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Executive Summary

The main purpose of the DICONET project has beerdiésign and evaluation of a dynamic
on-demand connection provisioning process for plieal transparent networks. In such
networks, the optical signal experiences the immédotarious phenomena (both linear and
non-linear effects) that degrade its quality. Idesrto alleviate such effects derived from the
optical transparency, physical impairment-aware tRguand Wavelength Assignment (lA-
RWA) algorithms must be designed to guarantee tbpgy Quality of Transmission (QoT).

In line with that, DICONET developed a dynamic Netw Planning and Operation Tool
(NPOT) that incorporates real-time assessmenth@foptical layer performance into IA-
RWA algorithms. On the other hand, current GMPL®tqrols lack of the proper
functionalities/extensions to take into account tRhysical Layer Impairments (PLI)
information. The developments of the NPOT as wslltlee extensions to current protocols
defined in DICONET have been discussed in prevarliverables, such as D3.3 and D5.2.
This deliverable reports the experimental testsrasdlts performed to validate the different
software and hardware modules integrated in theQNET testbed, built at the UPC
premises.

The experimental results have shown the feasikolitthe DICONET approaches, as well as
the proper interworking among the different modweseloped inside the project.

However, the algorithmic calculations to be perfediby the NPOT for Q-values estimation
are quite complex; such complexity dramaticallyréase the overall lightpath setup time. To
further decrease the lightpath setup time, DICOMEMsidered a hardware-based approach.
Specifically, a hardware-accelerated Q-tool has lsweloped, evaluated and then integrated
in the testbed. The experimental results discussetis deliverable show that the FPGA-
based computation of the Q factor value can sicpnifily decrease the time required for
lightpath provisioning. By using the hardware-baaedelerator, the average lightpaths setup
time was experimentally evaluated to be hundredsniiiseconds, which means that the
DICONET approaches for IA-RWA are suitable to bepldged in all-optical transparent
networks.
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1. Introduction

The evolution trend of optical networks is a tramsfation towards high capacity and low-
cost core optical networks. The promise of futuptical networks is the elimination of a
significant amount of electronic equipment (loweAREX and OPEX), as well as added
capabilities, such as the ability to transport &pe of data format (modulation and bit rate
independence) through the network and support yoachic demands [1]. As one of recent
efforts toward this goal, the key outcome of theCONET project [2] is the design and
development of an intelligent Network Planning a@gberation Tool (NPOT), which
considers the impact of physical layer impairméRisis) in planning and operation phase of
optical networking. Network planning is more focds® the details of how to accommodate
the traffic that will be carried by the network. tims phase, which typically occurs before a
network is deployed, there is generally a largec$etemands to be processed at one time.
Therefore the main emphasis of network planningnsfinding the optimal strategy for
accommodating the whole demand set (traffic maf8k)[4]. In the network operation phase,
the demands are generally processed upon themabemnd one at a time. It is assumed that
the traffic must be accommodated using whateveipegent already deployed in the network.
Therefore the operation process must take intowadcany constraint posed by the current
state of the deployed equipment, which, for instameay force a demand to be routed over a
sub-optimal path [5], [6]. The impact of PLIs omarisparent [7] and highly dynamic optical
networks [8] has received much attention recer@ly [10]. Specifically, the work in [7]
reported the result of a centralized integrationesee for transparent networks considering
various PLIs, while [11] investigated a distributésleneralized Multi-Protocol Label
Switching (GMPLS) integration for translucent netks

2. DICONET approaches for IA-RWA

To take into account the PLI during the network ragien, two control plane integration
schemes have been investigated and assessed thighidICONET project, namely, hybrid
(distributed) and centralized. The remainder of ggction presents their details, together with
the centralized lightpath restoration procedures.

2.1. Hybrid (distributed) approach

In the distributed hybrid approach (Figure 1), b®8VP-TE and OSPF-TE protocols have
been extended to consider PLIs, providing a commenbetween network performance,
control overhead, and complexity. The detailed grok extensions and their architectures are
discussed in earlier DICONET deliverables, namey3)D5.2, and D5.3.

In this section, we briefly explain the overall Wwimg procedure of the hybrid approach. For
specific details on extensions and complete destgr to the related deliverables mentioned
above. The OSPF-TE protocol has been extendedsseminate the wavelength availability
information. CSPF algorithm uses the wavelengthlabvitity information in computing k-
shortest paths. Note that as OSPF-TE is not extetwlearry PLIs information, the routes
computed are without PLIs knowledge. The RSVP-Tgaalling protocol has been extended
to collect real-time information of the PLIs duritlge PATH message traversal from source
to destination. When the PATH message reachestammadiate node, it updates label-set
and updates several objects related PLIs informatidy for the wavelengths available on the
outgoing link. If at an intermediate node, theradsfree/available outgoing wavelength, then

O+
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it sends a PATH_ERR message to the source noden Weedestination node receives the
PATH message, it has all the information about Phds along the route and is used for
feasibility evaluation purposes. The detailed wogkiprocedure of hybrid approach is
explained below.

In distributed approach, each node in the netwamksran instance of NPOT, which is
connected to the OCC via the NPOT-OCC communicgpiatocol. Upon receiving a new
connection request, the source OCC requests theeolA-RWA module of the NPOT to
compute k-shortest routes from source to destinatibhout the PLIs knowledge. However,
the wavelength availability information stored imetglobal Traffic Engineering Database
(gTED) is used in route computation. Once theseutas are computed, the source OCC
triggers the extended RSVP-TE protocol to inititte RSVP-TE signalling on the first
candidate route. The RSVP-TE PATH message coltbet$LIs information from source to
destination along the path. Upon the reception AfTHP message, the destination node
requests its NPOT for QoT estimation. If the QoTtlud lightpath is acceptable, then the
destination nodes of the potentially affected Ipgiths (i.e., those lightpaths that share at least
one optical section with the candidate one) ardiedtto request for QoT estimation from
their respective NPOTs. This verification step nsakare that the Q-factor of the affected
active lightpaths remains above the required tlulesim spite of the establishment of the new
lightpath. If there is no violation, the destinatioodes of these affected active lightpaths
update their local databases with the new lightpatbrmation and respond back to the
destination node of the candidate one. If the repated Q-factor values of all affected active
lightpaths are above the threshold, an RSVP-TE RE®&¥sage is sent back to the source
node and the actual cross-connections are promemfigured. Otherwise, an RSVP-TE
PATH ERR is sent to the source node, which trightpath establishment on the next
candidate route. The source node tries on the cendidate route by sending a new PATH
message and follows the same procedure as desatiose. If none of the k-candidate routes
meet the required QoT the request is finally blacke

For the purpose of re-evaluation of QoT of potdiytiaffected lightpaths, a protocol called Q-
Check protocol was defined with several messages.dketails of Q-Check protocol can be
found in deliverables D2.3, D5.2, and D5.3 togetwéh protocol messages. The Q-check
protocol avoids potential unwanted disruption dhaclightpaths.

;JPOT ) .
0 ~ QTool ) (PPD & TED)
QoT estimat
(4) (90 °5¢"“a on) .\km;nager/
NMS 7 onlinelA-RWA )
L (Routing engine) ) To NMS

To NMS
fe——
oTED & PPD| [~RpoT ] 9TED & PPD

[y

0ocC

Optical node Optical node

Figure 1: Distributed hybrid approach and control plane integration scheme

000
Extended RSVP-TE

Extended
RSVP-TE

2.2. Centralised case

In the centralized approach (Figure 2), the NPOifies out the impairment-aware routing
and wavelength assignment and failure handlingtifonalities, while the OCCs execute the
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extended GMPLS protocols and interface to the aciptical nodes in the test-bed. A TCP-
based messaging protocol has been developed tivatecthe communication between OCCs
and the centralized NPOT. Upon the arrival of a rm@mnection request, the source OCC
contacts the online IA-RWA module of the centralizZdPOT to request impairment-aware
lightpath computation. During the lightpath compiata, the online IA-RWA module utilizes

the QoT estimator (NPOT Q-Tool) and the informatadrthe gPPD and gTED (global PDD

and global TED), which describe the network topglagd the physical layer characteristics
completely. In particular, Q-Tool is the module it NPOT that quantifies the impact of the

PLIs on the lightpaths’ QoT. Note that the same @sfimator is also used in the distributed
scheme.

Centralized NPOT
Q-Tool PPD & TED
(QoT estimator) manager
NMS < 4
¥ ¥
I ] Online Multi Parametric
IA-RWA engine

—_ PPD & gTED
{ OCC-NPOT & Failure handling Protocol g g To NMS
—

3\
oc‘c/k—gl occC j]—— o000

) T RSVP-TE,
| Optical node | [Opticainode | Extended
OSPF-TE

gTED & PPD gTED & PPD gTED & PPD

| Optical node |

Figure 2: Centralized control plane integration scleme

When the NPOT finds a lightpath with guaranteed QQTfactor value above a pre-defined
threshold), the lightpath is returned back to tbherse OCC which triggers the standard
RSVP-TE signalling protocol. Upon successful essaiphent of a lightpath, the global PPD
and TED in the NPOT and the local PPDs and gTEDsviery OCC in the network are
updated using the extended OSPF-TE protocol. Kindé source OCC updates the Network
Management System (NMS). In case of lack of resmivcavelengths or unacceptable QoT,
the demand is blocked and the source OCC inforem®t1S accordingly. When a link failure
occurs, the downstream optical nodes detect itsend alarms to their OCCs, which forward
the failure notification to the centralized NPOii.drder to restore the failed lightpaths and to
avoid using the failed network resources, the edimgd NPOT localizes the failure, updates
both gTED and gPPD, and computes the backup patien, the source OCCs trigger the
signalling protocol for the actual lightpath estshinent as explained in Section 2.3.4.

2.3. NPOT description

The anatomy of the DICONET NPOT is depicted in Feg8. Since the control plane of the
DICONET test-bed will be developed in ANSI C langaaand over Linux operating system,
and in order to streamline the later integratioMN&OT in the control plane and test-bed, the
NPOT is also developed using ANSI C language. is $ection the key building blocks of
DICONET NPOT is presented.
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Network D iption (Physical i { + Topology

Network Descripti PPD.XML JED.XML
(Physical + Topology) PNodes, Amplifiers, Attenuators, Nodes, Topology
Generator Fibers, T i
(XML Generator as a MATLAB Utility) Receivers, Physical links

P
(AmpNsp, W,

arameters
iber

PInDCF, pinFiber, Channel

TopologyTXT
(Line format: L Ns-Ng DXx YY

)

Network Planning & Operation Tool (NPOT)
- NPOT
NPOTQTool e MATLAB Component Runtime Library XML Parser
____ (MATLAB Component C " .
e mec -B csharedlibilibgtoolc -C -v Qtool_c.m
Qtool_C
(Shared library generated from Qtool_C.m ‘MATLAB® version)
""""""""" libgtoolc.so
LP(s) LP(s) LP(s) LP(s)
Planning Mode Modules |q(s) Q(s) Q(s) Q(s)
NPOT_PPD_TED_Manager
NPOT NPOT e Dat strueturesr
NPOT NPOT NPOT 6 Data structures”
. Regenerator - o T Online IA-RWA
Monitor Placement Placement Offline IA-RWA Failure Localization (Centralized & Distribu ted) N
LP(s)
Q(s)|
NPOT (Messaging protoocl)
C Line Interface (CLI) NPOT]
TCP (Standard socket interface)

Figure 3: Anatomy of the DICONET NPOT
2.3.1. Network description repositories

The network description (both in physical layerdeand topology level) is included in two
main data repositories that are kept as exterted fo NPOT. These two repositories are
named PPD.XML and TED.XML. The Physical Paramef@asabase (PPD) is the master
repository, which includes the lower-level XML fdlghat define the physical characteristics
of the links, nodes and components on the netwaks.| More specifically, physical nodes,
amplifiers, attenuators, fibres (both transmisdibnes and DCF modules), transmitters and
their related parameters, receivers and theirgelgtirameters and attributes and finally the
definition of physical links are kept in various XMiles and all of them are referenced in the
PPD.XML. In fact PPD.XML plays the role of a mastepository with pointers to other
XML files.

The other global data repository to NPOT is thefficd&ngineering Database (TED), which
iIs implemented as another master repository nanmi@.XML. This repository includes the
Nodes and Topology XMLs. These two repositories. (Nodes and Topology) describe the
network in more abstract and higher level. In fde connectivity of the nodes and the
definitions of network nodes (nodelD, node namasg) kept in Topology.XML and Nodes.
XML repositories.

In order to facilitate the generation of PPD andDTi€lated repositories, we have developed
another module (external to NPOT), which receiwes main inputs (Topology.txt and
Parameters) and generates the TED and PPD relatfid fkes. This utility module is
developed in MATLAB as presented in upper part aduFe 3. The “Parameters” is a
MATLAB data structure that also controls the getieraof PPD related XMLs.

The *“topology. TXT” is another input to the XML geamag¢or module that includes the
definition of physical links, source and destinatisode and the components (mainly DCF
fibores and transmission fibres) in the links. Th&1IX Generator utility (developed in
MATLAB) receives these two inputs and generatesvim@us XML files that are defined in
PPD.XML and TED.XML master repositories. The NPOMIX Parser is the NPOT internal
module that is responsible to parse the XML repog$ and transform the network
description (physical specification and networkdimgy) in to the internal data structures,
which are kept inside the NPOT memory pool.
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The NPOT_PPD_TED_Manager is the module, whichspaasible to manage the PPD and
TED data structures as they are kept in the globamory of NPOT. This module also
provides the interface to the first NPOT messagirgjocol (indicated by star 1 in Figure 3).
The NPOT messaging protocol layer is responsibidifmiging the communication of NPOT
to the outside entities. This messaging protocggras built on top of standard TCP socket
interface. The first messaging protocol paves thg for communication of the NPOT with
outside entities, which are requesting to accesan{gnupdate the PPD and/or TED) data
structures. In addition to participating in this ssaging protocol, the
NPOT_PPD_TED_Manager provides the required inputotber internal modules in the
NPOT, so the other modules have access to the RBOED (i.e. topology related) related
data.

2.3.2. NPOT Q-Tool

The NPOT_QTool is one of the key building blockstted NPOT. This module provides the
required access to the Q-Tool functionality asphgsical layer performance evaluator. The
NPOT_QTool receives a set of lightpaths (at leas lightpath) and then computes the Q
value of those lightpaths and return them backéodalling module. The communication of
NPOT_QTool with other entities outside the NPOpasformed through messaging protocol
2. The general signature of NPOT_QTool is as fadiow

int NPOT_QTool(Lightpaths *LP, unsigned int LPCounQType* Q)

in which the LP is a pointer to the Lightpaths stawe, LPCount determines the number of
lightpaths that will be passed to NPOT_QTool anis@ pointer to the returned value (the
corresponding Q values of the lightpaths).

2.3.3. Online IA-RWA

The entities outside the NPOT invoke the NPOT_GnllIARWA module in order to get a
lightpath (route or route and wavelength). The b&ha of NPOT_Online_IARWA is
different in distributed and centralized contramé integration schemes.

In the distributed integration scheme the NPOT_m@nllIARWA upon receiving a
demand, computes “K” routes from source to destnatin case of demand with
(1+1) protection requirement, the NPOT_Online_IARW®@mputes “K” diverse pairs
of primary and backup paths between source andndésn. Then it responds back
with the number of found routes (which is not neeedy “K”, if finding “K” paths
was not feasible) and also returns the paths ifattme of LPSElements data structure.
Note that LPSElements includes both the primarylzakup lightpaths. If demand is
for a primary path only, then the backup lightpeglated fields will be initialized to
zero. The routes are expressed in node sequenténfed sequence). The value of
lightpath_id field is not finalized at this stemifialized to zero). The caller (i.e.
Optical Communication Controller, OCC) tries toadsish the lightpath from source
to destination using the extended signalling prototf a lightpath (or a pair of
lightpaths in case of 1+1 protection) is (are) leisgthed the OCC informs the
NPOT_Online_IARWA of established lightpath (indiedtby proper identification
number assigned for lightpath_id). Then NPOT umidte LPSElements global data
structure (via TED & PPD manager) by adding thaldghed lightpath to the list of
active lightpaths and also updates the Topologpaildata structure by removing the
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assigned channels from the occupancy field of “Tegy data structure to indicate
that assigned channel is no more available. If nointhe “K” candidate routes are
feasible, the caller (i.e. OCC) sends the promustcode back to the NPOT.

In the centralized integration scheme the NPOT r@nlIARWA computes the

lightpath(s) from source to destination and ass@mgvelength for them and returns
it back to the caller (i.e. OCC). OCC tries to blth the lightpath using the signalling
protocol and returns the result of Ilightpath esshbhent back to the

NPOT_Online_IARWA. If the establishment is succassSNPOT updates the active
(established) lightpaths in the network via LPSHEeats and also updates the
Topology global data structure. The assigned wangthes will be removed from the

occupancy field of topology for all links that amesiding along the lightpath. If the

lightpath establishment was not successful, OCCdsethe status back to

NPOT_Online_IARWA.

2.3.4. NPOT Failure localization

The failure localization engine, which is integchaia the DICONET NPOT is designed and
developed based on a novel heuristic algorithmedaMeMoTA for “Meta-heuristic for
Monitoring Trail Assignment” as explained in de¢all in [16]. This algorithm aims at
designing an m-trail solution, which is able to ekalocalize the broken link in the network
with a low monitoring deployment CAPEX. This seatiwill briefly present the functionality
and building blocks of NPOT Failure localization ade. Two costs are considered in the
MeMOoTA algorithm: 1) A cost value that measures tletection efficiency of the m-trails
solution (considered as the ambiguity cost) anith@monitoring cost of the solution.

The MeMoTa engine determines the optimum placemémhonitors in order to make the
failure localization and detection possible. Theref this heuristic algorithm will both
function as the NPOT monitor placement and NPOTurailocalization module. After
constructing the Alarm code table, according to dlctual monitor placement, the failure
detection will be a simple lookup table operatioomi the alarm code table. When a failure is
occurring in the network, each monitor reports iftdividual code to the NPOT failure
localization module. The failure localization moellboks up the alarm code from the alarm
code table and localizes the exact failed link.sTjocess is depicted in Figure 4 and the
following example.

(b)

Figure 4: (a) m-trail based fast link failure localzation (b) Alarm code table

Figure 4(a) gives an m-trail solution,(t; and ¢) for the network topology that is also
depicted in the Figure 4(a), and Figure 4(b) shthesalarm code table. We can see that only
3 m-trails (each with a dedicated monitor) are neglito detect (localize) all the link failures.
For example if the alarm code is 6, the by lookipgthe decimal code from the alarm code
table, we can locate the failure on link (1, 3).
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For this particular network topology the monitoagment algorithm (MeMoTA) has found
three m-trails @ t1, and t) to localize the failures without ambiguity. Thiene the alarm
code length is three (3). The alarm code lengttmeswvork topology dependent. The
theoretical number of m-trails for failure localiman is log(number of links). This means that
the NPOT failure localization engine should waibegh to construct a valid alarm code and
then identify the failed link by looking up the atacode from the alarm code table. This is

detaile

d in protocol design section below. Theufallocalization algorithm considers the

network links as a bundle of wavelengths per lind ¢herefore the failures that are occurred

due to

a degradation of QoT of a single channehateconsidered in this failure localization

mechanism. The failure handling use-case in centiéhlapproach can be explained as follows
(see Figure 5):

1.

The optical node detects the failure and commueita failure to the OCC. CCl is
the interface between optical node and open prtddeog SNMP or XML) can be

used for communication between OCC and optical node

OCCs send Alarms to the NPOT module of EPCE. Pleaste that due to

transparency, many OCC nodes will send the alaontheé EPCE and the failure
localization component inside NPOT (located indtd®CE) is responsible to perform
the “Root-cause” analysis to figure out the sowfctailure.

NPOT utilizes the failure localization componendd@PCE updates the gTED and
gPPD databases.

NPOT module of EPCE requests the source OCCs ofighgpaths that should be
restored to start the re-routing (i.e. signallimguikar to the lightpath establishment)
and provides the new routes for the affected ligthtp. Also EPCE updates NMS of
the failure location (which will be presented in ISNGUI).

EPCE floods the failure information using OSPF-THattwill update the gTED and

gPPD databases of OCCs in the network.

gPPD QTED
% E Enhanced PCE

NPOT PCE

onl

localizatio

Eg el Eg ) é oo
P iF IF

gTED qTED

Optical node Optical node Optical node

Figure 5: Failure handling use-case in centralizedontrol plane integration scheme

The failure localization process based on the MeMailgorithm is developed based on the
following assumptions and detailed implementations:

a) Assumptions:

1.

The monitor placement phase, which generates th&its-are done in the planning
mode. Therefore all OCCs have a picture of m-trditse information of m-trails are

0O
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coded in the following XML file. During the netwoitkoot-up, all OCC nodes know
the m-trial IDs and the corresponding route forheiaectrail.

<?xml version="1.0" encoding="UTF-8"?>
<IDOCTYPE MTrails [
<IELEMENT MTrails (mtrail*)>
<IELEMENT mtrail (id, route)>
<IELEMENT id (#PCDATA)>
<IELEMENT route (#PCDATA)>
1>
<MTrails>
<mtrail>
<id>1</id>
<route>5 3 4 5 1 3</route>
</mtrail>
<mtrail>
<id>2</id>
<route>1 2 5 4 3</route>
</mtrail>
<mtrail>
<id>3</id>
<route>6 2 3 5 4</route>
</mtrail>
<mtrail>
<id>4</id>
<route>3 1 6 2 1</route>
</mtrail>
</MTrails>

In order to detect the failure there is no needatbnodes to participate in the failure
localization protocol. In fact only the m-trails &emodes (Nodes 1, 3, and 4 in the
above XML or nodes 0 and 2 in Figure 4) should refiee alarm (in the form of m-
trails ID) to the NPOT.

The NPOT will include a listener process which withit to hear the m-trail ID from
the node, which are located at the end of eachaihfér.g. nodes 1, 3 and 4).

The OCCs include a listener process. When the Nigértifies the source node(s) of
the affected lightpath(s), it (the NPOT) contacstesource node with the information
about the affected lightpath(s) (in the form of [E®S&nent data structure). The
contacted source node(s) initiate the new lightgestfablishment using the I1A-RWA
engine of NPOT.

b) Detailed implementation:

1.

2.

3.

During the network boot up, the OCC nodes parsentheails XML repository.
Therefore each OCC has a full picture of m-traifst(ail IDs and the node sequence
of each m-trail). For simplicity we don’t considiéie m-trails as established lightpaths
and we simply assume that the end node of m-traitsdetect the link failure.

The optical nodes detect the failure (e.g. lacKigiit) and communicate it to its
corresponding OCC node (via CCl).

The OCC node, checks the m-trails repositoryslhibde id is at the end of any of the
m-trails, then it looks up the m-trails ID, otheswiit simply ignores the alarm and
performs nothing more.

0O
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a. Important note: It is possible that an OCC node is located atetiné of more
than one m-trails. Therefore the CCI interface $thalearly indicate then-
trail ID which corresponds to the failed link. This infotroa will help the
OCC to correctly identify the m-trail ID.

The OCC sends the m-trail ID to the NPOT and NP@plky acknowledge it.

The NPOT starts a timer and waits for other m-ti@g during a given time frame

(Toetection. The Toetection parameter is in the range of few milliseconds anidl be

considered as an implementation parameter.

6. Upon the expiration of Jetection the NPOT constructs the alarm code and condslts i
alarm code look up table (Figure 4.b) to localize failed link.

7. After finding the failed link, the NPOT searchesatigh the established lightpaths (in
LPSElement data structure) and identifies the &dfibtightpaths and in particular the
source nodes of the affected lightpaths.

8. NPOT updates the TED and PPD to remove the affeliggdls from these two
repositories.

9. NPOT contacts the source node of the affecteddagh(s) (i.e. the OCCs) and gives
them the original lightpath(s) information in thert of LPSElement data structure.
NPOT should differentiate between the protectesl (i+1) and restorable lightpaths.
This information is available in the LPSElementsadstructure via a field named “p”
which classifies the lightpaths as 1+1 protectedd(a value of “1” for “p”) or
restorable (as value of “0” for field “p”).

10.The source node(s) initiates the typical lightpasitablishment procedure for the
affected lightpaths (restoration of the affecteghipaths).

a s

Therefore the MeMoTa algorithm and framework nolygorovides the failure localization

functionality to the DICONET NPOT through its alatable, but also performs the optimum
monitor placement. The MeMoTa algorithm and its f@g@nance are documented in
DICONET deliverable D4.4.

2.3.5. NPOT Offline IA-RWA

The NPOT Offline IA-RWA is a module that is funatial in offline mode (the offline mode
or planning mode will be explained in the sequé&his module receives a demand set (or
traffic matrix), in the form of fource, destination, Protection level, and # of LBad
computes corresponding lightpath(s) for the givemand set. The protection level attribute
of a demand determines whether the Offline IA-RWAdule should compute a primary and
backup (1+1 protection scheme) for the give dem@ndase thaProtection Level=) or a
single lightpath between source and destinatiore n®gufficient Protection level =). The#

of LPs determines the required capacity that should becated in terms of number of
lightpaths between the given source and destinatiotles. The detailed behaviour and
functionality of NPOT_Offline_IARWA is presented iDICONET deliverable D4.1. The
algorithm which is utilized and implemented in tmedule is the outcome of task 4.1 of
WP4. This algorithm utilizes the DICONET Q-Tool as physical layer performance
evaluator. The output of this planning module i® tlightpaths (routes and assigned
wavelengths) and for cases that regenerator igrestjithe number of required regenerators
for some demands and also the whole demand setepsrted as the output of
Offline_IARWA module. This interaction is denotesl star number 5 in Figure 3.
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2.3.6. NPOT Regenerator Placement

The assumption in much of all-optical network desigthat the network is truly transparent
(all-optical), where all intermediate O-E-O conversis eliminated. However, recently that
“all-optical” technology is finally being deployead carrier backbone networks, the reality is
that these systems are only “mostly all-opticag’defined in [17]. Compared to the 500 km
optical reach of traditional systems, the opti@dah of long-haul systems currently being
deployed is on the order of 2000 to 4000 km. Thir@ased reach, in combination with
transparent network elements, eliminates a sigmificamount of the regeneration in a
backbone network. However, given that the longesinections for instance in a North
American backbone network are on the order of 8000 clearly some regeneration is still
required. Therefore there are still some amountimérmediate regenerators (O-E-O
conversions), which are deployed in these netwlmkpurposes of regenerating the signal.
The NPOT Regenerator Placement module is respensibl optimize the number of
regeneration sites and modules that are going teptyed in the network. This module is
developed according to the algorithm specificatihjch is developed in WP4 (Task 4.3).
The code name of the algorithm is COR2P (Crossn@pdition for RWA and Regenerator
placement) [12]. The Regenerator placement modkdeives a demand set (traffic matrix)
along with the network description and network togy and then optimizes the regeneration
sites and ports in the network. The interactiothes module with outside entities is done via
messaging protocol that is indicated by star nuntban Figure 3. The COR2P algorithm
requires invoking the NPOT_QTool in order to evéduhe performance of the optical layer.

2.3.7. NPOT Monitor placement

In addition to the regenerator placement algorithine NPOT exploits a special purpose
monitor placement algorithm, which deploys optigaipairment/performance monitors
(OIM/OPM) in an optimized fashion on the networkkis. The main goal of Monitor

placement algorithm is to facilitate the failureadization procedure.

The monitor placement algorithm that is integratedhe NPOT is one of the outcomes of
task 4.4 (WP4). The monitor placement algorithnpast of the failure localization engine
(MeMoTA algorithm), which was earlier presentedsiection 2.3.4.

2.3.8. NPOT messaging protocol

In order to realize the communication of the NPOihwhe other entities in the DICONET
control plane integration scheme, a messaging pobtayer is designed and implemented on
top of standard TCP/IP socket interface. Dependimghe integration scheme (i.e. distributed
or centralized) the actual implementation of thisssaging protocol will be different. In
particular the IA-RWA algorithm and its functiortgliare quite different in centralized and
distributed integration schemes. In the centraliaed distributed integration schemes, three
important messaging protocols are involved. Thst fime is responsible to update the PPD
and TED data structures in the NPOT. By using théssaging protocol the OCCs (clients)
can request the NPOT to update the value of acpéati PPD or TED element inside the
NPOT memory. The second messaging protocol is resipie for lightpath computation. The
core engine behind the lightpath computation isegaity called IA-RWA engine and its
behaviour is different in centralized and distrdmiintegration. The last messaging protocol is
failure localization and handling protocol, whick designed and implemented, based on
MeMoTA algorithm and its operation detained wasspreged in Section 2.3.4.
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2.4. Path Computation Element

In this Section, we briefly summarize the PCE Higlel architecture and the implemented
modules/protocols.

2.4.1. PCE High-Level Architecture

Figure 6 shows the PCE-based architecture impleasdeimt DRAGON, which is already
described in details in deliverable D5.3.

Routing
req/rsp

PCEP

Signaling

TE Attributes
Figure 6: PCE based architecture implemented in DR&SON
Additionally, both OSPF-TE and PCEP protocols haeen extended. Specifically:

- OSPF-TE extensionn order to perform IA-RWA, TE information coreging with
wavelength and new physical layer impairment infation are flooded via OSPF-TE
and stored in the form of TED and PPD.

- PCEP extensianThe PCEP is extended for the following functioasPCC to request
the PCE for path computation using PCEReq messhyjePCE to reply the
computation result to the PCC using PCERep messaege?CC to report the
LSP/lightpath information to PCE after the LSP rieated successfully using a brand-
new PCEP message.

2.4.2. Final Protocol Extensions and Enhancements

OSPF-TE Extensions

A new LSA, defined as PLI LSA, is used to distriotiie PLI information. Two top-TLVs are
defined to describe PLI, the Link PLI TLV and theodé¢ PLI TLV, each of which is
composed of several sub-TLVs. Each PLI LSA instazareonly contain one top-TLV.

The Link PLI TLV: The Link PLI TLV describes the physical layer imparments related
to the link. Each link in the network may have itsown Link PLI TLV and it will be
flooded into the network. It is stored in the PPD beach node as a composition of the
PLI LSA. The Link PLI TLV is composed of Link ID su b-TLV, Local Interface IP sub-
TLV, Remote Interface IP sub-TLV and Component Imparment sub-TLV .
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The Node PLI TLV:The Node PLI TLV describes the physical layer impaments related
to the node. Each node in the network may have itswn Node PLI TLV and it will be
flooded into the network. It is also stored in thePPD of each node as a composition of
the PLI LSA. The Node PLI TLV is composed of Node P sub-TLV and Component
Impairment sub-TLV .

The detailed definitions of the top-TLVs, sub-TL\&d sub-sub-TLVs can be found in D5.3.

PCEP Extensions

The PCE Protocol is used to communicate betweeiCtmnection Controller module of the
control plane and the PCE. We have proposed seggtahsions for the PCEP in order to
satisfy the requirements of the PCE-based architect

Extensions for Wavelength Assignment Requirementin PCE-based architecture,
both the route calculation and the wavelength assemnt are conducted by the PCE
module. A Wavelength Object is introduced to camtdie wavelength (or set of
wavelengths) that can be used for an ERO objecthimway, the high wavelength
contention due to resource reservation can be adoid

Extensions for Established Lightpaths Once a lightpath is successfully established,
the Control Plane has to notify it to the PCE. Ty the PCE can keep track of the
established LSP's information which is needed ®yNIPOT in order to conduct its
tasks.

Extensions for Lightpath Tear-down When a lightpath is going to be torn down the
OCC’s PCC has to inform to the PCE so it can rentbiglightpath reference from its
database.

2.4.3. Enhanced PCE

In the centralized integration scheme of DICONE® #nhanced path computation element
(EPCE) is the main entity to play the role of caelited path computation element (engine).
The main building blocks of EPCE are depicted muire 7.

NPOT-PCE TCP/IP

based messaging
/ protocol

Enhanced PCE
(EPCE)

NPOT ( ) PCE

Path computation
-~ Element Protocol
(PCEP) and OSPF-TE

-+ OCC-EPCE interface

A

Failure | on
Messaging protocol

OCCs

Figure 7: The anatomy of enhanced PCE (EPCE)
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The PCE-NPOT interface is designed and developedgusustomized TCP/IP based
messaging protocol. The PCE is able to update BiegDgand gTED structures inside the
NPOT using the Update PPD and Update TED messgmioipcols. The NPOT has a
listening process, which expects these two messaggsvhen it receives them, it updates the
PPD and TED data structures accordingly. NPOT piswides the PCE with the impairment
aware lightpath computation (i.e., IA-RWA engin€lhe multi parametric IA-RWA
algorithm [15] in NPOT is responsible to compute tightpath upon receiving a request from
PCE. Therefore, the PCE engine inside the EPCE ndsp@en NPOT for actual path
computation. The PCE participate in OSPF-TE and PPC&nmunications with the OCCs.
The NPOT participate in failure handling procedirease that OXCs and then OCCs detect
a failure. The failure handling procedure is exmdal in detail in Section 2.3.4.

2.5. Hardware Accelerated Q-tool

The original implementation of the NPOT Q-Tool isirgly software based, which is
reasonable for the preliminary module developm&ades However, the complex algorithmic
calculations performed for Q-Tool dramatically ieases the overall lightpath setup time,
making it unsuitable for real time dynamic lightpg@trovisioning, which should be performed
in the range of tens (hundreds) of millisecondsoVercome the long time computation delay
in scalable optical networks, a hardware-acceldrgeool was consequently proposed and
evaluated. Preliminary results were reported inddléserable D6.1.

For the sake of module reusability and compatipilthe existing communication method
between NPOT and pure software based Q-tool remaims best way to keep the same
communication protocol in FPGA is to deploy the eaidled PowerPC processor which is
manufactured in the FPGA fabric. The communicapart software and/or partial software
based Q-tool do/does not have to be modified. €seaomputing intensive (or the whole) Q-
tool is off-loaded into the FPGA for acceleratiorhen the Q computed by the FPGA is
returned to the PowerPC, afterwards, to the NPQOar CP/IP socket via gigabit Ethernet.
(The details are depicted in section 2.5.5.) Caitgrethe PowerPC behaves like an agent
between FPGA and NPOT. The data exchange betweewerPG and FPGA affects the
overall system performance considerably. Thus, etbfit PowerPC/FPGA integration
solutions have been explored in D6.1.

Embedded Processel Embedded Embedded Processor

Embedded Processor | Processor ey
Bus Interface

Interface Hecode

OPB, PLB|| Avalon Port A
FSL

0 L Dual Port BRAM

2 FPGA Logic \?
E\fecute <—
FPGA Logic FPGA Logic N — FPGA Logic

(a) (b) (c) (d)
Figure 8: Different solutions for integrating an enbedded processor with the FPGA logic

dv

2.5.1. Review of the previous accelerated Q-tool architeate

There are different solutions for deploying processembedded inside the FPGA fabrics as
shown in Figure 8. In D6.1, the combination of #dended instruction set approach and
embedded processor bus connected approach shdwguire 8 (a) and (c) had been chosen
for the hardware accelerated Q-tool which recen@®mands and returns status through a
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fast, low latency interface (i.e. Auxiliary Proces®Jnit (APU)) while operating on blocks of
data located in bus connected memory. The harda@relerated Q-tool proposed in D6.1 is
as follows (Figure 9):

1. The NPOT sends the Q calculation request to theAFHA& the network interface, the
embedded processor i.e. PowerPC.

2. While the embedded processor performs Q calculatome computational intensive
instructions are bypassed by and forwarded thetinet@PU for handling.

3. Then the FPGA logics connected to the APU perfdimesinstructions, e.g. partial Q-
tool computation, and returns to the APU, in turack to the embedded processor to
resume the Q calculation.

4. During the calculation, all the intermediate dasastored in the processor bus
connected memory, i.e. the external DDR (DoubleaBdte) memory.

Network Planning Tool

4
!

GEth Memory FPGA

[

Control
intensive

Reconfi
gurable
Logic

Computing
QoT |ntt.ensw.e QoT
. q Estimation

Estimation

AP U Tool Tool

arc 9C
L |

PowerPC

Figure 9: Hardware Accelerated QoT estimation tool

Although this approach provides reasonable perfao@ae.g. constantly two times speedup
over pure software solution, it has a few potendiedwbacks described in the following
section 2.5.2. A new approach has been deployadHhigve even better result as described in
the section 2.5.3.

2.5.2. Motivation for a New Approach

Along the development and evaluation of hardwarelacated Q-tool, a few problems when
using an APU based interface were identified. Fafsall, APU introduces extra overhead
when decoding the extended instructions, sendiregamls to FPGA logic and getting back
the results then forwarding them to embedded psacdsr every extended instruction. In our
case, the overhead can accumulate to distinct lehigé the network size increases. Also the
Q calculation inherits the pure software data flawich means that the unique hardware
advantage, such as parallelism is not utilizedystesn level. It can only be used in individual
pieces of small functions.

Another problem is that the interrupt when waitisBU response will break the hardware
pipeline which is the key technique broadly usechbydware acceleration applications. This
will have a big impact on the overall throughput.

Also, the data exchange between the embedded paycasd the FPGA logic is one of the
main overhead in the implementation. The APU’s clexipy and relatively slow speed for
our application appeal faster and more efficieffivsre/hardware acceleration architecture.
Another motivation for the need of a new architestis the aim of achieving a faster Q
calculation, which is the ultimate objective. Dephg APU, only part of the calculation is
done by the FPGA logic and still need to pay thkstantial overhead. If off-loading the
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whole Q calculation on the FPGA, the performanae loa vastly increased. Although this
dramatically increases development effort, the qverhnce gained (see Section 2.5.4) is
extremely satisfactory.

2.5.3. The new architecture

The new implementation is based on the architechosvn in Figure 8 (a) and (d). This new
approach uses advanced resources of the state afitfrPGA and its embedded processor,
and On Chip Memory (OCM) based interface betweendmbedded processor and FPGA
logics. Meanwhile the whole Q-tool has been movedFPGA. As a result, a great
improvement in acceleration is obtained.

Q-tool Server NPOT

Q-tool 2 Q—toc;l . j oo
Engine 3 Asen

[
Embedded
Processor Interface

Figure 10: New Architecture of the Hardware Acceleated QoT estimation tool

As shown in the upper part of Figure 10, the hardwaccelerated Q-tool serves the NPOT
and replies back with the Q estimation resultsriter to make the implementation of the Q-
tool algorithm independent from the NPOT and tobémgerformance improvements from
task-specific operation, a C/S model is devisedhis case, the client is referred as the Q-tool
Client and resides close to the NPOT, from whichreiteives lightpath QoT estimation
requests, while the server consists of the Q-towgjike (QE) (deployed in a Xilinx Virtex 1V
field programmable gate array (FPGA)) and the Q-fagent (QA) (running on a 300MHz
IBM PowerPC 405 hard core embedded inside the FRaBAC, in conjunction with 1GB
DDR2 memory). The modularity of the Q-tool servestfy, improves the performance for
specific intensive applications, and secondly, &wbthe reusability of the server
implementation for other network planning operasgion

The lower part of Figure 10 is the zoom-in visiohtbe Q-tool server. The new OCM
interface based approach proposed holds all thematsdn algorithms inputs data in a Dual
Port Block RAM (DPBRAM) and gives the FPGA logicetlopportunity to access the input
data without any interrupt waiting time, and consagly smoothing the pipelining. The
working flow between the Q-tool server and NPOTd aiso the software part and the
hardware part is depicted as below:

1. Upon the NPOT'’s lightpath request (or a set oftjpgiths), the Q-tool inputs which
mainly consist of five data types lightpath routidgghtpath wavelength usage,
transmission and reception data and, finally, th& @f the physical components that
conform the link spans are transmitted throughcketoconnection to the QA.

2. QA will do the initial processing of the receivedta and present to QE in a suitable
format for hardware processing.
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. The QA running on the FPGA embedded processor sstitie input data in

DPBRAM following a word-aligned data format recoggible by the hardware
algorithm logic. This feature is enabled by memamgpping the physical
DPBRAM addresses onto the operating system runmnghe embedded
processor.

. Then, the software program explicitly triggers ttart signal over General

Purpose 10 (GPIO) in order to initialise the congiian of the Q factor in
FPGA.

. After receiving the start signal, the hardware iees the data from the

DPBRAM to compute the set of fields taken into actdoby the Q-tool
algorithm. Meanwhile, the software part waits ovw@PIO for the end
interruption signal eventually set by the hardwawben the Q factor
computation finishes.

3. After calculating the Q inside the QE, the resats delivered back to QA.

a. The QE transmits back the Q results into the DPBRAM
b. Then it drives the done signal over GPIO to intgtithe software program that

the Q is ready for fetch from the DPBRAM.

c. The server software part reads the Q values freDIPBRAM.

4. QA sends the Q to the Q-tool client module in tHON over the network.

The main advantage of the new approach is the wmepr®-tool calculation time. This is due
to the following factors:

1. The whole Q-tool calculation has been ported todWware which enables us to
optimize the implementation with hardware desigohteques like pipelining and
parallelism. Since the whole calculation is donéhamdware, it does not suffer from
pipeline stalls caused by interrupts in the casd@fAPU approach.

The communication between the embedded processbthen FPGA logic via the
OCM is much faster than the one using the APU.s Thbecause both the embedded
processor and the FPGA logic can directly accessQ8M with minimum latency.
The interaction is simple and efficient with thelgheof a simple handshaking
mechanism. Once the data required have been wtitéme OCM by the embedded
processor, the FPGA logic can start the calculadioits own without worrying about
data synchronization.
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2.5.4. Performance Evaluation of the new hardware architetre
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Figure 11: multi-bitrate optical network testbed with real-time PLI information monitoring

In order to evaluate the hardware accelerated Qftom the performance point of view,
UESSEX built a complete real-time different transsion rates (2.5 GB/s, 10 GB/s and 40
GB/s) optical network testbed. Based on the setuge DICONET acknowledged ECOC
2010 papers are generated and published out ddreiiff research interests [24][25][26].
Particularly, [24] focuses on the hardware acce&derd)-tool performance evaluation, i.e.
average execution time which will be emphasisdthimsection as well.

The UESSEX testbed used to evaluate Q-tool is shovAgure 11. A proprietary module in
simplified NPOT monitors real-time PLI measuremen{®SNR and optical power
measurements in this case) captured from PLI man{sieps (1) and (2) in Figure 11) and
updates the Q-tool inputs with the latest PLI infation. All this information is transmitted
through a socket connection to the Q-tool (stepARer making the Q estimation the results
are delivered back to simplified NPOT (step 4) otlexr same network connection. A novel
feature of the present testbed is the use of atBiBelection Engine connected to NPOT (step
5) and capable of deciding to reduce to lower &iié rin order to meet the QoT constraints
from the Q values calculated on previous stepsu(@)(7).

The transport optical network in this testbed send? lightpaths, with 8 available
wavelengths per link. In order to evaluate the Q-fmerformance against different network
scenarios in terms of number of lightpath (LP={®), 25, 50, 100}) established in the
network and number of wavelength per link, varyirgn 8 to 32 with a step of 8, and for the
scalability, an offline experiment is carried owt well. The non-accelerated Q-tool is
evaluated in a (currently) very fast general puepoemputer which is populated with an Intel
Quad Core Extreme 3.2GHz CPU and 4GB DDR3 memohylevthe accelerated version
runs in the FPGA evaluation board.
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Figure 12: Q-tool average executing time v.s. (ah¢ number of lighpaths for 32 wavelengths per linkb)
the number of available channels per link.
Figure 12 (a) shows the Q-tool performance for masenumber of lightpath for a fixed
number of wavelengths per link (32). As shown ire tligure, the accelerated Q-tool
outperforms the non-accelerated one by a factd28fin the order of milliseconds at the
worst case 100 lightpaths. According to the trehthe curve, for more lightpath (200, 400
lightpaths), the acceleration performance is exgmedb be better. This benefits from the
hardware pipeline and parallelism. Figure 12 (bdveh the Q-tool performance for 100
existing lightpaths and variable number of wavetenger link. The non-accelerated Q-tool
execution time is ranging from 18.3s to 27.28s;dbeesponding accelerated computation is
constantly 0.97s, again below 1 second. The pedoo®mimprovement is more than 28 times.
The Q-tool includes single channel effects (ASEsapPMD, SPM and chromatic dispersion)
and multichannel effects (XPM and FWM), such thatheory all channels and established
lightpaths impact on its running time. However, tims enhanced hardware accelerated
version, the executing time is not associated whth number of wavelength per link. The
reason is that in this hardware implementation,ftimetions in the Q-tool algorithm which
take the number of wavelength per link as a paramein in parallel along with other
functions which do not take it as a parameter. &hether functions have the longest
executing time (longest delay line), and since fthal executing time is determined by the
longest delay line, the number of wavelength pat Hoes not affect the total execution time.
This gives hardware accelerated Q-tool extra sdajab
When compared to the APU approach, this new approaproved the performance of the
QoT estimation tool significantly. The best casel'@stimation tool execution time is around
9s for the APU approach, while the worst caseHerrtew approach is around 1s.
Thus the new HW/SW co-design accelerated Q-tooliesek significant performance
improvement. The executing time is in the ordernuflisecond for the worst case (100
ligthpaths) and remains constant as number of \eagéh per link increases. This test is
dedicated for pure Q-tool executing time benchnmaykithe final system level tests and
results are given in Section 4.
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2.5.5. Communication protocols/integration with the NPOT

In order to exploit the performance gain, whichabktained by use of FPGA Q-Tool
acceleration, the NPOT is interfaced to the FPGeéelaration platform using a customized
TCP/IP based messaging protocol. There are othéule® in NPOT (e.g. offline IA-RWA,
regenerator placement, online IA-RWA modules), Whigilize the NPOT Q-Tool as the
physical layer performance evaluator. Thereforgyas crucial from design and architectural
point of view of NPOT to provide the same API ifidee for the FGPA-based Q-Tool. The
API of Q-Tool is not changed and therefore these weriations of Q-Tool look transparent to
the other internal modules. The integration of FG&v&elerated Q-Tool into the NPOT is
depicted in Figure 13.

RxData, TxData,
SpanData, W,
ChannelUtilization

FPGA Acceleration platform

MPOT FPGA_GQtool_C

(Server side)

FPGA_QTool _C
{Client side)

=

Figure 13: Integration of FPGA accelerated Q-Tooln NPOT

As depicted in Figure 13, the FPGA_QTool_C playsrble of a TCP/IP-based client module
in NPOT and the role of the server module in th&ERacceleration platform. The client part
of the FPGA_QTool_C provides the well-defined ifdee to the internal modules of NPOT.
In other words, any modules in NPOT, which reqpesforming the QoT estimation of
lightpaths using the NPOT Q-Tool, will pass thedidate lightpath(s) to the Q-Tool and then
the FPGA_QTool_C prepares the required data foad@ef computation. These parameters
as indicated in Figure 13 define the receivers (&=l transmitters (TxData), span-related
data along each lightpath (SpanData), allocatedredia for each lightpath (W), and the
information of allocated channels per each linknaen all pair of nodes in the network (i.e.,
ChannelUtilization). These parameters are passégeté-PGA acceleration platform using a
TCP/IP based communication interface running ovggabit Ethernet physical interface.

On the FPGA acceleration platform the FPGA_QTools&ver process receives these
parameters and using the FPGA engine, compute®-hactor of each lightpath and return
them back to the calling process using the TCPA&et messaging protocol (Figure 13). The
internal modules of NPOT typically pass the lighhgs) to the NPOT Q-Tool. The NPOT Q-
Tool transforms the parameter that are suitablé&-RBA accelerated Q-Tool engine (, which
is running on FPGA platform). The client side oetNPOT FPGA accelerated Q-Tool
invokes a function with the following signature:

request_fpga_qtool(socket, params, TxData, RxD&panData, W, ChannelUtilization,
Qvalues);

This requester passes the parameters that aragedor Q-Factor computation by FPGA
server. The ‘socket’ is the TCP/IP communicatiooksd, which is opened for this parameter
passing. The ‘params’ data structure carries threergé parameters, which are required for
FPGA server engine. These parameters are:

1. Number of nodes in the network
2. Number of channels per fibre

O+



rrrrrrrrrrrrrrrrrrr

3. Number of lightpaths, which are passed to the QFToo
4. Maximum number of elements per lightpath
5. Reference wavelength

The server side module of FPGA accelerated Q-Tewived these parameters, invokes the
FPGA Q-Tool engine to compute the Q-factor valued sends the ‘Qvalues’ back to the
client process.

The mentioned design and integration of FPGA acatdd Q-Tool engine to the NPOT has
two main benefits. The first one is the transpayeihy which the change of NPOT Q-Tool
from software based module to an FPGA acceleratedotransparent to the internal NPOT
modules by keeping the original signature of NPOTdQI invocation signature intact. The
second benefit is decoupling the NPOT FPGA clientess from the FPGA server platform,
which enabled us to perform the separate developar@heasy integration using a common
TCP/IP-based communication library and common ng#sgagrotocol.
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3. Evaluation of the NPOT

In the framework of DICONET project and in partiaulin WP6 (Network Planning Tool
Evaluation and Experimentation) the complete evalnaof the NPOT with full integration
according to the centralized and distributed schevgerformed. The experiments in WP6
have been conducted on top of an impairment awMPBI(5-based test-bed.

This section presents the results of the evaluatiothe NPOT. To do that, a standalone
version of NPOT was used. In the standalone md@eNPOT will be executed as a console
application and will interact with the end userngsa command line interface (CLI), which
convey the input parameters to the NPOT and resdive outputs and results from it. The
NPOT evaluation is divided into two parts: a) Thalaation of planning mode modules and
b) the evaluation of operation mode module. Infdl®wing sub sections of this deliverable
the outcomes and evaluation results of each modilelse presented.

3.1. Evaluation of NPOT planning mode

The standalone version of NPOT for planning modtustes the following key modules:
NPOT offline IA-RWA (Based on Rahyab algorithm)
NPOT Regenerator placement (Based on COR2P algorith

The main goal of this evaluation is to check thefggenance of the NPOT Component
placement [12] and NPOT_Offline_IARWA [3] modulds the evaluation study, a demand
set (traffic matrix) will be fed to the NPOT ancethNNPOT Component placement module and
NPOT_Offline_IARWA will perform the regenerator pement planning with corresponding
RWA solution and the NPOT_Offline_IARWA will alscedorm the planning of the demand
set. The Network Description Generator (‘XML _genieranodule’) in this setup facilitates
the generation of the required XML files for theeogtion of standalone NPOT. The
interaction of the evaluator (end user) and NPQTHs study is based on the console CLI.
The offline IA-RWA module of NPOT is able to penordimensioning of off-line networks
with and without dedicated protection. Bidirectibdamands are also taken into account, by
doubling the number of demands in the traffic ncasi and inversing the source and
destination nodes of the doubled part. The routiiigbi-directional demands is done
independently for both demands. The drawback af tiethod is the possibility to have two
different paths associated to the two directionsl afso to have different regenerator
placements. NPOT contains also a tool enablingréuenerator placement (COR2P), to
reduce the global number of nodes in the networkopming regeneration. This tool is able
to consider the bi-directional constraints of regyator placements. For each demand set, it
performs a routing considering the k-shortest pdthss a user defined parameter). The
regenerator placement depends on two options:ghe wf “k” and the number of nodes with
regenerator pools.

3.1.1. Evaluation of NPOT offline IA-RWA engine

Considering the physical layer impairments in tkeénork planning phase gives rise to a set
of offline Impairments Aware Routing and Wavelengtksignment (IA-RWA) [9] and
regenerator placement algorithms. During the plaguhase, the traffic demand is already
known, enabling the network designer to performrésource allocation task upfront. To the
best of our knowledge this is the first comparatstedy, in which two different network
planning tools (DICONET NPOT and DIAMOND [14]) witdifferent approaches regarding
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the consideration of the physical impairments arangjtatively compared using a common
network scenario and physical constraints framework

With NPOT it is possible to test various opticatwerks; we dimensioned in this evaluation
study small networks, such as the national wider@iwork, and bigger ones, such as the
core GEANT network. The characteristics of these he&tworks can be found in deliverable
D2.1; in summary the DT network is made of 14 noaled 23 bi-directional links, while the
GEANT network comprises 34 nodes and 54 links.

Thanks to the use of a specific program (‘XML_geer.p’), it is possible to create the
various files that the NPOT uses as input as afitextiescribing the topology of the network.
The file describing the topology associates pethezmuple of nodes the series of spans
(transmission fibre and dispersion compensationuteoh amplifier).

When XML _generator.p is launched, the user hagpszify the number of wavelengths per
fibre, the signal transmission power and compeosdtbres, and the amplifier noise factor.
With NPOT we have the option to use two differembehsioning programs: the first option
calls an off-line IA-RWA module called Offline Raalg++ and the second calls a tool
allowing the optimization of the regeneration plaemt by the means of COR2P
algorithm[12].

The Rahyab module [3] receives the traffic demanth which the network has to be
dimensioned along with the network descriptor (mvthe topology and physical constraints
of the network). Routing in this tool is performad follows: for a given traffic matrix the
routing and wavelength assignment is carried outeach demand, then the quality of
transmission of the obtained connection is checWélienever the quality of transmission of a
connection is below the required threshold, onenore regenerations are placed in-between
the connections in a transparent way. To ensuradhesolution still gives optimum results, a
new traffic matrix is created with connections aged in the following manner: connections
not requiring regeneration are kept in the traffiatrix, while demands corresponding to
connections not transparently feasible are replaggd two demands coming from the
original source to the regeneration point and frthra regeneration point to the original
destination. A new dimensioning is so performedhvilie new traffic matrix and again a
check on the physical feasibility of all connecsada performed. The split of demands is done
until all connections routed in the network are gibglly feasible. Thanks to this artifice, it is
possible to perform a wavelength conversion dureggneration if it gives a better solution.
On the other hand, the wavelength conversion te eagh wavelength continuity constraints
is not performed, and in case where this constigipears the demand is blocked. This is a
drawback of the dimensioning tool because the redutapacity to avoid demand blocking
could be higher than the one really needed.

This tool does not set any constraint on the regeéoe placement or in which nodes the
regenerators have to be placed; on the other liagigdes an idea of the minimum number of
required regenerators. In fact, with the introdoarctof the constraint about the regenerator
placement, the number of required regeneratorsnetaork can increase because it is not
always permitted to use the shortest path to parf@generation and sometimes the number
of required regenerators to join the destinatiodens higher than when the shortest path is
computed.

Another interesting feature of the NPOT is its dalitg to perform network dimensioning
with and without dedicated protection. In fact tpaehen a network is designed an operator
asks for the resilience of the network to any kiridailure (node or link failure). To ensure
such resilience two sorts of recovery are possibtd: protection, using dedicated resources
and recovering the failure in less than 50 ms;otinver resilience strategy is called restoration
and the path is often computed once the failurgeariThis strategy is less reactive than the
1+1 protection, but its advantage is the possybiit using less resources. Since NPOT is
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conceived for off-line dimensioning, the 1+1 prdiec is enabled making such tool more
compliant with vendors and operators dimensioneggirements.

Bidirectional demands are also taken into accoyrgifmply doubling the number of demands
in the traffic matrices and inversing the sourcd dastination nodes of the doubled part. The
routing of bi-directional demands is done by rogtimdependently both demands. The
drawback of this method is the possibility to hawe different paths associated to the two
directions and also to have different regeneratacgment. Presently, operators prefers to
place (in case of bi-directional routing) regenarstfor both directions in same nodes,
because devices are bi-directional and it is easiemanage (in fact, only one set of
information related to the two directions is requiy.

With evolution of traffic profiles, there are lessid less bi-directional demands, so it is
conceivable to have uni-directional routing. Anywaye suggested creating an option to
enable bi-directional routing and be compliant vatierator requirements.

To estimate the advantages of the use of NPOT uRaiyab option, we dimension the DT
network with another dimensioning tool existing time literature: the DIAMOND tool,
developed in Bell Labs laboratory [14].

Both dimensioning tools are structured into twahgathere is a path search tool (Rahyab and
A*, respectively for NPOT and DIAMOND) and both dwate the Q-factor of the computed
connections by means of a proprietary Q-tool estmahe one developed inside DICONET
project and one proper to Alcatel-Lucent Bell-LabBhe structural blocks of both
dimensioning tools are represented in Figure 14.

DICONET NPOT DIAMOND

IA-RWA and regenerator || D€mand processing A
placement engine and Rahyab
Physical layer Q-Tool QoT Estimator
performance evaluator

Figure 14: Building blocks of dimensioning tools

Compared to NPOT (where an optimal solution is é&xbkor) DIAMOND is a planning tool
based on a heuristic approach and that searchea hghtpath between two nodes in a
network by means of a layered network graph [T#e path search is iterative and places a
regenerator or wavelength converter whenever itetuired (due to QoT or wavelength
continuity constraints, respectively). The chosathps the one having the lesser cost, which
is obtained considering the link lengths and thenéwal cost associated to intermediary opto-
electronic devices. The traffic demands are coms@tien the arrival order and they are routed
sequentially. A demand is blocked whenever thereoisavailable resource, or in terms of
wavelengths in the fibre either in terms of optee#onic devices in an intermediate node.
Both Q-tools estimates the distortion-induced eil@swre that defines the impact of the
combined effect of Self Phase Modulation (SPM), dommatic Dispersion (CD) Filter
Concatenation (FC) and Polarization Mode DispersiBiMD). They also consider the
impairments that introduce degradations at the inad levels, i.e. Amplified Spontaneous
Emission noise (ASE), Cross Phase Modulation (XPaY Four Wave Mixing (FWM). To
make a fair comparison on the Q-threshold, no uandres are considered and the same
margin on the estimation is taken into account. iifan difference between the two Q-tool
estimators is that the one used by DIAMOND doesagobunt for QoT degradation due to lit
neighbouring lightpaths, in fact it is consideredvarst case were all neighbours of the
considered channel are present and it is not alwlagscase. Hence, in DIAMOND, the
wavelength assignment does not account for the igddyslegradations and the first fit

/.
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wavelength is assign to the selected path. In dalguarantee the feasibility of a candidate
lightpath, the Q-tool in DIAMOND considers the wbrsase scenario for all connection, i.e.
all neighbour channels are present, contrarily tG@NET approach where to avoid it and
optimize on the number of regenerators requirethbynetwork planning the actual physical
degradation due to neighbours are calculated.

The main advantage of DIAMOND is its computationeeg, while DICONET NPOT
requires more time to compute the optimum solution.

The physical characteristics of DT-Net are showale 1. We define the offered load in
the network as the ratio between the number otpigih demands divided by the number of
pairs of nodes in the network. The unit trafficda@orresponds to the demand set where there
is a lightpath request between each pair of (diBtisource-destination. We studied three
traffic load values (i.e. 0.3, 0.6 and 0.8), copaeding here to the establishment of 56, 110
and 146 lightpaths. Unidirectional routing is penied and per each fibre there are 16
wavelengths and there is no possibility to addhierfibres per link.
DICONET NPOT and DIAMOND served all demands withauty blocking for all loads.
NPOT served all demands without any regeneratadstiagre was no need to transform the
demand set. However DIAMOND computed a need fon@ @ regenerators for load values
of 0.6 and 0.8 respectively; this is mainly duemavelength contention. Indeed DIAMOND
utilizes the first-fit wavelength assignment andedo sequential path search, wavelength
blocking can occur, which is alleviated by wavelbngonversion using opto-electronic
regeneration.

Table 1: Physical characteristics of the DT networKor evaluation studies

Parameter Value
Input power -4 (SSMF), 3 (DCF) dBm
Pre-dispersion compensation -85 ps/nm
Span length 70 km
Dispersion parameter 17 (SSMF), 80 (DCF) ps/nm/km
Attenuation 0.23 (SSMF), 0.4 (DCF) dB/km
PMD 0.1 ps/(km)”
Channel spacing 50 GHz
Amplifier noise figure 6 dB
Mean under compensated dispersion |80 ps/nm per span
Q-factor threshold 15.5 dB (BER=10" without FEC)
Line rate 10 Gbps
Number of channels per fiber 16

The Rahyab module of NPOT intensively invokes th&dl to evaluate the performance of
each candidate lightpath in order to guaranteertimemnum QoT impact of the new lightpath

on the currently established ones. Therefore thapopation time of NPOT is very high

compared to DIAMOND. The computation time of NPQdr foad 0.3 was 9 hours while

DIAMOND computes the results in 563 millisecond$ieTcomputation time in planning

phase is not critical, while the computation tinfeN6®OT in online mode is acceptable. As
announced before, the DICONET approach prefer tairbe greedy if it is possible to

minimize the number of required devices associ&ted network dimensioning and for the
given example, for the bigger traffic matrix itgessible to save up to 4% of regenerators.

If we want to compare the dimensioning results, ha@e now to observe the path-length
distributions and the Q-factors obtained with boldnning tools. The cumulative distribution
function of the lightpath length for different lcad depicted in Figure 15; the distribution of
the lightpaths length is presented in Figure 16afb8 demand sets combined.
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Figure 15: CDF of lightpath length for different loads
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Figure 16: Distribution of lighpaths length

We can observe that the routing engine of NPOT ctdirld longer feasible lightpaths
compared to DIAMOND. The average length of the tipgiths in DIAMOND is 419 km and
572 km for NPOT. Almost all computed lightpaths BV WAMOND have a length lower that
900 km. NPOT only considers the active lightpatmsorder to admit or reject a demand,
while DIAMOND considers a worst case scenario, imol all neighbouring lightpaths are
active. Figure 17 presents the distribution of wength usage by DIAMOND and NPOT for
a particular demand set (i.e. Load=0.3). Rahyalzes an adaptive wavelength assignment
approach, in which the wavelength of the candidigtetpath is selected in a way that it
introduces the minimum impact on the currently lelsthed lightpaths. The A* engine of
DIAMOND follows the first fit wavelength assignmerin available path with fewer
regeneration cost. The Rahyab wavelength usagerpait adaptive along the available
channels per links depending on network state amgeschannels are not assigned to any
lightpath. We also observed that for the given dahsets on average the first 10 channels on
the links were sufficient for both planning toots serve 80% of the demands. NPOT and
DIAMOND rely on different QoT estimators. In order evaluate the quality of the solutions
of these tools, we fed the solution of each tooldach demand set to the NPOT’s Q-Tool.
The average Q-factor value of DIAMOND'’s solutiolss4di% better than NPOT. The average
Q-factor of DIAMOND'’s solution (over three demanets is 28 dB. This is mainly due to
the fact that DIAMOND routing module selects shsttgaths in general to admit or reject a
lightpath.
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Figure 17: Frequency of channel usage (Load=0.3)

3.1.2. Evaluation of NPOT regenerator placement module

NPOT also contains a tool enabling the regeneatmrement (COR2P [12]), to reduce the
global number of nodes in the network performingereeration. Also in this block, the traffic
is routed in a uni-directional way. For each listumi-directional demands, it performs a
routing considering k-shortest paths (k is a usasrameter). The regenerator placement
depends on two options: the value of k and the rsrabnodes with regenerator pools.

With the increase of k we observe an importantaase of the simulation time, above all
when the GEANT network is studied. The computatiore increase is due to the definition
of the Q-factor done by the Q-tool. GEANT netwaskbigger than DT-one and few paths can
be done transparently and to optimize the regemepdécement the NPOT Q-Tool has to be
run many times. However, simulation times are stdimpatible with network planning
requirements.

Before starting the routing, the user chooses theher of nodes where regeneration can be
performed and the maximum number of regeneratareaeh node; if with this number of
regeneration sites it is not possible to routecalnection with a Q-factor higher than the
threshold, more regeneration sites can be added.

Another user-defined parameter is the Alpha paran{eanging between 0 and 1). The Alpha
parameter gives a weight on the k-shortest patbscaded to each possible connection. The
higher Alpha is the shortest path (among the kislbrones) is selected; the choice of
shortest paths enables a less network occupatidrs@nve’ll expect a lower blocking ration
with the increase of the number of connections.

During the routing the demands are sorted followamgincreased order of their Q-factor
parameters. As for each path we research for kettopaths, the best Q-factor over the k-
path is used for the sort. Demands that do not lea¥@-factor higher than the required
threshold are then treated randomly and differegieneration node locations are tested,
always in a random way. For this reason the planresults can be different when the routing
relative to one scenario is performed several tiriég difference between results can be on
the global number of required regenerators andhennumber of blocked demands. We
performed a certain number of simulations and wsepked that the discrepancy is about 3%
for the blocking ratio and up to 22% for the numioérrequired regenerators among all
possible draws. The discrepancy on the numberganerators decreases with the increase of
traffic load and with the increase of the netwoizegin fact is up to 5% with the GEANT
network.

This means that when we dimension a network, wesc@pose a certain uncertainty on the
obtained results; concerning the number of regémerahis discrepancy also impacts the
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global cost of the network and so influencing thwice of a vendor solution. Observing
general results in terms of regenerators and hihgckatio, we do not observe an improvement
on the blocking ratio or regenerator number whenAlpha parameter changes.

The wavelength conversion is possible only if regahion is performed at the same time.
Hence a demand that blocks not because of the tQrfhat for wavelength contention is
blocked. From an industrial point of view this i:m@gative planning tool constraint. In fact,
when we dimension the networks for the same saemhdmatrix traffics and number of
wavelength per fibre) with the DIAMOND tool (that@unts for wavelength conversion
independently on the regeneration requirement®),btbcking ratio decrease from 30% to
10%, just because of the capability of performingvelength conversion independently of
regeneration requirements.

As conclusion, the proposed NPOT has all potettdisle used as planning tool by an operator
to have an idea of the number of opto-electronsiads required for a given network and
traffic matrix. The main drawback of the actual QRET NPOT is its lack of wavelength
converters and then the possibility to make a taafional routing where the two directions
associated to a bi-directional demand are routedhensame path with opto-electronic
conversions operated at the same nodes for managémdities.

3.2. Evaluation of NPOT operation mode

The main goal of this evaluation is to check thegenance of the NPOT Online IA-RWA.
In the evaluation study, an online demand (soutestination and protection requirement for
the lightpath) will be fed to the NPOT_Online_IARW&Xgine and this module computes a
lightpath and reports it back via the CLI. The NettkvDescription Generator in this setup (as
an add-on utility) facilitates the generation oé trequired XML files for the operation of
standalone NPOT. The interaction of the evaluagémd(user) and NPOT for this study is
based on the console CLI and a graphical userfater(GUI). The main engine for this
standalone version of NPOT is the online_MP_IARWA][ This module receives a demand
(consisting of source, destination, if the demamdsking for a protected (1+1 protection)
lightpath or not, and whether to use regeneratonsot) and computes a lightpath for each
demand in a one by one fashion. In addition torauitve mode, in which the NPOT operator
can define a demand interactively and get the respdack, in the batch mode, the tool is
able to receive a demand set file, read the demfamiisthe file and process them in the given
order (sequential ordering). In addition to these tnain options, the NPOT operator has the
access to the network summary and also a lisreédy established lightpaths.

The main functionality of NPOT evaluation versiam bperation mode is to receive a
connection request for a given source-destinatan pnd to return a lightpath (i.e., route and
wavelength/channel) for serving the request, camsid the network topology and physical
layer performance.

The IA-RWA algorithm, which is incorporated in NPG3 named Multi-Parametric
(MP) IA-RWA Engine [15]. It receives a demand regy in the form of a (source,
destination, protection level) tuple and computeslightpath for serving this request. In the
Multi-Parametric approach, a vector of cost paransets assigned to each link, from which
the cost vectors of candidate lightpaths are catedl The cost vector includes impairment
generating source parameters, such as the patth)ahg number of hops, the number of
crosstalk sources and other inter-lightpath intereparameters, so as to indirectly account
for the physical layer effects. For a requestednection the algorithm calculates a set of
candidate lightpaths, whose QoT is approximatechgusa function that combines the
impairment generating parameters. A lightpath igeated if the value produced by the
function is larger than a predefined threshold, owhcharacterizes the lightpaths with
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acceptable QoT. For selecting the lightpath varmptemization functions can be used. In the
end, the decided lightpath is also evaluated usiirgactual Q-Tool. In addition, the Q-factor
of the already established lightpaths are also uewedl so as to check whether the
establishment of the new lightpath will turn inféde some of the existing ones, in which
case the new lightpath is blocked.

We selected Deutsche Telekom’s national network)(IdF our simulation studies. This
network has 14 nodes and 23 bidirectional linkghvain average node degree of 3.29. The
physical characteristics of DT are summarized iguFé 18. In our tests we assume an
"arrivals only” scenario, were connection requesegh having infinite duration, arrive one
by one and have to be served efficiently and fasinuheir arrival. Under this scenario the
exact arrival process of the requests does nottaffetwork performance; instead, their
characteristics (source, destination nodes) ar@itapt. In our tests the number of requested
connections varies.

Parameter Value
Input power -4 (SSMF), 3 (DCF) dBm
Pre-dispersion compensation -85 ps/nm
Span length 70 km
Dispersion parameter 17 (SSMF), 80 (DCF) ps/nm/km
Attenuation 0.23 (SSMF), 0.4 (DCF) dB/km
PMD 0.1 psi(km)”
Channel spacing 50 GHz
Amplifier noise figure 6 dB
Mean under compensated dispersion |80 ps/nm per span
Q-factor threshold 15.5 dB (BER=10" without FEC)
Line rate: 10 Gbps

Figure 18: Physical characteristics of the DT netwidk

The characteristics of these demands were basetheottraffic of the DT for 2009, by
escalating it by a factor L (0.2, 0.4, 0.6, 0.812). In what follows we refer to this factor L
as the network load. Figure 19 shows the GUI of MPRd in particular the visualized
results of the MP IA-RWA algorithm. Though in owsts NPOT operates in a standalone
mode, it can also be installed in an actual optieivork, cooperating with a control plane
mechanism for network information collection, disgeation and lightpath establishment.
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Figure 19: The established lightpaths on NPOT GUI
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Figure 20 shows the ratio of successfully estabtistonnections as a function of the number
of available channels (W) per fibre, for variouswmrk loads. The load in the network affects
the success ratio, since when more connectiongségervice the ratio of successfully served
connections decreases, even if there are manyabalaithannels.
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Figure 20: The success rate versus the number ofalable channels (W) per fibre

Figure 21 illustrates the average execution timeséiconds) per connection request of NPOT,
for different number of available channels andfitadlemands. A large number of available
channels increases NPOT’s execution time, sinddigncase more candidate lightpaths are
calculated by the MP algorithm. In addition, whé&e humber of established lightpaths is
large, then the Q-factor value of many of theste(aéd) lightpaths has to be evaluated before
a new/candidate lightpath is established; incregasinthis way the total execution time. In
any case, as illustrated in Figure 21, NPOT'’s etiesuime is acceptable and appropriate for
online mode.
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Figure 21: The average execution time per connectiaequest versus the number of available channels W

per fibre
In our tests we also observed that the averagdhesfghe lightpaths is decreased from 457
km to 415 km, when the load L is increased fromt0.2.2. This is because when the load
offered to the network is increased, then the irhpafc physical impairments (and in
particular, that of the interference among lightisatbecomes more severe and therefore the
IA-RWA algorithm tends towards selecting shorteasible lightpaths. Figure 22 depicts the
distribution of channel usage for traffic load o2 @nd 1.2. We can observe that the IARWA
engine uniformly utilizes the available channels fiere (i.e., W=10). Additionally, in order
to quantitatively evaluate the performance of MPRWA engine, we fed the RWA solutions
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produced for different load values to the Q-TodteTdistribution of the Q-factor values for
traffic loads 0.2 and 1.2 and 10 available chanpelsfibre (W=10) are shown in Figure 23.
The average Q value of the active lightpaths i 23d 25.7 dB for loads 0.2 and 1.2,
respectively. We can also observe that by increatkia traffic volume the distribution of the
Q-factor values is skewed towards lower qualitywidger all the active lightpaths have a

guaranteed Q value, above the 15.5 dB threshold.
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Figure 23: Distribution of Q-factor (W=10)

3.2.1. Remarks on NPOT evaluation

Evaluating all details of NPOT on the physical layespecially the physical layer impairment
aware RWA is practically impossible. In fact, itthe intention of the GUI and the NPOT tool
itself to unload the user from the burden of madgland checking all physical impairments.
This is basically considered as the great advaraadeuniqueness of NPOT from a network
operator’s perspective. Therefore, the validatesig reported here are aiming at plausibility
checks of the physical modelling. Furthermore, tdsts serve to evaluate the runtime of the
tool which is an important parameter especially sviNPOT is applied as an online tool
within a network management system environmentallyinthe operability and intuitive
usability is to be studied here. Whenever it seetnelde appropriate recommendations are
given how to improve this unique tool even furth@lt.tests have been done in the interactive
mode for the online IA-RWA operation. The batch maslindeed beneficial from a network
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operation perspective; for the tool evaluation psm itself no more critical insight is
expected from a batch more.

A full coverage of all possible validations of NP@&n hardly be achieved. However there
are several indications giving reason to trust MROT results and believe in the correct
termination of this tool:

1. Route selection

In general, the selected routes tested for vabidatiet the expectations. By a separate
software tool written in MATLAB, all routes have dxe double-checked and turned

out to be reasonable. In case of unprotected ctionsc no inconsistencies could be

found. The only two exceptions refer to the pratectase and are elaborated in the
next item.

Specific route calculations:
The following two calculations revealed some monsight into the modelling
approach NPOT follows:

a. When a protected connection between Berlin and b&nmis to be chosen,

then a somewhat spurious behaviour of NPOT seemeéd tetected: the two
lightpaths, primary and backup, are establishedB&din-Hannover-Leipzig-

Nurnberg and Berlin-Leipzig-Frankfurt-Nurnberg. fst glance, this seems
to be strange. Both lightpaths contain the Leipaagle which might be a
single-point-of-failure from the network survivabjl perspective. Typically

such a situation has to be avoided when planniegjable network. One could
conclude NPOT's internal modelling strategy of thetection scheme to
support link disjointness rather than node disju#ss. The routing engine
considers the node disjointness and link disjosgnélowever if the quality of
a node disjoint primary and backup path is loweanthhe one of the link
disjoint, the latter primary and backup path wél $elected.

Furthermore, the physical distance of these twpgsed paths is 750 km and
826.7 km, i.e. 1576.6 km in total. The classicatkpected MATLAB solution
for a protected connection between Berlin and Néirgbs one primary path
via Berlin-Leipzig-Nurnberg (447.9 km) and a backppth via Berlin-
Hannover-Frankfurt-Nurnberg (832.9 km). This is iateresting finding. It
shows that the backup path of the classical salucslightly longer than the
backup path of the NPOT solution. That means th©NRBolution prefers a
longer primary path as long as the longer of beaith® usually assigned to the
backup path, can be reduced by this approach. fdnerethis protection
concept provides a higher Q-factor of the backup pad can be considered as
an advantageous solution. In the end, by this ggbrdNPOT guarantees the
highest possible quality of the delivered signal.

. In order to affirm this argumentation chain, a setoheck was done which is

basically equivalent with the first specific che®dow, a protected connection
between Leipzig and Munich has to be establishé@ NIPOT solution was
Leipzig-Nurnberg-Munich (455,4 km) and Leipzig-Fkéurt-Stuttgart-Ulm-
Munich (792,7 km) as also suggested by the MATLARBtine. However, the
MATLAB routine follows the stricter node-disjointrgtection of lightpaths.
Therefore, it was investigated whether there exatte a link-disjoint pair of

0O
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lightpaths with a shorter distance of the backugh.pand indeed, the lightpath
pairs Leipzig-Nurnberg-Stuttgart-Ulm-Munich (696.km) and Leipzig-
Frankfurt-Nurnberg-Munich (757.4 km) exhibits a gbly 35 km shorter
backup path. Thus, the later pair of lightpathsupposed to provide the better
backup signal quality as long as link disjointnessonsidered to be enough
for a reliable network design.

In summary, this is still an open issue. It is @aclwhy two different solutions are obtained
here while the setting is basically quite comparalMaybe, the reason is that for the first
example the distances are longer and consequdetliightpaths are closer to their physical
boundaries. In this case even a slightly improve@«or decides whether a pair of lightpaths
is feasible or not. Since the IA-RWA engine conssdéhe impact of physical layer

impairments not only on the candidate lightpath, diso the currently established lightpaths,
it is possible to find longer lightpaths with bettgiality of transmission indicator. From an
end user perspective, a dedicated selection buttbith disjointness strategy (node or link
disjointness) to follow, would be beneficial foftdure NPOT release.

3. Wavelength assignment:
The wavelength assignment is fully conforming te éxpectations how to achieve the
maximum quality of the delivered signal at the reicg node.

a) Starting from an idle network NPOT selects thet fwswvelength for the first
connection.

b) Should the second connection have the same soutalestination nodes,
NPOT makes use of wavelength 3. With the concepha&e use of the next
but one wavelength, the linear and nonlinear ctalks-contributions are
successfully tried to be minimized.

c) Generally, when the network load is comparably &owd a further lightpath is
to be established on an already populated link, NPR@akes use of the next
but one wavelength within the WDM channel grid. Sboncept keeping a gap
of one unused channel between any two lightpatheneder it is possible,
again aims to achieve the optimum transmissionityual

d) When the network load gets higher and higher, toiscept approaches its
limits. At that point, NPOT makes also use of théeimediate channels in
order to provide the maximum link capacity.

4. Computation speed:

The computation time of NPOT is pretty excellebht.anges from a fraction of a second
up to a few seconds for the DT network. The maximzaiculation time observed was
about 4 seconds for a feasible protected connectidculated by an Intel Core 2 Duo
CPU, P8400 @ 2,26 GHz, 1,93 GB RAM stand-alone rengFrom an end user
perspective, a flag indicating the successful teation of NPOT even in the “Network
Graph” view would be helpful.

5. Calibration:

Generally, it is the NPOT methodology, the NPOT oalhms and the software
architecture which make NPOT a unique tool rathantthe underlying engineering rules
taking into account physical layer impairment awRWA algorithms. Nevertheless, the
question must be raised whether the calculationsad@nly find the optimum ligthpaths’
settings, but also whether the optimum value itselforrect, i.e. whether the lightpaths
are physically feasible or not. For checking tpi®perty, the ultimate reach was
investigated. The classical example on a Germadstape is to consider a protected
connection between Hamburg and Munich. The MATLABtme derived the lightpaths’
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distances to be 915 km (primary: Hamburg-Hannovankurt-Stuttgart-Ulm-Munich)
and 935 km (backup: Hamburg-Berlin-Leipzig-Nurnb#&tgnich), respectively. The
number of transparent hops is 5 for the primary 4ror the backup path. Both numbers
are within the typically specifications of the aa¥able distances and hop numbers for up-
to-date 10G transmission technology. However, tHeON claims these paths to be
infeasible even when the network was completelpaaéd.

Assuming a correct impairment modelling inside HfeOT software, the Q-factor threshold
applied within the NPOT is obviously somewhat toonservative compared with
commercially available technology. Maybe, comméraigstems today can tackle higher
OSNR penalties and achieve longer transmissioartistonly due to forward error correction
(FEC) capabilities, either standard or enhancedprnetary implementations. If this is the
case, then NPOT's associated pre-FEC Q-factor libleshas to be modified and updated
accordingly.
6. Further requirements:
Improved GUI functionalities would be highly appised. For instance when moving the
mouse arrow over a certain link, it is helpful tetcll available information about
traversing lightpaths, their source destinationrgatc. It is mainly such a kind of
information that makes a software tool intuitivedanser-friendly. Furthermore, it is
desirable to predefine some intermediate node toofuecally bypassed by a given
connection. This reflects the fact that sometimastavork site is already at overload (lack
of floor, electricity etc.) while others offer sonieee capacities and should be used
preferentially. On the other hand, it was never fingt-order goal of DICONET to
manufacture an intuitive and user-friendly GUI. figfere, this cannot be expected from
the release 0.97 version of the software.
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4. Experimental Evaluation of the DICONET approaches

This section introduces the test-bed where therarpatal evaluation of the centralized and
distributed impairment-aware light-path provisiomiapproaches proposed in DICONET has
been conducted. This description is followed byghesentation of the obtained experimental
results, which cover key performance parameterh asche light-path setup time (with and
without FPGA-based hardware acceleration), theadhveetwork blocking probability and the
light-path restoration time upon link failures. Eleaesults are extracted over an emulated 14-
node all-optical meshed network, as the main pwmdsuch an evaluation is the validation
of the DICONET approaches from a control plane peesve, jointly with the quantification
of their performance in a realistic transport nekwscenario. In contrast, the end part of the
section previews the final demo tests over a rpital transport plane that will be performed
before the conclusion of the project. In such aec#se network scenario is composed of 3
ROADM nodes describing a ring topology, over whiafipairment-aware light-path setup
and restoration experiments are also conducted.

4.1. Network scenario

This subsection details the main characteristigh®fetwork test-bed that has been used for
the validation of DICONET centralized and distrigditapproaches. This network test-bed
(hereafter referred as the DICONET test-bed) han immsed the CARISMA network [18],
located at the UPC premises in Barcelona, which besn accordingly upgraded to
implement any functionality required to implemem tcontributions of the project. It is worth
mentioning that a significant part of this upgrd@e been achieved through the integration of
the hardware and software modules developed irfrémeework of the project and delivered
by the other partners, namely, the NPOT providedi\By, the PCE provided by HUAWEI
and the FPGA Q-tool hardware accelerator providedversity of Essex.

The DICONET test-bed consists of a configurablen8ligng Communications Network
(SCN) running over Optical Cross-Connect (OXC) eaatars (Figure 24). In this configurable
SCN, Optical Connection Controllers (OCCs) arerodanected by 100 Mbps full-duplex
Ethernet links, describing the same topology than underlying transport plane. OCCs are
deployed by means of Pentium IV Linux-based routets2~GHz, so that each OCC
implements the full GMPLS protocol set: RSVP-TE $ggnalling [19], OSPF-TE for routing
purposes [20] and Link Management Protocol (LMP) rfesource discovery and failure
management [21].

As depicted in Figure 24, each OCC is composetrektdifferent modules, namely, the Link
Resource Manager (LRM), the Routing Controller (R@¢l the Connection Controller (CC).
Essentially, the LRM module is responsible for thenagement of the resources available at
the optical node through the Connection Contrdl¢erface (CCI). Moreover, it implements
the GMPLS LMP (RFC 4204 [21]). Next, the RC modmigplements the OSPF-TE protocol
(RFCs 3630, 4203 [20], [22]) used to advertisedtate of the local output data-links to the
rest of control plane OCCs. This information is teamed in the Opaque Link State
Advertisements (OLSAs) that the OSPF-TE daemonallifDCCs exchange among them
every time that a data link is allocated or reldasad is used to populate the TED and PPD
databases maintained by the NPOT. Finally, the C/@sponsible for the lightpath set-up and
tear-down. The CC module includes the RSVP moduiéchvimplements the RSVP-TE
protocol (RFC 3473, 3477 [19], [23]). As introdudeefore in section 2, OCCs are interfaced
to the local or centralized NPOT, depending on twethe distributed or the centralized
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approach is implemented. Moreover, the centralldBOT is also interfaced with the NMS in
order to inform the latter of possible failure sitions.

NPOT NPOT

NMS (Centralized) (Distuted)
e 1)
6 RS ROT %i’ OCC-NPOT
NMI-A \
/'\ OCC-NPOT £ occ Routn

g
Controller (RC)

0CC12 0OCC11

Connection Link Resource
Controller (CC) Manager (LRM)

Number of nodes 14
Number of fiber links 23
Mean nodal degree 329
|

1 A ~o ! | Wavelengths per link 10

~ ) —
I I Mean link length (km) 186
EMULATED Mean path length (km) 410

TRANSPORT PLANE
Figure 24: 14-Node DICONET test-bed. The main chareteristics of the emulated transport plane are
shown in the table beside
For the results presented below, a 14-Node emulagasport plane describing the same
topology as the DT network has been considered. tdpelogical characteristics of the
emulated transport plane are depicted in Figure 24.

4.1.1. Network Management System

The Network Management System (NMS) used in the@NET test-bed was implemented
separately and then integrated in the UPC test-bedDICONET, we focused on Soft
Permanent connection establishment. For this kirabonection, the NMS contacts the OCC
for lightpath establishment request and therefanenterface between OCC and the Network
Management System is required (NMI-A). Apart frohe timplementation of the different
interfaces among NMS, Transport Plane (optical apded Control Plane (OCCs), the NMS
was provided with some additional functionalitissich as the network topology drawing,
representation of detailed information about theesu established lightpaths (e.gSP_id
route, Q-values of the optical connections, eftg.the purpose of having a picture of the
current status of the network, a Graphical Useerfate (GUI) for the NMS has been
implemented. Some pictures of the GUI are repartdeigure 25.
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Figure 25: DICONET NMS Graphical User Interface
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4.2. Experimental evaluation of distributed and centralzed approaches

This section presents the outcome from the expatmhevaluation of the distributed and
centralized approaches in the DICONET test-bedodginout the evaluation, the lightpath
setup time and the network blocking probability éidreen taken as the main performance
criteria. Furthermore, the NPOT failure managenwapiabilities have been also evaluated for
the centralized approach.

To this goal, we initially offer bidirectional lighath requests to the network following a
Poisson process. Moreover, lightpath Holding Tinfeds) are considered exponentially
distributed with mean 600 seconds. Hence, diffeteaific loads are easily generated by
modifying the lightpath Inter-Arrival Times (IATgjccordingly (i.e., offered load = HT/IAT).
The experimental results presented along the seetie obtained as the average of 10000
incoming lightpath requests, unless otherwise dtate

Figure 26 depicts the setup time experienced bynit@ming requests, depending on whether
the distributed or centralized approaches are gedlan the network. Note that the FPGA-
based hardware acceleration is still not implentmedhe centralized approach at this point.
As seen in the figure, the distributed approactdgi¢ower setup times in all experimented
situations, increasing these differences with tfiered load to the network. To explain this,
note that in the centralized scheme only one roateputation is allowed at the same time.
Furthermore, a sufficient amount of time must b& leetween two consecutive route
computations in order to let the centralized NP@Tda with the new wavelength availability
and PLI information. Otherwise, subsequent routgghtrbe computed with inaccurate link
state information. Therefore, the centralized NP&heduler must delay new incoming
requests until the signalling and the respectiveoding of the previous connection
establishment has been completed (around 2 secondle test-bed). In contrast, the
distributed approach can benefit from parallel tggtth establishments, as the Q-factor values
of the new LSP and the involved active ones arepeded during the signalling process.

Figure 26: Lightpath total setup time vs. offered dad for centralized and distributed approaches

This eventually results into very attractive cortiet setup times, around 1,8 seconds, five-
times lower than the 10 seconds’ setup delay vakgsrted in previous works [7].

An important contribution inside the DICONET prdjdtas been the implementation on
FPGA hardware (Figure 27) of the Q-tool inside ttemtralized NPOT (i.e., the actual

bottleneck in the NPOT response time), which shandble fast impairment-aware route
computations.
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Figure 27: FPGA board integrated into the DICONET testbed

Figure 28: Lightpath total setup time vs. offered dad with FPGA hardware acceleration

Figure 28 illustrates the performance in termsigitpath setup time that has been finally
achieved with such FPGA hardware acceleration. d&oreasier comparison, the lightpath
setup times achieved in the centralized approathowi acceleration, as well as those in the
distributed approach, are also plotted in the &gur

As shown, by implementing the Q-tool on FPGA han@dngignificantly lower lightpath setup
times can be achieved. Interestingly, almost thmesperformance as in the distributed
approach can be reached, especially for low offé¢nads to the network. Moreover, even
though the lightpath setup times are increased thighoffered load, their dependence on the
latter is not as pronounced as in the case withocgleration. This is due to the fact that the
new hardware succeeds in reducing the lightpattercomputation times, which also impacts
on the waiting times in the scheduler for subsetjteuests.

In order to better appreciate the improvementsigealby the FPGA hardware acceleration,
we have additionally broken-down the different cimitions to the lightpath setup time,
separating the waiting time at the NPOT schedtiher, NPOT processing time, the Q-factor
computation time and the control plane signallimget In particular, the NPOT processing
time comprises the total amount of time neededréegss the route request, trigger the IA-
RWA algorithm and send the ERO object back to thh&ee node OCC. Note that the time
required by the Q-tool for the computation of tleadibility of the potentially disrupted
lightpaths is not counted here but as a separat&iloation. In turn, the lightpath signalling
time contains the time spent on the communicatioth ithe NPOT and the RSVP-TE
signalling process. The obtained results are degiat Figure 29 without (left) and with
FPGA hardware acceleration (right).
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Figure 29: Lightpath setup time break-down as a funtion of the offered load: without FPGA hardware
acceleration (left); with FPGA hardware acceleratio (right)

Looking at Figure 29 (left), we can observe, legvine waiting time at the NPOT scheduler
apart, that the Q-factor computation time ariseshasbottleneck in the impairment-aware
route computation. Moreover, such a time grow$hie offered load to the network, since
the number of potentially disrupted lightpaths tshbuld be checked also augments. For
instance, the average Q-factor computation timeaforoffered load of 90 Erlang becomes
1.91 seconds, compared to the 570 and 30 milligecgalmost imperceptible in the graph)
required by the NPOT and the GMPLS control plaaspectively.
Nevertheless, this average Q-factor computatioe tian be reduced from 1160 milliseconds
to 207 milliseconds using the FPGA hardware acagtar (Figure 29, right), representing a
reduction around 82%. Moreover, we can see inithed that the Q-tool also scales better
with the offered load to the network, which beconeésrucial importance. For example,
when increasing the offered load from 50 to 90 iglahe average Q-factor computation time
raises from 874 to 1433 milliseconds without aaeien. Conversely, it is only increased
from 190 to 218 milliseconds with the FPGA (15%reraent).
Once the lightpath setup time obtained with therithsted and centralized approaches has
been characterized, the next figure that has beperienentally quantified has been the
network blocking probability. In particular, k=2gjbint routes are allowed in the distributed
case. The obtained results are illustrated in [Ei@a.

Figure 30: Network blocking probability vs. offeredload for centralized and distributed approaches

As shown, a centralized approach leads to loweckiohy probability than the distributed
solution. In fact, end-to-end routes in the latee computed only with wavelength
availability information. These routes lead in sooceasions to unacceptable Q-factor values
at destination, even potentially disrupting ovepiag active lightpaths. In contrast, route
computation in the centralized approach relies @mplete and updated wavelength
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availability and PLI information (recall that themdralized NPOT waits the flooding time
between successive route computations), makingdahguted routes satisfy the requested Q-
factor values.

In addition, we have conducted experiments to asHes performance of the centralized
lightpath restoration supported by the NPOT. Rettet the centralized NPOT implements a
failure management module that, based on the é&itletection alarms coming from the
control plane, is able to localize the link whdme failure has occurred. As soon as the failure
is localized, the NPOT informs the source node @E€ach affected (restorable) lightpath in
order to initiate the restoration procedures. er ¢valuation of this centralized restoration,
we have independently loaded the network with 1@, 30, 40 and 50 active lightpaths
between randomly selected node pairs. These coonschave been considered to be
restorable or 1+1 protected following a 70-30% oesile-protected ratio (i.e., for the 1+1
protected lightpaths, working and backup lightpadhe directly established). Then, on each
deployed network scenario, 10 independent fail@mes caused in randomly selected links
(only those links carrying restorable traffic amnsidered), which makes restoration actions
for each affected restorable lightpath to be tnigde

Figure 31: Restoration blocking probability in the scenarios with 10, 20, 30, 40 and 50 active lightihe

Figure 31 shows the Restoration Blocking Probabi{RBP) on each deployed network
scenario. These values are defined as the totabeuof rejected restorations over the total
number of restorable lightpaths affected by thénb@pendent failures. As expected, the RBP
increases with the number of active lightpathshim network. This can be explained both by
the greater number of active and affected lightpatkr failure, which leads to lack of
resources, and the longer backup lightpaths thatreected due to the QoT constraint. As
shown, for 10 and 50 active lightpaths, the averagaber of affected ones per failure is 1.3
and 4.3, and the resulting RBP is around 0.1 aBddr@spectively.

Figure 32: Physical end-to-end distances in Km ohe primary and restored lightpaths

10 / .
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Figure 33: CCDF of the measured lightpath restoratn time in the network

From the figure, 72% of the lightpath restorati@ns performed within promising 5 seconds,
which could be further decreased by means accilgréhe Q-tool with the FPGA, as

reported before in Figure 29. In fact, the seqamirocessing behaviour of NPOT may
occasionally lead to increased restoration timeg.,(€l0 seconds in 2% of the cases),
especially when a high number of lightpaths arecéd. In fact, all lightpath restorations are
equally treated in this work. Although not consetkrhere, different restoration priority

classes could be defined in the centralized NPQiedder. This would allow serving the

lightpaths with the highest priority first, thusseming low restoration times for them.

4.3. Transport Plane experiments

The transport plane of the test-bed provided by U$#Composed by three optical nodes.
Specifically, the three optical nodes are 2-degRsxonfigurable Optical Add & Drop
Multiplexers (ROADMSs) based on the Wavelength SatlecSwitching (WSS) technology

(Figure 34).
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Figure 34: WSS-based 2 degree ROADMs

The three optical nodes are connected among theforio an optical ring through G.652-
based optical fibres. The corresponding optical ifdepicted in Figure 35. The total length
of the fibre links (LL+L,+L3) will be around 80 km, in order to face the reqmients of the
transceivers.
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Figure 35: DICONET testbed: the Transport Plane cofiguration
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To run the experiments over the real transport gglahe Optical Connection Controllers
(OCC) at the control plane have been connectedugfroan Ethernet switch. At the
management plane, the Network Management SystenS{Nd/connected to every OCC and
ROADM (Figure 36).
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Figure 36: Configuration of the demonstration scenao with real transport plane

Figure 37 (a) shows a general view of the phydest-bed, where the first rack contains the
OCCs and the Ethernet switch, the second and thtks contains the ROADMSs, optical
amplifiers and optical coils with about 30 km eaklyure 37 (b) shows a frontal view of one
of the ROADMs and one optical coil. Each ROADM He&en equipped and with one optical
performance monitor, able to perform optical powsrasurements as well as Optical Signal-
Noise Ratio (OSNR) measures.

() (b)

Figure 37: (a) Racks with OCCS and ROADMSs, (b) ROAMM cards
4.3.1. Experimental study

The aim of the experimental studies conducted withreal optical nodes (transport plane)
was to demonstrate the proper interworking/interalpiity among the different hardware and
software modules developed during the project. uhe limited availability in the project
of the optical components for the transport pldoe,such experimental studies a network
topology composed by three ROADMs (composing anicaptring) and three OCCs
(composing the control plane) was considered. $pally, we have experimentally
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evaluated the time required to recover an alreatigpished lightpath from the degradation
suffered by the optical signal along the propagatwer the optical fibore and sub-systems.
Figure 38 shows the details of the conducted expnial test.

occ2

-hH.

ROADM-2

ROADM-3
Figure 38: Recovery process from degradation of theptical signal

Firstly, two connections triggered by the contriaine are established on the optical ring from
ROADM-1 to ROADM-2, using wavelength 1543.73nm &a@&#6.91 nm (the one provided
by the centralised NPOT). Figure 39 shows the cepiom an Optical Spectrum Analyzer
(OSA) the wavelengths used for the two lightpatbisvieen ROADM-1 and ROADM-2.

Figure 39: Wavelengths used for the two connectiortsetween ROADM-1 and ROADM-2

At the ROADM-1, the available OSNR monitor triggarSNMP-based trap when the OSNR
value falls below the required threshold, guaranteeherefore that the optical signal is
received with the proper quality. In the test, vmuéated (increasing the optical attenuation
through a Variable Optical Attenuator (VOA)) a dadgtion of the signal quality, forcing to
have the measured OSNR below the threshold. Asxsecuience, a trap is sent to the local
OCC (step 1 in Figure 38). Upon the reception &f titap, the OCC analyzes the received
information and sends a notification to the NPOibtigh the NPOT-OCC interface (step 2).
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Moreover, a RSVP-TE Notify message is sent to thece node of the affected lightpath
(step 3). Once the corresponding alarm is receitredNPOT computes a new feasible route
and wavelength matching the desired Q-factor level using the updated information (step
4). As result of the NPOT IA-RWA online moduleetioute for the lightpath is still the same
as the original one, but the chosen wavelengtlowg ©542.93nm (step 5). The ERO of the
new path is sent by the NPOT to the source OCCwimnitiate the lightpath signalling (step
6). Every OCC sends the corresponding commandegrform the modification to the local
ROADM through the CCI interface (7).

Figure 40 shows the capture from the OSA highlightthat the affected lightpath was
restored using a different wavelength.

Figure 40: Wavelengths used for the two connectiortsetween ROADM-1 and ROADM-2

The figure above show how the interworking among dptical monitors, the control plane
and the NPOT works properly, since the affecteldtfigths is finally recovered. Additionally,
we measured the time required by the ROADMs toawitom the actual wavelength to the
new one provided by the NPOT.

Figure 41: ROADM switching time

In our tests (Figure 41), it was about 6ms; on dkieer hand, the time required by the
notification, NPOT computation and consequent diogngaprocess, was about 14 ms, leading
to an overall recovery time about 20 milliseconds.
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5. Conclusions

A key contribution of DICONET project has been tlesign and development of a physical
layer impairments aware network planning and opmrabol (NPOT) that resides in the core
network nodes and that incorporates the performandbe physical layer in both planning
and operation network decisions. It relies on déf¢ key building blocks, such as network
description repositories, QoT estimator, IA-RWA &g, component placement algorithms,
and failure localization modules. In order to realthe vision of dynamic impairment-aware
networking, an integrated scheme spanning from dpecal transport plane up to the
management plane was considered essential. With guposes in mind, the DICONET
project designed and implemented an impairment@waviPLS-based control plane to be
incorporated into the network, which enhances tperation with dynamic connection
provisioning and recovery capabilities. Specifigalboth a centralised (based on PCE and
routing protocols extensions) and distributed (dame signalling protocol extensions) control
plane integration approaches for impairment-aweaasparent optical networks have been
defined.

The different software and hardware modules dewslojp DICONET, have been finally
integrated in the GMPLS-based testbed availabléP& premises. Through the experimental
tests carried out in the DICONET testbed, the \aiah of the integration of the software
modules (i.e., NPOT, PCE, Control Plane extensidias been performed as well as the
evaluation of the performance of DICONET approactesdeal with impairment-aware
optical networking.

From the experimental evaluation, it can be coreduthat the distributed approach provides
one fifth of the lightpath setup time than thapoéviously reported (centralised) alternatives,
also outperforming the DICONET centralised approespecially for high traffic loads. For
low traffic loads, however, the centralised apploeesults in reduced lightpath blocking ratio
and similar setup time delays than the distribwgehlition, thus being more appropriate in
such scenarios.

To further decrease the lightpath setup time, DIEDNeveloped a hardware-accelerated Q-
tool and then integrated in the testbed. From #tpeemental evaluation, the FPGA-based
computation of the Q factor values can significamiécrease the time required for lightpath
provisioning. In fact, by using the hardware-basedelerator, the average lightpaths setup
time was experimentally evaluated to be hundredsidiiseconds. More specifically, the
experimental tests allow concluding that by usimg lhardware accelerator, the time required
to compute the lightpath Q value is decreased leyavder of magnitude.

As a consequence, the DICONET approaches for IA-RMAsuitable to be deployed in all-
optical transparent networks.
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