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Executive summary

This document reports othe design of the 5&based testbed at the Ericsson smart factory in Kista,
Sweden which is one of the trial sites for the B8ART projectThe testbed will be used for

validating and evaluating 5G technologies against the requirements of three industalirdbOa Q dza S
cases from ABBDne use case relates to vistbased control of a collaboration between industrial

robots, another to interaction between an industrial robot and a human worker on factory floor,

while the remaining use case refers to visual@matiof factoryfloor information by means of
augmented reality (AR)The 5G testbed encompasses hardware equipment and software
applicationgo realize the advanced use cases as well as the undeB@mngtwork infrastructure.

A general overview othe three use cases is providedollowed by summarizingtheir main
requirements fromwork for another 5GSMARTreport, deliverableD1.1 éForward looking smart
manufacturing use cases, requirements and &Phsorder b identify keydemands for building the

5G testbed a functional architectureof it is definedbased on envisioned use case scenarios
Description of the functional architecture starts by abstracting and explaining essential robotics
functionsfrom the application pengective then groupng them into functional components based

on their planned rolesin the 5G testbed and finally presening the communicationinteractions
among the components in all three use cases by using sequence diagrams.

The deliverable further spifiesthe equipmentthat is planned for thebGtestbed realization, also

highlighting main hardware and software features of the equipment.Kegrsoftware components

which need to beprototyped, such as forobot motion planning andARbased visualization, a

functional design is describehe mt Ay Fdzy OG A2y | £ O2 Y ldfuipBeyititeins, F NB  a Y
which illustrates how the roboticsrelated equipment will be interconnectedvia the 5G network

infrastructure and, especially, which data types will be exchanged ovewis&€ess linksIn the end,
specificplans for implementing th&G network infrastructure are laid out, includinthe type of 5G

network architecture, spectrum andpecific frequency bands tdbe used, but alsmn physical

equipment deployment ithe testing area at the Kista trial site.
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1 Introduction

In a continuous effort toboost productivity, industrial automation and, in particular, smart
manufacturing are seeking to embrastate-of-the-art technologies from the domains of, e.g.,
Internet of Things, artificial intelligence, and rolwstiindustrial obots have a key role in smart
manufacturing,allowing torelieve human workers of hidly repetitive tasks as well as to improve
their safety. The manufacturing landscape is also witnessing an increasing number of production
lines,on whichstationary robotsneed to collaborate with human workers or whiahe supportedby

mobile robots for transportig materialsand goods.

In such an ecosystem, 5G is expected to be a major wireless communication enabler. Besides
offering native mobility support formobile robots andother moving assets across largi&ctory

areas, 5G promises network performance guarantees tailored to theuirements of industrial
applications. This wouldlsofacilitate disposing of cablder stationary machinerywhich would, in

turn, enable easier commissioning production lines, but also themore flexible(re)configuration
5GSMART focuses on valiohg and evaluating several 5G features, such as-vitliable and low

latency communications, and architectural aspects, such as Edge cloud computing, Huainst
requirements othe most advanced manufacturing applications.

1.1  Objective of the document

Takng as an inputvork for 56GSMARTR S f A @S NJForivagd lobking smartimanufacturing use

cases, requirements and KP[EGR0-D11] which defines in detaii KNE S Ay RdzAuSeNA | £ NZ
cases to be trialed at the Ericsson smart factory in Kista, this document prebentsnctional

design and implementation plans for the 5G testbed that is going to befosdie trials.

Driven by the motivation to produce a selbntained report 6r interested readers, a general
overview ofti KS | R@I y OSR AugeRedgasiiitsigiven, folkhiedl Bya sudriaf of their
main requirements fronthe work for deliverableD1.1 &Forward looking smart manufacturing use
cases, requirements and KRilig order b identify key demands for developing sucb@Gtestbed, a
functional architecture for it is specifiduhsed on envisaged use case scenalwesentation of the
functional architecture starts by explaining robotigdated functions from tle application
perspective, which are required to implement all three use cases. Exaofples robotics functions
include robot motion planning and visdahsed objectrecognition. These functions arthen
grouped into severalfunctional componentsbasedon envisagedolesof the componentsn the 5G
testoed Furthemore, the d K AA KISt ¢ O 2 YiMeamaétlors | dmbrg ythe functional
componentsare definedby means ofequence diagrams.

This deliverablealsospecifiesthe equipmentthat is needed tobuild the 5Gtestbed Theequipment
covers boththe industrial roboticddomain, such as commercial stationary robots from ABB, video
camerasand an augmented reality (AR) headset, as wethassGnetwork infrastructure such as

9 NR O & a RoyfsCiar radic2atogss and core netwarlr all the equipmentits main hardware
and software featuresare highlighted. Besides a functional design is providedrfkey software
whichneeds to be prototyped, e.g.robot motion planning and ARased visualization. Thdentified
Fdzy QliA2ylt 02 YLR Y the/téstbedéqdifnent which delSeR o illistate how the
roboticsrelated equipment will be inteconnectedthrough the 5G network infrastructure and,
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especidly, which data types will need to be exchanged over 5G rddithe latter part, different
inter-connectivity configurations for the robotieglated equipment are presented, which will allow
studying systemwide tradeoffs between applicaticlevel requiements and networkevel
performance.In the end,specificplans fordeploying and installinghe 5G network solution are
presented including the 5G network architectutgpe, spectrum and specific frequency bands to be
usedfor the trials but alsca schematic overview ofhe testing area at the Kista trial site.

1.2  Structureof the document

The rest of this document is structured as follows. SeQia@utlinesthe use cases that are to be
trialed as well as their main requirements the underlying 5G neterk. Thefunctionalarchitecture
for the 5Gbasedtestbed ispresentedin Sectior3, includingthe essential functions to realize the
use cases, main functional components from the application perspective and their testbedardies
the communication interactions among these components. Sedtidists the equipment that is
required to implement the whol&G testbed, along withi K S S |j dzhakdWaBe/aindsaftware
features. The 5G network solution and different equipment irtennectiviy configurations are
specified in Sectioh. Section6 concludes theeport.
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2 Trial tse cases

Several 5G features such as ultraeliable and lowlatency communications (URLLGInd

architectural aspectssuch as Edge clowbmputing,will be evaluated at the Kista trial sitgainst

theNB lj dZA NBYSyGa 2F GKNBS A yRdrsa dddel(UCpvles @aiddOa Q dza S
factory-automationtlike scenario that includes interactisrbetween industrial robots, or between
industrialrobots and human workerd he followingscenariosare consideredy the UCs

9 transport of materialsand goodshetween stationary robots (i.e.robot workstationg by a
mobile robot(UC1),

1 safe movement of a mobile robot among humaarkers(UC2), and

1 supervision offactory-floor machinery and equipmenby novel means of information
visualizationUC3).

To realizeefficient manufacturing processeactionsof each industrial robot, botl stationaryrobot
(SR) anda mobile robot (MR), are planned and inteicoordinated. For instance, he inter
coordination encompassesollaboration between two SRs which process the same material or
between anMRand an SR, when the 8Beds toplace a object ontothe MR

2.1  Overview

The overall setupfor UC1, U2, and UQ isillustratedin Figurel. The setup assumes thatl the
roboticsrelated equipment except fora video camera system thabversees the trials area,
communicates over wirelegs rest of the5Gtestbed UC 1 deals witthe transport of materialsand
goods by an MR, which is tasked to deliver an object from oneSRto another. For that, a
collaboration ofthe robotsis needed after the MR approaches first SR, thaRwill be taskedto
place the objeconto the MR Then, after the MR reaches the second tBRt SR is to pick up the
objectfrom the MR One of the main UC ambitions is taleploy robotics intelligence for controlling
such collaborative operatianto Edge cloud, a computing platform in the 5G networkchise
proximity to the robotics equipment The Wwdeo camera systenwill be utilized as themain
information source forvision-based navigation of théMR towards SRs but also forvisionbased
tracking of the object ithe pick and plae operation

photo: Technician with an AR headset™_
ABB d

Stationary Human worker ppoto: \

robot (SR) Photo: BB
s Ericsson ( \ S\ Y )
\\ i ‘ Stationary robot (SR)
'} ‘ Robotics ! m.&
{ \ \ control Pl
Q w
! ! Photo: o ' Photo!
'.‘_\ ' ABB D _/~ L
S~ — 7 Y l 5
Photo: - g L | /
ooy ’E' Mob4le robot ( MRL/ o x / 4
J ]
g _/- - <\ 5G radio access network y
= \K_,)\ /&/ © Copyright 2019 ABB. ABB images originate from a public ABB image bank.

i I

Figurel: A setup illustration for UC 1, UC 2, and UC 3
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UC2 complements UC by consideringa human workerwho mowves on the factory floor that is
populated with mobile robots, with the specific objective of navigatingthe MR by robotics
intelligencein Edge cloudso that the MR avoids a physical contact with théauman worker. The
video camera systenwill be exploitedasone ofthe main information sourcgfor visionbasedMR
navigation relative tothe current position of the moving human workeFinally, UC3 regards
factory-floor technicians wh are responsible for supervisirtge operation ofindustrial robots and
other machinerybased on gathered informatiofzor UC3, a technicianwill be equipped withan AR
headsef which will allowdisplayng information on statonary and mobile robots by utilizing
different gestures. BLISY RAy 3 2y (KS KiSforiRadiod dlispeaywilf repdrt dhan2 T OA S
operational statusof the robot that is physically closest to the techniciawhile also providing an
indicationof other robots which arenear her/him,but notin the field of view Theobjectivein this

use case ias wellto evaluate using the video camera system for tracking the current position and
orientation of the moving technicign.e., her/his leadset

2.2  Expected benefits and key research objective

Software, which is responsible for, e.gnducingelectrical and mechanical parte move one or
more arms in an S& the base ofan MR, commonlyexecuteson a hardwarewhichis embedded in
robots themselvesA key reason fathat isto cater for demands wsafety andexecutionefficiency.
However, this also imposes several challeny®gh respecto commissioningan engineer usually
needs to connect to each of industrialb@ts and configure theisoftware one by one.A similar
procedure is carried out if theobot software needs to be upgraded. In that sense, it would be
beneficial ifthat software could bedecoupled from the hardware in eaclindustrial robotand
executedon a commoncomputing LJt I 4 F2 NY @ ¢ Kok &oftwére Wotild aldo Ragla ¢
simplification and miniaturizatiof the robot hardware which might, in turn,lead to savings in
overallrobot footprint and manufacturing cosfAnother positie impactregardinga robot hardware
reductionmight be achieveas followsinstead of equipping eacimdustrial robot e.g., withits own
video camera that providethe robot with vision capabilities, ahared video systeron a remote
platform could be employed. Removing video cameras and, possibly, other peripheral devices might
prove beneficial especially for mobilebots, for whichthe battery charge levels a critical working
aspect. Furthenore, running different software on a commocomputing platform might pavea
new way for introducingnovel robotics serviceg, for instance,one couldintegrate the planningf
task assignments fandustrial robotsand a databaseon their operational statuswhich wouldallow
anincreased utilization ofactory-floor machinery

An overarching research questifor it KS (G KNBS A yiezasesA I f NRo20GA0aQ
can5Gsystemsoffer high-reliability and lowlatencycommunicatiorperformance
that would

1) support offloading robot software from its dedicated hardwargo a commonEdge cloud
platform that isin closeproximity to the roboticeequipment and

2) support deploying other softwaréor advanced industrial robotics applicatio(s.g., with
regards to machine visiomnto that common platform,

so thatcritical operatioral demandof the use caseare satisfie@
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2.3  Summary ofequirements

Work for 5GSMART deliverable D1.1 d&Forward looking smart manufacturing use cases,
NB lj dzA NB Y Sy (i & 20DVl Rspevifies ia detaililpe Bbg use cases to be set up at the Kista
trial site. That specification includes a set of functional features which th@éi@ork needs to
support for the use cases as well as fanctional requirements which the use cases impose on the
underlying 5Ghetwork. This subsection provida summary of the requirements, with the focus on
performancerelated metrics and their values planned for the 5G evaluation.

The performance requirements are expressed per each of the main communication streams that are
presented in the use case specification. Communication streams carry the data among key entities in

the 5G testbed that is needed tchievedifferent features é the use cased-{gure2). Most of the
streams will be exchanged over 5G wireléisks except for thevideo trackingstreams from the
video camera system that will xploit wired connectivity. Further explanations on these
communication aspects can also be found in the remaining part ofépist.

Photo:
Ericsson

Status
fetching

gm ‘

i : v
| hoto: of ) hoto:
- *\—/ wd AW u
, ‘- R
Photo: /
Object scannlng e .
ase. . Motion Motion ) ~/
w05 planning planning

© Copyright 2019 ABB. ABB images originate from a public ABB image bank.
Figure2: An overview of communication streams in the Kista trial site use cases

The performaige requirements put forth are summarizedTablel and Table2, and correspondo
the application perspective of the communication services. The outlined subset of the metrics is

selected to briefly explain the need for 5G wireless connectivity. Average data rates are highlighted

for both 5G radio downlink (DL) and uplink (UL). Fa two motion planningcommunication
streams inTablel as well asstatus fetchingn Table2, two-way end-to-end E28 latency, or round

trip time, is assumed//hen it comes to characterizing the communication streams in terms of traffic
models, then two major aspects are consideredmmunication periodicity and communication
determinism. The periodicity relates to transmitting messages with a cetitaminterval between

the consecutive transmissiondf that transmission interval is known and repeated, then the
communicationis sadl to be periodi¢ otherwise it is aperiodicThe dterminismregardsthe time
between the transmission and the reception of a message. dt time is bounded, then the
communication is said to be deterministmtherwise it is nordeterministic

857008 5cGSMART 8
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i Endto-end | Communication
Communiation | Average data )
latency service Remarks
stream rate .
(max.) availability
Deterministic and periodig
Motion planning | DL < 1 Mbit/s | <transfer_ 99.99 % communicationwith
for SR UL < 1 Mbit/s | intervakg K9 0 transfer_intervadrof
[5-40] ms
Deterministic and periodig
Motion planning | DL < 0.5 Mbit/s| <transfer_ 99.99 % communicationwith
for MR UL < 0.5 Mbit/s| intervalr K9 0 transfer_intervalr of
[10-50] ms
Obect scanning Bt z g I\M/Ig:zi ;(zptl)c?red To be explored | Periodic communication

Tablel: A summary of performance requirements frasC1l andUC2

Motion planning for both SR and MR employs sending motion commands and receiving
acknowledgments for them. It is important to note that these communications are not only periodic,
with a preset transfer interval between sending two consecutive commands, but also detistini

Such a characterization on determinism stems from motion planning design and its correct
operation assuming that next motion command is sent after the previous commiand
acknowledged. For that reason, the twway E2E latency needs to be lower thdme transfer
interval value, while, given the communication service availability demand, it is allowed that only
one in 10000 such commands is not acknowledged in the due @hject scanningelates to a laser
scanner o 2 F NR aw 0K { ¢ORghykiG&iCobjécts and.Bri- skch i Wdy, recognizes
potential obstacles il K S  anwirbrdnent (the illustration ifFigure2 assumes two such scanners

on the MR).
— Endto-end | Communication
Comnunication | Average data .
latency service Remarks
stream rate -
(max.) availability
Status reporting | DL <1 Mbit/s | Not Not relevant Non-deterministic and
for SR UL < 1 Mbit/s | relevant aperiodic communication
Status reporting | DL <1 Mbit/s | Not Not relevant Non-deterministic and
for MR UL < 1 Mbit/s | relevant aperiodic communication
. Deterministic
: < o
Status fetching Bt < i mg:z: <lag %99.0 % communicationjag of
[100-200] ms

Table2: A summary operformance requirements froC3

The status reportingstreams for SR and MR target storitte NP 02 G4 Q 2LISNI GA 2y f
centralized data repository, and both stream types are categorized asdetmministic and

aperiodic. This is due to a commatilization of reliable transport protocols for such purpos&atus

fetching on the other handyrefers to acquiring information which will be visualizedtire AR

headset from thecentralizeddata repository.To avoidthe technician wearing such headseotice

any laggegardingthe time interval betweenissuinga respective fetching commarahd displayng

the informationin the headset, the twavay E2E latency needs to be lower thalagvalue.

857008 5cGSMART 9
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The examples oboth stationary and mobile robots and their strict requirements on bounded
communication latency andocnmunication service availability witlespectto the motion planning,

as well as of a technician withe AR headset who moves around factory floor and the demand on
timely delivery ofrobot status information to be visualized, clearly motivate leveragh@
technologies and their service of URLLC.

857008 5cGSMART 10
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3 Functional architecture

This section presents the functional architectusdated to envisioned use case scenaribjch is

the key input for designing overall 5G testb&the essential éinctions to realizeéhe threeuse cases,

such as motion planning for an SR, motion planning for an MR, object recogaitidinformation
visualization, are described in subsectif. Based on the planned roles in the 5G testbdtkse
essentialfunctions are grouped intanain, applicationperspectivecomponentsand presented in
subsectior3.2. Ananticipated sequence ofoperational steps across all three use cases and the
F3a20AF ESROSH KA DR YYdzy AOF GA2Y funttipdaNdorGporiertsy d@re | Y2y 3
specified and illustrated in subsectiGrB.

3.1  Essential functions

Senarios of UQ, UC2, and UC3 are based on twaobot actions movingan arm of an SR and
movingthe base ofan MR In order b regulatemovement path, omotion, of arobotic arm so that
it achieves a needed action, a control process is exectiigaie3). This control process involves a
motion planningfunction that peiodically computesequentialarm positiors neededto reachthe
target motion position The @mputed arm positions are sentas referenceto a motion execution
function, along with thevalue of motionspeedfor reachingeach suchposition After receivinga
motion reference with the value of a future positignthe motion executionfunction induces
electrical and mechanical part® move a given rob@t arm to that position For each received
motion referencemotion executiorfeeds back tke actualposition of the arm to thanotion planning
function to facilitate monitoring ofeachingthe motiontarget Whenan SRcontainsmore than one
arm, then for each ofhem a separatecontrol processwould formally be executed However,the
control process coul@lso be implemented tohave a singlemotion planninginstanceregulating
movement ofmultiple robotic arms.

JPS— . Motion references .

=
S
5
S
2
S
ry
o
>r§
(@)
[
=
S
S

"""""""""""" " Motion feedback T

Stationary robot (per each arm)

Mobile robot (base)

) { Simultaneous
Point clouds | T 3 .
——— localization Virtya, map
and mapping \ ,,,,,,,,,,,,,,,,,,,,,,,,, . Motion references ... .
vVirtualmap | ’ i Motion Motion
AT osition i planning o . execution |
Point clouds | Moé’ilfte i Robot P D °  Motion feedback T ’
R robo }

Figure3: Simplifiedcontrol processefor stationary and mobile robots

A similar control process is employed for the basamMR (Figure3). However, for arMR to be
autonomous, at leastwo other functiors need to be in place, namegmultaneous localization and
mapping (SLAM)and mobile robot localization The SLAM function is used to produce a
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representation ofanMRQ & LK@ aAOFf Sy @ANBYYSY(d AytheMR&Gn T2 NY 2
navigate through the environmergnd avoid anyotential obstaclesWhen it comes to realizing it,

{['a Y2z2al O2YY prEdpératibnBéfruh & an MRahd Usingdapossibly, different types

of sensors ofboardthe MR to collect secalled point cloudsPoint cloudNB LINS &Sy i a NBF RA
physical objectsand are exploited to producehe virtual map of the environmentin parallel to

acquiring point clouds, SLAI alsoused todeterminethe MRQ & A Yy A ( anltHevirfudl i@dp.i A 2 v

After the virtual map is producedby means of SLAMnobile robot localizations responsible for

tracking the actual position and orientation of the MR as it moves in physical spaceor that
purpose,mobile robot localizatiotiakes advantage ahe virtual map as well gsoint clouds which

are continuously collectedBoth the virtual map andthe actual position ofthe MR are fed into

motion planning whichthen calculates desired future position of tHdR base. Motion references

for the MR base may include information ompeeds and steeringangles for the base wheels. After

receiving this inputmotion executiordrives the base towards a destined position.

An MR may beequipped withone or morerobotic arms, which are mounted on top $ base. In

that sense, thisreport distinguishes betweernthe functions ofmotion planning for robotic arm
which may regard any arm of either SB or MRs, and of motion planning for mobile robot base
which relates only ttMR When robotic arns of a givenMR are employed in tasg thenthe control
processof the whole MR might also comprise a coordination betweeplanning motion of theViR

base and of one or more robotic arm&n illustration ofthe control process foan MR with two
robotic arms is shown iRigure4. It is worthwhile emphasizing thdhe instances ofmotion planning

for two or more robotic arms could also be realized as a common function for the purposes of
harmonizing motion among tharms

. Motion | ~ Motion |
. execution | _ execution |
Motion ¥ " Motion Motion " Motion
references v _feedback references v_feedback
 Motion . Motion |
_ planning | . planning
Two robotic arms R LN ’ o ’
Mobile robot base
Point clouds  Simultaneous .
localization Virtua, Mmap Coordination
{ and mapping \ ,,,,,,,,,,,,,,,,,,,,,,,, ¥ Motion references . .
Virtualmap  § - Motion Motion |
. " Mobile | Robot position . planning . . execution |
_ Point clouds . robot / """""""""""" " Motion feedback T g

Figure4: Simplified control process fan MRwith two arms

One of the ambitions iNJC1 and UQ is to achieve mobile robohavigation andthe robot
collaboration by using video camesa which are e.g. wathounted, as the main source of
information. More broadly, the plan is to useéhe sameset of video camerador several essential
functionsacross U@, UC2 andUCa3:
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9 object recognitiorg to aid indistinguishing e.g. via marker tag detectiobetween SR MR,
the object being handed oven the collaborative robot operationand a human worker
moving on the factory flogrand

9 object localization to aid in determiningthe position of an objectand its orientationin
space which isusedto help tracking the humanworker relative tothe MRin UC2, but also
to determinethe field-of-view ofthe AR headset in UE

The finction of objectrecognitionis differentiated fromobject localizationto support the usage
that do not call for, e.g., determininthe position and orientationof an object The function of
object localizatiorwill be regarded separatelfrom mobile robot localizationto support specific
scenario aspects ithe use cases.

Another relevant functionacross all use cases general task planningwhich is responsible for
assigninghigh-levek tasks toindustrial robots One such task would bestructingan MR(@ ¢ 2 NJ S NJ

. £t transport required materials from one SRO G 6 2 NESNJf 482 NBTFSrobtBR (i 2
g2 NJ aloandtBey{éw O a BENJGXKNME S | y2iKSN) GFal ¢2dAZ R 06S
pick material and place it ond 6 2 N] 8NJ O2 YY | Yy RA4ET (iRg 2nma®iNdoi K S

G ¢ 2 NJ .S dNdacilitatte SLAMpbject recognitionand object localizationan auxiliary function of

sensor dta collectionis mandatory. Té latter function is a generalizatioregardingdifferent data

sources, including video cameraad laser scannersStatus reportingaddresses thecapability of

industrial robotsto periodically publish information on their operational statusich agime in
production for SRs and battegharge levefor MRs, while status storingrepresents the function

that allows to collect status informatiown different industrial robotsinto a centralizeddata
repository. A key function for UG is information visualization which exploits the information
gathered bystatus storingo display it ina systematic wayin this case, by means of AR techniques)

A summary of key functions fromehndustrial robotics domain is given Tiable3. Besides a short
description,the usage of each function is noted: for Q®R or it is universal, meaning that the
function is applied to othetCa | O (1a8 Welll. €
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Function Description Usage
General task Assigns tasks to industrial robots SRMR
planning
Motion planning for | Computes motion references foa singlerobotic arm SR
robotic arm
Motion planning for | Computes motion references for thmseof an MR MR
mobile robot base
Motion execution Receives motion references and induces motion of SRMR
moveable robot parts
Status reporting Publistesinformation on operational status of an SRMR
industrial robot
Status storing Collects information on operational status of different | Universal
industrial robots
SLAM Produces a virtual map of the physical environment Universal
Objectrecognition Identifies an object on the factory floor (e.getermines | Universal
whether it is @ SRor an MR)
Object localization | Estimategosition and orientation of an objettased on | Universal
machine vision principles
Mobile robot Estimategosition and orientation of aMRbased orthe | MR
localization virtual map andpoint clouds
Sensor data Retrieves data about the factory floor environmentto | Universal
collection support other functions such &LAM
Information Displays the information gathered Isyatus storingn a Universal
visualization systematic way
Table3: Summary of &y functionsrequired to realize the trial use cases
3.2  Mainfunctionalcomponents

The finctional architecturedr the 5Gtestbedidentifiesthe maincomponentsfrom the application
level perspective, i.e., considering specificstted three use casesvhich do not depend onthe
underlying 5Gommunicationinfrastructure. Bchsuchcomponentis defined tocontaina minimum
numberof the afore-presentedfunctions having in mind keghallenges across UCUC2, andUC3
as well as the specified UC scenaridsefollowing components are identifie@Figureb):

1 Singlearm stationary robot¢ represents a SRwith one arm with its motion planning
function offloadedfrom the SR hardware
1 Mobile robot¢ corresponds to amMRthat does notcompriserobotic arms with its motion
planningfunction also offloaded from the MR hardware
1 Robot management and contralactsas acentralizedd 0 NJfoh affi@dustrial robotsthat is

responsibleor planningboth their high-leveltasks andspecific motionsand

9 Visionbased tject tracking ¢ allowsidentifying different componentsand/or determining
their positionand orientationbased on computer vision

857008 5cGSMART
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Status Operational status { Information
storing |  visualization

: Single-arm
\ stationary robot
‘ (SASR)

ezl ] i Status Object position
Status | | i reporting | and orientation

Mobile robot (MR)

i Sensor data
;  collection

Sensor

‘ reporting i e
S & i i Motion | Object

execution | identifier

Vision-based object

s EE— 3 \?“,d,,fe‘?qb?c,k/ . Object position |

S;(r)r;t;llt‘czmgszls i Motion | and orientation | t kamg (vor)
e dn;aa 5 { Virtual . planning Object
. oncMapp g SSiap ' j | localization ™~y N
s Vlrtualmap/ Task assignments§ ....... ..... ,,,,,, Sensorc{ata
Mobile robot '\gR position o = j Object /CO’leCt’O"
localization 2" grentation General task Object identifier | ! recognition
AAAAAAAAAAAA lanring | 4

Figure5: Main functional components

The MRcomprisesone instance ofmotion executiorand two instancesof sensor data collectign

which capture its overall role across all Ulgtion executionconverts respective referencesto

movementof the MR base The sensor data collectiomstancesrelate to two laser sensorswhich

are producing point @uds for SLAMNdmobile robot localizationOne of the sensors iplaced e.g.,

at front of the MR base and the otheis located atrear of the base Likethe MR, Singlearm

stationary robot(SASRholdsone instance ofnotion executiol ¢ KA OK RSIfa OaA (K (K
the contrary,no sensor data collectioimstances are shown for the SRinceits externalsensors are

not required forany of the three use caseBoth components encompassatus reporting but

interaction of that function toward$®obot management and contr@ omitted from the figurefor

the readability purposes.

Robot management and contr@RMC)is the most complex componentpnsising of general task
planning motion planning SLAM and mobile robot localizationSLAM is envisaged to collect point
clouds fromthe lasersensors andhen centrally generate thevirtual environment map. In a more
general casethat processmay involve multiple instances &R, which wouldthen provide more
GNBIFRAYy3Iaé¢ 2F LIKeEaA Ol & mitedabeBrare raapGengrRl task fplardidgs G 2
envisaged to assign tasks to ialflustrial robots both the MR type and SASRCombined with robot
reports which are received bRMG the generaltask planningfunction can take advantage of the
virtual map produced by SLAM to improweerallutilization of robots.Based on theomputedtask
assignmentand the produced virtual mapnotion planningregulates movementf the MRandthe
SASRFor the latter objectivemotion planningfurther exploits outputs ofVisionbased object
trackingor VOT(Figure5). Mobile robot localizations used todetermine thecurrent position and
orientation of a specifidViR as itis navigated through the physical spa€&bject recognitiorand

O
Z
&
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object localizationon the other handare employedo supplythe current position and orientation
of the MR as it approaches 8ASRor the pick and placeperation but also indicatee.g.,when an
object is placed othe MRby aSASR

Status storingand Information visualizatiorare both consideredas the main components irthe
functional architecture for th&Gtestbed.

3.3  Highlevelcommunicatiorinteractions

Figure 6 shows the sequence diagram thdlustrates essentialinteractions in UCL among the
identified componentsin order to achieve UC objectivesMRis first taskedto collect point clouds
describing the physical environment and send that sensor data to the SLAM function in RMC. Based
on the received input, 3IM produces the corresponding virtual majflternatively, point clouds

could be collected by some other means, e.g. via video cameras, and used to produce such a map,
which would then be loaded to RMGr further usage) Assuming thaMRis already irthe field of

view of VOT VOTidentifiesit (e.g.viaits unique marker)and then continuously tracks its position

and orientation further on. At a certain point in timegeneral task planningf RMC assiglMR the

task of transporting an gbct from Singlearm stationary robot_{SASR_1) t8inglearm stationary
robot 2(SASR_2Motion planningof RMCthen starts navigatindR by periodically sending motion
references and receiving motion feedbaclust dter MR starts movingijts actual position and
orientation are also estimated hyobile robot localizatiorin RMC(that part of the overall scenario

is not shown irFigure6). Since, as compared tmobile robot localizationVOTcan alsarecognizea
particular SASR, the position/orientation information from V@&Texploited by motion planning

when MR is near a SASR and needs to be put in a right position for the pick and place operation.
Before that, the position/orientation informatiofrom mobile robot localizations used by RMC to
compute futuremotion referencesor MR

Mobile Single-arm | Single-arm ‘ Robot management | Vision-based
| robot stationary robot_1 | stationary robot_2 and control object tracking
Sensor|data Continuously sent...

Virtual map produced

. MR + transferred object|identifier
Continuously sent...

MR + transferred object|position

Assign task()

MR started moving towards|SASR_1 MR|assigned the task to reach SASR_1

Continuously sent...

Motion|references and feedback| Continuously sent...

MR|approached SASR_1 1 .
SASR_1 assigned the placing task :\ Assign task()

Continuously sent... Motion references and feedback

Assign task()

MR\ started moving towards SASR_2 MR|assigned the task to reach SASR_2

Object placed on MR

Continuously sent...

Figure6: A highlevel interactionin UC1
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After RMCdetermines thatMR reached vicinity of SASR_deneral task planningn RMCfirst
transfersfrom mobile robot localizationio utilizing VOT as the main source BfRQ a
orientation. This is done to help navigd#R more accuratelyo the positionnext to SASR_1 where
the pick and place operatiowill be carried out General task planninthen assigns SASR_1 with the
task of placing an object tm MR For hat purpose, RM@lsorelies on VOTo track position of the
transferredobject and motion planningcalculates motion references for SASR_1 until the object is
placed omo MR After that, RMC stopcomputing motion references for SASRarid could assign
other tasks to it Very $milar sequence of eventand messageappliesfor navigatingMR towards
SASR_2 and tasking SASIR_#ck the objecfrom MR, so tlosesteps areomitted from Figure6.

LI2aAGA2Y

Continuing fronFigure6 and movingMR, the sequence diagram Figure7 outlinescommunication
interactions among the main components to realithee UC2 scenario.The actual position and
orientation of MR are still tracked bsobile robot localizatioin RMC and by VOWhen VOT
recognizes a human worké€e.g. by having her/him wear anique markertag), it notifies RMC of
that, startsalsotrackingthe positionand orientationof the human workerand continuously sensl
that information toRMC The notification may be used lmgotion planningn RMQo, e.g., decrease
the movingspeed ofMR out of precaution If RMCestimates that the human worker &pproaching
MR and getting close to itmotion planningin RMC proactivelguides MR away andaround the
human worker In the latter processa pre-defined safety area aroundMR is considered It is
important to emphasie that UQ also considergunctional safety aspects, which require, e.yIR
not to solely depend on communication with RMCstop it if the human worker gets too close to
the robot, but as well to emplogensor data collectioan-boardMRto detect her/him

Mobile
i robot |

Sensor|data

. stationary robot_1

Single-arm Single-arm
stationary robot_2 |

Continuously sent...

" Robot management '
and control

Continuously sent... MR

i Vision-based
i object tracking !

position

Continuously sent...
Continuously sent...

Motion|references and feedback|

Motion|references and feedback|

Continuously sent...

Human worker close to MR

Adapt motion for MR

Continuously sent...

Human worker|

identified

MR + human worker|

positions

Continuously sent...

Figure7: A highlevel interactionin UC2

Continuously sent...

Human worker avoided by MR

Figure8 showsfunctionalcooperation in U@. Duringthe entire operational phase, SASR SASR_2
and MR continuously reportstatus informationto the Status storingcomponent At acertain point
in time, a techniciarwho is equipped withthe AR headsestarts movingon the factory floor,also
getting recognizedby VOT(e.g. by having a markeiag attached to the headset)While the
technician is present in the area covered by ViDdgnstarily sendstrackedpositionand orientation
of her/his headsetin the physical environment to thinformation visualizatiorcomponent That
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way, Information visualizatiortan exploitthe position/orientation information determined by VOT
and regularlyestimated K S G S O K y-gf-@ekv | Ajfe@MR is Feko§rfiz&d by VOihe information
on position/orientation of the technician is extended to include thatMiR as well.By eceiving
actual position/orientation of both the technician andMR, Information visualizatiorcan compute
their relative distance and orientation. When MR enters the field-of-view of the AR headset
Information visualizatiorécapturest that event and fetches status information onMR from Status
storing Then, it updatesi KS i S Oddspldy @ith lth¢ @tieved information.Another option
would be for Information visualizationto begin pre-fetching the status information when it
estimates thatMRwill enterthe field-of-view.

Mobile Single-arm Status Information Vision-based
robot stationary robot_1 storing visualization object tracking

Figure8: A highlevel interactionin UC3

The technician continueto move on the factory floor and reaeh such relative position and

orientation that, e.g., bothMRI YR {! { wym | NB &aSSy (KNBraedish (KS K
visualizationthen calculateghe distances between the technicianMR and SASR_1, allowing it to
determinewhich of the tworobotsis closer to theechnician (that calculation step is notehin in

Figure8). If thatrobot is SASR_Information visualizatiod (0 2 LJA | dzZaAY Sy (A displayi KS G S C
with the status ofMR, retrieves operationalstatus d SASR_Ifrom Status storingand visualizeghe

new information to the technician
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