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Abstract

Robot teleoperation with extended reality (XR teleoperation) en-
ables intuitive interaction by mapping user motions to remote
robots with real-time 3D feedback. However, existing systems suf-
fer from large completion delays and trajectory deviations under
prolonged network latency, rooted in their exclusive reliance on
network communication and strict synchronous execution archi-
tecture. Moreover, network fluctuations destabilize teleoperation
accuracy, while dynamic user motions amplify teleoperation errors.

We present MATER, an end-to-end XR teleoperation framework
that introduces a mutually-aware architecture in which each side
reconstructs its counterpart’s delayed or missing state to decouple
the execution from network dependency. MATER includes latency-
adaptive input window and user motion gap interpolation tech-
niques to handle unstable network communication. It also proposes
motion-driven robot state rollback and robot trajectory coordina-
tion to handle complex motions. The key idea behind these tech-
niques is to adapt on the fly by reshaping reconstruction and filling
gaps as network conditions fluctuate, and by realigning states when
motions become fast or complex. Together with lightweight local
synchronization and bandwidth optimizations, these system-level
advances make MATER resilient to both network and motion dy-
namics.

We implement MATER across three hardware settings, including
simulated and physical robots, and evaluate it on 9,500 real-world
teleoperation trials from the RoboSet dataset [1], covering single-
and multi-step missions. Compared to state-of-the-art XR teleop-
eration frameworks, MATER reduces teleoperation error by up to
69.8% on WLAN and 73.1% on cellular networks with only 6.7%
maximum runtime overhead. It also shortens mission completion
time by up to 47.7%, enabling smoother teleoperation. A real-world
case study on ten stationary and mobile missions further shows
MATER achieves up to 37.7% faster completion while lowering av-
erage teleoperation error by up to 57.2%. MATER code is available
at: https://github.com/rtenlab/mater
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1 Introduction

Robot teleoperation via Extended Reality (XR teleoperation) emerges
as a transformative technology in industrial automation, medical
robotics, autonomous robot training, and humanoid robotics [2-11].
In XR teleoperation, an XR device uses onboard sensors to capture
user motions and generate user poses, which are transmitted to a
remote robot. The robot imitates these poses and sends back its
own state and the surrounding environment. The XR device then
fuses the latest user pose with the returned robot state and environ-
ment to render a 3D frame on a head-mounted display (HMD). By
referencing both user and robot poses in this frame, the user adjusts
next motion in real time, repeating the cycle until the mission is
completed.

Today’s XR teleoperation systems remain fragile, suffering from
significant delays between user motion and robot feedback, pri-
marily due to the network latency and the long control-feedback
pipeline [2, 6, 7, 10, 12-16]. Unlike traditional teleoperation, immer-
sive 3D rendering in XR teleoperation makes network delays highly
perceptible as persistent discrepancies between the user pose and
the robot pose in the displayed frame, known as teleoperation error.
Continuing motion despite this error makes the robot drift from
the user’s intent, while pausing to wait slows mission completion.
The root cause is the synchronous execution architecture: current
systems require both sides to wait for network updates to main-
tain state consistency. This creates tight coupling, where the robot
needs XR-to-robot messages to follow user poses, while the XR
device requires robot-to-XR updates to render the robot state and
environment. This dual reliance leaves the control-feedback loop
highly vulnerable to even the modest network delay or fluctuation
(C1), and highly sensitive to even the slightest increase in user
motion speed or curvature (C2).

Contributions. We present MATER: Mutually Aware
Teleoperated-Extended Reality, an end-to-end XR teleoperation
framework that breaks the exclusive network reliance through bidi-
rectional state reconstruction. MATER allows each side to locally
reconstruct the other’s delayed or missing information using local
sensing and prior received information, decoupling robot control
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and XR visualization from round-trip communication. Therefore,
each side maintains its own local state, enabling globally asyn-
chronous execution. This architectural shift from the conventional,
strict network-dependent XR teleoperation makes MATER natu-
rally resilient to prolonged network delay.

Rather than relying on any single component, MATER’s con-
tribution lies in a coordinated system-level design that jointly ad-
dresses both challenges under network-induced latency, bandwidth
variations, and motion-induced dynamics. Specifically, to address
network fluctuation in (C1), MATER introduces a latency-adaptive
input window technique on both sides that dynamically adjusts the
input sizes based on observed latency, stabilizing reconstruction
accuracy under unstable networks. On the robot side, a user mo-
tion gap interpolation component further mitigates faulty planner
outputs when pose data is dropped or arrives out-of-order. To han-
dle motion dynamics in (C2), a motion-driven robot state rollback
reverts the reconstructed robot state according to the current user
motion, while a robot trajectory coordination mechanism re-adjusts
the robot’s actual movement command based on reconstructed ro-
bot states and robot physical constraints, keeping robot trajectories
aligned with XR displayed frames.

In addition, while MATER’s mutually-aware paradigm naturally
leads to an asynchronous execution model between XR and robot
globally, MATER employs a synchronous execution model for local
components on each device to eliminate instability from resource
contention, where competing GPU kernels and CPU threads cause
jitters, skipped executions, and stale data propagation. Finally, to
address bandwidth variation that risks further pose drops, MATER
implements bandwidth-adaptive data flow scaling, which prioritizes
pose transmission by reducing the data that has little impact on the
current cycle of teleoperation. The key idea is to adapt on the fly:
MATER reshapes the system parameters to reconstruct motions
when networks fluctuate, and realigns states and trajectories when
user motions become faster or more complex, providing resilience
with minimal runtime overhead.

We evaluate the MATER framework on three hardware settings
over five motion patterns derived from 9,500 real robot teleopera-
tion trials in the RoboSet dataset [1], a widely adopted dataset for
autonomous robot training that covers 54 single- and multi-step
missions. We experiment with four different network environments
covering ubiquitous WLAN and cellular networks. Compared to
the state-of-the-art XR teleoperation framework [13], MATER re-
duces the teleoperation error by up to 69.8% in WLAN and 73.1% in
cellular networks, while shortening the mission completion time
by up to 47.7% on a real robot manipulator [17]. We further conduct
a real-world case study with 10 missions, including both station-
ary and mobile scenarios. In these trials, MATER achieves up to
37.7% faster mission completion time while maintaining on average
25.4% lower teleoperation error in stationary missions and 57.2%
lower error in mobile missions. This abstract summarizes our full

paper [18].

2 XR Teleoperation Background

Fig. 1 illustrates that a user performs a hand sweeping mission using
the conventional software architecture that are widely adopted in
state-of-the-art XR teleoperation [2, 7, 10, 13, 19, 20]. Initially, the
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Figure 1: Existing XR teleoperation framework.

Head CAM (camera) and Inertial Measurement Unit (IMU) capture
the surrounding environment and the user’s head inertial data, and
the Hand CAM captures the user’s hand. These sensor data are fed
into a control pipeline (blue lines in the figure), which comprises
tracking and control modules on the XR and robot, respectively.
The tracking module constructs the user pose information by calcu-
lating the user’s head movement from Head CAM and IMU data
and the user’s hand movement from Hand CAM data. Then, the
control module on the robot receives the user pose from the XR
and generates control commands to move the robot’s end-effector
accordingly.

Since the user relies on 3D frames to observe the remote robot’s
pose and perform subsequent motions, the feedback pipeline (or-
ange lines) comprises localization and visualization modules on the
robot and XR, respectively. The localization module produces robot
pose for the end-effector, and point cloud data for surrounding ob-
jects in the environment [2, 13]. Then, the visualization module on
the XR side combines the latest user pose (captured and processed
in the latest sampling period from the tracking module) with the
received robot pose and point cloud to render 3D frames (typically
at 60 FPS).

3 MATER Design Overview

We present MATER, which takes a mutually-aware paradigm to
decouple the execution pipelines from the network dependency.
Today’s XR and robot systems already have sufficient sensing and
computation resources to locally reconstruct the state of their coun-
terpart, allowing each side to continue execution without relying
solely on network communication. Building on this insight, MATER
decouples both control and feedback pipelines from network depen-
dency through the following major ideas: (i) Bidirectional recon-
struction of time-shifted states, (ii) asynchronous global execution,
and (iii) control/data plane separation.

Bidirectional Reconstruction of Time-Shifted States. Illus-
trated in Fig. 2 blue and orange arrows, MATER lets each side main-
tain a locally reconstructed, time-shifted state of its counterpart by
running local reconstruction pipelines. This differs from existing
prediction-based techniques that only project a time-forwarded
version of a single side’s state [21-24], as MATER allows both sides
to reconstruct the missing information. The XR reconstructs the
remote robot state based on the latest local user pose and a series
of previously received robot poses, while the robot reconstructs
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Figure 2: MATER Software Architecture

user motion with the latest local robot pose and a series of received
user poses. MATER’s architecture does not restrict the choice of
reconstruction algorithm; Time-forwarding [22], Extended Kalman
Filter (EKF) [25], and Multilayer Perceptron [26] can all serve as
the reconstruction model. Our implementation uses EKF by default
due to its less intensive computation and low runtime overhead.
However, since reconstruction relies on poses transmitted over the
network, its quality degrades as latency increases (C1). To main-
tain reconstruction quality under changing network conditions, we
introduce a latency-adaptive input window technique that adjusts
input sizes based on the runtime network latency.
Asynchronous Global and Synchronized Local Execution. The
bidirectional reconstruction approach makes it possible to switch
to asynchronous execution between the XR and robot. Unlike prior
frameworks tied to a single, tightly synchronized state, MATER en-
ables asynchronous global states, where XR visualization and robot
control can progress independently and synchronize only when
network messages arrive. With this asynchronous global execu-
tion, the challenges C1 (network-dependent performance) and C2
(motion-driven accuracy) can be addressed by optimizing the local
reconstruction methods separately without causing interference
to the global execution. On the XR side, a motion-adaptive robot
state rollback selects the reconstructed robot state based on current
motion to address C2. On the robot side, MATER implements a
user motion gap interpolation technique that generates missing
or delayed user poses during network communication to address
C1. It then proposes a robot trajectory coordination technique to
adjust the control command based on the poses displayed to the
user and the physical constraints of the robot to address C2. While
MATER enables asynchronous execution between XR and robot, it
enforces the synchronous execution of local components on each
side to avoid contention on local computation resources that causes
runtime delay.
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