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Research Team & Tasks
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Prof. 8. J. Ben Yoo - PI(UCD)
R. Proietti - Co-PI (UCD)

Prof. L. Velasco - Pl (UPC)
Prof. N. Sambo - Co-PI(CNIT)
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« 36-month project supporting one GSR student (60%) and one Postdoctoral researcher (20%)

« UPC and CNIT partners leverage “The METRO High bandwidth, 5G Application-aware optical network, with edge
storage, compUte and low Latency” (Metro-Haul) project, a 36-month H2020-ICT-2016-2 Research and Innovative
Action (RIA) (Grant Agreement Number: 761727), started in June 2017 and coordinated by British Telecom

* Metro-Haul is integrated by 20 EU partners including major network operators, vendors, SMEs, and research
institutions and universities; the aim of Metro-Haul is to design and build a smart optical metro infrastructure able
to support traffic originating from heterogeneous 5G access networks, addressing the anticipated capacity
increase and its specific characteristics, e.g., mobility, low latency, low jitter etc.
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Data Traffic Evolution @

Millions of Internet users in the world

« Number of users is increasing exponentially 1500 :
* In the last few years, due to the introduction of new |
services — traffic requested by the users has 2500 | s
significantly increased 200 | ﬁ.«“'
= traffic is dynamic also in the optical layer 1:33 :
= optical connections may be dynamically established 0 Losss® . . . .

Jun-94 May-99 Apr-04 Mar-09 Mar-14 Feb-19
https://www.internetworldstats.com/emarketing.htm

Global Mobile Data Traffic Drivers New players Netflix and Amazon

2016 2021 :
Mobile ¥ The Billion-Dollar Race for Streaming Supremacy
Momentum More : X \"- 4.9 55 Estimated annual video content budgets of Netflix and Amazon {original and licensed content
Metrics Mobile Users 8 Billion Billion 2013 W20 W 2017
' $6.0b
More 8 12
Mobile Connections Billion Billion _$49b

$4.5b

Faster 6.8 20.4 hic \ /o Tweessent
Mobile Speeds Mbps Mbps > r—
; ‘, ] $1.2b
More 60% of 78% of ‘ 187 Milion ! d
Mobile Video S Traffic Traffic VA it :
T8 “ NETFLIX ol

Source: Cisco VNI Global Mobile Data Traffic Forecast, 2016-2021

ccccc

http://thoughtforyourpenny.com/technology/interwebz/streaming-
https://www.weforum.org/agenda/2018/05/what- video-statistics-know-2018

happens-in-an-internet-minute-in-2018
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Knowledge-based Networking &

Transport networks infrastructures and their operation are evolving and becoming more complex

Add cognitive capabilities to the network to facilitate self-
configuration, self-adaptation... self-X (autonomic networking).

Knowledge /)—\ « Observe

Predictive Analytics Decision Making
= Performance monitoring

Deep Learning

(m) PREEES
LEARNING <o @ ®

= = Telemetry
* Analyze
Telemetry Information SDN Contrller = Deep learning
% (| * Act

\&FW&"‘“”Q E'ew = Traffic engineering
8,35’% = QoT-aware provisioning

Courtesy of Z. Zhu from OFC19 invited talk “Predictive Analytics in Hybrid Optical/Electrical u Fau It recove ry
DC Networks,” paper # Th1H.5
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Knowledge-based Multi-domain Optical Networking @

Domain Manager 1
Knowledgg/D?m\

Predictive Analytics

Decision Making

Domain Manager 2 Domain Manager 3

Knowledge /)\
Predictive Analyti i

ictive Analytics ‘ Decision Making
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Broker-based Knowledge-based Networking NS

Knowledge-based Service Provisioning Applications \ Broker Plane

Autonomous Traffic QoT-Aware Lightpath Availability-Aware

Engineering Praovisioning Service Provisioning

Traffic o % QoT Anomaly &

Prediction 7 Estimation Detection 25212/
Broker 1 i t I Broker K

3
Southbound Multi-Domain
\ AP Orchestrator Database /

e N

Domain Manager Plane

Northbound AP Knowledge-based Service Data _
Domain Prowsmmng Applications Abstraction

Manager A Traffic
D . SDN Controll l Engineering &
omain ontrofier J" Monitoring Data "| Database
\_Manager B AT -/
7
" !7@ =
H.H.H Metro

DCs Domain A
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The Broker plane consists of multiple incentive-
driven (revenue, reputation, etc.) brokers providing
multi-domain services

= Brokers may compete or cooperate

Domain managers work with brokers according to
mutual service level agreements

» |ntra-domain abstraction
= Domain-level knowledge (data analytics)
= Monitoring data at edge nodes

Brokers combine the information from domain
managers and perform hierarchical data analytics
and perform knowledge-based networking

= QoT assurance
= Routing and spectrum assignment
= Cognitive fault management

g Optical Performance Monitoring

- > Observe-Analyze-Act Cycle
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Some of the Research Outcomes in Year 1

(
@

« Hierarchical Approach for end-to-end QoT estimation in multi-

domain networks

« Autonomic routing, modulation and spectrum assignment algorithm

with multi-agent deep reinforcement learning

Machine Learning

—

[Superased]

[Unsupervised]

[Semi—Supervised]

[Reinforcement]

Input data is called training
data and has a known label.
Applications:

* Regression

* (Classification

Input data not labeled.
Extracts general structures.
Applications:

* Clustering

* Association

Input data is a mixture of
labeled and unlabeled data.
Applications:

* Clustering

¢ Classification

Reward feedback required
to learn its behavior.
Applications:

¢ Classification

¢ Control

* SVM
* Artificial neural networks
* K-nearest neighbors

* K-means clustering
* PCA
* Kohonen maps

* Maximum likelihood
learning
* Generative models

* Q-learning
* Multi-armed bandits
* MDP

* QoT
estimation/prediction
* Predictive maintenance

* Traffic clustering
* Signal dimension
reduction

* Resource allocation
* Network behavior
analysis

* Network reconfiguration

* Planning

11/7/2019
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Hierarchical end-to-end QoT estimation in multi-domain networks r@:

Experimental Dataset Collection & Training Results

10Gbaud DSP
QPSK/16-QAM .
DAC

________________________

 Testi . ¥ : i : -
;;2;”;—2. *’/‘—- IQM " : Omniscient-case Hierarchical-case
: ¥ 5 5
TR, . :: ! —— in-sample error —— in-sample error
' '-E E 1! 44 — out-of-sample error 4 —— out-of-sample error
'n C . |: I
w35 . 4 SFP o !
Im 0 ™ - 1 1 3_ 3_
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I\D U‘ L 1! Im m
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Autonomic routing, modulation and spectrum assignment algorithm
with multi-agent deep reinforcement learning

Simulation Setup

800
@ —— Inter-Domain Links ~~___..-=="7 W‘LW”'N‘WM
750 ?’é"
_ ol Evolution of
S 650 Rewards
i Broker 1
600 —— Least-Hop Broker 1 ]
—— Balanced-Load Broker 1
550 MADRL Broker 1 ]
500
0 100 200 300 400
Training Epoch (x 2000)
0.24 [
. . - i 0.22 —— Least-Hop - .
Topology: four-domain topology | -  oteneet Load Evolution of
«  Number of brokers: 2, each handles a fixed partition of 2 02 —— MADRL T Overall Inter-
requests 2 :
> . § 048 Domain Request
* Link capacity: 100 channels £ 016 Blockin
* Request Model: Poisson, Bandwidth demand of [2, 15] < 0.14 _ g
channels gL Probability
*  Number of candidate paths: 5 01
+ Baselines: balanced-load routing & least-hop routing '
O'080 200 400 600 800

Training Epoch (x 2000)
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List of Publications and Future Work

1. "On Incentive-Driven VNF Service Chaining in Inter-Datacenter Elastic Optical Networks: A Hierarchical Game-
Theoretic Mechanism", Xiaoliang Chen, Zuging Zhu, Roberto Proietti and S. J. Ben Yoo, IEEE Trans. Netw. Service
Manag., 2019

2. "Self-taught Anomaly Detection with Hybrid Unsupervised/Supervised Machine Learning in Optical Networks",
Xiaoliang Chen, Baojia Li, Roberto Proietti, Zuging Zhu, S. J. Ben Yoo, J. Lightw. Techn., 2019

3. "Hierarchical Learning for Cognitive End-to-End Service Provisioning in Multi-Domain Autonomous Optical
Networks", Gengchen Liu, Kaigi Zhang, Xiaoliang Chen, Hongbo Lu, Jiannan Guo, Jie Yin, Roberto Proietti, Zuqging
Zhu, and S. J. Ben Yoo, J. Lightw. Techn., 2019

4. "DeepRMSA: A Deep Reinforcement Learning Framework for Routing, Modulation and Spectrum Assignment in
Elastic Optical Networks", Xiaoliang Chen, Baojia Li, Roberto Proietti, Hongbo Lu, Zuging Zhu, S. J. Ben Yoo, J.
Lightw. Techn., 2019

5. “Cooperative Learning for End-to-end Delay Modeling in Broker-assisted Multi-domain Networks®, M.Ruiz, C.-Y.Liu,
F. Tabatabaeimehr, X.Chen, R.Proietti, S. J. B.Yoo, and L. Velasco, submitted to OFC20

Plans for Year 2:

= Extend current work with UPC and CNIT for traffic prediction and anomaly detection in multi-
domain scenario

» Investigate transfer learning techniques for QoT estimation and provisioning

= Start collaborative testbed work with CNIT and UPC
o exchange student visit from UPC planned for Spring 2020 after OFC20 conference
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