive control (NMPC) supervisors [1331:32], Model-mediated bilateral frameworks
avoid direct transmission of raw force signals by estimating environment or task models locally and transmitting
structured parameters for force reconstruction, improving stability and interpretability when contact dynamics
are uncertain or switching, as demonstrated in satellite servicing and unknown-environment manipulation sce-
narios 22331, This relationship between operational constraints and architectural choice explains why similar
control families recur across disparate domains and motivates evaluating bilateral teleoperation in terms of



Khedr et al. Complex Eng. Syst. 2026, 6, 15 Page 7

stability-transparency trade-offs.

Among these approaches, passivity-based control has received the most extensive theoretical development and
therefore serves as a representative example. The first passivity-based method for a bilateral teleoperation sys-
tem was proposed by Anderson and Spong(34] in 1988. This addressed time-delay-induced instability in bilat-
eral teleoperation. While early bilateral teleoperation relied on analytically passive controller designs, current
approaches enforce passivity in the time domain through energy monitoring and regulation. Passivity remains a
central stability principle, but modern methods reduce conservatism by allowing controlled energy injection via
energy tanks and passivity observers/controllers. In[35], the authors propose a bilateral teleoperation architec-
ture with variable impedance control for orientational contact tasks. The approach integrates a scattering trans-
formation to preserve passivity under delayed communication. The authors also introduced Passivity-Based
Packet Modulation (PBPM) for packet-loss compensation under passivity constraints. Unlike[35], the authors
in[3¢] proposed handling of unpredictable delay variations by introducing time-dependent gains into both the
feedforward and feedback position control paths. The authors show that the system can maintain passivity
and stability even with arbitrary intermediate configurations and without relying on velocity measurements.
Piccinelli et al.37] proposed a method that replaces traditional nonlinear energy-tank-based Model Predictive
Control (MPC) with a computationally lighter linear MPC formulation, achieved through a carefully designed
linearised virtual energy tank and a new energy-sharing protocol between local and remote manipulators. The
authors demonstrate that by enforcing a set of linear under-approximation constraints on the tank dynamics,
the controller can guarantee passivity and stability of the nonlinear closed-loop system, even under unknown
and time-varying communication delays. These studies illustrate the continued development of computation-
ally efficient passivity-based architectures. In a related approach, the authors in (38! categorised passivity-based
methods based on the passivity property of teleoperators and used a unified Lyapunov-like function for sta-
bility analysis. Their classification includes three types of controllers: (1) Scattering-Based Controllers[3940],
(2) Damping Injection Controllers!*42], and (3) Adaptive Schemes[344]. These methods can stabilise interac-
tion by constraining energy exchange, often with trade-offs in transparency and control complexity. Practical
adoption depends on computational budget, delay variability, and how conservatism is managed.

Beyond domain-specific implementations, the reviewed studies suggest three recurring design axes in bilat-
eral teleoperation: stability preservation under delayed energy exchange, interpretability of interaction infor-
mation at the human interface, and regulation of operator authority under physical and environmental con-
straints. Passivity-based and wave-variable formulations primarily address the first axis by guaranteeing ener-
getic boundedness of the communication channel, but this can degrade transparency as delay increases[3!4].
Shared-control and virtual-fixture strategies address the second and third axes by transforming raw interac-
tion into structured guidance, reducing workload, and limiting unsafe commands[332]. Model-mediated and
parameter-transmission frameworks abstract contact dynamics to maintain stability under switching interac-
tions but rely on simplified contact models and accurate online identification (2933, This suggests that some
limitations are not merely implementation-level, but reflect recurring trade-offs between stability guarantees,
interaction transparency, and autonomy intervention. These recurring problems and dominant solution fami-
lies in bilateral teleoperation are summarised in Table 2.

2.3 Multilateral teleoperation

Multilateral teleoperation extends the bilateral master—slave paradigm to systems involving multiple human
operators, multiple robotic agents, or both. These configurations are motivated by applications in large-scale
tasks where workload, spatial coverage, or task complexity exceeds the capability of a single operator-robot
pair. In these settings, effective performance requires not only force reflection between two devices but also
coordination of intent, authority, and interaction among multiple agents. Early multilateral formalisation by
Nichols and Okamural#s] established abstractions for task decomposition, role assignment, and inter-agent
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Table 2. Recurring problems and dominant solution families in bilateral teleoperation

Recurring problem

Dominant solution family

Persistent open gap

Key references

Delayl/jitter affecting instabil-
ity and transparency

Operator workload and com-
mand feasibility under dense
constraints

Uncertain contact and switch-
ing interaction modes

Poor situational awareness (de-
layed/limited vision)

Passivity-based  regulation
(TDPA; wave variables;
energy bounding)

Shared control/virtual fix-
tures/constraint mediation

Model-mediated interaction
(transmit structured parame-
ters instead of raw forces)
Predictive cues and engi-
neered haptic  guidance
(risk/proximity encoding)

Transparency-stability ~ trade-offs
under large delays; limited operator
performance statistics under realis-
tic links

Generalisation to dynamic scenes;
balancing autonomy intervention
with teleoperation transparency
Multi-contact modelling; robust-
ness to fast-changing contact and
parameter-identification errors
Field validation under operational
communications; scalable percep-
tion in cluttered, unstructured envi-

[3,14]

[13,32,14,31]

[29,33]

[31,13]

ronments

Task-/environment-specific Task-model estimation  Ill-conditioning under limited ex-

.. . . . e . . [33,30]
uncertainties (compliance, and compensation (regis- citation; need broader validation
registration, cutting variabil- tration; compliance-aware across tasks and materials
ity) correction; model-based

compensation)

communication. Shahbazi et al.[4¢] further provided a classification of multilateral teleoperation into multi-
master/single-slave, single-master/multi-slave, and multi-master/multi-slave topologies. Representative inter-
connection topologies are shown in Figure 4. This taxonomy highlighted that the stability and coordination
are architecture-dependent and cannot be directly inferred from their bilateral counterparts. However, scaling
from bilateral to multilateral architectures introduces more challenges in stability, transparency, and communi-
cation that do not arise in single-master single-slave systems. Shahbazi et al. [4¢] identified closed-loop instability
induced by communication delays as a central limitation across multilateral architectures, noting that stability
properties become strongly dependent on the chosen interconnection topology. From a passivity and energy-
flow perspective, Chen et al.[47] demonstrated that direct extension of wave-variable-based bilateral control to
multi-master-multi-slave networks may create internal wave reflections, delay-induced energy injection, and
progressive degradation of force transparency. These studies indicate that multilateral teleoperation can bene-
fit from dedicated authority-sharing mechanisms, cooperative interaction models, and communication-aware
control architectures to preserve synchronisation and transparency in multi-agent teleoperation networks.

To address these limitations, several control-theoretic solution frameworks have been proposed. Chen et al.[47]
introduced a multilateral wave-variable control architecture in which force and velocity information are ex-
changed through weighted communication channels to reduce internal wave reflections while preserving pas-
sivity of the delayed network. Jiang et al.[8] proposed a cooperative multi-leader multi-follower architecture
based on virtual leader-virtual follower aggregation, which transforms the multi-agent system into an equivalent
single-leader single-follower structure to reduce redundant network communication. Their prescribed-time co-
operative controller, combined with composite learning-enhanced fuzzy estimation, is developed to guarantee
synchronisation within user-defined time bounds. These studies suggest that stability in multilateral teleop-
eration requires integrated passivity-based communication design, cooperative aggregation architectures, and
robustness-oriented control synthesis. In addition to stability-oriented control designs, several works address
coordination and authority allocation at the human-robot level. Sun et al.[24] proposed a dual-leader multi-
lateral teleoperation architecture in which a large-scale leader provides rapid gross motion while a small-scale
leader performs fine corrective adjustments. This addresses the workspace mismatch and precision trade-off
present in conventional single-leader teleoperation. Within this framework, environmental interaction forces
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Figure 4. Representative multilateral teleoperation architectures showing common interconnection topologies.

are allocated between the two leaders using fuzzy logic-based force feedback distribution, and Lyapunov-based
analysis is used to assess convergence and transparency properties. Pérez-Alvarado et al.[*] proposed a convo-
lutional long short-term memory (ConvLSTM) predictor for trajectory tracking in a leader—follower formation
of collaborative remotely operated vehicles under communication and sensor latency. Their simulations consid-
ered a leader ROV and a follower ROV, a 200 ms sensor sampling period, communication delay, and changing
ocean-current conditions. The ConvLSTM predictor was compared with recursive least squares, Kalman filter-
ing, multilayer perceptron, and LSTM predictors. The reported results showed that ConvLSTM achieved lower
mean-square error and lower RMS control output than the non-predictor case and most comparison meth-
ods, with the authors reporting a 13.9% improvement in trajectory tracking when communication latency was
included. These studies suggest that authority-sharing and data-driven prediction can enhance coordination
under communication limitations, although performance remains task and model dependent.

Recent multilateral teleoperation systems further demonstrate the practical potential of cooperative multi-robot
architectures in complex and hazardous environments while exposing persistent scalability and robustness lim-
itations. Patel et al.[59] presented a multi-robot teleoperation framework for shallow-water pipeline inspection
in which multiple underwater robots and a surface relay vehicle cooperate under human supervision to execute
coordinated inspection and intervention tasks. Their teleoperation strategy enables coordinated task alloca-
tion and real-world field deployment under strong currents and limited visibility. However, as highlighted by
Shahbazi et al.l46], existing multilateral teleoperation studies remain predominantly limited to small numbers
of agents, relying on assumptions such as bounded communication delays, rigid contact coupling, or passive
operator and environment dynamics, and lack a general stability theory for large-scale multi-agent teleoperation
networks.

Opverall, the literature indicates three persistent limitations: robust handling of heterogeneous and non-stationary
communication conditions, scalable role and authority assignment among multiple operators, and adaptive co-
ordination under complex multi-contact environmental interaction. Addressing these limitations may require
integrating communication-aware control and learning-based coordination to achieve reliable large-team coop-
erative manipulation.

To clarify how architecture selection depends on the operational environment, Table 3 compares representative
hazardous teleoperation scenarios in terms of reported disturbances, communication-delay profiles, stability
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and transparency challenges, reported or commonly adopted teleoperation architectures, and mitigation strate-
gies. This comparison highlights that hazardous environments are not treated here as a homogeneous category,
since each domain imposes different constraints on feedback design, control stability, perception, and operator
support. While the architectural taxonomy above clarifies how unilateral, bilateral, and multilateral systems
structure information flow and control authority, these classifications alone do not explain why certain systems
succeed or fail in practice. In hazardous environments, performance is ultimately determined not only by topol-
ogy but by the quality of interaction perceived by the operator under delay, uncertainty, and constrained sensing.
The next section therefore analyses teleoperation from an interaction-quality perspective that cuts across archi-
tectural boundaries.

3. INTERACTION QUALITY AND TRANSPARENCY

Building on the architectural taxonomy in Section 2, this section synthesises interaction-quality determinants
that recur across unilateral, bilateral, and multilateral teleoperation. Across the reviewed literature, interaction
quality is commonly evaluated through transparency and stability. Transparency refers to the extent to which
the operator perceives the remote environment accurately, rather than artefacts introduced by communication
delay, control design, or local device dynamics [>7:917]. Interaction quality is further shaped by perceptual asyn-
chrony due to latency and jitter, situational awareness under limited sensing, and the extent to which shared au-
tonomy can reduce workload without obscuring task intent [10:11.13.1415] The following subsections consolidate
these themes into three complementary perspectives: transparency and force-motion fidelity, communication
delay and telepresence, and operator-robot cooperation. Figure 5 summarises how control, communication,
perception, and human factors jointly influence overall interaction quality.

3.1 Transparency and force-motion interaction fidelity

Across bilateral and multilateral teleoperation studies, transparency is commonly discussed in terms of posi-
tion/force tracking and perceived force-motion correspondence 7217511, A consistent conclusion is that trans-
parency loss arises from the compounded effects of communication delay, conservative stability enforcement,
and non-ideal local dynamics that distort force and motion cues[314]. Passivity-based delay compensation is
reported as essential for stability, yet it can introduce damping, bias, or wave-like distortions that reduce haptic
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Table 3. Comparison of teleoperation environments, communication challenges, architectures, and mitigation strategies

Environment Reported distur- Communication  Stability/transparency Recommended/adopted Adaptive  con-
bances & failure  delay profile challenge architecture trol/mitigation
modes strategy

On-road ve-  Steering oscilla-  Terrestrial —net- Perceptual closure de- Unilateral with predictive  Predictive video

hicledriving  tions; out-of-lane  work delay graded under delayed visual overlay; shared- transformation;
events; elevated visual feedback; oscillatory  control authority layer bandwidth-
subjective work- closed-loop response limited ~ steering
load under filter; XR predic-
round-trip delay tive overlay
(Neumeier et
al.[1ol)

UGV  (Un-  Severe Medium-high Delayed visual loop and  Unilateral ~with super- Predictive video

manned overcorrection- latency network lack of kinaesthetic feed- visory layer; predictive  transformation;

Ground induced oscilla-  link back cause operator over-  display; onboard collision  latency-tolerant

Vehicles) tions;  increased correction cascade avoidance supervisory
task comple- control
tion time under
latency (Moniruz-
zaman et al. [23])

Outdoor Low-bandwidth Bandwidth- Delayed or inconsistent vi- ~ Unilateral supervisory ~ Monocular

agricultural ~ communication, constrained sual feedback reduces cor-  teleoperation with delay-  depth estimation;

teleopera- intermittent wireless com- respondence between the  compensated visual  future-pose

tion transmission munication displayed scene and the  feedback prediction; point-
failures, variable- with  emulated  robot state cloud rendering;
frame-rate video,  250-500 ms delay inpainting-based
and viewpoint de- frame  comple-
viation may lead tion
to task failure
(Chakraborty et
al. [8])

Nuclear Fog-induced Environmentally ~ Visual closure collapses  Unilateral with LiDAR- LiDAR 3D scene

decommis- visibility loss;  variable high- under obscuration and based digital twin; VR  reconstruction;

sioning wind-driven latency commu-  vibration; video-only  immersive visualisation vibration-
vibration; nication feedback unreliable compensated
high video- rendering; RGB-
stream  latency; D + encoder
camera-only fusion
teleoperation
becomes less

Space-based
manipula-
tion

reliable (Shakoo-
rianfard et al. [16])

Degraded
force
parency disrupts
master—slave
synchronisation;
free-floating base
coupling  desta-
bilises system
(Artigas et al.3])

trans-

Underwater/subkpdrodynamic

teleopera-
tion

disturbances;
modelling errors;
strong currents;
limited visibility;
acoustic-link
instability (Patel
et al.[501)

Very high long-
distance commu-
nication delay

Acoustic
munication with
delay, jitter, and
packet loss

com-

Passivity  violation due
to  delay-induced en-
ergy injection;  severe
transparency-stability

trade-off

Hydrodynamic uncer-
tainty and acoustic jitter
degrade  force  trans-

parency and coordination
stability

Passivity-based  bilateral

control; model-mediated
interaction;  supervisory
autonomy
Multilateral — cooperative
inspection

Wave-variable
transformation;
energy-tank
passivity ob-
server/controller;
base-coupling
compensation

Adaptive hy-
drodynamic
disturbance
observer; online
model  update;
wave-variable
transmission;
coordinated task
allocation




Khedr et al. Complex Eng. Syst. 2026, 6, 15 Page 12

fidelity and the operator’s ability to discriminate between free-space and contact phases!37:17]. These observa-
tions reinforce the recurrent stability-transparency tension that transparency requires high-gain bidirectional
coupling, whereas delay and uncertainty necessitate energy-bounding mechanisms that typically reshape the
transmitted interaction signals (39171,

The reviewed literature concentrates on transparency-oriented mechanisms that explicitly target the human-
perceived force loop rather than transmitting measured slave forces. Balachandran et al.[”] showed that closing
an explicit master-side force control loop can reduce artificial inertia perceived during free motion and im-
prove contact perception under large delays, while maintaining passivity through time-domain passivity con-
trol. In addition, Wang et al.[®) showed that local mechanical impedance can influence the operator experi-
ence. They combined disturbance-observer-based force feedback with energy-based active damping to reduce
local impedance under time-varying delay. At the communication-structure level, Sun et al.['”] examined trans-
parency loss in wave-variable teleoperation due to wave reflections and drift terms. Their modified wave-variable
transformation was designed to suppress reflections while preserving passivity under time-varying delays, with
reported improvements in force tracking during contact tasks. These contributions show that improving inter-
action fidelity requires controlling energy regulation mechanisms that can shape the perceptual content of force
feedback [72:17].

Another source of transparency degradation is internal signal amplification associated with robot kinematics.
Srikar et al.[51] showed that ill-conditioned Jacobians can magnify uncertainties and motor-torque fluctuations
into oscillatory or exaggerated reflected forces, thus degrading transparency even when delay compensation is
nominally stable. Their results motivate a co-design view in which mechanical isotropy and kinematic condi-
tioning are considered important contributors to transparency [51]. Wang et al.[3°] presented a teleoperated ma-
chining framework in which interaction forces are used by both the operator and the controller, enabling quan-
tified regulation and logarithmic feedback that reduces operator burden while preserving operational aware-
ness. In multi-leader settings, fixed force-sharing may limit contact perception across different operating phases.
Sun et al.[24] proposed adaptive fuzzy allocation of environmental forces between leaders to improve force per-
ception during large-range and fine-operation phases, with experiments showing reduced collisions in narrow-
passage tasks.

When direct force transmission becomes unreliable under uncertain contact, model-mediated formulations
present an alternative path to transparency. Huang et al.[2°] frame passivity-induced distortion as a consequence
of bidirectional power exchange between forward position and backward force channels. By transmitting esti-
mated environment parameters and locally reconstructing dynamics, they report improved interaction quality
under time-varying delays while avoiding oscillatory force artefacts. In a different human-in-the-loop context,
Black and Salcudean [8] show that when the slave includes a human novice with intrinsic reaction delays and
tracking variability, direct bilateral force feedback becomes impractical beyond moderate delays, and model-
mediated approaches can improve robustness. Across these works, a consistent limitation remains: under large
and time-varying delays, reducing residual bias or conservative stabilisation effects without compromising sta-
bility remains difficult, particularly in rapidly changing environments [-17:1829],

3.2 Communication delay, perceptual asynchrony, and telepresence

While transparency concerns the fidelity of force-motion cues, many systems are primarily limited by percep-
tual asynchrony introduced by end-to-end latency and jitter in the sensing-decision-actuation loop [10:11:23],
Neumeier et al.[1°] demonstrated that round-trip latency degrades lane keeping, increases steering oscillations,
and raises subjective workload and frustration in teleoperated driving, thereby reducing telepresence and op-
erator confidence. In a broader synthesis, Kamtam et al.['!] decomposed teleoperation latency into sensing,
encoding/decoding, network transport, display, operator reaction, and actuation components. The authors
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argued that jitter can be particularly disruptive because it destabilises the operator’s internal prediction and tim-
ing. These findings position communication quality as a key determinant of interaction quality and safety [10-11].
To mitigate delay-driven operability loss, several studies propose replacing direct feedback with predictive or
intention-reflective interfaces that close perceptual loops locally. Moniruzzaman et al.[23] demonstrated that
simple predictive transformations of delayed video can reduce task time under high latency, indicating that low-
complexity perceptual prediction can improve operator performance when haptic cues are absent. Chakraborty et
al.18] formulated latency compensation as future-frame synthesis conditioned on past images and robot pose.
Their modular pipeline aims to deliver delay-compensated visual feedback under sizeable delays. Zhu et al. [25]
extended prediction from geometry to task outcome by using an intention-reflected predictive display in XR,
combined with shared control to execute the intended outcome remotely under constant and time-varying
delays. Wu et al.[52] addressed delay-induced position asynchrony in space teleoperation using data-driven pre-
diction, reporting improved synchronisation under complex delay patterns. Together, these approaches suggest
that when communication delay disrupts synchronous perception, interaction quality may be partially improved
by predicting either the remote state or the consequence task outcome to re-align the operator’s perception with
control intent [8:23.25.52],

Delay compensation has also been addressed through predictive, optimisation-based, and learning-based frame-
works operating at both the control and operator-interface levels. Zhang et al.[32], proposed an NMPC-based
shared controller for fusion maintenance tasks, aiming to improve safety and reduce operator workload dur-
ing human-robot interaction. Chen ef al.[>3] addressed time-delay modelling for relay communication-based
space telerobot systems by decomposing the total loop delay into three components: ground communication
delay, ground-space communication delay, and processing delay. The processing and ground communica-
tion delays were modelled using probability-distribution-based methods, while the ground-space communi-
cation delay was modelled using an optimal communication link identification and minimum time-delay re-
alisation (OCLIMTDR) method. Within this method, a point-vector-sphere (PVS) algorithm was used to
judge communication-link connectivity in the relay network. The three delay components were then integrated
into a loop time-delay model and implemented as a simulation system for generating relay communication-
based space teleoperation delays. The authors showed that the generated delay profiles include irregular jit-
ters and periodic jumps, and argued that evaluating control methods under this generated delay environment
may be more convincing than using sinusoidal or other simple time-delay environments[53]. Yoon et al.[54]
proposed a Generative Adversarial Network (GAN)-based prediction architecture that synthesises the current
visual frame from a delayed camera image. Similarly, Qu et al.[5] proposed an Occlusion-Aware Trajectory
Prediction (OATP) framework for time-delayed teleoperation of space manipulators. Their method combines a
Time Occlusion-Aware Graph Encoder (TOGE), which uses a temporal graph structure to aggregate neighbour-
ing joint information and update node features, with a Future Random Information Fused Long Short-Term
Memory (FRIF-LSTM) module, which incorporates latent variables representing stochastic future-frame infor-
mation. The predicted manipulator trajectory is then fused with downstream video to support operator per-
ception under communication delay and occlusion. Experiments using real and simulated space-station videos
showed improved trajectory-prediction accuracy compared with several baseline methods.

Another line of work addresses communication constraints at the link and network layers, particularly in under-
water systems where acoustic propagation imposes high latency and low bandwidth [56:57,58:59.601 Earr et al. [5¢]
demonstrated an integrated optical-acoustic system that enables high-data-rate, low-latency optical transmis-
sion for video and interaction, while retaining acoustic links for robustness and range. Durugwar and Kas-
turiwala[57] similarly argue that underwater optical wireless communication can support higher data rates than
acoustics, but remains sensitive to turbidity and alignment constraints. For multi-robot settings, Zhang et al. [58]
proposed an omnidirectional optical communication design to reduce alignment requirements and maintain
bidirectional links under relative motion over tank-scale distances. At the channel-modelling level, Wang et al. [5°]
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analysed how turbidity, receiver field-of-view, aperture, and solar noise affect delay spread and bit-error perfor-
mance, highlighting constraints on real-time feedback quality in shallow waters. Beyond optical links, Narmeen et
al.[s°] addressed delay-induced collision dynamics in underwater acoustic sensor networks, showing that relay-
selection and collision avoidance can influence latency and reliability. These studies collectively show that in-
teraction quality in harsh conditions depends not only on perception-side compensation, but also on commu-
nication co-design that improves bandwidth, reliability, and delay predictability [56:58.59:60],

Despite these advances, severe delay variability, packet loss, and environmental channel non-stationarity can still
degrade operator experience even when stability is retained, motivating adaptive strategies that remain effective
under adverse network conditions [8911:25]. Moreover, many reported evaluations are constrained by laboratory
settings or scenario-specific sensing and modelling assumptions, leaving realistic operational communications
an open research challenge [3-1531:61],

3.3 Operator-robot cooperation mechanisms for interaction enhancement

A prominent trend across the reviewed literature is to enhance interaction quality through structured operator-
robot cooperation, particularly in hazardous environments. In this section, cooperation is considered at the
classical interaction and control level, including constraint mediation, virtual fixtures, haptic guidance, digi-
tal twins, and planning assistance. Data-driven intent inference, learned arbitration, and dynamic authority
allocation are treated separately in Section 4 as learning-enabled and adaptive teleoperation mechanisms.

Rather than relying on raw interaction feedback alone, cooperative teleoperation can use constraint mediation,
task-space guidance, and perception-assisted interfaces to make remote operation more interpretable and less
workload-intensive 1314611, In underwater manipulation, Huang et al.[14] integrated constraint-aware trajec-
tory optimisation with virtual guiding force feedback and passivity-preserving wave-variable communication.
Experiments indicate that constraint proximity-derived guidance can reduce unsafe operator inputs and reduce
workload when contact-force sensing is limited. In nuclear maintenance, Ju and Son[*3] showed that combining
egocentric task-space constraints, virtual fixtures, vibration suppression for flexible masts, and passivity-based
bilateral control can reduce completion time and workload, while also revealing coupling effects between as-
sistance modules that can introduce noise amplification and guidance inaccuracies. These results suggest that
when direct haptic transparency is limited, interaction quality can be improved by converting complex phys-
ical constraints and uncertainties into actionable haptic cues and structured assistance that preserve operator
command interpretability [13:14],

Perceptual cooperation also appears through digital twins and immersive interfaces that improve situational
awareness and safety in cluttered or hazardous settings. Bavelos et al.[*] reconstructed dynamic virtual envi-
ronments by combining robot sensing with a Unity-based scene representation, supporting collision-aware mo-
tion planning while quantifying how network latency slows mesh updates and degrades teleoperation efficiency.
In underground mining, Correa et al.[>!] combined 3D reconstruction with haptic counter-forces that encode
proximity risk, reducing collisions and improving task performance relative to conventional camera-based joy-
stick control. In nuclear decommissioning, Hashimoto et al.[61] coupled global and local motion planning with
a GUI for registration and collision monitoring, supporting narrow space operation while identifying usability
and sensing limitations for field deployment. At a larger operational scale, Kennedy et al.[4] report telepresence-
enabled deep-sea ROV missions in which live video and sensor streaming allowed geographically distributed
experts to participate remotely. Although their work does not address teleoperation control directly, it illustrates
how situational awareness and remote collaboration support decision-making in inaccessible environments. To-
gether, these studies show that immersive perception and planning assistance can support interaction quality
when direct feedback is delayed, incomplete, or unreliable [15:31.61],
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Across the reviewed studies, persistent open challenges exist. Classical assistance mechanisms can improve
operability, but they introduce questions of assistance transparency, operator interpretability, and robustness,
especially when feedback is delayed or reconstructed (1314151, Many approaches remain scenario-specific, rely-
ing on task-specific constraints, environment models, or sensing assumptions that may not hold in unstructured
conditions 2529621, Robust validation under realistic communications and environments remains limited, moti-
vating broader experimental evidence and evaluation protocols that jointly capture stability, transparency, task
performance, and human workload [3!1:3161], These gaps motivate the need for teleoperation frameworks that
treat interaction quality as a combination of control, communication, perception, and human factors.

Overall, classical cooperation mechanisms improve interaction quality by structuring what the operator per-
ceives and how commands are constrained. However, they often rely on predefined models, manually designed
assistance rules, or task-specific constraints. When communication delay, uncertain intent, or changing task
conditions require the assistance policy to adapt, learning-enabled methods become relevant. Section 4 there-
fore reviews data-driven intent inference, adaptive feedback rendering, and dynamic authority allocation.

4. LEARNING-ENABLED AND ADAPTIVE TELEOPERATION

The preceding sections show that hazardous-environment teleoperation is limited not only by controller sta-
bility, but also by delayed feedback, incomplete sensing, uncertain contact, and operator-dependent behaviour.
Learning-enabled methods address these limitations by estimating latent user intent or interaction state, while
adaptive methods update models, feedback, or authority as operating conditions change. From a function-
allocation perspective, such methods can support both information processing and action execution [63] | thereby
influencing what the operator perceives or what command reaches the remote robot.

This section organises learning and adaptation by their role in the teleoperation loop. Table 4 summarises the
main practices, learning paradigms, and deployment gaps. Section 4.1 reviews authority allocation through in-
tent inference and arbitration, Section 4.2 reviews adaptive feedback rendering and model-mediated interaction,
and Section 4.3 reviews shared autonomy under degraded communication. Safety supervision is a constraint on
these learned or adaptive components, because passivity, command filtering, uncertainty gating, and fallback
control determine safe execution.

4.1 Authority allocation: intent inference and arbitration

A key design variable in hazardous teleoperation is authority allocation: how robot motion is determined when
operator commands, autonomous assistance, and safety constraints conflict. This subsection reviews learning-
enabled authority allocation through intent-estimation, arbitration, and residual correction policies, including
probabilistic goal inference, Bayesian belief updates, learned arbitration functions, and residual policies. Fol-
lowing Chiou et al.[64], authority allocation can be treated as a variable-autonomy problem, where assistance
changes with task context and uncertainty rather than remaining fixed. The review follows Losey et al’s de-
composition[65] of shared autonomy into intent inference, arbitration, and feedback. Such mechanisms should
remain bounded and predictable under intent uncertainty, requiring explicit safety enforcement [¢6].

Pappas et al.[¢7] presented a non-learning baseline for authority allocation through fixed blending. Their con-
troller executes a convex combination of operator command and obstacle-avoidance command, and they eval-
uate this structure under impaired teleoperation conditions. Their results show that fixed blending can reduce
collisions and operator burden relative to pure manual teleoperation, but remains manually tuned and weakly
adaptive to changes in task context or link quality. Javdani et al.[*8] moved beyond fixed-gain blending by us-
ing goal uncertainty to drive assistance. They modelled shared autonomy as a Partially Observable Markov
Decision Process (POMDP) with an unknown user goal and estimated intent from user inputs, allowing assis-
tance to account for a distribution over possible goals rather than a single prediction. Their user study reported
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Table 4. Learning-based teleoperation practices, learning paradigms and deployment gaps

Practice
proach

Learning-enabled ap- Learning &

adaptation
paradigms

Deployment-critical gap

Authority alloca- Intent inference + arbi-

POMDP inference; maximum-

Limited hazardous-task validation;

tion tration entropy  IOC;  recursive miscalibrated confidence can cause
Bayesian  filtering; gaze- unexpected intervention;  needs
augmented inference; bounded, safety-filtered, legible
recurrent or residual arbitra- arbitration
tion learning

Model-mediated ~ Adaptive rendering Supervised force/contact Limited  hazardous-task  valida-

feedback

Link degradation Prediction

+

link-

conditioned assistance

Safety
sion

supervi- Constrained execution

estimation; neural observers;
contact-state  classification;
adaptive virtual fixtures; OOD
detection

Delay-aware intent inference;
LfD; GMM/TP-HSMM task
models; network-quality-
conditioned autonomy
allocation; confidence-aware
blending

Passivity control; TDPA; com-
mand filtering; control barrier

tion; model mismatch and update
transients  distort cues;  needs
smooth/passive updates with conser-
vative fallback

Few end-to-end trials; stale-state assis-
tance may conflict with the operator;
needs uncertainty-aware degradation
and conservative switching

Learned or adaptive assistance can be-
come unsafe when confidence, passiv-

functions; predictive safety ity, or model validity degrade; needs
filters; uncertainty-gated runtime checks before commands
fallback reach the robot

faster completion with less user input than a predict-then-blend baseline, but also showed that some users pre-
ferred clearer control authority. Oh et al. [6] addressed a limitation of blended shared autonomy, where fixed or
heuristic blending can steer the executed command away from the operator’s intended correction. They learn
the arbitration signal « using a recurrent neural network with an LSTM that maps recent robot state, user com-
mands, and intent scores to an online blending decision. Supervision is generated from hindsight labels, and
hindsight data aggregation retrains the model under the learned arbitration policy, mitigating covariate shift as
users adapt their inputs to the assistance.

Residual policy learning treats assistance as a corrective action added to, or constrained around, the operator
command. Schaff and Walter [7°] formulate shared autonomy as a learned residual policy that minimally mod-
ifies human actions while satisfying task constraints, thereby retaining the operator as the primary command
source. This shift learning from goal prediction to command-level correction. However, delay and low-rate
feedback can make autonomous intervention harder to anticipate, so learned arbitration or residual correction
should be paired with explicit safety filtering rather than deployed as unconstrained learned policies [65-66],

These modes can be viewed as direct teleoperation, traded control, shared control, shared autonomy, and variable
autonomy as points on a control-allocation continuum that differ in when authority shifts and which functions
are automated 6364711, In these architectures, arbitration determines the executed action and is safety-critical.
Assistance is typically gated by an intent estimate; errors in either directly alter authority allocation(%]. In
hazardous teleoperation, where delay and degraded feedback already reduce predictability (Section 3), poorly
calibrated arbitration can increase workload, command conflict, and loss of operator confidence. Authority-
allocation methods therefore need validation not only for task performance, but also for bounded intervention,
legibility, and safe handover between human and autonomous control.
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4.2 Adaptive feedback rendering and model-mediated interaction

Delay and stabilisation can distort force feedback and reduce the interpretability of contact cues['°]. Model-
mediated teleoperation has therefore been developed as an alternative to direct transmission of interaction
forces by communicating a parameterised representation of the remote environment, where learning/adaptation
mainly support perceptual mediation. Interaction properties are estimated at the slave side, transmitted as
model updates, and rendered locally against a proxy model, helping preserve perceptual coherence despite la-
tency[1272]. This aligns with human-oriented perspectives that frame transparency in terms of reliable decision
support rather than signal fidelity, motivating adaptive methods to maintain cue validity under uncertainty[73].

A large body of work renders bounded haptic cues that encode task constraints, preferred directions, or safe
regions at the interface, extending the virtual-fixture concept from early perceptual overlays!74 and later hap-
tic fixture designs for manipulation(7]. A main limitation of these approaches is that fixtures are typically
hand-specified for a particular geometry, tolerance, and task phase. Recent learning-oriented work targets this
bottleneck by learning guidance structure from data. Ewerton et al.[76] move from discrete fixtures to continu-
ous, learned guidance fields, learning a mixture of virtual guides and rendering the gradient as haptic assistance.
Force guidance reduced collisions and improved completion time in their changing-environment task without
a corresponding significant drop in perceived control. Abi-Farraj et al.[)2] integrate perception and learning
for multi-target grasping, using depth reconstruction and grasp-candidate generation to drive guidance. They
report reductions in completion time and path length, with higher perceived effectiveness. These suggest a tra-
jectory from bespoke constraint cues to data-driven, perception-conditioned guidance with measurable gains
in efliciency and safety proxies, but the evidence remains dominated by small-N laboratory tasks and hinges on
the reliability of scene reconstruction and intent alignment, which are common failure modes under delay and
sensing degradation.

As noted, hazardous deployments often make tool-side force sensing impractical, so feedback rendering be-
comes an interaction-state inference problem rather than a direct force-transmission problem. Recent hazardous-
domain evidence supports this framing. Li et al.[7”] show that isomorphic haptic telemanipulation for radioac-
tive material handling can meet an application-level force-estimation requirement after compensation, but the
quasi-static validation under-characterises rapid contact switching and frictional transitions that often corrupt
rendered cues. Learning-based approaches target this gap by estimating contact force or interaction state from
incomplete sensor channels. Dong et al.[78] demonstrate an online sparse Gaussian-process force estimator in
bilateral teleoperation and report substantially improved fit and reduced error relative to model-based baselines
under intermittent contact in soft and stiff environments. Chua and Okamura (79! further show that neural force
estimates can be rendered as real-time haptic feedback during teleoperation, while also demonstrating that trans-
parency and stability depend on the sensing modality and generalisation behaviour of the estimator. Ji et al. (8]
extend learned feedback beyond force magnitude estimation by using contact state as the feedback variable. A
temporal convolutional network fuses force/torque and velocity time-series signals to classify noncontact, con-
tact, stick, and slip states, which then drive state-dependent haptic rendering designed to make physical interac-
tion events and effects more distinguishable and interpretable to the operator. Together, these studies position
online probabilistic estimation, supervised neural force estimation, and contact-state classification as feedback-
layer paradigms rather than generic learning add-ons. Where internal sensing is degraded, external perception
can partially restore observability but remains fragile under occlusion and calibration drift typical of hazardous
scenes, despite low reported kinematic errors in controlled conditions(8!]. The reviewed literature therefore po-
sitions adaptive interaction-state inference as a dependency for model-mediated rendering because it maintains
model validity across contact-mode changes. However, miscalibration and out-of-distribution conditions can
produce incorrect high-confidence cues, motivating uncertainty monitoring and conservative fallback mecha-
nisms (82,

The model-mediated teleoperation literature shows that the dominant failure mode in delay-tolerant local ren-
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dering becomes model mismatch and update transients rather than raw delay. Mitra and Niemeyer [172] demon-
strate stable model-mediated telemanipulation under long round-trip delays, but their analysis makes clear that
environment learning and model update timing must be bounded to avoid perceptually disruptive force changes
and instability. Xu ef al.[19] formalise this as the model jump effect, where discrete updates to local stiffness
or geometry can produce discontinuous haptic cues and destabilise rendering if updates inject energy, moti-
vating passivity-consistent update laws and energy-aware model management. Moving beyond 1 DoF proxy
contact, extensions show that richer local models can improve perceptual structure. Willaert et al.[83] use vi-
sion to augment multi-DoF model updates by estimating surface position and normal, yet they explicitly note
that unmodelled friction can drive large normal estimation deviations, which would directly corrupt rendered
constraint cues under realistic contact. More recent adaptive schemes make model-update governance itself
the design target. Kim and Lee[84! report that adaptive model-mediated teleoperation in uncertain environ-
ments can reduce force model updates and improve force-related error, and their user results indicate improved
stiffness discrimination, suggesting that properly governed updates can provide measurable perceptual gains.
For hazardous telemanipulation, where contact switches and sensing degrades, stability may depend more on
managing learned or estimated model updates than on transmitting forces directly, with the safety-critical risk
shifting to confidence failures and update-induced discontinuities [85].

As discussed in Sections 2.1 and 3.2, predictive visualisation can complement haptic rendering, so the focus here
is the reliability of learned and model-mediated cues under uncertainty. The literature highlights a deployment
failure mode that is easy to miss in laboratory demonstrations. Interface cues can remain perceptually smooth
while being systematically wrong due to registration drift and distribution shift. As an early baseline, Hol-
loway’s registration-error analysis breaks down overlay error into tracking, calibration, and latency terms and
shows how small pose errors lead to task-space misregistration that scales with depth and viewing geometry (86,
Jungo et al.[82] operationalise this risk in robotically guided retinal microsurgery by placing unsupervised out-
of-distribution detection ahead of a learned distance estimator. Using eye recordings, they evaluate synthetic
corruptions over perturbation ratios and report that Mahalanobis-based detection improves separability over re-
construction baselines while keeping downstream distance error close to its in-distribution level. For hazardous
teleoperation, this positions OOD detection as a feedback-validity supervision mechanism: adaptive rendering
is more reliable when runtime monitoring prevents confident but wrong cues, not only when nominal estimator
accuracy improves.

Human-factor perspectives frame the consequence of validity failures as misuse, mode confusion, and out-of-
the-loop loss of manual performance[87:88:899], The teleoperation safety literature therefore treats rendered
guidance and learned mediation outputs as safety-relevant actions that should sit inside explicit supervisory
envelopes. One class of envelope enforces hard constraints online, for example through control-barrier-function
quadratic programs that minimally modify a nominal command to keep the system within a forward-invariant
safe setle¢l, or predictive safety filters that shield learning-based controllers with receding-horizon feasibility
checks and a backup policy[®!]. Runtime assurance adds a system-level version of the same logic by monitoring
an uncertified module and switching to a certified fallback when envelope violations are imminent, with recent
work emphasising formal verification of the monitor and switching logic[92:93:94],

For hazardous teleoperation, the relevant uncertainty set also includes adversarial and communication effects.
Bonaci et al. [95] show on the RAVEN II surgical platform that delay and packet manipulation can induce tool mo-
tion, motivating secure communication as part of the safety case rather than an implementation detail. Brunke et
al.1%s] synthesise these directions in the safe-learning literature, arguing that deployable learning in robotics re-
quires explicit constraints, uncertainty monitoring, and fail-safe fallback behaviours. These methods are safety-
supervision mechanisms for learned or adaptive teleoperation, not standalone learning paradigms.
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4.3 Shared autonomy and network-aware adaptation

Shared autonomy becomes most consequential when communication prevents reliable operator feedback. Time
delay and packet loss reduce transparency, can force conservative stabilisation, and make bilateral teleoperation
difficult to sustain in practice 2. The problem is when authority should shift under asynchronous and partially
observed interaction. Following shared-control decomposition [¢5], link-aware adaptation treats communica-
tion quality, intent confidence, and operator feedback reliability as inputs to arbitration. The risk is stale-state
assistance: autonomy may act on a model of the task that no longer matches what the operator sees, feels, or
intends.

Network-aware shared autonomy operationalises link degradation as an authority-allocation signal. Chen et
al.[7] compute a network-quality index from round-trip delay and jitter and map this index to an autonomy
level that increases as communication quality degrades. Their autonomous agent relies on a learned skill model
encoded using Gaussian Mixture Models (GMM) and Gaussian Mixture Regression, while their bilateral tele-
operation architecture combines this link-conditioned autonomy allocation with a time-domain passivity ap-
proach. This establishes a simple but important architectural role for adaptation, where the communication
monitor directly modulates how much authority is assigned to the autonomous agent. Giilegyiiz et al.[98] extend
this logic from network-conditioned assistance to delay-aware, learning-enabled arbitration. Their framework
accounts for the delayed state perceived by the operator during intent inference, progressively learns auton-
omy from teleoperated demonstrations using a task-parameterised hidden semi-Markov model (TP-HSMM)
with an attractor-based formulation, and blends human and autonomous commands using both teleoperation
transparency and autonomy confidence. They also extend passivity control to handle dynamic arbitration under
delay. Link-aware shared autonomy may use network-quality metrics to scale assistance, while learning-enabled
versions additionally adapt intent inference, learned task models, and confidence-aware arbitration under de-

layed feedback.

Confidence-gated assistance must be conservative when communication degradation makes operator intent
harder to interpret. Dragan and Srinivasal®®l show that aggressive assistance improves completion time only
when wrong-goal predictions are rare, whereas incorrect assistance can impose large time penalties and shift
user preference. Under degraded links, one practical implication is that arbitration needs richer or earlier ev-
idence before increasing autonomy. Uncertainty taxonomies further clarify why this confidence signal should
distinguish reducible model uncertainty from irreducible variability in delayed, noisy, or contact-rich interac-
tion[190].  Admoni and Srinivasal1°!] address this by treating eye gaze as an additional observation for belief
updates, using implicit gaze behaviour to improve goal prediction in shared autonomy. Jain and Argall[102] sim-
ilarly frame intent recognition as recursive Bayesian filtering over candidate goals, fusing multiple non-verbal
observations and explicitly representing uncertainty because assistance toward the wrong goal can be worse
than no assistance. In link-aware teleoperation, these approaches position confidence as an authority signal:
miscalibrated confidence can prolong incorrect assistance when feedback is delayed.

Across shared-autonomy teleoperation, arbitration is expressed as a mapping from operator input «, and au-
tonomous proposal «, to an executed command «. Many implementations begin from convex blending, u =
(1 - @)uy + auq, where o acts as an authority variable. Under link degradation, network-aware work makes this
authority variable link-conditioned, so the design problem becomes how assistance can vary without making in-
tervention indistinguishable to the operator. Interface-oriented work treats arbitration as continuous authority
shifting through haptics rather than as a discrete takeover. Abbink et al.[13] formalise levels of haptic authority
by modulating guidance strength around an optimal command, so the operator can still oppose or override
while assistance varies smoothly. In task-level teleoperation, this often appears as haptic guidance. Panzirsch et
al.[1%4] introduce virtual grasping points that render haptic guidance for manipulation and incorporate passivity-
based coupling to remain stable under constant and time-varying delay, motivated by safety-critical remote
industrial nuclear facilities. Treating the primary concern as constraint violation and framing arbitration as
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minimal command shaping, Zhou et al.[195] compute a reference that stays close to the teleoperator’s command
but is filtered through barrier constraints, treating occupied or unmapped states as unsafe. Flemisch et al.[10¢]
frame shared control on an assistance-and-automation spectrum and highlight transitions of control as a key
challenge when human or automation ability changes. They note that poorly supported mode changes in highly
automated systems can produce mode confusion and human-out-of-the-loop behaviour. For hazardous tele-
operation under link degradation, this suggests that interventions should be modulated in magnitude and rate,
and made legible at the interface, so the operator can predict what was modified, why it was modified, and when
assistance will yield. Evaluation should extend beyond task performance to calibrated, intelligible intervention
under uncertainty.

5. CHALLENGES AND FUTURE TRENDS

Despite substantial advances in feedback architectures, delay-robust control, perceptual interfaces, and learning-
based adaptation, reliable teleoperation in hazardous environments remains constrained by coupled effects
across communication, control, perception, and human decision-making. These limitations rarely arise from a
single subsystem. Instead, they emerge from interactions between delayed communication, stabilising control
design, incomplete sensing, and operator workload. The following subsections consolidate recurring gaps from
Sections 2-4 from a system-level perspective. The section concludes by discussing how digital twins, embod-
ied intelligence, and supervised autonomy relate to remote-state representation, physically grounded assistance,
and safe execution.

5.1 Communication-control coupling and stability-transparency trade-offs

Across bilateral and multilateral teleoperation, maintaining closed-loop stability under delayed communica-
tion remains a central requirement. Passivity-based and energy-aware control strategies can provide formal
stability guarantees under specified assumptions by regulating energy exchange through the communication
channel 7914171 However, as discussed in Sections 2.2 and 3.1, these mechanisms typically reshape the trans-
mitted force and motion signals through added damping, impedance, or wave transformations. While such
modifications are intended to preserve energetic boundedness, they can reduce interaction fidelity and affect
the operator’s perception of contact, leading to the well-documented stability-transparency trade-oft.

A further limitation is that many evaluations consider simplified or bounded delay models, whereas operational
deployments may involve stochastic latency, jitter, packet loss, and bandwidth variability [1%11]. These effects
can influence control stability, perceptual synchronisation, and cognitive workload, making communication
reliability a system-level determinant of teleoperation performance. Building on the network-latency analysis
presented in Sections 2 and 3, Table 5 summarises representative communication conditions, indicative latency
ranges, link-quality characteristics, and mitigation strategies discussed in teleoperation studies. The comparison
highlights the gap between simplified delay assumptions and operational networks with time-varying latency,
jitter, and packet loss.

Beyond communication conditions alone, system-level teleoperation benchmarks should combine network,
control, perception, task-performance, and human-factor measures. Representative indicators include round-
trip delay, uplink/downlink asymmetry, jitter, packet loss, bandwidth, position and force tracking error, os-
cillation occurrence, passivity or energy-exchange indicators, video latency, frame rate, task completion time,
success rate, collision rate, recovery time, workload, situational awareness, perceived controllability, and trust.
Such combined metrics are necessary because teleoperation performance under hazardous conditions is shaped
by the coupled effects of network degradation, control stability, perceptual feedback quality, and operator re-
sponse [3,11,15,31,61]
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Table 5. Representative Network conditions, latency profiles, and representative mitigation strategies considered in teleoperation stud-

ies

Network  technol- Typical round- Key characteristics (jitter/packet  Representative  mitigation  strate- Key refer-
ogy/standard trip latency (RTT)  loss/bandwidth) gies/algorithms ences
1G/Early cellular > 500 ms High jitter, frequent packet loss, Basic predictive display, simple position

very low bandwidth control fo7)
3G 121-217 ms Moderate jitter, packet loss ~1%-  Wave-variable transformation, early

5%, low bandwidth passivity-based control fros]
4G/LTE 50-100 ms Moderate jitter, occasional packet — Time-domain passivity control (TDPA),

loss, medium bandwidth energy tanks f101]
WiFi (802.11) 20-80 ms (highly  High jitter, packet loss up to 10%-  Shared control + virtual fixtures, predic-

variable) 20% in congested environments tive video transformation f522]
5G 11-13 ms (ideal); Low jitter (< 1 ms), packet loss <  Learning-based intent inference, link-
(URLLC/mmWave) up to 50 ms 0.1 %, high bandwidth quality-conditioned shared autonomy =
Variable/Stochastic 0-500+ ms (time- High jitter, bursty packet loss, Model-mediated teleoperation, GAN-
Delay varying) network-dependent based frame prediction, adaptive author- [17.25,54]
ity allocation

Packet Loss + Jitter ~ Variable 1%-20% loss + jitter >10 ms Passivity-Based ~ Packet Modulation
(general) (PBPM), robust filtering (2]

5.2 Validation under realistic hazardous-environment conditions

The environment-specific comparison in Table 3 indicates that validation conditions can differ across hazardous
teleoperation domains. Although laboratory studies are valuable for isolating control, perception, and human-
factor variables, they may rely on simplified delay profiles, controlled sensing conditions, or task-specific as-
sumptions that do not fully capture the complexity of operational deployment. Therefore, future validation
would benefit from considering the combined communication, environmental, sensing, and human-in-the-
loop constraints associated with the target domain. In nuclear decommissioning, relevant factors may include
limited visibility, vibration, radiation, sensing degradation, and safety-critical contact interaction. In under-
water and subsea teleoperation, relevant factors include acoustic communication delay, jitter, packet loss, low
bandwidth, turbidity, hydrodynamic disturbances, and limited visual feedback. In space teleoperation, vali-
dation may need to consider long-distance communication delay, intermittent connectivity, free-floating base
dynamics, limited direct supervision, and strict stability constraints. These examples suggest that realistic val-
idation should not be limited to controller performance alone, but should also examine how communication
quality, sensing reliability, environmental disturbances, and operator workload jointly influence task execution.
Accordingly, future studies would benefit from domain-representative test conditions and integrated metrics,
including stability, transparency, task accuracy, situational awareness, workload, intervention behaviour, and
recovery from degraded communication or sensing conditions.

5.3 Scalability and coordination in multilateral teleoperation

While bilateral teleoperation focuses on a single master-slave pair, multilateral configurations introduce addi-
tional complexity arising from multiple operators, robots, and communication paths. As reviewed in Section 2.3,
stability properties in such systems depend strongly on the chosen interconnection topology, and direct exten-
sions of bilateral control methods may introduce internal wave reflections, delay-induced energy accumulation,
and degraded force transparency[4647]. Moreover, increasing the number of agents amplifies the communica-
tion burden, coordination requirements, and potential authority conflicts among operators. Existing imple-
mentations often remain limited to small teams and commonly rely on assumptions such as bounded delay,
rigid coupling, or simplified interaction dynamics[6]. Cooperative aggregation and virtual leaderfollower for-
mulations reduce communication overhead and improve synchronisation [8], while task-specific deployments
demonstrate the feasibility of coordinated inspection and manipulation[5°]. Nevertheless, scalability remains
constrained by heterogeneous delays, partial information, and the need to allocate control authority consistently
across multiple humans and robots. These observations indicate that reliable large-scale teleoperation requires
integrated treatment of communication-aware stability, cooperative control design, and structured authority
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assignment, rather than simple replication of bilateral architectures.

5.4 Perception, interaction-state observability, and feedback reliability

Hazardous environments usually impose sensing limitations that directly reduce interaction observability. Ra-
diation, turbidity, occlusion, vibration, and hardware constraints can degrade visual feedback or restrict the use
of force and joint sensors 565960611 As a result, contact forces, compliance, and robot configuration may only
be partially measurable, forcing operators to infer interaction states from incomplete or delayed information.
Such perceptual gaps reduce situational awareness and increase cognitive workload, particularly in contact-rich
tasks. To mitigate these constraints, the reviewed literature employs predictive displays, digital twins, and model-
mediated rendering to reconstruct remote states locally and reduce perceived latency[!51923]. In this context,
digital twins should be understood as synchronised remote-state representations that support preview, collision
checking, uncertainty communication, and operator decision-making under delayed or incomplete feedback.
Learning-based estimators further infer contact forces or interaction variables from indirect sensory cues when
direct instrumentation is impractical [19%110], This links feedback reliability to embodied intelligence: useful au-
tonomy should remain grounded in robot morphology, sensor limits, end-effector capability, contact dynamics,
and local control constraints, rather than relying only on visual interpretation. The contact-force, contact-state,
and task-model examples reviewed in Section 4 illustrate this point, because learned estimates become oper-
ationally useful when coupled to physically valid feedback, guidance, or command generation. While these
approaches enhance perceptual coherence, they introduce sensitivity to model mismatch and distribution shift.
Incorrect or abruptly updated models can generate misleading cues or discontinuities in rendered feedback [1%72].
Consequently, reliable deployment depends not only on estimation accuracy but also on mechanisms for un-
certainty awareness, conservative fallback behaviour, and bounded feedback rendering (6682911, Across studies,
interpretable, task-relevant feedback is repeatedly preferred over high-fidelity signal reproduction, reflecting the
practical need for robust rather than idealised perception.

5.5 Human-robot authority allocation and safe integration of learning

Shared autonomy and learning-based adaptation are increasingly used to reduce operator workload, infer intent,
and compensate for communication or sensing limitations. As described in Section 4, intent inference, arbitra-
tion, and model-mediated feedback allow the robot to provide assistance or guidance while retaining human
oversight 6568691 These mechanisms can improve safety and efficiency, particularly in cluttered or hazardous
environments. However, they also introduce risks related to miscalibrated confidence, inappropriate authority
shifts, and reduced situational awareness. Reported failure modes include over-assistance, unexpected interven-
tion, and mode confusion, where operators struggle to predict the system’s current level of autonomy [87:88:89].
Moreover, learned models may drift or behave unpredictably under out-of-distribution conditions (821001, For
this reason, the reviewed works mostly position learning as an adaptive supervisory layer operating within ex-
plicit safety constraints rather than as a replacement for classical control. Techniques such as passivity enforce-
ment, command filtering, control barrier functions, and runtime assurance provide bounded intervention and
certified fallback behaviourl6:91.961. A defensible architecture separates autonomous proposal generation from
execution authority: learned intent models, digital twins, or task policies propose assistance, but the robot com-
mand should remain subject to passivity, constraint, uncertainty, communication-state, and human-override
checks. In addition, evaluation metrics that include workload, trust calibration, and takeover performance are
increasingly recognised as necessary complements to task completion measures [°-111], Overall, these findings
indicate that effective authority allocation requires transparency, bounded assistance, and explicit communica-
tion of autonomy state to maintain predictable human-robot interaction.

Taken together, the reviewed literature suggests that future progress in hazardous-environment teleoperation
depends on coordinating communication infrastructure, digital-twin state representation, embodied robot as-
sistance, and safety-supervised autonomy. Treating these elements as interdependent layers rather than in-
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dependent components supports more reliable and interpretable interaction, facilitating safer deployment of
teleoperated robotic systems in complex and uncertain environments.

6. CONCLUSION

This review presented a system-level synthesis of robotic teleoperation for hazardous environments, motivated
by the central question of how stable, transparent, and reliable human-robot interaction can be achieved un-
der communication delay, limited sensing, and operational uncertainty, where full autonomy remains imprac-
tical. By analysing unilateral, bilateral, and multilateral feedback architectures alongside interaction quality,
latency-robust control, perceptual mediation, and learning-based adaptation, the surveyed literature consis-
tently indicates that teleoperation performance is not determined by any single controller, sensing modality,
or autonomy mechanism in isolation, but instead emerges from the coupled behaviour of communication dy-
namics, energetic stability constraints, perceptual coherence, and human authority allocation within a tightly
integrated closed loop. Across domains including nuclear, underwater, space, and industrial manipulation,
reported results show that architectural choices fundamentally shape achievable transparency and stability, de-
lay reshapes both control behaviour and operator cognition, and adaptive assistance improves robustness only
when bounded by explicit safety and interpretability constraints. By consolidating and critically synthesising
these findings across control theory, human-robot interaction, perception, and machine learning, this review
clarifies the fundamental trade-offs that govern teleoperation design, organises the state of the art from a coher-
ent system-level perspective, and provides a structured reference to support informed comparison and future
trends for teleoperated robotic systems in hazardous environments.
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