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Abstract:

With the increased connectivity of Industry 4.0,
and the focus on industrial robots therein, AMR
robots are one of the main tools for achieving in-
creased productivity. Currently AMR robots only
relay on its own sensors to gather information re-
garding the working environment, with limited in-
formation shared between the robots. However, if
information sharing was increased, to create a vir-
tual reality, the robots could plan their paths with
additional efficiency, increasing the overall plan-
ning efficiency. This study investigates the possi-
bility of moving the planner from individual robots
to a centralised edge cloud planner with the help
of 5G. To determine feasibility of the proposed so-
lution, the impact of 5G delays in communication
between a robot and a separated external planner
was investigated by emulation.

Furthermore, an analysis of the communication
between the robot and planner have been con-
ducted with the purpose of determining and im-
proving the connection by batching small packets,
while upholding time requirements. To conclude
if the results achieved is reflective of reality, a test
with a a private 5G network with local core was
conducted. When applying an emulated latency of
current 5G connections and the enhanced schedul-
ing of 5G with URLLC support a small increase
in execution of 0.154%0 and 0.108%0 observed.
Further investigation of the communication be-
tween robot and planner revealed a significant
amount of small packets from TCP connection.
Through small window batching of these, were the
PPS reduced by 7%. When applying the batching
and expected result from emulation, the feasibility
of safe operation over 5G was theoretically vali-
dated. However, when this was tested over an op-
erational 5G connection, some gaps in operation
were discovered. Individual TCP streams timed
out, which caused the robot to operate in subop-
timal conditions. Therefore, further debugging is
needed. It is believed that it is possible to achieve
an operational 5G-based edge cloud planner with

slight adjustments to the connection.
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Abstract:

Med den ggede konnektivitet i Industri 4.0 og fo-
kus pa industrirobotter er AMR-robotter et af de
vigtigste veerktgjer til at opna gget produktivitet.
AMR-robotter deler kun begraenset information
mellem robotterne. Men hvis informationsdelingen
blev gget for at skabe en virtuel virkelighed, kun-
ne robotterne planleegge deres baner med stgrre
effektivitet og dermed gge den samlede planlaseg-
ningseffektivitet. I denne rapport undersgges mu-
ligheden for at flytte planlaeggeren fra individuelle
robotter til en centraliseret edge cloud-planleegger
ved hjeelp af 5G. For at fastsld gennemfgrligheden
af den foresldede lgsning blev virkningen af 5G-
forsinkelser i kommunikationen mellem en robot
og en separat ekstern planlegger undersggt ved
hjelp af emulering.

En analyse af kommunikationen mellem robotten
og planleeggeren med henblik pa at bestemme og
forbedre forbindelsen ved at samle sméa pakker i
stakkevis, samtidig med at tidskravene overholdes.
For at konkludere, om de opnéaede resultater af-
spejler virkeligheden, blev der gennemfert en test
med et privat 5G-netveerk med lokal kerne. Ved
anvendelse af en emuleret latenstid for de nuvee-
rende 5G-forbindelser og den forbedrede planlseg-
ning af 5G med URLLC-understgttelse blev der
observeret en lille stigning i udfgrelsen pa 0,154
%o og 0,108 %o. En yderligere undersggelse af
kommunikationen mellem robotten og planlsegge-
ren afslgrede en betydelig maengde sma pakker fra
TCP-forbindelsen. Ved at samle disse i sma vindu-
er blev PPS reduceret med 7%. Ved anvendelse af
batching og det forventede resultat fra emulering
blev muligheden for sikker drift over 5G teoretisk
valideret. Da dette blev testet over en operationel
5G-forbindelse, blev der imidlertid opdaget nogle
huller i driften. Individuelle TCP-strgmme gik ud i
tid, hvilket fik robotten til at operere under subop-
timale forhold. Derfor er der behov for yderligere
fejlfinding. Det menes derfor, at det er muligt at
opna en operationel 5G-baseret edge cloud-planner
med mindre justeringer af forbindelsen.
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Chapter 1

Extended Summary

In current industrial environment the use of logistic robots for internal transportation
have increased in recent years. This follows with the increased interest for Industry
4.0(I4.0), in which a main focus is on automation and information sharing between in-
dividual manufacturing machines, robots, and management systems. Currently this is
achieved with the use of wi-fi. However, with the increasing demand for high throughput
and low latency for time critical appliances are improvements necessary to ensure reli-
able operations. Newer iterations of cellular communication are becoming more prevalent
as it allows for support of massive internet-of-things(m-IoT), ultra-reliable low latency
communication. Therefore, is the use of 5G becoming an increasing interest for use as
wireless medium.

The most commonly used types of robots for internal logistics are autonomous mobile
robot (AMR) and Automated Guided Vehicle (AGV). The latter uses located markers in
the environment to determine its location. This can be reflective surfaces, lines marked
on the floor or electromagnetic stripes in the floor. These robots are limited in their
range and can take significant effort to alter the paths. An AMR will use a pre-generate
map of static objects (i.e. walls or production machines) to create a global plan of move-
ment. When executing operations will an AMR, detect dynamic obstacles and re-plan
its path to avoid collision.

The AMR is the type of robot that stands to most directly benefit from an increase
information sharing, this is due to the information gather on dynamic objects are not
exchanged among robots. Two AMR robots with the same map and destination will
plan the same path. If one of the robots discovers the path is blocked by a dynamic
object, will it replan its own path, but not share the information regarding the dynamic
obstacle with the other robot. The other robot will have to discover the blocked path
on its own. If the information was shared between the robots, would the second robot
be able to replan its path before it met the dynamic obstacle.

With 5G edge cloud solutions providing increased planning capabilities compared to

currently used solutions at the cost of increased latency, have the following problem
statement have been constructed for this project:
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"It is possible to successfully integrate an 5G edge cloud planner, without significant
reduction of the e [ciehcy of an AMR"

To investigate this hypothesis, the following research questions (RQ) are defined:

RQ1: What data is transmitted between the robot and planner?

RQ2: Will the robot experience a significant reduction in performance when using
a centralized planner operating over 5G?

RQ3: Can the data flow between robot and planner be improved?

RQ4: What hidden difficulties arises when testing and validating a cloud planner
over on a 5G network?

As an internal step to investigate the problem statement, was it necessary to separate
a robot from its planner. To do this were the planner separated from a MiR 200 robot.
The integrity of the system had in initial test been determined to be as efficient as an
onboard planner, when connected directly with an Ethernet cable. Furthermore, the
measurements of packet sizes and time between packets were determined for analyses.
This follows the initial steps seen in paper 1 "Towards a 5G Mobile Edge Cloud Planner
for Autonomous Mobile Robots". In which, it was revealed that the majority of packets
transmitted were TCP acknowledgements (acks). 43% of packets transmitted from the
planner are acks, while they constitute 45.3% of packets from the robot. This reveals the
answer to the first RQ, as the communicating between the planner and robot consisting
of multiple TCP connections.

To investigate if the TCP connection were affected by an increased delay were a de-
lay box, placed in-between the planner and robot. This allowed the robot to experience
5G by emulating the delays. Two tests were conducted in an environment meant to
accommodate normal operations with dynamic planning. The first of the test were a
navigation test, with the robot being instructed to move between two points in the en-
vironment, with and dynamic object placed in its path. Additionally, a docking test
was preformed, where the robot was placed 1 meter in front of station. The robot then
executed a docking operation.

RQ 2 were answered by both the docking and navigation test, with the latter revealing
an increase in execution time of 0.154%o, when utilizing the network configuration with
the highest round-trip time. It was furthermore discovered in the docking test that a
standard deviation of 11.48 mm was observed for the same network configuration. As
both test point to the same conclusion which answers RQ 2, as the change to a 5G
connection from a wired configuration is possible, with negligible impact on operations.
Additional information regarding docking and navigation test can be found in 3.5.3 and
3.5.2 respectably.
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As it is theoretically possible to have a centralized planner, were the possibility of reduc-
ing the packets transmitted investigated in the paper 2 "Implementation and Experimen-
tal Validation of an Optimized 5G Mobile Edge Cloud Planner for Autonomous Mobile
Robots". It was discovered that there were there a significant amount of small packets.
These packets will instead of being transmitted individually be batch together. This
was done to reduce the amount of packets send, which allows for increased scalability.
When batching two requirements were set that allowed for transmission of the gathered
packets. This first were a size requiting, if the next packet gather will make the buffer
of stored packets exceeds 1500 bytes, which is the MTU of 5g packet, will the packet
be transmitted. The other requirement was a time restriction, this were done to avoid
a period of low traffic that would cause the buffer to slowly fill up, but exceed the time
requirements of the first packets in the buffer. It was discovered that a hold back time
of 2 ms were able to achieve results. This answers RQ 3, as the improvement of the flow

between planner and resulted in a reduction of packets transmitted by 7% compared to
a hold back of 1 ms

When testing the centralized planner over an 5g connection with batching in the net-
work, was it discovered that significant gaps in the communication occurred. A gap of
60 s accrued every 100 s for TCP conversations with large packets. This caused the
robot to be unable to navigate through the environment, as it greatly affected the com-
munication of the laser scanners on the robot, making the robot "blind" while driving.
Additional information regarding operations over 5G can be found in 3.5.5. This answers
RQ4, as test have revealed additional investigation of the robot and network is necessary.

When returning to the problems statement, with the information acquired thought the
RQ can it be determined, it is theoretically possible to operate and AMR with an 5G edge
cloud planner. To achieve an operational connection over a 5G network, it is necessary
to tune network configurations to mitigate connection loss.
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Chapter 2

Papers
2.1 Paperl

Towards a 5G Mobile Edge Cloud Plan-
ner for Autonomous Mobile Robots

Taus Raunholt, Preben Mogensen, Ignhacio Rodriguez, and Morten
Larsen

T. Raunholt, P. Mogensen and I. Rodriguez are with the Wireless Communication Net-
works Section, Department of Electronic Systems, Aalborg University, Aalborg @st 9220,
Denmark (email: traunhl6@student.aau.dk; pm@es.aau.dk; irl@es.aau.dk).

M. Larsen is with mobile industrial robots, Emil Neckelmanns Vej 15F, 5220 Odense
S@, Denmark (email:mla@mir-robots.com)

The paper is submitted to the
International Conference on Intelligent Robots and Systems (IROS 2021)

© will be transferred to IEEE without further notice in case of acceptance.
The layout might be revised.
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2.2 Paper 2

Implementation and Experimental Vali-
dation of an Optimized 5G Mobile Edge

Cloud Planner for Autonomous Mobile
Robots

Taus Raunholt, Preben Mogensen, Ignhacio Rodriguez, and Morten
Larsen

T. Raunholt, P. Mogensen and |. Rodriguez are with the Wireless Communication Net-
works Section, Department of Electronic Systems, Aalborg University, Aalborg @st 9220,
Denmark (email: traunhl6@student.aau.dk; pm@es.aau.dk; irl@es.aau.dk).

M. Larsen is with mobile industrial robots, Emil Neckelmanns Vej 15F, 5220 Odense
S@, Denmark (email:mla@mir-robots.com)

The paper is in preparation for submissionto the
IEEE Wireless Communications and Networking Conference (WCNC 2022)

© will be transferred to IEEE without further notice in case of acceptance.
The layout might be revised.
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