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Motivation ‘#7
DLR

* Rapid advancement of remote control (RC)
technologies for MASS - ROC playing
central role

= Companies like Seafar, Kongsberg, Massterly
drive technological advancement

uuuuuu

» Emergence of guidelines from classification
societies like ABS, DNV and BV [1-3]

= Still, regulatory frameworks lag behind L\

= Formal IMO MASS code still under development [4] - - [5]

- Technology is ahead of regulation and while uncertainty about regulations
persist
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Motivation ‘#7
DLR

= Means of connectivitly
= Often cellular networks = primary channel, satellite communication = fallback [6-8]
» 5G - most promising solution for inland and coast

= Harbor environments present unique challenges
Metal structures (Cranes, dry docks etc.) _ /\
Dynamic vessel movement » N [0 HEY
Radio-based communication systems T - di
High user density in urban areas '

- Related work: Lack of real-world trial data regarding remote operations
using 5G/LTE in harbors and effect on connectivity
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System Architecture for Evaluation ‘#7
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cmp Usecase2

» Requirement for gathering trial data: ROC setup
reflecting systems used in practice Y ' =

Testbed Exchange Bus E

» Based on requirements by classification societies

= ABS (Autonomous and Remote Control Functions) [1]
= DNV (DNV-CG-0264) [3] S g]
= BV (NI 641 DT RO1 E) [2] cerrgems B ]| o

Control commands

= Builds upon the concept introduced in [18] and 5 T
Incorporates the Open Testbed Vessel Architecture i s
[ 1 9] “ﬂ‘;""”’ ““‘;’W” . Control command flow (within SuT)

. Control command flow

|
i
\y H . sensor data flow
'
. I s
Vessel Zone Controller Ship
I:l Vessel infrastructure
|:’ Global infrastruct
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Remote Operation Center Architecture
cmp ROC Components J DLR

Vessel 8]

Remote Control g]

e =]
Vessel Audiovisual Client

System

- Monitoring
- Enable Control Lock
- Control Takeover

- Surveillance Cameras
- Microphones

Vessel Server g]
Media Server g] Remote Control Gateway g] Middleware Vessel Zone Controller %
External Web Servicesh =) - Vessel Camera Stream Capture - Authentication - ROS2 - Heading Control Autgpilot
Web Man Servi - Screen Capturing - RCCommand Validation - RabbitMQ - Trac.k Control Autopilot
l W:b F a|: er;;ce‘ " - Microphone Capturing - Control Permission Handling - Apache Kafka - Engln.e Control
R Authe:;fil::;ii nn;l(:.:rver' o - Converting and Encoding Streams - Zone Controller Delegation - etc. - Steering Control
o . e - Managing Stream Connections - Fallback System - NMEA0183 Bus
- External Information Services - NMEA2000 Bus
- Autonomous Systems
Remote|Operation Center g]
Media Viewer g Remote Control Client g] Vessel Information g] Middleware g] Situation Picture Display (SPD) g]
- Vessel Camera Streams Visualization - Remote Vessel Control Display (VID) - RabbitMQ - Anomaly Detection
- Screen Capture Visualization - Alert State Supervision - Cargo Status - Apache Kafka - Collision Detection
- Vessel Microphone Playback - Monitoring of the Current Remote Control State - Conning - ROS2 - Data Fusion
- Autopilot Status - Internal State - etc. - Environment Modeling
- Navigational Status - Object Detection and Tracking
- Route Monitoring
- Tracked Object Database
- WMS/WFS Client
- Distance Estimation Visualization

Arne Bokern, German Aerospace Center - Institute Systems Engineering for Future Mobility, 09.10.2025




Test Setup and used Technologies

= Components
» Test Carrier Sally
= 4 Cameras mounted on board
» Open Testbed Vessel Architecture
= Remote Operation Center
= RC-Application

= eMaritime Prototype Display with ENCs provided by a
Web Map Service

= Conning
» Distance Estimation Assistance System

* Technologies
» Exchange Middleware - RabbitMQ

» Message Format - Protocol Buffers (Protobuf)
» Video Streaming > WebRTC with H.265 using MediaMTX
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Evaluation Process A#y
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Evaluation of

Signal Remote Control Video Streaming

Performance

Evaluation System Evaluation

Latencies
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Signal Evaluation — Antenna Locations
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Signal Evaluation — Metrics [21] ‘#7
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RSRQ (dB) SINR (dB) RSSI(dBm)  RSRP (dBm)

Fair -15to -20 5to 10 -751t0 -85 -90 to -100

Telekom (Mean, 5G)
Vodafone (Mean, LTE)

9.4
7.04

—> Certain packet loss and unreliability expected especially when using Vodafone's LTE network
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Signal Evaluation — Spatial Analysis
RSRP (dBM) for Telekom 5G (Left) and Vodafone LTE (Right) DLR
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Rem Ote CO n t r O | L ate n Cy EV al u atl O n Telekom Latency (Trial dependent)
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Remote Control Latency Evaluation
Latency (ms) for Telekom 5G (Left) and Vodafone LTE (Right)
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Video Streaming Performance Evaluation

Resolution Compression Mean latency Mean latency Mean percentual  Mean percentual DLR
(Telekom, ms) (Vodafone, ms) packet loss packet loss
(Telekom) (Vodafone)
Camera 1 720p 45 68.29 90.39 3.74 22.22
Camera 2 720p 45 85.73 130.96 2.97 23.96
Camera 3 1080p 60 63.21 98.26 5.3 15.29
Camera 4 720p 60 69.96 84.6 3.83 23.4
Telekom packet loss (camera 3) Vodafone packet loss (camera 3)
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Video Streaming Performance Evaluation
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Discussion 4#7
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= Signal quality drops near dry docks and cranes

* Telekom 5G: latency < 2500ms for video streaming and < 1000ms RC [2]

= Vodafone LTE performance worse
» Latencies generally in bounds but high packet loss - stream issues & connection loss
= Confirms prior 4G vs. 5G findings [14, 22]
» Using two ROC instances > Network load increases unreliability

= Highlights need for message prioritization
» Part of guidelines but not yet implemented in test setup
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Conclusion ‘#7
DLR

* Remote Operations in harbor environments using cellular networks generally
within requirements of the guidelines

= But highly depend on the used provider and technology

» Connection metrics are varying in the harbor - Signal degradation near dry
docks and cranes for both 5G and LTE

= Still, Telekom 5G offered stable performance while Vodafone LTE resulted in high packet
loss, especially under increased network load

- RC of vessels via cellular networks in harbors iIs feasible, stable and within
requirements, provided that qualified network infrastructure is available
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Thank you for your attention!
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Related Work

DLR
* Remote control often part of autonomous operations in trials

* Differentiation between ASV/USV and Full scale inland vessels

Unmanned Surface Vehicles (USV) or Autonomous Surface

Vehicles (ASV)

* Equipped with minimal systems and sensors and generally do not consider
MASS regulations

* Trials using radio communication [10, 11] and 4G technology [12] = No latency
evaluation

» Detailed latency evaluation in [13] using 5G CPE - Avg latency: 27ms, use of
one camera, reliability 93.1%

Full Scale Inland Vessels

» Evaluation of RC Systems using 4G and 5G connectivitiy in [14, 15] on Scheldt
river (Antwerp) and Zelzate

« Avg end-to-end latency: 27ms (Antwerp), 38ms (Zelzate)

- Generally, trials were conducted at sea, lakes or inland waterways [15, 16, 17], not in harbor
environments — [14] conducted trials in Antwerp Harbor - No video evaluation or serialization

latency
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Backup: Connectivity Setup ‘#7
DLR

= 2X Teltonika RUTX50

= 2X Poynting XPLO-1-5G
omnidirectional antenna

» Network configuration
» Telekom 5G Network
= Vodafone LTE Network

¥R ,1 -_q"; —‘114 *;-u_ J _.' .
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Packets lost since last received RTP packet (Log scale)

Backup: Video Streaming Performance — Packet loss
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Vodafone packet loss (camera 1)
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Backup: RSSI

RSSI (dBm) for Telekom 5G (Left) and Vodafone LTE (Right) DLR
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Backup: RSRQ

RSRQ (dB) for Telekom 5G (Left) and Vodafone LTE (Right) DLR
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Backup: SINR

SINR (dB) for Telekom 5G (Left) and Vodafone LTE (Right)
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Backup: Vodafone Outliers
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Backup: Video Streaming Performance — Packet loss

Camera 2

Telekom packet loss (camera 2)

— 100 ~
= — trial_1
bt —— trial 2
c'] - -

g trial_3
T

=

L]

e

3 10 -

o

=

LY

2

iH]

%]

v

R

%]

i

ik}

L]

£

051

4+ 1_

7]

=

bl

2

£ ]

T T T T T T T T
0 25000 50000 75000 100000 125000 150000 175000 200000
Received RTP packet index

Packets lost since last received RTP packet (Log scale)

DLR

Vodafone packet loss (camera 2)

4000

1000
500 ~

200 ~
100 -

10

—— trial 4
—— tial 5

Arne Bokern, German Aerospace Center - Institute Systems Engineering for Future Mobility, 09.10.2025

T T T T T
20000 40000 60000 80000 100000
Received RTP packet index



Backup: Video Streaming Performance — Packet loss
Camera 3 DLR
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Backup: Video Streaming Performance — Packet loss

Camera 4
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Backup: Message Distribution
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