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Industry 4.0
Driverless Cars / Transport / Mobility

Smart Grids
Tactile Internet
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THE WAY TOWARDS 5G
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THE TACTILE INTERNET
AND ITS MILLISECOND
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The Tactile Internet
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Gaming: They were the first to recognize ...

Ty

q GERMANY ’

b

elly Bracha.2ow




The Tactile Internet: Remote Controlled Humanoid Robots




The Tactile Internet: Remote Controlled Humanoid Robots
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Precision Farming




The Tactile Internet " ) Sy
The Manufacturing Revolution Ahead

ht@/ erryrushmg net/wp-
content/uplo?ds/ZO 2/04/roboti€ 2ss mbly Imeljpg




Smart Grids = Minimizing Reactive Power OSG“‘B

1ms

18°




Platooning “) 2SR

1-2 ms examples of today’s cars: ESC, ABS
















Revolution Ahead: The Tactile Internet

5G:
Ubiquitous

Steering & Control
Communications

<4G:
Ubiquitous

Content
Communications

Health & Care

Traffic & Mobility
Sports & Gym
Edutainment
Manufacturing
Smart Grid
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5G REQUIREMENTS




5G — “Massive” Requirements " o B

Massive throughput
Massive reduction in latency i ¥ ’ ' '
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5G — “Massive” Requirements Ve B

A o

Massive throughput
Massive reduction in latency
... and they are coupled!

Massive sensing

Massive resilience
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Massive safety and security
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How can we realize 5G? ‘

Multi-Path Mobile Edge Cloud | New Air Interface

Multi-Link

Data Rate \/ /
Latency / /

Security /
Reliability /

Heterogeneity Network Coding

Massive Compressed Sensing
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5G NETWORK CODING




Network Coding SERMANY

Routing Network Coding

a a b a a+b b
a a+b a+b
a a b a a+b
at+b b

Rate: 1.5symbols/time Rate: 2symbols/time
Distributed (but planned) Centralized, Planned
Sub-optimal Optimal

Low processing cost Low-Medium processing cost

One Finite Field in use

Does not consider device capabilities
. One encoder,one decoder
¢ One recoder




Network Coding




Network Coding

Encode Decode
Reed Solomon
LDPC
LT

Raptor




Network Coding

Encode Recode Decode

Reed Solomon
LDPC
LT

Raptor

Network Coding




Network Coding

Routing

Rate: 1.5symbols/time
Distributed (but planned)
Sub-optimal

Low processing cost

a a+b

Network Coding

a+b a+b

Rate: 2symbols/time

Centralized, Planned

Optimal

Low-Medium processing cost

One Finite Field in use

Does not consider device capabilities
. One encoder,one decoder

¢ One recoder

RLNC

GF(29)

3a+5b a+7b

”

3a+5b a+7b

3a+5b 76a+99%b | a+7b

v

a+7b
76a+99b

Rate: 2symbols/time

Distributed (not planned)

Optimal (high probability)

High processing cost

One Finite Field inuse

Does not consider device capabilities
. One encoder,one decoder

¢ One recoder

5G LAB
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Network Coding

Routing Network Coding RLNC Adaptive Network Codes
GF(28)

GF(29)

a b a b 3a+5b a+7b 3a+5b a+7b

D S

3a+5b a+7b 3a+5b a+7b

a a b a a+b b 3a+5b 76a+99%b | a+7b 3a+5b 2a+2b a+7b
a at+b a+b 76a+99b 6a+99b 2a+2b 2a+2b
a a b a a+b 3a45b oo a+7b 3a+5b Decode  a+7b
a+b b 76a+9%b  Grioe 762499 2a+2b  GF(22)  2a+2b
GF(28)
] ] | 2 | ] > BN | ] o s | ] - |
Rate: 1.5symbols/time Rate: 2symbols/time Rate: 2symbols/time Rate: 2 symbols/time
Distributed (but planned) Centralized, Planned Distributed (not planned) Distributed (not planned)
Sub-optimal Optimal Optimal (high probability) Optimal (medium-high probability)
Low processing cost Low-Medium processing cost High processing cost Medium processing cost
One Finite Field in use One Finite Field in use Multiple (compatible) finite fields
Does not consider device capabilities Does not consider device capabilities Adaptive to device/traffic
. One encoder,one decoder . One encoder,one decoder . One encoder, multiple decoders

*  One recoder *  One recoder *  Multiple recoders
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5G COMPRESSED SENSING




Compressed Sensing

Several 5G applications are possible, we focus on meshed multi-
camera scenarios (e.g. augmented reality)

Objective: Combine CS and NC (analog and digital) in theory and
implementation to improve delay |, resilience 1 and complexity | .
Agnostic combination CS/NC: Only individual gain per camera
(spatial correlation not exploited), reconstruction/decoding at the
sink resulting in high complexity

Proposed joint CS/NC design (analog and digital): Holistic in-
network processing based on compressed compute and forward
(CCF) with distributed partial decoding and clever protocol design

(active sensing).
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Sink




Compressed Sensing

Several 5G applications are possible, we focus on meshed multi-
camera scenarios (e.g. augmented reality)

Objective: Combine CS and NC (analog and digital) in theory and
implementation to improve delay |, resilience 1 and complexity | .
Agnostic combination CS/NC: Only individual gain per camera
(spatial correlation not exploited), reconstruction/decoding at the
sink resulting in high complexity

Proposed joint CS/NC design (analog and digital): Holistic in-
network processing based on compressed compute and forward
(CCF) with distributed partial decoding and clever protocol design

(active sensing).
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5G Research on four Tracks

Tactile Internet applications

5G LAB
GERMANY
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Members on Tracks 8 B

Silicon systems Wireless & Mobile edge cloud Tactile Internet
track Networking track application track
frack

Gerhard Fettweis Leon Urbas )
Rene
Schuffn Wolfgang Nagel
[ Uwe
- ARmann
Ercan
Altinso

Michael
Schroter

Thomas ¥/

Herlitzius




Relevant Startups Generated by Team o SERMANY

)< exelonix

DRESDEN @ IN-CIRCUIT
SILICEN .
freedelity

blue wonder
communications

kernkonzept

Sreinwurf GENODERCZRIABS




Communication Networks o 56 LAB

Circuit Switched
Networks

Places
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Communication

Circuit Switched
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Networks Networks
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Massive throughput

Massive reductionin delay

Massive heterogeneity
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3 Massive resilience
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Communication Networks @ “) 56 LAB
Massive throughput

Massive reductionin delay

Massive heterogeneity

)
oo
3 Massive resilience
©
Circuit Switched Packet Switched g Massive safety & security
Networks Networks 8
=
2

Massive sensing

Massive energy saving

Revolution

Internet of Things (loT)

N
§ Smart Grids

Remote Cars

Use Cases

eHealth
Flying Internet

Robotics
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Massive throughput Code Centric Networks

Massive reductionin delay

Massive resilience

Circuit Switched Packet Switched
Networks Networks

Massive safety & security

= ’_ Massive heterogeneity
¢ ia Massive sensing
Massive energy saving

Revolution

Technical Challenges

Revolution

Internet of Things (loT)

Smart Grids

Remote Cars

Use Cases

eHealth

Flying Internet




5G the game changer “) ey

4G and before
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4G and before
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5G the game changer ") ey

4G and before

Bl  AP| available
Lflal3 e
“ Internet

% Wireless
Backhaul

No APl available
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Wireless
Privsuad

API available




5G the game changer o BTt

4G and before 5G and beyond Distributed Cloud

Real —=Time Multipath
Coded Internet
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5G the game changer o Bt

4G and before 5G and beyond Distributed Cloud

<>
L flals

”‘ Internet

% Wireless
Backhaul
(5G/4G/WiFi/etc)

a | e
K‘ @" Mobile Cloud Max'i loT/M2M W"
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; Laura M0b| Ie Device heterogeneity m

Real Multipath
Coded Internet

Network heterogeneity
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RLNC: The Technology

Coding Today

(all End-to-End)

Classical

o0——>0

Multicast

‘ 5G LAB
GERMANY

Coding Tomorrow with RLNC

Classical + Sliding Window Encoding

(o >0
Multihop
Multipath

Multisource —Multi-destination / Mesh

=&Y

Real time video streaming,
TCP, SDN...

Edge caches, wireless mesh,
reliable multicast, satellites,
small relay topologies,
SDN...

Multi-source streaming
Multipath TCP, channel
bundling, heterogeneous
network combining, SDN...

Distributed cloud, SDN,
advanced mesh (loT, car2car,
M2M, smart grid) ...
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5G MULTICAST




Norm — Reliable Multicast ‘e B
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Reliable Multicast
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5G CODED POINT TO POINT




Coded TCP » B

SAMSL
® ¢ 3 @ TRalk16:42
>4 Coded TCP Demo

Status: Test finished



Histogram of CTCP-TCP Data Pairs e B

) _g
18
L . TCP download faster
14 . CTCP download faster
£ 13
g If TCP is faster, In contrast, CTCP download
T 11+ itis by asmall times are substantially lower
=3 amount (usually (>30sin 5% of the cases)
u g 4 lessthanis)
o
[
o
s 7
:
d'f 5
4
2

1354 data pairs o

<-8 -5 -1 01 5 10 15 20 25 >30
TCP download time - CTCP download time



Pacific Island Testbed e B

A o

e Conventional TCP

s TCP / NC
—— UDP tunnel
‘ ’ (e.g., web
server or
, \ other host)
Internet
Host ' , _ TCP/NC
s 4 Encoder/

TCP/NC Sat gate / Decoder
Encoder/ S p G
l\

Decoder G;

w

Off island

Fig. 1. TCP/NC network topology
http://arxiv.org/pdf/1506.01048v1.pdf




Pacific Island Testbed

Goodput [Mbit/s]
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5G WIRELESS MESH
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Some Real Stuff
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Connected Cars, but how?

Throughput (Mbps)

MOBILE
I_pUDS Cognitive
)|l\|'v|‘vl:':‘:('1v‘nm\un 1’ '} ,.Nlu 4

fireless Net

12

10r

—
i |
| 5 B

e

N;%y:ﬁ:

BATMAN  NCR2 NC R1 NC MP

0.52 0.58 1.53 1.89

‘ 5G LAB
) GERMANY
A

Practical implementation of
network coding in 802.11
wireless mesh.

TU Dresden Oct. 2015

v

Routing

v

NC worst path

v

NC best path

—> NC multi-path
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5G SOFTWARE DEFINED
NETWORK




Virtual SDN testbed e B

\

Controller
H1 o H2
ovs ovs2 VS3
} RLNC N ‘.-Z'_Z'.'.'.'.'.'.'.Z'.'.'.ZZ'...;, A ;._IIII }
§ E2E " & .‘:-‘: §

L\
"
v

9 NN
VNFcont.1 VNFcont.2 VNFcont. 3
(Encoder) (Recoder) (Decoder)



Software Defined Networks o SeRMANY

Latency gain of e2e vs RLNC (left) and hbh vs RLNC(right)
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5G AGILE CLOUD




Mobile Edge Cloud / Micro Cloud / Cloud ™Y o e




Mobile Edge Cloud / Micro Cloud / Cloud o EX-

Communication and Control

Units a

openstack

compute
storage

networking

Actuators and Sensors




Implementatlon Moblle Edge Cloud ’\E&ML‘?

4 elements with 16 odroids each equals 512 cores controIIed by openstack




Data Survival over Time

RS Coding

reliability

Network Coding

reliability

No Coding

reliability

traffic storage storage

storage

RS Coding

reliability

No Coding

reliability

Network Coding

reliability

storage traffic storage traffic storage traffic

Current systems are somewhere in between these two policies

5G LAB
GERMANY

)\

Distributed Policy

Limited knowledge
of network state

Local decisions
Practical, scales well

»,Genie” Policy

Perfect knowledge
of network state
(high cost to update)

Optimal decisions

Not practical in large
scale, dynamic systems



Data Survival over Time Seay

No Coding RS Coding Network Coding

NO_CODING with POST_RECODING strategy_round_1 ——

REED_SOLOMON with POST_RECODING strategy_round_1 ——

NETWORK_CODING with POST_RECODING sirategy_round_1 ——

_ LB _ 08 _
H 06 s 06 H
B 04 s 04 s
> 02 2 02 >
H 0 K o K
& & H
14 14
_CODING_CONTROLLED with POST_R G strategy Round 1 —— OLOMON_CONTROLLED with POST_R G strategy Round: 1 —— NETWORK_CODING with POST_RECODING strategy_round_1 ——

Probabilit of retrieval
Probability of retrieval
Probabilit of retrieval




Data Survival (large # of runs) SERMANY

o0 onefield S T, the best fixed field
' ma Twofields L2 916 A—A Two-fields TOp view Of
id0° F|*—* Multifields - - 2 - - 2% | vV Hulifields  [1so
Loweris” | . | - 3D plots
bettSr S
Q =
[ o
- ]
3 O
P =)
-E ©
; o
o g
5 ' 2
e | | g
: : ©
\4 .

101 L L ; L I Il Il Il I .0

< [e0] [(e] o] <t [ee] O o

— m (o] (q\] n —

— o n

Generation size [-]

< Lower is




595G LAB
GERMANY

5G COMPUTING




How fast are we now?  http://tinyurl.com/z7vspac € Y358
OREO
=

Please try ub out and support
owr reseovchd If yow honve an
Android device simply
wutoll and press START!
Change the parawmeters to-
learn about network coding.

Kodomark

Steinwurf ApS Libraries & Demo 1. 8.8 .8 & J3
o USK: All ages

This app is compatible with all of your devices




Many-Core Implementation of Network Coding

/ Herb Sutter: ,,Free lunch is over!* \

Lots of research in computer science and
engineering focus on achieving low
computational complexity (the big O). But
perhaps in the future we need to consider
algorithms with worse computational
complexity but which are easy to

parallelize. /

aw throughput [MByte/s]

22222

On Raspberry Pi 2: 10x speed up over standard SIMD encoding by
using 4 cores and cache optimization (generation size 1024)




Coding as an Additional Security Measure p B

Coded Packets Native Packets

NNXME >~ B 7N

Multipath Transport Distributed Stoiage

” “'.‘ “'b‘
= P 'Owl
. v % U
®an? an®

Data on a given path/cloud acts as a cypher







5G makes everybody happy!




