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Outline

= Optical Communications
= \WDM technologies

= Point to Point WDM
= Wavelength Routed WDM

= RWA and IA-RWA
= Spectrum-flexible networks




Optical Communications
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OTITIKEC ETTIKOIVWVIEC

’ Transmitter ‘ receiver

Input data Output data

H texvoAoyia trepiypagetal atrod 1o pubuo peradoonc B (bps) kai Tnv
amréoTtaon L (km) yia dedouevo BER.

2Aua Twv B bps avaktartal ota L km pye BER twv 109,

‘Eotw o1 katrolog BéAel va petadwael By bps og L km.

_ B xL,

Tote xpeiadovral N
’ Bx L

ETTAVAANTITEC KOl CUVOECOL.

<4 L >
2
™ = —

< Ly

OIKOVOMIKA, 0 ONMAVTIKOG aplBuog gival To yivopevo BxL (bps x km).
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Fiber link

Core

Cladding

Sheath
(Plastic Coating)

Energy is confined to the core of the fiber by giving the core a slightly higher
refractive index. The sheath protects the core and keeps moisture out.

P, +L)=a(l,+1,)P, = a(l,)P(l,) = a(l,)a(l,)P;
Al

= a(l,+1,)=a(l)a(l,) = a(l)=10 "

P(l+,)

l+.

A (dB/km) = o1aBepd e€aoBEvnong Tn¢ ivag (e¢apTdTal atrd TO NRKOC KUPATOG A Kal
TNV TTOI0TATA TNC ivag)
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Fiber Attenuation

. 30 TH=z -

USABLE Low attenuation:

BANDWIDTH

100nm | | 150nm 0.2 Db/km compared to 30 dB/km for

coaxial cable

o/

] ] | | ]
T T T T T

1000 1200 1400 1600 1800
WAVELENGTH (nm)

Huge bandwidth: 2"d window usable spectrum=15THz.
More than 30 Thps can be used
Phone call 64Kbps - 460 million calls !!




Example

* L = amdoTaon TTOUTTOU/OEKTN

o P; = eKTTEUTTOMEVN IOXUG = 1MW

« P, = 1045mW = amraitoupevn dexopevn 10xX0g ota B=1Gbps yia BER= 10
*A=0.2dB/Km = otafepa e§aoc0évnong

MEYIOTO PNKOG: P = 10% P
10 P
— [ = . log,, 7 = 225Kmnr

| B x L =225Ghps =< Km| Y10 OTITIKA iva

ouy ; ’
B =100Mbps, A =30

"dB
Kmpy—=>L=35Km— BxL=035Gbps=x Km
F=1W,F, =100 mW Y10 0oaEOVIKO KAAWSIO

— c
onugiwon2: . =N 'B"’?; , A=1.3pm

onueiwon 1: To L augaverai ) e =10- z
21000 2000 NPAYISAYE Tia BER=10kal InGaAs PIN 5éktn

onuegiwon 2: bir




Dispersion

|

Transmitter

|

imbulée
iNnput
AlatrAdTUVON O = AL (TO O £LUPTATAI ATT’ TRV IVA)
‘EocTtw 611 n €iocodog gival 101010 pe puBuo bit B=1/T.

€iocodog - £€§080¢

] AN SN A

O T 2T 3T 4T

MNa va unv odnynoel n diatrAdTuvon o€ ceAApara,

aTtraITeiTal, Y, o 1_, oB < 1 — B-L < 1
7 4 4 da

avw epayua oto Yivopevo BxL Adyw TnG diatrAdTuvong.
To 6p10o diatrAdTuvong padi pe To 6plo e§aocBévnong kabopilel To HEYIOTO XPNOIUOTTOIRCIMO
MAKOG MIaG ivag yia dedopévo B.
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Tpotmikn Alaotropa (modal dispersion)

(1-A)n cladding

n=refractive

8_=critical angle index

cladding
cosl =1-A=60 = V2A
A10@OpPETIKES YWwVieg O1AdO0ONG KaAouvTal TpoTTol d1adoong.

AlagpopeTikoi TpOTTOI B1Ad00 NG TAEIOEUOUV DIAPOPETIKEG ATTOCTACEIG VIO VO
mTeEpAoouv Ta L km tNnG ivag.

H amréoTtaon 1Tou TagideveTal atrd Tov TpOTTo d1adoong ywviag 8 icouTal pe L/
co0s0, o xpovog gival 7

cosé -c

H dia@opd xpovou avapgeoca otV TaOXUTEPN KAl TNV APYOTEPN CUVICTWOA, TTOU
Oivel Kal To Avw @pPAyHa Tou Yivopévou BxL, 6TTwg auTd TiBeTal atrdé TO TPOTTIKO

O'K6p1T|O'pq, |gOonTA e |
ILn _ LnA - 7 _




" B
Tpotmikn Alactropa (1)

» To 6p10 TPOTTIKAG d1aoTTOPAG divel

C 3Ix10°

Bx L < =
2nA  2x1.46x0.,01

=10Mbps x Km

* ApauaTIKF ~

longer paths are
faster

Bx L < 20, =4Gbps x Km
TAN

MTTOpPEi va eTTITEUXOEI
* 2€ MOVOTPOTTIKEG iVEG N TPOTTIKN SIACTTOPA ATTOUCIAEl, A@OU N SIAUETPOG TOU TTUPARVA

gival TrepiTrou )

BxL < 250 GbpsxKm




Multimode and Single-Mode Optical Fibers

cladding cladding

(a) Multimode Optical Fiber (b) Single-Made Optical Fiber

—

Graded-Index Fiber

longer paths are

cladding faster

cladding
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Sources (e.g. LEDs)

i T P— W, gvBiapeon evépyela

{wvn o00évoug

MnXavIoHOG PWTOG: avaouvOUAOTHOS TWV NAEKTPOVIWY oTn {WVN AYWYIHOTNTAG JE OTTEG OTN
{wvn 00£VouUG : N TTEPICTEIN EVEPYEIQ EKTTEUTTETAI WG PWTOVIO.

# photons

O1rTIKN 10XUG (MW): P=niW,, n=

#injectedelectrons E —
- —

A

Tumik 1o0XU¢ = TmMW , ®aouaTtiké eupog = 100nm

To @wg TToU eKTTEPTTETAI Eival AOUVETTEG (incoherent) dnAadn TrepIEXEl SDINPOPETIKEG
ouUXVOTNTEG/PATEIG.

current i time
»

>
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AVIXVEUTEGQ
‘Evag avixveuTtig TTpEtrel va KaBopioel av otaABnke ‘0’ R ‘1°.

>

./ photo EVIOXUTAG €SICWTAG KUKAWHA amo@aong
_detector

O_awxvaun']g pwtoviwyv (photo detector) cuvBwg givai pia PIN diodog.

EOWTEPIKOG NHIAYWYOGS

/

To wTOVIO dieyeipel Eéva (eUYo§ OTTN-NAEKTPOVIO av
n EVEPYEIA TOU gival HeyaAUTepn ammé W,.
TO NAEKTPOVIO pEEI OTO NAEKTPIKO KUKAWHA.

To UAIkS TnG PIN d1660u cival id1o pe autd Twv LED kai LD.

To peUpa gival avAAOyo HE TOV APIONO TWV PWTOVIWYV TTOU OPIiKVUVTAI.

H evaioBnoia peiwveral péow Tou ‘shot’ Bopufou.
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Why Optical Communications?

Huge bandwidth (more than 30 Tbps)

Low signal attenuation (as low as 0.2 dB/km)

Low signal distortion

Low power consumption - Low power requirement
Low material usage = Small space requirement

Low Cost




Optical Transmitter (A1)

Optical Transmitter (A2)

Optical Transmitter (AN)

ONU/DSLAM
Interfaces

| DSLAM | | DSLAM | | DSLAM |

B £

| Optical Receiver (AU) = owe 1.5

ONU

e NN N

| DSLAM | | DSLAM | | DSLAM |

oEtochip oEtochip

OTITIKG TIAéOV e

Kal on chip ___——— T,

Long-Range
Plasmonic arc
interface

Embedded polymer waveguide

Need: Appropriate multiplexing techniques and network architecture
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Optical interconnects

Distance

Evolution of optical interconnects
Out of the box

Rack level

1m Inside the box

1980 1990 2000 2012 2015 2020
Year

host optochips

Router

System

Waveguide pitch

3 ]\(( :
C‘ﬁl[: [ (

., T |
(

pTq
=

Backplane

Backplane slot

veguides
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Optical Multiplexing Techniques

Wavelength or Frequency = Wavelength Division Multiplexing (WDM)
Time slots = Time Division Multiplexing (TDM)

Wave shape or spread spectrum = Code Division Multiplexing (CDM)

. OpticalToM >

Each end-user should be able to synchronize to within one time slot
Optical TDM bit rate = aggregate rate over all TDM channels

=  QOptical CDM: optical SCM chip rate may be much higher than each
User’S data rate Frequency Division Multiplexing (FDM)

= \WDM: current favorite —G" \

- AveCapTATWCS dlauopPWHEVA KavaAia.
- K&Be kavaAl Asitoupyei otn pEYIOTN NAeKTPoVIKA TaxutnTta (1-10-40 Gb/s).




H(lp(iéSlYM(l . avoaduion e xopnTIKOTNTOS LETAOOON S EVOG ONUEIO-TTPOC-oTLElD
oLVOEGHOL petddoong amd OC-48 (2.5 Gbps) oe OC-192 (10 Gbps) péom tprdv dvvatmv
Moewv (‘OC’ = ‘ontkd Kavdir’, ‘OC-n’ = puBudg dedopévav n x 51.84 Mbps mepinov):
1. Avon ‘moAAamAOV VOV’ — £YKATACTAOT EMTPOGHETOV VAV KOL TEPUATIKOV EEOTAMGUOD
2. Avon WDM 4 kavalmv (deg oynua)

3. Avon ‘vynidtepng niektpovikng tayvtntag’ — OC-192

2nueio-mrpog-onueio WDM ocUoTnpa EKTTONTTAS 4 KaVAAIWV

Four-Channel Point-To-Point WDM Transmission System

TEPMATIKO TTOAUTTAESIOG TEPMATIKO ATTOTTOAUTTAESiaG

Multiplexing Terminal gwoxu-rﬁg o'rrr"(r']g remultiplexing Terminal
X vRIRMnS T
A2 / \ 22

> > b»{i —

24 "'C 24 E

Optical Components:
OTTTIKO OUOCTOTIKAO: @, Wavelength Multiplexer/Demultiplexer

[ S}

- TEPMATIKOG EEOTTAIONOG > (a1ro)TTOAUTTAEKTNG HAKOUG KUHATOG

WDM Troptroég OTITIKOG EVIOXUTNG




Optical Multiplexer/Demultiplexer

S
Multiplexed beam pe———
Ay \?{M”’&v .

et RS

?@é; 5o

. . s

Ag+ Ao+ o “égfje\; b
o




2UVTOVIOIMO @IATpO

-aAucida Mach-Zehnder (M2Z): diaxwpilel TO EI0EPXOUEVO KUPO O€ OUO POPEIC
Kal avaouvouddlel Ta onuarta Twy £€0dwv (0e¢ oxnua). ‘Eva puBuioiuyo oToixeio
KaBuoTEpnong (delay) eAEyxel TO AKOG TOU OTTTIKOU UOVOTTATIOU O€ £vav
QTT'TOUG POPEIC KUUATOG, TIPOKAAWVTAC Hia diapopd ¢Aaong avapeoa ota dUo
onuara otav avacuvouadovtal. Ta pnkn KUParog pe diagopd @aong 180 poipeg
QIATPpApOVTaIl Kal atTodakpuvovTal. Karaokeudlovrag pia aAugida arrod TEtoia
oToIxEia Eva Jovadikd eTTIOUPNTO OTITIKO MAKOG KUUATOG UTTOPEI va ETTIAEYEI.

JAWIA
Y// \3 1/ \\
N\ [T AN
\
4 |

shift

Delay
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Today’s optical network

Mega-datacenter

Business
access

Metro NEtWOTK e

@ 5 ~ (mobile
backhaul) -

datacenter

= e B

Residential j : _ Wireless

Residential
access

access
access

Business
access
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Point-to-Point vs Wavelength Routed

= Point-to-Point WDM

Electrical Packet Switching
Packet processing overhead
Efficient bandwidth utilization
Poor scalability, Good flexibility
High energy consumption

= Wavelength Routed

Circuit switching (end-to-end)
No packet processing
Inefficient bandwidth utilization
Good scalability, Mediocre flexibility
Low energy consumption




E¢EAIEN Tou WDM dikTUOU:
2. Add/Drop mToAuTtTAéKkTNnG pnRKoug Kupatog (WADM)

DEMUX

ROADMs: Reconfigurable Optical Add Drop Multiplexers
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WDM Network Evolution: 3b. Crossconnect — Passive Router

Inputs Outputs

- €évag NxN dpopoAoynTAc pTTopei va dpouoloyrioel NA2 Tautdxpoveg ouvoEoElg
- Triva_Kag GTaespg'ov dpopoAoynoewv (OxI EKTTOUTTH)

LAY ' (] , s
& (V'Y W vuuvaTLy

O kavovag gival, 0TL 1 GVYVOTNTA 4; 6TN BV E16000V i ECEPYETL

ant’tn Ovpa g€ooov (itj-1)mod N.

Ymapyer TANpnc ETavayprcLILonToinct) GVYVOTHTOV. AEITEL OpMS 1| veMSia
(ty dev pmopel va yiver petoyoyn Tov 4; an’tn £icodo I otnyv £€0do 3).




ESEAIEN Tou WDM Siktuou: 3c. Crossconnect — Evepyog MeTaywyéag

Input Fiber 1 | \_} A Output Fiber 1
M 5‘71:“‘ }.1..,.'/‘%

. ey A - Out uth’berZ
Input Fiber 2 . : e Switch [ -~ =, : .

M.oad ] L NG| o bl A A

Switch [ 7 v o Output Eiber 3

Input Fiber 3 | I AVl ST AT . !
P il , A N B XN
Al a4 PSR - - o Y

Switch [ .-- .

Input Fiber 4 . Moofeo T OlltplltF!)El 4
R . A Teel e . .

Al 24 1 | Al .24

- évag NxN evepydg petaywyeag ptropei va dpopoloyrioel NA2 Tautdxpoveg
ouvoéaelg (oav Tov TTadnTIKG dpouoAoynTn)
- dAAG O TTivakag dpouoAoynoEwy gival ETTavadIapopPwWaOlUog
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MEMS switches

Input/output fibers

Fixed mirror

‘ Focusing optics
l"'-' :



http://www.google.gr/url?sa=i&rct=j&q=mems+switches&source=images&cd=&cad=rja&docid=_cAXE267QqHHyM&tbnid=zXCs3umaf9r27M:&ved=&url=http%3A%2F%2Fspectrum.ieee.org%2Fsemiconductors%2Foptoelectronics%2Fin-search-of-transparent-networks%2F3&ei=9zttUYbzCu3d7Qahk4C4Cw&bvm=bv.45175338,d.ZGU&psig=AFQjCNGyNI2VmJNWEq9ILpEGQVuQikuLDA&ust=1366199671523192

= Switch model
Based on WSS

©
=
2
Q
<)
©
S
©
®©

add/drop terminal

transponder

amplifier

single-stage

[Rx[Tx]




AikTua dpouoAdYNo NG HNKWV KUHATOG

A E

Aloptial
pottion

O

\Sl
]

- Ol HETAYWYEIG OPOPOAOYNONG MNKWYV KUPATOG ouvdEovTal PE iveg OUO
KATEUBUVOEWV

- OPOMOAGYNAN MNKWYV KUPATOG

- ETTAVAXPNOCIYOTTOINON MNKWV KUPATOG

- TTARO0C PUNKWV KUPATOG << TTA60¢ OTAOUWYV

- aAyop1Buol dpopoAdynonG Kal avateong PNKWV KUPATOG




Wavelength Continuity Constraint

iy Node 1 Node 2
off z
|

a\-' 11

()

(a) without converter

/ |
o Node 2
& _ L

|:| Access Station

. (b1 with converker
O Swatch




Apaif HETATPOTTH HNKWV KUHATOG

- apai) KOUBIKA YETATPOTTA: divel JOVO O€ £va TTEPIOPICUEVO apIBUS KOUBwWY
TTANPEIC DUVATOTNTES JETATPOTIAG

- apai HETATPOTTA £E60WV PETAYWYEWV: XPNOIKOTTOIEI JETAYWYEIC TTOU

MolpalovTal £va TTEPIOPIOUEVO TTARB0C METATPOTTEWV UNKWYV KUPATOG

- apain (N TEPIOPICPEVN) HETATPOTTH EUPOUG: ivel HOVO E£va TTEPIOPICHEVO
€UPOC OTOUG METAYWYEIC TTOU avaTITUOoOVTAI, ECAITIAC TTEPIOPIOUEVOU KOOTOUC
Kal 10XU0¢

Apairf HETATPOTTI) EUPOUG

~1

eUPOG METATPOTTAG = 1




A Switch with Dedicated Converters for each Wavelength
Switches Which Allow Sharing of Convertel

{a) Share-per-nide wavelength-convertible switch architecture

;9.,

[l Bl lis N o}

rnHA—=%w

a=Mu FpA-dw

™

Eaal

(b} Share-per-link wavelength<convertible switch architecture
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Protection Mechanisms

= The 1+1 protection. No protocol is needed
Working fibre

Source Desunation

= The 1:1 and 1:N protection. Signaling protocol is needed

Working fiber )

— = () |
Sourcs Protection fiber )

(b)

Low-priority data -

= 1+1 is faster than 1:1 but in the latter case the spare
fibre could be used for low priority traffic (extra Tx, Rx)




RWA and IA-RWA
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RWA: Routing and Wavelength Assignment

Definition
Given: network topology, end-to-end connection requests
Problem: Determine routes and wavelengths for the requests

Offline RWA (network planning phase)

The entire set of requests are given in advance (traffic matrix).

Online RWA (network operation phase)

Requests arrive randomly over time and are served one-by-one

Objective: Minimizing the Overall Blocking Probability

Planning Phase Vo Operational Phase

i Network Topology Traffic Matrix

[ a1020 ] Online RWA algorithm
H ) (8:,d4) (8p,0;5) (835 (55,90
tioto (serve connections one-

Arrivals

Offline RWA algorithm — >
Departures l Time

{54,d4) > Network Utilization State




[Ip6BANUa dpouoAdynong Kot avabeonc UNK®V KOUOTOC

EAAXIOTOTTOINCE : [l

101 WOTE  [rppe > Y FEV Y if
Sty !

—Asiy Hs=7
Z 1_}?1!!1' — Z 1.:;1!'“ Aagw Wd=7
: 0

ot herwise
‘\Sll'

0'1
l
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Physical layer evaluation: Q-factor

/" Power Budget and Eye Probability

impairments

Power budget,SPM/CD,PMD,FC ASE, XT, XPM, FWM - :
I

Depend mainly on the selected lightpath, XT, XPM, FWM, depend on the utilization of ar
not on the utilization |of other lightpaths the other lightpaths

Noise and noise-like impairments

o2y p(W):UZ ASE.'1" p(w)+02 xr, 1 p (W)t Decision Level

! o?xpu 1p(W)+ 017 (W)

I’]" (W) I'()' :0 |
? o~ <P\\ 1 0° '0',p(W):02ASE, ’0',p(W)+02XT, ’otp(W)+

~ )
S~ SAL , a’rwm, 0,p(W)
L

~

~

N 1 >< !

SN TS

Q,(w)= 1 (") /’O)}p
G, )+, (W)

=  Use the Q factor to estimate the feasibility of a lightpath
= The Q factor is related to the BER
= Analytical formulas can be used to calculate the Q factor




Transparent wavelength routed networks

(a) Opaque everywhere (b) Managed Reach (c) All-optical

I"\(" (R)OADMIOXC 'OEO" generator
A OEO

All-optical transparent networks: advantages in capacity, cost and energy
The transmission quality is affected by physical layer impairments (PLIs)

Physical layer blocking: the signal detection at the receiver may be infeasible
Impairment aware (IA)-RWA algorithms

Regenerator placement algorithms
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Worst Case and Actual Interference

Worst case interference algo:

Actual interference: cross layer optimization algo:

. Consider PLlIs that do not depend on interference (15t class PLIs) . Consider PLlIs that do not depend on interference (15t class PLIs)

. Assume all wavelengths active (2™ class PLIs)

. Prune candidate lightpaths that do not have acceptable QoT

. Prune candidate lightpaths that do not have acceptable QoT . Formulate the interference among lightpaths into the RWA

lllustrative example: DTnet topology - single connection request between all (s,d) pairs

(a) (b)

(©)

Initial population Population after
(k-shortest length  discarding paths due to
paths) impairments of class 1

Population after discarding paths due to
impairments of class 1 and class 2 —
assuming worst case interference

182 182

364 359

528

653

751

817

182

333

427

479

506

513

The reduction in the solution space can deteriorate wavelength performance




Indirect (Parametric) IA-RWA algo

Number of active adjacent channels ,
(Affected PLIs: Intra-XT, XPM and FWM) Number of intra-channel XT sources

source destination source , 10 P’ destination

p’ p w
p $ w w1 " - o T
Z] l 13 l4

W end;ng here p T W

w
2 el [ / \' [
pfl v

(Soft) constrain the number of adjacent channel (Soft) constrain the number of intra-XT
interfering sources on lightpath (p,w) interfering sources on lightpath (p,w)

BﬁEL ‘ (xp',w—l + xp'.w+1)) + B .xpw - Sp. = Nafﬁ—acceptable +B . X, +B-x . -S" <N ccontable + B .
& \alkdfgé constant used to/activate/deactivate the constraint Bis afgrge gonstant used o activate/deactivate the constraint

Similarly we constrain the second-adjacent Similarly we constrain the second-adjacent
channel interfering sources channel interfering sources

Curry the surplus variables in the minimization objective
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Direct (Sigma Bound) IA-RWA algo

For each candidate lightpath (p,w) inserted in the RWA formulation, we calculate an
upper bound on the interference noise variance it can tolerate, after accounting for
the impairments that do not depend on the utilization of the other lightpaths (account
for 1st Class PLIs).

2
OzXT,'l'(pa w) +02XPM,'1'(p9 w)y=so- .. (p,w)

Then using noise-variance related parameters per link we can constrain the
interference (due to 2" Class PLIs) accumulated on lightpath (p,w)

intra-XT XPM from adjacent channels XPM from second adjacent channels

2 2 2 2
E S XT,n 2 xp‘,w + s XPM I ; xp',w—l +‘xp',w+l +S 2-XPM 1 Z ‘xp',w—Z +xp',w+2 + B xpw - Sp =0 max (p7 W) + B
{lep|nendof I} {pnEp" {plEp” {pEpn

= |f the selected lightpaths satisfy these constraints they have, by definition, acceptable

quality of transmission
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MovoTtrdaTtia ewTog Kal SpOHOAOYNoN MNKWV KUMATOG

- MOVOTIATI QWTOG

- EIKOVIKN TOTTOAOYIQ

- TTEPIOPIOPOG GUVEXEIOG UNKWV
KUMATOG

- METATPOTT MNKWV KUPATOG

- OpONOAOYNON TTAKETWV

- PPAYHEVO MAKOG HOVOTTATIWYV
PWTOG

Core routers or OTN switches




Typical IP Network + Optical Network

. Router blind
Transponders converting Core &
short reach to A to L0 issues
Router
@ —nh I SN i
|
&y ‘ 4 St ¥
_4 -
\
Electrical switching
— OEO conversions

R P2P DWDM ﬁ*

Manual patching of
connections

R ONS 15454 MSTP
ROADM & WXC

Network Architecture
First 40G IPoDWDM Network in the World

= The Comcast National Network is Currently:
Largest IPoODWDM Deployment in the World
Largest 40G DWDM Deployment in the World

P R

e _—
ES & %

Seattie

Dallas
Santa Teresa

1 or more

= 40-G core
links @

CRS-1 Router w/ -
% 40G Integrated o AT
Optics 40G Integrated Optics

Additional 40G “Express” Links not Shown
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NMpoofyyion AUong oto oxedlaouod TnG £IKOVIKAG TotTtoAoyiagc WDM WAN

1. emAoyn TNG BEATIOTNG EIKOVIKIG TOTTOAOYIOG
- BeATioTOTTOINON BACIOUEVN OTN PEYIOTOTTOINON TNG pubuatrdédoong, oTnv
eAaXIOTOTTOINON TNG KOBUOTEPNONG, OTN MEYIOTOTTOINON TNG KUKAOPOPIag
eVOG hop, KATT
. OpOouOoAOYNON TWV POVOTTATIWV QWTOG ETTIi TNG QUOIKNAG TOTTOAOYIAG

- OPOHMOAGYNON EVAAAOQKTIKOU JOVOTIATIOU, EKQPACN PONG HME TTOAAEG TTNYES
Kal TTpoopliopous (multicommodity flow), Tuxaiotroinuévn oTpoyyuAeuon

. avA0eon PNKWYV KUPATOG: XPWHATIOHOS TWV JOVOTTATIWY QWTOC YIA Va
ATTOPEUXBOUV Ol CUYKPOUOEIC TWV NMNKWY KUPATOG

- AAYyOpPIBuOI XpWHATIONOU YPAPWYV, HOVTEAD YPAPWY HE ETTITTED
. (BEATIOTN) OPOUOAGYNON TWV TTAKETWY ETTi TNG EIKOVIKNG TOTTOAOYIOC
- OPOPOAGYNON CUVTONOTEPOU OVOTTATIOU, AAYOPIBUOC EKTPOTING PONG, KATT

. ETTAVAANTITIKA: EAEYEE yIa OUYKAION Kal TTHYAIVE TTiIcw oTo BAua 1, av gival
aTTaPaiTNTO




IP layer
Optical
layer

Fiber/ duct
layer

/

A-based
connections
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Wﬂa! sHouIH Be pro!ected?

(|

Path protection

Note that rerouting is handled by source-destination nodes.

Link protection:

\/
Ir

in (b) each channel may take a different route.
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Single and Multi-objective optimization

= Most problems are formulated as single-objective optimization problems
e.g. minimize #transponders, or # wavelengths, or energy consumption, etc.
=  What if we want to optimize more than one metric
e.g. minimize both the #transponders and #wavelengths
No single solution simultaneously accomplishes the two

Non-dominated or Pareto front: the set of solutions that cannot be improved in one
objective without deteriorating their performance in at least one of the rest

Use single objective methods

Scalarizing: use a single-objective
defined as a weighted combination
of the multi-objectives

minimize: (w - #transponders) +
[(1- w) - # wavelengths)]

Pareto Frontier

Feasible Point

(syysuajonemy)
7 9A1103[q0

/
./

Infeasible Pomtl- N " ;
. s . B — N Pareto Point
weighing coefficient w controls the Uopipin ®

dependence on each metric
Objective 1

oFc 20ldse muIti-objective methods (#traer;z;)ond
47




" SEE————
Dynamic IA-RWA Algorithm

Static Traffic Dynamic Traffic
(ffI algos) algos)

= |nput:

New connection request ) J>]<
Current network state \ |

Departures

Objective: serve the connections and minimize blocking
over (infinite) time
We use a multicost algorithm with 2 phases

Calculate the set of non-dominated paths from the given
source to the given destination

Choose the lightpath that minimizes the objective function
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Calculating the Set of Non-Dominated Paths

Cost vector of link /: Vi=(d. G, . RENNREEIN

Vector 37 maps the utilization of wavelengths

The cost vector of path p can be calculated based on the cost vectors
of links /=1,2,...,m, that comprise it

m

- - m m. m 2.6[ m 5 m 2.61_ m ___
P =(dl’Gl’Gz'l',z’Ozvo',z’VVl’*p) - (zzldh IZIG” E(OZU .HlO 4), Z(O 0.1 .,1;[110 4)’ -

I=1

The cost parameters of a path can be combined so as to calculate the
Q factors of the available lightpaths over that path

i=l+1

Prune the solution space

For each p, we check the Q factor of available lightpaths and we make
unavailable those that do not have acceptable performance

2TOMATAUE VA ETTEKTEIVOUPE MOVOTTATIA AV OEV £XOUV TOUAAXIOTOV €Va
OI06€01IMO NRKOC KUMATOG
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Calculating the Set of Non-Dominated Paths

Domination relationship between two paths

p; dominates p,(p, > po) iff ; ~u and W, =W, and 0, =0

P>

A 4
Q c ! Q

P

d

Using the above definitions we use a multicost algorithm, which is a
generalization of Dijkstra algorithm, to compute the set of non-dominated
paths P, ;from the given source to the given destination

By definition, the paths that are included in P, _, have

At least one available wavelength

The available wavelength have acceptable transmission performance
(Q factor)
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WDM network evolution

= As the network evolves, established connections are teared-down
and new are established

= Operational phase

Establish new connection one-by-one (or a small set)
Penalize re-routing of established lightpaths

minimize f(x,,)+y - Ez\xpw xpw\ Yo previous solution, f(x, )optimization objective

Re-plan ( re-oﬁtlmlze) the network
= Periodically or On-demand

Network
planning

Network evolution

Establish n Reopti mize

Traffic
Growth

Planning Phase

Network Topology Traffic Matrix

Offline RWA algorithm Ti

Intial Network >
Setting Departures Time

Operational Phase

Online RWA algorithm

(serve connections
one-by-one)

S.d)  (8205) (sady)  (Ssds)

Arrivals

54,04) Network Utilization State
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Mixed Line Rates WDM Networks

Several Line Rates (10/40/100)Gbps

Exploit the MLR heterogeneity to reduce the cost of the network

Long-distance low-bit-rate connections could be served with inexpensive low-rate and
long-reach (e.g. 10 Gbps) transponders

High bit-rate connections could be served with more expensive higher-rate
transponders. Typically, higher rate transponders have shorter reach

Interference among lightpaths of different rates
Mixed Line Rates RWA algorithms
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Transmission Reach & Effective Length

Rates: r={10,40,100}Gbps

. fiertype Fiber types: t={{10}, {40}, {100}, {10,403},

o oG {10,100}, {40,100}, {10,40,100}}
........ 401 G
| 4%1{0 jo} G Interference between different

modulation format/rates
m"21: the increase of the length of the

Length of link/: D link for a connection of rate r, due to
[ .
Maximum transmission reach atr:  pyr interference effects generated by the

Effective length of fiber ¢ for a transmission of Other modulation formats/rates
rate r concurrently transmitted over the fiber ¢

D” ' D, m~t=1=1: a fiber (t={r}) is used only by
Effective Iength of the path'p at rate r connections of a certain rate r
D - D +D” hoy +D” (its effective length is equal to its real

Satisfy: ” g length)
Dp <D’
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Transmission Reach & Effective Length

T f|bertype
-1 {10}G
)\ ........ {40} G
’ i 104016

Length of link /2 D,
Maximum transmission reach at r: )"

Effective length of fiber t for a
transmission of rate r

Dlr,l‘ _ mr,t 'Dl
Eﬁec}bﬁ’faieﬁzm Qflgl]faz p_@’.th. P ﬁlrrate r

D' <D’
Satisfy:  *

AC and CB are t={10}

AB is t={10,40}

Effective length of the path
pacs at rate 10

10 10,410} 10,{10}
DACB =m DAC+m DCB

Effective length of the path
pasp at rate 10

10 10,{10,40) 0,{10}
D g Dy +m= Dy

m10.{10}=1
m10.{10,40} > 1
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ILP Formulation

e Incoming traffic constraints DA B T e g By
Forall(s,d), > > > r-x, 2A, (1) fre0100) et Enable/disable the use

PPy W of a certain path for a
7 <1=0™%, 799 <1-4™| certain rate based on

e Single wavelength assighment

constraints N AR B Vi the effective lengths of

Forall/ forallw, 3 > x, <l () _ he links that it comprisg
pisp v utilization of different rates of a link

Link-rate utilization constraints For al

or all w, forallr, P , >
E ED,’-f, =D +B-y,,
(3) lep t

e Fiber typec ints where B is a large constant (e.g. greater

For all /. Zflf -1 (4) than the length of the longer length path
t

inthe network)

S

for all & ret, and for all / Itype of fiber used on link

p, for all r, for all w,
For the case of an MLR system with @ (7)
r={10,40,100}Gbps, we have the following -
set of constraints Prohibit the utilization of lightpaths

For all /, f=0% <1—u™, f70% <1—07, over paths that cannot be used for a
om0 (1m0 transmission at a certain rate 55




Requirements for Flexible Optical Networkin

10 Gb/s

Continuous growth of consumers IP traffic

Emerging high-rate applications, sometimes
bursty (video on demand, HDTYV, cloud and grid

applications, DC interconnection)

and 100 Gbps channel bandwidths

WDM has rigid and coarse granularity. A problem that becomes even more
severe at higher channel rates

Requirements: cost and energy scalable, flexible, and with fine granularity
network

— Existing fixed ITU grid
e’/

4 Flexgrid optical “ RV

|
| |
networks T e
e 6.250r 12.5 GHz slots
1] A

/’ 1Tb/s

Holes in large bandwidth paths

10 Gb/s

40 Gb/s

400 Gb/s




Fixed vs. flexgrid

=  Fixed 50GHz grid

Fixed 50GHz grid

Channel <-50GHZ <-50GHz <- 50GHz <. 50GHz
spacing A A

< >< > > >< >

Slthh 50GHz 50GHz 50GHz 50GHz 50GHz Frequency (THz)
widt Channel occupancy

ad T AT |
-2 -1 0 1 2 Changel/slot index

occupi occupi free occupi free channel/slot occupancy
ed ed ed




Fixed vs. flexgrid

= Flexgrid

Flex-grid

> <> <> <>
Slot  12.5GHz 12.5GHz 12.5GHz 12.5GHz  Frequency (THz)

idth
" 31.256HS JgRELocCupancy
Channel

spacing

>

Start slot End slot

, vy v
n=fo 75k 32 56 789 ] Slot index

A I\

Occup'iedOc'cupi Oc'cupi Free Oc'cupied Free Slot occupancy
ed ed
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Transponder

= 2U0uQwvn avixveuon kal DSP
0 Mg 1n BeATIOTOTTOINON TWV TTAPAKATW TTAPAMETPWYV TTAPEXETAI O
ATTAITOUMEVOG PUBUOG PeTAdOONG Kal N €TTIOUPNTA aTTO0TAON METAdOONG
EANAXIOTOTTOIWVTAG TO XPNOIKNOTTOIOUNEVO PACHA

= (Symbol rate) x (Number of modulation levels) x (Number of sub-carriers)

= MetapAnTr) aréotacn yeradoong (reach)
0 AN\ayn Tou apiBuou Twv bits ava cuupoio ue DAC uetartportreic kal 1Q-

OIANOPPWTES

= MeTaBANTOC pUBUOC.
0 MeTtaBAnTocg apiBudéc OFDM uttogpepoucwyv

—
e
100 G~ _[m
@> w0G P>
Amndotaon Amootaon
puetadoonc puetaooong

100 G
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Spectrum flexible optical network

Spectrum variable (non-constant)
connections
=  Spectrum flexible OXCs

=  Spectrum flexible transponders

Gains:
Spectrum savings, higher spectral efficiency

Dynamic spectrum sharing : statistical multiplexing gains similar to
those observed in time sharing systems (e.g. OBS, OPS nets)

Traditional RWA algos are not directly applicable in OFDM networks
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Optical OFDM Transmission

Bandwidth-variable OFDM transponders
2 degrees of flexibility

=  Frequency domain: elastic allocation of

spectrum, in terms of subcarriers

Modulation format: control the modulation

Modulation

format of the subcarriers through DSP: Level 4

single bit per symbol binary phase-shift keying i«
(BPSK), QPSK (2 bits per symbol), 8QAM (3 .

bits per symbol), etc. BPSK

8QAM

—p
Transmission
3 b I

Distance

M. Jinno, et. al., “Distance-adaptive spectrum resource allocation in spectrum-sliced elastic optical path network” IEEE Commun. Mag., 2010.




Spectral density:
Reach vs. capacity

PM-QPSK ¢ Hybrid QAM
B Regular QAM

PY After 20%

~ SD-FEC
° PM-8QAM

o
PM-16QAM
..

Reach (km)

o
‘l PM-32QAM

'o
o PM-64QAM
% o
40Gbaud [ 58 \‘i

0 | - | | - 1 | L1 1 1 | | — | - | L1 1 1 | | I —| l

100 150 200 250 300 350 400
Net signal bit rate (Gb/s)

LU Loy prr e rr I TTTTTd

Note: typical commercial reach at 100 Gb/s zhoy et al., IEEE Comm. Mag., 2013.
(PDM-QPSK, 12% FEC) is 2500 km.




" ILP formulation

Traffic matrix that includes the roquested demands, where A, corresponds ©
the demand (5,d)

St of alternative paths for demand (5,d)

Set of non-dominated path-tuple pairs for demand {s5.4) assuming a translucent
network setting

Cost of transponders required to serve demand {54) using path p& P and
tuple (€T, fhatis, using path-tuple pair (p,)

Number of connections required to serve demand (s.4) using path p P, and
tupl (7, fhat is, using paf-tuple pair {p,1)

Number of spectrum shis required for data transmission without guardband
for flexgrid lightpath (p,1) [lightpath 1€ {1,2,..., 1, } of path-tuple pair (p,0)].
In particular, it ¥,=1 then b,,=h, and if ¥,.>1 then b,,=b for i€
(L2, W, ~1}and b, =h for = W,

Number of guardband spectrum slots required for the data transmission for
flexgrid lightpath (p.0). In particular, if #, =1 then g,.=g, and if ¥, >] then
BB Mo i€ (12, W, 1} andb, =8, fori=H,,.

Upper bound on fie number of spectrum slots roquired for serving all
connections set to 5. .E - (s)

Objective weighting oocfficient, taking values between 0 and 1. Setting w=0
{or w=1) minimizes solely the cost of transponders used {or the total spectrum
used, respectivel y).

Variables:

X,

7

Boolean variable, equal to | if path-tupk pair (pEQ, is used to serve
demand {5,d) and equal to 0 ofherwise.

Jama

Integer variable that denotes the starting spectrum slot for Flexgrid
vansparent lightpadh (poms)) [lightpath over subpath mER,, of
ranslucent connection € {12,...J#, .} of path-tuple pair (pf)]. If path-
tuple pair {p,f) & net utilizod toserve (s4) hen variable £, ., is free and
does net play a role in the solution. Note thatf, <F .

OFC 2013

is definod only if sub-paths mE R, and m TR, . sharca commen link.

§

I —

.| Boolean variabke that equals 0 if the starting froquency f, , ., for flexgrid

transparent lightpath {p,m ) is smaller than the starting froquency fi: v
for flex grid lightpath (p' o #0010 % £ Variable d, o, i

| Highest spectrum slat used.
|_Cost of utilized transponders.

63

minimize w- S +(1-w)-C

*  Cost function definition:
For all (s,d) pairs, all (p,)E 0y, all i€{1,2,..., W, }, and all mER, ,

S 2 fp,m,t,i + bp,t,i )

C=§/‘ C,x,, .
sd (p,t)0y

*  Path-tuple pair selection:

For all (s,d) pairs, ZQ X, = l.
(P1)=0u

*»  Starting frequencies ordering constraints:

For all (s,d) pairs, all (p,))E 0y, all nER,,, all IE€{1,2,..., W, }, all
(s,d"), all (0" )EQyu, all m"ER,, where m and m’ share at least
one common link, and all i'E{1.,2,..., W},

pantipm' +0
1, it~ /, pamti

fp,m,t,i - fp',m',t',i' s Eotal 'ap',m',t',i',p,m,t,i

*  Non-overlapping spectrum constraints:

For all (s,d) pairs, all (p,))E 0y, all mER,,, all IE{1,2,..., W, }, all
(s°d’), all (p',t YEQy ¢ all m"ER,, where m and m share at least
one common link, and all i'E{1,2,..., W, }

f panti (bp,r,i +max (gp.t,i 28y ))_ f gt S

=1

Pl pmLi ’

< . . .
= F;otal 6p,m,z‘,l,p',m',t',l'

5

(me, +max (gp’,,‘.,gp,’,.j, )) (1-9 it T 2- X, xp,),.)
fp',m',[',i' - (bp',t',i' +max (gp,r,ngp',r',i' ))_ fp,m,r,z‘ <

(Eoml +max (gp,l,i’gp',l‘,i‘ )) (1 -ép’,nl’,l‘,i‘,p,m,l,i t 2 - xp’,t' - xp,l)
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Flexgrid network evolution

Flexgrid: finer granularity and more flexibility
(when compared to WDM that have wavelength-level granularity, non-

tunable transmissions)
Flexgrid network evolution differs from WDM
Traffic variation can be accommodated at different levels

= new connection requests

= traffic variation of established connections, served by tuning the

TXRX
Re-optimization: spectrum fragmentation (more severe in flexgrid)

Hard disc
defragmentation

-
- ': "‘:'
b ) 2%
PN &5, %, 4,
e, ¥ttty o0 ittt
e, W b PALPANIN

OFC 2013




Benefit: Energy

Nowadays, 7-8% of the world energy consumption is due to ICT
* Internet represents ~25% of this amount

North America and Europe Daily Traffic Average power consumption in
current network

90
80 1

What mean power
consumption should be

70
680
‘ = North America
50 1
‘ s=——=Europe
40
12:00 2:00 4:00 6:00 8:00 10:0012:00 2:00 4:00 &:00 8:00 10:00
AM AM AM AM AM AM PM PM PM PM PM PM

C. Labovitz, What Europeans do at Night,
http://asert.arbornetworks.com

c
i)
a
S
S
o
c
@)
@)
| -
)
=
O
al

Today, the network is designed and works all the time for the peak requested traffic.

If the power consumption of optical transport was proportional to the requested capacity, in
average core networks would consume 25% less than current networks.
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Flexgrid network evolution

Traffic variations can be accommodated at different
levels

» 1stlevel: New connection
request
» RSA algo serves the
request
(assign path and reference
frequency)

Established connections

p 2nd Jevel: traffic variation of and SEC polcy ued
existing connection

» Spectrum Expansion/ L ariation

Contraction (SEC) Spoctom

» If the SEC fails (cannot find RSA i || PO

contraction

free additional slots) 2 Routingand | Estdl

conngction and

i Spectrum
trlg g er RSA tO Setu p an Allocation check re@ested rate

additional connection or Decide pathp an
reroute the existing Y

Fy When SEC cannot serve the
traffic variation , RSA can be
called to route the excess traffic
or reroute the entire connection

New connectil
request

OFC 2013




The "whole” picture

8’33

Network Plarner/Arch tect Ve nager

= Fhiyshval layer impalinnents mwadeting
« Optical performance and impairment monitering (OIM'OPM)

Crontenl

ardlor Managamen: Plars

= ARWA (lighipeth routiog)

« Component (Meonitors + Regeneretors) placement
= Failure lovalizcation and resilence algurithive

* Multidayer traffic engineering

= Control plane intefacing and integration

EUYv AUSITS SV L2 SWALIvs

Tranapaador lrderines

(GME, 10GLE, STM16STM44 S

Network Planning Too!

lsor Intafaca

Physical
Impairments
Vodols

3 rment Aware
Lightpatn Rowting
(I1A-RWA Algerithms )

Full v “
Loval zatian
Algurihims

» Qpdivul lampnlinmmesd
Pefamance Monitadrg
OiM.oPNy

Data Plane
1Optiva Luyar)




Network Planning and |
Operation Tool

(NPOT)

Planning Mode Operation Mode

Distributed Centralized
Integration Scheme Integration Scheme

«Offline IA-RWA
«Regenerator Placement

*Monitor Placement

«Online IA-RWA

«Failure localization

«Online IA-RWA
«Failure localization

*QoT Degradation *QoT Degradation

Control

localizatio
onl

Signaling

D)

Optical node

Optical node Optical node
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Integer Linear Programming (ILP)

Integer variables x
minimize ¢’ -x

subjectto A -x<b, x=(x,,...,.x,) €

optimal IP

B\ den
The general ILP problem is NP-comple %\ ol . optmallp
' x,=25, ,=25

Algorithms obj = 125

Solve small-medium size ILP problems

Branch-and-bound
Cutting plane
Mixed Integer Linear Programming (MILP): integer and float variables

Decreasing cost

ONDM 2011, Bologna, Italy




Convex Hall

The same set of integer solutions can be described by different sets of constraints
(the same set of integer solutions can be included in different-shaped n-dimensional polyhedrons)

The convex hull is the minimum convex set that includes all the integer solutions of the problem
Given the convex hull we can use a LP algorithm to obtain the optimal ILP solution in polynomial
time

The transformation of a general n-dimension polyhedron to the corresponding convex hull is difficult
(process used in cutting plane techniques)

Good ILP formulation: the feasible region defined by the linear constraints is close (tight) to the
corresponding convex hull
= Alarge number of vertices consist of integer variables. This increases the probability of
obtaining an integer solution when solving the corresponding LP-relaxation of the initial ILP
problem

ONDM 2011, Bologna, Italy
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LP Formulation and Flow Cost Function

Parameters: Flow Cost Function
* s5.d €V:network nodes

* we C: an available wavelength
* | €FE: anetwork link
* pEPy: a candidate path

Constant: 'l F = f(wl)_ W+1 w
* A, the number of requested connections from node s to d !

Variables:
* X,,: anindicator variable, equal to 1 ifpath p occupies
wavelength w, else 0
* F): the flow cost function value oflink /

RWA LP FORMULATION
minimize : ) £
2
subject to the following constraints: aha e

* Distinct wavelength assignment constraints, Increasing and Convex (to imply a greater
{g}xpw =1, forall /€ E, for all wEC amount of ‘undesirability’ when a link becomes
pl=p

* Incoming traffic constraints, CongeSted)
E 2 x,,=A,,.forall (s,d)pairs Approximated by a piecewise linear function

a v Integer break points (makes Simplex yield
* Flow cost functlon constraints,

integer optimal solutions with high probability)
()=1(2 2 )

* The integralit% constramlt is relaxed to We obtain integer solutions in 98% of the
=X =1. .
problem instances!
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Random perturbation

In the general multicommodity problem, a flow
that is served by more than one paths has equal
sum of first derivates over the links of those paths

In our problem a request that is served by more
than one lightpaths has equal sums of first
derivates over the links of these paths

To avoid such cases, we multiply the slopes of
each variable on each link with a random number
that is close to 1

In this way, the cases that two variables have
equal derivates over the links that comprise a
path are reduced, and thus we obtain more
integer solutions

flow cost function

/
cost flow /
dueto x1 /

y,

/'/
rd

/
/7 costflow T
/

due to x2
/1 -
/4

— o’y
X1=0.5 g X2=0.5

¥/

o/

1 1 1 1 1 1 1
05 1 15 2 25 3 35
link congestion
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Handling non-integer solutions

Make Simplex yield integer optimal solutions
Piecewise linear cost functions

Random perturbation technique
Still the solution may be non-integer

lterative fixings

Fix the integer variables of the solutions and solve the remaining (reduced) LP problem
The objective cost does not change - if we get to an integer solution it is optimal

When fixing does not further increase the integrality, we proceed to the rounding process

lterative rounding

Round a single variable, the one closest to 1, and continue solving the reduced LP problem
Rounding helps us move to a higher objective and search for an integer solution there

If the objective changes we are not sure anymore that we will find an optimal solution
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Meta-heuristics

= |teratively try to improve a candidate solution with regards to
a given metric
Do not guarantee to find an optimal, as opposed to exact
methods (like ILP)

A meta-heuristic typically defines:
The representation or encoding of a solution

The cost function

lterative procedure

Meta-heuristic types
Local search: iteratively make small changes to a single solution

Constructive: construct solutions from their constituting parts
Population-based: iteratively combine solutions into new ones
However, these classes are not mutually exclusive and many algos
combine them
Popular meta-heuristics: Genetic/evolutionary algorithms, ant
colony optimization, simulated annealing

OFC 2013 74
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To mopov €pyo amnoteAel tnv €kdoon 1.0.



2NUELwpa Avadopag

Copyright Naveniotuto Natpwv, Mavoc BapBapiyoc « Mehetn Neputtwoswy
otn AnPn Anodpaocewv: Optical Networking». Exkdoon: 1.0. Matpa 2015.
AlaBéoo ano tn Siktuakn dtevBuvon:

https://eclass.upatras.gr/courses/MATH959/



nuelwpa Adelodotnonc

To TtapoOv UALKO dLatiBetal pe toug opoug tne adetag xpriong Creative Commons
Avadopa, Mn Epmopikn Xprion, Oxt Napaywya Epya 4.0 [1] A peTayeveoTEPN,
AleBvric Exkdoon. E€atpolvtal Ta autoTeAr £pya Tpitwy T.X. dwToypadieg,
Staypappota K.A.TT., TO OTIOLOL EUTIEPLEXOVTOL OE QLUTO KOl TOL OTtola avapEpovTal
nall e Toug OpouC XPrRonc Touc oto «Inueiwpo Xprong Epywv Tpltwv».

oS0

[1] http://creativecommons.org/licenses/by-nc-nd/4.0/

Q¢ Mn Eumopwkn opiletal n xprion:

* 1ou Sev epAapPBAVEL AUEDCO 1] EUUECO OLKOVOULKO OPENOC A0 TNV XPrion Tou £pyou, yla
T0 SlovopEa Tou £pyou Kal adelodoyo

* 10U dev meplhapPBavel olkovopikn cuvaAlayr wg mpoinobeon yla tn xprion r tpocfaon
0TO €pYO

* 1ou Sev npooTopilel 0To SlavopEN TOU £pyou Kal adel060X0 EUUECO OLKOVOULKO O0deAOG
(r.x. Stapnuioelg) amo tnv npoPoAn Tou €pyou o€ SLASLKTUAKO TOTO

O dikaoU)o¢ Uropel va tapexeL otov adelodoyo Eexwplotrn adela va XpnoLUOTIOLEL TO €pYO yLa
EUTIOPLKN Xpon, eddoov auTto tou {ntnBel.



Alotnpnon ZNUELWHATWY

Onoladnmote avarapaywyn i Sltackeun Tou UALKoU Ba mipEmel
voL cupmeptAapBavet:

" 70 Znueiwpa Avadopac
" 10 2Znueiwpa Adelodotnong
* tn 6NAwon Alatipnong ZNUELWHATWY

" 10 Znueiwpa Xpnong Epywv Tpitwv (edooov urtapxet)
nall e Tou¢ cuvoOEVOUEVOUC UTIEPCUVOEGHOUC.



