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Abstract

Multimodal teleoperation systems integrate multiple sensing and control modalities, such as video, audio, and
robot control. These systems are often configured only once during startup, making it difficult to adapt behaviour
when operating conditions change. Adjustments to parameters or modality behaviour typically require restarting
components, interrupting operation and reducing operator immersion.

This paper presents a software architecture that enables runtime reconfiguration of multimodal teleoperation
systems. The design introduces a central configuration controller that coordinates parameter updates and lifecycle
transitions across modality subsystems while the system remains operational. The architecture is implemented
using lifecycle-managed components and integrated into an existing teleoperation platform.

Experimental evaluation shows that most configuration operations complete within tens of milliseconds,
enabling reconfiguration without noticeable disruption to system interaction. The architecture provides a
foundation for future work on automated runtime adaptation in multimodal teleoperation systems.
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1. Introduction

Teleoperation systems enable human operators to interact with remote environments through a combi-
nation of parallel operating sensing and control modalities such as vision, haptics, and audio. These
multimodal systems are inherently complex, as they must process multiple data streams while main-
taining responsiveness and stability for the operator. They also integrate multiple research domains,
including robotics, control, networking, human-robot interaction, and software engineering.

Despite this complexity, many teleoperation systems have been developed for a specific experiment or
task and are configured with static system parameters. As a result, behaviour cannot easily be modified
during operation. When conditions change, such as network quality, computational load, or task
requirements, adaptation typically requires stopping and restarting components to reconfigure. This
interruption breaks operator immersion and reduces the usability of the system, motivating mechanisms
that allow safe runtime modification.

To address these challenges, teleoperation systems require mechanisms that allow system parameters
and modality behaviour to be adapted during runtime without interrupting operation. This enables the
system to maintain functionality under changing conditions while preserving operator immersion.

Several approaches allow adapting individual modalities, like adaptive video streaming techniques
in teleoperation and remote vehicle operation to maintain visual feedback under fluctuating network
conditions [1]. Similar adaptation strategies are widely used in teleconferencing systems, where video
quality and bitrate are dynamically adjusted to maintain communication quality [2, 3]. However, these
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approaches focus on individual data streams rather than the overall behaviour of multiple sensing and
control modalities in the teleoperation system.

Other work addresses resource optimisation from a networking perspective. These approaches typi-
cally optimise bandwidth allocation or communication behaviour based on observed traffic patterns[4, 5].
While such techniques can improve network utilisation, they operate primarily at the communication
layer and do not consider how application-level components should adapt their behaviour.

Multimodal teleoperation systems introduce additional complexity, as different modalities impose
distinct performance requirements. Visual feedback may prioritise bandwidth and resolution, while
control signals require low latency and high reliability. Approaches that optimise individual streams,
communication layers, or assume a single system design, therefore, do not capture the system-level
trade-offs required to maintain operator experience.

These limitations highlight the need for a system-level approach that enables coordinated runtime
reconfiguration of teleoperation system components.

In this paper, we present a software architecture for coordinated runtime reconfiguration of multi-
modal teleoperation systems, enabling safe adaptation of subsystem parameters and operational states
during execution without interrupting the overall system. For validation, reconfiguration latency and
practical usability in a real teleoperation system were investigated.

2. Design

To guide the design, two aspects were considered: the requirements for the reconfiguration mechanism
and the structure of the teleoperation system in which it is applied. The proposed architecture is
designed to satisfy the following requirements: (1) The approach should be broadly applicable to a wide
range of multimodal teleoperation systems; (2) Given available computational and network resources,
the system should be able to optimise behaviour for the operator’s experience; (3) System components
must be able to adapt behaviour during runtime without requiring a system shutdown.

2.1. Configuration Controller

To enable runtime reconfiguration, we introduce a software component called the configuration controller
that manages configuration changes across the teleoperation system by interacting with modality
subsystems and modifying their parameters or operational state when required.

It consists of three core parts. (1) The state manager is responsible for tracking the lifecycle states
of external subsystems and issuing commands that trigger state transitions when required. (2) The
configuration parameter manager manages configuration updates by maintaining knowledge of config-
urable subsystem parameters and issuing modification requests to the respective components. (3) The
controller exposes a centralised interface through which external tools, such as TUIs, GUIs, or adaptive
controllers, can interact with the configuration controller. This separation of responsibilities simplifies
runtime reconfiguration while maintaining a clear interface for external tools.

The design follows the 5C model [6], which structures robotic software into configuration, coordina-
tion, computation, communication, and composition blocks. Within this model, configuration defines
system parameters, coordination determines when system behaviour changes occur, and computation
performs the underlying processing tasks. In this implementation, runtime reconfiguration primar-
ily affects resource usage through quality parameters, while preserving the functional behaviour of
the component. This is in contrast to work looking at system variability and reconfiguration on a
between-component level such as presented by [7]

The implementation uses the ROS lifecycle node concept [8], which naturally reflects this separation
of concerns. Node parameters and initialisation correspond to configuration, while the lifecycle state
machine provides a coordination mechanism that controls when components should transition their
state. The periodic control loop performs the computational tasks, while ROS itself provides the
communication and composition infrastructure between nodes. The mapping between the ROS lifecycle
model and the 5C layers is illustrated in Figure 1.



The configuration controller operates at the configuration and coordination layers, managing pa-
rameters and lifecycle states while leaving subsystem computation unchanged. This allows existing
components to operate independently of the reconfiguration mechanism.

By leveraging this lifecycle mechanism, the configuration controller can safely update parameters
and trigger state transitions when required. This approach enables modifications to be applied during
runtime while ensuring that system components remain in a valid operational state.

The question of when it is safe to apply reconfiguration is a key aspect of dynamic software systems,
often formalised through concepts such as quiescence or tranquility [9, 10]. In our work, such conditions
are not enforced explicitly. Most data streams are transient, and dropping a small amount of data is
typically negligible for human operators, though it may affect algorithmic processing. If required, nodes
can delay applying updates until a safe moment. This is particularly relevant for physical or actuated
systems, where unsafe updates may affect stability.

Although the current implementation relies on ROS lifecycle nodes, the underlying design principles
are not tied to a specific software platform. The architecture can be adapted to other software frameworks
by replacing the communication and coordination mechanisms while keeping the overall control

structure intact.
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Figure 1: Mapping of the ROS lifecycle model onto the 5C software architecture model.

2.2. Integration into an Existing Teleoperation System

Integrating the configuration controller requires subsystems to expose mechanisms for configuration
updates. First, the subsystem structure must separate coordination and computation functionality into
lifecycle-managed states, enabling safe transitions. Second, the subsystem must provide mechanisms
for applying configuration updates requested by the configuration controller. The node provides this
knowledge to the controller, which maintains a central registry.

For example, camera resolution changes may require restarting the capture pipeline, while haptic
systems may restrict update-rate changes due to stability concerns. The controller coordinates these
actions through parameter updates and lifecycle transitions, minimising disruption.

3. Evaluation and Results

To evaluate the proposed architecture, we conducted two experiments: (1) Measuring the latency
introduced by runtime configuration changes and lifecycle transitions; and (2) Evaluating the practical
usability of the architecture by letting users modify system parameters during runtime.

Hardware and Software Components The experiments were conducted on a multimodal teleop-
eration platform that was initially implemented in earlier work [11]. In the current implementation,



configuration decisions are triggered manually by either the system operator or the experimenter[12].},
This allows the architecture to be evaluated independently of a specific optimisation strategy.

The configuration controller interacts with all subsystems of the teleoperation system (Figure 2). Five
out of the eight subsystems are implemented using lifecycle nodes. The FR3 controller is implemented
using the ros2_control framework and therefore supports parameter updates but does not expose
lifecycle transitions. This is due to manufacturer limitations and incompatibility with the lifecycle
concept. Similarly, the C# ROS implementation does not support lifecycle nodes.

All nodes interact with the configuration controller. In the experiments below, the configuration
controller was controlled from a TUI, and a GUI written for Unity, respectively. For neither experiment
quiescence or tranquility where used as a requirement for parameter updates.

3.1. Experiment 1: Parameter and Lifecycle Latency

For each subsystem, all supported lifecycle transitions, parameter updates, or combined operations were
executed multiple times system, for a total of approximately 2200 requests. Different restart policies
were attached to parameter updates. Three policies exist: (1) No restart; only the parameter is updated;
(2) Partial restart; deactivate and reactivate the node; or (3) Full restart; complete lifecycle reset.

All components remained active during the experiment to simulate realistic computational and
network load. Latency was measured as the time between issuing a command and receiving a successful
completion response. For multi-step commands, the independent steps were also measured separately.
The resulting latency values were then aggregated to obtain the median latency for each operation.
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Figure 2: The Configuration Controller implemented in an existing teleoperation system. Colours match with
functionality from Figure 1. Experiment 1 uses the Vision and Audio subsystems; Experiment 2 uses the Full
system as shown.

Results The measured transaction latencies varied significantly across nodes and command types.
Figure 3 and Table 1 presents the results.

Parameter updates (denoted by the ’set’ command) without lifecycle restarts exhibit the lowest latency.
They complete within a few computation cycles of the remote node. E.g. the FR3 and Camera Quality
(Q) Set commands. Parameter updates which require some form of I/O handling have significantly
higher delays. E.g., Camera Res/FPS (R) Set commands.

To better understand the sources of latency in a restart, Figure 4 presents a breakdown of the median
latency per lifecycle step across nodes. Lifecycle commands themselves generally complete quickly.
Often between 10 ms and 60 ms. These results indicate that most runtime reconfiguration operations
occur well below typical human interaction latency thresholds of approximately 100 ms [13, 14].

When a step takes a larger amount of time, this is often due to hardware handling or stopping time-
triggered callback functions safely. E.g. the Virtuose activate and the Virtuose or Camera deactivate,
respectively. The Gimbal Configuration is the slowest due to the recalibration of its relative sensors.

'Wersion used for this paper can be found at RAM Gitlab under the tag ROSE26


https://git.ram.eemcs.utwente.nl/sammi/configuration_controller_paper

Both partial and full resets incur an extra latency cost to parameter updates, of which the cost is
approximately the sum of the parameter update and associated lifecycle steps, plus an average overhead
of approximately 25 ms.

Table 1
Median latencies [ms] per node and function.
Function Camera Gimbal FR3 Virtuose
Configure 20.56  14820.58 - 1.83
Activate 2.36 5.03 - 52.33
Deactivate 55.67 8.41 - 17.65
Cleanup 11.60 4.70 - 2.08
Set (R) 510.43 / 102.37 (Q) - 472 3.68
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Figure 3: Median latency per node and command (log scale). Configuration latency is too high to show.
Typical human interaction latency indicated as dashed line (100ms).

3.2. Experiment 2: User-driven Runtime Reconfiguration

In the second experiment, the system was used by a group of 25 non-expert participants. Participants
performed a teleoperation task while modifying modality parameters through the configuration interface.
Parameter options were presented without descriptive labels and randomised between trials. This
prevented participants from relying on prior knowledge of the parameter layout.

System behaviour and stability were monitored to detect failures or subsystem interruptions.

Results As the participants randomly changed settings, the system was exposed to a randomised set
of instructions. The experiment ran for an average of 2 hours per participant without experimenter
intervention. In total, approximately 50 hours with constant user input and use of the full teleoper-
ation system were recorded. No failure of systems was experienced during these long test sessions.
Furthermore, participants did not speak up about reconfiguration latency.

4. Conclusion

The results demonstrate that the overhead introduced by the configuration controller and lifecycle
transitions is generally small compared to the internal processing performed by individual subsystems.



For most components, lifecycle transitions complete within tens of milliseconds. These values indicate
that coordinated runtime reconfiguration can be performed without significantly disrupting system
responsiveness. However, the results also highlight that subsystem-specific implementation details
can dominate reconfiguration latency. In particular, hardware initialisation routines or calibration
procedures can significantly increase configuration time, as observed for the camera gimbal calibration.

In the user test, no note was made of reconfiguration latencies by the participants, although this
might be due to the fairly passive nature of the tasks, which did not require constant input.

To conclude, experimental results show that most reconfiguration operations complete within tens
of milliseconds, indicating that runtime adaptation can be achieved without significantly disrupting
system responsiveness. This suggests that the proposed architecture introduces only minimal overhead,
given that internal coordination steps are implemented efficiently. The presented architecture forms a
foundation for future work on automated runtime adaptation strategies in multimodal teleoperation
systems. Furthermore, future work will focus on automating configuration decisions based on observed
system conditions. By analysing user configuration choices under varying resource constraints, this
may enable the system to automatically select configurations that maintain operator experience under
degraded conditions. Finally, future research will also investigate when a actuated system is stable
enough to trigger parameter updates.

In addition, future research will investigate the use of external signals such as operator physiological
measurements or task context to further improve adaptive system behaviour.
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