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Figure 1: SPOT enhances spatial perception through: binocular egocentric visualization, viewpoint decoupling,
and stabilization. It enables tasks including: (a) bimanual knot tying; (b) highly dynamic object interception;
(c) dropped-object relocation; and (d) large-workspace bimanual manipulation with flexibility and ease of use.

Abstract: High-quality demonstration data is becoming a central bottleneck for2

training general-purpose humanoid robots. While recent humanoid teleoperation3

systems have made substantial progress in retargeting human motion to robot mo-4

tion, long-horizon loco-manipulation requires another capability: operators must5

maintain task-relevant spatial awareness over time, e.g., object locations, sur-6

rounding environments, the robot’s pose. We call the extent of this awareness the7

operator’s perceptual horizon. However, existing methods often shorten this: nar-8

row views miss peripheral events, robot-mounted cameras become unstable during9

locomotion, and coupled head-view control makes looking around interfere with10

robot motion. We present SPOT, a Spatial Perception-Oriented VR Teleoperation11

system for collecting long-horizon humanoid demonstration data by providing ex-12

tended perceptual horizon. SPOT combines a robot-mounted binocular fisheye13

camera, a wide-field stereoscopic display, viewpoint-decoupled free-looking, and14

visual stabilization to provide a robot-centric view that is wide, stable, and actively15

inspectable. Unlike conventional egocentric interfaces, SPOT decouples visual ex-16

ploration from robot actuation: the egocentric stereo observation is rendered on17

a virtual hemisphere around the operator, so natural head rotations change where18

the operator looks within the wide-field view rather than commanding the robot19

head, camera, or torso. We evaluate SPOT on perception-critical humanoid data-20

collection tasks spanning drop recovery, peripheral retrieval, large-workspace bi-21

manual manipulation, fine alignment, and dynamic interaction. SPOT improves22

efficiency, accuracy, recovery speed, and operator workload, demonstrating its ef-23

fectiveness for user-friendly and scalable long-horizon humanoid data collection.24
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1 Introduction26

High-quality demonstration data has become critical for training humanoid robots. As humanoids27

move from short manipulation episodes toward long-horizon loco-manipulation, teleoperation is28

increasingly used to collect data involving mobility, bimanual interaction, recovery from unexpected29

events, and precise spatial alignment [1, 2, 3, 4, 5]. Existing humanoid teleoperation systems have30

made substantial progress in transferring human motion to robot motion through motion tracking [3,31

6, 7, 8, 9], retargeting [10, 11, 12, 13, 14, 15], and whole-body control [16, 17, 18, 19, 20].32

However, reliable long-horizon teleoperation requires more than accurate motion transfer or retar-33

geting. A central requirement in long-horizon loco-manipulation is that operators need to maintain34

task-relevant spatial awareness over time, including the locations of objects, the surrounding envi-35

ronment, robot’s limb configurations, robot’s pose relative to the scene, and so on. We refer to the36

spatial and temporal extent over which such awareness can be reliably maintained as the operator’s37

perceptual horizon. When such perception horizon is limited, the operator may still be able to issue38

motion commands, but task execution during the teleoperation becomes less efficient and less con-39

venient: objects must be repeatedly searched for, recovery from unexpected events becomes slower,40

precise alignment becomes more difficult, etc.41
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Figure 2: Limitations of existing teleoperation inter-
faces. In exocentric interfaces [3, 4, 11, 21], the sepa-
ration between the operator and the robot (a) weakens
depth perception and introduces additional difficulties
when the operator turns (b). Conventional egocentric
interfaces [1, 5, 7] may hide manipulators (c) and lose
track of objects outside the camera FOV (d).

Existing egocentric teleoperation interfaces [1,42

5, 6, 7] suffer from limited perceptual hori-43

zon in several ways. Narrow camera views44

may miss peripheral events that are important45

for task execution, such as objects falling out-46

side the central view or robot limbs entering47

the workspace from the side. Robot-mounted48

cameras can also become unstable during lo-49

comotion, balancing, and recovery, making it50

difficult for the operator to maintain a consis-51

tent spatial reference. In addition, when visual52

exploration is coupled to robot actuation, head53

motion used for looking around may uninten-54

tionally command the robot’s head, camera, or55

torso. These limitations are more pronounced56

in long-horizon teleoperation, where operators57

must continuously gather and update spatial in-58

formation while simultaneously controlling lo-59

comotion and manipulation; See Fig. 2.60

In this work, we present SPOT (Spatial Perception-Oriented Long-Horizon Humanoid61

Teleoperation), a perception-centered VR teleoperation system for long-horizon humanoid loco-62

manipulation. Unlike prior systems that primarily optimize motion retargeting [11, 13] and treat63

egocentric video as passive feedback [6, 7], SPOT treats spatial perception as an explicit interface64

design objective. The system combines a robot-mounted binocular fisheye camera, a wide-field65

stereoscopic display, viewpoint-decoupled free-looking, and visual stabilization to provide a robot-66

centric view that is wide, stable, and actively inspectable. This design aims to extend the operator’s67

perceptual horizon by preserving access to task-relevant spatial information over longer time hori-68

zons and larger operating ranges. A key design choice in SPOT is to decouple visual exploration69

from robot actuation. This differs from active-camera egocentric settings, such as TWIST2-style70

interfaces [1], where the operator’s head motion is used to change the robot-mounted camera view-71

point and visual exploration is therefore coupled to robot-side motion. In contrast, SPOT renders the72

egocentric stereo observation on a virtual hemisphere surrounding the operator, rather than rigidly73

attaching the view to the headset or directly mapping it to robot head, camera, or torso motion. As a74

result, natural head rotations only change where the operator looks within the wide-field observation,75

without commanding the robot head, camera, or torso. In parallel, visual stabilization compensates76
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for camera rotations induced by robot motion, allowing the operator to perceive a more consistent77

spatial frame during locomotion and recovery.78

We evaluate SPOT on a suite of perception-critical humanoid loco-manipulation tasks, including un-79

expected drop recovery, peripheral object retrieval, wide-range bimanual manipulation, fine spatial80

alignment, and dynamic interaction. These tasks are designed to stress different aspects of spatial81

perception, including object reacquisition, peripheral awareness, large-workspace coordination, and82

stable perception under robot motion. Compared with teleoperation paradigms inspired by recent83

humanoid data-collection systems, SPOT improves task efficiency and accuracy, reduces search and84

recovery time, and lowers operator workload. These results suggest that perception transfer is an85

important complement to motion transfer for scalable long-horizon humanoid teleoperation.86

In summary, our contributions are threefold:87

• We formulate the operator’s perceptual horizon as a practical bottleneck in long-horizon88

humanoid teleoperation, complementary to motion transfer.89

• We introduce SPOT, a perception-centered VR teleoperation system with a wide-field,90

stereoscopic, stabilized, and viewpoint-decoupled robot-centric visual interface.91

• We evaluate SPOT on perception-critical humanoid loco-manipulation tasks and show that92

improving spatial perception improves task efficiency, accuracy, recovery, and operator93

workload.94

2 Related Works95

Bimanual teleoperation Teleoperation studies emerged in a bimanual setting, where two arms are96

attached steadily to a static or moving platform. Bimanual teleoperation systems like [22, 23, 24]97

build an isomorphic bi-arm structure under direct human operation and map the kinematics to the98

actuator arms. Other works use low-cost exoskeletons [25, 26] to collect human arm trajectories.99

Earlier VR/AR headsets also allowed relative hand position tracking, making room for VR-based100

bimanual teleoperation [27, 28, 29].101

Humanoid teleoperation Humanoid robots’ teleoperation imposes significantly greater chal-102

lenges on accuracy and efficiency. Collecting [30] and retargeting whole-body joints [31, 32] is103

harder than bi-arm joints, as it’s infeasible to have an isomorphic humanoid under the operator’s104

direct control. [11, 21, 33, 34] relied on motion capturing (MoCap) systems to achieve the high-105

fidelity tracking necessary for whole-body control. [6] uses exoskeleton interfaces and [35] adopts106

inertial motion capture equipment for whole-body teleoperation. More recently, VR has become the107

dominant interface for capturing operator motion [1, 2, 3, 4, 5, 7, 12] due to its accessibility.108

3 Methods109
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Figure 3: Overview of the system architecture.

We present SPOT, a perception-110

centered teleoperation framework de-111

signed to enhance operator spatial112

perception during long-horizon hu-113

manoid loco-manipulation. The key114

design principle of SPOT is to im-115

prove spatial perception transfer from116

the robot to the human operator, en-117

abling efficient environmental under-118

standing, object localization, and in-119

teraction while preserving intuitive120

teleoperation control. To achieve this121

goal, SPOT combines a robot-centric immersive perception interface with a VR-based teleoperation122
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pipeline. The perception interface provides binocular visual feedback through a stabilized wide-field123

stereoscopic display, allowing operators to freely explore the environment while maintaining a visu-124

ally consistent representation of the world. In parallel, sparse observations from a VR headset and125

handheld controllers are converted into robot control targets and executed by a target-conditioned126

control policy. Figure 3 illustrates the overall system architecture.127

3.1 Immersive Perception Interface128

Egocentric Binocular View We provide the operator with an immersive egocentric observation129

of the robot environment through a robot-mounted binocular fisheye camera. The camera stream is130

received in Unity [36] as a side-by-side (SBS) stereo video texture, and then rendered inside the VR131

headset through a hemispherical display surface. For each rendered viewing direction d ∈ S2 in the132

front hemisphere, we project the direction into the corresponding fisheye image using an equisolid133

projection r(θ) = R · sin(θ/2)/sin(θmax/2), where θ = arccos(dz), θmax is the maximum visible134

polar angle, and R is the normalized radius of the valid fisheye region. The left and right halves135

of the SBS image are sampled independently according to the rendered eye, preserving binocular136

disparity in the headset. Directions outside the forward-facing fisheye support are masked out.137

Compared with displaying a conventional planar camera image, this representation preserves wide138

peripheral coverage and binocular depth cues, which are particularly important in our tasks where139

relevant objects or robot limbs may enter the operator’s peripheral field of view.140

Viewpoint-Decoupled Observation The egocentric observation is rendered on a virtual hemi-141

sphere surrounding the operator rather than being rigidly attached to the operator’s headset view.142

Consequently, the operator can naturally rotate their head to inspect different portions of the robot’s143

wide-field observation without directly commanding a corresponding robot camera or head motion.144

This decouples visual exploration from robot actuation: the operator’s head motion controls where145

they look within the currently available binocular observation, while robot commands are obtained146

separately from the tracked headset and handheld-controller signals. This design is especially suit-147

able for our setting, where the robot does not require an actuated neck to provide an immersive148

observation interface.149

Visual Stabilization Because the stereo camera is mounted on the moving robot, disturbances150

and recovery motions can induce abrupt camera rotations that make raw egocentric video difficult151

to interpret. To maintain a stable visual reference, we compensate for camera motion directly in the152

virtual display. Let Rc
t denote the camera orientation at time t and Rc

0 the orientation at initialization.153

The rendered observation is rotated according to the relative camera motion Rrel
t = (Rc

0)
−1

Rc
t ,154

such that the rotational motion of the physical camera is counteracted in the displayed observation.155

Consequently, the operator perceives a visually stabilized scene despite camera movement induced156

by robot locomotion, balancing, or external interference.157

The camera orientation estimate can be obtained from any source that provides the camera pose158

with respect to a global reference frame, such as robot state or an independent sensing device on the159

camera rig. In our implementation, we employ a lightweight IMU [37] attached to the stereo camera160

and use its orientation estimate to drive the stabilization transform.161

3.2 Teleoperation Pipeline162

Human Motion Acquisition We acquire sparse human motion commands through an OpenXR-163

compatible VR headset and two handheld controllers. The interface is implemented using164

OpenXR [38] and is therefore hardware-agnostic across compliant VR platforms. We have validated165

the system on both Meta Quest [39] and PICO [40] headsets without modifying the teleoperation166

pipeline.167

In each Unity update cycle, the interface queries the tracked poses of the head-mounted display and168

the left and right controllers, yielding three rigid-body transforms: X human
t =

{
TH

t ,TL
t ,T

R
t

}
,169
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where H , L, and R denote the headset, left controller, and right controller, respectively. In addi-170

tion to these poses, we read the two-dimensional joystick inputs and controller-button states. The171

acquired signals are serialized into a lightweight UDP message and streamed to the downstream172

teleoperation process at a target frequency of 50 ∼ 90 Hz. This interface requires only a headset173

and handheld controllers: the tracked head and hand poses provide the sparse upper-body motion174

specification, while joystick inputs are used to issue locomotion commands. In addition, the left and175

right controller triggers are directly mapped to the corresponding robot gripper commands.176

Upper-body Estimation To decouple robot torso control from the operator’s free head motion,177

we do not directly map the headset orientation to the robot torso. Instead, we estimate the operator’s178

torso orientation from a short history of the three tracked VR poses using a lightweight stream-179

ing network. The network is trained on VR motion sequences with torso orientations recorded180

by a body-mounted IMU, while deployment requires only the headset and two handheld controllers.181

Given the predicted torso orientation, we recover the torso position from the tracked headset position182

using fixed headset-to-neck and neck-to-torso offsets. Together with the directly observed controller183

poses, this yields sparse upper-body targets consisting of the estimated torso and two hands. This184

estimation allows the operator to freely explore the environment through natural head motion while185

independently commanding robot body orientation.186

Cartesian Retargeting Following the Cartesian-space formulation of ExtremControl [33], we di-187

rectly map the estimated human upper-body poses to robot-side SE(3) targets without online inverse188

kinematics or joint-space retargeting. In contrast to the full-body setting, our interface maps only189

the torso and two wrists, while locomotion is commanded separately through the controller joystick.190

A one-shot neutral-pose calibration determines the initial heading alignment, controller-to-wrist ro-191

tational offsets, and human-side arm proportions. At runtime, each hand target is expressed in the192

torso frame and rescaled according to the corresponding human-to-robot arm-length ratio:193

pr,rel
t,k = srk +

lrk
lhk

(
ph,rel
t,k − shk

)
, k ∈ {L,R}, (1)

where sk denotes the shoulder anchor and lk denotes arm length. The relative hand orientations are194

transferred after applying the calibrated offsets, and the resulting torso and wrist poses are provided195

directly as Cartesian targets to the downstream control policy.196

Target-conditioned Control Policy Following ExtremControl [33], we train a target-conditioned197

policy in simulation that tracks Cartesian hand targets and locomotion commands. The policy re-198

ceives robot proprioception, target commands, and recent action history, and is trained with standard199

motion-tracking objectives and domain randomization for deployment robustness.200

4 Experimental Results201

4.1 Experimental Setup202

We evaluate our teleoperation interface on a set of long-horizon tasks that require continuous spatial203

awareness, object monitoring, and coordinated locomotion and manipulation.204

We compare our method against these representative teleoperation baselines:205

• Exocentric Teleoperation which provides a third-person external observation similar to206

prior exocentric humanoid teleoperation systems such as OmniH2O [3], TWIST [11], and207

SONIC [4]. In this setting, the operator controls the robot while observing the robot and208

workspace from an external viewpoint.209

• Conventional Egocentric Teleoperation which uses a standard onboard stereo first-person210

camera view (e.g., ZED Mini [41]) through the VR headset, including Open-Television [2],211
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Figure 4: Experimental task definitions. (a) unexpected drop and recovery, (b) peripheral object retrieval, (c)
multi-object bimanual retrieval, and (d) light switch.
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Figure 5: Task completion time. Our interface consistently improves efficiency on recovery, peripheral aware-
ness, bimanual coordination, and long-horizon loco-manipulation tasks.

AMO [5], and TWIST2 [1]. In this setting, we allow the operator to freely rotate the view-212

ing direction through head motion, and simulate the corresponding viewpoint changes sim-213

ilar to their robot-mounted active camera setup. However, the observable region remains214

constrained by the limited onboard camera field of view.215

To ensure fair comparison, all methods share the same robot platform, teleoperation pipeline, task216

environments, and protocols; only the perception interface differs. We report task completion time217

across methods. Two operators (one experienced and one novice) perform 20 trials per task.218

We evaluate four quantitative tasks covering different spatial perception challenges:219

• Unexpected Drop and Recovery, as shown in Fig. 4(a). The robot transports an object that220

is unexpectedly dropped during locomotion. The operator must rapidly localize, recover,221

and continue the task.222

• Peripheral Object Retrieval, as shown in Fig. 4(b). A target object randomly appears223

outside the central viewing region. The operator must detect and retrieve it as quickly as224

possible.225

• Multi-object Bimanual Retrieval, as shown in Fig. 4(c). Two target objects appear simul-226

taneously on opposite sides of the robot. Operators must retrieve both while continuously227

monitoring both manipulators and task-relevant objects.228

• Light Switch, as shown in Fig. 4(d). The robot starts facing away from a wall-mounted229

light switch and must locomote toward and precisely toggle it.230
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4.2 Awareness of Unexpected Events and Out-of-View Objects231

We evaluate this capability using the Unexpected Drop and Recovery task and the Peripheral Object232

Retrieval task. Fig. 5(a) and Fig. 5(b) report the completion times of these tasks.233

Ours

Ego

(a) Peripheral Object Retrieval

?

Ours

Ego

(b) Multi-object Bimanual Retrieval

Figure 6: Comparison between our interface
(Ours) and conventional egocentric teleoperation
(Ego). The limited FOV in conventional egocen-
tric interfaces (a) requires additional search and re-
localization time, and (b) requires sequential instead
of simultaneous manipulation.

The exocentric baseline preserves global scene234

visibility but suffers from reduced spatial pre-235

cision during manipulation, especially when the236

manipulating space is not as ideal as a table-237

top setup. In contrast, the conventional ego-238

centric baseline provides immersive first-person239

feedback but loses awareness of objects once they240

leave the narrow onboard camera field of view.241

It suffers from locating out-of-view objects when242

they come into the manipulation workspace, and243

requires extra search time, as shown in Fig. 6(a).244

Our method consistently achieves higher success245

rates and lower completion times across both246

tasks. The immersive wide-field interface enables247

operators to rapidly re-localize dropped or pe-248

ripheral objects while maintaining robot-centered249

spatial consistency throughout the task.250

We also show in Fig. 1(b) that the operator can251

dynamically locate a ping-pong ball during tele-252

operation and return it to the opponent in real253

time. This demonstrates that our interface is ca-254

pable of tracking dynamic objects across a large255

field of view.256

4.3 Bimanual Spatial Awareness257

We evaluate the ability to simultaneously monitor both manipulators and multiple task-relevant ob-258

jects during coordinated bimanual interaction by using the Multi-object Bimanual Retrieval task.259

Fig. 5(c) summarizes the quantitative results.260

The conventional egocentric baseline loses visibility of one manipulator when the operator focuses261

on the other hand, particularly during large-arm motions or object transfer. The operator needs to262

switch focus and complete the task on each manipulator one at a time, as shown in Fig.6. Meanwhile,263

although the exocentric baseline preserves visibility of both arms, the detached external viewpoint264

weakens depth perception and precise spatial judgment during manipulation. In our experiments,265

the operator also experiences significantly reduced manipulation accuracy on the arm farther from266

the viewing position.267

Our method improves the task efficiency by enabling continuous awareness of both manipulators268

and nearby objects within a coherent immersive spatial representation.269

We further present several challenging qualitative demonstrations that highlight additional bimanual270

capabilities. Fig. 1(a) shows the robot performing rope knotting while continuously monitoring271

both manipulators and rope configuration, highlighting long-horizon bimanual spatial awareness.272

Fig. 1(d) shows the robot inserting a toy sword into a sheath during large-range dual-arm motions,273

requiring simultaneous global spatial awareness and precise bimanual alignment.274

4.4 Spatial Consistency Across Locomotion and Manipulation275

We further evaluate spatial perception during transitions between navigation and precise manipula-276

tion using the Light Switch task. This task requires operators to maintain environmental awareness277
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during locomotion while also performing accurate final-stage interaction. Fig. 5(d) shows the quan-278

titative comparison.279

Operator Turns Robot Turns

Figure 7: Stabilized egocentric perception during turning motions. When
the operator turns in VR, their view turns accordingly. When the robot turns
while the operator stops, the coordinate frame in VR remains stabilized, pre-
serving spatial continuity and reducing abrupt viewpoint changes.

The exocentric baseline280

frequently fails because the281

operator loses awareness282

of the robot after reori-283

entation. Conventional284

egocentric teleoperation285

preserves immersion but286

requires additional view-287

point realignment after288

robot turning, since the289

visual frame rotates together with the robot during navigation.290

Our method maintains stable robot-centered spatial perception across both locomotion and manipu-291

lation stages. As shown in Fig. 7, the viewpoint in VR decouples with robot motion and follows the292

head motion solely, avoiding abrupt viewpoint changes during teleoperation, which results in less293

viewpoint alignment time and improves task completion efficiency and reliability.294

5 Conclusion295

We presented SPOT, a spatial perception-oriented VR teleoperation system for long-horizon hu-296

manoid data collection. Motivated by the observation that effective humanoid teleoperation re-297

quires not only accurate motion transfer but also sustained task-relevant spatial awareness, we298

introduced the notion of the operator’s perceptual horizon. SPOT extends this perceptual hori-299

zon through a wide-field stereoscopic robot-centric interface that combines binocular fisheye sens-300

ing, viewpoint-decoupled free-looking, and visual stabilization. By decoupling visual exploration301

from robot actuation, SPOT allows operators to actively inspect the environment without interfer-302

ing with robot motion, enabling more flexible and user-friendly control during long-horizon loco-303

manipulation. Across perception-critical humanoid tasks involving drop recovery, peripheral re-304

trieval, large-workspace bimanual manipulation, fine alignment, and dynamic interaction, SPOT305

improves task efficiency, accuracy, recovery speed, and operator workload compared with conven-306

tional egocentric teleoperation interfaces. These results indicate that perception transfer is a key307

complement to motion transfer for scalable humanoid data collection. More broadly, SPOT high-308

lights spatial perception as an explicit interface design objective for teleoperation: improving how309

operators perceive, search, and maintain task-relevant spatial context can improve the quality, con-310

sistency, and scalability of long-horizon humanoid demonstrations.311

6 Limitations and Future Work312

Our current system primarily focuses on visual perception through immersive stereo observation.313

However, effective teleoperation also depends on other sensing modalities, including tactile feed-314

back, force interaction, and audio. Incorporating additional sensory channels into immersive hu-315

manoid teleoperation remains an important future direction. Although the proposed interface im-316

proves operator spatial awareness, end-to-end camera streaming latency remains a major bottleneck317

for responsive teleoperation. Delays introduced by image transmission can reduce responsiveness318

during rapid manipulation or recovery behaviors. While our system remains usable under current la-319

tency conditions, further reducing visual feedback latency will likely be critical for highly responsive320

whole-body teleoperation. While SPOT improves spatial awareness and teleoperation performance321

across loco-manipulation tasks, we have not yet evaluated its impact on large-scale downstream pol-322

icy learning. Understanding how improved operator perception affects the scalability and quality of323

learned policies remains an important direction.324
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