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Experience with Teleoperated Robots

Multiple domains

Often motivated by competitions and challenges
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RoboCup@Home DARPA Robotics Challenge CENTAURO ANA Avatar XPRIZE
DLR SpaceBot Cup
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Cognitive Service Robot Cosero
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Handheld Teleoperation Interface

Three levels of autonomy / control:

Task level
Skill level
D|rect control

[Schwarz, Stlickler, Behnke, HRI 2014]
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5 [Schwarz et al. Journal of Field Robotics 2017]



Manipulation Operator Interface

3D head-
mounted
display

3D environment
model + images

6D magnetic
tracker

[Rodehutskors et al., Humanoids 2015]
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[Schwarz et al. Journal of Field Robotics 2017]



Team NlmbRo Rescue

T
KEEP our

[Schwarz et aI Journal of F|eld Robotlcs 2017]



DLR SpaceBot Cup 2015

Mobile manipulation in rough
terrain

5

[Schwarz et al., Frontiers on Robotics and Al 2016]
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Robust Mobility and Dexterous Manipulation in Disaster Response
by Fullbody Telepresence in a Centaur-like Robot CENTAURO

Four-legged robot with steerable wheels and anthropomorphic upper body
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Immersive Operator Interface

* Audio Headset

Senmm B _Jeimmns Stereo Visual and Audio Feedback —— b
wo 1 , _’ * Head-Mounted Display \0

Arm-Hand Movements

* Arm and wrist exoskeleton
* 7 DoFs, wide workspace

* Force and torque feedback

s
Grasping Control

* Hand exoskeleton

* Independent Fingers
* Force feedback

’%f e :

[Klafnt et al., ournal of FieId" Robotics 2020]

Navigation
3 DoFs Pedals
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Teleoperation with Joystick and Spacemouse

3D VEROSIM Robot state & Foot Panoramic view & Task specific Pointcloud, ground
visualization " y Keyframe editor\ _ cameras _ _RGB Kinect image _ GUI . contact & COM markers/

hﬂﬂ?ﬂ b

Monitor 1 Monitor 2 Monitor 3

Flexible user interfaces for locomotion
and manipulation tasks

3D situation awareness

Motion editor

13 [Klamt et al., Journal of Field Robotics 2020] ﬂ@



CENTAURO Evaluation @ KHG: Locomotion Tasks

[Klamt et al. RAM 2019]



Grasping an Unknown Power Drill and Fastening Screws
e - ‘




CENTAURO: Complex Manipulation Tasks

[Klamt et al. RAM 2019]
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ANA Avatar XPRIZE Competition avarar XPRIZE

Requires mobility, manipulation, human-human interaction

Focuses on the
immersion in

the remote
environment

and the presence
of the remote
operator

17



NimbRo Avatar ~ awa# )(’p RIZE

Two-armed avatar robot designed for teleoperation with immersive
visualization & force feedback

Operator station with HMD, exoskeleton and locomotion interface

.
"

\

Omni-
directional

Base ‘ ] (6 DoF F/T Sensors) (Schunk SVH Hand)

18 [Schwarz et al. IROS 2021] | N
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[Schwarz et al. IROS 2021]

Team NimbRo Semifinal Submission
avarae XPRIZE




Team NimbRo
Semifinal Team Video

ANAS N
avarae X PRIZE

Tasks

4. Measure blood pressure

[Schwarz et al. IROS 2021]



NimbRo Avatar: Immersive Visualization
4K wide-angle stereo video stream
6D neck allows full head movement

@
: Very immersive

[Spherical Renderi;gj
Spherical rendering technique hides
movement latencies
Assumes constant depth

D

Exact for pure rotations Distortions for translations

Head Pose ‘
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Stereoscopic VR System

2t [Schwarz and Behnke Humanoids 2021] ﬂ@
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NimbRo Avatar: Immersive Visualization

Avatar Robot

Wide-Angle Stereo

HMD View




NimbRo Avatar: Operator Face Animation

Operator images without HMD
Capture mouth and eyes

Estimate gaze direction
and facial keypoints

, i 7

Left Eye Mouth " Right Eye
Generate animated operator face using a warping neural network
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[Rochow et al. IROS 2022] S



NimbRo Avatar: Operator Face Animation

Gaze A Output
Direction
>
Mouth Cam

24 [Rochow et al. IROS 2022]



NimbRo Avatar: Manipulation with Force and Haptic Feedback

Operator Station Avatar Robot
8D pose ’ﬁ ) 7Djointtorques (~
60 pose
Franka Arm Arm Controller P Arm Controller Franka Arm
7D torque | 7D joint positions
Avatar Model

7D torgue 7D joint positions
Force-Torque Force-Torque
Sensor &0 forces/torques 6D forcestorques Sensor ,"-
. _.f . sz
' ™ Finger positions [~ ™y Hand command s ™ Finger cmds [ M
Schunk
Sense Glove Hand Controller Hand Controller Hand
Finger forces Hand feedback Motor currents

|
|
|
|
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|
|
|
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|
1
1
|
|
|
|
|
|
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Arm exoskeleton (Franka Emika Panda), F/T sensor (OnRobot HEX),
hand exoskeleton (SenseGlove)

Avatar side: Arm + F/T sensor + Schunk SVH / SIH hand
Provides force feedback for wrist and haptic feedback for fingers
Avatar limit avoidance using predictive model to reduce latencies

25 [Lenz and Behnke ECMR 2021] ﬂ@
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NimbRo Avatar: Manipulation with Force and Haptic Feedback

User Study Task

perfomed by a trained operator

[Lenz and Behnke ECMR 2021]




NimbRo Avatar

Avatar XPRIZE Semifinals

[Schwarz et al. IROS 2021]
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Semifinals Conclusions

Designed an Avatar system for
intuitive immersive telepresence

Very good immersive visualization
Operator-Recipient interaction with
facial animation

Bimanual human-like manipulation
with force and haptic feedback
Omnidirectional drive with birds-eye
navigation view

Scored 99/100 points, ranked 1st

in the Semifinals

Judges seemed to enjoy our system
[Schwarz et al. IROS 2021]

ANAS
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. . ANAS .
New Finals Requirements AVATAR )(’p RIZE

Untethered avatar robot, more mobility

Movable operator station

10 tasks in a sequence, including haptics

System reliability extremely important

Tasks fulfillment has highest importance in scoring
Subjective criteria also important

Trial time to break ties
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Haptic Perception

Sensors in the finger tips

PR

Actuators
on the
hand

exoskeleton




Haptics Perception




Roughness Sensing Mems Contact

Microphone Microphone




¥ Anna

/anna/sysmon/state v
Battery Power supply 100%

CcPU Usage 15.11%
Temperature CPU: 68° PCH: 67° SSD: 44°
HDD Usage 32% (596G free)
uss All 11 devices checked
Ping All 6 connections checked
Network All 3 connections checked
Basler Left 463 Hz (delay 0.09s)
Basler Right  45.8 Hz (delay 0.075)

Brio Front 19.7 Hz (delay 0.13s)

Brio Rear 15.1 Hz (delay 0.15s)

Hand Cam 15.0 Hz (delay 0.11s)

Hand Left 1:46°, 2: 48°, 3: 46°, 4: 44°
Hand Right 48.9 Hz (delay 0.04s)
Magnet 3sensors

SVH Contact  193.2 Hz (delay 0.04s)
Head Delay: 0.025

Arm Left Delay: 0.025

Arm Right Delay: 0.025

FT left 480.2 Hz (delay 0.04s)
FTright 479.9 Hz (delay 0.04s)
Wheels Delay: 0.055

Spine 0.90m (37%)

Audio Running

Facedisplay  Human

E-Stop oK

Bagfile Paused

¥ Otto X
Jotto/sysmon/state v
CPU Usage 30.51%

HDD Usage 55% (397G free)
use All 9 devices checked
Network All 4 connections checked
Index cam 52.0 Hz (delay 0.075)
Mouth cam 56.2 Hz (delay 0.09s)

Eye Left 25.1 Hz (delay 0.125)

Eye Right 26.0 Hz (delay 0.115)
Operator Cam  28.7 Hz (delay 0.11s)

Arm Left TF Delay: 19.865

Arm Left Comm  No message

Arm Right TF Delay: 0.00s

Arm Right Comm 0%

Glove Left 96.4 Hz (delay 0.065)
Glove Right 96.4 Hz (delay 0.065)

FT left 936.1 Hz (delay 0.05s)

FT right 935.1 Hz (delay 0.06s)
Rudder Ready

Pedal 47.7 Hz (delay 0.07s)

Eye Tracking 51.0 Hz (delay 0.115)

VR Calibration  Trackers/Arms not working
Audio Running

Jamulus Otto  Registered on server
Jamulus Paused

Recording

HDMIL 58.2 Hz (delay 0.06s)
Bagfile Paused

¥ control_box/Clock X "otto
/ |_® 0 . 3 7 Movement on off
.
send Cmds on off
¥ Anna Core X |
/rsmon_anna_core/state. W Loy control on off
N)de CcPU.. e
/i nalaudio/carla oo | MigntHan: ol i
/ehnasaudio/aptics 003 | Left Hand on off
/2hnafaudiofinterface  0.05
Force / Torque
/2 nafaudiofjack 0.00
/2 na/audio/player 001 | Otto On off
fehnasaudio/thru_comm0.26 | Anna Feedback on off
/2 nasaudio/thru_comm 0.00
/2 nafaudio/thry_haptic 0,01 Anna Limits on off
/2 nafaudio/thru_speak: 0.01 Atlas
T AR AL s
¥ Anna Network X | Drive on off
M e S
/¢ na/monitor 001 | |Spine On off
/2 nametwork control 000 Recording
/2 nafoperator_repub  0.02 =
/2hnarright/commander 000 | Re<°rd on i
/2hnasservice receiver 000  Run
£z nafsyslog 090 o v ofrset o off
/2 nalsysmon 0.10
/enantf_static.agg 000 | janna/network_control/status v
Jenna/tf_transceiver 0.08
5 System  0.39 MBit/s
/¢ \naftransceiver 0.04 Y o Wi CElEi ORE
/2 las_receiver 002 | Feedback 532MBits [SGHz opss 2.46GHz opls
gaender 200 Il 1 416 MBit/s = 5GHz opis 2.4GHz opls
Ionfig_server 000
/§ ng_node 000 | Camleft ZIGMBIUS | 5GHz opss 24GHz opis
¥ rosmon arms X CamRight Z39MBIUS | 5GH2z opls 2.4GHz 0p/s
It smon_otto_arms/state W' | AuxImage 425MBit/s  sGHz opls 2.4GHz opls
N de CPU..
Aduinco 005 | [ottometwork_control/status v
/c toffaulhaber_comm 002 | System  0.00MBits | sGHz opis 24GHz opss
/¢ toleft/driver oo |l R
Ic toflefuft 0.04 . 2ol Uik Ziot opt
1d to/right/driver 0.28 TF LASMBIS  5GHz opls 2.4GHz 0p/s
/¢ tolright/ft 0.07
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/c to/rudder_3d 001 2 it B B
/¢ to/state_pub 005 v v
= < A
Y osmenetiork /anna/left/commande /anna/right/commander
/r smon_otto_ I 1 B
N( message
Status: EXEC Joints Status: EXEC Joints
Reason: NOMINAL Reason: NOMINAL
E sense_glove/GestureGUI % Action: inactive Action: inactive
Lock Lock
BMoozad  Thumbrot
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C09rad Thumb fle: /ottofleft/c v g v
1313 M ;
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. A
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\ 2 Calibration , lcalib Lock Lock
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¥ network_display/network_display

Freq: 5.76 GHz
Associated since;
Signal: -64 dBm

:390 MBit/s MCS
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TX: 390 MBit/s M Robot
Operator 588 MBiU's 2230MBWs | Ping
Ping XPRIZE Ping RTT 1 28.0ms
RTT 0.0ms RTT 0ms  Freq: 2412 GHz RTT2 13.3ms
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¥ Ottoconfig  Anna Config

Time

Node

1.40
15:41.59 /otto/eye_recorder

15:41.25 /otto/eye_recorder

15:43.19 /otto/left/driver

15:43.51 /rosmon_otto_arms

15:43.49 /otto/left/commander

15:43.71 /otto/left/driver
15:43.88 /otto/left/driver
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rosmon: starting '/otto/left/driver’
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Freq: 5.76 GHz
/anna/sysmon/state v 4 (D 0 A 3 7 Movement on off eehtedslire
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Brio Rear 15.1 Hz (delay 0.15s) /annasaudio/thru_comm0.26 | | Anna Feedback on off T MERl RX: 58 MBit/s MCS 0 Z0WMNIt/s
Hand Cam 15.0 Hz (delay 0.11s) /anna/audio/thru_comm 0.00 2.4 GHz
Hand Left 1:46°, 2: 48°, 3: 46°, 4: 44° Jannafaudio/thru_haptic 001 || | AnnaLimits on off — - 3
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Arm Left Delay: 0.02s /anna/network control 0.00 | Recording 4 nw B Waiting start stop
Arm Right Delay: 0025 fannafoperator_repub 002 || == = Time  Node Message Bag file: /home/avatar/eye_bags/bag_2022-11-05-23-41-34.bag
FTleft 480.2 Hz (delay 0.04s) Jannalright/commander 0.00 1 to/mont t tracking f id (tr turr #lmages: L'356, R:356, D:1639
FTright 479.9 Hz (delay 0.04s) /annafservice_receiver 0.00 | Run 41.53 v ] ight tir r ansf y ] Train 0%
Wheels Delay: 0.055 e Link: b rapo
yslog 0.00 Y Offset on off Train error: 3.891897 de:
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8 system  DEEEIE 41 ye_recorder pening bag file: /home/avatar/eye_bags/bag_2022-11-05-23-41-34.bag
E-Stop Ok Jannaftransceiver 00a | Satiz oS 2ot ops 3 ) i ng for ry )
Bagfile Paused Jatlas_receiver 002 | Feedback S32MBit/s | SGHz opss 24GHz opls T f 1 ould re rapo
o o 15:41.25 /otto/eye_recorder Recording stopped.
55 ' TF 416 MBit/s | 5GHz opis 2.4GHz 0pis nna/Pli tt : . g
Iconfig_server 0.00 ) ) a
/ping_node 000 | Camleft ZIGMBIUS | SGHz opis 2.4GHz opis . o, . ¢ < i S ~
- - -
¥ oto X | ¥ rosmonarms. X CamRight Z39MBIUS | 5GH2z opls 2.4GHz 0p/s 4 J t C r r € , ° P
r f re extr
Jotto/sysmony/state ¥ /rosmon_otto_arms/state W | AuxImage 4.25MBit/s  5GHz opls 2.4GHz 0pls 12 29 i i bEed V’
cpPuU Usage 3051% Node CPU.. = 4 i ] I L ke s A G T
e e JarauineD 005 | [ottometwork_control/status 19 3 i
UsB AlL9 devices checked /otto/faulhaber_comm 0.02 | system  0.00MBits | sGHz opis 2.4GHz 0pls nna/r € tto ri 1 4 iver/wrench A/ h ¥
Network All 4 connections checked | /otto/left/driver 00 | o Gazwicics EEE — TR 4ffe 2 ; " b : Force Force
Index cam 52.0 Hz (delay 0.075) fotto/left/ft 0.04 B = P 4 : =2 g 0 m
fotto/right/driver 028 | TF L35MBILS 2 < X i
Mouth cam 56.2 Hz (delay 0.095) 9 Eeli Opfs | BESOE op's 15:43.19 /otto/left/driver E-Stop released (mode 1), back to control o Wy ™
Eyeerc 2 Lz {deinyiC 2 felto/rightt 007 ¥ puximage memmems | 5GHz opls 24GHz opls 10 Wz 10 Wiz
Eye Right 26.0 Hz (delay 0.115) lotto/rudder_3d 001
Operator Cam  28.7 Hz (delay 0.11s) /otto/state_pub 0.05 v v Torque Torque
Arm Left TF Delay: 19.865 = X 15:43.51 /rosmon_otto_arms rosmon: starting '/otto/left/driver’
S No"’:essage ML ' /anna/left/commande /anna/right/commander y " { : K 4 mx 4 mx
n t v " : o o
ArmRIGhtTF  Delay: 0005 Nmsmm.ﬂ 0. | [ | || 15:43.49 /otto/left/conmander Setting brakes to 0 ¥ IZ ) I:
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Arm Right Comm 0% g Status: EXEC Joints Status: EXEC Joints
5:“"“?“" *-‘““:E:EY”-“‘”’ Reason: NOMINAL Reason: NOMINAL 15:43.71 /otto/left/driver Checking if operator is present... .o >
Glove Right 964 Hz (delay 0.065) = e Ao Tnactive 15:43.88 /otto/left/driver Operator is present, not disabling. Jroughness_detector_client/confidence v
FTleft 936.1 Hz (delay 0.055) ¥ sense_glove/GestureGUI o
FT right 935.1 Hz (delay 0.06s) Bl oo Thumbrot lodk Lo 15:43.27 /rosmon_otto_arms rosmon: starting ‘/otto/left/driver’ e
Rudder Ready Power off Power off 1 I r t o
0690 Max : b i i n 0.6 into t 04
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Operator Crew GUI

Otto

Movemnent on off

Send Cmds on off

Otto

Head Control on off

Right Hand on off

Left Hand on Off

Force / Torque

otto on off

Anna Feedback on off

Anna Limits on off

Atlas

Drive Oon Off

Spine on off

Recording

Record on off

Run

Y Offset on off

/anna/network_control/status

System 039 MBit/s | 5GHz oprs 24GHz 0p/s

Feedback  332MBIUs = SGHz 0pls 2.4GHz opls

TF 416 MBit/s = 5GHz opls 2.4GHz opls

CamLeft  ZIGMBIUS = 5GHz opls 2.4GHz o0pls

Cam Right  Z3OMBIUS = 5GH2 0prs 2.4GHz opss

AuxImage 4.25MBitls  5GHz opls 2.4GHz op/s

Iotto/network_control/status v

System  0.00 MBit/s | 5GHz opis 2.4GHz opls

Control 017 MBit/s | 5GHz opis 2.4GHz 0pls

TF LIAMBIS  5GHz opls 2.4GHz op/s

AuxImage HERNMSNS 5GHz op/is 2.4GHz op/s
v v

/anna/right/commander

¥ Anna ¥ control_box/Clock X
/annalsysmon/state v .
Battery Power supply 100% 4 (D 0 . 3 7
cPu Usage 15.11% — =
Temperature  CPU: 68° PCH: 67°SsD:44? ¥ AnnaCore %S
HDD. Usage 32% (596G free) J/rosmon_anna_core/state W
usB All 11 devices checked Node cPU..
Ping Alle ions checked arla 000
Network All3 checked s 0.03
Basler Left 46.3 Hz (delay 0.09s) /annafaudio/interface  0.05
BaslerRight  45.8 Hz (delay 0.07s) /annalaudio/jack 0.00
Brio Front 19.7 Hz (delay 0.135) Janna/audio/player 001
Brio Rear 15.1 Hz (delay 0.155) /anna‘audio/thru_comm 0.26
Hand Cam 15.0 Hz (delay 0.11s) /anna/audio/thru_comm 0.00
Hand Left 1:46°, 2:48°, 3:46°, 4: 44° /anna/audio/thru_haptic 0.01
Hand Right 48.9 Hz (delay 0.04s) /anna/audio/thru_speak: 0.01
Magnet 3sensors Al cansad e
SVH Contact  193.2 Hz (delay 0.04s) b X
Htad Beap0 s /anna/monitor 001
Arm Left Delay: 0.02s /anna/network_control 0.00
Arm Right Delay: 0.02s /annaloperator_repub  0.02
FTleft 480.2 Hz (delay 0.04s) /annalright/commander 0.00
EIiCiaf B0 BE(CElY 004 /annafservice_receiver 0.00
Wheels Delay: 0.05s /annafsyslog 0.00
Spine 0.90m (37%) /annalsysmon 0.10
Audio Running /annaftf_static_agg 0.00
Face display Human /annatf_transceiver  0.08
EStop oK /annaftransceiver 004
Bagfile Paused Jatlas_receiver 0.02
fatlas_sender 000
Iconfig_server 000
/ping_node 000
¥ otto X | ¥ rosmon arms >
Jotto/sysmon/state ¥ /rosmon_otto_arms/state ¥
CPU Usage 30.51% Node CPU..
HDD Usage 55% (397G free) /arduino0 [
uUsB All 9 devices checked /otto/faulhaber_comm 0.02
Network All4 connections checked /otto/left/driver 0.00
Index cam 52.0 Hz (delay 0.075) fotto/lefu/ft 0.04
Mouth cam 56.2 Hz (delay 0.095) fotto/right/driver 0.28
Eye Left 25.1 Hz (delay 0.125) /otto/right/ft 0.07
Eye Right 26,0 Hz (delay 0.115) /otto/rudder_3d 0.01
Operator Cam 28.7 Hz (delay 0.11s) fotto/state_pub 0.05
Arm Left TF Delay: 19.865 ¥ rosmon nework X
Arm LeftComm  No message
- /frosmon_otto_
ArmRightTF Delay: 0.00s
Arm Right Comm 0% O MessAoE
Glove Left 96.4 Hz (delay 0.065)
Glove Right 96.4 Hz (delay 0.065)
FTleft 936.1 Hz (delay 0.055) ¥ sense_glove/GestureGUI
FT right 935.1 Hz (delay 0.065) I ocs o Fhumb ot
Rudder Ready
0690 Max
Pedal 47.7 Hz (delay 0.07s)
Eye Tracking 51.0 Hz (delay 0.11s) 0.09 rad Thumb fle.
VR Calibration  Trackers/Arms not working 1.315) Min
Audio Hewing B o020 Max other
Jamulus Otto  Registered on server
0.254] Max
Jamulus Paused
Recording
HDMIL 58.2 Hz (delay 0.06s) ¥ VR X | ¥ Glove X
Bagfile B VR Calibration calib
) Calib

/anna/left/commande

[ 1

| |

Status: EXEC Joints Status: EXEC Joints
Reason: NOMINAL Reason: NOMINAL
Action: inactive Action: inactive
Lock Lock
Power off Power off
otto/left/c v ig v
/otto/left/commander  /otto/right/commander
Status: 552 Joints Status: 552 Joints

Reason: NOMINAL
Action: inactive
Lock

Dy

Reason: NOMINAL
Action: inactive
Lock

By

5GHz
TX: 390 MBit/s M| Robot
Operator 5.88 MBit/s Router 2230 MBIV Ping
Ping XPRIZE Ping RTT1 28.0ms
RTT 00ms | | RIT OAms  Freq:2412GHz RTT2 133ms
Associated since nTe Ejheed

¥ Otto config

Y

Time

network_display/network_display

28.22 MBit/s

Anna Config

Node

15:41

15:41

15:43

15:43
15:43
15:43
15:43

15:43

)
.59 /otto/eye_recorder

25 /otto/eye_recorder

.19 /otto/left/driver

.51 /rosmon_otto_arms
.49 /otto/left/commander
.71 /otto/left/driver
.88 /otto/left/driver

.27 /rosmon_otto_arms

Otto context  Log

X |¥ Basler
Freq: 5.76 GHz
Associated since
Signal: -64 dBm
: 390 MBit/s MCS

Signal: -53 dBm
RX: 58 MBit/s MCS 0 Z0MNBIt/s
24GHz

TX: 26 MBit/s MC

Message

Opening bag file: /home/avatar/eye_bags/bag_2022-11-05-23-41-34.bag
: i ng for ry

Recording stopped.

E-Stop released (mode 1), back to control

rosmon: starting '/otto/left/driver’
Setting brakes to 0

Checking if operator is present...
Operator is present, not disabling.
rosmon: starting '/otto/left/driver’

X | ¥ lLeftEye X

"

SIS0 M
¥ Mouth X

¥ Right Eye

¥ Reconstruction

Illlu R 26101 IRTINTE

¥ Eye calibration
Bag: Waiting
#Images: L:356, R:356, D:1639

Train 0%
Train error: 3.891897 deg

Start

Stop
Bag file: /home/avatar/eye_bags/bag_2022-11-05-23-41-34.bag

¥ Bird's Eye X | ¥ Hand
+ -~
\ -
TEIUEINEOIGI TR 1T
iver/wrench v h
Force Force
10 \mx 10 mx
o Wy o Wy
10 Wiz 10 Wiz
Torque Torque
4 mx 4 mx
o Hv o my
-4 Wz 4 Wz

¥ Roughness

Iroughness_detector._client/confidence

12
08
04

0

Jotto/haptics_sender/stats

12

o
ol
&

Packet rate

Time

Packet Loss Concealment

1l
X
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Reliability Features

Operator crew awareness
Automatic arm resets
ROS node respawn

State- and connectionless
network system (pure UDP)

Redundant WiFi connections

PC Watchdog




Network Details

Separate ROS cores operator / avatar
Pure UDP, no re-connect / initialization

Main camera stream (stereo 2472x2178
@46 fps) is HEVC-encoded & decoded on
GPU (NVENC).

Total Bandwidth: ~14 MBit/s

Control data is sent redundantly
Monitor packet loss due to congestion

The core software is already open source,
more to come:

/anna/network_control/status

System 0.39 MBit/s
Feedback  2.32 MBit/s
TF 4.16 MBit/s
Cam Left  ZJ16MBit/s
Cam Right Z39MBit/s
AuxImage 4.25 MBit/s

5GHz

5GHz

5GHz

5GHz

5GHz

5GHz

/otto/network_control/status

System 0.00 MBit/s

Control 0.17 MBit/s

5GHz

5GHz

5GHz

2.4GHz

2.4GHz

2.4GHz

2.4GHz

2.4GHz

2.4GHz

2.4GHz

2.4GHz

2.4GHz

2.4GHz



https://github.com/AIS-Bonn/nimbro_network

Audio Details

Low latency solution utilizing the JACK Audio Connection Kit
Redundant UDP transmission via the OPUS audio codec

NVIDIA MAXINE for GPU-accelerated acoustic echo cancelation

jamulus for team communication with operator and recipients
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Team NimbRo




Questions?




